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1. Introduction

Osteosarcoma is one of the most common cancers of children and adolescents and young adults
(AYAs). In particular, the outcomes for patients with metastatic disease are dismal because there are
no effective options for this condition. We have recognized that the mutational profiles in osteosarcoma
create fertile environments for immunotherapy, and that the immune response is an important
determinant of disease progression. These discoveries are foundational components of this project. In
particular, immunotherapy is an appealing modality to treat metastatic cancer not only because tumors
that are resistant to conventional treatment, such as radiation and chemotherapy, can be attacked with
immunologic approaches, but also because this modality can reach tumors that are inaccessible for
conventional treatments. For osteosarcoma, the inaccessibility of metastasis is a major factor that
influences prognosis. Our recent work shows that osteosarcomas segregate into distinct groups with
“immunologically silent” and “immunologically aware” tumors’. Patients with immunologically aware
tumors have significantly better outcomes than patients with immunologically silent tumors. However,
rationally designed immunotherapies have yet to be tested in the setting of metastatic osteosarcoma.

Immunotherapies, particularly checkpoint inhibitors (CPls), designed to reactivate suppressed immune
cells against tumors has revolutionized the management of patients with advanced melanoma and lung
cancer, and they represent promising treatment approaches for many other cancers. But despite the
success in these areas, many cancers are unresponsive to immune checkpoint blockade. Even among
patients with cancers that are approved indications for immune checkpoint blockade, many patients are
unresponsive to - or relapse after treatment. Immunotherapy resistance has been attributed to an
exclusion or dearth of immune cells in the tumor microenvironment (TME). Oncolytic viruses are an
emerging form of immunotherapy designed to selectively kill tumor cells and induce an inflammatory
immune response in tumors. Preclinical studies using the oncolytic Vesicular stomatitis virus (VSV) that
we are employing in this project can be administered systemically to reach and selectively replicate in
tumor tissues leading to their destruction and consequent recruitment and activation of immune cells
to the TME?3. We hypothesize that combining systemic VSV therapy with CPI therapy can induce a
potent and durable antitumor immune response that delivers clinical benefit in the treatment of
metastatic osteosarcoma.

There are many challenges associated with the investigation of novel immunotherapies, and particularly
combinatorial approaches. These difficulties are compounded in childhood cancers, and in particular in
osteosarcoma which is a very rare tumor. We have thus learned about pathogenesis of this disease
using conventional laboratory animal models (mice), but these models have limitations for therapy
development. Studying spontaneous dog cancers as models to develop new therapies has gained favor
due to the similarities in incidence and natural history of these diseases. Dogs are treated with similar
protocols and dosing schedules as humans, providing a clinically realistic setting for drug development
in a compressed timeline. Furthermore, canine clinical trials will almost always include animals of both
sexes, allowing sex to be considered among the important biological variables. Biological samples to
monitor safety, clinical toxicities, and local and systemic immune responses can be obtained from
veterinary patients, so in addition to potential improvements in treatment modalities and dose
schedules, veterinary trials also create opportunities to identify companion biomarkers to predict patient
responses®.

This project is designed to begin to address the potential to reach and manage metastatic
osteosarcoma lesions by combining oncolytic VSV with ONIx, a novel CPI dually targeted to activate
the CD47:SIRPa and PD-1:PD-L1 pathways. Therapies that block the interaction of CD47 and SIRPa
stimulate tumor cell phagocytosis, while inhibitors of the PD-1:PD-L1 pathway stimulate T-cell activation
that work in concert to induce anti-tumor immune responses®. This combination therapy is being studied
in dogs with metastatic osteosarcoma with correlative studies to identify and investigator biomarkers of
response.
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3. Accomplishments

NOTES REGARDING NO COST-EXTENSIONS: ON 4/February/2021, the Pls received an email
notice from DOD describing the concern shared by CDMRP about the impacts of COVID-19 on Service
Members and the public, and specifically on the challenges it posed to ongoing research. In that email,
we were asked to disclose significant COVID-19-related developments that would impact performance
of this project.

On 25/May/2021, Dr. Modiano (contact PI) notified Dr. Senkevitch (Program Officer) that our
laboratories had been operating at less than full capacity due to the COVID-19 responses adopted by
our institutions, which were magnified by supply chain disruptions, which continue to this day, and by
personnel departures.

On 7/March/2022, Dr. Modiano confirmed in emails to Dr. Senkevitch and to Jodi Cardoza (Grants
Specialist) that a no-cost extension would be needed to complete the objectives of the project. Both
responded with assurance that a no-cost extension would likely be awarded. On 23/June, Dr.
Senkevitch notified the Pl that a Year 2 Annual Report was due 9/30/22. At this time a DD882 would
not be needed.

On 8/August/2022, the University of Minnesota Sponsored Programs Administration Officer (Brett
Carlson) submitted a formal request on the PI's behalf to request a 1-year no-cost extension. The
request was acknowledged by Ms. Cardoza, and the no-cost extension was subsequently approved.

On 13/May/2023, Dr. Modiano requested a final 1-year no-cost extension to fulfill the aims of the project,
which was granted.

This Technical Report is submitted to document progress from the inception of the progress through
the end of the 3" year, following the milestones in the approved SOW.

" What are the major goals of the project?
The project has three specific aims:

Specific Aim 1: Optimize dose and schedule for combination VSV-IFNB-NIS and P-DIC (now
called Onco-Immune Accelerator or ONIx) in mouse models of metastatic osteosarcoma.
Milestone: Project Specific Approvals by Local IACUC and IBC. Completed.

Note: A 3-year renewal of the IACUC protocol was approved during year-3, with appropriate

modifications accounting for alternative strategies implemented to achieve the project goals.

Milestone: Project Specific Approvals by ACURO. Completed.
Note: The updated (new) IACUC protocol was approved by ACURO in August of 2023.

Milestone: Production of VSV-IFNB- NIS for mouse studies. Completed.

Milestone: Production of P-DIC (ONIx). Completed.



Milestone: Cell authentication. Ongoing throughout the project.

Milestone: Define toxicity of combination VSV-IFNB-NIS and P-DIC (ONIx). Ongoing.
Milestone: Define optimal dose for combination VSV-IFNB-NIS and P-DIC (ONIx). Ongoing.
Milestone: Complete necropsies. Ongoing.

Milestone: Data analysis; organization and conclusions. Ongoing.

Milestone: Quality control and quality assurance for data — manuscript preparation and submission.
Ongoing.

Specific Aim 2: Define immunological effects and mechanism of action for combination VSV
IFNB-NIS and P-DIC

Milestone: Assessment of immune response induced by VSV-IFNB-NIS and P-DIC (ONIx) in mice with
metastatic osteosarcoma. Ongoing.

Note: We modified the objectives to use alternative models of sarcoma to account for
weaknesses of the K7M2 model. The MC17 syngeneic murine sarcoma model was successfully
established for preclinical evaluation of oncolytic VSV combination immunotherapy approaches.
Preliminary data indicate that single dose systemic therapy with oncolytic VSV-IFNB-NIS significantly
delays tumor growth in mice with subcutaneous murine sarcoma tumors. An orthotopic intratibial model
is also being established to assess impact of combination immunotherapy on metastatic disease
progression.

Milestone: Data analysis; organization and conclusions. Ongoing.

Milestone: Quality control and quality assurance for data — manuscript preparation and submission.
Ongoing.

Specific Aim 3: Characterize safety, efficacy, and immunomodulatory effects of VSV-IFN3- NIS
and P-DIC (ONIx) in dogs with naturally occurring metastatic osteosarcoma

Milestone: Production of in vivo grade VSV-IFN[3-NIS for use in canine studies. Completed.
'] Note, a new clinical-grade batch of VSV-IFNB-NIS was produced, and QC testing was
completed in 2022 to ensure the test article being used in these studies was active.

Milestone: Production of in vivo grade P-DIC (ONIx). Completed.
Note: Production of a new batch of ONIx is in progress.

Milestone: Identify safe dose to guide clinical development. We have demonstrated that systemic VSV-
IFNB-NIS therapy, administered as two consecutive doses of 3x10° TCID50/kg, in combination with
2mg/kg ONIx administered twice weekly for 2 weeks was well tolerated in one dog with metastatic
osteosarcoma. Ongoing.

Milestone: Assessment of immune response induced by VSV-IFNB-NIS and P-DIC (ONIx) in dogs with
metastatic osteosarcoma. Ongoing .



Note: we have expanded eligibility to dogs with inoperable or metastatic sarcomas and have
designed alternative approaches to characterize the synergy of VSV and ONIx in vitro using resources
from a completed canine clinical study.

Milestone: Data analysis; organization and conclusions. Ongoing.

Milestone: Quality control and quality assurance for data — manuscript preparation and submission.
Ongoing.

Milestone: Planning for pediatric clinical trial planning (translation to humans). A clinical trial synopsis
to evaluate neoadjuvant systemic VSV therapy in patients with sarcoma undergoing metastatectomy
has been developed. A retrospective study to evaluate historic outcomes from patients undergoing
metastatectomy of sarcoma pulmonary metastases is currently being completed. Ongoing.

1 What was accomplished under these goals?

FORMATTING NOTE: The figures that illustrate the data referenced in the text have been moved
to the end of the document to simplify formatting and to ensure that the document remains
readable across platforms (Macintosh/Windows).

Milestone: Project Specific Approvals by Local IACUC and IBC. Completed.

University of Minnesota IACUC protocol 2004-38033A was approved on July 20, 2020. The three-year
renewal for University of Minnesota IBC protocol (new number assigned, 2106-39146H) was approved
on October 22, 2021 (previous IBC approval date 1805-35967H). The 3-year renewal for the IACUC
protocol, with the new ID 2304-40976A, was approved on July 10, 2023. The University of Minnesota
IBC protocol 2106-39146H remains in effect until October 21, 2024.

Mayo Clinic IACUC protocol AO0005309-20 was approved on September 30, 2020. The 3-year renewal
for this protocol, with the new ID A00005309-20-R23, was approved on September 27, 2023, and has
been submitted to ACURO for review and approval.

Milestone: Project Specific Approvals by ACURO. Completed.

ACURO approval for Proposal Number CA190276, Award Number W81XWH-20-1-0682 was obtained
on November 20, 2020. ACURO approval for the updated University of Minnesota IACUC protocol was
obtained on August 8, 2023, with a minor modification to allow dogs as small as 7.5 kg approved on
September 13, 2023.

Protocols have been renewed and updated to remain in compliance with animal welfare and proposed
protocol modifications.

Milestone: Production of VSV-IFNB- NIS. Completed.

Production of a new batch of recombinant VSV-cIFNB-NIS for veterinary studies was completed in
March 2022 using processes similar to those defined for GMP production of clinical grade VSV. Briefly,
recombinant VSV-cIFN(B-NIS was produced in a human suspension cell line and purified by tangential
flow filtration. Following production, the new virus batch was subject to quality control (QC) testing
including assays to confirm potency, purity, sterility, functional activity, and sequence identity. This new



virus preparation is being used canine studies. The virus batch undergoes routine quality control testing
to ensure that it remains uncontaminated and that it potency and infectivity are stable.

Table 1. Testing and validation of VSV-cIFNB-NIS batch 2022-01

Date of production 03/25/2022

Titer 4.8x10'0 TCIDso units/ml
Total protein concentration 6115 ug/ml

Total DNA concentration 8035 ng/ml

Benzonase concentration <0.4ng/ml

Endotoxin level 2.6 EU/mI

Sequence analysis completed

VSV N gene 4.23x10"" copies/ml
Sterility testing No growth after 14 days

Milestone: Production of P-DIC (ONIx). Completed.

We had a pre-existing batch of P-DIC (now called Oncoimmunology accelerator, or ONIx) that was
sufficient for pilot studies (see below for experimental data using ONIx in pilot mouse studies). This
product had been previously tested for sterility and potency, and the data were provided in the original
grant application.

Production of ONIx for this project was delayed because of the response to the COVID-19 pandemic.
The University of Minnesota maintained minimal operations from March 2020 until approx. May of 2021,
primarily focused on development of COVID-19 tests, ventilators, and other procedures that aided the
national response to this public health crisis. Laboratories and facilities, including the Molecular Cell
Therapy Center, where drug production for ONIx was to take place, were closed as part of the need to
avoid having people in close contact, as well as to divert all physical resources (pipettes, glassware,
etc.) to COVID-related research, development, diagnosis, treatment, and response operations.

In May of 2021, Pls at the University of Minnesota were directed to submit individual plans to resume
work under the umbrella of a University Health Sciences-wide “Sunrise Plan.” With few exceptions, the
individual plans required staff to work in staggered shifts with a maximum occupancy in labs of 50%.
As part of the implementation of that plan, Dr. Vallera was able to resume synthesis of ONIx and
complete the batch for pre-clinical work (in mice and dogs). The production run was completed on May
27, 2021, and vialed for use in 3-mL vials at a concentration of 9 mg/mL (total yield = 3.1g). Purity of
the product was confirmed by SDS-PAGE (Figure 1).

Sterility testing for ONIx was completed through IDEXX laboratories (See report as an appendix).
Potency testing (measured as displacement of anti-CD47 and anti-PD-L1 antibodies from human A549
and canine CLBL-1 cells was completed. We confirmed that ONIx binds canine CLBL-1 cells with
comparable affinity to human A549 cells (Figure 2).

Whereas there are robust methods to measure the pharmacokinetics (PK) and pharmacodynamics
(PD) of VSV®, we had been using CD47-driven phagocytosis assays with mouse J774 cells as effectors
and Raji lymphoma cells as targets to investigate ONIx PK and PD by evaluating CD47 blockade’8.
However, these assays are extremely laborious and, in our hands, poorly reproducible among different
operators. It takes considerable effort to master the methodology.



Antibody displacement (Figure 3) is a reasonable method to evaluate the presence of ONIx, but it does
not provide a definitive measure of biological activity. Thus, as part of our efforts to improve
quantification, we requested a cell line from Dr. Lin at AstraZeneca that would allow us to measure the
effect of ONIx to inhibit PD-1 signaling in a Jurkat indicator cell line in vitro®. After extensive negotiations,
AstraZeneca did not agree to provide the materials requested. However, over the past 15 months or
so, several companies, including Promega and Eurofins Discovery have developed bioassays to
measure the activity of biological products, including those intended for immune checkpoint blockade.

We obtained a sample kit from Promega to evaluate its utility to quantify blockade of the immune
exhaustion checkpoint by ONIx. The principle of the assay is shown in Figure 4A. Briefly, the assay
consists of incubating an artificial antigen-presenting cell (APC) line engineered to express a molecule
that activates the T-cell receptor of human Jurkat T-cells, with a Jurkat cell line that has been modified
to express PD-1. Jurkat cells were originally derived from a human T-cell leukemia, so they are
immortalized. But they have been an exceptional tool for immunologists for decades because the
physiology of the biochemical pathways stemming from the T-cell receptor that control interleukin (IL)-
2 production and IL-2 receptor expression remain intact'®. Therefore, these cells meet essential criteria
to understand basic mechanisms of T-cell activation. Because they have been extensively studied and
characterized, the cells also have provided tools for development of clinical laboratory assays such as
the ones described here.

Antigen receptor-mediated or biochemical activation of the Jurkat cells is determined based on the
activity of a reporter gene. The Jurkat cells for the assay have been further modified to include a firefly
luciferase (fLuc) gene controlled by the nuclear factor of activated T-cells (NFAT)-dependent promoter.
Upon T-cell (or Jurkat cell) activation, a biochemical cascade of events leads to translocation of NFAT
transcription factors from the cytoplasm to the nucleus, with consequent transcription of NFAT-
regulated genes (including IL-2). Because the fLuc gene in Jurkat cells is controlled exclusively by
NFAT, the fLuc reporter is silent in unstimulated cells, but it produces protein in activated cells. The
protein can then be measured by adding substrate (luciferin) and measuring light emission in a standard
luminometer. In the absence of PD-1 ligation, the cells should produce high levels of fLuc (light
emission) upon activation. However, in the modified, PD-1-expressing Jurkat cells, ligation of PD-1 by
PD-L1 (expressed by the artificial APC), will attenuate fLuc expression and the light signal.

Figure 4B shows the positive control data from our experiment. We did not receive APCs without PD-
L1 as part of the sample kit, so as a positive control, we stimulated the Jurkat cells using a combination
of phorbol myristate acetate (PMA) and ionomycin (P/l). This combination, which activates protein
kinase C (PKC) and increases the concentration of cytosolic ionized calcium, bypasses antigen
receptor signals and leads to synchronous activation of 80-100% of the cells''. The data show that
unstimulated Jurkat cells produced small levels of light that were detectable above background in the
assay, and stimulation with P/l increased light emission by more than 100-times. As predicted by the
assay design, the addition of artificial APCs expressing PD-L1 attenuated the light signal by more than
one order of magnitude, providing confirmation of the principle on which the assay is based: ligation of
PD-1 (expressed by the Jurkat cells) by PD-L1 (expressed by the artificial APCs) significantly interrupts
T-cell signaling and activation, even when that activation uses pharmacological agents that bypass the
antigen receptor.

With the confirmation of the positive control, we could use the assay to evaluate ONIx activity. Figure
4C shows a dose response relationship where Jurkat cells incubated with artificial APCs were treated
with decreasing concentrations of ONIx. The Y axis in the figure is truncated to show the dose response
relationship, as it would be masked by the inclusion of the full dynamic range of activation using P/I.
This is expected: pharmacological activation of T cells using P/l produces greater than 5 to 10-fold
higher levels of measurable signal than physiologic (or semi-physiologic) activation through the antigen



receptor. The data indicate that the addition of ONIx reversed the inhibition seen by engagement of
PD-L1 and suggest that levels as low as 5 pug/ml could be reliably detected in samples using this assay.

Finally, we evaluated the potential for using this assay to establish measures of PK and PD in the
canine METEOR trial (more details about the trial are described below). We investigated the possible
interference of canine serum (the biological sample format) in the assay. Figure 4D shows that,
unexpectedly, normal canine serum (added to 10% of the assay by volume) inhibited the activation of
Jurkat cells in the assay, and the addition of PD-L1-expressing artificial APCs had no further effect.
Previous work has shown that canine serum can contain xenoantibodies that promote complement-
dependent killing of human cells'?, but there was no complement added to the cultures. We have
considered the possibility that there is enough complement present in the canine serum to mediate this
effect, which could be inactivated by heating the serum at 56°C for 15-60 minutes. However, that could
also inactivate other critical components we want to measure in the assay, including ONIx. At the
present time, we are investigating the mechanisms through which canine serum might cause inhibition
of the assay signal and ways to overcome that working in collaboration with Promega. Promega has
also agreed to provide a comparable bioassay to measure CD47 blockade, which could be used in
combination with or instead of the PD-1 blockade assay.

As noted above, Eurofins Discovery has also developed similar assays, also based on the use of
genetically modified Jurkat cells, a different set of reporters (evaluating receptor assembly instead of
transcriptional activity), and artificial APCs. We have obtained a sample kit to evaluate the Eurofins PD-
1 blockade bioassay in our system, and the initial experiments to test the kit are scheduled for October
19 and 20, 2023. Depending on the results (dynamic range, confirmation of ONIx activity, inhibition by
canine serum or lack thereof), we also plan to test the Eurofins CD47 blockade bioassay kit and decide
which of these various kits, if any, will be the best suited to establish ONIx PK and PD in vivo. If we
determine that none of the kits is suitable, for example, due to cell death induced by canine serum, we
will use the antibody displacement assays (Figure 3) to establish the presence of ONIx and reconsider
use of the phagocytosis assay described above as a measure of activity.

Milestone: Cell authentication. Ongoing.

The PI labs follow rigorous SOPs for cell authentication. Authentication of cell lines, including newly
obtained K7M2, F420, and F331 cell lines, has proceeded according to SOPs since lab work resumed
for this project.

Milestone: Define toxicity of combination VSV-IFNB-NIS and P-DIC (ONIx). Ongoing.

To confirm the safety of VSV and ONIx combination therapy, a pilot study was carried out in the well-
established A20 (Balb/c) murine lymphoma model. Mice with established A20 tumors were treated with
either PBS, VSV (1x108 TCIDso/mouse), ONIx (5mg/kg for 6 doses), or combination of VSV and ONIx.
Mice were monitored for adverse events, including weight loss. The results show that all treatments,
including combination therapy were well tolerated, with minimal transient weight loss and resumption
of weight gain in mice at approximately the same rate as the controls (Figure 5).

Milestone: Define optimal dose for combination VSV-IFNB-NIS and P-DIC (ONIx). Ongoing.

Continuing our efforts to investigate the combination therapy in the most commonly used pre-clinical
model of osteosarcoma, we obtained K12 and K7M2 cells from the National Cancer Institute (NCI) for
use in this project under a multi-institutional Materials Transfer Agreement. Neither cell line was
modified with reporters for in vivo imaging or with a known antigen for immunological studies. Thus, our
first step was to genetically edit the cells to express luciferase for in vivo tracking and ovalbumin to test
antigen-specific immune responses. We generated a genetically edited K12 cell line incorporating
chicken ovalbumin (OVA), as a target antigen for immune cells and Gaussia luciferase (Gluc) as a
reporter for in vivo imaging using CRISPR-Cas9. Integration of the Gluc-OVA cassette in frame into the
RosaZ26 locus was confirmed by sequencing, however, unlike MC17 cells which we previously modified



using the same methodology’3, the cells did not show significant Gluc activity in vitro, and certainly not
enough for in vivo experiments (Figure 6).

The K12-17 cells also failed to form subcutaneous (sq) tumors in syngeneic Balb/c recipient mice when
injected at 2x108 cells per mouse. Our attempts to introduce exogenous genes into K7M2 cells failed
repeatedly. Thus, we obtained a K7M2 cell line that is stably transfected with fLuc (K7M2-fLuc) from
Dr. Brock Lindsey at West Virginia University'. It took several months to obtain these cells due to the
challenges associated with the COVID-19 pandemic, as Dr. Lindsey’s lab had to wait until they could
return to the laboratory in-person to expand cells and ship them. We received K7M2 cells on February
10, 2021, expanded them, and submitted them for authentication and Mycoplasma testing to IDEXX
BioResearch. The cells passed QC (authenticated as K7M2, were negative for all Mycoplasma sp.).
They also expanded in vitro with an estimated doubling time of 22-24 hours and had robust fLuc activity
(Figure 7).

We had to wait several months to start the in vivo experiments , as the animal facilities at the University
of Minnesota were also experiencing a severe shortage of caretaker staff during the COVID pandemic
and Pls were asked to reduce the number and frequency of animal experiments, or not to start any new
ones until further notice when staffing could be restored.

We finally were able to initiate up a titration experiment on May 10, 2022. Groups of three female Balb/c
mice received 2.5x105, 5x105, or 1x108 K7M2-fLuc cells by tail vein injection. One group of three Balb/c
mice received 2x10% K7M2-fLuc cells as a sq injection.

Viable cells were identified using in vivo imaging 24 hours after the injection (Figure 8). However, most
of the activity in the mice receiving tail vein injections was seen in the spleen, with no luciferin
conversion above background noted in the lung fields for any mouse. Viable cells were seen at the site
of tumor implantation in all of the mice that received sq injections. Unlike what has been previously
reported (see for example, reference’®), we did not see any significant tracking of tumor cells to the
lungs based on imaging over a 12-week experimental period. Rather, the luciferin-converting activity
remained in the abdomen (anatomically, in the area where the spleen is located), showing peak activity
at 24 hours, then waning progressively over the next eight weeks, and increasing again slightly in some
mice between weeks 8-12 (Figures 8 and 9).

Two mice that received K7M2 cells in the tail vein (one at the 1x10° cells dose and one at the 5x10°
cells dose) developed tumors at the injection site, which were grossly evident approximately 11 weeks
after inoculation. These tumors, which probably arose from cells that extravasated at the time of
injection, grew slowly, did not impair the quality of life of the mice, and were readily apparent in the in
vivo imaging studies. The potential extravasation did not impede systemic distribution of the cells
through the vascular system, as there were no obvious differences in the whole body imaging for these
mice compared to the other two mice in each of their groups. We terminated the experiment for futility
after 12 weeks. At the end of the experiment, the mice were humanely sacrificed, and a complete
necropsy was performed on each mouse. Necropsies were done systematically, starting with a
complete examination of the abdomen for evidence of metastasis and collection of the spleen with
gross examination for evidence of tumor growth. No other abdominal organs were collected, as there
was no evidence of gross metastasis or tumor growth (luciferin conversion in vivo) in the abdomen
outside of the spleen for any animal. The chest cavity was then carefully opened without perforating
the diaphragm by removing the skin and carefully transecting the ribs at the left costochondral junctions.
The lungs were allowed to deflate to examine the chest cavity for gross metastasis (none was noted).
The trachea was transected above the mediastinal entry, and the lungs were gently inflated in situ by
infusing 10% neutral buffered formalin through the tracheal transection. The inflated lungs were then
removed from the chest cavity and examined for evidence of gross metastasis. Figure 10 shows a
mass measuring approximately 3 mm in diameter seen in the single mouse that received 5x10° cells



and developed a tumor in the tail (Figures 8 and 9). The tail tumors were collected from both mice in
which they were grossly apparent.

No gross tumors were seen in any of the mice that received sq K7M2-fLuc cells, consistent with the
observation that the fLuc activity in those mice had waned. A prominent sq fat pad was collected from
one mouse to assess if there was evidence of a tumor remnant. The tissue collected consisted of skin,
subcutis, multiple small quiescent mammary, glands and ducts, abundant adipose tissue and a lymph
node. There were no significant abnormalities detected.

Histopathologic examination of the lungs, spleens, and tails showed that three mice (one in the group
receiving 1x108 cells and two in the group receiving 5x10° cells) had microscopic evidence of tumors
in the lungs (Figure 11). The tumors were similar in all cases (in the lungs, and in the two mice that
had tumors in the tail), consisting of unencapsulated, moderately well-demarcated, densely cellular
masses that were consistent with a diagnosis of sarcoma. The neoplastic cells were arranged into ill-
defined broad sheets to poorly formed bundles and streams, and they were supported by a fine
fibrovascular stroma. Rarely, between neoplastic cells, there were scant amounts of wispy, fibrillary,
eosinophilic material (possible osteoid). The neoplastic cells were plump, spindle shaped, with indistinct
cell borders, and they had large amounts of eosinophilic to amphophilic cytoplasm. The nuclei were
round to oval with vesicular chromatin, and they had up to three prominent, magenta nucleoli. There
was marked anisocytosis and anisokaryosis throughout the tumors.

The lungs of every mouse in the experiment also showed evidence of inflammation: there was diffuse,
mild, alveolar vascular congestion, and mild increased cellularity of the alveolar septa, owing to
increased large round mononuclear cells (macrophages) and small lymphocytes. Particularly at the
edge of the sections, there were foci of atelectasis. The spleens showed diffuse, moderate congestion
and extramedullary hematopoiesis, although a component of inflammation could not be excluded. The
lung pathology was atypical and suggestive of an inflammatory or immune response which possibly
eliminated the tumor cells or rejected an incipient tumor. The spleen pathology could be within the
confines of what is normally observed for this strain of mouse (Balb/c), but it also could reflect
inflammation or immune stimulation in response to the tumor cells that were retained in the spleen
(presumably within the reticuloendothelial system). In particular, the fact that cells tracked to the spleen
first could be the cause of why a strong anti-tumor immune response might have been generated, as
the spleen in a major immune organ in mice. It is interesting that two of the three mice that developed
lung metastasis had tumors in the tail, as these tumors might have provided a source of metastatic
cells (outside of the spleen). This would be consistent with the observed metastasis of K7TM2 cells
injected intratibially'#'®. A copy of the full pathology report is included as an appendix.

Nonetheless, it was clear from these experiments that the tail vein model of K7M2-fLuc cells (at least
using the cells from West Virginia University) will not be useful for our experiments. We thus obtained
K7M2-fLuc cells from a different source (Dr. Steve Dow, Colorado State University). We received these
cells in August of 2022, but the viability was poor, and we have had limited success expanding them.

We attempted one more experiment with unmodified (no fLuc transgene) K7M2 cells from NCI that
grew exceptionally well in culture. Groups of 4 Balb/c mice were inoculated with 5x10° K7M2 cells iv to
assess the effect of ONIx vs. placebo. Two mice were inoculated with K7M2 cells at the same
concentration and sacrificed at Day-5 to assess for the presence of microscopic lung tumors. Mice
received 5 mg/kg ONIx (or PBS for the placebo control) on days 12, 14, 19, and 21. Mice were humanely
euthanized on Day 28 of the experiment. The presence of tumors in the lungs and other organs was
evaluated grossly at necropsy, and microscopically (in the lungs) for all of the mice. As per the
experiments described above, none of the mice developed detectable tumors within the 28-day
experimental period. However, we were able to document that ONIx was safe based on the absence



of adverse events on weight gain (Figure 12) or other physical and qualitative metrics (no changes in
the texture or appearance of hair coat, no changes in activity or behavior, etc.).

Upon our consultation with other osteosarcoma experts who have used the K7M2 model, we learned
that it is not unusual for K7TM2 cells to track to the spleen. But under conditions when the experiment
works as intended, the cells will then appear in the lungs (either cells trapped in the lungs will grow out
or cells growing in the spleen will migrate to the lungs). As noted above, published data state that when
the experiment is successful, this should happen within about 2 weeks after a 1x108 cell injection into
the tail vein, and within about 3 weeks after a 5x10° cell injection into the tail vein'®'¢. The possible
reasons for the unexpected results in this experiment, and observations to support or refute them,
include:

1. Poor cell viability: this is unlikely. The cells were >99% viable when they were prepared for
injection (based on trypan blue exclusion) and viable cells were detectable in the mice for several
weeks based on fLuc expression (luciferin conversion).

2. Aged or senescent cells: Previous work indicates cells were used for in vivo experiments
between passages 1 and 10"%'6. The cells we obtained from NCI, West Virginia University, and
Colorado State University did not have information about passage number, so it is impossible
for us to know the length of time cells were cultured before we received them. In our hands, cells
were only passaged three to five times after thawing before mouse injections.

3. Poor injection technique with cells exiting the vasculature: This is possible, albeit unlikely. Two
mice did show local growth of tumor cells at the injection site, suggesting at least some cells
might have been deposited outside the vein. However, all the mice showed evidence of cells
tracking to the spleen (Figures 8 and 9), and the fLuc activity was consistent for every mouse
in each group with a predictable dose response (Figure 9), suggesting that all of the mice
received approximately the intended dose of cells into the vasculature.

4. The cells were rejected by the mouse hosts: we believe this is the most likely possibility. As
described in the results of the microscopic pathology examination above, there was evidence of
inflammation in the lungs of the mice, also showing a dose response, and the spleens showed
evidence of extramedullary hematopoiesis, or possibly inflammation. In addition, three mice had
evidence of micrometastasis, indicating that the cells did have the potential to colonize the lungs.
They just did not do so with the expected efficiency or frequency.

While we cannot be certain about the reason why the K7M2 cells might have failed to establish tumors
or been rejected by most of the mice in this experiment (both those receiving tail vein injections and
those receiving sq injections), there are at least three possible explanations. One explanation is that
there are subtle differences in Balb/c mice from different vendors. The tumor microbiome of mice
purchased from different vendors has been shown to have important differences that mediate the
baseline of inflammation and impact systemic immune responses'”-'®. There are also subtle differences
in genetic drift among colonies maintained at different locations and under different husbandry
conditions, which, for example, significantly impact susceptibility to conditions such as epilepsy'®. We
obtained our mice from Jackson Labs. Other investigators report obtaining mice from Envigo or from
the NCI. Another explanation is that the fLuc transgene can act as a neoantigen in immunocompetent
animals, enhancing the likelihood of immune rejection?®2'. Although this is not a universal
phenomenon??, it seems to be an area of increasing concern among investigators using syngeneic,
transplantable cancer models, to the extent that groups have developed mice that are tolerant to the
immunodominant epitopes of common reporters such as green fluorescent protein (GFP) and fLuc?.
Finally, the K7M2 model also has been shown to express high levels of endogenous retrovirus
sequences, such as gp70, which may initiate or enhance anti-tumor responses in this model?4.



Based on our experience so far, we have concluded that despite published data, the K7M2 model (and
its non-metastatic counterpart, K12) are challenging to work with. Although previous reports describe
the models as reliable transplantable tumors in the orthotopic and experimental metastasis
(intravenous, or iv) settings'#'625, we have had limited success to reproducibly establish these models
of tumor growth and metastasis in both of our labs, even as we have tested K12 and K7M2 cells from
various different sources. Data regarding the success (or failure) rate for tumor take of these cells are
largely unpublished, but other investigators have relayed to us (confidentially) that failure to form tumors
is not a rare event in this model. Given the inconsistent performance of the K12 andK7M2 models, we
have started working on alternative models to address this milestone.

As noted above, the K12 and K7M2 tumors are syngeneic with Balb/c mice. In addition to their
inconsistent growth in vivo, immunological reagents for Balb/c mice are more limited than those for
other strains, such as C57B/6 (B6), creating yet another obstacle for use of these models. With this in
mind, we obtained the F420 and the F331 murine osteosarcoma cell lines from Dr. Jason Yustein
(Baylor University; now at Emory University). These cells were derived from tumors isolated from
genetically engineered B6 mice, and they grow in syngeneic B6 hosts as local sq tumors as well as in
the lungs after intraosseous or iv injection?®. These tumor models appear to have the advantage of
being amenable to genetic modification, while retaining their tumor-forming capacity.

We received cells on February 1, 2022, and so far, we have focused on growing the F420 model. A
microsatellite profile (single tandem repeats) was generated for the cells at IDEXX BioResearch, and
the cells were shown to be negative for Mycoplasma sp. The cells grow reliably in vitro, and we have
shown that they can be modified to express GFP and fLuc transgenes via lentivirus transduction
(approximately 5% efficiency in our initial experiments). We obtained high-titer lentivirus encoding GFP-
fLuc to optimize the transduction conditions and sort for GFP-positive cells for in vivo inoculation into
immunocompetent B6 hosts, but these experiments failed to generate stable transfectants. The F420
model will remain a focus of our experiments to define the effects and optimal combinations of VSV-
IFNB-NIS and ONIx in the mice. Experiments to verify the capability of F420, F331, and MC17 cells to
colonize the lungs after intravenous injection are scheduled to begin on October 10, 2023 (date mice
are scheduled for delivery), with the actual injections scheduled to be done on October 19, 2023, and
the endpoint set 30 days later or earlier, if the mice show clinical signs of disease progression.

Another approach we have taken is to develop the methylcholanthrene-17 (MC17) murine sarcoma
model as an alternative to intravenous or sq osteosarcoma models. Our experience with MC17 at the
University of Minnesota is described in greater detail below, and we have also now established the
MC17 model has now at the Mayo Clinic. Briefly, MC17 tumor cells (3x10° cells in 100 ul) were
implanted subcutaneously in syngeneic C57BI/6 mice. Tumors formation was efficient and consistent
with tumor uptake in ~90% of mice undergoing implantation. Ten days following tumor implantation
(tumor volume range ~50-100 mm?3), mice were treated with a single IV dose of 100ul PBS or 5x108
TCIDso (~2x10" TCIDso/kg) VSV-IFNB-NIS. Mice were closely monitored for acute adverse events
including weight loss and deterioration of body condition. Our early results show that systemic VSV
therapy was well tolerated with no significant weight loss observed in mice (Figure 13A) and resulted
in delayed tumor growth (Figure 13B). Comparison of tumor burden at 7 days post treatment showed
significant inhibition of tumor growth at 7 days post treatment (Figure 13C). We have now established
the MC17 syngeneic murine sarcoma model in the Naik lab.

MC17 represents a fibrosarcoma, but it provides a reliable model for drug development. Importantly, it
is especially recalcitrant to conventional immunotherapy (MC17 is a prototypical “cold tumor”). Yet,
MC17 can respond to unconventional immunotherapies. For example, we have developed a molecule
called epidermal growth factor (EGF) bispecific angiotoxin (eBAT), which is a polypeptide ligand
targeted toxin (LTT) that consists of full-length human epidermal growth factor (EGF) linked to the amino



terminal fragment (ATF) of human urokinase plasminogen-type activator (UPA) and to a Pseudomonas
exotoxin (PE) that has been genetically modified to enhance its cytotoxicity and reduce its
immunogenicity.

As part of our experiments to develop this model, we have shown that the drug, eBAT, has activity
against a wide variety of sarcomas, effectively targeting sarcoma stem cells?’-?°, eBAT also Kkills
activated endothelial cells, potentially depleting or normalizing tumor vasculature®®. But most
importantly for this discussion, eBAT remodels the immune and inflammatory TME by targeting uPA
receptor (UPAR)-expressing, immunosuppressive myeloid cells, potentially enhancing the immune
response against tumors. We tested this premise using MC17 and a uPAR-knockout (KO) derivative of
MC17 called D10, and a mouse-specific version of the drug eBAT, called meBAT that incorporates
mouse uPA"3. Anti-mouse UPAR antibodies do not bind to D10 cells, indicating that the CRISPR KO
created the desired phenotype. The biding affinity of meBAT to wild type (WT) MC17 cells, as
determined by fluorescence intensity and the proportion of bound cells, was higher than that of eBAT,
and binding of both eBAT and meBAT was reduced, although not fully abrogated in D10 cells (Figure
14). This suggests that eBAT and meBAT can likely bind cells by interacting with either or both uPAR
and EGF receptors (EGFR).

Both WT MC17 cells and D10 cells were resistant to eBAT cytotoxicity in vitro (Figure 15). Both toxins
were capable of killing mouse sarcoma cells, as shown by the dose dependent elimination of K7M2
cells. Resistance to bacterial toxins that target protein synthesis has been attributed to loss of the pro-
apoptotic BH3-only protein, Bim3'. But for our purpose, the MC17/D10 model has been exceptionally
useful because the resistance to meBAT and eBAT has allowed us to focus our attention on the impact
of these drugs on remodeling the TME (comparable to our plan with VSV and ONIx). Our data show
that uPAR expression is not necessary for tumor formation, as both MC17 and D10 achieved log-growth
and generated tumors that reached endpoint (maximum diameter of 1.5 cm or any ill health effects on
the mouse host). But uPAR deficiency in the tumor cells retarded their growth in vivo: the median time
to endpoint was 24 days for MC17 cells and 47 days for D10 cells (Figure 16 inset). On the other hand,
systemic uPAR deficiency in the TME (i.e., germ line uPAR KO hosts) did not impair tumor growth
(Figure 16).

As is common for sarcomas®?, MC17 tumors attracted large numbers of TAMs into the TME. In this
case, we documented infiltration of the tumor by TAMs by immunostaining with the mouse macrophage
specific antibody, F4/80 and examined whether eBAT could deplete TAMs by targeting uPARs, which
they express in abundance. WT MC17 tumors from WT B6 mice and uPAR-deficient (D10) tumors from
uPAR-KO mice were immunostained with the F4/80 antibody. The data indicate that eBAT or meBAT
treatment had no effect on TAMs from D10 (uPAR-KO) tumors growing in uPAR-KO mice, whereas
they were almost completely ablated in WT MC17 tumors grown in WT B6 mice (Figure 17). This shows
that macrophage depletion by eBAT was dependent on the expression of uPAR in the tumor and/or in
the TME.

To further define the impact of remodeling the MC17 immune landscape, we created uPAR-WT and
uPAR-KO bone marrow chimeras (see Figure 18 for an illustration of the experiment). Engraftment
efficiency was approx. 75-85% for both groups, providing WT controls and mice with only hematopoietic
(+/- vascular) cells lacking uPARs. Mice were injected with mCherry-labeled MC17 cells and treated
with eBAT or meBAT for two consecutive Mon-Wed-Fri cycles. Figure 19 shows that, despite the fact
that MC17 cells are resistant to eBAT and meBAT, both drugs reduced the tumor burden in mice whose
hematopoietic cells expressed WT uPAR. The therapeutic benefit was completely ablated in mice
whose hematopoietic cells had uPAR knocked out.



Consistent with what we observed in the WT and germline uPAR KO mice, eBAT and meBAT remodeled
the myeloid landscape of the MC17 sarcomas. The total numbers of CD11b* myeloid cells were similar
in the WT and uPAR-KO bone marrow recipients. However, TAMs were significantly reduced in mice
treated with meBAT (Figure 20 and Table 2) and a significant number of CD11b* cells in the WT bone
marrow recipients were also positive for mCherry (Figure 21), suggesting these myeloid cells had been
reprogrammed from an immunosuppressive phenotype to a pro-immune phenotype and had almost
certainly engulfed mCherry* MC17 tumor cells (doublet conjugate cells would have been excluded by
the staining protocol). The increased myeloid cell phagocytosis was not seen in the uPAR-KO bone
marrow recipients. This pro-immune myeloid remodeling appeared to be functionally significant: we
observed a reproducible increase of CD3* T cells infiltrating the TME in the WT bone marrow recipients
(Figures 22 and 23), whereas virtually no T cells were present in the TME of the uPAR-KO bone
marrow recipients, and the overall survival time (based on time to a tumor endpoint) was also improved
in in the WT bone marrow recipients (Figure 24) as compared with the uPAR-KO bone marrow
recipients.

Table 2. meBAT Ablates F480+ TAMSs.

Group/Treatment % TAMs in TME (range across all of the tumor)
WT BM/PBS 21.8 (17.7 - 27.7)
WT BM/meBAT 5.1* (1.4 - 19.6)
uPAR-KO BM/PBS 11.4 (7.4 -21.0)
uPAR-KO BM/meBAT 17.8 (1.6 -34.1)

WT = wild type; BM = bone marrow; PBS = phosphate buffered saline; KO = knockout. uPAR-KO BM are the chimeric mice with targeted uPAR deficiency
in bone marrow cells; *=statistically different from other conditions, with a p value <0.05.

The alterations in myeloid populations induced by eBAT and meBAT were specific to the tumor
environment, as neither depletion nor alterations in phenotypes were observed in peripheral blood from
the same mice. Our preliminary assessments indicate that there were no differences in the number of
microvessels (based on CD31 immunostaining in the tumor; Figure 25 and Table 3), although we
cannot exclude the possibility that eBAT or meBAT influence the distribution of vessels, potentially
leading to vascular normalization. Here, we will extend these observations to examine whether eBAT
and meBAT normalize tumor vasculature and alter the immune landscape in the TME, and whether
these effects enhance infiltration and activity of cytotoxic T cells and NK cells.

Table 3. Microvessel density (%CD31* cells) in MC17 tumors treated with vehicle or meBAT.

uPAR BM WT KO

Treatment PBS meBAT PBS meBAT
Average percentage of CD31" cells (SD) 0.940 (0.51) 1.313 (0.20) 1.423 (1.58) 3.864 (0.36)
Range of CD31+ cells across the tumor (%) 0.220-2.75 0.487-3.01 0.078-3.52 1.89-6.51

uPAR-BM refers to the source of bone marrow cells: WT = wild type; KO = uPAR knockout.
Treatment: PBS = phosphate buffered saline; meBAT (2 cycles of 50 ug/kg).



In the interim, while the MC17 model was being developed to Mayo Clinic, Dr. Naik carried out a pilot
study in the well-established A20 murine lymphoma model to confirm the safety of combination VSV
and P-DIC combination therapy. This was done concurrently with the tolerability experiment described
in Figure 5. The results show that mice that received both VSV and combination therapy had transient
tumor remissions (including formation of scabs on the tumor site), with a significant survival benefit
compared to PBS treatment (Figure 26). These data support further analysis of this combination
therapy in relevant murine sarcoma models.

Milestone: Complete necropsies. Ongoing.

Dr. Modiano, Ms. Schulte, and Dr. Kim performed necropsies for the experiments using MC17 at the
University of Minnesota. As described above, Dr. Modiano and the lab staff completed necropsies on
the mice inoculated with K7M2-fLuc cells and with K12 cells. Necropsies will continue to be performed
for all experimental animals.

Dr. Naik is developing this aspect of the project as described above and in the Milestones for Aim 2.

Milestone: Data analysis; organization and conclusions. Ongoing.
The project investigators have been holding regular meetings to update the status of the project.

Milestone: Quality control and quality assurance for data — manuscript preparation and submission.
Ongoing.

QC and QA for data are performed on a continuous basis. We have presented the MC17 data at
national and international meetings. A draft manuscript describing the eBAT mechanisms of action data
described in this report is under review by the coauthors and is planned for submission before the end
of 2023, as is a manuscript describing the toxicology of eBAT. We will continue to accrue data for the
osteosarcoma experiments and consider publication of a manuscript if we can form a consensus around
publication of negative data from the K12/K7M2 model.

Specific Aim 2: Define immunological effects and mechanism of action for combination VSV
IFNB-NIS and P-DIC (ONIx)

Milestone: Assessment of immune response induced by VSV-IFNB-NIS and P-DIC in mice with
metastatic osteosarcoma. Ongoing.

Milestone: Assessment of immune response induced by VSV-IFNB-NIS and P-DIC in mice with
metastatic osteosarcoma. Ongoing.

Pilot data were generated for this milestone, which were highly informative. The effect of VSV and ONIx
combination therapy in murine tumors especially on the immune landscape has not been previously
established.

To fill this gap in knowledge, Dr. Naik’s group initially conducted two pilot studies: the first to establish
murine sarcoma models in the lab and the second to perform a detailed immune assessment of VSV
and ONIx combination therapy in the well-established A20 murine lymphoma model.

To establish sarcoma models in the lab, we initially did a pilot study by implanting 5x108 K7M2
osteosarcoma cells (from NCI) sq in syngeneic Balb/c mice. Tumor growth was quite slow in this model
with only 50% of mice developing tumors (N=4). Tumor bearing mice were treated with PBS or 1x108
TCIDso VSV (per mouse) given intravenously. Mice were sacrificed on study day 4 to optimize methods
to measure intra-tumoral immune infiltration and antitumor immunity.



Preliminary assessment of CD8 T-cells and macrophages in peripheral blood mononuclear cells
(PBMCs), spleen and tumor (Figure 27) show (a) a notable increase of CD8 T-cells in PBMCs but not
in tumor and spleen; and (b) an increase in macrophages in PBMCs, spleen, and tumor. Additional and
larger experiments will be needed to confirm these findings. Addition of checkpoint inhibition dually
targeted to macrophages (CD47) and T-cells (PD-1), i.e., ONIx, may potently activate antitumor
responses mediated by these immune cell populations. PD-1 expression was increased on CD4 and
CD8 T-cells in the blood and spleen (Figure 28) suggesting addition of a PD-1 inhibitor, i.e., ONIx,
would be a potent activator of antitumor immune responses. We have also established the MC17
murine sarcoma model in Dr. Naik’s lab and have conducted a pilot study demonstrating that single
dose systemic VSV therapy was safe and delayed tumor growth in this model (Figure 13).

A detailed assessment of the efficacy of combination therapy with VSV and either ONIx or PD-1 inhibitor
in the A20 tumor model was carried out: A20 tumor bearing mice were treated with PBS, VSV, or
combination therapy VSV + ONIx or VSV + aPD-1. In this study, a higher dose of VSV was utilized and
toxicity was observed following systemic VSV administration. Most of the mice that received systemic
VSV monotherapy were euthanized due to excessive weight loss. Interestingly combining systemic
VSV therapy with either ONIx or an aPD-1 antibody had reduced toxicity and most mice recovered
following transient weight loss. These data suggest that addition of CPI can mitigate potential toxicity
of oncolytic virotherapy, and they show that combination therapy with both VSV + ONIx and VSV +
aPD-1 induce durable tumor remission in a subset of tumor bearing mice (Figure 29) compared to
rapidly growing tumors in the majority of PBS treated mice (though there was spontaneous tumor
remission observed in some PBS treated mice). Near the end of the study, mice were euthanized and
splenocytes were analyzed by ELISPOT assay to detect immune responses against PHA (positive
control), VSV antigen, and MHC-| specific tumor associated AH1 antigen®3. These data indicate show
that VSV treatment increases overall activated T-cell responses, VSV specific T-cell responses, and
detectable responses against the AH1 tumor associated antigen (Figure 29). VSV and tumor specific
T-cell responses were generally higher in mice that had complete response to combination therapy
compared to mice that did not respond, suggesting that development of virus and tumor specific T-cell
responses may correlate with therapeutic response.

Milestone: Data analysis; organization and conclusions. Ongoing.

Emerging data support the hypothesis of synergy between VSV-IFNB-NIS and ONIx. Data analysis is
ongoing in real time and the investigators meet regularly to discuss data, reach consensus for the
conclusions, and decide on next steps for experiments and reporting.

Milestone: Quality control and quality assurance for data — manuscript preparation and submission.
Ongoing.
QC and QA for data are performed on a continuous basis in real time.

Specific Aim 3: Characterize safety, efficacy, and immunomodulatory effects of VSV-IFN3- NIS
and P-DIC (ONIx) in dogs with naturally occurring metastatic osteosarcoma

Milestone: Production of in vivo grade VSV-IFN3-NIS. Completed.
Please see milestones for specific aim 1. A new batch of in vivo grade VSV-IFNB-NIS for the canine
clinical trial was produced by the Mayo Clinic investigators.

Milestone: Production of in vivo grade P-DIC (ONIx). Completed.

Please see milestones for specific aim 1. Release assays for sterility and potency have been completed
and assays for stability are scheduled semiannually throughout the project period. This milestone was
accelerated and ONIx was produced in a single batch, which should be sufficient to assess if there is



a biological effect at 2 mg/kg dose after VSV administration. Our second batch of ONIx, however, will
provide sufficient drug for dose escalation if enough dogs are enrolled and if escalation is warranted.

Milestone: Identify safe dose to guide clinical development. Ongoing.

The mouse experiments shown as part of Aims 1 and 2 show that ONIx at a dose of 5 mg/kg is safe in
mice. This dose equivalent might be higher than the maximal dose we will be able to administer to
dogs, as the dose required to achieve a therapeutic effect might be no higher than 1-2 mg/kg (1/6 of
the effective mouse dose).

Milestone: Assessment of immune response induced by VSV-IFNB-NIS and P-DIC (ONIx) in dogs with
metastatic osteosarcoma.

The study parameters were extensively reviewed, and the METEOR (metastatic experimental
osteosarcoma research) study opened in August of 2022. A Data Safety Monitoring Board comprised
by Dr. Antonella Borgatti (board certified veterinary oncologist and Director of the Clinical Investigation
Center of the University of Minnesota College of Veterinary Medicine), Dr. Michael Conzemius (board
certified veterinary surgeon and former Director of the Clinical Investigation Center of the University of
Minnesota College of Veterinary Medicine), and Dr. Aaron Rendahl (biostatistician) has been
assembled to oversee the canine clinical study and ensure safety criteria are rigorously followed.

The enrollment web page and study details are available at z.umn.edu/meteor. The first eligible dog
whose owners applied for the study was screened on the week of September 5, 2022. The dog was a
1.75 years-old spayed female spaniel that was diagnosed with a primary osteosarcoma of the left distal
femur on May 3, 2022 (Figure 30). The family decided to pursue standard of care (amputation followed
by adjuvant chemotherapy). The dog’s affected limb was amputated on May 12, 2022, and adjuvant
chemotherapy was started with carboplatin (300mg/m?) three weeks later on June 2, 2022, with the
intent to administer between four and six cycles once every three weeks. On the same date when the
initial chemotherapy was administered, two pulmonary nodules were visible radiographically, although
they did not meet the complete criteria for definitive diagnosis of metastatic disease. A second dose of
carboplatin was administered on June 23, 2022. Mild lymphocytosis and eosinophilia were the only
abnormalities noted in the laboratory testing done on that date. On July 14, 2022, the dog had
neutropenia, so chemotherapy was delayed. Imaging showed evidence of progressive disease
(increased size of the pulmonary nodules), so the chemotherapy protocol was switched to doxorubicin
(30 mg/m?), with the intent to administer between four and six cycles once every three weeks. The
neutropenia had resolved by July 21, 2022, which allowed for the first dose of doxorubicin to be
administered. A second dose was given on August 4, 2022, but by August 18, 2022, there was evidence
of further disease progression (Figure 30) and chemotherapy was discontinued. The family was given
options to discontinue treatment and switch to palliative care, begin an experimental rescue protocol
using Losartan and toceranib (+/- propranolol), or screen for eligibility for the METEOR study. They
elected the latter.

The dog completed screening for METEOR on September 6, 2022, and was deemed to be eligible to
enroll. The dog was hospitalized on July 12 and released from the hospital and back to the family on
September 16, 2022. Two consecutive doses of VSV-cIFNB-NIS (5x10° TCIDso/kg) were administered
on September 12 and 13, 2022. A mild (not clinically significant) decrease in platelet count and a mild
(not clinically significant) increase in circulating levels of fibrinogen were noted on September 14, 2022,
about 24 hours after the second dose of VSV-cIFNB-NIS. Given that these laboratory changes were
deemed to be non-clinically significant, the first dose of ONIx (2 mg/kg) was administered on September
14, 2022, as per the protocol. On September 15, 2022, the dog showed grade-1, gastrointestinal
adverse events (inappetence and vomiting). The signs were managed medically and a second dose of
ONIx was given on September 16, 2022. Laboratory testing revealed recovery of platelets and
fibrinogen back to baseline levels and a slight decrease in red cell mass, probably attributable to the



blood obtained for laboratory sampling over the experimental treatment period. It should be noted that
the dog was not anemic. The dog was discharged on September 16, 2022, and returned on September
19, 2022, to receive a third dose of ONIx in the outpatient setting. Laboratory testing showed that all
hematology and serum biochemistry values were within the specified reference ranges for the clinical
laboratory, with resolution of all prior mild abnormalities. The family reported that the dog had persistent
inappetence and nausea (determined to remain as a grade-1 adverse event), although without
vomiting. These gastrointestinal signs continued to be managed medically and the dog improved and
resumed eating. The dog showed signs of disease progression and was humanely euthanized on day
47 after initiating therapy. A five-week survival time is comparable to the expected survival time for
dogs with metastatic osteosarcoma that receive rescue therapies. More dogs will need to be treated to
determine efficacy; however, the side effects were much milder than what would be expected with
treatment using cytotoxic chemotherapy. Therefore, even if this provided equivalent efficacy, it might
still provide an alternative to manage patients with advanced disease.

Blood, serum, urine, and feces obtained prior to and during the 24 hours after VSV administration were
banked for viral shedding and VSV pharmacokinetic studies. Serum samples obtained prior to any
treatment, after VSV, and for the first hour after ONIx were also banked for ONIx pharmacokinetic
studies. PBMCs for immunological analysis were collected at time points before treatment and after the
administration of the test articles. This will be repeated for all enrolled dogs. If three dogs complete the
study without severe adverse events attributable to ONIx, we will consider a dose escalation.

In humans receiving PD-1/PD-L1 immune checkpoint inhibition therapy, the gastrointestinal system is
one of the most commonly affected organ systems and is responsible for the most frequent emergency
visits resulting from immune-related adverse events®4, so the observed adverse gastrointestinal events
in this dog were not unexpected. Mild (grade-1 and grade-2) gastrointestinal adverse events, including
diarrhea, nausea, vomiting, constipation, and dyspepsia were also observed in clinical trials of CD47
blockade®®, so the signs in this first dog treated by ONIx could be due to either the effects of PD-1
blockade, CD47 blockade, or both. Optimistically, the observed, mild gastrointestinal toxicity suggests
that ONIx is indeed biologically active at the dose given.

Since the METEOR study opened and started enrolling dog patients, we followed 29 dogs with
osteosarcoma treated at the University of Minnesota that would qualify based on the diagnosis and
treatment to offer entry into the study. Many of these dogs have remained in remission (so they are not
eligible), and others either succumbed to their disease before they could enroll in the study, or the
owners declined participation.

We also had approximately 14 inquiries regarding dogs treated elsewhere (not at the University of
Minnesota). Two dogs were eligible and were screened. One was enrolled and completed participation
(described above). The other dog showed progression and was humanely euthanized before it could
receive treatment. The remaining dogs were not eligible to enroll (outside the weight limit, had not
developed metastatic disease, etc.) We had a new external inquiry this week and the dog meets the
criteria, so we plan on screening. The enrollment for the study lagged behind our expectations (we
normally expect approximately 20-25% enrollment, whereas here we had 1 of 40, or 2.5%). So, to
accelerate enroliment we expanded the eligibility to allow inoperable/metastatic sarcomas, otherwise
using the same criteria as before.

As of the date of this report, we have had a total of 61 contacts from owners that had interest in the
study. Most of the new contacts have been from owners of dogs with other metastatic sarcomas
(chondrosarcoma, fibrosarcoma, hemangiosarcoma). None of the dogs have enrolled, for some of the
same reasons stated above, and also because owners have been reluctant to hospitalize their dog for
4 days. The hospitalization requirement is due to an abundance of caution from the Minnesota State
Veterinarian, making sure that the potential for any shed VSV to infect a susceptible farm animal (horse,



cow, pig, goat, sheep) is minimized. We agree this is reasonable and will continue to work within these
parameters to identify eligible dogs. In terms of its potential translation to humans, VSV is currently
administered in the outpatient setting (in clinical trials), and we don’t anticipate hospitalization would be
a barrier.

Nevertheless, we have devised an alternative to understand how VSV and ONIx might synergize to
activate the immune system to fight tumors. We have taken advantage of our previous VIGOR study,
where 22 dogs with primary osteosarcoma received VSV in the neoadjuvant setting, and for which we
have stored cell lines and PBMCs collected prior to and after VSV treatment. We are using those
samples to understand if and how VSV might prime tumor and immune cells to alter their biological
behavior through in vitro assays.

The plan is to perform assays for transposase-accessible chromatin using sequencing (ATAC-seq) to
evaluate regions of accessible (open) and inaccessible (closed) chromatin and RNA sequencing
(RNAseq) to evaluate the relationship of chromatin states to the transcriptome in osteosarcoma cell
lines cultured in conventional 2-dimensional plastic dishes and in 3-dimensional matrix, which might
simulate the conditions in the actual tumor. We will perform the same assays in PBMCs from the same
dogs that were used to derive the cell lines, both in PBMCs collected from prior to VSV treatment and
7 days after VSV treatment. The PBMCs will undergo stimulation in vitro using P/l (for maximal
stimulation as a positive control), ONIx, and P/l + ONIx. Figure 31 shows a schematic description of
these experiments. We are providing data for the initial pilot experiments done in five well-characterized
osteosarcoma cell lines and in three samples of PBMCs obtained from normal, healthy dogs to develop
the methodology.

Osteosarcoma cell lines OSCA-8, OSCA-32, OSCA-40, OSCA-71, and OSCA-78 were cultured as
described above; cells were collected after three days in culture and dry pellets were stored at -20°C
for DNA extraction as recommended by the protocols from the supplier. PBMCs were cultured in
suspension media without further stimulation or stimulated using P/I. At the end of a 3-day culture
period, cells were sorted into unstimulated, naive (CD449m/CD62L"") CD4 and CD8 cells and
activated (CD44°9"t /CD62L4™M) CD4 and CD8 cells using antibody labeling and a flow activated cell
sorter (Figure 32). Dry pellets from the sorted cells were similarly stored at -20°C for DNA extraction
as recommended by the protocols from the supplier. One of the PBMC samples only yielded enough
stimulated CD8 cells to include in the downstream procedures and analyses.

DNA extraction and ATAC-seq proceeded according to the supplier’s protocols through the University
of Minnesota Genomics Center (UMGC). The ATAC-seq data passed all the QC metrics for release.
Sequences were mapped to CanFam6.0 (Ensembl), with alignment, per sample peak calling, QC, and
group level consensus peaks called using the PEPATAC pipeline. For consensus peak generation, the
pipeline performs the following steps: 1. Overlapping peaks are identified among all the project
samples. 2. For each set of overlapping peaks, the consensus peak’s coordinates are defined as the
coordinates of the peak with the maximum score among the set of overlapping peaks. 3. Any peaks
that extend beyond chromosomes are trimmed. 4. Peaks present in = 2 samples, with scores 21, are
retained. Consensus peaks were called using all CD4 and CD8 T-cell samples as a group and all
osteosarcoma samples as a group. The individual peak sets were used for differential accessibility (DA)
analysis. The Csaw pipeline was used to generate counts for each peak region for each sample and
the DESeq pipeline was used for count normalization and DA analysis.

Figure 33 shows principal component analysis (PCA) for CD4 (n=4) and CD8 (n=5) sorted T-cell
samples. The samples are labeled as unstimulated (CD44%™/CD62L°"9") CD4 and CD8 cells and as
stimulated (CD44°r9"t /CD62L%™) CD4 and CD8 cells. The strongest difference between samples was
whether or not they were stimulated (PC1 accounting for approx. 76% of the variance). Figure 33 also
shows PCA analysis for 5 osteosarcoma cells lines. Four of the cell lines generated data from paired



(2-dimensional and 3-dimensional) cultures. The OSCA-32 cell line did not grow in 3-dimensional
cultures and only data from the 2-dimensional cultures is shown. For these cells, the strongest
difference was the culture condition, although the impact was much smaller than what was observed
by T-cell stimulation (PC1 accounting for approx. 58% of the variance).

Figure 34 shows volcano plots to identify differentially expressed genes in the T-cell sample groups.
DA regions were identified from the T- cell consensus peaks and showed significant differences
between unstimulated CD4 (open chromatin regions de-enriched, or to the negative log. scale in the
X-axis of the figure) and CD8 T-cells (open chromatin regions enriched, or to the positive logz scale in
the X-axis of the figure). The data provide additional confidence in the quality, as the open chromatin
regions in CD4 and CDS8 cells are consistent include genes that would be expected to be differentially
expressed in these cell types. The peaks were mapped based on the closest protein coding gene to
assign gene name labels. Any region where the closest genes were predicted transcripts (vs. known
protein-coding genes), i.e., identified as ENSCAFXXXX, were excluded from the labels. The red and
green colors represent variance in the logz expression levels along a scale of + 3 (X-axis). The red and
blue colors represent a false discovery rate (FDR) <0.05 as a cutoff for significance (Y-axis).

Somewhat surprisingly, ATAC-seq showed virtually no differential enrichment of open chromatin states
between stimulated CD4 and CD8 cells (Figure 34). This does not mean there are no differences. It
simply means that the differences are overwhelmed by the similarity of enriched open chromatin regions
near genes that control proliferation, differentiation (to effector and memory cells), and survival. This
can be readily appreciated in the bottom two panels of Figure 34, which show volcano plots for
unstimulated vs. stimulated CD4 and CD8 cells. While there are some minor differences, it is readily
apparent that most of the enriched and de-enriched open chromatin regions are conserved between
both cell types. This suggests that, at least at this level of resolution, we might be able to infer the
presence of unstimulated or resting CD4 cells and CD8 cells in bulk ATAC-seq analysis of
osteosarcomas, but we would need deeper sequencing in order to be able to confidently infer the
presence of activated CD4 cells vs. activated CD8 cells in the same samples.

We applied the same methods to analyze DA chromatin regions for the osteosarcoma cells. As was
seen in the PCA analysis above, Figure 35 shows that the magnitude of difference between the
osteosarcoma cells cultured under different conditions was smaller than what we observed in
unstimulated vs. stimulated T-cells. In this case, we relaxed the stringency to identify significant peaks,
so the red and green colors represent variance in the log> expression levels along a scale of £ 2 (X-
axis), while the red and blue colors still represent a false discovery rate (FDR) <0.05 as a cutoff for
significance (Y-axis). Results of gene set enrichment analysis (GSEA) for the osteosarcoma cells
cultured under different conditions showed that transcriptional programs that regulate metastasis,
“cancer”, cell cycle, and resistance to chemotherapy were among those that were enriched in the
hydrogel cultures. This suggests that ATAC-seq is sufficiently sensitive to segregate among different
cancer cell behaviors, and we should be able to establish if and how VSV might have impacted the
tumors using bulk sequence analyses. The experiments using the VIGOR trial samples are in progress
and we expect data will be available before the end of this final no-cost extension period.

Additional experiments that were supported by this project, which are related to our overall objectives,
although not explicitly stated in the specific aims, are described in detail below under the heading,
“Other Related Work”.

Milestone: Data analysis; organization and conclusions. This is ongoing, as described above.
Milestone: Quality control and quality assurance for data — manuscript preparation and submission.

This is ongoing, as described above. The manuscript for the VIGOR clinical trial is now accepted for
publication in the journal Molecular Therapy — Oncolytics. The data shown below regarding repression



of PTEN in canine and human osteosarcoma are published in the journal Cancer Genetics. The data
describing the eBAT mechanisms of action in sarcomas and the safety profile of the drug in pre-clinical
settings are in the last stages of author review for submission.

Milestone: Planning for pediatric clinical trial planning (translation to humans). Ongoing.

At Mayo Clinic, Dr. Naik and Dr. Steven Robinson, a medical oncologist with a focus on sarcoma
treatment have worked together to develop a clinical trial outline to evaluate systemic oncolytic VSV
therapy in combination with checkpoint blockade to be given in the neoadjuvant setting in sarcoma
patients scheduled to undergo metastatectomy. Drs. Robinson and Naik have recruited a team
including surgery fellow, Dr. Jack Sample, and undergraduate research fellow, Coryn Ferguson, to
collate data from patients with sarcoma undergoing pulmonary metastatectomy at Mayo Clinic between
2008-2018. This analysis will yield information on this patient population receiving treatment at Mayo
including number of patients, subsequent treatments, and clinical outcomes.

At the University of Minnesota, Dr. Modiano has initiated discussions with Drs. Brenda Weigel, Emily
Greengard, and Andrea Espejo-Freire to develop plans for translating this therapy into adult patients
as well as children and AYAs with osteosarcoma and/or other sarcomas. The sarcoma teams from
Mayo Clinic and the University of Minnesota are developing plans to introduce trials using combinations
of oncolytic virotherapy and immune checkpoint blockade to patients.

0 Other related work

In addition to the work described here, the COVID-19-related laboratory closures gave us the
opportunity to make progress on various other related fronts that are highly pertinent to this project.

First, being confined to working from home provided an opportunity to refine our understanding of how
spontaneous canine cancers should be used in the context of “models” for human disease. In particular,
we know that there are important similarities in the biology and natural history of osteosarcoma in
humans and dogs?®, but we wished to address the persistent questions regarding the major difference
in age of susceptibility for osteosarcoma in humans, where the age distribution is bimodal with the
major peak in adolescence, and in dogs, where the age distribution is also bimodal but has its major
peak in older adults.

These efforts culminated in a peer reviewed publication (perspective) in the journal Aging and Cancer®’,
where we propose that the excess cancer risk seen in humans and in domestic dogs is driven in large
part by the technological gains that have extended lifespans beyond the evolutionarily adapted limits
for both species. Notably, this has only happened in humans and in dogs (to a lesser extent, perhaps,
in domestic cats and in pet/laboratory mice bred and kept in captivity), and suggests that, even as the
relative frequency of tumor types diagnosed in humans and dogs is different, the overall lifetime risk of
cancer is comparable because both species exceed their evolutionarily adapted cancer protective
mechanisms. A copy of the manuscript is included as an appendix.

It follows from this perspective that causality of osteosarcoma might be different for pediatric human
cases where the major influence seems to come from genetic predisposition (i.e., syndromic) or from
a confluence of rare, random events leading to malignancy3® and for older canine cases where the
major influence is from risk associated with aging. As such, human pediatric osteosarcoma and canine
osteosarcoma could be considered convergent (rather than homologous) diseases with potentially
different causation but comparable tissue organization. We have followed this line of investigation with
additional experiments using whole exome sequencing analysis, whole transcriptome sequencing
analysis, and methylome analysis. Some of these experiments were supported in part by DOD grant
CA170218 (i.e., methylome sequencing), and by DOD grant CA190276, which is the subject of this



report (i.e., whole transcriptome sequencing for one of the canine osteosarcoma cohorts used as a
comparison in the Molecular Therapy manuscript). In addition to our previously published work in this
field'3940 we are preparing additional manuscripts from these data, which will be forwarded to our
program officers once they are published in the peer reviewed literature and/or deposited in pre-print
servers. One such manuscript shows results from our parallel analysis of the mutational landscapes of
canine and human osteosarcoma. The data indicate that there are some conserved events in both
species, but these are immersed among many critical differences of the genes that undergo recurrent
mutation, copy number gains, and copy number losses. One of the most significant differences was the
distribution of COSMIC signature imprints, suggesting that distinct mechanisms are responsible for
creating the mutational landscape and the genomic chaos in osteosarcoma from both species (Figure
36).

Another manuscript describing different mechanisms through which the PTEN gene is inactivated in
canine and human osteosarcoma is published and the data described herein can be found in the
original manuscript, included as an appendix to this report)*’. The data show that in dogs, the
genomic localization of the PTEN gene near the distal terminus of the g arm of canine chromosome 26
(CFA26) appears to create a unique vulnerability under conditions of genomic instability. So, in canine
osteosarcoma, which is characterized by loss of function of TP53 and genomic chaos, PTEN seems to
be recurrently deleted, and the transcript levels (and hence, presumably, the functional protein) are
directly related to the PTEN copy number in the tumors. In humans, however, the PTEN locus is located
near the middle of chromosome 10. This region seems to be less susceptible to deletion; and yet, PTEN
transcripts in human osteosarcomas seem to be universally silenced, independent of their stable copy
number status. We found that a portion of the PTEN promoter that seems to be required for inducible
expression of the gene is heavily methylated in virtually all of the human osteosarcomas analyzed,
leading to silencing and loss of inducibility. Thus, PTEN loss seems to favor development of aggressive
osteosarcomas in dogs, whereas PTEN silencing by methylation seems to be almost a requisite event
for the development or progression of osteosarcomas in humans. We conclude from these data that
PTEN inactivation is achieved as a terminal event in both canine and human osteosarcomas. But this
occurs via independent mechanisms, and it is not shared by all of the tumors. That is, more than half
of canine osteosarcomas retain one, and more often two copies of the PTEN gene, and the gene is
expressed robustly in those tumors.

Knowing this, we would argue that canine osteosarcoma is not a good model, for example, to test
strategies that reverse PTEN methylation, and more generally to study risk, susceptibility, or causation
of human osteosarcoma, or even to test therapies targeted at certain mutations or genome
abnormalities that might be present in one species, but not the other. On the other hand, the observation
that transcriptional programs, global patterns of methylation, and inferred cellular distribution are
conserved across species’3® suggests that canine osteosarcoma may be a very suitable “model” to
study how disrupting the organization of the tumor tissue by attacking the tumor microenvironment
could improve outcomes. This is especially relevant to this project.

One intriguing finding in this study was that the gene encoding the Fas death receptor (FAS or CD95)
is closely linked to PTEN in both species. We previously showed that neoadjuvant therapy using a non-
replicating adenovirus encoding Fas ligand stimulated antitumor immunity in dogs, but only when the
malignant tumor cells themselves did not express Fas (i.e. when Fas expression was confined to cells
in the tumor microenvironment)*. Like PTEN, copy number loss of FAS in dogs was associated with
decreased expression in the tumors, making this therapy appropriate for only a subset of the dogs. In
humans, FAS seems to be silenced by methylation, so the adenovirus-Fas ligand therapy would have
had much greater potential benefit.



We are complementing these experiments using single cell sequencing and spatial genomics of canine
and human osteosarcomas, which will further refine our understanding of the tumor microenvironment
and highlight opportunities to address this disease using immunomodulation.

We have also continued to analyze data from our previously completed VSV clinical trial in dogs with
naive osteosarcoma (the VIGOR study; a copy of the accepted manuscript is attached as an
appendix to this report). The data described herein can be found in the original included manuscript®.
The summary that follows includes the most recent work, which was done in part during the COVID
shutdown while the PI and staff salaries were supported in part by this grant, and which is especially
pertinent to this project.

We evaluated event free survival (EFS) and overall survival from dogs in the VIGOR study and
compared them to two contemporary cohorts of dogs with appendicular osteosarcoma with no evidence
of metastasis. The first cohort (n = 57) included dogs seen at the U of M Veterinary Medical Center
(VMC) between July 2011 and July 2018, where there was intent to treat with standard-of-care surgery
and adjuvant carboplatin chemotherapy, and that had a successful limb amputation and completed at
least one cycle of adjuvant chemotherapy. The second control cohort was from a study recently
published by the National Cancer Institute’s Comparative Oncology Trials Consortium (COTC). This
cohort included 157 dogs with primary appendicular, non-metastatic osteosarcoma enrolled between
November 2015 and February 2018 that were treated with standard-of-care surgery and adjuvant
carboplatin chemotherapy*?. The COTC cohort was made available as a control dataset for evaluation
of novel neoadjuvant or adjuvant treatments for osteosarcoma.

Overall survival for dogs showed a “tail” of long-term survivors, including 4 dogs that were still alive at
the time of this report. Three dogs were excluded from survival analysis: two dogs that were eventually
diagnosed with an indication other than osteosarcoma (one rhabdomyosarcoma of bone and one
hemangiosarcoma of bone) and one dog that died immediately after surgery due to hypovolemic shock,
yielding a cohort of 20 evaluable VSV-cIFNB-NIS treated dogs. When compared to the control cohorts,
neoadjuvant VSV-cIFNB-NIS therapy did not significantly improve EFS or overall survival, but
importantly it did not worsen survival outcomes. We analyzed long-term survivorship of evaluable VSV-
clFNB-NIS treated dogs by tabulating the proportion of dogs with survival that exceeded the 75%
percentile value of the COTC cohorts (479 days). In this analysis, the VMC cohort showed that 26% of
dogs exceeded the overall survival benchmark of 479 days, virtually identical to the proportion of dogs
in the COTC cohort. In contrast, the VIGOR study cohort had a higher-than-expected proportion of
long-term survivors, with 35% of dogs exceeding the benchmark of 479 days). This potential efficacy
signal was intriguing and noteworthy, although the sample size was insufficient to predict with high
certainty whether this finding will be reproducible in a larger sample set.

To begin to establish a mechanism for this response, we completed next generation RNA sequencing
for tumor samples from dogs in the VIGOR study. Tumor biopsies were obtained from dogs prior to
treatment and 10 days after administration of neoadjuvant VSV (at the time of amputation and prior to
chemotherapy. mRNA was extracted from the biopsies and subjected to next-generation RNA
sequencing. Tumor samples for sequencing were not available for dogs in either of the clinical control
cohorts, but they were available for a fourth independent cohort of dogs, obtained from the Canine
Comparative Oncology and Genomics Consortium, Inc. (CCOGC). Dogs from the CCOGC cohort were
selected based on having received standard of care therapy (amputation plus adjuvant chemotherapy)
with relevant survival metadata. The overall survival for dogs in this group was comparable to that of
the two control cohorts (VMC and COTC). Sample processing and next-generation RNA sequencing
for this group were supported, in part, with funds from this project.

We looked for evidence of an immune component in the tumor response using the gene cluster
expression summary score (GCESS) method to summarize co-regulated gene clusters in tumor



samples and their association with outcome'. Pre- and post-treatment samples from primary
osteosarcoma and metastatic osteosarcoma tumors segregated together, separate from both the cell
lines derived from the pre-treatment tumors as well as from normal skin biopsy samples obtained from
the same dogs at the time of amputation. This suggested that the composition of the microenvironment
was a stronger driver of clustering than any traits associated with malignant transformation. Fourteen
gene clusters were identified and were apparent in unsupervised hierarchical clustering heatmaps,
including the immune and cell cycle gene clusters previously identified in canine and human
osteosarcoma’. The distribution of cell cycle and immune GCESS across tumor samples, cell lines,
and skin biopsy samples was predictable, with no immune transcripts identified in the osteosarcoma
cell lines. VSV treatment did not significantly impact the GCESS score of pre- versus post-treatment
tumor specimens.

When we analyzed the association between GCESS and survival, we observed that the dogs with the
highest CD8-related immune GCESS had longer survival times. This relationship was not observed for
the CD37-positive monocyte-related GCESS, and somewhat surprisingly, it was also not evident for
the cell cycle GCESS. To assess whether neoadjuvant VSV was associated with the improved survival
of dogs with higher CD-8 positive GCESS scores, we examined the relationship between GCESS and
survival in the 23 dogs from the CCOGC cohort. When comparing the VIGOR study dogs and the
CCOGC cohorts, we noted that a higher immune GCESS was associated with a longer survival in both
groups, but the effect was larger in the VSV-treated group. Specifically, all the dogs with longer survival
had higher CD8 GCESS, but not all the dogs with higher CD8 GCESS had longer survival in the
CCOGC group, whereas in the VIGOR group, all of the dogs with higher CD8 GCESS had longer
survival.

Our efforts in single cell sequencing and spatial genomics experiments have yielded data that will allow
us to create single cell atlases for circulating canine leukocytes, for canine tumor cell diversity, and for
infiltrating immune cells in tumors, as well as information to integrate these data into the correct spatial
localization of tumors which will improve our immunotherapy applications.

We collected samples from six dogs with primary osteosarcoma, henceforth referred to as OS tissues
and three samples from short term cultures of osteosarcoma cells, henceforth referred to as OS cells,
to understand the heterogeneity of tumor cells depleted of stroma. We have also collected three
samples of canine peripheral blood leukocytes, henceforth referred to as WBCs, and aggregated data
from three additional samples originating from canine spleens: one hemangiosarcoma, one histiocytic
sarcoma, and one sample of reactive canine spleen adjacent to a region of complex nodular
hyperplasia/stromal sarcoma. All have been processed for single cell RNA sequencing on the 10X
Genomics Chromium platform. Sequencing data are pending for the three most recent osteosarcoma
samples from disaggregated fresh tumors, which are undergoing quality control metrics or are in the
sequencing queue. Gene expression data have been remapped to CanFam6 (Tasha-Boxer), which is
the latest canine genome assembly available in Ensembl. The results are consistent with data mapped
to all other available canine genome builds, except CanFam6 is more extensively annotated. The
samples included in the analyses for this report are listed in Table 4 below.

The analyses shown below are preliminary interpretations from the extensive datasets we have
gathered. We have followed standard methods and also developed new methods to filter low quality
data from the single cell sequencing samples, including steps for removing data from dead or dying
cells and from events capturing two (or more) cells in a single drop. Eliminating duplicates is especially
critical to develop a robust atlas of expression that includes specific transcripts associated with
individual cells with the least amount of noise in the data. For example, this would avoid assigning
transcripts of a capture that included a CD8 T-cell and a neutrophil in the analysis, as this would create
ambiguity in the assignment of genes expressed to both lineages.



Table 4. Samples Included in the Analysis

Sample Source ID
DOS-2101
OS Tissue* DOS-2301
DOS-2302
DOS-075
OS Cells DOS-110
DOS-0952
WBC-1 (Dog_1_YP)
WBCs WBC-2 (141517)
WBC-3 (1832517)
Spleen Tissues
Splenic hemangiosarcoma DHSA-2101
Splenic histiocytic sarcoma DHSA-2102
Normal spleen adjacent to splenic stromal sarcoma DHSA-2104

*Data from OS tissue sample DOS-2304 are available and undergoing QC; cells from OS tissue samples DOS-2305 and DOS-2308 have been
processed and are in the sequencing queue.

Dead and dying cells accounted for a very small proportion of the populations in the white blood cell
samples, as these were processed immediately and with minimal manipulations (RBC lysis). Dead and
dying cells accounted for greater proportion of cells in the cryopreserved tumor samples and the freshly
processed tumor samples, as these required extensive manipulation (recovery of the surgical sample,
processing in the pathology laboratory, storage at 4°C, and finally, enzymatic digestion and mechanical
disruption to recover cells from the tissue stroma). Duplicate cell captures were consistent with the
predictions from 10X Genomics, and they were proportional to the total number of events captured. An
example of the data from the three canine leukocyte samples using these quality control metrics is
shown in Figure 37.

Figure 38 illustrates a newly developed method to exclude dead and dying cells. The distribution of
transcript abundance and gene abundance in live cells from WBC (n=3), OS cells (n=3), OS tissues
(n=3), and splenic samples (n=3) are included to show that the distributions follow predictable patterns
after cells where low numbers of expressed genes (approx. <200) are excluded.

We aggregated the data from the samples shown in Figure 38 and visualized them using K-means
clustering (n=20) on a UMAP plot (Figure 39). The number of clusters for this analysis was determined
somewhat arbitrarily to provide a reasonable depth of resolution of unique cell types, and it appears to
provide a reasonable starting point as shown in the additional figures below.

We next examined the composition of individual groups of samples that comprised the aggregate
UMAP plot. Figure 40A represents the three WBC samples. As we would have predicted, and as could
be inferred from the data shown in Figure 37, the composition of the three WBC samples was
remarkably similar, showing several consistent clusters located along the right side of the UMAP plot
(i.e., separated along the most distinct component of the data). Based on the gene complement
expressed by the cells in each cluster, we could infer they represent defined populations of white blood
cells, including neutrophils, two populations of myeloid cells, one or perhaps two closely related
populations of monocytes, at least three populations of T-cells, including regulatory T-cells, and one or
perhaps two closely related populations of B-cells. Figure 40B represents the three OS cells samples.
Note that the locations of the clusters from these samples are all on the left side of the UMAP plots and
do not overlap at all with the locations of the clusters from the WBC samples. This is not surprising, as
the OS cells were depleted of inflammatory cells by selection through short term culture. What is most
interesting, however, is the separation of each individual sample into multiple clusters of cells (each of
which would be predicted to have distinct, active transcriptional programs) and the lack of any
relationship among the clusters from the three samples, indicating that there is extensive intratumor
heterogeneity and little, if any similarity to the patterns of the transcriptomes among the three samples.
In essence, while we can identify genes that are expressed by all the tumor cells (for example, collagen
2A and osteonectin), the overall programs that drive behavior of these cells are individually unique.



Figure 41 represents the three OS tissue samples. In these samples, clusters of cells are present in
both the left and right sides of the UMAP plot. It is apparent that each sample includes unique clusters
(not seen in any of the other sample), as well as events (cells) located in clusters that are also found in
the WBC samples. This is consistent with our predictions, as it indicates that the OS tissue samples
included both tumor cells as well as leukocytes, which were either passengers (found within the tumor
vessels), residents (macrophages), or infiltrating inflammatory cells. As we expected, similar results
were seen in the splenic samples, where there was an even greater preponderance of clusters that
aligned with the WBC, consistent with their tissue of origin (not shown).

The observation that there were T-cells and myeloid cells present in the tumors whose transcriptional
programs were completely distinct from those in the blood was among the most interesting findings
from the data, although this observation was not totally unexpected. The developmental and
differentiation programs of T-cells and myeloid cells are highly plastic, and these cells have evolved to
adapt to a variety of environments. Work is ongoing to define whether these tumor-associated leukocyte
transcriptional programs are associated with specific subsets or populations of T-cells and/or myeloid
cells, and/or with migration, differentiation, immunosuppression, activation and/or exhaustion, anergy,
memory, or other specific cell states.

It is also worth noting that we have imported publicly available data for human osteosarcomas (tissues),
and we observe similar patterns as we see in the canine samples, suggesting the intra-tumor and inter-
tumor heterogeneity are similar in canine and human osteosarcoma, even if the driver genes are not.
This supports potential applications for comparative assessment of the composition and function of the
conserved stromal and immune microenvironments in canine and human osteosarcoma.

Extensive work has been done to develop an atlas of single-cell gene expression for canine leukocytes.
We used available reference files for human cells available through the human Database for Immune
Cell Expression Data, the Blueprint Encode Data, and the Human Primary Cell Atlas. Generally, this
approach showed consistent mapping of cell types from our single cell data across the three human
reference datasets (Figure 42). However, we recognize that this is imperfect because cell type labels
from the human reference datasets are forced onto all of the canine cells. And if a cell type of interest
is not in the human reference data set, the best match assigned could be inaccurate. To account for
this, we harmonized our data with those of Ammons et al*® and transferred labels from Ammons’s
dataset onto ours (Figure 43).

There seems to be excellent agreement between the data from Ammons and our data, however,
specific assignment for certain individual cells might still be erroneous, as Ammons et al also mapped
their data to human reference sources and showed that the prediction scores, at least for neutrophils,
CD8 cells, and NK cells, were quite low. In hindsight, these results are also not surprising. NK cells, in
particular, show significant differences in phenotype and function among other well characterized
species (human, mouse, rat, etc.), as do neutrophils. At first glance, the potential differences in
phenotype and function among CDS8 cells in different species are perhaps more surprising. But the data
remind us that humans and dogs are separated by more than 50 million years of evolution, so it should
not be so surprising that canine and human immune cells have acquired divergent functions as part of
their adaptation to environment, lifespan, diet, etc. Given this divergence, the fact that we can still
observe comparable features in the tumor microenvironments (even if less so in the tumor cells
themselves), as described above, is remarkable.

We have recently reached an agreement with scientists at 10X Genomics to create a canine-specific
probe set for spatial analysis of formalin-fixed and paraffin embedded (FFPE) samples (the FFPE
spatial genomics platforms are highly species-specific). The need for FFPE is because, generally,
osteosarcoma samples need to be decalcified to obtain suitable sections for analysis. The hard matrix



in which bone is embedded tends to damage instrumentation and shatter the samples during
processing if the calcium apatite is not dissolved. However, Dr. Murugan believes we might be able to
process “soft” sections where tumor is enriched from fresh frozen samples, so we are working to acquire
those samples to include in our analyses as well.

The development of the canine probe set for FFPE samples will be done as part of a collaboration with
the NCI PRECINCT canine immunotherapy consortium and will be made available to the research
community. We are delighted to disclose that this effort has been funded as part of a supplement to
U01 consortium grants awarded by the NIH/NCI to the two co-investigators at the Mayo Clinic (Dr. Naik)
and the University of Minnesota (Dr. Modiano) and to Tufts University. 10X Genomics is also
contributing expertise and resources to the effort.

So far, we have processed several canine osteosarcoma samples for FFPE spatial genomics, and we
will continue to prioritize these samples as appropriate once the probe sets are finalized and test slides
are available.

We have completed a Visium FFPE experiment in a human ovarian cell carcinoma and a human
osteosarcoma sample to master the protocols. Based on the successful processing of this sample, we
are working to obtain additional human osteosarcoma samples that meet quality control criteria for
spatial analysis. These samples will provide a basis of comparison for the spatial organization of human
and canine osteosarcomas, which will help guide rational applications for immunotherapy development
in canine models. Figure 44 shows expression data from the human osteosarcoma sample, illustrating
the expected low frequency of infiltrating T-cells the compartmentalization of tumor cells, and the diffuse
infiltration of macrophages into the tumor.

Final updates on all of the work that has been directly or peripherally supported by this award will be
detailed in the 2024 report.

1 What opportunities for training and professional development has the project provided?

In Dr. Modiano’s lab, one of the technicians involved in the project (Ms. Taylor DePauw) was accepted
into graduate school starting in the Fall of 2021. This is a great achievement for a young person who
wishes to eventually contribute to the research enterprise as a principal investigator.

Dr. Makielski continues her progression towards independence, having successfully competed for an
open position as an Assistant Professor in the Department of Veterinary Clinical Sciences and the
University of Minnesota (January 2023). Dr. Makielski is committed to developing an independent
research program focused on developing more refined and accurate diagnostic methods and more
effective and safer immunological therapies for osteosarcoma. Dr. Makielski also was successful in
obtaining funding through a Special Emphasis Research Career Award (SERCA, K01) in Pathology
and Comparative Medicine that will support her work in osteosarcoma for the next 5 years.

Ms. Sonam Varnasi (Sonam) completed her Master’s degree in Stem Cell Biology at the University of
Minnesota, developing the mouse osteosarcoma models and the phagocytosis assays to quantify ONIx
potency. She is currently working as a visiting scientist in the Modiano lab and aims to secure a job
working as a scientist in industry.

Ms. Lauren Kreager joined Dr. Modiano’s laboratory as a Researcher-2 (technician) after 3 years
working in the lab as an undergraduate student. Her exceptional work, including the pre-clinical (mouse)
experiments and the ATAC-seq data presented in this report supported a promotion to Researcher-3
in 2023.



Dr. Julia Medland, who at the start of this project was a veterinary oncology resident at the University
of Minnesota, has been working on the single cell sequencing and spatial genomics aspects of the
project to characterize the complete diversity of the genomic landscape of osteosarcoma viewed not
as a collection of malignant cells, but as a complex, albeit highly organized tissue. She was awarded
the VCS-Dr. Gordon Theilen Resident Research Grant from the Veterinary Cancer Society to support
her effort on this project. As part of her mentored transition to independence, Dr. Medland co-mentored
Ms. Caitlyn Callaghan, who is entering her third year of veterinary school at the University of Minnesota.
Dr. Medland has secured a faculty position as Assistant Professor of Oncology at the University of
Minnesota (August 2023), where she continues her work as a clinician scientist with an emphasis on
translating basic science into new, safe and effective therapies for cancer.

As mentioned above, Ms. Caitlyn Callaghan’s is a 3™-year veterinary student working on the single cell
sequencing and spatial genomics aspects of this project. Ms. Callaghan intends to pursue post-
graduate training in oncology, retaining a focus on programs that emphasize comparative oncology
with aims to improve both human and animal health.

Dr. Aishwarya Sathyanarayan was involved in execution in the preliminary pilot studies in the K7M2,
MC17, and A20 mouse models. During COVID-19 she became involved in the institutional response to
the pandemic and shifted roles to gain training in viral vector production. She leveraged these skills
and decided to take a new position in industry working in a GMP viral vector production role in
November 2020. Recruitment to replace Dr. Sathyanarayan’ s role was challenging during the
pandemic.

Dr. Naik hired Caitlin Preusser as a research technologist following completion of her Bachelor of
Science from St. Mary’s University, Minnesota. She was recruited into Dr. Naik’s lab and has received
extensive training in methods in virology, molecular biology, immunology, and executing preclinical in
vivo studies in mice. She is now conducting studies independently and is planning to apply to graduate
program in biomedical research in Fall of 2024.

Dr. Naik has also recruited a post-doctoral fellow Velia Penza. Dr. Penza completed her PhD in
December 2022 and began her post-doctoral fellowship in Dr. Naik’s lab in March 2023. She has
extensive experience engineering oncolytic virus therapies and is seeking to advance her training in a
translational environment.

Finally, Dr. Naik, the Co-PI for this award was promoted to an Associate Consultant and attained her
Assistant Professor academic rank at the Department of Molecular Medicine at the Mayo Clinic. She
was also the recipient of a U01 award (September 2022) to investigate the immunomodulatory effects
of novel oncolytic and immunotherapy combinations in relapsed or refractory lymphoma. Based on her
success growing her independent research program, she is currently seeking a faculty position.

[l How were the results disseminated to communities of interest?

Emerging data from this project have been disseminated through publication of peer reviewed
manuscripts and abstracts/posters at scientific meetings (listed below).

1 What do you plan to do during the next reporting period (no-cost extension period) to
accomplish the goals?

We plan to continue pre-clinical development, studies to characterize the mechanisms of action of VSV
and ONIx, alone and in combination, and to expand the enroliment of the canine clinical trial.



4. Impact

71 What was the impact on the development of the principal discipline(s) of the project?

We published a thought-provoking perspective challenging current notions of cancer risk and
highlighting novel advantages, as well as limitations of how companion dogs can inform cancer risk in
humans.

1. Sarver AL, Makielski KM, DePauw TA, Schulte AJ, Modiano JF. (2022). Increased risk of cancer
in dogs and humans: a consequence of recent extension of lifespan beyond evolutionarily
determined limitations? (Perspective). Aging and Cancer, 3(1), 3-19. PMID: 35993010. PMCID:
PMC9387675.

We documented that canine and human osteosarcoma represent convergent diseases, requiring a
deliberate and cautious approach to advancing and/or using canine osteosarcoma as a model for
human osteosarcoma.

1. Sarver AL, Mills LJ, Makielski MK, Temiz NA, Wang J, Spector L, Subramanian S, Modiano JF.
(2023). Distinct mechanisms of PTEN inactivation in dogs and humans highlight convergent
molecular events that drive cell division in the pathogenesis of osteosarcoma. Cancer Genet,
2023 May 20;276-277:1-11. doi: 10.1016/j.cancergen.2023.05.001. Online ahead of print. PMID:
37267683.

Our manuscript describing the safety and immunomodulatory activity of systemic VSV therapy
administered in the neoadjuvant setting in dogs undergoing standard of care amputation and
chemotherapy following diagnosis of osteosarcoma has been accepted in the journal Molecular
Therapy, Oncolytics.

1. Makielski KM, Sarver AL, Henson MS, Stuebner KM, Borgatti A, Suksanpaisan L, Preusser C,
Tabaran AF, Cornax |, O’Sullivan MG, Chehadeh A, Groschen D, Bergsrud K, Pracht S, Winter
AL, Mills LJ, Schwabenlander MD, Wolfe M, Farrar MA, Cutter GR, Koopmeiners JS, Russell
SJ, Modiano JF, Naik S. (2023). Oncolytic vesicular stomatitis virus is safe and provides a
survival benefit for dogs with naturally occurring osteosarcoma. Mol Ther Oncolytics, accepted
for publication. (This manuscript is also available as a bioRxiv preprint at doi:
https://doi.org/10.1101/2023.04.16.533664).

We also published a review of more than 20 years of work to refine our understanding of canine
osteosarcoma as a pre-clinical model for human osteosarcoma.

1. Sarver AL, Makielski MK, Modiano JF. (2022). A contemporary assessment of osteosarcoma:
Lessons from a comparative approach. Med Res Arch, Med Res Arch, 10 (11), 1-21 (online),
https://doi.org/10.18103/mra.v10i11.3339

Drs. Naik and Robinson prepared a review of oncolytic virus therapies and platforms that have been
evaluated clinically for sarcoma treatment, gaining a perspective on the challenges and medical needs
in sarcoma therapy and how OV therapy may be utilized to address them. This manuscript titled
“Translation of Oncolytic viruses in Sarcoma” was submitted for review.

The following manuscripts in preparation are expected to be submitted before the end of 2023:

1. Ashley J. Schulte AJ, Lewellen M, Durose W, Nolan E, Taghizadeh L, Todhunter D, Lang HP,
Bush C, Brown M, Seelig DM, Schappa JT, O’Sullivan MG, Weigel BJ, Murugan P, Cutter GR,
Lund TC, Vallera DA, Modiano JF. Targeting Cells Expressing Urokinase Type Plasminogen



Activator Receptors and Epidermal Growth Factor Receptors in the Sarcoma Environment
Enhances Anti-Tumor Activity. (The title might be slightly modified in the final version).

Dicovitsky RH, Schappa JT, Schulte AJ, Lang HP, DePauw TA, Lewellen M, Winter AL, Stuebner
K, Buettner M, Reid K, Bergsrud K, Pracht S, Chehadeh A, Feiock C, Taras E, Todhunter D,
O'Sullivan MG, Carlson T, Meritet D, Henson MS, Weigel BJ, Modiano JF, Borgatti A, Vallera
DA. Toxicity profile of eBAT, a bispecific ligand targeted toxin directed to EGFR and uPAR, in
the investigational preclinical setting. (The title might be slightly modified in the final version).

We disseminated our findings through abstract and poster presentations at national and international
meetings.

1.

Schulte AJ, Durose W, Nolan E, Taghizadeh L, Todhunter D, O’Sullivan MG, Seelig D, Vallera
DA, Lund TC, Modiano JF. (2022). Therapeutic effect of eBAT is mediated by modulating the
tumor microenvironment. Proceedings of the Mid-Year Meeting of the Veterinary Cancer Society

Callaghan CM, Sarver AL, Kim JH, Makielski KM, Modiano JF, and Medland JE. (2022). The
Immune and Molecular Landscape of Canine Osteosarcoma. Proceedings of the National
Veterinary Scholars Symposium, St Paul, MN, August 5, 2022

Modiano JF, Schulte AJ, DePauw TA, Khammanivong A, Kim JH, Sarver AL, Cutter GR,
Lindquist E, Makielski KM. (2022). Identification and characterization of the cancer permissive
environment in companion dogs (Invited oral platform presentation). Proceedings of the
Inaugural AACR Cancer and Aging Meeting

Kuzmik A*, Medland J*, Makielski K, Chehadeh A, Stuebner K, DePauw T, Kreager L, Callaghan
C, Schulte A, Preusser C, Srivastava S, Luethcke R, Dicovitsky R, Lilly R, Parks M, Winter A,
Bergsrud K, Feiock C, Greengard E, Weigel B, Largaespada D, Cheng E, Murugan P, Vallera D,
Borgatti A, Cutter G, Sarver A, Henson M, Ring A, Naik S, Modiano J. (2023). Development of a
novel peptide that simultaneously inhibits the myeloid and immune exhaustion checkpoints as
immunotherapy for osteosarcoma (invited oral presentation, J Medland). MIB Agents
Osteosarcoma Alliance Factor Osteosarcoma Conference (June 22-24, 2023)

Modiano J, Naik S, Ring A. Modulating the Tumor Immune Microenvironment with ONIx, a
Peptide for Dual Immune Checkpoint Blockade (Invited oral platform presentation). PEGS
Boston Meeting, Boston, MA, May 15-18, 2023

1 What was the impact on other disciplines?

We have raised awareness and attention of how dogs and humans share a recent history of breaking
through their evolutionarily adapted lifespan barriers through technological achievements. Dr. Modiano
presented our research, “Ildentification and Characterization of the Cancer Permissive Environment in
Companion Dogs,” as oral platform talks at the AACR Aging and Cancer Meeting in San Diego in
November of 2022 and at the Protein Engineering and Genomics Symposium (PEGS) Boston Meeting
in May of 2023. Dr. Medland presented data on our clinical translation efforts at the FACTOR 2023
osteosarcoma meeting in June of 2023, and she will present data on our work to define the genomic
landscape of osteosarcoma at the single cell levels at the annual meeting of the Veterinary Cancer
Society in October of 2023

1 What was the impact on technology transfer?



Nothing to Report

1 What was the impact on society beyond science and technology?

Our work is highlighting a new opportunity to expand the role of dogs in society, not only as companions
and service animals, but as research subjects that can inform methods and strategies to treat, manage,
and prevent cancer and to generally help us understand how we can maintain our health through
graceful aging. This is especially relevant to military personnel after they leave active service.

5. Changes/Problems

- Changes in approach and reasons for change

As described in the Accomplishments section, the K12 and K7M2 mouse osteosarcoma models have
not proved to be as reliable as we expected, and so we are developing alternative models to investigate
our hypotheses and address the goals of this project, including new cell lines in the C57BI/6 background
and the MC17 sarcoma model.

Recruitment into the canine clinical study has been challenging. We have expanded the eligibility of the
trial to include dogs with relapsed or inoperable sarcomas. However, to ensure we can generate data
on the synergy of VSV and ONIx, we also have developed an in vitro approach to address the
hypothesis by utilizing resources of our previous VSV trial (VIGOR) and cutting edge genomic methods
(ATAC-seq and RNAseq).

7 Actual or anticipated problems or delays and actions or plans to resolve them

As we described above, the COVID-19 pandemic and the responses to the pandemic caused significant
disruptions to the project. From the departure of a key person (postdoc) at the Mayo site to lab closures
that lasted more than a year, to persistent problems sourcing reagents and materials and a very strong
and direct request from the U of M administration to consider reducing animal activities due to staffing
problems.

Fortunately, as the severity of the pandemic has abated, we have been able to resume work and make
progress. We are grateful that the program officers and the agency approved no-cost extensions that
will allow us to complete the proposed experiments to achieve our aims.

- Changes that had a significant impact on expenditures

The COVID-19 pandemic and the resultant requirement for remote work meant that personnel effort
(salary) had to be dedicated to “soft” tasks, including data analysis (see for example the data presented
in Figures 3, 4, and 8 of this report), and instead of “hard” tasks (experiments in the lab).

1 Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents

We modified the eligibility criteria for dogs to enroll in the clinical study. The changes were approved
by the University of Minnesota IACUC and by ACURO

1 Significant changes in use or care of human subjects

None



1 Significant changes in use or care of vertebrate animals.
See above.
1 Significant changes in use of biohazards and/or select agents

None

6. Products
Nothing to Report

7. Participants & Other Collaborating Organizations

What individuals have worked on the project?

Name: Jaime Modiano

Project Role: PI

Researcher ldentifier

(e.g. ORCID ID): 0000-0001-6398-7648

Nearest person month

worked: 2

Dr. Modiano is the contact Pl. He has overseen the work and contributed
Contribution to Project: | to the experiments conducted at the University of Minnesota, as well as to
the analysis of all project data.

Funding Support: Institutional funds (endowed Chair)
Name: Shruthi Naik
Project Role: Co-PI

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month

worked: 4

Dr. Naik is the Mayo site PIl. She has contributed to all the experiments
Contribution to Project: | performed at the Mayo Clinic, including supervision of personnel (post-
doc) and data analysis.

Funding Support:

Name: Michael Henson




Project Role:

Co-/

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

1

Contribution to Project:

Dr. Henson is the clinical lead for the canine clinical study (METEOR). He
was involved in study design, organization, and was the attending clinician
for the case enrolled in the study.

Funding Support:

Name:

Kelly Makieslki

Project Role:

Postdoctoral research associate/Assistant Professor

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

6

Contribution to Project:

Dr. Makielski contributed to the experiments performed at the University
of Minnesota (in vitro validation of ONIx, MC17 model experiments, and
analysis of the VIGOR trial).

Funding Support:

K01 OD031810

Name:

Lauren Mills

Project Role:

Research Associate

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

2

Contribution to Project:

Dr. Mills has been involved in data storage and data management,
especially for sequencing data, and she performed the ATAC-seq
analysis.

Funding Support:

Name:

Andy Sicheneder

Project Role:

Technician




Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Mr. Sicheneder was responsible for production of ONIXx.

Funding Support:

Name:

Mitzi Lewellen

Project Role:

Technician

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Ms. Lewellen is involved with managing inventories and the animal
colonies in the Modiano lab. For this project, she has kept experimental
inventories and managed the mouse colonies for the K7/M2 and MC17
experiments.

Funding Support:

Name: Ashley Schulte
Project Role: Technician
Researcher Identifier

(e.g. ORCID ID):

Nearest person month 3

worked:

Contribution to Project:

Ms. Schulte was the lead scientist in the development of the MC17 model.
She also generated the genome-edited mouse osteosarcoma cell lines
with assistance from the GESR at the University of Minnesota. She has
contributed to QC testing and potency assays for ONIx and has been the
lab manager and safety officer for the Modiano lab throughout the project.

Funding Support:

Karen Wyckoff Rein in Sarcoma Foundation; Morris Animal Foundation

Name:

Taylor DePauw




Project Role: Technician
Researcher Identifier

(e.g. ORCID ID):

Nearest person month o

worked:

Contribution to Project:

Ms. DePauw was responsible for leading the ONIx validation studies (in
vitro) during year 1. She also was responsible for all purchasing activity
and equipment maintenance in the Modiano lab during year 1. Ms.
DePauw left the lab to start graduate school at the end of year 1.

Funding Support:

Name: Lauren Burt (nee, Kreager)
Project Role: Technician

Researcher Identifier

(e.g. ORCID ID):

Nearest person month o

worked:

Contribution to Project:

Ms. Kreager joined the lab during year-2 of this project. She assisted with
the experiments to develop the mouse models of osteosarcoma and with
the experiments for single cell sequencing. She was the lead scientist in
the experiments to assess the chromatin landscape in lymphocytes.

Funding Support:

Institutional Funds

Name:

Julia Medland

Project Role:

Resident in Veterinary Oncology/Assistant Professor

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Dr. Medland has led the studies to define the genomic landscape of
osteosarcoma at the single cell level.

Funding Support:

Veterinary Cancer Society/Dr. Gordon Theilen Resident Research Award




Name:

Caitlyn Callaghan

Project Role:

Veterinary Student

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Ms. Callaghan has assisted Dr. Medland in the studies to define the
genomic landscape of osteosarcoma at the single cell level.

Funding Support:

T35 OD011118, “Veterinary Summer Scholars in Comparative Medicine”

Name:

Caitlin Feiock

Project Role:

Assistant Professor

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Dr. Feiock is the Research Manager for the University of Minnesota
College of Veterinary Medicine Clinical Investigation Center and is
coordinating implementation and recruitment for the METEOR Study.

Funding Support:

Institutional funds

Name:

Caitlin Preusser

Project Role:

Research technologist

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Ms. Preusser joined the lab during year-2 of this project. She assisted with
the experiments to evaluate the impact of VSV and ONIx in the mouse
models and the correlative experiments. Ms. Preusser is the lab manager
and safety officer for the Naik lab, where she is also responsible for
purchasing activity and equipment maintenance.




Funding Support:

Name:

Velia Penza

Project Role:

Post-doctoral fellow

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Dr. Penza joined the lab in March 2023. She has bought her experience in
conducting preclinical studies in mouse models and tumor immune
analysis to help establish the MC17 tumor model and optimize assays to
assess tumor immune analysis.

Funding Support:

Name:

Kathy Stuebner

Project Role:

Certified Veterinary Technician/Temp-Causal Appointment

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

1

Contribution to Project:

Ms. Stuebner was the coordinator for the Clinical Investigation Center of
the University of Minnesota College of Veterinary Medicine. She assisted
with completion of all the documentation needed to file IACUC and IBC
approvals as well as ACURO approvals, as well as with amendments. She
prepared the enrollment site for the canine clinical study and was
responsible for coordinating release assays for ONIx. She remains
involved in our projects and led the completion of ACURQO submission for
the 3-year renewals

Funding Support:

Name:

Amber Winter

Project Role:

Certified Veterinary Technician

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:




Contribution to Project:

Ms. Winter worked with Dr. Modiano and Ms. Stuebner to complete the
documentation for IACUC and ACURO approval during year 1.

Funding Support:

Name:

Andrea Chehadeh

Project Role:

Certified Veterinary Technician

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

2

Contribution to Project:

Ms. Chehade worked with Drs. Modiano and Henson and with Ms.
Stuebner to complete preparations for the canine clinical study (METEOR)
and is the lead nurse for the study.

Funding Support:

Name:

Aishwariya Sathyanarayan

Project Role:

Postdoctoral research associate

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Dr. Aishwariya initiated the mouse experiments at Mayo Clinic before
COVID-related events forced her relocation from Dr. Naik’s lab.

Funding Support:

Name:

Aaron Sarver

Project Role:

Assistant Professor

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

1

Contribution to Project:

Dr. Sarver was responsible for analysis of the RNAseq data shown in
Figure 8.




Funding Support:

NIH grant R50 CA211249 (year-1) and Masonic Cancer Center — Cancer
Center Core Support Grant P30 CA077598

Name:

Davis Seelig

Project Role:

Associate Professor

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Dr. Seelig was responsible for histopathological analysis of mouse
necropsy tissues from the K7M2 study. Dr. Seelig took over as retired as
Director of the Masonic Cancer Center Comparative Pathology Shared
Resource Core at the beginning of year 2 of this project.

Funding Support:

Masonic Cancer Center — Cancer Center Core Support Grant P30
CA077598

Name:

Jong Hyuk Kim

Project Role:

Assistant Professor

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Dr. Kim assisted with the animal experiments and histopathological
analysis of mouse necropsy tissues for the MC17 experiments.

Funding Support:

Name:

M. Gerard O’Sullivan

Project Role:

Professor

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:




Dr. O’Sullivan was responsible for histopathological analysis of mouse
necropsy tissues from the MC17 experiments. Dr. O’Sullivan retired as
Director of the Masonic Cancer Center Comparative Pathology Shared
Resource Core at the end of year 1 of this project.

Contribution to Project:

. ) Masonic Cancer Center — Cancer Center Core Support Grant P30
Funding Support:

CA077598
Name: Sonam Varnasi
Project Role: Master’s in Science graduate student
Researcher Identifier
(e.g. ORCID ID):
Nearest person month 6

worked:

Contribution to Project: | In vivo model development; ONIx/eBAT validation studies.

Funding Support: Institutional funds

11 Has there been a change in the active other support of the PD/PI(s) or senior/key
personnel since the last reporting period?

Several grants held by the PI at the start of this project have ended (DOD IDEA Award, KO1 mentored
transition to independence award where the Pl was a mentor, T32 support for a postdoc, two fixed
cost contracts from Boston Scientific, a contract from Vyriad, and grants from the AKC Canine Health
Foundation and Morris Animal Foundation).

New grants awarded to the PI since the start of this project include a grant from Venn Foundation
intended to pursue commercialization of inventions in the PI’s lab, a competitive renewal from the
AKC Canine Health Foundation, two new grants from the AKC Canine Health Foundation, a U01
contract from the NCI, and a KO1 mentored transition to independence award from the NIH Office of
the Director where the Pl is a mentor.

The PI's effort on this grant has not changed.
1 What other organizations were involved as partners?

The only two organizations involved, University of Minnesota and Mayo Clinic, were listed in the
original application.

8. Special Reporting Requirements

None



9. Figures 1-44
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Figure 1. Purity of ONIx determined by gel electrophoresis. Coomassie blue-stained gel showing a
titration of the final ONIx peptide under non-reducing conditions (lanes 2-4) and under reducing
conditions (lanes 8-10).




Figure 2
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Figure 2. ONIx binds canine cells with approximately equal affinity as human cells. A549 human lung
carcinoma cells and canine CLBL-2 B-cell lymphoma cells were stained with biotinylated ONIx alone
(brown), streptavidin (SA) conjugated to phycoerythrin (PE) alone (green), or a combination of
biotinylated ONIx and SA-PE (blue) and analyzed by flow cytometry. Two-dimensional contour plots
show that ONIx staining is similar for both cell lines.
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Figure 3. Displacement of anti-PD-L1 and anti-CD47 antibodies by ONIx. A Binding of biotinylated ONIx
to CLBL1 cells. B Dose-dependent displacement of anti-PD-L1 antibody (0.2ug/ml) from PD-L1+ mouse
5TGM1 cells by increasing concentrations of ONIx (0.001-10ug/ml). C Displacement of anti-CD47
antibody (0.2ug/ml) from CD47+ mouse 5TGM1 cells by increasing concentrations of ONIx (0.001-
10pg/ml).
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Figure 4. Potential PK/PD bioassay to measure PD-1/PD-L1 checkpoint blockade by ONIx. The
Promega PD-1 blockade assay was used to assess the capability of ONIx to block the interactions
between PD-1 and PD-L1, allowing for reinvigoration of T cells, as well as its suitability to establish
ONIx PK and PD in the VSV + ONIx canine METEOR trial participants. Panel A shows the principle of
the assay (Promega®). Panel B shows the absence of signal when Jurkat cells were excluded from
the assay (background), negligible signal when cells were incubated without stimulation (Jurkat),
increased signal using the positive control (P/I), and inhibition of the signal by the addition of PD-L1-
expressing artificial APCs. Panel C shows dose-dependent restoration of Jurkat cell activation when
ONIx was added to the assay in the presence of PD-L1-expressing artificial APCs. Panel D shows the
unexpected inhibition of the assay by canine serum. The mechanisms for this inhibition and ways to
overcome it are being investigated in collaboration with Promega.
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Figure 5. VSV and ONIx combination therapy is well tolerated in tumor bearing mice. Mice were treated
as described in the text. ONIx treatment alone did not alter the course of weight gain in the mice. The
VSV treatment group included smaller mice (see weight at Day 0) and the trend for weight gain was
comparable to the controls. Mice treated with the combination showed transient weight loss, but then
resumed weight gain at the same rate as the controls, despite continued treatment with ONIx.
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Figure 6. Gaussia Luciferase Activity in MC17 fibrosarcoma and K12 mouse osteosarcoma cells
genetically edited to express the Gluc gene in the Rosa 26 locus using CRISPR-Cas9. Culture
supernatants were harvested to analyze light emission upon the addition of coelentrazine substrate
(Gluc is secreted). Similar results were obtained from cell lysates, to ensure that lack of detectable
activity in K12-Gluc clones 17 and 81 was not due to failure of secretion, as well as in live cultured cells
imaged on an IVIS spectrum instrument. RLU = relative light units.
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Figure 7. Firefly Luciferase Activity in K7M2-fLuc cells transected with the Fluc gene. Wild type K7M2
cells (obtained from the NCI) and K7M2 cells transfected to express firefly luciferase (Fluc) were
grown in culture and cell-associated luciferase expression was measured in lysates from 2-fold serial
dilutions of 50,000 to 1,562 cells. Only the two highest concentrations were used for wild type cells.
Controls included omitting cells (media + luciferin substrate) and omitting substrate (media + cell
lysate, no luciferin). RLU = relative light units.




Figure 8

Abdomen Tails SQ Group

106 cells iv 5x105 cells iv | 2.5x105 cells iv | 2x106 cells sq

Figure 8. In vivo imaging by light emission in mice receiving tail vein or subcutaneous injections of
K7M2-fLuc cells. Groups of three mice were injected with K7M2-fLuc cells in the tail vein in 2-fold
decrements (1x10° cells, 5x10° cells, and 2.5x105 cells). In this model, it is reported that iv injection of
1x10% cells results in 100% lung colonization and death (reaching endpoint) of the mice by
approximately 2-3 weeks and 5x10° cells results in 100% lung colonization and death by approximately
3-4 weeks. Here, the data indicate that after iv injection, the cells distributed to the abdomen (almost
certainly the spleen, based on the anatomical location of the luminescent signal) regardless of cell
dose, and they remained in the spleen, where the signal eroded over the course of two months. Two
mice (one each in the groups that received 1x108 and 5x10° cells) developed tumors in the tail vertebra
near the site of injection, so imaging of the abdomen was also done masking the tail signal to appreciate
the presence of cells in the spleen. The abdomens were similarly masked to image the lung fields
(images not shown), but signals above background were not apparent without sensitive quantification
using the instrument detector (see Figure 9). One group of three mice received 2x106 K7M2 cells
subcutaneously (sq). A signal was detectable at the site of injection for approximately one week, but
the signal eventually dissipated and returned to baseline.




Figure 9

350

300

250

200

150

100

50

Total ROI/Exposure (counts/sec)

[
=]

o
o

N
o

Total ROI/Exposure (counts/sec)
w
o

Luminescence in dosage 1E6- Tail

1 2 3 4 5 6 7 8 9
Time (weeks)

—@— Mousel Mouse2 Mouse3

Luminescence in dosage 1E6-Abdomen

//\ "

2 3 4 5 6 7 8 9

Time (weeks)

—8— Mousel Mouse2 Mouse3

Luminescence in dosage 1E6-Lungs

V4
//
< e '/\ A
/.— So— A
2 3 4 5 6 7 8 9
Time (weeks)
—&— Mousel Mouse2 Mouse3

10

2

10

11

e

11

12

12

12

Figure 9. Quantitative light emission signals from mice injected with K7M2-fLuc cells. Signal

quantification was determined using the Living Image software (Perkin Elmer). Graphs show
luminescence data as counts per second over time for individual mice in the group receiving 1x10° cells
iv. Note the relative scale of signals in the single mouse that developed a tail tumor (top), as compared
to the signals in the abdomen (spleens), which mostly eroded over time, and the signals in the lung,
which increased slightly over background after week 8, but were still about two to three times lower
than the signals in the abdomen. The data for mice receiving fewer cells showed similar patterns, with

lower (although not proportionate) light emission values.




Figure 10

Figure 10. Image of mass in the lungs from mouse #4. The approx. 3 mm mass is highlighted by the
blue oval in the image.




Figure 11

Figure 11. Photomicrographs showing histopathology of tumors in representative sections of the lungs
and tail from mouse 3 (injected with 1x10% K7M2 cells iv). A. Lungs, 40x (H&E). Multiple cross sections
of vessels have tumor emboli. B. Lungs, 400x (H&E). Higher magnification of tumor emboli. Note
multiple mitotic figures, some of which are bizarre. C. Tail, 20x (H&E). Surrounding and infiltrating a
vertebra is a sarcoma. D. Tail, 400x (H&E). Higher magnification of the sarcoma. There are numerous
mitotic figures, many of which are atypical.




Figure 12
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Figure 12. ONIx does not impact weight gain of mice. Mice were inoculated with 5x10° K7M2 cells
given iv on day O (red arrow) and treated with 2 cycles of ONIx, each 2 days apart (days 12 and 14;
days 19 and 21) given sq at 5 mg/kg. The weight of the mice was tracked weekly until the experimental

endpoint on day 28. There was no difference in the rate of weight gain in mice that received ONIx as
compared to those that received placebo (PBS).
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Figure 13. Systemic VSV therapy safe and delays tumor remission of murine sarcoma tumors.
C57BI/6 mice were implanted with MC17 tumor cells subcutaneously in the right flank. Tumor volume
was tabulated from serial caliper measurements of tumor diameter. 10 days post tumor implantation,
mice were treated with single dose of PBS (100 pl) or 5x108 TCIDso VSV-IFNB-NIS (in 100 ul PBS).
Mice were closely monitored for acute adverse events, weight loss, and tumor burden with results
showing systemic VSV therapy (A) was well tolerated and did not induce acute toxicities resulting in
weight loss, (B) delayed tumor progression, and (C) resulted in significant inhibition of tumor growth

based on tumor volume vs. PBS treated mice on day 7 post treatment.
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Figure 14. Binding of eBAT and meBAT to MC17 mouse fibrosarcoma cells and to D10 uPAR-KO
mouse fibrosarcoma cells. D10 cells were derived from MC17 by CRISPR-Cas9-mediated knockout of
uPAR (introduction of a missense mutation in exon 2). The two-dimensional flow cytometry contour
plots show fluorescence (x-axis) as a function of cellular complexity (90° light side scatter, y-axis). The
top panels represent WT MC17 cells, and the bottom panels represent D10 (UPAR-KO) cells. The
panels in the first column from the left are unstained controls. The panels in the second show staining
with eBAT-FITC. The panels in the third column show staining with meBAT-FITC. The reduced binding
of eBAT and meBAT to D10 cells is attributable to lack of uPAR.




Figure 15
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Figure 15. In vitro cytotoxicity of eBAT and meBAT against mouse cells. Graph representing viability
from MTS assays as a function of drug dose for mouse K7M2 osteosarcoma cells (green lines), mouse
MC17 fibrosarcoma cells (black lines), and mouse D10 uPAR-KO fibrosarcoma cells (red lines) to
illustrate the cytotoxic capacity of eBAT (solid lines) and meBAT (dashed lines). Note the remarkable
resistance of MC17 and D10 cells to both eBAT and meBAT.
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Figure 16. uPAR-KO in tumor cells delays progression but does not abrogate fibrosarcoma formation
in WT or uPAR-KO mice. WT MC17 or uPAR-KO D10 cells (3x10° per mouse) were injected
subcutaneously into WT B6 hosts or germ line uPAR-KO B6 hosts. Tumor growth was followed over
time. Log growth of the D10 cells was noted starting at Day-28, with tumors, on average, achieving
volume of approx. 700-1,200 mm? by day 40-47 as shown for uPAR-KO mice (inset).




Figure 17

Figure 17. Depletion of F4/80* Immunosuppressive TAMs in mouse sarcoma treated with meBAT.
Representative images of sq tumors in B6 recipient mice stained by IHC with antibody F4/80 to
document the presence of TAMs (brown staining). Panel A: uPAR KO mouse inoculated with 3x10°
D10 (uPAR KO) cells and treated with two cycles of meBAT starting on day-16. Panel B: WT mouse
inoculated with 3x10% WT MC17 cells and treated with two cycles of meBAT starting on day-16. Tumors
were harvested at day-28 and day-30, respectively. Note the depletion of TAMs in panel (B) as
compared to panel (A). Even though staining in the tumors was variable, decreased F4/80* TAM density
was reproducibly observed only in WT mice harboring WT tumors treated with meBAT or eBAT.
(Magnification 200x).
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Figure 18. Bone marrow chimeras to test the impact of reshaping the TME. B6 mice that were lethally
irradiated and rescued by bone marrow transplantation from WT B6 mice (black) or from B6 uPAR-KO
donors (blue) received subcutaneous MC17 implants. Five days after implantation, mice were treated
with eBAT, meBAT, or PBS. Tumors (when present) were collected from animals at the endpoint and
divided in half for (a) routine pathology and immunohistochemistry, and (b) flow cytometry analysis after
disaggregation into single cell suspensions.
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Figure 19. eBAT and meBAT delay growth of MC17 fibrosarcoma in syngeneic mice. Five-week old,
WT B6 (CD45.1) mice were lethally irradiated and rescued from death by bone marrow reconstitution
using WT (WT) or germline uPAR-KO (KO) B6 (CD45.2) donors. The proportion of CD45.2+ cells in the
reconstituted mice was, on average, approx. 75-80%. Three weeks after bone marrow reconstitution,
mice were injected subcutaneously with mCherry-labeled MC17 cells, and five days later the mice were
treated with phosphate buffered saline (PBS), or with two cycles of meBAT or eBAT. Tumor cells did
not engraft in one mouse of the KO/PBS group, but this mouse was still included in the analyses of
tumor size and survival. The graph shows tumor volume (in mm?2 £ SD) in mice from the three groups
at Day-21 after tumor inoculation.
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Figure 20. Depletion of TAMS in MC17 tumors by meBAT treatment. Tumors harvested at endpoint
from representative mice in the experiment described in Figure 19 were immunostained using antibody
F4/80 to quantify infiltrating TAMs. The top four panels in the figure represent low power (40X) images
from the tumors. The bottom four panels show higher magnification (200X) images from the tumors
stained for F4/80. The quantitative data for the all the tumors and regions analyzed are shown in Table
2.
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Figure 21. eBAT and meBAT reprogram myeloid cells in the tumor environment to acquire phagocytic
phenotypes. Tumors harvested at endpoint from representative mice in the experiment described in
Figure 19 were analyzed by flow cytometry to quantify infiltrating CD11* myeloid cells. The panels on
the left show representative 2-dimensional flow cytometry dot plots of myeloid cells stained with anti-
CD11b and tumor cells expressing mCherry. The red boxes delineate putative phagocytic myeloid cells
(CD11b+/mCherry+). The panel on the right shows the quantitative data (% cells in the TME £ SD) for
phagocytic (double positive for CD11 and mCherry) and non-phagocytic (single positive for CD11) cells
in each group of mice.
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Figure 22. |nfiltration of T-cells into MC17 tumors treated with meBAT. Tumors harvested at endpoint
from representative mice in the experiment described in Figure 19 were immunostained to assess CD3*
cells in the TME. The panels show high magnification (200X) images from the tumors stained for CD3.
Quantitative flow cytometry data are shown in Figure 23.
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Figure 23. Effect of eBAT and meBAT on the MC17 tumor T-cell environment. Tumors harvested at

endpoint from representative mice in the experiment described in Figure 19 were analyzed by flow
cytometry to quantify infiltrating T cells. The panels on the left show representative 2-dimensional flow
cytometry dot plots of myeloid cells stained with anti-CD11b and anti-CD11c and T cells stained with
anti-CD3. The red boxes delineate T cells found in the TME. The panel on the right shows the
quantitative data (% cells in the TME + SD) for CD3* cells in each group of mice.
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Figure 24. eBAT and meBAT improve survival of mice harboring MC17 tumors. The groups of mice
described in Figure 19 were followed to endpoint. This box and whisker plot shows survival outcomes
for all groups, with individual animals denoted by red dots (dead) or blue dots (alive at the end of the
experiment). Only the mouse that did not engraft with tumor in the KO/PBS group and mice in the
WT/meBAT and WT/eBAT groups survived longer than 34 days. The mice were sacrificed at Day-40
to maximize the probability that changes in the TME attributable to meBAT or eBAT treatment would

still be detectable.
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Figure 25. eBAT and meBAT do not affect microvascular density of MC17 tumors. Tumors harvested
at endpoint from representative mice in the experiment described in Figure 19 were immunostained
using anti-CD31 to quantify microvessel density. The top four panels in the figure represent low power
(40X) images from the tumors. The bottom four panels show higher magnification (200X) images from
the tumors stained with anti-CD31. The quantitative data for the all the tumors and regions analyzed
are shown in Table 3.
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Figure 26. VSV and P-DIC combination treatment induces tumor remission in a Balb/c tumor model.
Mice were injected with A20 lymphoma cells, and once visible tumors arose, they were treated with
PBC (control), VSV alone, ONIx alone, or VSV + ONIx. The spider plots show tumor growth for
individual mice in each group.
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Figure 27. VSV treatment induces and increases presence of immune cells in tumors and systemically.
PBMCs, spleens, and tumors were harvested from the mice at the time of sacrifice and the presence
of CD8 T-cells and tumor-associated macrophages was established using flow cytometry.
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Figure 28. Increased PD-1 expression on T-cells in tumor and spleen following VSV treatment. PBMCs
and spleens obtained as in Figure 27 were evaluated for CD4 T-cell activation and potential exhaustion
based on expression of PD-1 using flow cytometry.
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Figure 29. Immunomodulatory effects of VSV and CPl| combination therapy in the A20 murine

lymphoma model. Mice with established subcutaneous A20 murine lymphoma tumors were treated with

5x108 VSV-mIFN-NIS in combination with 6 doses of 5mg/kg ONIx or 200ug amPD-1 antibody. (A)
Therapeutic response was assessed by measurement of tumor volume by serial caliper measurements.
(B) Mice were monitored to designate complete responders (CR) and non-responders (NR). Mice were
euthanized and spleens were collected. Splenocytes were analyzed by ELISPOT to detect T-cell
response against assessed PHA (Lectin, positive control), VSV antigen peptides, and the MHC-I
specific AH1 tumor associate antigen peptide.




Figure 30

Figure 30. Imaging studies of the index canine patient for the METEOR study. The left panel shows a
left lateral radiograph of the hind limbs showing a large area of soft tissue swelling, periosteal reaction,
and cortical bony lysis in the distal left femur (red circle). The right panel shows a computed tomography
image through the chest, including the lung cavity. Multiple opaque nodules, representing calcified
tumor metastasis, are visible in this image (red arrows).
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Figure 31. Graphical illustration of experiments designed to evaluate chromatin accessibility in canine
T cells and canine osteosarcoma cells. Canine peripheral blood mononuclear cells (PBMCs) and canine
osteosarcoma cell lines are being used for these experiments. PBMCs are enriched from peripheral
blood, set up in parallel cultures with no stimulation or stimulated by mitogens, and at the peak of
activation, CD4 and CD8 T cells are further enriched by fluorescence activated cell sorting (cell purity
>98%). These cells, and cultured osteosarcoma cells are subjected to ATAC-seq to assess chromatin
accessibility. The heat map illustrates data from our initial experiment, showing that unique patterns of
open chromatin are found in both cell types under resting and stimulated conditions.
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Figure 32. Example of cell sorting for resting (unstimulated) and activated (stimulated) canine CD4*
and CD8" T cells. AB. PBMCs were isolated from whole blood from a normal healthy dog and cultured
without mitogenic stimulation (unstimulated) or in the presence of PMA (10 ng/ml) and ionomycin (500
nM) for 72 hours. At the end of the culture period, cells were stained with antibodies recognizing canine
CD4, CD8, CD44, and CD62L. Sorting for resting (CD449m/CD62L ") and for activated
(CD44b1ignyCD62LYM) cells was done using a FACSAria cell sorter. CD4* cells are tracked in blue color
and CD8* cells are tracked in green color.
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Figure 33. Principal component analysis of ATAC-seq data from sorted canine T-cells and from cultured
osteosarcoma cells. ATAC-seq data were analyzed by PCA. The left panel shows PCA data for nine
samples of canine T cells obtained from three dogs. Paired, resting (unstimulated, or US) and activated
(stimulated of S) CD4* and CD8" cells were sorted from two dogs. Only stimulated CD8 cells generated
enough material for preparation of high quality DNA for ATAC-seq from the third dog. The data show
that the largest separation along the first principal component was dependent on the activation state of
the T cells, with some degree of separation occurring along the second component, related to the
phenotype of the cells. The right panel shows PCA data for samples of five osteosarcoma cell lines
cultured in 2-dimensions using plastic dishes or in 3-dimensions using a hydrogel matrix. The data
show that the largest separation along the first principal component was dependent on the culture
conditions, but unlike the T cells, where the equivalent CD4 and CD8 cells from different dogs had
similar distribution along the PCA plot, the osteosarcoma cells were all distinctly different, indicative of
the transcriptional heterogeneity (chromatin states) that characterizes these tumors.
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Figure 34. Volcano plots showing enrichment of differentially accessible (open) chromatin regions in
resting and activated canine T cells. The top left panel shows enrichment of accessible chromatin
regions, labeled using the nearest protein coding gene, between resting (unstimulated) CD4 and CD8
T cells. Dots (DA regions denoted by the closest gene) on the positive X-axis are enriched in CD8* T
cells and dots on the negative X-axis are enriched in CD4* T cells. The top right panel shows enrichment
of accessible chromatin regions, labeled using the nearest protein coding gene, between activated
(stimulated) CD4 and CD8 T cells. Dots on the positive X-axis are enriched in CD8* T cells and dots on
the negative X-axis are enriched in CD4" T cells. The bottom left panel shows enrichment of accessible
chromatin regions, labeled using the nearest protein coding gene, between resting (unstimulated) and
activated (stimulated) CD4 T cells. Dots on the positive X-axis are enriched in activated CD4* T cells
and dots on the negative X-axis are enriched in resting CD4" T cells. The bottom right panel shows
enrichment of accessible chromatin regions, labeled using the nearest protein coding gene, between
resting (unstimulated) and activated (stimulated) CD8 T cells. Dots on the positive X-axis are enriched
in activated CD8" T cells and dots on the negative X-axis are enriched in resting CD8" T cells.
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Figure 35. Volcano plots showing enrichment of differentially accessible (open) chromatin regions in
osteosarcoma cells grown in 2-dimensional and 3-dimensional culture conditions. The left panel shows
enrichment of accessible chromatin regions, labeled using the nearest protein coding gene, between
osteosarcoma cells cultured in 3-dimensional hydrogels and in 2-dimensional plastic dishes. Dots (DA
regions denoted by the closest gene) on the positive X-axis are enriched in cells grown in 3-dimensional
culture and dots on the negative X-axis are enriched in cells grown in 2-dimensional culture. The right
panel shows enrichment of functional pathways identified using GSEA.
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Figure 36. Cosmic signatures describing inferred mutational mechanisms in human and canine

osteosarcoma. Whole exome sequencing data were analyzed to uncover the context of recurrent
mutations and infer potential mechanisms leading to such mutations in osteosarcoma samples from
dogs and humans. The data show that COSMIC signatures 1 (cellular “aging”) and 3 (DNA double
strand breaks) putatively account for more than of the mutations seen in canine osteosarcoma, but they
only account for about 25% of the mutations in human osteosarcoma. These are also the only COSMIC
signatures shared between both species, suggesting that independent, likely unrelated events are
responsible for the mutational patterns seen in 75% of human osteosarcomas and about one third of

canine osteosarcomas.
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Figure 37. Quality control metrics for peripheral blood leukocyte single cell sequencing data. Top left
panel: Violin plot showing quality control data prior to filtering dead cells and duplicates in three
independent samples of canine peripheral blood leukocytes. The graphs show the distributions of
number of genes detected per cell (nFeature_RNA), number of unique transcript molecules detected
per cell (nCount_RNA), percent mitochondrial reads per cell (percent.mt), DNA synthesis scores for
cells predicted to be in the S phase of the cell cycle (“S.Score”), and G2M phase scores (“G2M.score”),
for cells predicted to be in the G2 and M (mitosis) phases of the cell cycle. Top right panel: Violin plot
showing quality control data after filtering dead cells and duplicates in the same three samples of canine
peripheral blood leukocytes. The individual graphs show the same parameters as the top panel.
Bottom left panel: Scatterplot showing the highly positively correlated relationship between the
number of transcripts detected and number of genes detected in the three independent samples.
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Figure 38. Graphical representation of transcript counts as a function of reads, transcript counts as a
function of genes, and reads as a function of genes for the WBC, OS cells, OS tissues, and splenic
samples after thresholding to remove dead cells.
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Figure 39. UMAP plot of single-cell data from 12 canine samples. The thresholded data for live cells
shown in Figure 35 was used to create this UMAP visualization with 20 clusters, through K-means
clustering, for the WBCs, OS cells, OS tissues, and splenic samples.




Figure 40

Figure 40. Distribution of clusters from the WBC and the OS cell samples on the UMAP plot. (A):

Representation of the UMAP plot including all of the samples (top left) next to the three individual WBC
samples. Note the similarity in the location of clusters found in each sample. (B): Representation of the
UMAP plot including all of the samples (top left) next to the three individual OS cell samples. Note the

remarkably dissimilarity in the location of clusters found in each sample.
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Figure 41. Distribution of clusters the OS tissue samples on the UMAP plot.: Representation of the
UMAP plot including all of the samples (top left) next to the three individual OS tissue samples. Note
the presence of clusters along the full extent of the plot, including some unique clusters present
exclusively in individual samples and some clusters that overlap those seen in the WBC samples.
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Figure 42. Heatmap of the HPCA, BluePrint ENCODE, and ImmuneCell cell type classification scores
for all the dog WBCs. Top left panel: Heatmap shows the alignment of cell types based on the HPCA
reference. Note the inferred exclusive presence of leukocytes based on this reference (lime green and
yellow alignment with neutrophils, monocytes, myelocytes, T cells, NK cells and B cells). Top right
panel: Heatmap shows the alignment of cell types based on the BluePrint ENCODE reference. Note
the inferred exclusive presence of leukocytes based on this reference (lime green and yellow alignment
with neutrophils, monocytes, eosinophils, CD8+ T-cells, CD4+ T-cells, NK cells, hematopoietic stem
cells, dendritic cells, macrophages, and B cells). Bottom left panel: Heatmap shows the alignment of
cell types based on the ImmuneCell reference. Note the excellent agreement with this reference set
that includes NK cells, B cells, CD8+ T-cells, monocytes, and CD4+ T-cells.
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Figure 43. UMAP plots of single-cell data from canine WBC samples with transferred labels from Dog
GSE22559 annotations (Ammons et al). A) UMAP plot colored by main cell type labels. B) UMAP plot
colored by the fine cell type labels.
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Figure 44. Spatial analysis of FFPE human osteosarcoma sample. (A) H&E stained tissue sample. (B)
Clustering analysis from gene expression data. (C-F) Tumors express low levels of CD3E (C) and high
levels of VIM (D), COL1A1 (E), and CD163 (F). Note the compartmentalization of cells expressing VIM
and COL1A1 (mostly tumor cells) and the diffuse distribution of cells expressing CD163 (macrophages).
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b. Abbreviations Used in this Report

ACURO: animal care and use review office

APC: antigen presenting cell

ATAC-seq: assay for transposase-accessible chromatin using sequencing

ATF: amino terminal fragment

AYAs: adolescents and young adults

BM: bone marrow

CD: cluster designation

CDMRP: congressionally directed medical research program

CPls: checkpoint inhibitors

CRISPR: clustered regularly interspaced short palindromic repeats

COVID: (sudden acute respiratory syndrome) coronavirus-2 (2019) induced disease

DA: differential accessibility (of chromatin)

DOD: (U.S.) Department of Defense

eBAT: EGF bispecific angiotoxin

EGF: epidermal growth factor

EGFR: epidermal growth factor receptor

FDR: false discovery rate

FITC: fluorescein isocyanate

GFP: green fluorescent protein

GSEA: gene set enrichment analysis

EU: endotoxin units

Fluc: firefly luciferase

Gluc: Gaussia luciferase

IACUC: institutional animal care and use committee

IBC: institutional biosafety committee

IFNR: interferon-beta

IL: interleukin

iv: intravenous

KO: knockout

LTT: ligand targeted toxin

MDSC: myeloid derived suppressor cells

meBAT: Mouse eBAT

METEOR: metastatic experimental osteosarcoma research (study)

NCI: National Cancer Institute (of the National Institutes of Health)

NIS: sodium iodide symporter

ONIx: onco-immune accelerator

OS: osteosarcoma

PBMC: peripheral blood mononuclear cell

PBS: phosphate buffered saline

PD-1: programmed death (receptor)-1

PD-L1: programmed death ligand-1

P-DIC: peptide for dual immune checkpoint blockade (this nomenclature has been replaced with the
term onco-immune accelerator or ONIx)

PD: pharmacidynamics

PE: Pseudomonas exotoxin

P/l: combination of phorbol myristate acetate and ionomycin

PK: pharmacokinetics

PKC: protein kinase C

PMA: phorbol myristate acetate

PRCRP: peer reviewed cancer research program



PRMRP: peer reviewed medical research program

QA: quality assurance

QC: quality control

RNAseq: next generation ribonucleic acid sequencing

SD: standard deviation

SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SIRP: signal regulatory protein

SOP: standard operating protocol

SOW: statement of work

sq: subcutaneous

TAMSs: tumor associated macrophages

TCIDso: half maximal tissue culture infective dose

TME: tumor microenvironment

UMGC: University of Minnesota Genomics Center

uPA: urokinase type plasminogen activator

uPAR: urokinase type plasminogen activator receptor

VIGOR: VSV immunotherapy and genomics osteosarcoma research (study)
VSV: vesicular stomatitis virus

WBC: white blood cell

WT: wild type



c. Other Reports
i. Pathology Report for Balb/c Mice Injected with K7M2 Cells
(next page)



Histopathologic Analysis of BALB/c Mice Injected with K7M2 Mouse Osteosarcoma Cells

University of Minnesota Masonic Cancer Center
Comparative Pathology Shared Resource

CPSR Study Number:

22-237

Study Title
Histopathologic Analysis of BALB/c Mice Injected with K7M2 Mouse Osteosarcoma Cells

Author:
Davis M. Seelig, DVM, PhD
Diplomate, A.C.V.P.
&
Emma Torii, BVSc, MANZCVS (Pathobiology),
Postdoctoral associate

Comparative Pathology Shared Resource
Masonic Cancer Center
University of Minnesota

1352 Boyd Ave, St. Paul, MN 55108

Study Sponsor:
N/A



Histopathologic Analysis of BALB/c Mice Injected with K7M2 Mouse Osteosarcoma Cells

Table of Contents

Regulatory Compliance and Pathologist’s Signature 3
Study background and experimental objectives. 4
Gross necropsy findings (if applicable) 5
Clinical Pathology data (if applicable) 6

. Methods (tissue trimming, sample sectioning, staining and/or
immunohistochemistry and analytical approach).

. Results — Descriptive gross and microscopic observations,
representative images, and quantitative / semi-quantitative 8-11
severity findings.

Integrative summary & Recommendations 12

References 13

. Appendices (if applicable) NA




Histopathologic Analysis of BALB/c Mice Injected with K7M2 Mouse Osteosarcoma Cells

1. Regulatory Compliance Statement and Data Integrity

This non-GLP study was conducted for research and development purposes. Sample receipt,
processing, analysis and data reporting are performed in alignment with the best practices of The
Society of Toxicologic Pathology. Histopathological evaluation was done in the spirit of FDA
regulations on good laboratory practices (GLP) for nonclinical laboratory studies CFR title 21 part
58. The chain of custody for tissues analyzed and slides reported was verified by the study
pathologist. The undersigned signifies that they approve all pathology-related data within this

report, including tables, narrative, and overall summary.
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2. Study background and experimental objectives (from submitter)

a. Female BALB/c mice injected with K7M2 mouse osteosarcoma cells on May 10 in
different dosages — IV injection of 1E6 K7Me cells in mice numbered 1, 2 and 3;
IV injection of 0.5E6 K7Me cells in mice numbered 4,5 and 6; IV injections of
0.25E6 K7Me cells in mice numbered 7, 8 and 9. 1 sample included from the mice
numbered 14, received SQ injection of 1E6 K7Me cells.
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3. Gross Necropsy Findings:
a. None Provided
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4. Clinical Pathology Data:
a. None Provided
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5. Methods

a.

b.

Received tissues were paraffin-embedded, sectioned, mounted onto slides and
stained with Hematoxylin and Eosin (H&E) using standard techniques'. See Table
1 (below) for slide annotation information

H&E-stained sections were evaluated using light microscopy according to STP
guidelines®. H&E-stained sections were evaluated.

Table 1. Study groups in histopathologic analysis

CPSR ID Investigaltl(;r Animal Genotype Sex Treatment | List of tissues
22-237-1 MI10K7M2-IV1-1 | BALB/c | Female “221}27“1\;[2 Lung, Spleen
22-237-2 MI10K7M2-IV1-2 | BALB/c | Female 15311:7%2 Lung, Spleen
22-237-3 MIOK7M2-IV1-3 | BALB/c | Female | =0 K7M2 | Lung Spleen,
cells IV Tail
22-237-4 MI10K7M2-1V0.5-4 | BALB/c | Female | 0->F0K7M2 | Lung, Spleen,
cells IV Tail
22-237-5 MI10K7M2-IV0.5-5 | BALB/c | Female 0.50516151(17\1/\42 Lung, Spleen
22-237-6 M10K7M2-IV0.5-6 | BALB/c | Female 0.5516181(17\1]\42 Lung, Spleen
0.25E6
22-237-7 M10K7M2-IV0.25-7 | BALB/c | Female | K7M2cells | Lung, Spleen
v
0.25E6
22-237-8 MI10K7M2-1V0.25-8 | BALB/c | Female | K7M2cells | Lung, Spleen
v
0.25E6
22-237-9 MI10K7M2-1V0.25-9 | BALB/c | Female | K7M2cells | Lung, Spleen
v
Skin and
subcutaneous
22237-10 | MI0K7M2-SQ1-14 | BALB/c | Female | 'COKTM2 1 e ith
cells SQ .
possible tumor
remnant
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6. Results:

a. Descriptive histopathologic analysis of submitted tissues

Table 2. Summary histopathologic findings from submitted tissues.

CPSR ID

Tissue

H&E Findings

22-237-1

Spleen

There is diffuse moderate congestion and extramedullary hematopoieiss
(EMH; considered appropriate for species).

Lung

There is diffuse mild alveolar vascular congestion, and mild increased
cellularity of the alveolar septa by owing to increased few large round
mononuclear cells (presumed to be macrophages) and few small
lymphocytes. Particularly at the edge of the sections, there are small foci
of atelectasis.

22-237-2

Spleen

Changes are similar to that described in the spleen of 22-237-1.

Lung

Changes are similar to that described in the lungs of 22-237-1.

22-237-3

Spleen

Changes are similar to that described in the spleen of 22-237-1.

Lung

Affecting approximately <5% of the total surface area, predominantly
perivascularly and intravascularly, and less frequently randomly, there
are small clusters of neoplastic cells similar to that described in the tail
below (22-273-3). In a deeper section, multiple cross and tangential
sections of large-caliber blood vessels contain tumor emboli. The
remainder of the lungs have changes similar to that described in the lungs
of 22-237-1.

Tail

Surrounding, infiltrating, and effacing a vertebra and its marrow cavity
and associated skeletal muscle, and elevating the overlying dermis and
epidermis is an unencapsulated, moderately well-demarcated, densely
cellular mass consistent with a sarcoma. The neoplastic cells are arranged
into ill-defined broad sheets to poorly-formed bundles and streams, and
are supported by a fine fibrovascular stroma. Rarely, between neoplastic
cells are scant amounts of wispy, fibrillary, eosinophilic material
(possible osteoid, and/or fibrous tissue). The neoplastic cells are plump
spindle shaped with indistinct cell borders, and have a large amount of
eosinophilic to amphophilic cytoplasm. The nuclei are round to oval with
vesicular chromatin, and have up to 3 prominent, magenta nucleoli. There
1s marked anisocytosis and anisokaryosis. The mitotic count is 39 in
2.37mm"2 (equivalent to 10 HPF), with frequent atypical mitotic figures.
Throughout the mass are individual cell necrosis and/or apoptosis, as well
as scattered, low numbers of lymphocytes, and rarely eosinophils.

22-237-4

Spleen

Changes are similar to that described in the spleen of 22-237-1.

Lung

Within the right caudal lung lobe is an approximately 4 x 3 mm,
unencapsulated, well-demarcated sarcoma that moderately compresses
the surrounding lungs. The mass is similar to that described in the tail of
22-237-3, although with increased pleomorphism, including increased
anisocytosis, anisokaryosis and irregularly indented nuclei. In addition,
there are occasional multinucleated cells, and cells with bizarre,
karyomegalic nuclei. There are a few medium-sized foci of lytic necrosis.
The mitotic count is 17 in 2.37mm"2 (equivalent to 10 HPF) with
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frequent atypical mitotic figures. The remainder of the lung lobes have
changes similar to that described in the lungs of 22-237-1.

Within the subcutis and dermis, and elevating the overlying epidermis is
a moderately well-demarcated, unencapsulated, oval mass composed of

Tail neoplastic cells similar to that described in the lungs of 22-237-4,
although with fewer cells with bizarre nuclei. The mitotic count is 18 in
2.37mm"2 (equivalent to 10 HPF) with frequent atypical mitotic figures.

Spleen Changes are similar to that described in the spleen of 22-237-1.

In one lung lobe, there is a small subpleural mass consisting of neoplastic
cells similar to that described in the tail of 22-237-3, although with

22-237-5 Lun increased anisocytosis, anisokaryosis and rare multinucleated cells. The

& mitotic count is 14 in 2.37mm"2 (equivalent to 10 HPF) with frequent

atypical mitotic figures. The remainder of the lung lobes have changes
are similar to that described in the lungs of 22-237-1.

999376 Spleen Changes are similar to that described in the spleen of 22-237-1.

Lung Changes are similar to that described in the lungs of 22-237-1.

999377 Spleen Changes are similar to that described in the spleen of 22-237-1.

Lung Changes are similar to that described in the lungs of 22-237-1.

Spleen Changes are similar to that described in the spleen of 22-237-1.

Changes are similar to that described in the lungs of 22-237-1, although
22.237-8 the alveolar septal thickening is mild. There are rare medium-caliber

Lung blood vessels that are surrounded by moderate numbers of macrophages,
eosinophils and fibroblasts. On deeper section, the perivascular
inflammation was absent.

Spleen Changes are similar to that described in the spleen of 22-237-1.

22-237-9 Lun Changes are similar to that described in the lungs of 22-237-1, although
g there is reduced alveolar septal thickening.
22.237- Skin and The tissue consists of skin, subcutis, multiple small quiescent mammary
10 subcutaneous | glands and ducts, abundant adipose tissue and a lymph node. There are no
Tissue significant abnormalities detected.
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Representative Images

Figure 1 — Mouse 3, lungs (A-B) and tail (C-D), HE. A. Lungs, 40x. Multiple cross sections of
vessels have tumor emboli (arrows). B. Lungs, 400x. Higher magnification of tumor emboli. Note
multiple mitotic figures (arrows), some of which are bizarre (left arrow). C. Tail, 20x.
Surrounding and infiltrating a vertebra is a sarcoma. D. Tail, 400x. Higher magnification of the
sarcoma. There are numerous mitotic figures (arrows), many of which are atypical.
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Figure 2 - Mouse 4, lungs (A-B) and tail (C-D), HE. A. Lungs (right caudal lobe), 40x. Well-
demarcated sarcoma metastasis that moderately compresses the adjacent lung. Throughout the
tumor are multiple necrosis (arrows). B. Lungs, 200x. Higher magnification of the mass.
Compared to mouse 3, there is increased pleomorphism with occasional large cells with atypical,
large, bizarre nuclei (black arrow) and multinucleated cells (red arrows). There is an atypical
mitotic figure (blue arrow). C. Tail, 20x. Surrounding a vertebra is a sarcoma. D. Tail, 400x.
Higher magnification of the sarcoma. There are numerous mitotic figures (arrows), many of
which are atypical.
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7. Project Summary:
a. Three of nine mice (22-237-3, 22-237-4, and 22-237-5) had sarcoma
within the lungs
i. Two of these mice (22-237-3 and 22-237-4) each had a mass in
the submitted tails with similar histological appearance.

ii. There were rare, scant amounts of wispy material that somewhat
resembled osteoid, however pre-existing stroma and/or fibrous
tissue could not be excluded. Despite lack of convincing
osteoid, osteosarcoma was considered most likely given the
treatment history.

iii. All the masses across the affected mice had similar morphology,
albeit 22-237-4 and 22-237-5 were more anaplastic. Differences
in morphology of the K7M2 cells have been reported.*

iv. No other mice had evidence of neoplastic cells.

v. The prevalence of pulmonary metastasis in this study is in
contrast to a previous publication, where intravenous injection
of K7M2 osteosarcoma cell lines resulted in pulmonary
metastasis and subsequent death in all treated mice.’

b. Lungs:
i. All mice had mild diffuse increased cellularity of the alveolar
septa.

ii. Subjectively, this change seemed less severe in the mice given
the lower dosages.

iii. To our knowledge, previous publications using K7M2 cell lines
did not provide any descriptions of lung pathology aside from
metastasis.>* If further investigation is warranted, examination
of age and sex-matched control mice is recommended.

c. Spleen:
i. None of the mice had gross or histologic evidence of neoplastic
cells.

8. Recommendations

a. There was a lower than expected number of mice with pulmonary
metastasis compared to previous publications. It is possible that small
metastases may not have been evident in the examined section. Hence,
if further investigation is warranted, deeper sections of each blocks can
be requested at an additional cost.

i. However, it is possible that the differences between previously
published work and this study may reflect: different sacrifice
time-points, different age at tumor cell injection, and different
tumor cell dosages (the cited publication above describes an
inoculation dosage of 1e6 cells).

b. Submission of control animals may be warranted to compare the
pulmonary alveolar changes. In addition, adequate inflation of the lungs
at the time of fixation will reduce the atelectasis, allowing for improved
interpretation of the cellularity.
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Abstract

Cancer is among the most common causes of death for dogs (and cats) and
humans in the developed world, even though it is uncommon in wildlife and
other domestic animals. We provide a rationale for this observation based on

recent advances in our understanding of the evolutionary basis of cancer. Over
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the course of evolutionary time, species have acquired and fine-tuned adap-
tive cancer-protective mechanisms that are intrinsically related to their energy
demands, reproductive strategies, and expected lifespan. These cancer-protective

mechanisms are general across species and/or specific to each species and their
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niche, and they do not seem to be limited in diversity. The evolutionarily acquired
cancer-free longevity that defines a species’ life history can explain why the rel-
ative cancer risk, rate, and incidence are largely similar across most species in
the animal kingdom despite differences in body size and life expectancy. The
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molecular, cellular, and metabolic events that promote malignant transforma-
tion and cancerous growth can overcome these adaptive, species-specific pro-
tective mechanisms in a small proportion of individuals, while independently,
some individuals in the population might achieve exceptional longevity. In dogs
and humans, recent dramatic alterations in healthcare and social structures have
allowed increasing numbers of individuals in both species to far exceed their
species-adapted longevities (by two to four times) without allowing the time nec-
essary for compensatory natural selection. In other words, the cancer-protective
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1 | INTRODUCTION: THE
EVOLUTIONARY LEGACY OF CANCER

According to the National Cancer Institute’s Surveillance,
Epidemiology, and End Results (SEER) Program, cancer
describes a group of over 100 pathological conditions that
are characterized by uncontrolled cellular proliferation.'
Even including deaths due to COVID-19 in 2020, cancer is
the most common or the second most common cause of
death for humans in Europe” and in the United States,*™
and it is believed that cancer is also the leading cause of
disease-related death for older companion and working
dogs in the developed world.52

In a remarkable thesis of how cancer was transformed
from an obscure and mystical condition to a medical
problem,'® Koblenz notes that the death rate from cancer
increased by almost 20-fold from the years 1850 to 2009,
although it is apparent that a major portion of the can-
cer epidemic of the 20th century was driven by tobacco.'*
For humans living in the United States in 2020, the life-
time probability of being diagnosed with an invasive can-
cer is approximately 40% (an approximate lifetime risk of
1in 2.5)."° Tumors of the prostate, lung, and colon account
for more than 40% of all cases in men, and tumors of
the breast, lung, and colon account for 50% of all cases
in women. Cancer also claims a large number of domes-
tic dogs’ and cats’ lives.”!"1216-20 Even while the frequent
occurrence of cancer in both of these domestic species is
well recognized, the precise incidence of invasive cancers
remains to be established.” Registries that systematically
account for cancer incidence and mortality of dogs and cats
are not standardized, making comparisons among them
challenging.”? Furthermore, many (perhaps most) cases
of suspected cancers in animals are not definitively diag-
nosed histopathologically, and there are considerable refer-
ral biases in the hospital databases used to obtain estimates
of cancer incidence and cancer mortality.?

Despite these limitations, the Veterinary Cancer Society
estimates that one in four dogs will be diagnosed with can-
cer in their lifetime, and that cancer is the leading cause of
death in pets that are beyond middle age.**

As hard as it is to obtain actuarial estimates in domes-
tic animals, assessment of disease and cause-specific mor-

mechanisms that restrain risk at comparable levels to other species for their
adapted lifespan are incapable of providing cancer protection over this recent,
drastic, and widespread increase in longevity.

cancer-protective mechanisms, cancer risk, evolution, longevity

tality rates in wild animal populations is even more
challenging.”” The available data suggest that animals in
the wild have variable incidence rates of specific cancers,
although mortality is often due to loss of fitness, competi-
tion, predation, accidents, or human-related causes.? It is
also clear that the overall rate of cancer among species in
captivity is variable,”” but none are as high as those seen in
domestic dogs and cats.”® Cancers in wild animals where
the etiology can be determined are often due to infectious
agents®®?° or the tumors themselves are transmissible,?* 3!
and it is notable that such infectious and transmissible
cancers represent exceptions to the low rates of cancer
observed in wild animals. Conversely, cancers associated
with infectious agents (such as feline leukemia virus-
associated tumors®?) and transmissible cancers (such as
canine transmissible venereal tumors®*) account for only
a small fraction of the rather large number of cancers seen
in dogs and cats in the developed world.

Comparative biologists have questioned why cancer is so
prevalent in domestic dogs and in humans, what accounts
for the difference in cancer risk and incidence seen in dogs
and humans as compared to wild populations, and what
we can do about it. In this perspective, we propose that
the apparent excess incidence of cancer in both of these
species is due to the fact that dogs and humans are two
species that have benefited from social, medical, and tech-
nological advances that allow them to live beyond the age
that nature intended, as species-specific cancer-protective
mechanisms that evolved over millions of years** cannot
address the cancer vulnerabilities acquired through the
rapid increase in longevity experienced by modern dogs
and humans. The observation that there are substantial dif-
ferences in the incidence of specific cancer types that afflict
domestic pet dogs and humans, despite a closely shared
environment, suggests that there are fundamental biolog-
ical risk factors present in both species that are distinct
from environmental exposures.'>?! This different preva-
lence of cancer types and the rather poor conservation of
genomic driver events in histologically similar cancers of
both species should raise a note of caution about “the dog
as a model” of cancer causation.>® On the other hand, the
shared sensitivity of dogs and humans to age-associated
cancers provides unique opportunities to understand the
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relationships between organismal aging and cancer risk.*°
Finally, we advance the concept of risk assessment cou-
pled with strategic prevention as a means to reduce can-
cer mortality in dogs, and eventually, perhaps also in
humans.

1.1 | Cancer is an ancient disease
To understand the apparent cancer epidemic, it is essen-
tial to understand the foundational pathogenesis of cancer
and its relationship to evolution across the animal king-
dom. Cancer arises from the malignant transformation
of a single cell that undergoes uncontrolled proliferation,
but the disease is confined to multicellular animals.?”-3
In single-cell organisms such as yeast, uncontrolled pro-
liferation might lead to exhaustion of resources that will
cause some individuals to die, but others can remain dor-
mant until the environment is once again favorable for
growth and reproduction.®>*° In contrast, because mul-
ticellular animals rely on specialization of tissues and
organs, they cannot tolerate the damage and dysfunction
created by excessive, uncontrolled cellular proliferation
even in a single organ or tissue. Thus, cancer is not a mod-
ern physiological defect, but rather it is a vulnerability that
is rooted deeply in vertebrate evolutionary history*' and
nearly every multicellular animal is at risk for developing
cancer.’®*73%42 The ancient origins of cancer are supported
by the increasing examples of cancers identified in the fos-
sil record.**~*” While a precise estimate of cancer incidence
and prevalence in antiquity is impossible, it has mostly
been assumed that it was rare.*®*° This is partly due to the
fact that the fossil record is biased toward tumors of bone
(primary and metastatic), which overall represent only a
fraction of the cancer burden in modern humans.”” Histo-
rians and scientists have offered different interpretations
for this assumed rarity, ranging from lack of exposure to
carcinogens that are ubiquitous in modern societies to sup-
port it, to the technical and methodological pitfalls in the
analysis of paleopathological samples to refute it,**! to the
focus on literature and paleopathological specimens orig-
inating primarily from ancient Egyptian and Greek soci-
eties and neglecting the literature from Chinese and other
significant ancient societies.>

Ewald has also proposed that the rarity of cancer in
antiquity (and in wildlife) could be due to increased mor-
tality of individuals with cancer where such evidence of
cancer-related mortality or cancer-related morbidity con-
tributing to mortality would disappear due to predation
(consumption of the tumorous tissue).”® The evidence of
cancer could also be erased by environmental effects on the
cancerous tissues, directly related to the fragility caused by
the cancer, or to the lack of specificity of the pathological

changes caused by the cancer.”® Ewald also suggested that
parasites that cause cancer (where parasites are defined
broadly to include multicellular, cellular, and subcellular
replicative agents that live in or on a host organism and
negatively affect the evolutionary fitness of the host) have
existed in human and animal populations for millennia,
but their impact may be underappreciated by the empha-
sis of mutations as the root cause of cancer.” It is inter-
esting that dogs appear to be a privileged species in this
regard: with the exception of canine papillomaviruses that
cause benign warts, neither DNA nor RNA oncoviruses
that fulfill Koch’s postulates have been definitively iden-
tified in canids, despite sporadic reports of retrovirus or
herpes virus particles in dog lymphomas, leukemias, and
peripheral blood lymphocytes.

1.2 | Cellular replication and the creation
of aged (permissive) microenvironments
are major risk factors for cancer

Malignant transformation, an essential step in the patho-
genesis of cancer, is caused by mutations that alter the
sequence or structure of DNA.>* Cancer, thus, results in
part from a collection of somatic changes leading to inap-
propriate cell division or survival, coupled with the fail-
ure of tumor-suppressive mechanisms, which together
provide cells with a clonal growth advantage. Exam-
ples of clonal somatic changes include mutations, copy
number changes, and epigenetic structural DNA changes
that lead to oncogenic activation. A consequence of this
paradigm is that anything that increases somatic changes
can also lead to increased cancer risk. A further require-
ment for cancer formation is that the transformed cells
must have a permissive environment where they can
grow and develop the complex anatomical structures that
create tumors.”* % Recently, Laconi and colleagues pro-
posed that, “the tumor-suppressive potential of youth is
more potent than previously realized, limiting cancers
through half a century of human life even in the face
of increased DNA mutations and highly perturbed tissue
environments,”’ and much additional work suggests that
organismal aging and the associated development of cel-
lular senescence, proinflammation, and waning immunity
appear to be major mechanisms that allow for the develop-
ment of these permissive environments.>* %4
Pathologically significant mutations are propagated dur-
ing the process of DNA replication, as nondividing cells
will not pass on the cancer phenotype to progeny cells.
The earliest examples that cemented the association
between mutations, proliferation, and cancer included
the increased cancer risk observed in individuals who
had occupational exposures to mutagens,®>°® habitual
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tobacco users,®’ or individuals who had mutations in genes
involved in DNA damage repair.®® Similarly, elevated can-
cer rates can be found in individuals with germline muta-
tions in DNA polymerases (POLE/POLDI).%

Companion dogs generally do not have the same level of
exposures to industrial (occupational) or social (tobacco)
mutagens as humans, their hair coat protects them from
cancer-causing ultraviolet radiation from the sun, and
controlled breeding practices help to significantly reduce
the likelihood for true heritable cancer syndromes to
become established. In a singular situation where a
syndromic cancer (canine renal cystadenoma and nodu-
lar dermatofibrosis, associated with a mutation in the
folliculin gene) arose in a canine pedigree, it was rapidly
identified and characterized,”””" providing tools to elim-
inate it from the breeding population. Some studies have
identified associations between certain animal cancers
and environmental exposures. For example, studies done
by Reif and colleagues 30-40 years ago reported associa-
tions between exposure to environmental tobacco smoke
and cancers of the respiratory tract in dogs.”>”® However,
these findings have not been replicated in more recent
studies.”* Similar lack of replication has confounded
definitive associations between other environmental
exposures and dog cancers.””’

On the other hand, consistent associations between
certain cancer types and dog breeds suggest enrichment
of risk alleles that can inform heritable risks associated
with cancer.”7¥-%” While there are multiple examples of
genomic regions and of coding and regulatory variants
associated with canine tumors in specific breeds,?>8-38-0
virtually all of these cancers occur in dogs that are past
middle age, accounting for variations in breed-specific
aging. Furthermore, many factors in the germline seem
to contribute to breed-specific risk for cancer in dogs,”%*
underscoring the complexity of the disease, and/or the
incomplete penetrance of the putative risk alleles.

Importantly, the association between cellular replica-
tion and cancer is not a new concept. As far back as the
early 1900s, Theodor Boveri’s work on cell division had led
to the hypothesis that cell division created cancer risk.”
Even to this day, one of the most universal prognostic indi-
cators within tumor tissue is the level of Ki-67 protein,
which is often used to gauge the proliferation rate, and by
extension the aggressiveness of a tumor.”*

1.3 | Peto’s paradox

An implication of the association between replication
and cancer is that increased longevity (more cell divi-
sions) and increased size (more cells) should result in ele-
vated cancer risk and greater cancer incidence. From this

paradigm, Sir Richard Peto, a statistician well known for
helping to uncover the association between lung cancer
and smoking, identified a paradox® and articulated the
problem,”® which was subsequently named “Peto’s para-
dox” by Nunney.”’ Peto’s paradox states that at the species
level, the incidence of cancer does not appear to corre-
late with the number of cells in an organism. In other
words, the predicted linear association between large size
of an organism (which is partly due to greater numbers
of cells, attained by increased cell division) and cancer
is inapparent across the multitude of species in the ani-
mal kingdom?’; extremely large animals, especially those
with long lifespans, which undergo far more replications
(and therefore would be expected to have an excessively
high replicative cancer risk) do not have higher cancer
rates than smaller animals, which need less replication to
attain their adult size and that generally have shorter lifes-
pans (Figure 1). As detailed below, various investigators
have since proposed that cancer-protective mechanisms
acquired over the course of evolution provide satisfactory
answers to Peto’s paradox.

2 | CANCER-PROTECTIVE
MECHANISMS IN LONG-LIVED SPECIES

Several decades passed between Peto’s original observa-
tion and the initial formulation of a potential solution,
which came to light through the study of large and/or
long-lived species of animals that have evolved mecha-
nisms allowing for the minimization of cancer risk (see
references?®34375897-195 for previous, outstanding discus-
sions on this subject).

As species have evolved, unique adaptations that protect
them from cancer have arisen multiple times, and often,
independently from each other. These cancer-protective
mechanisms address different aspects of vulnerability and
they become part of each species’ evolutionary history. As
illustrated below, different species have “attacked” differ-
ent aspects of tumor formation, including reducing the
likelihood that detrimental mutations are incorporated
into their genomes, altering their metabolism, making the
tissue microenvironment inhospitable to tumor growth,
and probably others. These changes have occurred stochas-
tically over millions of years, but they must have been sub-
ject to strong positive selection,'°® with the consequent
effect of giving rise to adaptive traits that protect species
from cancer”’ while allowing them to occupy niches where
they can invest energy to become large, have a long lifes-
pan, or both.!%7 It is especially intriguing that in their evo-
lutionary history, several tumor suppressor genes in homi-
noids have been subject to evolutionary selection such that
the wild type (reference) alleles are distinct from variants
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FIGURE 1 Cancer risk and Peto’s paradox. Illustration of Peto’s paradox, which describes the absence of the predicted relationship

between animals’ (A) size and (B) longevity relative to their cancer risk

found in apes, and presumably in the common ancestor
to these primate species.'” Indeed, the ancestral wild type
alleles for some of these genes such as APC and TP53 (as
found in some modern apes), or BRAF and TNFAIP3 (as
found in Neanderthals and Denisovans, respectively) are
found to be deleterious in modern humans, exclusively
as somatic variants, and closely associated with cancer
risk.!0

It is reassuring that many tumor-suppressive mecha-
nisms are highly conserved across vertebrate (and often-
times invertebrate) species. For example, the products of
the TP53 and the PTEN genes, and the enzymes that
maintain telomere length, are highly conserved mecha-
nisms that suppress tumor formation across many dif-
ferent species.!”®1% Replicative senescence is another
widespread, primordial mechanism that seems to pro-
tect animal species against longevity-associated somatic
modifications."”""® In most cells, senescence programs are
activated upon reaching a predetermined number of repli-
cation events, as well as by somatic mutation events, and
many genes involved in regulation of senescence have been
directly implicated in tumor suppression.'

Specific examples of species-specific cancer-protective
mechanisms have been described in the elephant family,
bowhead and other whales, and in different families of
long-lived mole rats,** while more are being deduced from
recently sequenced genomes of other long-lived species
such as Amazon parrots,'”’ white sharks,”! and whale
sharks.'?? Each of these species appears to have acquired or
“fine-tuned” unique mechanisms that allow them to have
long and relatively cancer-free lives. For example, the TP53
gene underwent a series of retrotranspositions in the ele-
phant lineage, after the split from its last common ances-
tors that in the extreme resulted in more than 20 copies
of this gene in modern African elephants.'?*!?* While not
all of the elephant TP53 genes are likely to be active, the

orthologous elephant p53 protein was shown to be a more
potent inducer of the p2lcell cycle kinase inhibitor and
to have greater pro-apoptotic activity than the human p53
protein. The specific mechanisms of the elephant p53’s
enhanced apoptotic ability, including it to be delivered
as a novel therapeutic for cancer in dogs and humans
remains a subject of intense investigation (Dr. Joshua
Schiffman, personal communication). The function of the
elephant p53 retrogenes remains unclear, but when trans-
fected into human cells, the retrogenes were upregulated
and translated upon treatment with chemotherapy and
radiation,'* and in separate experiments, Vazquez and col-
leagues showed that one or more of the retrotransposons
may induce expression of at least one pseudogene (LIF-6)
that seems to have been refunctionalized to promote apop-
tosis in elephant cells, but not in those of other mammalian
species.'” And yet, duplication of TP53 is not unique to
elephants, nor does it guarantee long life. Rats, wallabies,
and some small bats also have duplicated this gene over
the course of evolution without consequent gains in size
or longevity.'**

The bowhead whale genome hints at unique metabolic
adaptations, including mutations in UCP1, which encodes
the mitochondrial uncoupling protein-1 of brown fat,
as well as altered insulin signaling. Additionally, the
bowhead whale genome includes cancer-protective genes
under positive selection, including ERCCI (excision repair
cross-complementing rodent repair deficiency, comple-
mentation group-1; a member of the nucleotide excision
repair pathway) and duplication of PCNA (proliferating
cell nuclear antigen; a gene involved in DNA repair).!°
Other whales, including humpbacks, minkes, and toothed
whales seem to have developed segmental duplications
in tumor suppressor genes that are species-specific and
are also under positive selection,'**!?” consistent with
the interpretation that these events occur over long
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evolutionary periods and are unique to each species and
dictated by their niche.

Rodents show extreme variation in lifespan, which
can be used to identify potential cancer-protective mech-
anisms. Across multiple short- and long-lived rodent
species, five amino acid substitutions in SIRT6 account
for most of the variation in DNA double-strand break
repair efficacy, with increased SIRT6 activity also showing
a direct correlation with lifespan among these species.'?®
Another example comes from mole rats, the longest lived
rodents alive today, which can reach 20 to more than
30 years of age. African mole rats of the family Hete-
rocephalidae have developed a series of distinct cancer-
protective mechanisms that modify the organization of
stromal matrix proteins, making the microenvironment
inhospitable to cancer,'”” while the distantly related blind
Middle Eastern mole rats of the family Spalacidae have
developed a hypersensitive cell-death response to mitigate
the excessive drive to proliferate that is associated with
events that lead to malignant transformation."** Perhaps
the most widely recognized cancer-protective mechanism
in mole rats is the abundance of high molecular weight
hyaluronic acid in the African naked mole rat, possibly due
to increased production of hyaluronan by the HAS2 gene
product with concomitant reduced activity of the enzy-
matic machinery that degrades hyaluronic acid.'*>'*! This
stands in sharp contrast to the hyaluronic acid content in,
for example, human tumors, where hyaluronidases cleave
hyaluronic acid into small molecular weight species that
promote inflammation and tumor growth.'3?

Together, these examples indicate that large and long-
lived animals have evolved diverse and sometimes conver-
gent mechanisms that have enabled large investments in
reproduction and high energy requirements over long and
relatively noncancer-prone lifespans.”’” These varied solu-
tions to the cancer problem, in turn, create species-specific
barriers with limitations on cancer protection determined
by the idealized lifespan and body size acquired through
these millions of years-long evolutionary processes. And
thus, exceeding these barriers through technological inno-
vation to achieve increased lifespans, as is the case with
“caninity” and humanity, or via artificial selection (selec-
tion for size in the absence of selection for compensatory
protective mechanisms), as is the case in dogs, generates
conditions that are cancer prone.

We should note that Ujvari and colleagues proposed an
alternative hypothesis that, while selective breeding (and
inbreeding) and the consequent attenuation of genetic
diversity result in the accumulation of deleterious genetic
variants in domestic animals, the absence of natural selec-
tion could theoretically allow these animals to invest more
resources to support existing anticancer mechanisms and
potentially develop new ones.'*> While this is an intrigu-

ing premise, humans have not significantly increased the
lifespan of domestic animals other than dogs and cats,
and in our opinion, rare anecdotes of spontaneous cancer
regression, for example, in dogs with bone cancer, fail to
support strong maintenance or widespread development
of novel cancer-protective mechanisms in the accelerated
time scale of domestication. On the contrary, the excess of
cancers seen in modern dogs (and in humans), and the pat-
terns of their association with age, would strongly suggest
that there has been neither sufficient time nor selective
pressure to allow for evolution of adaptive mechanisms to
reduce the risk of cancer that comes with the creation of
aged cellular environments, increased exposures, and the
accumulation of somatic mutational events in these popu-
lations.

2.1 | Breaking through the evolutionary
lifespan adaptation is a major contributor
to cancer risk in humans and in dogs

One theme that has been underappreciated, in our opin-
ion, is the dramatic gains in expected lifespan that have
occurred in the past 150-200 years in humans and over
the past ~50 years in dogs, and the associated risk of can-
cer that is attributable to aging. According to Finch,"** life
expectancy from birth in humans doubled in the 5-7 mil-
lion years from the time the hominid lineage split from
the common ancestor shared with chimpanzees until mod-
ern hunter-gatherers. It is worth noting that the process
of speciation in apes and hominoids (presumably simi-
lar to the process of speciation in other animals) included
unique adaptations in sequence, and perhaps in func-
tion of tumor suppressor genes.'°® In their study of 120
oncogenes and tumor suppressor genes in seven homi-
noid species, including two extinct species, Neanderthal
and Denisovan, Kang and Michalak also found opposing
selection pressures operating on these two classes of genes,
with tumor suppressor genes being under weaker puri-
fying selection than oncogenes.!’® The authors hypothe-
size that the selective pressures accounting for these differ-
ences could come from the activity of oncogenes, where a
single variant can be detrimental to the individual, in con-
trast to tumor suppressor genes, which generally maintain
activity even in a state of heterozygosity, and where loss of
both alleles is usually necessary for cancer-prone pheno-
types to arise.'°

The precise lifespans of intermediate species during
human evolution are unknown, although it is appar-
ent that early modern humans and Neanderthals had a
larger proportion of older adults than prior Homo species
and Australopithecines.’** Human life expectancy dou-
bled again in the 150 years between 1860 and 2010 during
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FIGURE 2 Increases in human lifespan overlap with the majority of human cancer deaths. (A) Humans had a relatively stable life

expectancy of 30-40 years until the industrial revolution. The upper boundary of this life expectancy represents the ancestral evolved cancer
barrier. However, in the 100 years between 1850 and 1950, human life expectancy increased by approximately 50% across the world, and it did
so again in the 60 years between 1950 and 2010. That trend continued through the present (latest measurements shown for 2017). (B) The
overall cancer death rates per 100,000 people do not have a proportional relationship with age in the United States. Instead, cancer death rates
are vanishingly rare, proportionately, in individuals under 15 years of age, they become apparent with a marginal increase between the ages of
40 and 50 after individuals cross the cancer barrier, and then increase dramatically thereafter. Individuals over 60 years of age account for the
vast majority of cancer deaths in the United States (United States data from 2017). This is representative for most of the developed world. (C)
Lung cancer death rates per 100,000 men also do not have a proportional relationship with age. Despite decades of persistent exposure to
myriad potent carcinogens in tobacco products, lung cancer is extremely rare in smokers under the age of 40. Lung cancer becomes more
apparent in smokers by the age of 40 after individuals cross the cancer barrier and continues to increase geometrically until the age of 80-85

(United Kingdom data from 2015-2017). This is also representative for most of the developed world

industrialization, and it increased further in the contem-
porary era with increasing access to hygiene, medical care,
and other advantages of complex societies'® (Figure 2A).

Thus, human lifespan was molded to a niche over a
5-7-million-year period where there were strong evolu-
tionary selective pressures, including selection for cancer-
protective mechanisms.'”® Because the niche occupied by
our hominid ancestors was different from that occupied by
other great apes, we cannot infer their lifespan from that of
modern nonhuman great apes. But we can estimate it was
shorter than pre-industrial modern humans or 20th cen-
tury foragers, whose life expectancy was 30-40 years,*+136
although this was heavily influenced by high infant mor-
tality. Nevertheless, even if we accept an age somewhere
between 35 and 45 years as the evolutionarily determined
lifespan for humans, fewer than 5% of cancer cases are
diagnosed in humans from birth to 35 and less than 10%
from birth to 45, making the expected cancer incidence
in this population comparable to that seen in apes and
monkeys'** (Figure 2B,C).

Like humans, the lifespan of canids in the wolf fam-
ily was molded to a niche over a 5-7-million-year period
under strong evolutionary selective pressures. We cannot
be certain of the expected lifespan of the canid wolf ances-

tor, but an estimate of approximately 3.5-5 years is pos-
sible based on studies of modern wild wolves and feral
dog or village dog populations.'?®37138 And yet, in con-
trast to what is observed in wolves and in feral dogs and
village dogs even today, the expected lifespan of compan-
ion pet dogs in much of the developed world has increased
by a factor of two to four (to an average of 9-14 years,
depending on breed, according to information available
from the American Kennel Club'®) in the ~50 years since
dogs were brought into the household and integrated as
members of the family in the latter part of the 20th cen-
tury. Interestingly, the eventual selective breeding for form
and function that occurred over the past 15,000 years,
and the purposeful derivation of modern dog breeds over
the past 100-400 years, might have influenced the canine
lifespan through enrichment of alleles that encode for
small size.'**'*! But, following the human example, if we
accept 3-5 years as the evolutionarily determined lifes-
pan for primordial dogs evolving over a period of ca.
6 million years, the available data reproducibly indicate
that fewer than 5%-10% of cancer cases are diagnosed
in modern dogs from birth to 3-5 years,'>!3142143 mak-
ing the expected cancer incidence in this population com-
parable to that seen in captive wolves under 5 years of
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age!** (no estimates of cancer exist for wolves or other
related canid species in the wild) and to that which has
been estimated for most animals in the absence of human
influences.'’’ It is also worth noting that wolves and other
wild canids that are maintained in captivity and that reach
advanced ages also exhibit increased susceptibility to some
of the most common cancers seen in modern domestic
dogs. 144145

Hence, we advance the premise that a major compo-
nent of the elevated cancer risk seen in domestic dogs
and in humans when compared to other animals is due
to the shattering of the life-expectancy barrier that was
evolutionarily determined: essentially “living longer than
nature intended.” The longevity that both species enjoy at
the present time has dramatically increased (two to four
times), compared to the lifespan to which each species had
adapted over its evolutionarily history (an “evolutionarily
determined lifespan”), through social, medical, and tech-
nological advancements, over very short periods of time,
and with artificial selection playing an increasingly impor-
tant role, especially in the case of dogs.’®%®

A recent study of cancer in nondomestic mammals kept
in zoological collections is consistent with the interpre-
tation that living longer than nature intended is a major
risk factor for cancer. While captivity might introduce its
own set of risks for cancer or premature mortality, such
as exposure to anthropogenic pollutants, stress, etc., it also
removes common causes of mortality for many species,
such as competition, predation, accidents, or human-
related causes. Consequently, animals in zoos would be
expected to outlive some of their counterparts in the wild.
Vincze and colleagues did not specifically address gains in
longevity in their study, but cancer-related mortality was
still lower than 10% for almost 80% of the species in this
study (and it was zero for almost 25%).”” As a group, can-
cer mortality was highest in carnivores. The authors pro-
pose that this might be due to dietary factors (consumption
of meat), but it is possible that carnivores are also more
amenable than noncarnivores to greater life extension in
captivity.

Returning to the dog example, canine osteosarcoma
provides a good example to illustrate the association of
size and cancer susceptibility, and a solution to Peto’s
paradox.”® This disease occurs only rarely in humans, but it
is quite common in dogs.'*® Because the natural history of
the disease in both species is similar, canine osteosarcoma
has been long proposed as a surrogate disease model to bet-
ter understand its human counterpart.'*-'*® In addition to
an anatomical predilection for the long bones and shared
patterns of metastasis, a few molecular traits are con-
served between canine and human osteosarcoma. An ini-
tiating event, such as TP53 mutation, seems to be required,
which allows replication of chaotic genomes and clonal

outgrowth of tumors with highly disrupted and heteroge-
neous genomes.'*’

However, important epidemiologic differences coexist
with the similarities between human and canine bone
tumors. For example, the reported age-adjusted incidence
of osteosarcoma in humans is between 0.2 and 4.5 per mil-
lion, with most affected patients being children, adoles-
cents, and young adults,"” whereas in dogs, this disease is
most commonly observed in adult and elderly individuals
from large and giant breeds, with a lifetime risk of approx-
imately one in five at the extreme.'#%148151-153 The strong
association between size and risk of osteosarcoma in dogs
illustrates a similar, albeit weaker, association between risk
of osteosarcoma and size in humans, where it is more com-
mon in males than in females, and in children who are
taller and have high birthweights.!>*-1>¢

Of additional interest, larger dogs age more rapidly than
smaller dogs and have shorter lifespans.””’ This pattern
of rapid aging and shorter lifespan also aligns well with
the risk for bone cancer (Figure 3), where a high rate
of cellular replication is necessary to form large bones
(larger than the norm for the species as it evolved), where
aged tissues might provide more permissive environments
for the development of cancer, and where the protec-
tions afforded by modern veterinary healthcare, vaccina-
tion against lethal pathogens, appropriate nutrition, and
shelter have more than doubled life expectancy for dogs
living as companions in the human environment.

The association between increased body size and
increased cancer risk is observed, not only with osteosar-
coma where the effect manifests in the extreme, but also
with other cancers.”'>71%15 And while the major vari-
ant alleles associated with size determination in the dog
(including GHR, HMGA?2, IGF1, IGFIR, SMAD2, STC2,
LCORL, and CDK4)'° have not been found to confer inde-
pendent cancer risk, this may be due to the fact that vari-
ants are fixed in purebred dogs. To understand the poten-
tial significance of genomic traits that regulate size in dog
aging and cancer, future studies should include multiple
breeds and/or mixed breed dogs to unmask the potential
contribution of fixed alleles.'>*160

Altogether, these observations suggest that Peto’s para-
dox is no paradox at all, when applied within a single
species, and removing the impact of evolution within a
niche. That is, Peto’s principle (as opposed to Peto’s para-
dox) would predict that increased body size should be asso-
ciated with increased cancer risk in dogs. Thus, exten-
sion of this concept leads to the notion that longevity is
intricately associated with cancer risk, but only when such
longevity exceeds the evolutionarily adapted lifespan for that
species. The observation that small dogs live longer than
large dogs and have lower cancer rates, thus conforms with
Peto’s principle.!>9%161.162
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FIGURE 3 Canine size, lifespan, and osteosarcoma risk. Larger dogs have shorter life expectancy and increased risk for osteosarcoma

than smaller dogs. Specifically, using the German shepherd dog breed as the reference, great danes have an odds ratio (OR) of 5 for

development of osteosarcoma, whereas miniature schnauzers have an OR of 0.2 for development of osteosarcoma.’* Overall, the highest risk
breed has an OR >200-fold greater than the lowest risk breeds for development of this disease (reproduced from Makielski et al. Risk factors
for development of canine and human osteosarcoma: a comparative review. Vet Sci. 2019;6(2):48. Copyright: the authors)

Furthermore, these relationships are not completely
static, so if replicative senescence is a cancer-protective
mechanism, the earlier onset of senescence (as would
occur in animals with shorter lifespans) that is observed
in large dogs could be related to their increased cancer
risk over the same timescale as their smaller counterparts.
Untangling the connections between senescence, cancer
risk, and lifespan in different dog breeds should generate
important insights into how better to understand cancer in
humans and identify people with increased risk earlier in
their lifetime,21-:36-58.84.162,163

After considering these concepts, a “simple model” is
that, within a given species over the course of a lifetime,
cancer-preventive mechanisms may change from protec-
tive states ensuring evolutionary fitness to less-protective
states once they no longer provide advantage. In other
words, anticancer defenses in old animals will be under
less selective pressure than in younger animals, and costly
defenses are likely to be maintained at a lower level. In
reality, this is likely to be far more complicated as pro-
genitor cells need extreme protection from somatic dam-
age, while damage might be tolerated (and is observed)
in terminally differentiated cells.!®* This threshold of age-
related vulnerability,™ which is more readily observed
after individuals cross cancer-protective barriers for their
species, can also explain the prolonged latency seen in
humans between carcinogen exposures and the onset of
cancer. For example, habitual use of tobacco products usu-
ally starts in early adolescence, but the onset of tobacco-
related cancers, on average, occurs after the age of 60,'%
which is beyond the predicted cancer-protective barriers
for humans (Figure 2C). Intriguingly, the apparent evo-
lution of a permissive environment in the aged lungs
may be independent of exposure to tobacco-derived toxi-

cants, although there does appear to be an incontrovert-
ible association between the overall increased frequency of
lung cancer and increased mutagenesis mediated by these
compounds. '

The impact of these ideas is more profound among
species. Extension of this concept indicates that small
species that are highly vulnerable to predation and rely on
explosive growth strategies, such as wild mice, have short
lives, and the cost of cancer-protective mechanisms might
decrease their overall fitness.'®” The elevated incidence of
cancer in laboratory mice, which far exceed the evolution-
arily determined lifespan for this species, is consistent with
this observation and argues that exceeding this lifespan
barrier in any species will probably result in excess cancer
when compared to the same population inhabiting within
its evolutionary niche. And the opposite may also be true:
“ancient” species or species that are less vulnerable to
predation and that have had relatively stable body sizes
over “long periods” of evolutionary time such as turtles
and alligators should have, and likely did evolve, stronger
cancer-protective mechanisms,.*** These examples sup-
port the ideas that cancer is influenced by evolutionary
pressures™® and that increased risk associated with modern
increases in lifespans may be responsible for the observed
increased incidence of cancer in human and canine
populations. Large dogs are dually affected as artificial
selection for large size seems to have had the unintended
consequence of increasing cancer risk, perhaps in part
by increasing the replicative risk as large stature requires

2This concept was also attributed to Dr. Jay Olshansky (University of
Chicago) in a Vox article, authored by Joseph Stromberg and published on
June 16, 2014 (https://www.vox.com/2014/6/16/5796732/do-naked-mole-
rats-have-the-secret-to-long-healthy-lives)


https://www.vox.com/2014/6/16/5796732/do-naked-mole-rats-have-the-secret-to-long-healthy-lives
https://www.vox.com/2014/6/16/5796732/do-naked-mole-rats-have-the-secret-to-long-healthy-lives
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FIGURE 4 Increasing canine and human risk due to surpassing the species’ respective evolutionarily determined lifespan barriers. (A)

Multicellular species, represented here by bowhead whales, African elephants, African naked mole rats, ancestral humans, modern humans,

ancestral dogs, and modern dogs, have achieved an evolutionarily derived balance between tumor-suppressive mechanisms and senescence

mechanisms that have selected for lifespans that are consistent with their respective evolutionary pressures. Recent technological advances
have led to lifespans in humans and dogs that are more than twice as long as those to which each species had adapted over millions of years of
evolution. The vast majority of cancers occur after individuals cross this evolutionarily adapted lifespan (dashed line) for (B) humans and (C)
dogs. Neither species has had the time, nor has it been subjected to selective pressures, to establish a new evolutionary balance that resets its

cancer barrier

more cells.'>!%? Figure 4 illustrates this concept using bow-
head whales, African elephants, African naked mole rats,
ancestral humans, modern humans, ancestral dogs, and
modern dogs. Each of these species has achieved an evo-
lutionarily derived balance between tumor-suppressive
mechanisms and senescence mechanisms that have
selected for lifespans that are consistent with their respec-
tive evolutionary pressures. Modern humans and modern
domestic dogs are outliers in that their expected lifespan
now is more than twice as long as that to which each
species had adapted over millions of years of evolution,
and for both species, the vast majority of cancers occur in
individuals that have crossed this evolutionarily adapted
lifespan. Neither species has had the time, nor has it
been subjected to selective pressures, to establish a new
evolutionary balance that resets its cancer barrier.

2.2 | Ifcancer is virtually inevitable,
what is the solution

Cancer is virtually, but not entirely, inevitable. Even
with the risks of replication-induced mutations, size, and
longevity, only about 25%-40% of all humans and dogs will
develop cancer in their lifetime. Incredible breakthroughs
have been made in treatments for advanced human can-
cers, all of which raise hope and might find future applica-
tions in dogs.

Nevertheless, the best solution to cancer is to prevent
it entirely. Decreasing environmental exposure to carcino-
genic agents has been extensively described and pursued

in humans.' It may be possible to engineer cancer risk out
of the genome by increasing endogenous anticancer mech-
anisms, or potentially by transferring protective strategies
utilized by large and long-lived organisms,'® although this
could raise serious ethical dilemmas. In dogs, strategies to
decrease environmental exposure to carcinogenic agents
are less likely be an effective method to reduce cancer, as
the exposure of dogs to such environmental carcinogens is
generally quite limited, and at the same time, such expo-
sures might be unavoidable.

In humans, early identification of cancer via screening
of at-risk populations has led to effective treatment and
decreases in mortality. To extend this approach to dogs,
we are developing diagnostic tests to identify canine can-
cer as early as possible.'® However, testing for early detec-
tion and for risk assessment alone is insufficient. In order
to be ethical and valuable, the information from such test-
ing must be actionable. So, our goal is to pair each test
with a potential preventive solution that can eliminate the
cancer at its earliest stage. One example is the Shine-On
project'®*!0 (Figure 5), where we have developed a blood
test to detect rare events associated with the presence (or
risk) of hemangiosarcoma (a malignant tumor of blood
vessel-forming cells that is relatively common in dogs),
and which is meant to be used once dogs reach an age
where risk for this cancer is meaningful (i.e., older than
6 years).'>14217L72 Apother example from our group is a
serum exosomal mRNA signature associated with the pres-
ence of osteosarcoma'”* that is currently being investigated
for early detection in at-risk breeds of dogs. By design,
these early detection and risk assessment tests would be



Aging and Cancer"

SARVER ET AL. G\ iQZ;A on r
’ﬂg‘ g
@ Tumor Cell
& Tumor Associated Cell
®. Leukocytes
]
Fc
oo ‘ ”
‘:‘ 1'" eBAT Therapy
84
@ \ / il W \
N I
%4 Uty
I o /
- =

Inapparent, Blood draw Analysis Tumor Emerging

emerging associated tumor

tumor cells detected delayed

or eliminated
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and strategic cancer prevention. In this case, dogs that reach the age of increased cancer susceptibility are screened for the presence of

incipient or emerging hemangiosarcoma (a terminal tumor of blood vessel-forming cells) using the Shine-On suspicion (SOS) test. The SOS

test uses flow cytometry and artificial intelligence to enumerate rare hemangiosarcoma-associated cells in blood and to assign a level of risk.

Dogs at high risk would be eligible for targeted prophylaxis, for example, using the drug eBAT, with the intent to prevent or delay the

development of clinical hemangiosarcoma

paired with a preventive strategy, for example, the targeted
drug EGF bispecific angiotoxin (¢eBAT).!”*"'° This preven-
tive solution is based on eBAT’s safety profile, which jus-
tifies its use in otherwise healthy animals, and on its pro-
posed mechanisms of action to simultaneously eliminate
cancer stem cells and disrupt the tumor niche.”*""7 In this
way, eBAT may be effective in preventing or delaying the
emergence of cancer in healthy dogs determined to be at
high risk by eliminating emerging tumors before they ever
have a chance to develop. This proof-of-concept in dogs
would open the door to develop similar approaches for
people.'”® We recognize that these approaches may not be
the only or the definitive answer to cancer. But we are con-
vinced that these approaches, and others like them, will be
part of the solution. As we tilt the balance toward success-
ful prevention, though, we must remember that it is our
duty to support graceful aging. We must resist the siren’s
song of “longevity at any cost.” It is not wise, and it is not
evolutionarily sound.

3 | CONCLUSIONS

Our summation of the literature supports the concept that
the increased risk of cancer in humans and dogs is a con-

sequence of recent extensions of lifespan and body size
beyond evolutionarily determined cancer barriers. In the
short-term, we contend that the inevitability of cancer that
accompanies these extensions can and should be man-
aged by early detection and risk assessment. For exam-
ple, screening tests to detect cancer at its inception, before
it has become a clinical entity, could be implemented,
and paired with rational, strategic interventions such as
eBAT that can eliminate the cancer-initiating cell popula-
tions and/or make the environment inhospitable for tumor
growth. In the long-term, rather than wait for evolutionary
innovation, we should carefully consider whether practical
and ethical norms would allow engineering of extended
cancer-protective mechanisms into at-risk genomes, at
least in dog populations that have been rendered highly
vulnerable to cancer by artificial selection.
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ARTICLE INFO ABSTRACT
ATtiC’_e history: A hallmark of osteosarcoma in both human and canine tumors is somatic fragmentation and rearrange-
Received 28 October 2022 ment of chromosome structure which leads to recurrent increases and decreases in DNA copy number.
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The PTEN gene has been implicated as an important tumor suppressor in osteosarcoma via forward ge-
Accepted 19 May 2023

netic screens. Here, we analyzed copy number changes, promoter methylation and transcriptomes to bet-
ter understand the role of PTEN in canine and human osteosarcoma. Reduction in PTEN copy number

Keywords: was observed in 23 of 95 (25%) of the canine tumors examined leading to corresponding decreases in
Comparative genomics PTEN transcript levels from RNA-Seq samples. Unexpectedly, canine tumors with an intact PTEN locus
Osteosarcoma had higher levels of PTEN transcripts than human tumors. This variation in transcript abundance was
gﬁ:ﬁgl‘gatics used to evaluate the role of PTEN in osteosarcoma biology. Decreased PTEN copy number and transcript
Cancer level was observed in - and likely an important driver of - increases in cell cycle transcripts in four in-

dependent canine transcriptional datasets. In human osteosarcoma, homozygous copy number loss was
not observed, instead increased methylation of the PTEN promoter was associated with increased cell
cycle transcripts. Somatic modification of PTEN, either by homozygous deletion in dogs or by promoter
methylation in humans, is clinically relevant to osteosarcoma, because the cell cycle related transcripts
are associated with patient outcomes. The PTEN gene is part of a syntenic rearrangement unique to the
canine genome, making it susceptible to somatic loss of both copies of distal chromosome 26 which also
includes the FAS death receptor.
Significance Statement: PTEN function is abrogated by different mechanisms in canine and human os-
teosarcoma tumors leading to uncontrolled cell cycling. Somatic loss of this canine specific syntenic re-
gion may help explain why the canine genome appears to be uniquely susceptible to osteosarcoma. Syn-
tenic arrangement, in the context of copy number change, may lead to synergistic interactions that in
turn modify species specific cancer risk. Comparative models of tumorigenesis may utilize different driver
mechanisms.

© 2023 Published by Elsevier Inc.

Introduction

Osteosarcoma, the most common primary tumor of bone, is
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Fig. 1. Study Design identification of copy number and methylation driven transcriptional phenotypes in human and canine osteosarcoma.

[2-4], and somatic fragmentation and rearrangement of chromo-
some structure which leads to recurrent increases and decreases in
DNA copy number [5,6]. As a result, canine osteosarcoma is consid-
ered an excellent model for studying the genomic and biochemi-
cal events that govern disease progression. PI3K signaling has been
shown to be important for the development or progression of hu-
man osteosarcoma [7] and decreases in PTEN transcript are asso-
ciated with poor outcomes in human patients in a variety of can-
cers [8]. Despite differences in chromosome number (human=23,
canine=39) and syntenic alignment, many common somatic copy
number changes can be observed between human and canine tu-
mors (i.e, MYC amplification; loss of RB, DLG2, LSAMP) [5,9-11].
Loss of PTEN, a negative regulator of PI3K signaling, has been pos-
tulated as an important driver event in canine osteosarcoma. Sev-
eral independent studies have documented loss or reduction of
PTEN mRNA and protein expression, and DNA copy number loss
at the terminal end of canine chromosome 26 (CFA26) [12,6]. Pten
also contributes to osteosarcomagenesis in mice. We identified dis-
ruption of Pten as a recurrent event in forward genetic screens for
osteosarcoma [13,14]. However, neither mutation of PTEN, nor ho-
mozygous DNA copy number loss of the p arm of chr10 are re-
ported as strongly recurrent occurrences in human osteosarcoma,
suggesting that PTEN-deleted osteosarcomas of dogs and PTEN-
intact but “silenced” osteosarcomas of humans could represent
convergent tumor evolutionary mechanisms in histologically sim-
ilar cancers.

Transcriptional variation has been observed in osteosarcoma,
with increased levels of cell cycle transcripts being associated
with poor outcomes [15-17]. In prior work we used Gene Clus-
ter Expression Summary Score (GCESS) based dimensional reduc-
tion analysis of transcriptomic data to make statistical associations
between driver events and transcriptional patterns with datasets
of limited power, many of which have been validated externally
[17]. In this work we hypothesized that copy number changes and
or promoter methylation could be important drivers of conserved
transcriptional variation in osteosarcoma (Fig. 1). We show a clear
association between genomic loss of PTEN, reduced transcriptional
expression of PTEN and increased cell cycle transcripts in canine
tumors. Using a similar approach, we show that increased methy-
lation of a specific region of the PTEN promoter is similarly associ-
ated with increases in cell cycle transcripts in human tumors. Our
results indicate that disruption of PTEN mediated tumor suppres-
sion is primarily occurring by different mechanisms in canine and

human osteosarcoma tumors, and this knowledge is essential to
the use of canine tumors as a model system for understanding the
etiology of osteosarcoma.

Results

Homozygous deletion of the terminal end of CFA26 containing PTEN
in canine osteosarcoma

To investigate the significance of CFA26 deletions, and of PTEN
in particular, we investigated the peri-PTEN region in CFA26 in two
independent canine osteosarcoma whole exome sequencing (WES)
datasets (total n = 95) for which matched normal blood was avail-
able. The PTEN gene showed the largest decrease of any region
on CFA26 in both canine osteosarcoma datasets, but it was not
observed to be distinctly lost on human Chr 10 in a human os-
teosarcoma dataset (n = 59) (Supplemental Fig. 1). The PTEN locus
suffered prominent copy number decreases (less than 50% of that
observed in normal tissue) in 23/95 (25%) tumors. Both copies of
PTEN were lost in 18/95 (20%) tumors. The specific region of loss
of CFA26 was variable. Four tumors showed a focal deletion of the
PTEN gene, while 11 tumors showed patterns consistent with loss
of the entire distal end of both copies of CFA26 with a conserved
break point between the ZWINT gene (never lost) and the PCDH15
(first gene lost). The remaining eight tumors showed smaller re-
gions of contiguous deletion, including the PTEN gene (Fig. 2A). The
region lost in canines maps to 3 syntenic sequences in humans,
including 2 distant regions on Chr 10 as well as a region of Chr
22 (Fig. 2B). Loss of PTEN was observed in all breeds examined, in
both sexes and was independent of neuter status.

To compare loss of PTEN in canine and human disease we plot-
ted the CNV changes for PTEN in the 95 canine tumors and com-
pared them to the values observed in a set of 59 human tumors.
While PTEN copy-number changes have been reported sporadically
in human osteosarcoma [3], deep (homozygous) PTEN copy num-
ber loss is far more common in canine tumors (T-test P = 0.00082)
(Fig. 2C). To ensure that the differences observed were not an ar-
tifact of data quality among the datasets, the recurrently gained
gene MY(C(8) and recurrently lost genes RB1(9), DLG2(10) and
LSAMP(11) were plotted. Similar copy number changes, both gains
and losses were observed in the human and canine datasets
for MYC (T-test Pval=0.68), RB1 (T-test P = 0.78), DLG2 (T-test
Pval=0.38), while for LSAMP more loss was observed in the human
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Fig. 2. Loss of distal CFA26 region containing PTEN in canine osteosarcoma.

A) Somatic changes observed between normal tissue and canine osteosarcoma tumors are shown for the distal end of CFA26. The data has been log base [2] transformed
and genes shown in bright blue represent somatic loss, genes shown in black are unchanged between tumor and control, and genes that show somatic gain are shown in
yellow. B) The syntenic alignment between CFA26 and the human genome is shown. The canine lost region is orthologous to two distant separate regions on human chr10
and one region on human chr22. C)Values for tumor PTEN copy number are shown for canine samples in black and human samples shown in red. Values are log base 2
transformed and show the change observed in tumors relative to the copy number observed in blood from the patient. The T-test P-Value is shown for the comparison of
dog samples to human samples. D) The FPKM transcript level of PTEN observed in RNA-Seq samples derived from canine osteosarcoma is shown in black and from human
osteosarcoma is shown in red. The T-test P-Value is shown for the comparison of dog samples to human samples. E-F) For 25 of the canine and 34 of the human exome
samples we also had RNA-Seq data derived from sections of the same tumor. The CNV for PTEN is plotted on the X-axis and the FPKM level for PTEN is plotted on the y axis.
A high and significant correlation was observed for the canine samples which was not observed the human samples. The Pearson correlation coefficient and the P-value are

shown for the human and canine data.

samples (T-test Pval=0.000035) (Supplemental Fig. 2). We com-
pared the PTEN RNA transcript levels in human and canine bone
tumors. PTEN transcripts were uniformly low in human osteosar-
comas even though the available WES data suggests that most
tumors contained one or more copies of PTEN, suggesting that
other mechanisms silencing PTEN are operative and widespread
in human osteosarcoma (methylation and/or miRNA mediated
mechanisms) (reviewed in 5). Somewhat surprisingly, while some
canine tumors showed low levels of PTEN transcript similar to

those observed in human tumors, many of the canine tumors
showed higher PTEN transcript levels (T-test P = 0.000021)
(Fig. 2D)

RNAseq data were available for 25 of the canine samples which
also had WES data allowing us to directly examine the transcript
levels of PTEN as a function of the number of copies of the gene.
Tumors that had lost both copies of PTEN had very low PTEN tran-
script levels, while tumors which retained both copies of PTEN had
higher PTEN transcript levels (Fig. 2E). A strong Pearson correla-
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Fig. 3. PTEN copy number and transcript level drives cell cycle signature in canine tumors.

A)Heatmap of GSE87469 RNA-Seq data which contains osteosarcoma tumors, cell lines and osteoblasts quantified in FPKM units (n = 35) The dataset is normalized, log
transformed, mean centered and analyzed using GCESS analyses to define and score clusters of genes that covary, which are marked in the row annotation of each dataset.
The second inset contains a blowup of the heatmap containing the cell cycle cluster. The third inset contains the transcript levels of genes near and including the PTEN
gene. B) The PTEN copy number is plotted against the cell cycle GCESS score. C) The PTEN FPKM level is plotted against the cell cycle GCESS score. The Pearson correlation

coefficient and the P-value are shown for each of the plots.

tion R% value (R2=0.71, P = 0.000066) for PTEN copy number vs.
PTEN transcripts indicates that the association between copy num-
ber and transcript level was quite robust in the canine tumors. A
similar result was present for the FAS gene which is also found
in the distal region of CFA26 near PTEN but was not observed for
ZWINT which is located just outside the lost region (Supplemen-
tal Fig. 3). The two samples with the lowest PTEN transcript lev-
els were canine osteosarcoma cell lines, supporting the notion that
stromal cells (not derived from the tumor clone) contribute to the
overall levels of PTEN expression in bulk RNA-Seq from osteosar-
coma tissues. For the tumors that retained two copies of PTEN, the
number of transcripts was variable (Fig. 2E), suggesting that other
mechanisms that suppress PTEN mRNA expression are operative in
canine osteosarcoma, and these could be similar to those that re-
press PTEN expression in human tumors. In human samples direct
correlation was not observed between copy number and transcript
level (R2=0.22, P = 0.19), likely because deep deletions in PTEN
were not observed (Fig. 2F).

PTEN loss is associated with upregulation of transcriptional programs
that drive cell cycle progression and DNA damage repair in canine
osteosarcoma

PTEN is a well-known tumor suppressor and regulator of the
cell cycle that counterbalances the activity of PI3K and sup-
presses the AKT signaling pathway. We thus hypothesized that the
strong variation present in the transcript levels of PTEN in ca-
nine osteosarcoma might be responsible for regulating the tran-
scriptional signature for cell cycle progression that is associ-
ated with poor outcomes in canine disease [15,17]. Genes like
MKI67 and others are coregulated and make up the cell cycle
transcriptional programs. We used the GCESS dimensional reduc-
tion technique [17] to identify and score strong and conserved
transcriptional patterns, and to identify and quantify a cell cy-
cle (G2/M transition and DNA damage repair checkpoint) sig-
nature across the canine osteosarcoma samples (Fig. 3A). We
reasoned that if a pattern of association between PTEN copy
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Heatmaps are shown for genome-wide mRNA transcript levels for 3 additional canine osteosarcoma datasets A) CCOGC canine OS tumor tissue RNA-Seq dataset quantified
in read counts and quantile normalized generated for this publication (n = 44). B) TGEN tumor tissue dataset tissue RNA-Seq dataset quantified in counts and quantile
normalized (n = 24) C) GSE27217 a cell line and tumor tissue dataset generated using Affymetrix arrays. Each dataset was individually normalized, log transformed, mean
centered and analyzed using GCESS analyses to define and score clusters of genes that covary, which are marked in the row annotation of each dataset. On the basis of
conserved gene membership with previously defined cell cycle transcripts, the cell cycle cluster is marked in pink while the other defined clusters are shown in gray using
the threshold of Pearson correlation > 0.5 and more than 100 individual transcripts present. In the second panel of the heatmap the cell cycle cluster is blown up so that it
is clearly visible in each of the 3 datasets. In the third panel the levels of select genes from distal chr26 are shown including the PTEN tumor suppressor transcript. bD-F) The
PTEN transcript level is plotted on the x axis while the cell cycle GCESS score is plotted on the Y axis for each dataset. The Pearson correlation coefficient and the P-value

are shown for each of the plots.

number abundance and the cell cycle signature were robust,
a negative correlation would be apparent. A strong negative
correlation is present between the PTEN copy number and the
GCESS cell cycle score (R2=—0.61, P = 0.0016; Fig. 3B). FAS and
DKK1 also show negative correlation to the GCESS cell cycle score
but they are not as strong as what is observed with PTEN (Supple-
mental Fig. 4). Due to the correlation between copy number and
transcript level for PTEN, we further reasoned that the transcript
level of PTEN could serve as a surrogate marker for PTEN loss and
a negative correlation would exist between the GCESS cell cycle

score and the PTEN transcript level. A strong negative correlation
was also observed between the cell cycle GCESS scores and the
PTEN transcript levels (R2=—0.62, P = 0.00014; Fig. 3C) indicat-
ing that the decrease in PTEN transcripts due to loss of PTEN copy
number, is an important driver of the cell cycle transcripts in ca-
nine osteosarcoma.

To independently validate this finding, we examined 3 addi-
tional canine osteosarcoma datasets. We generated a new RNAseq
dataset for canine osteosarcoma samples obtained from the
Canine Comparative Oncology and Genomics Consortium, Inc. [18]
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(CCOGC, n = 44) and quantified it to read counts per gene. We ob-
tained a recently published dataset from Gardner and colleagues
[3] and used samples with read depths of ~100 million (n = 24)
for our analysis. We also utilized GSE27217(n = 34) [15] a canine
Affymetrix array gene expression dataset of cell lines and tumor
tissue. We used the GCESS approach to identify gene clusters with
correlation greater than 0.5 and more than 100 members. In each
dataset, the cell cycle cluster was clearly apparent (Supplemental
Table S1). Comparison of GCESS cell cycle scores to PTEN transcript
levels show strong negative correlation in each of the three inde-
pendent canine validation datasets (RZ=—0.56, —0.53, —0.52 and
P = 0.000084, 0.0073, 0.0016), even though the data was gener-
ated by different technologies and gene summarization approaches
(Fig. 4). These results are consistent with deletion of PTEN and re-
sulting loss of transcript being a driver of the increased cell cycle
signature in canine osteosarcoma. Other potential copy number-
regulated drivers, including MYC, RB1, and LSAMP did not show
consistent negative correlation with the cell cycle gene cluster as
we observed for PTEN at the copy number (Supplemental Fig. 4)
or at the transcript level (Supplemental Fig. 5) with the exception
of DLG2. DLG2 showed negative correlation at the CNV(R2=—0.58,
P = 0.0022) and transcript level (R2=—0.48, P = 0.0043) to the
cell cycle GCESS in our discovery dataset but did not replicate in
the three validation datasets. As a positive control and as a mea-
sure of the power available, ZWINT (an essential mitotic gene never
lost on CFA26 and member of the cell cycle cluster [19]) tran-
script levels were shown to be highly positively correlated to the
cell cycle score in all 4 canine datasets (R2=0.69, 0.61, 0.60, 0.77,
and P = 0.00001, 0.000015, 0.0021, 1.20e-07) (Supplemental Fig. 6).
While many factors likely influence the cell cycle status in canine
osteosarcoma cells including occasional loss of DLG2, abrogated
PTEN function due to somatic copy number loss appears to be
principal among them. While many transcripts are positively and
negatively correlated to the cell cycle signature, these results are
stronger than observational correlations between transcript expres-
sion patterns, and they approach the definition of causality due to
the connection between somatic copy number loss and transcript
level decreases.

To determine if comparable results to what we saw in dogs
could be observed in human osteosarcoma samples, we evaluated
the correlation between PTEN copy number as well as mRNA tran-
script level and the GCESS cell cycle transcripts in a dataset com-
posed of 105 samples from 3 datasets [7,17]. The negative correla-
tion was present using both copy number (R2=—0.34, P = 0.043;
Fig. 5A and B) and transcript level (R2=—0.37, P = 0.000054;
Fig. 5A and C), but the correlations were not as strong as what
was observed in dogs (Fig. 4A-C). We examined the other poten-
tial driver (MYC, RB1, LSAMP, DLG1) and canine chr26 lost genes
(FAS, DKK1) for correlation to the cell cycle score. None of these
showed negative correlation to the GCESS cell cycle score as strong
as what was observed for PTEN in the human data (Supplemen-
tal Fig. 4-5). As expected, ZWINT showed strong correlation to the
cell cycle score (R2=0.78, P = 8.6e-24; Supplemental Fig. 6) indi-
cating that sufficient power was available to detect functional re-
lationships within transcriptional programs in this dataset. These
results led us to hypothesize that PTEN promoter methylation may
be driving PTEN silencing and the reduced cell cycle signature in
human osteosarcoma tumors.

PTEN promoter methylation is associated with upregulation of
transcriptional programs that drive cell cycle progression and DNA
damage repair in human osteosarcoma

To determine whether PTEN promoter methylation had a role
in cell cycle progression we examined DNA methylation data for a
set of human tumors [20] for which we also had RNA-Seq tran-
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scriptional data. Examination of the PTEN promoter region be-
tween chr10:89,621,000-89,624,000 identified an unmethylated re-
gion corresponding to the CpG island as well as a variably methy-
lated region on the 5 edge of the CpG island (5’ shore) (exam-
ples in Fig. 5D and full data in Supplemental Fig. 7 and 8). In the
5’ shore methylated region between 89,621,400-89,621,700 methy-
lated CpG values were averaged. A wide range of average methyla-
tion values (1-80%) was obtained (Fig. 5D) corresponding to the
values present in Supplemental Fig. 8. We initially hypothesized
that the 5’ shore methylation pattern might be directly correlated
to the PTEN transcript level observed. While increased methylation
of the PTEN promoter 5’ shore was somewhat associated with de-
creased PTEN transcript levels (R2=0.38, P = 0.15) (Fig. 5E) this
result was still less explanatory than what was observed in dogs.
We further hypothesized that the variable PTEN promoter methy-
lation pattern might lead to decreased ability for PTEN transcript
response (i.e., inducibility) as a result of tumorigenic cell division.
If this was the case, tumors with increased PTEN 5’ shore promoter
methylation would be associated with higher cell cycle scores due
to their inability to respond transcriptionally to signals that would
lead to increased PTEN transcripts beyond basal homeostasis. We
observed a strong correlation for the comparison of the human
PTEN promoter 5’ shore methylation pattern to the cell cycle GCESS
score (R2=0.56, P = 0.026) (Fig. 5F). Together, our data indicate
that in human osteosarcoma PTEN promoter methylation is associ-
ated with uncontrolled cell division, while in canine tumors dele-
tion of the PTEN gene is associated with uncontrolled cell division.

Discussion

The importance of PTEN loss as a driver of human cancer is well
recognized [21], although its relevance has not been firmly estab-
lished in osteosarcoma. Here, we show that reduction or loss of
PTEN expression is a common event in canine and human osteosar-
comas, and more specifically, that PTEN transcript abundance is
strongly negatively correlated with a transcriptional program that
is activated during cell cycle progression. Our data also corroborate
that the genomic integrity and/or expression of FAS, DKK1, ZWINT,
MYC, RB1, and DLG2 play important roles in osteosarcoma prolifer-
ation.

For this study, GCESS-based scoring was used to clearly iden-
tify associations between copy number variation/gene transcript
abundance and transcriptional programs that are activated during
cell cycle progression. Furthermore, GCESS-based scoring has been
used to identify associations with outcome [17,22], tumor subtypes
[23,24] and driver events [25] in comparative oncology studies.
GCESS scoring was originally derived to minimize problems asso-
ciated with multiple testing and provide a single value to repre-
sent a group of highly correlated genes. Comparing the correla-
tions between PTEN and GCESS cell cycle scores to the correlation
between PTEN and all individual transcripts (which are combined
to generate the GCESS cell cycle score) indicates that GCESS score
correlations are stronger than the vast majority of individual tran-
scripts (Fig. 6). Further, the few individual transcripts which per-
form better than the GCESS scores are not consistent across each
of the experiments. We believe that the GCESS scores measure the
transcriptional state found within the tumor better than individ-
ual transcripts due to highly individually variable epigenetic and/or
transcript stability differences which are averaged out during the
creation of the GCESS score. Regardless of the rationale, these re-
sults strongly suggest that the GCESS scores have utility beyond
reduction of the multiple testing problem associated with genome-
wide transcriptional analyses and provide a direct route to identi-
fying the correct granularity for statistical analyses of gene expres-
sion data.
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A)Heatmap generated from the combination of 3 human osteosarcoma datasets including both tumors and cell lines. The dataset is normalized, log transformed, mean
centered and analyzed using GCESS analyses to define and score clusters of genes that covary, which are marked in the row annotation of each dataset. The second inset
contains a blowup of the heatmap containing the cell cycle cluster. B) The PTEN copy number is plotted against the cell cycle GCESS score. C) The PTEN FPKM level is plotted
against the cell cycle GCESS score. D) Methylation levels were obtained for CpGs in the promoter of PTEN in human tumors where RNA-Seq data was also available. Two
representative plots (one with low and one with high methylation) are shown of the observed genomic positions plotted relative to the percent methylation observed at
specific positions. A variably methylated region was identified (shown in blue) and the average methylation of the variable region was plotted for each tumor. E) Correlation
between the variably methylated region and the PTEN transcript level in 16 samples where both RNA-SEQ and CNV data was available from the same tumor. F) Correlation
between the variably methylated region and GCESS cell cycle score level in 16 samples where both RNA-SEQ and CNV data was available from the same tumor. Tumors with
increased methylation also showed increased cell cycle scores. The Pearson correlation coefficient and the P-value are shown for each of the plots.

While osteosarcoma is observed at significantly higher rates in
dogs than in humans, other PTEN-driven tumors do not show sim-
ilar incidence increases in canine tumors relative to human tu-
mors. Examination of the canine-human gene synteny (gene order)
may shed light on this observation. Our results indicate that two
syntenic blocks in the distal region of CFA26 are commonly lost
together in canine osteosarcomas. The first region maps to a 10
Mb region on human chr10, which contains PTEN (at 87.86 Mb)
and FAS (at 88.9 Mb). The second region also maps to chr10 and

contains DKK1 (at 52.31 Mb) and ZWINT (at 56.26 Mb). There is
a third synteny block immediately proximal to ZWINT that maps
to human chr22 (Fig. 2B). None of the genes in the ZWINT/chr22
synteny block of CFA26 were lost in any of the canine osteosar-
coma samples analyzed in this study. As was true for PTEN, we also
observed strong copy number decreases of FAS and DKK1 (Sup-
plementary Fig. 3) consistent with loss of both copies in approx-
imately 15-20% of the canine osteosarcomas analyzed; however,
like PTEN, neither gene showed strong copy number loss in any
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Fig. 6. PTEN transcript correlation to GCESS score consistently stronger than to individual transcripts that make up the GCESS score.

The negative correlation coefficient for the correlation between transcript level and the GCESS score is shown with a red dot for each dataset. Correlation was also calculated
between PTEN and each individual transcript that makes up the GCESS score for each dataset and the negative correlation is plotted. In all cases examined, the correlation
between PTEN transcript to the GCESS score is stronger than the vast majority of individual correlations between PTEN transcript and transcripts used to generate the GCESS
score. The label datal indicates that the correlation was derived from GSE87649, data2 is from the CCOGC samples, data3 is from the TGEN samples, data4 is from GSE27217

and data5 is from the human samples.

human sample. In contrast, copy number aberrations were unde-
tectable in the ZWINT gene in either canine or human osteosar-
comas (Supplementary Figure 3). ZWINT is an essential gene that
has a critical role in mitosis [19]. ZWINT is also a member of the
cell cycle gene cluster, so by definition, it is highly correlated with
the cell cycle signature in all the datasets examined. As an essen-
tial mitotic gene, it is likely that loss of ZWINT is not tolerated by
tumors, generating a recurrent breakpoint that is under strong se-
lection and allows tumors to continue to produce ZWINT, while at
the same time eliminating PTEN.

FAS and DKK1 copy number variation could independently con-
tribute to osteosarcoma progression. The FAS death receptor is in-
versely associated with human osteosarcoma metastasis; specifi-
cally, decreased levels of FAS protein were associated with metas-
tasis to the lung, whereas increased levels of FAS were protective
[26,27]. Tumors with focal deletions of FAS were also associated
with worse outcomes. In our analysis, FAS transcript levels were di-
rectly correlated with FAS copy number, and negatively correlated
to cell cycle signature, although less so than PTEN. Loss of FAS may
contribute to tumorigenesis via removing an apoptic pathway lead-
ing to increased likelihood of cell division or alternatively may be
associated with high cell cycle scores via close genetic linkage to
PTEN. DKK1 is a potent inhibitor of osteoblast proliferation. Specifi-
cally, increased levels of DKK1 protein suppress osteoblast prolifer-
ation while the absence of DKK1 leads to increases in the numbers
of osteoblasts [28,29]. Intriguingly, a negative correlation between
DKK1 copy number variation and cell cycle GCESS could be appre-
ciated in the canine tumors, but such a correlation was not present
for DKK1 transcript abundance and cell cycle GCESS in all of the ca-
nine datasets. While the presence of a correlation with copy num-
ber variation makes reduced effect of PTEN linkage over a larger
chromosomal distance unlikely, the lack of correlation with tran-
script abundance could be due to lower strength of selection seen
with loss of DKK1, or it could be due to the differences in resolu-
tion provided by variable depth of sequencing. In support of this
idea, the association between cell cycle GCESS score and the DKK1
transcript level was observable in the TGEN dataset which also had
the deepest sequencing.

Overall, this allows us to begin to generate a model for os-
teosarcoma tumorigenesis in the dog, where mutation of TP53
is an initial (or the critical) event in an osteosarcoma precur-
sor cell, which allows for genome degradation and homozygous
loss of distal chr26. Copy number loss of PTEN may mechanisti-
cally be occurring by two mechanisms, telomeric degradation or

chromothrypsis. The large number of copy number changes (both
gains and losses) observed in OS outside of telomeric regions sug-
gest that chromothrypsis is a more likely mechanistic rational for
the loss of PTEN in canines. Alternatively, acquisition of telomerase
activity as has been reported in canine OS [30] may also stabilize
telomeric degradation following loss of PTEN. Loss of PTEN leads to
increased cell division; loss of FAS decreases apoptosis; and loss of
DKK1 may lead to increased proliferation of the tumor cell within
the osteoblast lineage. We propose that the organization of the ca-
nine genome following syntenic rearrangements during speciation
left dogs (and possibly other canids) uniquely vulnerable to os-
teosarcoma due to the colocalization of several genes that can be
lost together with PTEN in a subtelomeric region, creating a perfect
storm for bone tumorigenesis. While these changes can provide the
recipe for bone cancer, it is apparent that two other requirements
are excessive proliferation (to create the bone mass of large and gi-
ant dogs), as well as longevity with its consequent increase in cell
division events, potential genotoxic exposures, and development of
a permissive environment for oncogenesis [31], since osteosarcoma
does not appear to be a common cancer in large wild canids that
have shorter lifespans than most domestic companion dogs.

These events do not happen in humans because the loci encod-
ing these genes are not in the distal area of a small chromosome,
but rather they exist in less vulnerable regions of the genome and
are susceptible to regulation via methylation. The PTEN 5’ shore
promoter methylation region in human tumors does not show a
strong association with the transcript level of PTEN. Rather, the
5 shore methylated region may control a number of cell cycle-
responsive binding sites, including transcriptional response ele-
ments that regulate the PTEN transcript, which then may be un-
able to be induced in response to stimuli that demand cell cycle
control or cell cycle arrest. In support of this concept, binding sites
for GATA, ZIC and KLF family transcription factors are within the
differentially methylated region [32]. Alternatively, the methylated
region may regulate expression of the KLLN gene, which is tran-
scribed in the opposite direction from PTEN and has been shown to
be a tumor suppressor [33]. H3F3A mutations have been reported
to lead to increased methylation of the KLLN/PTEN promoter re-
gion in human osteosarcoma [34]. Further, KLLN promoter methy-
lation can be observed in the germline DNA of Cowden syndrome
patients [35]. Cowden syndrome is a rare disease associated with
increased risk of tumor formation as well as benign hamartoma-
tous overgrowth and is associated with mutations of the PTEN gene
[36].
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Our results unify a number of outcome associations [15,17,37-
39] and suggest that they are all based on a common pattern of
tumor behavior: variation in PTEN transcript levels allowed us to
directly elucidate the likely function of the Pten tumor suppressor
protein in canine osteosarcoma, presumably due to the decreased
genetic heterogeneity present in dog breeds (as compared to hu-
mans). In this regard, the utility of canine osteosarcoma as a model
for human osteosarcoma may be limited, as one must rectify the
different, albeit convergent driver mechanisms of tumorigenesis
in both species. Specifically, treatments intended to restore PTEN
function, such as through epigenetic recovery of PTEN transcript
expression, would be ineffective in many dogs but could be highly
effective for most humans. Conversely, dogs can provide outstand-
ing models to develop treatments that leverage the common ab-
sence of a gene and/or its corresponding protein product, for ex-
ample, FAS (Fas), where we previously demonstrated that dogs
whose tumors were Fas-deficient were able to generate strong im-
munity to neoadjuvant therapy with adenovirus-Fas ligand [40,41].

And while our results provide a working hypothesis for the
observed increased rate of osteosarcoma in dogs, they also sug-
gest a potential solution. Engineering an essential gene to a loca-
tion on distal chr26 or alternatively identifying a synthetic lethal
drug interaction with a gene lost on distal chr26 (as has been pro-
posed for the MTAP gene near CDKN2A deletions [42]) may lead to
decreased incidence and improved treatment of canine osteosar-
coma. Understanding how changes in gene order and chromoso-
mal location contribute to cancer risk may also allow for better
understanding and decreasing cancer risks inherent in the human
genome.

In summary, our work shows that distinct mechanisms of PTEN
inactivation occur in dogs and in humans, and they highlight con-
vergent molecular events that drive cell division in the pathogen-
esis of osteosarcoma. Awareness of these differences is critical to
utilization of the dog as a model for human disease.

Methods

This work aimed to use informatic analyses to understand how
molecular drivers of tumorigenesis impact transcriptional variation
in osteosarcoma. Genomic regions implicated in osteosarcoma via
forward genetic screens and prior biological knowledge were ex-
amined to identify where copy number changes were associated
directly with transcriptional patterns. Associations between onco-
gene/tumor suppressor transcript levels and transcriptional pat-
terns were then identified and validated in 3 additional datasets.
Knowing that somatic copy number change was responsible for
the variation observed at the transcript level allows the infer-
ence that oncogene/tumor suppressor transcript level changes are
likely causal for the associations observed. Genome-wide methyla-
tion data was then used to look for associations between promoter
methylation status, transcript level and GCESS patterns in human
data. (Fig. 1)

Canine tumor samples used for exome analyses

Twenty-seven samples representing six golden retrievers, 12
rottweilers, one greyhound and eight dogs from six other breeds
were selected from the Animal Cancer Care and Research Program
(ACCRP) tumor biorepository. These specimens were obtained un-
der protocols approved by either the University of Minnesota’s
Institutional Review Board or Institutional Animal Care and Use
Committee (protocol numbers 0802A27363, 1101A94713, 1312-
31131A) or the University of Colorado Institutional Review Board or
Institutional Animal Care and Use Committee (AMC 635,040,202,
AMC 200201jm, AMC 2002141jm, 02,905,603(01)1F, and COMIRB
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06-1008). Additionally, 70 samples representing 23 golden retriev-
ers, 23 rottweilers, and 24 greyhounds were retrieved from a pre-
viously published study [2]. These 70 samples were provided by
the Pfizer Canine Comparative Oncology and Genomics Consor-
tium (CCOGC) Biospecimen Repository and were collected accord-
ing to protocols approved by the seven institutions participating in
CCOGC sample collection. Selection from both sources (CCOGC and
ACCRP) included a purposeful over-representation of three breeds
to increase the likelihood of detecting recurrent somatic changes,
and it added representation of additional breeds to assess the po-
tential for wider distribution of somatic changes across breeds.
For inclusion, cases needed to include fresh frozen tumor sam-
ples with a definitive, histological diagnosis of osteosarcoma that
were collected as part of a medically necessary procedure (biopsy,
amputation for local tumor control, or necropsy), and also have a
paired EDTA-anticoagulated peripheral blood sample collected at
the same time as the tumor. ACCRP samples were further selected
to represent diversity of age (seven dogs younger than 3 years old,
13 dogs aged between 3.1 and 8.9 years old, and seven dogs older
than 9 nears old). As expected, based on the anatomical distribu-
tion of canine osteosarcomas, 13 tumors originated in the fore-
limbs and eight tumors originated in the hindlimbs. Tumor loca-
tion was not specified for six tumors.

Canine tumor samples used for RNA-Seq analyses

One hundred and six samples were provided by the Pfizer
CCOGC Biospecimen Repository. Sixty-two samples with a defini-
tive, histological diagnosis of osteosarcoma were selected for RNA
sequencing based on the availability of sufficient frozen tissue
(>50 mg), treatment information, and follow-up data. RNA from
43 of the 62 samples had RNA integrity numbers (RIN) >6, and
these were included in the final selection for next-generation RNA
sequencing.

Sample preparation

DNA was extracted using either the QIAGEN QIAamp DNA mini
kit or the QIAGEN DNeasy® Blood and Tissue kit. RNA was ex-
tracted using the Ambion miRvana kit.

Exome capture

The Roche Nimblegen SeqCap-EZ capture canine exome kit was
used for exome capture, following the manufacturer’s protocol.

Sequencing

Sequencing libraries for tumor, normal DNA,and from tumor
RNA were prepared as previously described [2,17]. The barcoded
exome-captured libraries were multiplexed in pools of eight and
sequenced on the Illumina HiSeq 2500 to a target depth of 60x for
tumor DNA and 30x for normal germline DNA. RNA libraries were
similarly multiplexed and sequenced on the Illumina NovaSeq to a
depth >30 million reads per sample.

Human exome datasets

Human exome sequencing data was obtained from db-
Gap:phs000699.v1.p1(5).

Exome data read alignment
Reads were aligned to the human or CanFam3.1 reference

genome via the SpeedSeq pipeline [43]. Somatic copy num-
ber changes were calculated between canine and human normal
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(PBMC) tumor pairs using Varscan v2.4.3 [44]. Varscan copynum-
ber was run on pileup data generated by samtools mpileup [45] to
generate raw copy number ratios and GC content. Copy number
ratios are log2 ratios of tumor depth compared to normal depth.
Varscan copyCaller was used to make final copy number calls nor-
malized for GC content. These copy number changes were then
collapsed into larger segments using CNA.smoothed from the bio-
conductor R library DNAcopy. Bedtools intersectBed was used to
assign copy number ratios to each protein coding gene from the
ensembl annotation for each genome.

Transcriptome data read alignment

CCOGC RNA-Seq was mapped to the CanFam3.1 genome with
Hisat2 [46] and FeatureCounts [47] was used to generate raw
counts per gene.

Additional canine RNA-Seq datasets

TGEN RNA-Seq data was obtained from the authors in counts
for 24 samples with read depths of ~100 million data [3]. Addi-
tionally, RNA-seq dataset GSE87649 and array data GSE27217 were
downloaded from GEO.

Human RNA-Seq datasets

Human OS RNA-Seq datasets GSE87624 [17], db-
Gap:phs000699.v1.p1 [7] and additional datasets(17) were an-
alyzed as previously described [17] generating FPKM based
summarizations of the transcript levels.

RNA-Seq analyses

For the FPKM summarized RNA-Seq data the value of 0.1 was
added to all values to minimize the effects of dividing by very
small numbers. For the count summarized data the value of 3 was
added to the CCOGC data and the values of 30 was added to the
TGEN data for the same rational. Datasets summarized to FPKM
values were used without additional normalization. Count based
datasets were additionally normalized using quantile normaliza-
tion. Cluster 3.0 (C Clustering Library 1.52) was used to log, trans-
form and gene-mean-center the data, select genes with SD > 0.8
and then perform hierarchical average linkage clustering using the
Pearson similarity metric. Gene clusters with a dendrogram node
correlation > 0.50 and at least 100 individual genes were identified
in each of the datasets. The GCESS is defined as the sum of expres-
sion values (log,-transformed and mean centered) of all genes in a
particular defined cluster for a single sample. The GCESS quantifies
transcriptional variation between tumors. It takes many correlated
individual transcript data points and condenses them into a single
value [17].

Bisulfite-seq data

Bisulfite conversion, library preparation and target region cap-
ture were carried out using SeqCap Epi on DNA extracted from
human OS samples (n = 24) [20]. On average 48 million Paired
end 125 base Illumina reads were generated, aligned to a bisul-
fite converted human (hg19) genome and methylation frequencies
were calculated at CpG sequences across the dataset as previously
described [20]. CpG sequence methylation frequencies correspond-
ing to the PTEN promoter region were extracted from the dataset
for tumors(n = 24). Promoter methylation frequencies were further
analyzed in tumors (n = 16) from GSE87624 where RNA-Seq data
was also available derived from the same tumor.
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Data analyses and figure generation

The R programming language [48] was used to analyze all data,
carry out statistical analyses, and generate all figures.
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Osteosarcoma is a devastating bone cancer that disproportionally afflicts children,
adolescents, and young adults. Standard therapy includes surgical tumor resection
combined with multiagent chemotherapy, but many patients still suffer from metastatic
disease progression. Neoadjuvant systemic oncolytic virus (OV) therapy has the
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potential to improve clinical outcomes by targeting primary and metastatic tumor sites
and inducing durable antitumor immune responses. Here we described the first
evaluation of neoadjuvant systemic therapy with a clinical-stage recombinant oncolytic
Vesicular stomatitis virus (VSV), VSV-IFNB-NIS, in naturally occurring cancer,
specifically appendicular osteosarcoma in companion dogs. Canine osteosarcoma has
a similar natural disease history as its human counterpart. VSV-IFNB-NIS was
administered prior to standard of care surgical resection, permitting microscopic and
genomic analysis of tumors. Treatment was well-tolerated and a “tail” of long-term
survivors (~35%) was apparent in the VSV-treated group, a greater proportion than
observed in two contemporary control cohorts. An increase in tumor inflammation was
observed in VSV-treated tumors and RNAseq analysis showed that all the long-term
responders had increased expression of a T-cell anchored immune gene cluster. We
conclude that neoadjuvant VSV-IFNB-NIS is safe and may increase long-term
survivorship in dogs with naturally occurring osteosarcoma, particularly those that
exhibit pre-existing antitumor immunity.
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Abstract

Osteosarcoma is a devastating bone cancer that disproportionally afflicts children, adolescents,
and young adults. Standard therapy includes surgical tumor resection combined with multiagent
chemotherapy, but many patients still suffer from metastatic disease progression. Neoadjuvant
systemic oncolytic virus (OV) therapy has the potential to improve clinical outcomes by
targeting primary and metastatic tumor sites and inducing durable antitumor immune responses.
Here we described the first evaluation of neoadjuvant systemic therapy with a clinical-stage
recombinant oncolytic Vesicular stomatitis virus (VSV), VSV-IFNB-NIS, in naturally occurring
cancer, specifically appendicular osteosarcoma in companion dogs. Canine osteosarcoma has a
similar natural disease history as its human counterpart. VSV-IFNB-NIS was administered prior
to standard of care surgical resection, permitting microscopic and genomic analysis of tumors.
Treatment was well-tolerated and a “tail” of long-term survivors (~35%) was apparent in the
VSV-treated group, a greater proportion than observed in two contemporary control cohorts. An
increase in tumor inflammation was observed in VSV-treated tumors and RNAseq analysis
showed that all the long-term responders had increased expression of a T-cell anchored immune
gene cluster. We conclude that neoadjuvant VSV-IFNB-NIS is safe and may increase long-term
survivorship in dogs with naturally occurring osteosarcoma, particularly those that exhibit pre-

existing antitumor immunity.
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Introduction

Osteosarcoma is a devastating bone cancer that primarily affects children, adolescents, and
young adults, occurring most commonly in the long bones of the limbs.! Standard treatment for
patients diagnosed with osteosarcoma is definitive tumor resection with limb-sparing surgery
elected where possible, combined with multi-agent chemotherapy administered in the
neoadjuvant and adjuvant settings. These protocols were developed over 40 years ago, achieving
a 5-year survival rate of approximately 60%.'> Many patients have inoperable metastases
(commonly in the lung) and mortality is often due to progression of pre-existing or new sites of
metastatic disease. Patients who are refractory to frontline treatment or are diagnosed with
metastatic osteosarcoma have a very poor prognosis.’ Treatment modifications tested to date
have failed to have a major impact on clinical outcomes. Thus, there is an unmet clinical need for
treatments that improve outcomes for osteosarcoma patients. Development of new treatments is
hampered by the rarity of this malignancy. Naturally occurring canine cancer represents a
clinically relevant model that can recapitulate the spontaneous development and heterogeneity
present in human cancer.* Osteosarcoma is a common malignancy in dogs with similar clinical
presentation and natural history as in humans. Osteosarcoma treatment in dogs includes surgical
amputation of the affected limb and adjuvant chemotherapy.® Also as in humans, despite removal
of the primary tumor, most dogs develop pulmonary metastases and succumb to the disease;

however, in dogs this typically occurs in less than 1 year.

Oncolytic viruses (OVs) are engineered to selectively kill tumor cells and recruit immune cells to
tumor sites.” Vesicular stomatitis virus (VSV) expressing interferon-beta (IFNB) and the sodium
iodide symporter (NIS), referred to henceforth as VSV-IFNB-NIS, is a clinical-stage recombinant

OV that is currently being tested as a systemic therapy for patients with advanced solid tumors
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and hematologic malignancies both as a monotherapy and in combination with immune
checkpoint inhibitors.®® Preclinical studies showed that systemically administered VSV infected
and amplified selectively in tumor cells inducing tumor cell death, antitumor immune responses,
and durable tumor remission in murine tumor models.'%!* Antitumor activity of systemic VSV
therapy was also demonstrated in naturally occurring cancer in dogs. Single dose systemic VSV-
IFNB-NIS therapy was well tolerated with clinical remissions of disseminated lesions observed
in two dogs with lymphoma and disease stabilization in a dog with metastatic osteosarcoma.'*
These early clinical responses were also notable because most of the dogs had received prior
treatments (mainly chemotherapy) and were enrolled after diagnosis with advanced refractory or
relapsed disease. Our goal in this study was to evaluate the use of systemic VSV-IFNB-NIS
therapy in the neoadjuvant setting in dogs with newly diagnosed, localized osteosarcoma.
Systemic OV therapy administered in the neoadjuvant setting has the potential to target and kill
malignant cells in primary and metastatic tumor sites, inducing inflammation in intact tumors to
generate antitumor immune responses that persist after surgical interventions to improve clinical
outcomes following standard of care treatment.'> Due to the prevalence of metastatic pulmonary
recurrence in canine (and human) osteosarcoma, we hypothesized that systemic VSV therapy
administered in the neoadjuvant setting has the potential to improve clinical outcomes following
standard therapy for osteosarcoma. We launched the VIGOR study (VSV Immunotherapy and
Genomics of Osteosarcoma Research) to test the safety, efficacy, and immunomodulatory effects
of neoadjuvant intravenous VSV-IFNB-NIS therapy in dogs with localized appendicular

osteosarcoma.
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Results

Oncolytic VSV Kkills canine osteosarcoma cells in vitro

Type I interferons, including IFN, activates antiviral innate immune responses in normal cells.
Oncolytic VSV expressing IFN has been shown to selectively replicate within and kill a variety
of tumor cells due to impaired innate immune responses.'®'® We previously generated and
characterized a recombinant VSV expressing canine IFNP and NIS (VSV-cIFNB-NIS) for use in
veterinary clinical trials in dogs.!* We evaluated the replication and oncolytic activity of
recombinant VSV vectors, VSV-GFP, VSV-hIFNB-NIS (VSV expressing human IFNf), and
VSV-cIFNB-NIS in canine osteosarcoma cell lines (OSCA-78, OSCA-08, and OSCA-40) in
vitro. Evaluation of VSV expressing canine and human IFN in canine osteosarcoma cells
permits comparison of the effect of VSV expressing active canine IFNP in canine cells. The VSV
vectors replicated in all three canine osteosarcoma cell lines, with VSV-IFNB-NIS vectors
having ~1-log lower maximal titer compared to VSV-GFP. VSV-IFNB-NIS (expressing both
human and canine IFNp) replication resulted in tumor cell killing with similar potency as VSV-
GFP resulting in <50% viability ~48 hours post infection (Figure 1). These data confirm that
canine osteosarcoma cell lines are susceptible to VSV infection and oncolysis and expression of

canine IFN does not attenuate VSV replication and oncolysis in canine osteosarcoma cell lines.

Screening and enrollment to the VIGOR study

The VIGOR (VSV Immunotherapy and Genomics for Qsteosarcoma Research) study outline is
shown in Figure 2. A total of 41 dogs were fully screened for enrollment in the VIGOR study of
the 144 inquiries received (Supplemental Figure S1). Of the dogs screened, 13 were excluded.

Twelve of these did not meet eligibility criteria due to documentation of metastatic disease on
Page 6 of 37
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screening diagnostics (n=4), clinical suspicion or diagnosis of a different cancer (n=4), evidence
of a pathologic fracture (n=3), or concurrent metastatic disease and pathologic fracture (n=1).
One screened dog was not enrolled because the owner declined to participate. The study enrolled
a total of 28 dogs over a period of 30 months (June 2016 to January 2019) with demographic
characteristics of the dogs enrolled in the VIGOR study, as well as the contemporary control
comparison populations, shown in Table 1. All dogs had an initial diagnosis of sarcoma of an
appendicular bone based on a pre-treatment bone biopsy. This was a fixed-dose study with the
first 15 dogs receiving one dose of 1x10° TCIDso/kg neoadjuvant VSV-cIFNB-NIS under an
open label design. After the safety of systemic neoadjuvant VSV-cIFNB-NIS was documented,
the next 13 dogs were randomized in a double-blinded fashion to receive a single dose of either
intravenous VSV-cIFNB-NIS (n=7) or placebo (PBS, n=6). All dogs were subsequently treated
with standard of care and underwent amputation of the affected limb and removal of the
associated lymph node(s) 10 days after receiving VSV-cIFNB-NIS or placebo. Faxitron imaging
was performed on the amputated limb to guide sample collection (Supplemental Figure S2).
Pathological analysis of resected tumors confirmed primary osteosarcoma in 26 dogs, but the
diagnoses in two dogs were subsequently revised: one (treated with VSV in the open label
portion of the study) was diagnosed with intramedullary hemangiosarcoma at amputation, and
the other (randomized to receive placebo) was diagnosed with intramedullary

rhabdomyosarcoma at necropsy.

VSV-cIFNB-NIS treatment is safe and is associated with prolonged survival in a subset of

dogs with non-metastatic appendicular osteosarcoma
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No clinically significant laboratory abnormalities were observed following VSV administration.
About half the treated dogs developed a transient fever (> 1.5°C increase in body temperature)
that resolved without intervention within 72 hours post infusion (not shown). Transient
hepatotoxicity and lymphopenia are commonly observed following intravenous VSV infusion.®!*
As expected, mild lymphopenia was observed in some dogs following VSV infusion that
resolved spontaneously (Supplemental Figure 3). There were no severe adverse events (AEs)
directly attributable to VSV-cIFNB-NIS. Three dogs that were treated with VSV (two open-label
and one randomized to receive VSV) had reportable AEs that were considered independent from
the expected side effects of chemotherapy (Supplemental Table S1), including one case each of
pneumonia, facial nerve paralysis, and hypovolemic shock after amputation. The latter were
post-surgical complications that resulted in death of the dog and likely not related to VSV-

cIFNB-NIS administration.

Clinical efficacy endpoints evaluated included event free survival (EFS) and overall survival.
Overall survival for dogs in the VIGOR study roughly segregated into 3 populations with a “tail”
of 7 dogs that were “long-term” survivors. The group of long-term survivors includes 4 dogs that
are still alive at the time of this report including three dogs with osteosarcoma (two treated with
VSV and one randomized to receive placebo) and one with hemangiosarcoma of bone (treated
with VSV). Three dogs were excluded from the survival analysis: two dogs that eventually
received a histopathologic diagnosis other than osteosarcoma (one rhabdomyosarcoma of bone
(placebo-treated) and one hemangiosarcoma of bone (VSV-treated)) and one dog that died
immediately after surgery due to hypovolemic shock (VSV-treated), yielding a cohort of 20
evaluable VSV-cIFNB-NIS treated dogs. The clinical information, treatment categories, and

survival data for each individual dog enrolled in VIGOR are shown in Supplementary Table S2.
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EFS and overall survival for these evaluable dogs were compared to two contemporary control
cohorts of dogs with appendicular osteosarcoma with no evidence of metastasis. The first cohort
(n=57) included dogs seen at the University of Minnesota (UMN) VMC between July 2011 and
July 2018, where there was intent to treat with standard-of-care surgery and adjuvant carboplatin
chemotherapy, and that had a successful limb amputation and completed at least one cycle of
adjuvant chemotherapy. The second control cohort was from a study recently published by the
National Cancer Institute’s Comparative Oncology Trial Consortium (NCI-COTC) and included
157 dogs between November 2015 and February 2018 enrolled at 18 sites around the United
States that were treated with standard-of-care surgery and adjuvant carboplatin chemotherapy.'’
The NCI-COTC national multicenter comparison cohort was made available as a control dataset
for evaluation of novel neoadjuvant or adjuvant treatments for osteosarcoma. Comparison to
control cohorts showed that neoadjuvant VSV-cIFNB-NIS therapy did not markedly improve EFS
or overall survival (Figure 3A), but importantly did not worsen survival outcomes. Based on the
NCI-COTC control cohort, “long-term” survivorship was defined as overall survival that
exceeded the 75th percentile value of the NCI-COTC cohort (479 days). The UMN VMC control
cohort had, as expected, 26% of dogs that exceeded an overall survival of 479 days. The VIGOR
cohort had a higher-than-expected proportion of long-term survivorship with 35% of dogs
exceeding an overall survival of 479 days (Figure 3B), though the sample size lacked the power to

establish that this difference was not due to random chance with a high level of confidence.

Histopathological assessment of osteosarcoma tumors shows an increase in tumor
inflammation following VSV treatment
Pre-treatment tumor biopsies and post-treatment amputation-resected tumor samples were

scored based on tumor necrosis, inflammation, and fibrosis (supplemental table S3). Tumor
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histopathologic evaluation showed areas of moderate to severe ischemic necrosis, as is typically
observed in rapidly growing osteosarcoma lesions, in both VSV-cIFNB-NIS-treated and placebo-
treated cases; however, the tumors of 10 of 22 VSV-cIFNB-NIS-treated dogs had distinctive
areas of micronecrosis that were not consistently present in placebo-treated tumors
(Supplemental Figure S4). Inflammatory infiltrates were scored in pre-treatment and post-
treatment tumor specimens. Higher tumor infiltration score (TIS) was observed in post-treatment
tumor specimens from VSV treated dogs compared to pre-treatment tumor biopsies, while
similar increases were not observed in tumor specimens from placebo treated dogs (Figure 4A).
Matched pre- vs post-treatment tumor specimens were available for assessment of intratumoral
inflammatory infiltrate for half of the enrolled dogs showing a significant increase in TIS in post-
treatment tumors compared to baseline (Figure 4B, P=0.0027). These results are encouraging but
must be interpreted with caution given the small cohort size and the small number of dogs
enrolled in the placebo group.

Regional lymph nodes were evaluated in 27/28 dogs; the associated lymph node could not be
found after amputation in one case (from a dog randomized to receive VSV). Two of the 27
cases evaluated had evidence of osteosarcoma metastasis in the lymph node, and the remaining
25 were negative for metastasis. One of the two dogs with lymph node metastasis at the time of
amputation had shortened survival and was euthanized 64 days after surgery, with metastasis
present throughout the abdomen and thorax on necropsy. Interestingly, the other dog with lymph
node metastasis had prolonged survival and was still alive at the time of this report. Both cases

with documented lymph node metastasis were treated with VSV.
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Virus pharmacokinetics

Monitoring viremia, virus shedding, and antiviral antibodies showed similar trends to previous
studies evaluating intravenous VSV therapy in dogs.'* Viral RNA was detectable in whole blood
samples at high quantities for the first 24 hours following infusion, with virus localizing
primarily to PBMCs (Figure 5). Decay of viral RNA in blood coincided with an increase in
detection of anti-VSV neutralizing antibodies, indicative of antibody-mediated virus clearance
(Supplemental Figure S5). Infectious virus was detectable in PBMC samples at low quantities
(below the limit of quantification) only at 1 hour post systemic VSV administration and no
infectious virus was detected in PBMC samples collected after the 1h timepoint (data not
shown). Virus shedding studies showed no detectable infectious virus in urine, rectal swab, or
buccal swab samples, though viral RNA was detectable at low levels in some samples as shown
(Supplemental Figure S6). Viremia, virus shedding, and neutralizing antibodies were measured
in samples from two placebo-treated dogs showing no detectable viral RNA in blood or shedding
samples, and no antiviral antibodies providing relevant negative controls in our pharmacokinetic
analyses (data not shown). RNA from tumor specimens collected 10 days following VSV or
placebo treatment showed detection of VSV RNA in bone tumor specimens from 2 of 22 VSV-
treated dogs (supplemental table S4). The dose dependent efficacy of systemic VSV therapy'!,
the low amount and brief period that infectious virus was detectable, and the excellent safety of
VSV infusion in this fixed-dose study collectively suggest higher doses of VSV-IFNB-NIS can

be safely administered in this treatment setting to potentially improve clinical response.

Pre-treatment immune infiltration is associated with longer overall survival
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Acute cytokine responses were measured in the first 15 dogs enrolled and showed a transient
elevation in several pro-inflammatory cytokines between 3 and 6 hours following VSV
administration (Supplemental Figure S7). Three dogs that were long-term responders to VSV
treatment, including the one diagnosed with hemangiosarcoma of bone, had high GM-CSF, IL-2,
IL-7, and IL-15 levels at baseline.

Samples were examined for evidence of an immune component in the tumor response using
next-generation RNA sequencing. Specifically, we used the gene cluster expression summary
score (GCESS) method to summarize co-regulated gene clusters in tumor samples and their
association with outcome.?® Pre- and post-treatment samples from primary osteosarcoma and
metastatic osteosarcoma tumors grouped together, separate from both the cell lines derived from
the pre-treatment tumors as well as from normal skin biopsy samples obtained from the same
dogs at the time of amputation. Fourteen gene clusters were identified and were apparent in
unsupervised hierarchical clustering heatmaps (Figure 6A-B), including a skin specific cluster
(Figure 6C), as well as immune 1 (Figure 6D), immune 2 (Figure 6E), and cell cycle (Figure 6F)
gene clusters previously identified in canine and human osteosarcoma.?’ The distributions of cell
cycle and immune GCESS across tumor samples, cell lines, and skin biopsy samples were as
predicted, with no immune transcripts identified in osteosarcoma cell lines. VSV treatment did
not notably impact the GCESS score of pre- versus post-treatment tumor specimens (Figure 6G-
J). When we analyzed the association between GCESS and survival, we observed that the dogs
with the highest pre-treatment immune 2 (T-cell) GCESS had longer survival times (Figure 7).
This relationship was not observed for the CD37-positive monocyte-related GCESS, and
somewhat surprisingly, it was also not evident for the cell cycle GCESS (Figure 7B-D). Upon
comparison of the VIGOR cohort to a contemporary CCOGC cohort with available canine

osteosarcoma RNAseq data (n=23, Supplemental Figure S8)*!, we noted that a higher immune
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GCESS was associated with a longer progression-free survival in both groups, but that this effect
was larger in the VSV-treated group. In the CCOGC cohort, all the dogs with longer survival had
a higher T-cell anchored GCESS, but not all the dogs with higher CD8 GCESS had longer
survival (Supplemental Figure S8C — see overlapping box plots); in the VIGOR group, all of the
dogs with higher T-cell GCESS had longer survival (Figure 7E — see non-overlapping VSV high
and VSV low box plots). The Kaplan-Meier Survival curve, showing increased overall survival
in the VSV-treated dogs in the VIGOR group when compared with CCOGC cohort where RNA

sequencing was available, is shown in Supplemental Figure S9.

Discussion

Oncolytic viruses, including VSV, can selectively infect, replicate within, and kill tumor cells,
promoting release of tumor associated antigens to drive robust anti-tumor immune responses.”-*?
This approach is of particular interest in osteosarcoma, a genomically chaotic cancer, albeit with
a low overall mutational burden and where recurrent mutations across the patient population are
uncommon.**?* Clinical studies evaluating oncolytic viruses to date have limited evaluation of
the immune responses following treatment and highlight the need to identify and investigate
biomarkers of clinical response.2® Here we describe the safety and efficacy of intravenous VSV-
IFNB-NIS therapy in naturally occurring canine appendicular osteosarcoma, a model utilized to
inform development of new treatments for human osteosarcoma.® Studies in spontaneous canine
cancer supported clinical translation of VSV-IFNB-NIS, a clinical-stage oncolytic virus that is
being evaluated for the treatment of both solid tumors and hematologic malignancies.®’ The

major goals of this study were to establish the safety and clinical utility of VSV-IFNB-NIS

administered in the neoadjuvant setting in dogs with osteosarcoma, and to utilize correlatives

Page 13 of 37



295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

studies in this spontaneous model to identify potential biomarkers of efficacy to oncolytic VSV
therapy. Previous studies indicate that both safety and therapeutic response following systemic
VSV therapy is dose dependent.'!?” In this study, we documented the safety profile of systemic
therapy with VSV-cIFNB-NIS in canine osteosarcoma. Intravenous VSV-cIFNB-NIS,
administered at 1x10° TCIDso/kg, was remarkably well-tolerated, with no clinically significant
changes in any of the monitored parameters. Systemic viral distribution was documented with
live virus detected (below the limit of quantification) in PBMCs within one-hour post-infusion,
but not at later timepoints. Evidence of a systemic response was noted, as a subset of dogs
examined showed acute elevations of inflammatory cytokines. No clinically significant adverse
events were documented that were attributable to VSV therapy. The absence of adverse events
paired with the low quantities and short duration of infectious virus detected in blood, suggest
that the dose of systemic VSV therapy can be safely increased to potentially improve clinical

outcomes.

We evaluated changes in GCESS and tumor inflammation scores on histopathology before and
after treatment with VSV-IFNB-NIS in this study. An increased tumor inflammation score (based
on pathology assessment) was noted in tumor samples collected 10 days post VSV treatment
compared to baseline samples. Clinical outcomes with neoadjuvant VSV therapy added to
standard treatments for dogs with osteosarcoma were compared with two published control
cohorts with dogs treated with only standard of care, including the NCI-COTC osteosarcoma
cohort, a prospectively enrolled cohort designed to enable assessment and comparison of new
osteosarcoma therapies in this clinically relevant model.'” While we did not observe a significant
difference in survival between the groups, there was a tail of long-term survivors, defined as 75

percentile overall survival from the NCI-COTC osteosarcoma cohort (479 days), noted in each
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population. In the VIGOR cohort, 35% of the dogs were considered long-term survivors
compared to 25% and 26% in the NCI-COTC and UMN VMC control cohorts respectively.
When we evaluated the association between immune GCESS and survival in the VIGOR cohort
and CCOGC comparison group that had available RNAseq data, a higher T-cell anchored
immune GCESS was associated with prolonged survival in both groups. However, this effect
was more pronounced in the VSV-treated dogs. Our interpretation of these data is that the
presence of a T-cell signature in osteosarcoma tumors prior to treatment increases the probability

of longer survival, and the addition of VSV in the neoadjuvant setting enhances this effect.

In conclusion, these results show that systemically administered VSV-IFNB-NIS can be used
safely in the neoadjuvant setting to treat canine osteosarcoma. Systemic VSV-IFNB-NIS is
biologically active and can target the tumor microenvironment with evidence of increased tumor
inflammation in VSV-treated osteosarcoma specimens. The intrinsic tumor immune status at
baseline appears to influence the activity and therapeutic benefit of VSV, as dogs with higher
immune 2 or T-cell anchored GCESS at baseline had prolonged survivals. The clinical safety and
PK data, when viewed in the context of previous findings indicating dose dependent efficacy of
systemic VSV therapy,?” suggest that there is scope to increase the systemic dose to improve
clinical outcomes. Additionally, the observed therapeutic benefit in dogs with a pro-immune
environment suggests that combinations with agents that promote immune infiltration or that
amplify the immune response, such as immune checkpoint inhibitors, may further enhance the
therapeutic benefits of VSV-IFNB-NIS. The observed exceptional safety and immunological
activity of VSV-IFNB-NIS support further evaluation of neoadjuvant systemic VSV therapy
including dose modification and combination therapy strategies for the treatment of sarcomas

and translation to human cancer patients.
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Materials & Methods

Manufacturing of VSV

Vesicular stomatitis virus (VSV) expressing canine interferon-beta (IFN) and the sodium iodide
symporter (NIS), VSV-cIFNB-NIS, was constructed as previously described.!” The VSV-cIFNp-
NIS lot used in veterinary studies was provided by the Mayo Clinic Viral Vector Production
laboratory (VVPL). Virus product is stored at < -65°C. Virus titers were determined by 50%
tissue culture infective dose (TCIDso) assays on Vero cells. The virus product was tested to
confirm sterility (Mayo Clinic Department of Laboratory Medicine and Pathology) and absence
of endotoxin using the LAL-Kinetic QCL Kit (Lonza). Whole genome sequencing was
performed by utilizing reverse transcription of purified viral RNA to cDNA, polymerase chain
reaction (PCR) of overlapping regions of viral genome, sequencing of PCR fragments (Eurofins

Genomics), and assembly of sequencing results.

In vitro efficacy of oncolytic VSV in canine osteosarcoma

Recombinant VSV vectors, including VSV expressing green fluorescent protein (GFP) or VSV
expressing canine or human IFNB and NIS (hIFNB-NIS or cIFNB-NIS), were used to infect three
canine osteosarcoma cell lines, OSCA-78, OSCA-08, and OSCA-40, to evaluate in vitro efficacy
of oncolytic VSV in canine osteosarcoma. Cells were grown in DMEM media containing 5%
glucose and L-glutamine supplemented with 10% fetal bovine serum (FBS), 10mM HEPES
buffer, and 0.1% Primocin, and cultured at 37°C in a humidified atmosphere of 5% CO. Cell
lines were authenticated based on short tandem repeats at regular intervals (IDEXX
BioAnalytics). Virus titers were determined by TCIDso assay on BHK-21 cells at several

timepoints after infection (12h, 24h, 36h, 48h, 60h, and 72h). Cell viability, as a percent of
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366  control, was determined by flow cytometry using a live/dead marker (Invitrogen) at several
367 timepoints after infection (12h, 24h, 36h, 48h, 72h, and 96h). Cell lines are available through

368  Kerafast, Inc (Boston, MA).
369
370  Enrollment and eligibility criteria

371 Dogs with a diagnosis of appendicular bone sarcoma, based on radiographic appearance of the
372 lesion and results of bone aspirate or biopsy, were considered for enrollment in the study (see
373  CONSORT diagram, Supplementary Figure S1). All cases were enrolled at the University of
374  Minnesota (UMN) College of Veterinary Medicine between June 2016 and January 2019.

375  Screening diagnostics were performed prior to inclusion in the study, including physical

376  examination, radiographs of the affected limb and thorax, general blood work (complete blood
377  count, serum chemistry profile), computed tomography of the thorax and abdomen, and biopsy
378  of the bone lesion. Inclusion criteria included cytologic or histologic diagnosis of sarcoma in an
379  appendicular bone and body weight greater than 20kg (to facilitate safe collection of blood for
380 the study). Exclusion criteria included evidence of metastatic lesions, evidence of pathologic
381 fracture, intact reproductive status, clinically significant co-morbidities, treatment with other
382  medications, and residence on a farm or other contact with farm animals (to reduce risk of VSV

383  transmission to susceptible hosts).

384

385 VSV dosing

386  Previous studies have demonstrated the safety of intravenous VSV-hIFNB-NIS and VSV-cIFNf-

387  NIS therapy in dogs with cancer at doses up to 10'® TCIDs0/0.5m?, which converts to
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approximately 1x10°/kg.'*?” The VIGOR study enrolled a total of 28 dogs over 30 months (June
2016 to January 2019). The first 15 dogs received a single dose (1x10° TCIDso/kg) of
neoadjuvant VSV-cIFNB-NIS under an open label design. Because VSV at this dose was not
associated with clinically significant adverse events and a preliminary survival benefit was
noted, the next 13 dogs were randomized in a double-blinded fashion to receive a single dose of
either intravenous VSV-cIFNB-NIS or placebo (phosphate buffered saline solution (PBS)). The
virus was diluted in sterile PBS to a volume of 10.5ml, which was administered by intravenous
infusion over a period of 2-5 minutes. Dogs were housed for up to 24 hours in a BSL-2 housing
facility. All procedures were carried out with approval of the University of Minnesota
Institutional Animal Care and Use Committee (IACUC #1504-32486A and #1803-35759A) and

Institutional Biosafety Committee (IBC #1504-32487H and # 1805-35967H).

Standard of care therapy

All enrolled dogs were treated with standard of care therapy after treatment with intravenous
VSV-cIFNB-NIS or placebo. This consisted of amputation of the affected limb and removal of
the associated lymph node(s), which occurred at day 10 following treatment, and initiation of
chemotherapy approximately 14 days after amputation. Chemotherapy consisted of six cycles of
carboplatin at a dose of 300 mg/m?, administered intravenously every 3 weeks, with standard

monitoring for adverse chemotherapy effects.
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Biopsy procedures

Pre-treatment biopsies were obtained from the lesion using 4mm Michele trephine bone biopsy
instruments. One pre-treatment tumor biopsy section was placed in 10% neutral buffered
formalin for histopathology. A second pre-treatment section was further divided, with one piece
used to establish a cancer cell line and a second piece frozen at -80°C for later RNA extraction.
Ten days post-treatment with VSV-cIFNB-NIS, dogs underwent surgical amputation of the
affected limb and removal of the associated lymph node(s). A skin punch biopsy was performed,
and the tissue frozen at -80°C for later RNA extraction. After amputation, the soft tissues of the
limb were removed, and imaging of the affected bone was performed using a Faxitron
(Supplementary Figure S2). The amputated limbs were sectioned longitudinally and tumor
sections of approximately Smm thickness were obtained and placed in 10% neutral buffered
formalin. Tumor sections were placed in 10% ethanol for slow decalcification, or in acid for
rapid decalcification. Separate sections of the tumor were frozen at -80°C for later RNA
extraction. Cell lines derived as part of this study can be made available to the scientific
community for research purposes under materials transfer agreements negotiated by the Regents

of the University of Minnesota and Mayo Clinic.

Monitoring virus pharmacokinetics

Assays to monitor viremia, virus shedding, and antiviral antibodies following intravenous VSV
infusion were performed by Imanis Life Sciences using previously described protocols.'*14%7
Briefly, viremia was monitored by detection of infectious virus and viral RNA 1in blood samples
collected at baseline and at specific time points after VSV treatment. For detection of viral RNA,

whole blood was collected in RN Aprotect animal blood tubes (Qiagen). For detection of

infectious virus, peripheral blood mononuclear cells (PBMCs) were isolated from whole blood.
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434 Urine samples, fecal samples, and buccal swabs were collected after treatment with VSV-cIFNf-
435  NIS to test for presence of live infectious virus and viral RNA. Detection of infectious virus was
436  performed by overlay of sample supernatants on susceptible BHK-21 cells. Viral RNA was

437  detected in shedding and blood samples by quantitative reverse transcription-polymerase chain
438  reaction (QRT-PCR) as previously described. Tumor specimens were stored at < -65°C at the

439  time of surgical tumor resection (10 days post VSV therapy) for subsequent processing to isolate
440  RNA and detect VSV RNA by qRT-PCR. Serum samples were obtained at baseline, and 3, 7, 14,

441 21, and 28 days post VSV infusion for detection of anti-VSV neutralizing antibodies.
442
443  Serum cytokine monitoring

444  Serum samples were collected at baseline, 1, 3, 6 hours and 1-, 3-, 7- and 14-days post VSV
445  infusion. Acute cytokine responses were determined as previously described by the COTC

446  Pharmacodynamic Core at Colorado State University (CSU).?? The acute cytokines evaluated
447 were: GM-CSF, IL-6, MCP-1, KC, IL-2, IP-10, IL-8, TNF-alpha, IL-10, IL-7, IL-1, and IL-18,

448  all of the canine species.
449
450  Clinical monitoring

451  Body temperature was monitored after treatment with VSV-cIFNB-NIS, every 3 hours for the
452  first 24 hours following treatment, then daily. Blood work to evaluate alanine aminotransferase
453  (ALT), aspartate aminotransferase (AST), total white blood cell count, lymphocyte count, and
454  clotting times (PT and aPTT) was completed at baseline, and at days 3, 7, 14, 21, and 28 after

455  treatment.
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Histopathology

Pre-treatment core tumor biopsies and post-treatment amputation-resected tumor samples were
evaluated with H&E staining to obtain a definitive histologic diagnosis. Samples were also
scored based on tumor inflammation, fibrosis, and necrosis. Inflammation was graded on a 4-
point scale, where 0 = absence of inflammation, 1 = minimal inflammation, 2 = mild
inflammation, 3 = moderate inflammation, and 4 = marked inflammation. Fibrosis was graded on
a 4-point scale, where 0 = absence of fibrosis, 1 = minimal fibrosis, 2 = mild fibrosis, 3 =
moderate fibrosis, and 4 = marked fibrosis. Necrosis was graded on a 3-point scale, where 0 = no
necrosis, 1 =< 15%, 2 =15 - 50%, and 3 => 50% of the section had apparent necrosis. The
draining lymph node was evaluated for presence or absence of metastatic osteosarcoma cells.
During the placebo-arm of the study, the pathologist was blinded to the treatment assignment of

cases (VSV or placebo).

Collection of PBMCs for immune monitoring

Blood samples were obtained for isolation of PBMCs and plasma for immune monitoring. Blood
was collected in a commercially available tube for PBMC isolation (BD Mononuclear Cell
Preparation Tube), and the manufacturer’s protocol was followed. PBMCs were frozen in FBS

with 10% DMSO and stored in liquid nitrogen until use.

Diagnostic imaging

Cases were monitored with diagnostic imaging to evaluate for metastatic disease throughout the

study period. Thoracic radiographs were performed at study evaluation (d-1), and on days 60,
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120, 180, and 360 post-treatment. Computed tomography (CT) was performed at study

evaluation (d-1) and at day 90 post-treatment.

RNA extraction from tumor specimens

VIGOR: RNA was extracted from tumor tissue at baseline, and from tumor tissue samples
obtained at amputation, post-treatment. RNA was also extracted from cell lines that were
established pre-treatment from each case, and from normal skin tissue from each case as a non-
malignant control. When available, RNA was also extracted from lung metastases. Tissue
samples were disrupted with a tissue homogenizer, and RNA was extracted using a commercially
available kit (QIAGEN RNeasy mini kit). RNA was stored at -80°C until submission to the

University of Minnesota Genomics Center (UMGC).

CCOGC: A comparison population (n = 23), consisted of tissue samples provided by the Pfizer
CCOGC Biospecimen Repository. Samples with a definitive, histological diagnosis of
osteosarcoma were selected for RNA sequencing based on the availability of sufficient frozen
tissue (>50 mg), treatment information, RNA integrity numbers (RIN) >6, and available follow-

up information. These were included in the final selection for next-generation RNA sequencing.

Library preparation and next-generation sequencing

Unique dual-indexed sequencing libraries were prepared using the Clontech Stranded Total
RNA-Seq Kit v2 - Pico Input Mammalian kit. RNA sequencing (2x50-bp paired-end, on a
NovaSeq S2) was performed at the UMGC. Approximately 3,100M pass filter reads were
generated for the run. Mean quality scores were above Q30 for all libraries. Successful libraries
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were generated from 64 samples (15 pre-treatment tumors, 20 post-treatment tumors, 18 cancer
cell lines generated from pre-treatment tumors, and 11 skin samples) from 24 dogs. Additionally,
two dogs had pulmonary metastatic lesions obtained at necropsy from which libraries were
generated from tissue and from cell lines. A total of 23 osteosarcoma tissue samples were

included in the CCOGC dataset.?!

Gene cluster expression summary score (GCESS) and Bioinformatics analysis

Initial quality control analysis of RNA sequencing FASTQ data was performed using FastQC
software (v0.11.5). FASTQ data were trimmed with Trimmomatic (v0.33.0). Kallisto (v0.43.0)
was used for pseudoalignment and quantifying transcript abundance. Sequencing reads were
aligned to the canine reference genome (CanFam3.1). Transcript abundance counts were
generated, and quantile normalized to correct for differences in sequence counts. Gene cluster
expression summary score, or GCESS, analyses were performed as previously described on
average linkage hierarchical clustered data.?® Briefly, clusters of genes are identified based on
patterns of correlated expression, such as those associated with immune cell infiltration or cell
cycling. After mean-centering and logy-transformation, individual gene values in each cluster are
added together resulting in a single summary score for the cluster that is reflective of the overall
degree of gene expression. UMAP was used to generate a 2-dimensional representation of the

transcriptional patterns present in the dataset.”®

Outcome assessment
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Formal clinical follow up, including physical examinations, blood work, and diagnostic imaging,
occurred for one year after treatment with VSV-cIFNB-NIS. Thereafter, informal follow up
occurred until relapse or death. Necropsies were obtained, when possible, with owner consent.
Outcomes assessed included event-free survival (EFS, time to relapse) and overall survival (time
to death). The dogs enrolled in the VIGOR study (n = 28) were compared with three control
populations. The first population consisted of dogs with appendicular osteosarcoma treated at the
same institution (UMN, n = 57) between January 2006 and December 2018. The second
population consisted of the control arm of an NCI Comparative Oncology Trials Consortium
multicenter clinical trial in dogs with appendicular osteosarcoma (COTC, n = 157) enrolled
between November 2015 and February 2018.!3 Both comparison populations were treated with
standard of care therapy, consisting of amputation of the affected limb and carboplatin
chemotherapy administered every 21 days at 300mg/m?. A third comparison population
(CCOGC, n =23), consisted of dogs treated with standard of care (chemotherapy and
amputation) with known outcome data, enrolled in a multicenter study between April 2008 and
March 2011 for which samples were available for tumor next-generation RNA sequencing.?!

This population was used for comparison of survival and tumor gene expression.

Statistical analyses

Tumor inflammation scores were compared between pre-treatment and post-treatment tumor
samples using paired student’s t-test. P-values are reported without inference to significance, as

recommended by the American Statistical Association.?®

Kaplan-Meier survival curves were generated for the dogs treated with VSV-cIFNB-NIS in the

VIGOR study and the comparison populations. The EFS was calculated as the time between limb
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amputation and the first detection of metastasis. Dogs were censored if they did not have
metastatic disease at the time of last follow-up. Overall survival was calculated as the time
between limb amputation and death. Dogs were censored from survival analyses if they were
found to have tumors of bone that were not osteosarcoma, if they died of non-osteosarcoma

related causes, or if they were alive at last follow up.
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Table 1. The clinical characteristics of the dogs enrolled in the VIGOR study are similar to
contemporary comparison cohorts with appendicular osteosarcoma.

Dogs with osteosarcoma tumors in the appendicular skeleton were enrolled in VIGOR. The
demographic characteristics of the dogs enrolled in the VIGOR cohort were generally large
breed middle-aged dogs. VIGOR: test population; UMN VMC: comparison cohort at same site
(University of Minnesota Veterinary Medical Center); COTC: national multicenter comparison
cohort overseen by the Comparative Oncology Network at the NCI. VIGOR, UMN, and COTC
were all treated with the same standard of care chemotherapy. All cases were treated with

amputation.

* One Mastiff in VIGOR was diagnosed with intramedullary rhabdomyosarcoma.

** One mixed breed enrolled in VIGOR was diagnosed with intramedullary hemangiosarcoma.

*** Body weight was not available for 5 of the dogs in the UMN comparison group.

T All dogs were neutered and weighed > 20kg as conditions of enrollment in VIGOR.
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VIGOR (n = 28)

UMN VMC (n = 57)

NCI-COTC (n =157)

Golden retriever 5(17.9) 12 (21.2) 7 (4.5)
Labrador retriever 3(10.7) 7 (12.3) 23 (14.6)
Mastiff 2(71)* 2 (3.5) 4 (2.5)
Rottweiler 1(3.6) 2 (3.5) 12 (7.6)
?ﬁ:‘)’ Great Dane 1(3.6) 3(5.3) 12 (7.6)
Greyhound 1(3.6) 1(1.8) 10 (6.4)
Great Pyrenees 1(3.6) 0 (0) 8 (5.1)
Other purebreed 6 (21.4) 15 (26.3) 40 (30.6)
Mixed breed 8 (28.6) ** 15 (26.3) 33 (21.0)
Mean (+ SD) 7.7 (£ 2.5) 8.8 (¢ 2.5) 8.1 (x2.4)
Age (years) | Median 8.1 9.0 8.3
Range 21-117 2.0-16.0 (1.4 - 15.6)
] Mean (+ SD) 38.3 (+ 15.5) 37.9 (£ 11.3) 41.2 (£ 12.3)
Body Welght | wedian 32.7 37.1 38.8
(ka) Range 20-81.6 15.3-70.3 *** 25-94.5
Spayed female 16 (57) T 28 64
Intact female 0 2 3
Sex Neutered male 12 (43) 1 25 83
Intact male 0 2 7
Left proximal humerus 3(10.7) 6 (10.5) 17 (10.8)
Left distal radius 5(17.9) 6 (10.5) 34 (21.7)
Other Left forelimb 3(10.7) 1(1.8) 5(3.2)
Right proximal humerus 7 (25) 4 (7) 16 (10.2)
Right distal radius 2(7.1) 12 (21.1) 23 (14.6)
Other Right forelimb 0 (0) 3(5.3) 4 (2.5)
Tumor Left distal femur 1(3.6) 1(1.8) 8 (5.1)
'OnC?lf/'o‘;” Left proximal tibia 2(7.1) 2 (3.5) 4 (2.5)
Left distal tibia 1(3.6) 6 (10.5) 16 (10.2)
Other Left hindlimb 0 (0) 2 (3.5) 2(1.3)
Right distal femur 1(3.6) 5(8.8) 11 (7)
Right proximal tibia 0 (0) 3(5.3) 4 (2.5)
Right distal tibia 3(10.7) 5 (8.8) 11 (7)
Other R hindlimb 0 (0) 1(1.8) 2(1.3)
632
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Figure Legends

Figure 1. Vesicular stomatitis virus replicates in and Kkills three established canine

osteosarcoma cell lines.

Virus titers and cell viability following infection of canine osteosarcoma cell lines: (A) OSCA-8,
(B) OSCA-40, and (C) OSCA-78 with recombinant VSVs: VSV-GFP (green), VSV-hIFNB-NIS

(blue), or VSV-cIFNB-NIS (pink) at an MOI of 0.03.

Figure 2. Design schematic of the VIGOR study

Clinical procedures following enrollment of dogs with appendicular osteosarcoma are shown.
This includes diagnostic imaging to evaluate for pulmonary metastases with either computed
tomography (CT) or thoracic radiographs (CXR); pre-treatment biopsy; VSV (or placebo)
treatment (study day 1); and standard of care amputation and chemotherapy (consisting of

intravenous carboplatin every 3 weeks for 6 doses) that was started on study day 21.

Figure 3. Intravenous VSV therapy is safe, and a subset of VSV-treated dogs with

osteosarcoma are long term responders.

(A) Kaplan-Meier survival curve with event free survival (EFS) of dogs treated with systemic
VSV in the VIGOR study, compared to two contemporary control cohorts: NCI-COTC and
UMN VMC cohorts. (B) Long-term response was defined as overall survival greater then 75"

percentile of survival from the COTC cohort (479 days). Similar proportion (26%) of dogs from
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the UMN VMC cohort were long-term responders. 35% of dogs from the VSV-treated dogs from

the VIGOR cohort were long term responders (overall survival > 479 days).

Figure 4. Increased tumor inflammation following VSV treatment in resected osteosarcoma

tissues.

Inflammatory infiltrates were scored by a pathologist in baseline pre-treatment tumor biopsies
and post-treatment amputation-resected tumor samples (collected on study day 10). (A)
Comparison of Tumor Inflammation Score (TIS) showed higher TIS in post-treatment samples
from VSV-treated dogs. (B) Where matched paired pre- and post-treatment tumor samples were
available for assessment, we observed a significant increase in TIS in tissues from VSV-treated

dogs between baseline and 10 days post treatment (P=0.0027, paired t-test).

Figure 5. Acute viremia following systemic VSV infusion.

Detection of VSV-N RNA copies in whole blood, PBMCs, and plasma samples collected at
indicated time points following VSV infusion shows detection of viral RNA in blood and viral

localization primarily to PBMCs.

Figure 6. RNAseq analysis of canine tissues does not show significant changes immune gene

signatures.
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(A)  VIGOR RNAseq analysis of osteosarcoma tumor samples (pre- and post-treatment), lung
metastases (where available from necropsy samples), skin biopsy, and osteosarcoma cell lines
(derived from osteosarcoma tumors) clustered by tissue type. Data is log base 2 transformed
mean centered and filtered for genes with high Standard deviation. Unsupervised hierarchical
clustering resulted in 14 gene clusters including cell cycle, immune clusters and cluster
composed primarily of genes expressed in skin samples. (B) UMAP projection of samples
present in VIGOR dataset. Clear separation of OS tumors, skin and cell lines is apparently
consistent with heatmap representation of the data. Samples are labeled with colors present in
Figure 6A legend. (C-F) Zoomed in regions showing the C) skin specific cluster, D) immune 1
cluster composed of genes enriched in macrophage lineage immune genes, E) immune 2 cluster
composed of genes enriched in T cell lineage immune genes and G) cell cycle enriched genes.
(H-J) GCESS values generated by summing the genes present in each cluster for each sample are
plotted in box plots representing samples grouped by sample type, treatment, and timepoint for
H) skin specific GCESS, I) immune 1 GCESS, J) immune 2 GCESS, and F) Cell cycle GCESS.
Unsupervised hierarchical clustering resulted in 14 gene clusters including cell cycle and
immune clusters. GCESS scores were not significantly different in pre- vs. post-treatment VSV-

and placebo treated tumor samples.

Figure 7. Survival outcomes correlate with pre-treatment T-cell GCESS.

(A)  Survival outcomes in placebo versus VSV treated dogs; (B-D) Plot of survival outcomes
with (B) cell cycle GCESS, (C) immune 1 GCESS (macrophage/monocyte) (D), immune 2
GCESS (T-cell), indicates a correlation between survival and T-cell GCESS in pre-treatment

tumor biopsy samples (E). The two dogs with non-osteosarcoma tumors of bone

Page 36 of 37



782  (hemangiosarcoma and rhabdomyosarcoma) and the dog that died of post-operative

783  complications after the amputation surgery were excluded in this analysis.
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Figure 3 Click here to access/download;Figure (high resolution without b4
caption);VIGOR_Fig3_Survival.pdf
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Supplemental Information (PDF format) Click here to access/download;Supplemental Information (PDF
format);Jul2023_VIGOR_SuppData_MT.pdf

Table S1. List of adverse events that occurred following VSV administration were uncommon and
considered unlikely to be related to treatment.
Dogs were monitored closely for AEs following systemic VSV administration. AEs were uncommon and those

that occurred were considered unlikely to be related to VSV treatment.

Interval (days) from | AE | AE related | AE related
VSV infusion to AE | grade | to VSV? | to disease?

MNO1 Facial nerve paralysis 106 1 Unlikely Unlikely Not recovered

Dog ID Adverse Events (AEs) AE outcome

MNO3 | . Pneuomonia/ 142 1 Unlikely | Likely' Recovered
intrapulmonary hemorrhage

Hypovolemic shock after
surgery

MN17 5 5 Unlikely Possible Death

' Although aspiration pneumonia was the presumptive diagnosis, the sum of the data from this case suggests that the dog
had intrapulmonary hemorrhage from one of its many pulmonary nodules, and not pneumonia. The hemorrhage resolved,
but the nodules did not, and the dog eventually died from progressive disease. While the cause of hemorrhage cannot be

clearly ascertained, it was most likely due to disease progression.
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Table S2. Clinical information and survival data for enrolled dogs. Censored events due to death from other

causes are noted in red font, and animals that are still alive at the time of analysis are noted in blue font.

Status Presumed Overall
Case # Breed Weight | Age Tumor location TX at cause of EFS survival
(kg) (years) study (days)
death (days)
end
MNO1 | Golden Retriever | 30 6 L proximal humerus | VSV Dead | Disease 518 595
MNO2 | Rottweiler 59 7 L distal radius VSV Dead Other cause 356 707
MNO3 | Boxer 25.7 7 L distal radius A Dead | Disease 133 227
MNO4 | Mixed Breed 35 11 L carpus VSv Dead | Other cause 1009 1009
MNos | Australian 20.2 7 R proximal humerus | VSV | Dead | Discase 273 275
Shepherd
MNO06 | Mixed Breed 50 5 R distial tibia A Dead | Disease 64 64
MNO7 | Mixed Breed 42 2 L proximal humerus | VSV Dead | Disease 180 243
MNog | Labrador 52 9.5 L proximal humerus | VSV | Dead | Disease 355 508
Retriever
MNO09 | Golden Retriever | 33.7 8 L distal radius A Dead | Disease 181 237
MNI10 | Mixed Breed 31.2 3 R distal radius * VSV Alive 1683 1683
MNI11 | Golden Retriever | 29.9 9.5 R proximal humerus | VSV Dead | Disease 194 455
MN12 | Old English 347 |9 L distal femur VSV | Dead | Disease 82 205
Sheepdog
MN13 | Golden Retriever | 33.8 9.5 R distal tibia A Dead | Disease 169 277
MN14 | Serman 30 8 L distal ulna VSV | Dead | Disease 50 88
Shorthair Pointer
MNI15 | Greyhound 29.7 8 L proximal tibia VSV Alive 1589 1589
MNI16 Labr'ador 30.5 8.5 L distal radius Placebo | Dead | Disease 60 81
Retriever
MN17 | Irish Wolfhound | 374 |6 L distal tibia VSV | Dead |Sursical g 0
complications
MN18 | Mixed Breed 26.3 9 R femoral diaphysis | Placebo | Alive 1483 1483
MN19 | Mixed Breed 26.9 9 R proximal humerus | VSV Alive 1484 1484
MN20 | Mastiff 81.6 2 E*prommal humerus Placebo | Dead | Disease 53 74
MN21 | St. Bernard 50.6 7 L radius A Dead | Disease 49 61
MN22 | Great Pyrenees 39.3 5.5 L distal radius Placebo | Dead | Disease 63 174
MN23 | Labrador 26.3 12.5 | R proximal humerus | VSV | Dead | Disease 81 237
Retriever
MN24 German 48.4 9 R proximal humerus | Placebo | Dead | Disease 56 90
Shepherd
MN25 | Mixed Breed 30.8 5 L proximal tibia VSV Dead | Disease 171 217
MN26 | Mastiff 73.4 8 R proximal humerus | Placebo | Dead | Disease 377 476
MN27 | Vizsla 24.8 8 R distal tibia VSV Dead | Disease 54 254
MN28 | Golden Retriever | 23.6 12 R distal radius VSV Dead Other cause 479 479
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Table S3. Pathology assessment of pre- and post-treatment tumor specimens

FFPE tissues from pre-treatment (pre-tx) tumor biopsies and tumors resected 10 days after VSV or placebo

administration (post-tx) were assessed by a veterinary pathologist who was blinded to treatment group. Tumors

were score for inflammation, fibrosis, and necrosis. N/E indicates non-evaluable specimens.

Intratumoral Intratumoral Intratumoral
Inflammation (Grade) | Fibrosis (Grade) | Necrosis (Grade)

Case # TX Pre-tx Post-tx | Pre-tx | Post-tx | Pre-tx Post-tx Mic;g;r;:;tt'osis 2;1;13:
MNO1 VSV 0 0 0 0 n/e 1 No 3
MNO02 VSV n/e 3 0 4 n/e 4 Yes 3
MNO3 VSV 1 3 1 0 2 4 No 3
MNO04 VSV 0 2 0 3 0 4 No 3
MNO5 VSV n/e 2 0 3 n/e 4 Yes 3
MNO06 VSV n/e 0 n/e 3 n/e 4 No 3
MNO7 VSV n/e 1 n/e 3 n/e 3 Yes 3
MNO08 VSV n/e 0 2 4 n/e 4 No 2
MNO09 VSV n/e 0 n/e 3 n/e 3 No 3
MNI10 VSV 0 3 2 3 n/e n/e No N/A
MNI11 VSV 0 4 0 0 0 4 No 3
MNI12 VSV 0 2 2 3 n/e 4 Yes 3
MNI13 VSV n/e 2 n/e 2 n/e 4 No 3
MN14 VSV 1 2 3 3 n/e 4 Yes 3
MN15 VSV n/e 1 0 0 n/e 4 Yes 3
MNI16 | Placebo 0 0 0 1 n/e 4 Yes 3
MN17 VSV 0 1 0 3 0 0 Yes 1
MNI18 | Placebo 0 2 0 0 n/e 3 Yes 3
MNI19 VSV 0 3 0 3 n/e 3 Yes 3
MN20 | Placebo 0 0 0 2 n/e 4 No 3
MN21 VSV n/e 3 0 3 n/e 2 Yes 2
MN22 | Placebo 0 2 1 0 3 4 No 3
MN23 VSV n/e 0 0 2 n/e 3 Yes 3
MN24 | Placebo n/e 0 0 2 n/e 3 No 3
MN25 VSV 0 0 1 0 n/e 4 No 3
MN26 | Placebo n/e 0 0 0 n/e 4 No 2
MN27 VSV 0 0 0 2 n/e 4 No 3
MN28 VSV 0 0 2 2 0 2 No 2
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Table S4. Detection of VSV RNA in tumor specimens.

Detection of VSV-N RNA copies in RNA isolated from resected bone tumor specimens collected 10 days

following VSV or placebo administration. Lung metastasis specimens during a necropsy was performed on one

dog (MN25) that was humanely euthanized due to disease progression and similarly analyzed for detection of

VSV RNA.

Dog ID | Treatment group Tumor specimen VSV-N (copies/ug RNA)
MNO1 VSV Bone tissue RNA (Day 10 specimen) BLD
MNO02 VSV Bone tissue RNA (Day 10 specimen) BLD
MNO3 VSV Bone tissue RNA (Day 10 specimen) BLD
MNO04 VSV Bone tissue RNA (Day 10 specimen) BLD
MNOS5 VSV Bone tissue RNA (Day 10 specimen) BLD
MNO06 VSV Bone tissue RNA (Day 10 specimen) BLD
MNO7 VSV Bone tissue RNA (Day 10 specimen) BLD
MNO8 VSV Bone tissue RNA (Day 10 specimen) BLD
MNO09 VSV Bone tissue RNA (Day 10 specimen) BLD
MNI10 VSV Bone tissue RNA (Day 10 specimen) BLD
MNI11 VSV Bone tissue RNA (Day 10 specimen) BLD
MNI12 VSV Bone tissue RNA (Day 10 specimen) BLD
MNI13 VSV Bone tissue RNA (Day 10 specimen) BLD
MN14 VSV Bone tissue RNA (Day 10 specimen) 2.74E+03
MNI15 VSV Bone tissue RNA (Day 10 specimen) BLD
MN17 VSV Bone tissue RNA (Day 10 specimen) BLD
MNI19 VSV Bone tissue RNA (Day 10 specimen) BLD
MN21 VSV Bone tissue RNA (Day 10 specimen) BLD
MN23 VSV Bone tissue RNA (Day 10 specimen) BLD
MN25 VSV Bone tissue RNA (Day 10 specimen) 2.62E+05
MN25 VSV Lung metastasis #1 (necropsy specimen) BLD
MN25 VSV Lung metastasis #2 (necropsy specimen) BLD
MN27 VSV Bone tissue RNA (Day 10 specimen) BLD
MN28 VSV Bone tissue RNA (Day 10 specimen) BLD
MNI16 Placebo Bone tissue RNA (Day 10 specimen) BLD
MNI18 Placebo Bone tissue RNA (Day 10 specimen) BLD
MN20 Placebo Bone tissue RNA (Day 10 specimen) BLD
MN22 Placebo Bone tissue RNA (Day 10 specimen) BLD
MN24 Placebo Bone tissue RNA (Day 10 specimen) NA
MN26 Placebo Bone tissue RNA (Day 10 specimen) BLD
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Figure S1. VIGOR study CONSORT diagram showing screening, enrollment, treatment, and follow-up

assessments.

‘ Assessed for eligibility (n = 144)

Excluded (n = 103)
- Not meeting inclusion criteria (n = 29)
- Declined to participate (n = 74)

Screened for eligibility (n = 41)

Excluded (n = 13)
- Not meeting inclusion criteria (n = 12)
- Pathologic fracture (n = 3)
- Metastasis (n = 4)
- Pathologic fracture and metastasis (n = 1)
- Other cancer suspected (n = 4)
- Declined to participate (n=1)

Enrolled in study (n = 28)

v

| Open label (n = 15) | | Randomized (n =13) |

l
| |

Allocated to VSV Allocated to VSV Allocated to
treatment (n = 15) treatment (n =7) placebo (n =6)

‘ Lost to follow-up (n = 0) ‘ Lost to follow-up (n = 0) ‘ ‘ Lost to follow-up (n =0)
Analyzed for safety (n = 15) Analyzed for safety (n =7) Analyzed for safety (h = 6)
Analyzed for outcome (n = 14) Analyzed for outcome (n = 6) Analyzed for outcome (n = 5)

- Excluded from analysis (n = 1) - Excluded from analysis (n = 1) - Excluded from analysis (n = 1)
- Other tumor of bone - Died of surgery complications - Other tumor of bone
(hemangiosarcoma) (10 days post-VSV) (rhabdomyosarcoma)
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Figure S2. Faxitron imaging after amputation allows for more accurate tumor size determination and
guides tumor sample collection. (A) Radiographic image of a left proximal humeral osteosarcoma lesion, and

(B) Faxitron image and gross pathology evaluation of the same lesion. White dashed lines indicate tumor

borders on visual inspection.
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Figure S3. Administration of systemic vesicular stomatitis virus (VSV) in dogs with osteosarcoma did not
cause any clinically significant laboratory abnormalities. Common laboratory tests including blood
chemistry and complete blood count (CBC) were used to monitor clinical safety following VSV infusion
showing no significant abnormalities relative to baseline. Blood test results from the first 11 enrolled dogs are
shown indicating no significant changes in (A) liver function testes including alanine aminotransferase (ALT)

and aspartate aminotransferase (AST); and (B) lymphocytes (LYMPH) and total white blood cell count (WBC).
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Figure S4. Small foci of micronecrosis seen in a subset of cases treated with systemic VSV may indicate
areas of viral oncolysis. H&E histopathology of amputation samples obtained 10 days after treatment with
systemic VSV. (A) Large areas of necrosis commonly associated with ischemia observed in resected
osteosarcoma specimens. (B) Small focal areas of micronecrosis were seen in a subset of treated cases,

potentially due to viral infection of tumor cells and subsequent cell lysis.
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Figure SS. Virus clearance from blood corresponds with generation of anti-VSV neutralizing antibodies
(A) gRT-PCR detection of VSV-N copies in PBMC samples and (B) Neutralizing antibody titers in serum
samples collected from a subset of dogs that received systemic VSV therapy. All evaluated dogs developed

neutralizing antibodies at or above the limit of detection (LOD) within approximately 7 days after VSV

administration.
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Figure S6. Detection of virus shedding. Detection of VSV-N RNA copies in RNA isolated from buccal swab,

urine (separated into urine cells and supernatant), rectal swabs, and feces samples (from a subset of dogs).
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Figure S7. Acute cytokine/chemokine responses after intravenous VSV treatment.

Quantification of canine cytokines and chemokines (Granulocyte-macrophage colony-stimulating factor [GM-
CSF], IL-6, monocyte chemoattractant protein-1 [MCP-1], keratinocyte-derived cytokine [KC], IL-2, IP-10, IL-
8, TNF-qa, IL-10, IL-7, IL-15, IL-18) in serum samples collected at baseline, 1, 3, and 6 hours post VSV

infusion in the first 11 enrolled dogs.
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Figure S8. RNAseq analysis of CCOGC control cohort. (A) Unsupervised hierarchical clustering of RNAseq
analysis data of available osteosarcoma tumor samples from the CCOGC control cohort. (B) Gene cluster
expression summary score (GCESS) of osteosarcoma tumors. (C) Correlation of survival outcomes with CD37
monocyte (i), CD8 T-cell (ii), and cell cycle GCESS (iii), does not indicate a correlation between survival and

CDS8 T-cell GCESS in pre-treatment tumor biopsy samples (iv) in the CCOGC cohort.
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Figure S9. Survival analyses comparing CCOGC and VIGOR cohorts.
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eTOC Synopsis (WORD format, 50 words maximum)

Neoadjuvant systemic oncolytic vesicular stomatitis virus is safe and may enhance long-
term survivorship in dogs with naturally occurring osteosarcoma.

eTOC synopsis:

Systemic oncolytic Vesicular stomatitis virus (VSV) can be used safely in the neoadjuvant
setting to treat naturally occurring canine osteosarcoma. Long-term survivorship was more
frequent in the VSV-treated study cohort compared to control cohorts supporting future clinical
advancement of systemic VSV therapy as a neoadjuvant therapy.
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ABSTRACT
This review will describe more than two decades of comparative research on primary
bone cancer (osteosarcoma). Osteosarcoma is a chaotic disease present in a complex
and variable microenvironment composed of many different cell types which interact
with each other and lead to high transcriptional heterogeneity. Despite this
heterogeneity, common transcriptional patterns can be observed in the bulk
transcriptomes of these tumors; additionally, these patterns are associated with
outcome, indicating their importance to the molecular biology of the disease. Work
from our group and others has led to our current understanding of osteosarcoma as a
disease where multiple pathological processes appear to converge into a limited array
of tissue organizations with distinct biology. Recurrent as well as distinct events can
lead to these states of tissue organization, explaining the heterogeneity of
osteosarcoma that is observed among and within species. Yet, despite their chaotic
genomes, osteosarcomas seem to be (relatively) genetically stable, with persistent
maintenance of essentially the same chromothriptic karyotype throughout the
developmental lifetime of the tumor. Importantly, the transcriptional variance between
tumors can highlight the underlying biology of the malignant cells themselves, as well
as the composition of the osteosarcoma microenvironment and the host response,
both of which are prognostically significant for this disease. Initial single cell RNA-seq
reports provide further evidence of the importance of the osteosarcoma
microenvironment for tumor characterization. Our data suggest that improving patient
“cold”

generating immune permissive or “warmer” microenvironments within the tumor.

outcomes in immunologically barren or osteosarcomas, necessitates
Furthermore, the aging bone microenvironment may create specific niches that
predispose to cancer, and identification of the drivers that lead to these variable
transcriptional patterns will be essential to identify personalized, effective genomic

therapy for osteosarcoma.
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1. Introduction

Osteosarcoma is the most common
primary tumor of bone, and it has been
observed in skeletal remains across the tree of
life’?. Just as the

maintenance of a

hematopoietic progenitor population
exposes weaknesses associated with impaired
differentiation of blood cells leading to the
occurrence of leukemias and lymphomas,
maintenance of the mesenchymal stem cell
population appears to present vulnerabilities
leading to sarcomas including osteosarcoma.
The difference is that bone precursors must
be much more tightly regulated both spatially
and temporally than blood precursors due to
their roles in the formation of connective

tissues.

Osteosarcoma is characterized by
large chromosomal rearrangements. Even in
more commonly occurring tumors, somatic
obfuscated by the

occurrence of large copy number changes,

driver events are
which can contain many individual genes in
addition to the primary cancer driver(s). Using
a comparative oncology approach, it has been
proposed that the study of orthologous
canine tumors can be used to isolate driver
events to increase resolution due to syntenic
differences between canine and human
tumors. This approach is predicated on the
idea that copy number change of regions
containing specific driver genes is occurring
under similar evolutionary conditions within
the tumor despite the syntenic differences
across species. However, we have recently
different

evolved different levels of cancer protective

recognized that species have

mechanisms’,  suggesting  that  tumor

evolution may be occurring under different

conditions in different species.

Despite significant efforts in the
genomic era to understand osteosarcoma,
minimal progress has been made in improving
patient outcomes®. The following sections of
this review will describe strengths and
weaknesses of dog and mouse models
osteosarcoma and how each has helped to
improve our understanding of the molecular
etiology this disease. It also raises a cautionary
note by highlighting divergent features that
suggest osteosarcomas in different species
achieve

are convergent diseases that

common patterns of organization.

2. Comparative approach to the
identification of the molecular etiology of

osteosarcoma

2a. Animal models of osteosarcoma

By definition, osteosarcoma only
occurs in vertebrate animals with ossified
skeletons. This cancer is an ancient
pathological entity: it has been found in a
variety of animals that lived hundreds of
millions of years ago, although it is almost
certainly overrepresented in the fossil record
because soft tissues decay more readily than
bones. In the current era, osteosarcoma has
been reported in individuals representing
every vertebrate class. But overall, this tumor
occurs only rarely across the whole of the
vertebrate animal kingdom with the notable
exception of domestic dogs where it is seen
commonly, and especially among individuals

from large and giant breeds?.

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/3339 2



https://esmed.org/MRA/index.php/mra/article/view/3339

Medical

Research A Contemporary Assessment of Osteosarcoma:
Archives Lessons from a Comparative Approach
As in most other vertebrates, allowing specific identification of driver

osteosarcoma is a rare disease in humans with
a peak incidence in adolescence. In dogs, the
peak incidence is usually observed in adults
comprising the oldest 25% of the population.
Despite these different incidence patterns,
the canine disease has been proposed as an
ideal model to understand the human
disease. The natural history of the canine
disease is very similar to that seen in humans;
the frequency with which osteosarcoma
occurs in dogs provides ready access to
samples for molecular and pathological
studies and to canine patients for
interventional studies; the tumors in dogs
arise spontaneously (they are not induced), in
an immunocompetent environment; and the
treatment intensity and innovation applied to
dogs with osteosarcoma are second only to

humans®.

As is true for many other tumors,
mouse models have been foundational to our
understanding of osteosarcoma biology>'2.
These models are exceptionally tractable, but
some do not recreate the anatomical
distribution and metastatic patterns of human
disease. One recent comparative approach
that utilizes forward genetic screens in mice
has been more successful in recreating the
conditions observed in humans and has
served to identify driver events associated
with  osteosarcoma’. In  this model,

osteosarcomas develop upon  Sleeping

Beauty (SB) mutagenesis of osteoblasts
(Figure 1). These mouse tumors do not show
the copy number changes observed in human
and canine tumors; instead they are driven by

mobilization of the T2/Onc transposon,

genes. Genes identified by mutagenesis are
often found in regions where somatic copy
number changes are identified in naturally

occurring tumors'?,
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Figure 1. SB mutagenesis can accelerate or induce osteosarcoma development in cells with Sp7-

cre _expression. (A) Osteosarcoma-free survival curve depicting time to osteosarcoma

development and survival endpoints in all cohorts. Control mice contained Sp7-cre with either
SB11 or T2/Onc. ***P < 0.0001, log-rank test. (B) Histogram displaying the number of
osteosarcomas per mouse. *P = 0.0159, Student’s t test. (C) Representative SKY results from

analysis of osteosarcoma tumor cells that developed in Trp53-C, Trp53-SBmut and SBmut mice.

(D and E) Histograms demonstrating the number of chromosomal aberrations (E) and whole-

chromosome gains and/or losses (E) identified by array CGH performed on Trp53-C (n = 4),
Trp53-SBmut (n = 5) and SBmut (n = 4) osteosarcoma tumor DNA with matched normal tail DNA.
*P < 0.05, **P < 0.001, Student’s t test. Error bars, + s.d. Adapted from ref'?.

animal models have been

Other
developed to study osteosarcoma, including

1314 These models have

zebrafish and pigs
unique strengths and open new avenues of
investigation. But these alternative models
have yet to achieve comparable abundance

and maturity of data as mouse and canine

models of osteosarcoma. And even as mice,
dogs, and humans might share certain risk
factors for osteosarcoma, there may be as
many or more that are species specific
(reviewed in'?"). A comparative approach has
allowed us to recognize that the bone

microenvironment is a highly complex tissue
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and contains a variety of cells with complex
cross talk and biological niches™. Species-
specific differences have led us to conclude
that there are multiple overlapping and
distinct tumor

that

to osteosarcoma
and

osteosarcomas of humans, mice, dogs, and

routes
formation and progression,
other animals are convergent diseases with
complex etiologies that achieve comparable
and histological

patterns  of  gross

organization.

It is thus clear that we must be diligent,
deliberate, and vigilant to appreciate that
animal models can be good orideal in certain
circumstances, while they may not be models
at all in others.

2b. Disruption of TP53

Genomic efforts to understand cancer
were initially focused on identifying somatic
events that are recurrently observed in cancer
tissue. In human osteosarcoma, the TP53
gene has been observed to be recurrently
disrupted using whole genome and exome

720 |t seems

sequencing of tumor tissue
apparent that loss of TP53 function is
associated with, and probably might be a
major cause of the chaotic karyotypes seen in
osteosarcomas'?. Interestingly, it seems that
once the chromothriptic event(s) have taken
place, the tumor genomes can remain stable
in vivo, even as they remain under strong
selective pressure during progression and

metastasis?’.

Highly recurrent disruption of TP53

has also been reported in canine

osteosarcoma???. Generally, higher rates of
mutation have been reported in canine

tumors than in human tumors, where

structural variation is more commonly

observed (Figure 2).
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FIGURE 2
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Figure 2. The mutational landscape of human osteosarcoma. We obtained tumor/normal exome

sequence data for human osteosarcoma tumors (n=59) from GEO. (A) To examine copy number
changes, we summarized the tumor normal reads obtained from the sequence capture to
window segments and looked at the copy number changes within these windows. Expected copy
number changes were observed on chrX and chrY. These serve as internal controls to show what
loss of a single copy would look like (chrX) and also what complete loss of a region would look
like (chrY). High level copy number gains were observed in MYC and RUNX2, and micro-deletions
were present in regions containing CDKN2A, RB1, PTEN and TP53 corresponding to loss of
either 1 or both copies of the chromosomal region. (B) Somatic mutations were identified utilizing
a pipeline we designed to call mutations at specific locations based on the signal to noise ratios
at each given position. Somatic mutations were observed in every tumor, although recurrence
was low. Data are shown for the top-20 genes showing non-synonymous somatic mutations at
any site as a proportion of all the samples analyzed. Many additional events were recurrently
observed in a low percentage of tumors, but the majority were associated with very large genes
that are mutated in many tumors without clear oncogenic functions.

Consistent with an important role for
TP53 in osteosarcoma, Li-Fraumeni syndrome
predisposes carriers to osteosarcoma?
Germline variants in TP53 have also been
human

observed to be present in

osteosarcoma®®. Recent work with human
germline trios of affected progeny has shown

that at least some of the germline mutations

observed in human osteosarcoma cases are
generated de novo, including mutations in
TP53. That is, they are not present in the
parents but are present in the germline of the
While an
genetic disease to Li-Fraumeni has not been

affected patient?. analogous

identified in dogs, a germline variant TP53
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was reported in a dog that would be

predicted to generate a frame shift variant®.

2c. Loss of CDKN2A

The genomic region containing
CDKNZ2A appears to be commonly lost in
both human?2° and canine’'#? osteosarcoma.
Consistent with an important role for
CDKNZA in osteosarcoma tumorigenesis, 2
independent case control studies identified
CDKN2A as the
significantly enriched region of the canine
dogs  that

osteosarcoma compared to dogs that did

markers near most

genome  in developed
not*?**. Two distinct proteins with tumor
suppressor function are generated from the
CDKNZA p16 and pl14ARF. P16
regulates entry into G1 phase of the cell cycle
through its interactions with CDK4/6 and RB1.
P14ARF induces cell cycle arrest in G2 phase
via binding the p53-stabilizing protein MDM2.
Loss of CDKN2A has been shown to be an

important event for malignant transformation

locus,

of  mesenchymal stem  cells into

osteosarcoma®.

2d. Loss of PTEN
PTEN has been shown to be lost in

human?3¢ and canine®*’ osteosarcoma. Bi-
allelic loss of PTEN occurs more commonly in
the canine than in the human form of the
(Figure 3). PTEN is a
suppressor that negatively regulates PI3k

disease tumor

"Sarver et al. Distinct mechanisms of PTEN
inactivation in dogs and humans highlight

convergent molecular events that drive cell

signaling. Meta-analyses of PTEN transcript
levels show that increased levels of PTEN in

tumors are associated with better outcomes®,.

division in the pathogenesis of

osteosarcoma. Manuscript submitted.
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FIGURE 3
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Figure 3. Loss of Distal Chr26 region containing PTEN in canine osteosarcoma. (A) Somatic

changes observed between normal tissue and canine osteosarcoma tumors are shown for the
distal end of canine chromosome 26. The data has been log: transformed and genes shown in
bright blue represent somatic loss, genes shown in black are unchanged between tumor and
control, and genes that show somatic gain are shown in yellow. (B) The syntenic alignment
between canine chromosome 26 and the human genome is shown. The canine lost region is
orthologous to two separate regions on human chr10 and one region on human chr22. Adapted
from Sarver et al. Distinct mechanisms of PTEN inactivation in dogs and humans highlight
convergent molecular events that drive cell division in the pathogenesis of osteosarcoma

(manuscript submitted).

2e. Loss of RB1, DLG2, and FAS

RB1 is
negatively regulates the cell cycle via its

a tumor suppressor that
interactions with multiple members of the
network comprised by cyclin dependent
(CDK), CDK inhibitors, and E2F
transcription factors. RBT has been reported

kinase,
to be disrupted and lost in both human?*

and canine3? osteosarcoma.

DLGZ2 is a tumor suppressor that has
been reported to be mutated in human
osteosarcoma'” and to be lost in human and

canine tumors®’.

FAS is a cell death receptor which is
activated by FASL, leading to programmed
cell death. Loss of FAS expression is one
mechanism by which osteosarcoma cells may
evade host resistance mechanisms in the lung,

[4-42 |n canine

increasing metastatic potentia
tumors loss of FAS occurs commonly due to
homozygous deletion of the distal end of

chr26, which also contains the PTEN gene®.

Dogs that had lost Fas in their tumors
showed improved therapeutic benefit from
intratumorally delivered Fas ligand (Fasl)

under the control of a ubiquitin promoter and

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/3339 8
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encoded in an adenovirus vector*. The  formation'™. But somewhat surprisingly,

presumed mechanism of action was that FasL
could interact with Fas on inflammatory cells
without tumor cell apoptosis (as Fas-deficient
cells do not undergo apoptosis in response to
FasL). The subsequent death of these Fas-
sensitive inflammatory cells established an
environment that, somewhat paradoxically,
promoted a self-amplifying cycle of
inflammation and which led to innate and

adaptive anti-tumor immunity*.

2f. Gain of MYC

MYC is a prototypical oncogene
involved in proliferation and growth. On its
own in normal cells, MYC is tightly regulated,
but in a permissive environment MYCis highly
tumorigenic. Amplifications in the MYCregion
have been consistently reported in human' %

and in canine bone tumors3%¥,

3. Genetically engineered mouse models of

osteosarcoma
Mice have  been  genetically
engineered to generate osteosarcoma

tumors. Germline mutation of TP53 in mice
leads to the generation of osteosarcoma
tumors if they don't succumb to other tumors
first. Targeting the TP53 mutation to the
osteoblast lineage drastically increases the
frequency of osteosarcomas, and co-targeting
RB1and TP53 mutations within the osteoblast

formation?°,

lineage accelerates tumor
Targeting of DLGZ2 in a P53, RB1 background
in the osteoblast lineage further accelerates
tumor formation®'. Conditionally targeting
PTEN mutations with a TP53 mutation in the

osteoblast lineage also accelerates tumor

targeting RBT1 and PTEN together in the

osteoblast lineage does not lead to
osteosarcoma tumors, but instead leads to
lipoma formation®. A number of other
engineered mice develop osteosarcomas,
including mice with MYC overexpression and
CDK2NA loss (reviewed in*). These results
consistently show that transformation of
osteoblasts is a key step in the formation of

osteosarcoma.

3a. Genetically engineered mice have been
used to identify oncogenes and tumor
suppressors in osteosarcoma

Forward genetic screens to accelerate
tumor formation have been carried out in
osteoblast lineage cells using the Sleeping
Beauty transposon to mobilize a T2/ONC
transposon (Figure 1)'**’. These screens have
identified important roles for RB1, MYC,
PTEN, and CDKNZ2A in osteosarcoma, genes
which have been shown to be modified by
copy number change or mutation in human
and canine tumors.

4. Comparative analysis identifies disruption
of the PI3K

osteosarcoma

signaling pathway in

Enrichment analyses of the universe of
somatic events observed in human patients
point to disruptions of the PI3K/mTOR
pathways in osteosarcoma'”. An siRNA screen
for essential genes in a mouse osteosarcoma
cell line also identified key roles for cell cycle
as PI3K/mTOR pathway

genes'. Analyses of the combined set of

genes, as well

genes identified by forward genetic screens

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/3339 9
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for  osteosarcoma  showed  pathway
enrichment for the PI3K signaling pathway'?
as well as cell cycle genes. These independent
observations support the importance of the
PI3K signaling pathway in osteosarcoma

tumorigenesis.

5. Syntenic synergy in osteosarcoma

Colocalization  of genes  within
oncogenic risk neighborhoods may play an
important role in osteosarcoma and other
tumors when they are commonly lost. PTEN
and FAS are commonly lost in canine
osteosarcomas, leading to a tumor with
diminished suppression of PI3K signaling and
decreased apoptotic capability in the
presence of FASL. The genomic susceptibility
to biallelic loss of these two genes, found on
the distal end of chr2é within the canine
genome, may partially explain the increased
risk as well as the shorter survival times

associated with canine osteosarcoma’.

Other regions of the genome may also

carry  syntenic  synergistic risk  and
vulnerabilities. For example, MTAP is located
near CDKN2A and is commonly lost leading
to tumorigenic changes in metabolism that
may provide competitive advantages to
tumor clones beyond loss of CDKN2A derived
protein products. Cells that have lost MTAP
require PRMT5%® and are sensitive to
treatment using PRMT5 inhibitors®. MYC and
PVT1 are also commonly amplified together
interactions and

leading to synergistic

iSarver et al. Distinct mechanisms of PTEN
inactivation in dogs and humans highlight

convergent molecular events that drive cell

increased transformation relative to the

individual components®. Synergistic
interactions based on gene synteny may be
important to understanding species specific
cancer risk as well as defining weaknesses
specific to cancer cells.

studies of

6. Comparative genomic

osteosarcoma tra nscriptional patterns

In contrast to other tumors like colon,
blood
transcriptional heterogeneity is extremely

breast, or tumors, inter-tumor
high in osteosarcoma tumors. Recent work
using single cell analyses of osteosarcoma
tumor cells suggests that the expression
differences observed between osteosarcoma
tumors are likely due to the presence of
different populations of tumor and stromal
cells at different differentiation states within
the bulk microenvironment®. Recent work
utilizing spatial transcriptomics suggest that
distinct

microenvironment niches exist within the

multiple cytokine  mediated
bone and bone marrow which allow for the
mesenchymal stem cell lineage cells to
interact with and regulate the hematopoietic
stem cell system®. Osteosarcoma may arise
from deregulation of these niches and cellular
imbalances may be generating the high level
of variance observed with bulk osteosarcoma
sequencing. This, coupled with difficulties in
extracting RNA from bone tissues, has slowed
advances in understanding transcriptional

heterogeneity in osteosarcoma. Despite these

division in the pathogenesis of

osteosarcoma. Manuscript submitted.
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complications, a number of landmark studies
have identified transcriptional
patterns in mMRNA and miRNA to be present
across sets of osteosarcoma tumors derived
from humans, mice and canines and these

conserved patterns have been associated with

conserved

patient outcome.

The gene cluster expression summary
score (GCESS) has used to
systematically independently identify and
quantify sets of coregulated genes in human,
canine and murine tumors®. The GCESS is
defined as the sum of expression values (logz-
transformed and mean centered) of all genes
in a particular defined cluster for a single

been

FIGURE 4

(n=4)

sample. Clusters of genes are defined by a
minimum linkage hierarchical
clustering threshold and a minimum gene
number in order to identify strong patterns in
the data. Essentially, the GCESS method
carries out dimensional reduction of many
correlated individual transcript data points
and condenses them into a single value. The
GCESS method can then be used for
statistical analyses of the gene expression
patterns with reduced noise relative to
individual transcripts. Cluster membership can
then be compared across datasets and across
orthologous

average

species identifying

transcriptional patterns (Figure 4).
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Figure 4. Schematic illustration of the GCESS method. The GCESS method was developed to
reduce the high dimensionality of expression profiles generating a normalized and easily
comparable value per sample for use in further association analyses. The GCESS is defined as
the sum of expression values (log 2 -transformed and mean centered) of all genes in a particular
gene cluster for a single sample. A negative GCESS indicates relative under-expression of the
group of genes in that sample compared with all of the samples in the analysis set, a positive
GCESS indicates overexpression, and a GCESS close to O (zero) indicates mean expression. The
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GCESS summarizes the relative transcript levels of many correlated genes into a single value.

This value is calculated for each cluster in each tumor. This allows for tumors to be rank ordered

by summary score, which is based on the observed transcriptional data. Multiple summary scores

were generated for each tumor sample, allowing for the independent comparison of the impact

of each identified gene cluster, thereby achieving an unbiased dimensional reduction. Adapted

from ref>3,

GCESS

conserved transcriptional variation has been

Using  the approach,
observed in human, mouse, and canine

osteosarcomas in a cluster of genes

53,54[ a

associated with cell cycle progression
cluster of genes associated with immune cell
infiltration®® and a set of miRNA present at the
14932 human locus®. Increased transcription
associated with cell cycling has consistently
been associated with poor outcome in human
and canine osteosarcoma®*** as well as
other tumor types>*¢. Variable expression of
components of the immune system were
identified

samples>.

in human mouse and canine

Decreased  expression  of
transcripts associated with immune infiltration
has been associated with poor patient
outcomes™. Decreased expression of a set of
co-clustered miRNA at the 14932 locus was
observed in human, canine, and mouse
samples® and was also associated with poor
outcome in human and mouse samples®.
These

additional sets of human tumors®.

results have been validated in

7. Linkage of driver events to transcriptional

patterns

|dentification  of  driver events
responsible for transcriptional heterogeneity
of tumors has been difficult in osteosarcoma

for a number of reasons. First, driver events

outside of TP53 are highly heterogenous in
osteosarcoma. Second, osteosarcoma RNA-
seq datasets are generally relatively small
compared to other tumors studied. Third,
RNA-seq dataset quality is also influenced by
difficulties in the extraction of mRNA from
bone samples. Fourth, each tumor likely has a
distinct background of additional somatic
events and germline variants that are likely to
modify the transcriptional response of a given
driver event. Despite these difficulties, using
comparative approaches, driver events can be
linked to the observed transcriptional patterns
using GCESS based analyses.

As noted above, much higher rates of
bi-allelic PTEN loss have been reported in
canine than in human osteosarcoma. This has
allowed us to elucidate the role of PTEN in
tumor transcriptional heterogeneity. In canine
tumors, loss of PTEN DNA can be directly
correlated to loss of PTEN transcript. PTEN
transcript highly
correlated with the cell cycle GCESS in four
RNA-seq datasets. Taken
together these results strongly suggest that

levels are negatively

independent

PTEN loss is a cause of increased cell division

in  canine  osteosarcoma. In  human
osteosarcoma, increased methylation of the 5’
shoulder region of the CPG island in the PTEN
promoter is associated with increased cell

cycle scores. Rather than directly controlling
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the basal transcript level of PTEN, methylation
in human and DNA loss in canines likely
inhibits the inducibility of PTEN in response to
inappropriate  cell  division. Distinct
mechanisms of PTEN inactivation in dogs and
highlight

events that

humans convergent molecular

drive cell division in the

pathogenesis of osteosarcoma.

which

infiltration is controlled in osteosarcoma also

Mechanisms by immune
remain murky. Microenvironment niches have
been described within the bone marrow
environment for the regulated proliferation
and differentiation of hematopoietic stem
cells”?4%, Loss of immune infiltration within the
tumor microenvironment suggests that
mechanisms exist for maintaining immune cell
presence in normal bone, which are
compromised in osteosarcoma. Evidence for
and the

immune system also exists in retinoblastoma,

crosstalk between tumor cells

where a normally immune privileged
environment generates an immune response
following inappropriate proliferation. This
immune response is negatively correlated to
cell cycling in human tumors as well as

genetically engineered mouse tumors®'.

RNA-seq analyses of SB mutagenized
screens provide clues to how the immune
system is deregulated in osteosarcoma.
Tumors that overexpress CSF1R have very low

levels of immune infiltrate. The addition of

iSarver et al. Distinct mechanisms of PTEN
inactivation in dogs and humans highlight
convergent molecular events that drive cell
division in the pathogenesis of osteosarcoma.
Manuscript submitted.

TP53 mutant

tumorigenesis in

CSF1R  overexpression in
osteoblasts accelerates
genetically engineered mice and the resulting
tumors show lower levels of immune infiltrate
relative to TP53 mutation alone. It is likely that
CSF1Ris hijacking the CSF1 cytokine creating
niches that do not support proliferation of the

immune system®.

Evidence also exists that an increased

immune response due to infection s
better

Dogs with post-operative

associated  with outcomes in
osteosarcoma.
wound infections after limb-salvage surgery
for osteosarcoma have improved survival®. In
human  patients, deep post-operative
infections also lead to better outcomes®.
These results suggest that mechanisms that
recruit additional immune cells may be

beneficial to osteosarcoma.

8. Immunotherapy for osteosarcoma

Dogs as a model have their own
limitations?; however, we and others have
identified instances where the biology allows
us to utilize dogs to advance immunotherapy
for this disease (reviewed in ref.®%). The canine
trials conducted to date have had mixed
results, but a consistent conclusion from these
studies is that immunotherapies that activate
innate immunity improve survival for dogs
with non-metastatic appendicular

osteosarcoma®®>¢:  this has also been

v Sarver et al. CSF1R regulates immune infiltration
in the pathogenesis of osteosarcoma. Manuscript
submitted.
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observed in humans®’. Less work has been
done in the metastatic setting, where the
benefits unclear®®, A
published study showed benefit of inhaled IL-
15 in

osteosarcoma®’, and a new study combining

remain recently

dogs with advanced metastatic
an oncolytic vesicular stomatitis virus (VSV)”°

and a novel peptide designed to
simultaneously  block  the  CD47/SIRPa
myeloid checkpoint and the PD-1/PD-L1
immune exhaustion checkpoint, is underway
(z.umn.edu/METEOR).
Conventional strategies using antibodies to
achieve blockade of the CTLA4 and/or the

PD-1/PD-L1 immune exhaustion checkpoints

at our institution

have yet to be completed in canine
osteosarcoma. But studies incorporating PD-
1/PD-L1 checkpoint blockade have shown no
limited)

71,72

(or very success in  human

osteosarcoma

9. Conclusions

Osteosarcoma is a chaotic disease present in
a complex and variable microenvironment
composed of many different cell types which
can interact with each other leading to high
transcriptional heterogeneity. Despite this
heterogeneity, = common  transcriptional
in the bulk

transcriptomes of these tumors; additionally,

patterns can be observed
these patterns are associated with outcome,
indicating their importance to the molecular
biology of the disease. Deconvolution of the
cell types present in osteosarcoma will be
important to identifying compounds that
modify bone marrow niches. While there are
clear similarities between highly conserved
driver events (e.g., TP53 mutation across

species) conservation of molecular etiology is

not absolute across species as is exemplified
by PTEN (silenced via methylation in humans
vs biallelic loss in dogs). Despite these
potential pitfalls a comparative oncology
approach has high value to the study of
osteosarcoma. Naturally occurring canine
tumors and genetically engineered mouse
models allow opportunities to  study
osteosarcoma in the presence of a functional
immune system which are not possible with
the commonly used osteosarcoma cell line
models. We suspect that targeting specific
combinations  of

therapies to specific

transcriptional  patterns  may  improve
outcomes. For example, the comparative
study of human and canine tumors suggests
that to improve patient outcomes in immune
“cold" osteosarcomas we should be focusing
therapeutic strategies on approaches that
generate immune “warmer” microenvironments.
We suspect that the aging

microenvironment may create specific niches

bone

that predispose to cancer, perhaps through
loss of immune monitoring, changes to the
immune system as a result of aging, niche
modification leading to changes in cellular
composition, or by combination of these
events. Identification of the molecular drivers
that lead to these variable tumor specific
transcriptional patterns will be essential to
develop more personalized genomic therapy
for osteosarcoma. Identification and remedy
of factors that lead to immune deficiency in
individual tumors may also lead to principles
that guide
pharmaceutical intervention to activate and

general one-size-fits-all

improve tumor immune response in

osteosarcoma.
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