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Abstract

Purpose: There is increasing recognition that progress in immuno-oncology could be accelerated
by evaluating immune-based therapies in dogs with spontaneous cancers. Osteosarcoma (OS)

is one tumor for which limited clinical benefit has been observed with the use of immune
checkpoint inhibitors. We previously reported the angiotensin receptor blocker losartan suppressed
metastasis in preclinical mouse models through blockade of CCL2-CCR2 monocyte recruitment.
Here we leverage dogs with spontaneous OS to determine losartan’s safety and pharmacokinetics
associated with monocyte pharmacodynamic endpoints, and assess its antitumor activity, in
combination with the kinase inhibitor toceranib.

Experimental Design: CCL2 expression, monocyte infiltration, and monocyte-recruitment by
human and canine OS tumors and cell lines was assessed by gene expression, ELISA, and
transwell migration assays. Safety and efficacy of losartan-toceranib therapy was evaluated in 28
dogs with lung metastatic osteosarcoma. Losartan PK and monocyte PD responses were assessed
in three dose cohorts of dogs by chemotaxis, plasma CCL2 and multiplex cytokine assays, and
RNAseq of losartan-treated human PMBCs.

Results: Human and canine OS cells secrete CCL2 and elicit monocyte migration which is
inhibited by losartan. Losartan PK/PD studies in dogs revealed that a ten-fold-higher dose than
typical anti-hypertensive dosing was required for blockade of monocyte migration. Treatment with
high-dose losartan and toceranib was well-tolerated and induced a clinical benefit rate of 50% in
dogs with lung metastases.
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Conclusions: Losartan inhibits the CCL2-CCR2 axis, and in combination with toceranib, exerts
significant biological activity in dogs with metastatic osteosarcoma, supporting evaluation of this
drug combination in pediatric osteosarcoma patients.
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Introduction

Tumor metastasis is a complex multi-step process governed in part by intricate overlapping
interactions between tumor cells, immune cells, and their surrounding host environment
(1). The chemokine receptor CCR2 and its ligand, CCL2, represent a signaling axis

which is implicated as a driver of both tumor cell intrinsic and extrinsic processes of the
metastatic cascade (2) (3,4). In pre-clinical mouse models of metastasis, CCR2 expressing
inflammatory monocytes (IMs) are preferentially recruited early to metastatic sites via
tumor and stromal cell-mediated production of CCL2 (3,5). Once present at the site

of metastases, these monocytes can differentiate into metastasis-associated macrophages
(MAMs), which play essential roles in metastatic colonization via promotion of tumor

cell extravasation, growth, and angiogenesis (3,6). The clinical importance of CCL2-CCR2
signaling in tumor progression is underscored by numerous studies demonstrating the
prognostic significance of CCL2 and/or peripheral blood monocyte counts in multiple
human tumor types (7-10). Combined, these data highlight this chemotactic axis as an
attractive target for metastasis-directed therapies, and small molecule therapeutics targeting
CCR2 are currently being evaluated in clinical trials (ClinicalTrials.gov NCT03851237,
NCT04123379, NCT03767582, and NCT03496662).

Osteosarcoma (OS) is the most common primary malignant tumor of bone and occurs
more frequently in children and adolescents than any other age group (11). Overall

survival rates for OS patients have remained unchanged since improvements associated
with the introduction of multi-drug chemotherapy protocols in the 1980s . This clinical
failure is directly attributable to our inability to treat those ~30% of individuals who
remain at high risk to develop tumor recurrence, despite receiving the same first line

drug combinations effective in other OS patients(11-13). Metastasis to the lung almost
exclusively accounts for these cases of OS recurrence (12,13). Once pulmonary metastasis
has developed, therapies with proven clinical benefit beyond surgical resection are extremely
limited, and only ~20% of these patients remain alive 4 years after recurrence (12,13).

A significant therapeutic advancement in human oncology over the last decade has been
the FDA approval of multiple new immunotherapy approaches (14). In patients with other
solid tumors such as melanoma, non-small cell lung, renal, gastric, and bladder cancers,
monoclonal antibodies targeting immune checkpoint molecules such as programmed
cell-death protein 1 (PD-1) and cytotoxic T-lymphocyte associated protein 4 (CTLA-4)
have resulted in unprecedented responses in a subset of individuals with advanced stage/
metastatic disease (15,16). However, the potential success of immune checkpoint inhibitors
has fallen disappointingly short is osteosarcoma (17,18), which is surprising given the high
degree of genomic instability in this tumor type (19,20). However, the prior success of
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the macrophage-activating agent liposomal muramyl tripeptide-phosphatidyl ethanolamine
(L-MTP-PE) in this disease suggests that immunotherapeutic approaches targeting the innate
immune system still hold promise for OS patients (21-24).

Spontaneously-occurring tumors in pet dogs represent a valuable intermediary animal
model for evaluation of novel cancer therapeutics and validation of pre-clinical findings,

a translational approach increasingly recognized by the NIH and greater cancer research
community [(25) https://grants.nih.gov/grants/guide/rfa-files/rfa-ca-17-001.html]. Canine
osteosarcoma (OS) is an archetype of a naturally-occurring canine cancer with the potential
to inform immuno-oncology drug development (26). Dogs with OS share many clinical
similarities with human pediatric OS including primary tumor location, response to
conventional adjuvant therapies, the presence of microscopic lung metastases at diagnosis,
and unfortunately, a lack of effective therapies for those high-risk patients with recurrent/
metastatic disease (26). Our group has previously shown that elevated peripheral blood
monocyte counts are independently associated with decreased survival in dogs with OS
(27). More recently, we have shown that the small molecule anti-hypertensive drug losartan
potently inhibits monocyte recruitment through noncompetitive inhibition of CCL2-CCR2
signaling induced ERK1/2 activation, independent of its known biological target, the
angiotensin Il type 1 receptor (AT1R) (28). In these studies, losartan treatment significantly
reduced lung metastatic burden in mice, an effect associated with a significant decrease

in CD11b*/Ly6C*-recruited monocytes in the lungs. Collectively, our results indicated that
losartan could exert antimetastatic activity by inhibiting CCR2 signaling and suppressing
monocyte recruitment, a previously undescribed mechanism for this drug, and provided
pre-clinical rationale for repurposing losartan as a monocyte-targeted immunotherapy and
potential anti-metastatic agent.

To this end, we evaluated CCL2 secretion and losartan’s effect on monocyte recruitment by
human and canine OS cells in vitro, as well as the in vivo anti-metastatic activity of losartan
in a clinical trial of pet dogs with lung metastatic OS. In this approach, we assessed the
safety and anti-tumor activity of escalating doses of losartan in combination with toceranib
phosphate (Palladia), one of the only tumor-targeted tyrosine kinase inhibitors approved in
veterinary medicine. Translationally, toceranib shares significant structural and functional
homology with sunitinib, a multi-kinase inhibitor approved for investigational use in human
osteosarcoma. Limited clinical data in tumor-bearing dogs suggests that toceranib may also
exert secondary immunomodulatory effects on Tregs, similar to that reported for sunitinib
(29-32). Our data demonstrate that high dose losartan — toceranib combination therapy

is associated with in vivo modulation of CCL2-CCR2 pharmacodynamic endpoints and

a clinical benefit rate of 50% in dogs with advanced lung metastatic OS. Additionally,
transcriptomic analysis of human peripheral blood mononuclear cells treated with losartan
demonstrated similar monocyte-associated pharmacodynamic effects. Combined, these data
support evaluation of this drug combination as a novel therapeutic approach for high-risk
metastatic osteosarcoma patients.
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Materials and Methods

Cell lines

Human osteosarcoma and THP-1 cells (RRID:CVCL_0006) were obtained from the
American Type Culture Collection (Manassas, VA USA), or the University of Colorado
Cancer Center Tissue Culture Shared Resource. Canine osteosarcoma cell lines were
obtained from the Flint Animal Cancer Center repository, and origin details have been
previously described (33). All cell lines were validated by short tandem repeat (STR)
analysis and routinely tested for mycoplasma contamination using a commercially available
assay (Mycoalert from Lonza Inc.). Cells were maintained in DMEM media (Gibco, Grand
Island, NY USA) supplemented with 10% fetal bovine serum (FBS; Atlas Biologicals, Fort
Collins, CO USA), penicillin (100 U/mL), streptomycin (100 pg/mL), L-glutamine (2 mM),
and non-essential amino acids (0.1 mM) (All from Gibco). Cells were grown sterilely on
standard plastic tissue culture flasks (Cell Treat, Shirley, MA), under standard conditions of
37 °C, 5% CO», and humidified air.

Patient enrollment

Dogs enrolled in these studies were client-owned dogs presenting to the Colorado State
University (CSU) Flint Animal Cancer Center (Fort Collins, CO). Trial enrollment was

in compliance with the Clinical Review Board and Animal Care and Use Committee of
Colorado State University recommendations, and signed informed consent was obtained
from all dog owners. For study inclusion, all patients were required to have a previous
histopathologically confirmed diagnosis of OS, with measurable pulmonary metastasis
documented via thoracic radiographs. Prior treatment of the primary bone tumor (typically
involving the limb) by surgical amputation was also required. Previous cytotoxic
chemotherapy or other antineoplastic treatment was acceptable with a 2-week washout
period. Prior to study entry, dogs were assessed by physical examination, and standard
laboratory tests including complete blood count (CBC), serum chemistry, urinalysis, urine
protein:creatinine ratio (UPCR) and systolic blood pressure to ensure that inclusion criteria
were met. Dogs were included in the study if the above clinical criteria were met, were
deemed to have adequate organ function (as determined by the standard laboratory tests)
and had a modified Eastern Comparative Oncology Group (ECOG) score of 0 or 1.
Baseline 3-view thoracic radiographs were obtained and evaluated by a board-certified
radiologist. Target lesions (up to 5) were identified, and measurements (longest diameters)
were recorded.

Patient monitoring and treatment evaluations

Dogs enrolled in the trial were re-assessed at weeks 1, 2, and 4 post-initiation of therapy,
and every 4 weeks thereafter for the duration of the study. Adverse events (AEs) were
recorded for all dogs in the study and graded according to the Veterinary Cooperative
Oncology Group (VCOG) Common Terminology Criteria for Adverse Events v1.1 (34)
based on owner history, physical examination, CBC, serum chemistry, urinalysis, and
UPCR. Reductions in dosage and/or frequency were permitted to manage AEs which were
attributed to losartan and/or toceranib. Treatment response was evaluated according to the
published VCOG Response Evaluation Criteria for Solid Tumaors in Dogs v1.0 (35), and
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were based on longest diameter measurements obtained for target lesions identified at
baseline thoracic radiographs. Dogs were considered evaluable for response if they remained
on trial for at least one cycle of follow-up thoracic radiographs.

Responses were monitored at week 8 and every 8 weeks thereafter in the 1 mg/kg cohort,
while dogs in the 10 mg/kg losartan dose cohort were also evaluated by additional thoracic
radiographs at week 2. Dogs experiencing stable disease, or a partial or complete response
at week 2 (10 mg/kg cohort) or week 8 were allowed to remain on study. At each recheck
examination, whole blood, serum and plasma were collected for immune endpoints. Serum
and plasma were aliquoted and stored at —80 °C for batch cytokine analysis by ELISA or
multiplex analysis. Blood was processed within 1 hour of collection by ACK lysis, and
freshly isolated PBMCs were immediately assayed for CCL2-directed ex vivo monocyte
migration (as described in the supplemental methods).

Cytokine analysis of patient samples and cell culture supernatant

Commercially available human and canine CCL2 ELISA kits (R&D Systems Inc.,
Minneapolis, MN USA) was used to measure the concentration of CCL2 in pre- and post-
treatment patient plasma samples and in osteosarcoma tumor-conditioned cell culture media.
In addition, interferon-gamma (IFN-v) and vascular endothelial growth factor (VEGF) were
also quantified in pre- and post-treatment canine patient plasma samples by commercial
ELISA (R&D Systems). Multiplex cytokine analysis of patient plasma was conducted using
a commercially available canine 13-plex cytokine kit run according to the manufacturer’s
instructions (MilliporeSigma, Burlington, MA USA). Samples were run on a Luminex
MagPix instrument. Quality control and initial processing of data was performed with
Luminex xPONENT software, prior to export and further analysis with GraphPad Prism
version 9.1.0 (La Jolla, CA USA).

Losartan pharmacokinetics

For assessment of losartan trough plasma concentrations in the 1 mg/kg dose cohort of
treated dogs, weekly EDTA-treated blood samples were collected via jugular venipuncture
approximately 6 hours following oral administration of losartan and stored at —80°C prior
to batch analysis. For the losartan dose escalation cohorts, healthy dogs or dogs with OS
metastasis received losartan (2.5 mg/kg or 10 mg/kg PO BID.) for 14 days. On day 14,

a catheter was placed in the lateral saphenous vein for repeated sampling, and blood was
collected at 0.25, 0.5, 1, 2, 4, 6, and 12 hours post dosing. Additional details regarding
specific LC/MS methods and data analysis are provided in Supplementary methods.

Cancer Cell Line Encyclopedia, RNAseq data of human primary and lung metastatic
osteosarcoma tumors, and canine tumor cell line microarray data.

Cancer Cell Line Encyclopedia (CCLE) RNAseq data in the form of RPKM

expression values in .gct.gz file format (CCLE_RNAseq_genes_rpkm_20180929.gct.gz) was
downloaded from the Broad Institute CCLE website (https://portals.broadinstitute.org/ccle)
on April 14, 2020. CCL2 mRNA expression data was extracted from the gct file in RStudio
and z-transformed across all cell lines for comparison between osteosarcoma cell lines
versus all other tumor type categories.
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CCL2 mRNA expression across the canine tumor cell line panel was evaluated using a
microarray expression data set previously generated at the Flint Animal Cancer Center by
the Duval Laboratory (36). Briefly, RNA samples were sent to the Genomics and Microarray
Core at the University of Colorado, and were hybridized onto Affymetrix GeneChip Canine
Genome 2.0 arrays, Canine Gene 1.0 ST arrays, and GeneChip miRNA 4.0 arrays. Resulting
CEL files of expression data were then imported into Bioconductor (RRID:SCR_006442)
(37), and intensity values were preprocessed with the Robust Multi-Array Average (RMA)
algorithm (38). Expression values for CCL2 were z-transformed for comparison across cell
lines. POS

FASTQ RNAseq files from de-identified human OS tumor samples previously published
by Wu, Beird, et al., (19) were kindly provided by the Futreal laboratory at MD

Anderson Cancer Center. Briefly, raw FASTQ files were trimmed using Trimmomatic
(RRID:SCR_011848) (v0.36) and trimmed reads were mapped against the GRCh38
human genome using STAR (RRID:SCR_004463) (v2.6.1a). Genes were annotated using
Ensembl (RRID:SCR_002344) (v100) gtf files. The relative expression of genes (FPKM)
was generated using cufflinks (RRID:SCR_014597) (v2.2.1), and gene count data was
generated using HTseg-count (v0.9.1) resources. The relative abundance of monocytes in
primary tumors vs. lung metastases was determined using a combination of previously
described immune cell gene expression signatures (39,40). An individual sample’s monocyte
expression score was calculated as the average of FKPM expression values of the markers
for that cell type.

RNA sequencing and analysis of losartan-treated human PBMCs

EDTA-treated whole blood was obtained from healthy male and female human donors
following obtainment of written informed consent. The study was conducted under
Institutional Review Board approval by Colorado State University and in accordance with
the Declaration of Helsinki. PBMCs were obtained from whole blood via ficoll density
gradient centrifugation, plated in 24 well cell culture plate at 3e® per mL in RPMI plus

10% FBS, 1% penicillin/streptomycin and 1% L-glutamine. Losartan (TCI, cat#L.0232) was
reconstituted in PBS and added to treated wells to a final concentration of 10 pg/mL.

Donor PBMCs were matched for use in control and losartan-treated wells. Cells were
treated for 24 hours and then RNA was extracted using a Qiagen RNeasy mini Kit.
Extracted RNA was sent to Novogene Corp Ltd. for sequencing. Samples were tested for
quality control by Agilent 2100 Bioanalyzer system and by agarose gel electrophoresis.
Libraries were run on Illumina PE150 (HiSeq) for 40M raw reads/sample. FASTQ files from
Novogene were analyzed using Partek Flow software, version 9.0. Briefly, raw data were
filtered by removing adapters and N > 10%, and selected for Phred (RRID:SCR_001017)
score >30. Filtered reads were then aligned with Bowtie2 (RRID:SCR_016368) and the
number of mapped reads per gene was counted using HTseg-count (RRID:SCR_011867).
The count data was read R (v3.6.1) and normalized using RUVSeq (RRID:SCR_006263)
(v1.20) package, specifically using RUVTr function (41). The normalized count data was
used to identify differentially expressed genes between control (untreated) and losartan-
treated PBMCs. Differential gene expression analysis was performed using the limma-voom
(3.42.2) and EdgeR (RRID:SCR_012802) (v3.28.1) packages.
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Gene Set Enrichment Analysis (GSEA, https://www.gsea-msigdb.org/gsea/downloads.jsp)
was performed according to the user guide (https://www.gsea-msigdb.org/gsea/doc/
GSEAUserGuideFrame.html) to determine biological pathways differentially enriched
between losartan-treated and control primary human donor PBMCs (42). GSEA analysis
was performed using publicly available gene sets housed in the Molecular Signatures
Database (MSigDB; https://www.gsea-msigdb.org/gsea/msigdb/index.jsp) and the following
parameters: the Gene Ontology Biological Process gene set (ftp.broadinstitute.org://pub/
gsea/gene_sets/c5.bp.v7.1.symbols.gmt), with Signal2Noise ranking metric, permutation
type set to “gene set,” and 1000 permutations used to calculate statistical significance of
enrichment scores. Statistically significant pathways were defined as those with P < .05 and
false discovery rate (FDR) adjusted q < 0.05.

Statistical analyses

For the comparison of mean values between three or more groups, a one-way ANOVA

with Tukey’s post-test was performed. For comparison of means between two groups, or
comparison of repeated measures between two groups, a two-tailed, unpaired Students’ ¢
test or Wilcoxon matched-pairs t test was used, respectively. Progression-free survival (PFS)
was calculated from the date of administration of the first dose of losartan/toceranib to the
date of PD. Kaplan-Meier estimation was used to determine PFS and overall survival, and
statistical comparison between groups was done by log rank test. All statistical analyses
were performed using Graph Pad Prism software (RRID:SCR_002798) (La Jolla, CA,
USA).

Data availability statement

Results

The mRNA sequence data generated in this study are publicly available in the NIH Sequence
Read Archive (SRA), BioProject ID: PRINA763881.

Human and canine osteosarcoma cells overexpress CCL2 and are enriched for monocytes
in lung metastases

To determine whether human and canine osteosarcoma cells preferentially overexpress
CCL2 as compared to other tumor types, we analyzed CCL2 gene expression z-scores
obtained from microarray data of a panel of 37 canine tumor cell lines (representing

10 different histo-types) and RNAseq data from the Broad Institute Cancer Cell Line
Encyclopedia (CCLE). Both human and canine OS cell lines demonstrated significant
overexpression of CCL2 as compared to other tumor histo-types (Fig. 1A and B, P<

0.05). Based on this overexpression of CCL2, we also sought to assess whether there

was a preferential increase in monocyte infiltration of canine patient-derived OS lung
metastases as compared to primary tumors. Immunolabeling and quantitative image analysis
for MAC387 demonstrated a significant increase in MAC387+ cells in canine OS lung
metastases as compared to unmatched primary appendicular tumors from patients with stage
Il clinical disease (Fig. 1C, D, P< 0.01). Immunolabeling for CCL2, performed on these
same pulmonary metastases, demonstrated that this MAC387+ infiltrated was associated
with strong, peri-nuclear, cytoplasmic positive immunolabeling of CCL2 in >75% of
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tumor cells in all cases (Fig. 1E). Additionally, we analyzed previously published RNAseq
data of human primary appendicular OS tumors and lung metastases (19) to determine
whether there was enrichment for expression of previously published monocyte immune
gene signatures in these tumors (see methods). In this analysis, we identified preferential
monocyte immune gene signature enrichment in human OS lung metastases as compared to
primary tumors (Fig. 1F, A= 0.1).

Losartan inhibits in vitro human and canine osteosarcoma-elicited monocyte migration

To determine whether human and canine OS cells were capable of eliciting monocyte
migration, we generated OS tumor cell-conditioned media from a panel of 4 human and 4
canine OS cell lines for use in trans-well monocyte migration assays. Assessment of these
supernatants by ELISA demonstrated secretion of CCL2 by 4 of 4 human and 3 of 4 canine
OS cell lines evaluated (Fig. 2A and B). Significant THP-1 cell migration in response to
these supernatants was observed in 2 of 4 human OS cell lines (MG63.0 and 143b, Fig.

2C), while supernatants from all 4 human OS cell lines stimulated significant migration of
human PBMCs obtained from healthy male and female donors (Fig. 2D). Similarly, canine
PBMCs obtained from healthy dogs demonstrated significant migration to supernatants from
all 3 canine OS cell lines found to produce CCL2 by ELISA (Fig. 2E). When combined, we
observed a statistically significant positive correlation between the level of CCL2 production
and degree of trans-well monocyte migration across all 8 tumor cell lines and all three
evaluated monocyte cell types for both humans and dogs (Fig. 2F).

We previously demonstrated that losartan inhibited CCL2-CCR2 mediated signaling and
CCL2-directed migration in human and murine monocytes (28). However, prior to initiating
clinical studies of this drug in tumor-bearing dogs, we sought to address whether 1) losartan
was capable of blocking canine monocyte migration, as poor cross-species reactivity for
small molecule CCR2 antagonists has been previously documented for other compounds
(43), and 2) if this effect also translated to blockade of monocyte migration elicited
specifically by OS tumor cells. /n vitro losartan treatment of canine PBMCs significantly
reduced CCL2-directed migration in a dose-dependent manner, to levels ranging from 42%
(losartan [100 ng/mL]) to 12% (losartan [10 pg/mL]) of those observed for untreated
positive control wells (Fig. 2G *P<0.05). Additionally, 1 hr pre-treatment of cells with

10 ug/mL losartan also resulted in significant inhibited of human THP-1 and human PBMC
migration, and to a lesser extent canine PBMC migration, to OS conditioned media from all
evaluated cell lines (Fig. 2H-J).

Clinical evaluation of losartan-toceranib combination therapy in dogs with spontaneous
metastatic OS

Patient characteristics—Dose-escalation PK/PD studies of losartan to determine a
biologically effective dose on monocyte pharmacodynamic endpoints were initiated in both
healthy dogs and dogs with metastatic OS. Thirty-one dogs with metastatic OS that met
eligibility criteria were enrolled in the study, with 8 dogs enrolled in the initial 1 mg/kg
losartan dose cohort, 3 healthy dogs enrolled in a 2.5 mg/kg losartan dose cohort, and

20 dogs enrolled in the 10 mg/kg losartan dose cohort. All patients had prior surgical
removal of their primary tumor, which included amputation for 25 cases of appendicular OS,

Clin Cancer Res. Author manuscript; available in PMC 2022 August 15.
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amputation and hemi-pelvectomy for a single case of axial (right ischium) OS (10 mg/kg
cohort), and hemi-mandibulectomy for two cases of mandibular OS (1 in each cohort). Prior
adjuvant chemotherapy had been administered in 24 dogs and consisted of single agent
carboplatin treatment (n=19), combination carboplatin-doxorubicin (n=4), and carboplatin
plus rapamycin (n=1). All patients receiving post-amputation NSAID (carprofen) therapy
prior to enrollment continued to receive these medications concomitantly on a daily or as
needed basis and included 2 of 8 patients in the 1 mg/kg losartan cohort and 9 of 16
evaluable patients in the 10 mg/kg losartan cohort. None of the patients enrolled in the trial
received prior bisphosphonate therapy. Four patients did not receive prior therapy due to the
presence of pulmonary metastases at the time of diagnosis. Baseline characteristics for all
patients, including information on primary tumor and prior therapies, are presented in Table
S1.

Safety and toxicity—Data from 28 dogs was available for assessment of toxicity
associated with combined losartan and toceranib therapy. In addition, data for single agent
high dose losartan (10 mg/kg) toxicity assessment were available for 4 dogs treated with
losartan only for 2 weeks prior to initiation of toceranib. Concurrent oral administration of
losartan and toceranib was well tolerated by dogs in both the 1 mg/kg and 10 mg/kg losartan
dose cohorts (Table S2). Importantly, no dogs experienced any significant hypotension
associated with losartan treatment (repeated blood pressure measurements for dogs in the 10
mg/kg losartan cohort are shown in Fig. S1).

Toxicities directly attributable to high dose losartan therapy were assessed in a subset of
4 dogs treated with single agent losartan (10 mg/kg) for two weeks prior to initiation of
toceranib therapy (Table S2). Losartan toxicities observed during this period were limited
and, no significant increases in frequency, severity, or duration of toxicities were observed
with concurrent administration of toceranib in the 10 mg/kg losartan dose cohort (Table
S2). Observed toxicities were primarily grade 1 and 2 and most commonly included
neuromuscular (fore-/hindlimb) weakness, hyporexia, and diarrhea. One dog experienced
a persistently increased urine protein:creatinine (UPC) ratio above baseline. This dog had
a pre-existing elevated UPC ratio of 1.6 at enrollment, but which increased to 4.2 over the
16-week course of therapy.

Losartan pharmacokinetics and monocyte pharmacodynamic responses—

An initial losartan dose of 1 mg/kg was selected for the clinical trial, as this is the

dose previously published and reported to be safe for the treatment of proteinuria in

dogs (44). Monocyte pharmacodynamic responses to losartan therapy were evaluated via
quantification of ex vivo PBMC migration to CCL2 and ELISA measurement of plasma
CCL2 concentrations. Compensatory elevation in plasma CCL2 levels has been shown
previously to be a valid and reliable, mechanism of action-based pharmacodynamic endpoint
for CCR2 antagonists in mouse models as well as in human clinical trials [ClinicalTrials.gov
NCT01215279, (45,46)]. Samples from 8 dogs in the 1 mg/kg cohort were available for
evaluation of monocyte migration and losartan pharmacokinetics, while 6 of 8 dogs had
plasma samples available for CCL2 measurement. In this 1 mg/kg cohort, CCL2-mediated
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ex vivo monocyte migration was unexpectedly increased following losartan treatment (Fig.
S2 A).

Moreover, PK analysis demonstrated very low losartan plasma concentrations, with a mean
plasma concentration of 6.8 ng/mL (Fig. S2 B), and at each evaluated time point (2, 4, and
8-weeks post treatment),1 to 3 dogs in this cohort had drug levels below the lower limit of
quantification (<1 ng/mL). We also noted that 5 of 6 dogs had increases in plasma CCL2 at
2 weeks post treatment, ranging from 119 to 288% above pre-treatment baseline values (Fig.
S2 C); though this increase was not significant.

Given the low plasma concentrations of losartan and lack of monocyte pharmacodynamic
responses, an interim dose escalation study of losartan to 2.5 mg/kg BID was performed in
a cohort of healthy dogs (n=3). Drug concentration curves for this cohort (Fig. 3A), revealed
amean losartan Cpay Of 76.7 ng/mL, and a mean AUCq_1p, of 18.2 g » min « mL™1 (Table
S3). The mean inhibition of monocyte migration in these dogs was 27%, with a monocyte
chemotactic index (as % of baseline) after 2 weeks of losartan dosing of 73 % (range of 42 —
132%) (Fig. 3B). These data demonstrated a dose-dependent increased effect of losartan on
CCL2-mediated monocyte pharmacodynamic responses as compared to PD effects observed
in the 1 mg/kg cohort. Nonetheless, maximum losartan plasma concentrations and exposure
levels were still significantly below the desired therapeutic levels identified from /n vitro
migration assays (Fig. 2G).

Previous pharmacokinetic evaluation of losartan demonstrated a strong linear relationship
between losartan dose and plasma Cax and systemic exposure (AUC) (47). Thus, by
extrapolating from our two dose cohorts, it was predicted that a losartan dose of 10

mg/kg given twice daily would achieve the desired maximum plasma concentration and
overall exposure (AUC) of losartan required for inhibition of monocyte responses in vivo.
Therefore, a third dose level was initiated with dogs treated with losartan at 10 mg/kg BID,
in combination with toceranib. The first 4 dogs enrolled in this third cohort received single-
agent losartan therapy for an initial two-week lead-in period to eliminate the possibility of
pharmacokinetic and/or toxicity interactions between losartan and toceranib. At a losartan
dose of 10 mg/kg BID, the mean maximum losartan concentration and exposure were
significantly above target therapeutic levels determined in our prior /n vitro migration
assays, with a mean losartan Cp5x of 508.6 ng/mL, and a mean AUCq_1,h 0f 94.9 g *

min « mL~1 (Fig. 3A and Table S3). Thus, the 10 mg/kg dose of losartan met the desired PK
parameters.

Pharmacodynamic assessment of monocyte migration in dogs treated at the 10 mg/kg
losartan dose showed a significant reduction in the mean chemotactic index (expressed as %
of baseline) after 1-week of losartan therapy in all 4 dogs receiving losartan monotherapy
(mean 54.4 %, range of 21.3 — 91%) (Fig. S3, *P < 0.05). For all dogs enrolled in this high
dose losartan cohort with post-treatment peripheral blood samples available for evaluation,
reduction of CCL2-medated ex vivo monocyte migration from baseline was observed in 7/14
dogs at week 1, 8/15 dogs at week 2, and 7/11 dogs at week 4 (Fig. 3C). Additionally,

10 mg/kg losartan therapy resulted in significant post-treatment increases in plasma CCL2
levels in 12 of 15 dogs at week 2 and 11 of 12 dogs at week 4 with plasma samples
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available for evaluation, with mean increases of 149.4 % and 186.3 % above baseline,
respectively (Fig. 3D, **P=.0084, and ***P=.001). Furthermore, we observed changes

in absolute peripheral blood total myeloid and monocyte cell counts which were associated
with treatment and or overall survival. Combined assessment of losartan-treated dogs with
evaluable CBC data in the low and high-dose cohorts (n=19) demonstrated a significant
reduction in week 4 post-treatment total peripheral blood myeloid cells (combined monocyte
and neutrophil counts; Fig. 3E). Additionally, following median dichotomization of 1-month
post-treatment peripheral blood monocyte counts for all evaluable dogs in both the 1 and

10 mg/kg cohorts (n=19), overall survival was significantly longer in dogs with a >25%
decrease in monocyte counts (median OS = 178 days), as compared to dogs experiencing

a < 25% decline in monocyte count below baseline (median OS = 104 days) (Fig. 3F,
Gehan-Breslow-Wilcoxon test, *£=0.04, HR 1.7, 95% CI: 0.15 to 1.24). Together, with

the observed significant elevations in plasma CCL2 levels and consistently lower ex vivo
monocyte migration at 1, 2, and 4 weeks post 10 mg/kg losartan dosing, these data provide
evidence for increasing modulation of the CCR2 target and inhibition of monocyte migration
at escalated doses of losartan.

Clinical responses to losartan-toceranib combination therapy

Progression-free survival (PFS) was evaluable for 7 of 8 dogs in the 1 mg/kg losartan dose
cohort, with 1 dog censored at time of removal from the trial due to owner perceived AE.
Four dogs were censored from PFS analysis and were also not evaluable for radiographic
response in the 10 mg/kg cohort due to removal of 1 dog from the trial for an AE,

removal of another two dogs due to owner perceived drug safety concerns, at days 6 and

7, and euthanasia of one dog on day 4 due to hind limb paresis not attributable to disease
progression. Radiographically measurable responses were evaluable in 5 of 8 dogs in the

1 mg/kg losartan trial, as 3 dogs developed progressive disease prior to repeat thoracic
radiographs. Response data for all evaluable dogs are summarized in Table S4. The median
progression-free survival time (PFS) was 61 days (range 17-127 days) for the 1 mg/kg
cohort, and 111 days (range 14-240 days) for the 10 mg/kg cohort (Fig. 4A). In comparison,
22 dogs with metastatic OS enrolled into a contemporaneous clinical trial of single agent
toceranib conducted at the Colorado State University and the University of Wisconsin
Veterinary Teaching Hospitals had a median PFS of 57 days (range 7-176 days) (Fig. 4A).
Best responses in the 1 mg/kg cohort included stable disease in 3 of 8 dogs (of 11-, 16-,

and 17-weeks duration) for an overall clinical benefit rate of 37.5%. In the 10 mg/kg dose
cohort, partial responses occurred in 4/16 dogs, with reductions in the sum diameters of
metastatic target lesions of 45%, 68%, 70% and 73% (Fig. 4B), and a median duration of
response of 163 days (range 119-240 days; Fig. 4C). Additionally, clinically meaningful
stable disease (> 8 weeks) was noted in another 4 dogs (median response duration of 139
days, range 113-329 days; Fig. 4C), for an objective response rate of 25% and a clinical
benefit rate of 50% in the 10 mg/kg cohort (Table S4). In comparison, no partial responses
were observed in single agent toceranib-treated dogs, while 3 of 17 dogs experienced
durable stable disease, for an overall clinical benefit rate of 18% (Table S4). Overall survival
was 89 days for single agent toceranib-treated dogs, 109 days for 1 mg/kg losartan-toceranib
treated dogs, and 148 days for 10 mg/kg losartan-toceranib treated dogs (Fig. 4D). Baseline
and 8- and 16-week post-treatment thoracic radiographs are presented in Figs. 4E and 4F for
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two dogs experiencing partial responses. Of note, one of the dogs in the 10 mg/kg cohort
that experienced a partial response eventually died secondary to OS metastases to the right
scapula and distal ulna; however, on necropsy only microscopic evidence of pulmonary
metastasis was identified (Fig. 4E H&E image inset), with no grossly visible lung metastases
observed.

Evaluation of peripheral blood cytokines associated with response to losartan therapy

To determine whether baseline or post-treatment changes in peripheral blood cytokine levels,
and specifically known myeloid and monocyte chemokines, were associated with clinical
response to high dose losartan-toceranib therapy, we performed a bead-based multiplex
ELISA analysis to measure the levels of GM-CSF, IFNvy, IL-2, IL-6, IL-7, IL-8, IL-15,
CXCL10, KC-like (functional homologue to CXCL1), IL-10, IL-18, CCL2, and TNF-a

in plasma samples available for pre- (n=16) and 2-week (n=14) and 4-week (n=13) post-
treatment samples from dogs in the 10 mg/kg cohort. We observed statistically significant
increases in the myeloid-derived suppressor cell regulating and monocyte chemoattractants
IL-18 and CCL2 at both 2- and 4-weeks post treatment as compared to baseline (Fig.

5A). Additionally, significantly higher pre-treatment levels of IL-8 were present in those
dogs experiencing a clinical response (stable disease or partial regression, n=8) to high
dose losartan-toceranib therapy vs. non-responders (n=8; Fig. 5B), and interestingly,
clinically responding dogs also demonstrated a significantly decreased fold change in IL-8
concentrations at 4-weeks post treatment as compared to non-responding dogs (Fig. 5C).

When evaluating cytokines correlated with patient survival, we noted that increasing
concentrations of CXCL10 (IP-10) at 4-weeks post-treatment was associated with shorter
progression-free (r = -0.66, £=0.01) and overall survival (r = -0.57, P=0.04), while
increasing concentrations of CCL2 at 2-weeks post-treatment was associated with shorter
progression-free survival (r = —0.67, A= 0.01; Figs. 5D and E).

Transcriptomic responses of human peripheral blood mononuclear cells to in vitro
losartan treatment

To better define the translational potential of losartan as a monocyte-targeted
immunotherapy for human osteosarcoma patients, we performed RNA sequencing to
identify transcriptional changes associated with losartan treatment of primary human
PBMCs, with control and losartan-treated PBMC samples matched for each donor. We
identified 59 significantly differentially expressed genes (Log, FC > 1.50r < -1.5 and
adj. £<0.05) in 24-hour in vitro losartan treated vs. control PBMCs, including 27 genes
down-regulated and 32 genes up-regulated in response to losartan (Fig. 6A and B, Table
S5). We noted significant downregulation of CCR2 in response to losartan, consistent
with our prior published results in murine monocytes and THP-1 cells (28). We also
observed significant down-regulation of the M2-associated macrophage marker CD163, a
cell population associated with clinical outcome in human OS (24), and interestingly, 3 of
the top-10 most down-regulated genes in response to losartan treatment are implicated as
phenotypic or functional markers of tumor-associated macrophages (MS4A6A, CD163L 1,
and GPR34) (24,48-50). In line with the cytokine changes observed post-losartan treatment
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in our OS-bearing trial dogs, there was significant up-regulation of CXCL8 (IL-8) in
losartan-treated human PBMCs.

We then performed gene set enrichment analysis (GSEA) (42) using the gene ontology
biological processes gene sets from MSigDB, in order to better characterize biological
processes of human PBMCs functionally changed in response to losartan treatment. GSEA
analysis identified 409 pathways which were significantly (P,qj < 0.05) down-regulated in
losartan treated versus control PBMCs (Table S6). Down-regulated pathways were heavily
over-represented by signatures associated with immune cell processes, primarily those
involving leukocyte, monocyte, myeloid cell, and granulocyte chemotaxis, chemokine and
cytokine receptor signaling through G-protein coupled receptors, JAK/STAT, and the MAPK
pathway, and to a lesser extent angiogenesis (Fig. 6C and D, and Table S6). Collectively,
these transcriptional changes in losartan-treated human PBMCs parallel our previously
described effects of losartan in murine models of inflammation and metastasis, as well as the
CCL2 and monocyte-associated pharmacodynamic effects reported here in losartan-treated
canine OS trial patients.

Discussion

Osteosarcoma metastasis, which exhibits an almost exclusive tropism for the lung, is
present in 15-20% of OS patients at diagnosis and subsequently develops in another 30—
40% of patients despite successful first-line therapy (11-13). Beyond surgical resection,

we have little to offer this population of high-risk OS patients and their outcomes have

not improved in four decades. To address this clinical hurdle, we leveraged the value

of dogs with spontaneous OS as a biologically validated means to accelerate human OS
therapeutic advancement (25,26). Our recent work demonstrated that high-dose losartan can
reduce lung metastasis growth in mouse models through blockade of CCL2-CCR2 signaling
and monocyte recruitment (28). Thus, we sought to test the translational potential of this
preclinical data and assess the feasibility of losartan dose-escalation with respect to CCL2
and monocyte pharmacodynamics in a clinical trial of 28 dogs with lung metastatic OS.
Results of this trial demonstrated that dose escalation of losartan, in combination with

the multi-kinase inhibitor toceranib, is both well-tolerated and associated with significant
disease stabilization and/or regression of advanced stage lung metastases in 50% of treated
dogs. This observed response rate is notable, given that the discovery of intrinsic molecular
drivers of OS progression has not translated to success with molecularly targeted therapies,
and in spite of rapid advancements in the field of immunotherapy and the high degree of
genomic instability in OS, trials of newly approved immunotherapies have failed (17,18,51).
With limited therapeutic developments in the pipeline for this orphan disease, and a
historical track record of therapeutic failures in the gross metastatic setting (52), the safety
and clinical response data from this trial provide compelling evidence to consider clinical
evaluation of this drug combination, or losartan in combination with other therapies, in
human OS patients with non-resectable lung metastases.

Substantial pre-clinical and clinical data have demonstrated a pro-metastatic role for CCL2-
CCR2 signaling in the tumor microenvironment and prognostic association of increased
CCL2 and/or monocyte levels with poor patient outcomes for multiple types of canine
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and human cancers (8,27,53). Our results demonstrating enrichment of CCL2 secretion
and monocyte recruitment by human and canine osteosarcoma cells and patient tumor
samples suggest that in particular, this tumor type may represent an ideal target for CCL2-
CCR2 targeted therapies. Therefore, one primary objective for the clinical studies reported
here in tumor-bearing dogs was to determine the pharmacokinetic parameters of losartan
dosing specifically with regard to CCL2 and monocyte pharmacodynamic modulation. We
demonstrated in vitro that losartan was capable of inhibiting human and canine OS cell-
elicited monocyte migration, and our pharmacokinetic analysis of losartan dose escalation
in OS-bearing dogs demonstrated increasing maximum plasma and overall drug exposure
levels, which met or exceeded the /in vitro predicted therapeutic target for exposure.

In this trial, escalating doses of losartan were associated with multiple pharmacodynamic
effects reflective of modulation of CCL2 signaling and monocyte migration, including
post-treatment compensatory increases in plasma CCL2 levels, inhibition of ex-vivo CCL2
stimulated monocyte migration, and a reduction in total peripheral blood myeloid cells and
monocytes. Specifically, significant inhibition of monocyte migration was observed in at
least 50% of dogs at every post-treatment time point evaluated in the 10 mg/kg cohort.
While it is possible this post-treatment inhibition of ex vivo monocyte migration could be
related to variable CCR2 expression on patient PBMCs, as has previously been reported

in dogs with OS (54), our additional pharmacodynamic endpoints suggests this is an
unlikely mechanism. We also demonstrated statistically significant post-treatment elevations
in mean plasma CCL2 concentrations in 90% of treated dogs, a previously reported robust
pharmacodynamic marker of CCR2 inhibition [ClinicaTrials.gov NCT01215279, (45,46)].
It should also be noted that the greatest increases in CCL2 concentrations were observed

in dogs with objective tumor responses and did not appear to be associated with tumor
progression/increased tumor burden. For example, 6 of 6 dogs experiencing clinical benefit
with evaluable samples demonstrated increases in plasma CCL2 levels at four weeks post-
treatment, while 5 of 9 dogs experiencing significant progression of disease at two weeks
post-treatment demonstrated increases in plasma CCL2 levels of only 12% or less above
baseline. Together, these data suggest re-purposing this anti-hypertensive drug may represent
a cost- and time-effective strategy for therapeutic targeting of the CCL2-CCR2 axis in
human OS.

The repurposing of losartan as a cancer therapeutic is also being investigated by other
groups. Prior retrospective studies have associated the use of losartan and other angiotensin
receptor blockers (ARBSs) with improved outcomes for certain tumor types (55), and a
recent trial of losartan treatment for pancreatic cancer reported encouraging clinical benefit
for patients, even following administration at relatively low doses (e.g., 0.5 mg/kg BID)
(56). The pre-clinical rationale for this pancreatic cancer clinical trial originated from

prior work which demonstrated another off-target effect of losartan via indirect inhibition
of TGF-p through suppression of thrombospondin-1 expression (57). Losartan inhibition
of TGF-B’s fibrogenic effects normalized the extracellular matrix to relieve tumor solid
stress, resulting in blood vessel decompression and improved chemotherapeutic efficacy
(57,58). Whether or not these other off-target effects of losartan are associated with clinical
responses in this trial cannot be fully determined, a limitation of this study. However,

our data support a mechanism whereby losartan-mediated tumor regression and/or disease
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stabilization in this canine trial is likely indirectly mediated by CCL2-CCR2 and monocyte
modulation. Toceranib was developed primarily to suppress the proliferation of canine
mast cell tumors with activating KIT mutations, and these activating KIT mutations are

not known to be present in canine OS (59). More importantly, when comparing clinical
responses for single agent toceranib in dogs with metastatic OS, there were no objective
tumor responses observed in 22 dogs, and this ORR was not improved with the addition

of low-dose 1 mg/kg losartan therapy. Instead, when the losartan dose was escalated to

a monocyte-targeted therapeutic range in combination with toceranib, we observed an
increased objective response rate to 25% (4/16) and associated 95% and 66% increases in
median progression-free and overall survival, respectively. Additionally, at this high losartan
dose, we observed no post-treatment changes in serum TGF-f or association with outcome
in our patients (Fig. S4), a biomarker reported to be associated with losartan therapy in
human PDAC patients (56).

Instead, pharmacodynamic endpoints from our study provide evidence suggesting that
treatment responses were the result of high-dose losartan modulation of CCL2-CCR2
monocyte responses. Of the 8 dogs experiencing clinical benefit in the 10 mg/kg dose
losartan cohort, 4 of 6 dogs with evaluable samples demonstrated two-week post-treatment
reductions in ex vivo monocyte migration below baseline, while all 6 of these dogs
demonstrated significant post-treatment increases in plasma CCL2 levels. Additionally,
multiplex cytokine profiling of peripheral blood also identified unique changes in myeloid-
derived suppressor cell and/or monocyte-associated biomarkers associated with response
to losartan therapy. We observed significant post-treatment increases in 1L-18 and CCL2.
While compensatory increases in CCL2 have been reported with CCR2 targeted therapies,
the observed increase in IL-18 was unexpected, but may also be related to losartan’s
impact on myeloid cells. IL-18 has been reported to be a monocyte and monocytic-MDSC
chemoattractant, and thus this increase may also represent a compensatory mechanism in
response to losartan blockade of monocyte recruitment, similar to CCL2. Additionally,

we observed that those dogs experiencing clinical benefit with high-dose losartan had
increased pre-treatment plasma levels of IL-8, and also displayed significant suppression
of post-treatment increases in IL-8, as compared to non-responders. Similar to CCL2 and
IL-18, IL-8 is a known driver of recruitment and expansion of tumor-promoting myeloid
cells in the tumor-microenvironment, and interestingly, overexpression of IL-8 in human OS
lung metastases as compared to matched primary tumors has been previously reported and
implicated as a promoter of OS lung metastasis in mouse models. Combined, these changes
in patient circulating cytokine concentrations in response to losartan therapy suggest a
unified theme of myeloid cell immunomodulation by this drug.

Based on growing evidence that the anti-tumor effects of ARB drugs are due to their
immunomodulatory properties (55), a trial of losartan in combination with the PD-1
inhibitor nivolumab is currently underway (ClinicaTrials.gov Identifier: NCT03563248),
and additional clinical trials are evaluating whether losartan can improve responses to
various combinations of chemo-radiation (ClinicaTrials.gov Identifiers: NCT03563248,
NCT01821729, NCT04106856). Our results add additional preclinical rationale for these
trials, but also suggest that higher doses of losartan, to leverage its inhibitory effects on
CCL2 monocyte responses, may also be an efficacious strategy for an immunotherapy
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combination, without inducing greater side-effects. This is supported by the transcriptomic
responses we observed in response to losartan treatment of primary human peripheral

blood mononuclear cells. Losartan’s primary transcriptional effects on human PBMCs were
directly related to monocyte and myeloid cell chemotaxis and chemokine receptor signaling,
and also demonstrated significant downregulation of known genes which regulate a pro-
tumorigenic M2 macrophage phenotype. These transcriptional changes in human PBMCs
are consistent with the monocyte pharmacodynamic effects we have previously described in
mouse models and those reported in this present clinical trial in dogs, and highlight a second
translational potential for this drug as a repurposed monocyte-targeted therapy, distinct from
its current application in pancreatic cancer.

In conclusion, these studies provide clinical evidence in a translationally relevant
spontaneous animal model of OS, that high-dose losartan therapy, when combined with

a multi-tyrosine kinase inhibitor functionally equivalent to sunitinib, is capable of generating
substantial antitumor activity with minimal toxicity. Based on these data, we are currently
conducting a phase I clinical trial (NCT03900793) evaluating this two-drug combination

for the treatment of lung metastatic OS in pediatric and young adult patients, designed

to escalate losartan dosing to a biologically-effective dose for inhibition of CCL2-CCR2
monocyte responses in these OS patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

30-40% of all osteosarcoma (OS) patients develop tumor recurrence, almost exclusively
in the form of lung metastasis, occurring on average only 1.6 years after diagnosis.
Overall survival rates for these patients have not improved since the 1980s, due to a lack
of therapeutic options for effectively treating these high-risk metastatic patients. Despite
progress in our understanding of the tumor microenvironment, including how host stroma
is co-opted by tumors to promote their growth and survival in distant sites and approval
of immune therapies for cancer patients, these discoveries have not translated to clinical
successes for OS patients. CCR2+ monocytes have been shown to play a critical role

in the promotion of lung metastasis, yet to date there are currently no approved drugs

to target these cells. Here we show in pre-clinical studies in dogs with metastatic
osteosarcoma that the angiotensin-receptor blocker losartan, administered at high doses,
can significantly interrupt the CCR2-CCL2 axis and block monocyte migration. The
combination of high-dose losartan with the multi-kinase inhibitor toceranib led to
significant clinical activity including tumor stabilization and/or regression in 50% of
dogs with advanced relapsed metastatic osteosarcoma to the lungs.
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Fig. 1.
Canine and human osteosarcoma cells express CCL2 and are enriched for monocytes within

pulmonary metastases. (A) CCL2 mRNA expression in canine OS cells, as compared to

all cell lines of non-osteosarcoma histo-type. *P = 0.04, unpaired two-tailed Student’s #
test. (B) CCL2 mRNA expression in human OS cells as compared to all cell lines of non-
osteosarcoma histo-type within the Broad Institute Cancer Cell Line Encyclopedia (CCLE).
*P=0.01, unpaired two-tailed Student’s ¢test. (C) Sub-gross overview and corresponding
400x magnification image of a canine osteosarcoma pulmonary metastasis containing
extensive intra-tumoral infiltrates of MAC387+ monocytes and macrophages (cells labeled
in red; asterisk denotes normal lung parenchyma). (D) 1,000x magnification image of the
same metastatic lesion shown in (D) demonstrating strong cytoplasmic, peri-nuclear positive
immunolabeling of canine OS tumor cells for CCL2 (arrows). (E) Quantitative image
analysis of MAC387+ myeloid cells in osteosarcoma pulmonary metastases as compared
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to primary tumors (n=10 and 26 animals per group, respectively). **/£=0.004, two-tailed
Mann Whitney test, data plotted as mean + SEM. (F) Mean expression of monocyte immune
signature genes in human osteosarcoma pulmonary metastases vs. primary tumors using
RNAseq data obtained from CC Wu et al. = 0.1, unpaired two-tailed Student’s #test.
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OS cells

Human PBMCs - Human OS

cells

Human PBMCs

Total monocytes/well

Canine PBMCs

Losartan inhibits /n vitro monocyte migration elicited by canine and human osteosarcoma
cell secretion of CCL2. (A) CCL2 secretion by human OS cells quantified via ELISA.

(B) CCL2 secretion by canine OS cells quantified via ELISA. (C) THP-1 monocyte trans-
well migration to human OS cell line conditioned media. Data represents mean + SD,
analyzed by one-way ANOVA with Tukey’s post-test, *£= 0.01, ***P< 0.001, ****P<
0.0001. (D) Primary human donor peripheral blood mononuclear cell (PBMC) trans-well
migration to human OS cell line conditioned media. Data represents mean + SD, analyzed
by one-way ANOVA with Tukey’s post-test, **P < 0.01, ****P< 0.0001. (E) Primary
canine donor peripheral blood mononuclear cell trans-well migration to canine OS cell line
conditioned media. Data represents mean + SD, analyzed by one-way ANOVA with Tukey’s
post-test, ***P < 0.001, ****P < 0.0001. (F) Correlation of log;g transformed mean CCL2
secretion (pg/mL) in both canine and human OS cell line conditioned media with logyg
transformed mean human THP-1 monocyte, human PBMC and canine PBMC trans-well
migration. Spearman r = 0.64. (G) Representative whole well images (10x magnification)
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and quantification of losartan inhibition of CCL2 directed canine peripheral blood monocyte
migration (n = 4 canine donors). Crystal violet staining. Data represents mean + SEM of
each donor, analyzed by one-way ANOVA with Tukey’s post-test, *~< 0.05. (H) Losartan
inhibition of THP-1 monocyte migration to human OS cell line conditioned media. Data
represents mean + SD, analyzed by one-way ANOVA with Tukey’s post-test, *P < 0.05, **P
<0.01, ***P<0.001, ****P< 0.0001 (I) Losartan inhibition of human PBMC migration to
human OS cell line conditioned media. Data represents mean + SD, analyzed by one-way
ANOVA with Tukey’s post-test, *£< 0.05, **P< 0.01, ***P < 0.001. (J) Losartan inhibition
of canine PBMC migration to canine OS cell line conditioned media, 7= 5 independent
canine donors. All THP-1, human PBMC, and canine PBMC trans-well migration assays
were performed in technical triplicate or quadruplicate and are representative of a minimum
of 2 different canine or human blood donors or 3 independent experiments (THP-1 cells).
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Fig. 3.
Dose-escalation of losartan in healthy and osteosarcoma metastasis-bearing dogs is

associated with modulation of CCL2-CCR2 pharmacodynamic endpoints. (A) Mean (+
SEM) plasma losartan concentration over time following oral administration of losartan

at 2.5 mg/kg or 10 mg/kg BID for 14 consecutive days (n=3 or 4 dogs/group). (B)
Pharmacodynamic assessment of ex vivo CCL2-directed monocyte migration pre- and 14
days post dosing of losartan at 2.5 mg/kg BID in healthy dogs. (C) Pharmacodynamic
assessment of ex vivo CCL2-directed monocyte migration pre- and 7, 14, and 28 days

post oral dosing of losartan (10 mg\/kg BID) plus toceranib (2.75 mg/kg EOD; day 28) in
osteosarcoma-bearing dogs. (D) Plasma CCL2 concentration at week 0 and weeks 2 and 4
post losartan 10 mg/kg dosing, as measured by ELISA (expressed as % of week 0 baseline).
(E) Peripheral blood total myeloid cell counts (combined absolute monocyte and neutrophil
counts) at baseline and week 4 post losartan treatment. (F) Kaplan-Meier curve comparing
overall survival in dogs experiencing a greater than 25% decrease in week 4 post-treatment
total monocyte counts below baseline (n=11), vs. those that did not (n=8), for evaluable
dogs in both the 1 mg/kg and 10 mg/kg cohorts. (P = 0.04, Gehan—Breslow-Wilcoxon test).
Results for B & C represent the mean chemotactic index (fold-change of CCL2-directed
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migration over negative control wells), as percentage of week 0 baseline. Data expressed
as means + SEM and were analyzed by a two-tailed paired ztest, (n=15-17 dogs/group/
time-point. **p < 0.01, ***p < 0.001).
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Fig. 4.
High dose losartan results in objective responses in dogs with metastatic osteosarcoma.

(A) Kaplan-Meier curve comparing progression free survival in dogs treated with either
single agent toceranib (n=22), low dose losartan (1 mg/kg) + toceranib (n=8), or high dose
losartan (10 mg/kg) + toceranib (n=20). Log rank test for trend £=0.058. (B) Best responses
to losartan-palladia combination therapy, as determined by RECIST criteria (shown as %
change from baseline) for dogs which remained on study for at least one cycle of repeat
thoracic radiographs. * Denotes dogs with stable disease, and # denotes dogs experiencing
a partial response. (C) Median duration of response for those dogs experiencing clinical
benefit (stable disease or partial response) in the high dose losartan (10 mg/kg) cohort.

(D) Kaplan-Meier curve comparing overall survival in dogs treated with either single agent
toceranib (n=22), low dose losartan (1 mg/kg) + toceranib (n=8), or high dose losartan (10
mg/kg) + toceranib (n=20). Log rank test for trend £=0.84. (E and F) Baseline versus

16 and 8-week post-treatment thoracic radiographs, respectively, of two patients in the 10
mg/kg high dose losartan cohort experiencing partial regression of pulmonary metastases.
Both dogs experienced an ~ 70 % reduction in the sum diameter of their target lesions.

For the patient shown in (E), this response was initially noted at week 8, remained stable
to further reduced at weeks 16 and 24, and no grossly visible OS pulmonary metastases
were evident on necropsy of this patient at 27 weeks post-treatment. Only a single residual
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poorly cellular, matrix-rich microscopic metastasis (shown at right), with individual tumor
cell necrosis (arrows) was observed in the lung.
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Fig. 5.

Multiplex cytokine profiling of patient peripheral blood for evaluation of immune correlates
associated with response to losartan therapy. (A) Mean fold change in peripheral blood
cytokine median fluorescence intensity (MFI) at 2- and 4-weeks post losartan treatment

for evaluable patients in the high dose losartan (10 mg/kg) cohort (n = 13 — 16 dogs/
timepoint). P value calculated by mixed-effects analysis with Benjamini, Krieger, and
Yekutieli multi-comparison correction (FDR gvalue). * g=0.01 (IL-18 week-2 vs.
baseline), g=0.07 (IL-18 week-4 vs baseline), g = 0.03 (CCL2 week-2 and week-4 vs.
baseline). (B) Comparison of baseline pre-treatment mean peripheral blood cytokine MFI
values in responders (dogs experiencing clinical benefit , n = 8) vs. non-responders (n =

8) in the high dose losartan (10 mg/kg) cohort. P value calculated by multiple unpaired ¢
test with Benjamini, Krieger, and Yekutieli multi-comparison correction, FDR ¢ = 0.0006
(IL-8). (C) Mean fold change, relative to pre-treatment baseline, in peripheral blood cytokine
MFI values at 4-weeks post losartan treatment, in responders (dogs experiencing clinical
benefit , n = 8) vs. non-responders (n = 5) in the high dose losartan (10 mg/kg) cohort.

P value calculated by multiple unpaired ¢test with Benjamini, Krieger, and Yekutieli
multi-comparison correction, FDR ¢ = 0.0002 (IL-8). (D) Correlation matrix between
peripheral blood cytokine levels at baseline, week 2 and week 4 post treatment with patient
progression free and overall survival. Spearman r values, green = 1, or strong positive
correlation, red = —1 or strong negative correlation, white = 0, no correlation. Outlined boxes
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indicate Spearman P< 0.05. (E) Individual Spearman correlation plots for those cytokines
significantly correlated with clinical outcome, as outlined in (D).
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Fig. 6.

Transcriptional profiling of losartan-treated human peripheral blood mononuclear cells
reveals down-regulation of genes associated with M2 macrophage polarization, monocyte
migration, and chemokine receptor signaling. (A) Heatmap of the 59 differentially expressed
genes (adjusted Pvalue <0.05 and log, fold change of +/- 1.5) between control (n = 5)

and losartan-treated (n = 4; 10 ug/mL) human PBMCs. (B) Volcano plot of differentially
expressed genes. The top 10 up- and down-regulated genes are highlighted in green and red,
respectively. (C) Normalized Enrichment Scores (NES) for pathways related to CCL2-CCR2
signaling and monocyte chemotaxis, which were significantly down-regulated (FDR q <
0.05) in losartan-treated PBMCs vs. control, identified by Gene Set Enrichment Analysis
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(GSEA) using the GO-Biological Processes gene sets from the Molecular Signatures
database (MSigDB). (D) GSEA negative enrichment plots for monocyte chemotaxis and
ERKZ1/2 signaling genetic signatures in losartan-treated human PBMCs.
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