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Abstract

Background: Greater than 90% of dogs with appendicular osteosarcoma will develop
pulmonary metastasis despite the standard of care. Available treatments have lim-
ited efficacy for stage Ill disease. Zoledronate, a bisphosphonate, induces apoptosis of
canine osteosarcoma cells and appears to modulate the tumour microenvironment.
Objectives: This prospective, single institutional phase lla trial investigated the use of
single agent zoledronate in dogs with pulmonary metastases from osteosarcoma.
Methods: Zoledronate was administered once monthly, and thoracic radiographs were
used to assess response.

Results: Eleven dogs were enrolled. Stable disease was achieved in two of eight
dogs available for response assessment. The median progression-free survival was
28 days (range: 4-93 days). The median stage lll-specific survival time was 92 days.
Adverse events were reported in four dogs; two dogs developed grade Il or higher
toxicities. Notable adverse events included conjunctivitis, fever, hypocalcaemia, and
hypophosphatemia.

Conclusions: Zoledronate appears to have limited efficacy as a single agent for stage
Ill osteosarcoma and may be associated with unexpected toxicity in this popula-
tion. This clinical trial was registered on the AVMA Animal Health Studies Database
(AAHSD004396).
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treatment; dogs with pulmonary metastasis have a median survival

time of 59 days (Boston et al., 2006). Chemotherapy appears minimally

Osteosarcoma (OSA) is the most common bone tumour in dogs.
Greater than 90% of dogs with appendicular OSA will develop pul-
monary metastasis (Brodey & Riser, 1969). Reported median survival
times are 10-12 months despite treatment with amputation and
adjuvant chemotherapy (Bergman et al., 1996). Stage Il disease

(regional or distant metastasis) is generally considered refractory to

effective for stage Il disease with response rates of 0%-12% for
doxorubicin, cisplatin, mitoxantrone, or ifosfamide (Batschinski et al.,
2014; Ogilvie et al., 1993). A prospective study demonstrated a 17.6%
biologic response rate to toceranib phosphate, but notably 0% of
dogs experienced a partial or complete response (Laver et al., 2018).

The high frequency of metastasis despite the standard of care has
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fuelled a search for effective therapies against macroscopic metastatic
disease.

Bisphosphonates (BPs) are commonly used in humans and veteri-
nary species to treat cancer-associated bone pain and hypercalcemia
(Fan, 2007). They have also been investigated for anti-neoplastic prop-
erties. BPs concentrate within metabolically active bone and inhibit
bone resorption. Zoledronate (ZOL), a third-generation BP, induces
apoptosisin several cancer cell lines including canine OSA (Poirier et al.,
2003). Itinhibits farnesyl pyrophosphate synthase, an enzyme required
for the prenylation of GTP-binding proteins (Fan, 2007). This results
in disruption of intracellular metabolism, cell cycle arrest, and apopto-
sis. ZOL also modulates the tumour microenvironment by activating y
T cells (Das et al., 2001), inhibiting matrix metalloproteinase activity
(Roelofs et al., 2010), promoting macrophage differentiation towards
an anti-tumoral M1 phenotype (Roelofs et al., 2010), and decreasing
vascular endothelial growth factor secretion (Ohba et al., 2014). ZOL
reduced the development of pulmonary metastasis in some in vitro
murine models (Koto et al., 2009; Ohba et al., 2014). Other studies have
reported conflicting results but were unable to replicate the tumour-
host microenvironment in an immunocompromised host (Wolfe et al.,
2011).

The role of ZOL in human OSA treatment protocols has yet to be
established. Although ZOL can be safely combined with chemother-
apy, its addition in protocols for patients with non-metastatic disease is
associated with anincreased hazard of relapse and metastasis (Goldsby
etal., 2013; Piperno-Neumann et al., 2016). ZOL may have greater util-
ity in the macroscopic disease setting. A recent case series of patients
with chemotherapy-resistant pulmonary metastases showed that ZOL
induced long-lasting stable disease (Conry et al., 2016). Stabilization
lasted for more than 19 months when historically, the median time
to progression is 2 months for chemotherapy-resistant metastatic dis-
ease. While the results of Conry et al. are promising, the authors
involved a limited number of patients, and a larger prospective study
is necessary for validation.

The efficacy of BPs for canine metastatic OSA has yet to be deter-
mined. Most veterinary research has focused on cancer-associated
bone pain. Pamidronate, a second-generation BP, provides pain con-
trol in 28% of dogs with OSA for at least 4 months’ duration (Fan
et al., 2007). It has been combined with carboplatin or doxorubicin and,
although it was well tolerated, its addition did not influence prognosis
(Fan et al., 2009; Kozicki et al., 2013). As a third-generation BP, ZOL
exhibits a 100-fold higher anti-resorptive potency than pamidronate
(Fan, 2007). The veterinary literature describing ZOL is limited to
tolerability studies; it appears well tolerated with rare reports of
renal azotaemia and osteonecrosis of the jaw (Brewer et al., 2021;
Fan, 2007). ZOL has been shown to decrease plasma concentrations
of CXCR4, a chemokine involved in metastasis, in dogs with OSA
(Byrum et al., 2016). This preliminary information paired with the
in vitro effects of ZOL on the tumour microenvironment warrants
investigation of this drug for macroscopic OSA.

The purpose of this study is to obtain pilot data on the use of ZOL
in dogs with pulmonary metastatic OSA. Outcomes of interest include

adverse events (AEs), tumour response, and stage Il survival.

2 | METHODS

2.1 | Patient Selection

This was a prospective, single institutional phase lla study at Auburn
University College of Veterinary Medicine Wilford and Kate Bailey
Small Animal Teaching Hospital utilizing client-owned dogs with stage
111 OSA. The study design was approved by the institution’s ethics com-
mittee and the animal care and use committee (#2017-3051). Written
client consent was required prior to enrolment. Dogs were required to
have at least one pulmonary nodule evaluable on thoracic radiographs
and a histopathologic diagnosis of appendicular OSA. Given that pul-
monary nodules could be due to diseases other than OSA, ultrasound-
guided fine needle aspirates were offered if feasible. Prior treatment
with surgery and/or chemotherapy was permitted, but cancer progres-
sion must be noted at the time of enrolment. Local disease control in
the form of an amputation, surgical limb spare, radiation therapy, or
analgesics was required. Exclusion criteria included the presence of
a pathologic fracture, a life expectancy of less than 1 month, and/or
the presence of azotaemia defined as a serum creatinine greater than
2.0 mg/dl. Patients were not allowed to receive concurrent treatment
with chemotherapy, immunotherapy, or purported anti-tumour supple-
ments. Dogs receiving non-steroidal anti-inflammatory drugs (NSAIDs)
at the time of enrolment were permitted to continue administration for
analgesia. NSAIDs were not initiated during the study due to reported

anti-angiogenic effects (Mohammed et al., 2002).

2.2 | Study protocol

A baseline complete blood count (CBC), serum chemistry panel, and
urinalysis was performed to confirm dogs were otherwise healthy.
Three-view thoracic radiographs were obtained at enrolment and
reviewed by a single board-certified radiologist. Dogs with known
intra-abdominal metastatic disease also underwent an abdominal
ultrasound. Intra-abdominal target lesions were measured by a board-
certified radiologist. Images were obtained for comparison and sub-
sequent assessments were performed within the same plane. Target
lesions were defined and measured according to the Veterinary Coop-
erative Oncology Group Response Evaluation Criteria for Solid Tumors
(VCOG-RECIST) to facilitate response assessment (Nguyen et al.,
2015). Non-target lesions were defined as per VCOG-RECIST as
present or absent.

ZOL (zoledronic acid, Mylan Institutional LLC, Canonsburg, PA, USA)
was administered at a dosage of 0.1 mg/kg. Prior to July 2019, a max-
imum dose of 4.0 mg per dog was used based on the maximum dose
established in human clinical trials (Goldsby et al., 2013). Patients
enrolled after July 2019 were treated to a maximum dose of 8.0 mg
per dog based on canine tolerability data (Byrum et al., 2016; Fan et al.,
2008). ZOL was diluted in 0.9% sodium chloride to a total volume of
100 ml and delivered as a 15-min IV constant rate infusion.

Dogs were evaluated once every 4 weeks for the duration of the clin-

ical trial. A physical examination, blood urea nitrogen, creatinine, urine
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specific gravity, and three-view thoracic radiographs were performed
at each visit. An abdominal ultrasound was also performed at each visit
for patients with known intra-abdominal metastatic disease. ZOL was
administered once per month for up to 6 months.

Owners completed a questionnaire documenting the patient’s clin-
ical status prior to enrolment (Supporting Information). Any adverse
clinical events were expected to be reported via telephone at the
time of the event and at each recheck exam on the institution’s rou-
tine patient history form. The Veterinary Cooperative Oncology Group
Common Terminology Criteria for Adverse Events (VCOG-CTCAE
v1.1) was used to document AEs (Veterinary Cooperative Oncology
Group, 2016). Since dogs were required to have local disease control,

data pertaining to ZOL's pain control properties were not collected.

2.3 | Response assessment

Thoracic radiographs were reviewed by a single board-certified radi-
ologist (Greg T. Almond). VCOG-RECIST definitions for complete
response, partial response, stable disease, and progressive disease
were used to describe response to treatment. Continued enrolment
was offered if ZOL resulted in a biologic response (i.e., stable disease
at minimum). Dogs were removed from the study at the time of OSA
progression or based on the owner’s request.

The primary end point was the development of progressive disease.
Outcomes of interest included response to therapy, progression-free
survival (PFS), stage Ill-specific survival time, and overall survival time
(OST). PFS was measured from the date of enrolment (same day as ZOL
administration) to the date of OSA progression. Patients that died prior
to response assessment were included in PFS. Stage IlI-specific sur-
vival time was the time from detection of metastasis until the date of
death. OST was defined from the time of OSA diagnosis to the time of
death. Death from an undetermined cause was assumed to be due to
osteosarcoma. Dogs were censored from survival analysis when they

were lost to follow up or still alive at the time of data analysis.

24 | Statistics

Statistical analysis was performed using XLSTAT (Addinsoft, New York,
NY, USA). The Kaplan-Meier product limit was used to calculate PFS,
stage lll-specific survival time, and OST with 95% confidence intervals
(Cl). Eleven dogs were recruited for enrolment i this phase Il study. The
null hypothesis was that single agent ZOL lacked efficacy for stage Il
osteosarcoma. A pre hoc power analysis was performed with the intent
to pursue a prospective controlled clinical trial pending results from the
current study. If at least a 20% response rate for ZOL was noted in the
current study, then the authors intended to pursue a larger prospective
study design of one control per three experimental subjects. If the true
median OST of the control and experimental treatments were 60 and
180 days, respectively, then 31 experimental subjects and 10.23 con-
trol subjects would be required to reject the null hypothesis that the

experimental and control survival curves are equal with a probability

of 0.800. The type | error probability associated with the test of this
null hypothesis is 0.05.

2.5 | Cell line validation statement

No cell lines were used in this study.

3 | RESULTS

3.1 | Patient population

A total of 11 dogs were prospectively enrolled at Auburn University
College of Veterinary Medicine Wilford and Kate Bailey Small Animal
Teaching Hospital between November 2017 and August 2020. Data for
all dogs are shown in Table 1. The median age at diagnosis was 6 years
(range: 1-12 years). Six were neutered males and five were spayed
females. The median body weight was 34 kg (range: 17.8-52.6 kg).
Three dogs had an elevated alkaline phosphatase at diagnosis.

The most common tumour location was the distal radius (n = 4).
Other primary sites included the proximal humerus (n = 2), tibia (2),
distal humerus (1), metacarpals (1), and metatarsals (1). Two dogs
had metastatic disease at the time of diagnosis involving the regional
lymph node (n = 2) and/or lungs (1). All 11 patients had achieved pain
control of their bone tumour prior to enrolment via a limb amputation
(n=9), surgical limb spare (1), or analgesic medications (1; presenting
with grade 1 lameness). A diagnosis of appendicular osteosarcoma was
achieved via histopathology for all patients.

Nine dogs received prior chemotherapy and two were treatment
naive. Carboplatin was used in the microscopic disease setting for
seven dogs. One dog was previously enrolled in a clinical trial and
received sirolimus after completion of carboplatin. The dog exited the
trial at the time of progression to stage Il disease. Four dogs received
chemotherapy for macroscopic metastasis prior to enrolment, con-
sisting of carboplatin (n = 3) and doxorubicin (2). No responses were
noted.

Pulmonary metastasis was detected radiographically in all patients
at the time of enrolment. Two dogs had one pulmonary nodule, two
dogs had two nodules, and the remaining seven dogs had three or
more nodules. Two dogs also had metastasis to the regional lymph
node (n = 2), liver (1), and skin (1). Both patients with nodal metastasis
underwent lymphadenectomy at the time of primary tumour excision.
The liver mass was considered a target lesion per VCOG-RECIST,
and the skin nodules were non-target lesions. The median time from
diagnosis to the development of metastasis was 75 days (range:
0-432days).

Four of 11 dogs were receiving an NSAID at the time of enrol-
ment. Other concomitant medications and supplements included
gabapentin (n = 2), hydrocodone (1), tramadol (1), codeine (1), tra-
zodone (1), phenylpropanolamine (1), alpha lipoic acid (1), and amikacin
(1). The dog receiving amikacin (Case 6) had a multi-drug-resistant

infection.
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TABLE 1 Summary of 11 dogs enrolled in pilot study
Time to
Age at development

Case diagnosis Type of local Previous of metastasis Location of

number Breed Sex (years) therapy chemotherapy (days) metastasis

1 Labrador FS 11 Amputation Dox x 1, Carbox 1 0 Pulm, liver, skin, LN

2 Newfoundland MN 10 Amputation Carbo x 6 203 Pulm

3 Mixed breed FS 5 Amputation N/A 111 Pulm

4 Airedale MN & Amputation Carbo x 4 211 Pulm

5 Rottweiler MN 8 Amputation Carbo x 2,Dox x 1 69 Pulm

6 Great Pyrenees MN &) Surgical limb spare Carbo x 2 11 Pulm, LN

7 Great Pyrenees FS 8 Amputation Carbo x 4 432 Pulm

8 Golden retriever MN 1 Amputation Carbo x 4 147 Pulm

9 Standard poodle FS 12 Analgesics N/A 0 Pulm

10 Great dane FS 6 Amputation Carbo x 2 71 Pulm

11 Mixed breed MN 3 Amputation Carbox 3 75 Pulm

Abbreviations: Carbo, carboplatin; Dox, doxorubicin; FS, female spayed; LN, lymph node; MN, male neutered; Pulm, pulmonary.

3.2 | Zoledronate administration

ZOL was administered the same day as enrolment at an intended
dose of 0.1 mg/kg. The median total dose was 3.59 mg (range: 1.78-
4.70 mg). Prior to July 2019, ZOL was administered at a maximum dose
of 4.0 mg per dog. This resulted in four dogs receiving less than the tar-
get dose (range: 0.07-0.09 mg/kg). Patients enrolled after July 2019
were treated with a maximum dose of 8.0 mg. This affected one dog
(Case 10) that received 4.70 mg. The median number of ZOL doses was
1 (range: 1-4).

3.3 | Toxicoses

Potential AEs were reported in four of 11 dogs (Table 2). Two dogs
experienced a grade 3 or higher AE. Constitutional and gastrointesti-
nal events consisted of lethargy (n = 3), anorexia (3), diarrhoea (2),
and vomiting (1). Other AEs included fever (n = 2), tachypnoea (1),
hypocalcaemia (1), and conjunctivitis (1).

Case 1 was reported to have grade 1 diarrhoea. This was docu-
mented a few weeks prior to enrolment and persisted after the first and
second dose of ZOL. The dog received four doses of ZOL and did not
have diarrhoea after subsequent doses. The owners reported prior to
enrolment that the dog had a several years of history of intermittently
loose stool.

Case 6 developed grade 3 anorexia and grade 2 lethargy. This dog
had a mild fever, purulent discharge associated with the limb spare site,
and newly documented pulmonary metastasis at the time of enrolment.
The dog was reported to be doing well at home by the owner. A tis-
sue culture from the limb spare site diagnosed a multi-drug-resistant
Enterobacter cloacae with susceptibility to amikacin. Radiographs of
the affected limb were not performed, but there was clinical concern

for tumour recurrence. The dog was hospitalized for wound manage-
ment and amikacin administration. ZOL was administered on the day
of hospital admission. Anorexia and lethargy were noted the day of
hospitalization and persisted for its duration (8 days). The dog was dis-
charged from the hospital at the clients’ request and was subsequently
euthanized for lack of improvement.

Case 8 was euthanized due to a grade 5 fever. At the time of
enrolment, the dog was hyporexic and mildly lethargic. Thoracic radio-
graphs noted a 16 cm pulmonary mass and several smaller pulmonary
nodules. A fine needle aspirate of the mass was performed and con-
sistent with sarcoma. ZOL was administered the same day as the fine
needle aspirate. The dog developed grade 3 lethargy, grade 2 tachyp-
noea, and grade 1 anorexia one day after administration. The dog
was represented to the authors’ institution 2 days post-ZOL and was
febrile and tachypnoeic. Thoracic radiographs documented unchanged
metastatic disease and no cause for the patient’s clinical deteriora-
tion. A CBC, serum chemistry panel, and ionized calcium noted a mild
mature inflammatory leukogram, mild hypophosphatemia, and grade 3
hypocalcaemia. The dog was hospitalized and treated with fluid ther-
apy, a steroid, calcium supplementation, and antibiotics. The dog’s fever
progressed (105.0°F), and the owner elected for euthanasia after 2 days
of hospitalization with no improvement.

Case 10 was reported to have grade 2 conjunctivitis, grade 2
anorexia, grade 2 lethargy, grade 1 fever, grade 1 diarrhoea, and grade
1 vomiting. The dog was clinically normal at the time of trial enrolment.
The owner noted ocular abnormalities 1 day post-ZOL administra-
tion. The dog was evaluated by a veterinarian 12 days later after it
developed gastrointestinal and constitutional AEs. A fever and bilat-
eral conjunctivitis were recorded. The dog was treated with ophthalmic
steroids and a systemic NSAID. The dog’s clinical signs resolved by the
time of presentation to the authors’ institution 14 days later. Further
testing for causes of conjunctivitis was not pursued.
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TABLE 2 Adverse events (AEs), response, and outcome of 11 dogs treated with single agent zoledronate
Stage Il
Case Response No. of ZOL survival
number Adverse events to ZOL doses PFS (days) Outcome (days) OST (days)
1 Grade 1diarrhoea SD 4 93 Euthanized 226 226
2 None SD 5 287 Lost to follow up 364% 567%
(361 days)
3 None PD 1 28 Euthanized 182 293
4 None PD 1 28 Euthanized 237 448
5 None N/A 1 18 Euthanized 46 115
6 Grade 3 anorexia, grade 2 lethargy N/A 1 12 Euthanized 71 82
7 None PD 1 28 Euthanized 80 512
8 Grade 5 fever, grade 3 hypocalcaemia, N/A 1 4 Euthanized 47 194
grade 3 lethargy, grade 2 tachypnoea,
grade 1 anorexia, hypophosphatemia
9 None PD 1 28 Euthanized 92 93
10 Grade 2 conjunctivitis, grade 2 anorexia, PD 1 27 Lost to follow up 78% 149%
grade 2 lethargy, grade 1 fever, grade (78 days)
1 diarrhoea, grade 1 vomiting
11 None PD 1 27 Euthanized 85 160

Abbreviations: N/A, not applicable; OST, overall survival time; PD, progressive disease; PFS, progression-free survival; SD, stable disease; ZOL, zoledronate.
‘tPatient had SD but exited trial and was censored from PFS, and went on to receive ZOL/toceranib for 139 days.

tCensored from survival analysis.

Renal values were available for review 1-month post-ZOL for 8 dogs.
There was no evidence of acute kidney injury based on VCOG-CTCAE.
The dog that received concurrent amikacin (Case 6) had a urinaly-
sis performed daily during treatment. Rare granular casts were noted
after 3 days of amikacin. Amikacin was discontinued. A urinalysis was
repeated 3 days later, and no casts were observed. Osteonecrosis of

the mandible or maxilla was not observed in any patient.

3.4 | Response assessment

Three dogs (Cases 5, 6, and 8) were removed from the study at the own-
ers’ request prior to the 1-month assessment. Two of these dogs did not
return for follow-up. Case 8 had thoracic radiographs rechecked 1 day
after ZOL administration and documented stable disease.

Eight of 11 dogs returned 4 weeks later for response assessment
(range: 27-28 days). Two had stable disease and six had progressive
disease per VCOG-RECIST. Five dogs with progressive disease had
developed new pulmonary nodules. The remaining dog’s single target
lesion had increased in size by 480%.

Case 1 experienced stable disease with single agent ZOL for a dura-
tion of 93 days. This dog had cytologically or histologically confirmed
cutaneous, pulmonary, and hepatic metastasis. The dog was previously
treated with doxorubicin and carboplatin in the macroscopic disease
setting, and progressive disease was noted 21 days after each drug
based on thoracic radiographs and abdominal ultrasound. This dog
received a total of four ZOL doses before disease progression was
ultimately noted.
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FIGURE 1 Kaplan-Meier curve showing progression-free survival

for 11 dogs with osteosarcoma (OSA). Tick mark represents a
censored dog. The median progression-free survival (PFS) was 28
days.

Case 2 experienced stable disease at the initial reassessment. This
dog had two pulmonary nodules that were stable in size. The dog was
removed from the trial at the owner’s request with the intent to com-
bine ZOL with toceranib phosphate. This patient received a total of five
ZOL doses.

3.5 | Patient outcome

The median PFS for the 11 dogs was 28 days (range: 4-93 days;
95% Cl: 18-28 days) (Figure 1). Three dogs received additional
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FIGURE 2 Kaplan-Meier curves showing stage Ill-specific survival time (a) and overall survival time (b) for 11 dogs with osteosarcoma (OSA).
Tick marks represent censored dogs. The median survival time for stage |lI-specific disease was 92 days. The median overall survival time (OST)

was 226 days.

chemotherapeutics after exiting the trial including sirolimus/piroxicam
(n = 2), cyclophosphamide/sirolimus (1), toceranib/ZOL (1), and dox-
orubicin (1). Case 2 experienced stable disease with toceranib/ZOL
(139 days) and doxorubicin (99 days). No other responses were
noted.

Follow-up data and a date of death were available for 9 of 11 dogs.
Seven dogs (Cases 1, 3,4, 5,7, 9, and 11) were euthanized due to pro-
gressive clinical signs attributed to OSA. Case 6 was euthanized 12
days post-ZOL for lethargy, anorexia, and a multi-drug-resistant infec-
tion. Case 8, the patient experiencing a fever, was euthanized 4 days
post-treatment. Two dogs exited the study and were alive and lost to
follow up 78 days (Case 10) and 361 days after enrolment (Case 2).
Case 2 was no longer evaluated by the authors’ institution 266 days
post-ZOL, at which point the dog had progressive disease while receiv-
ing doxorubicin. The dog was lost to follow up but was noted to be alive
as per referring veterinarian records 361 days post-ZOL. The median
stage IlI-specific survival time was 92 days (range: 46-364 days; 95%
Cl: 71-226 days) (Figure 2). The median OST was 226 days (range:
82-567 days; 95% Cl: 115-448 days).

Necropsy data were available for six dogs. Cases 7 and 8 had com-
plete necropsy examinations performed at the authors’ institution
by a board-certified anatomic pathologist. Four dogs (Cases 1, 6, 9,
11) had limited necropsies performed by their primary care veteri-
narian. Incisional biopsies of gross abnormalities were submitted to
the authors’ institution. Histopathology confirmed a diagnosis of pul-
monary metastatic OSA for all six dogs with available necropsy data.
Additional sites of histologically confirmed metastasis at the time of
death included the tracheobronchial lymph nodes (n = 1), liver (1), and
skin (1). Sites of suspected metastasis included the bone (n = 2) and skin
(2).

Case 8, the dog with a grade 5 fever, underwent a full necropsy
examination. There was no evidence of hypertrophic osteopathy, cen-
tral nervous system abnormalities, or intra-abdominal disease. The
right middle lung lobe was almost entirely effaced by a solitary OSA
with a central area of necrosis. The remaining portion of the right

middle lung lobe contained severe chronic pyogranulomatous pneu-

monia and severe parenchymal necrosis. No infectious organisms were
identified.

4 | DISCUSSION

Treatment with ZOL stabilized metastatic disease in two of eight dogs
available for response assessment. No objective responses were noted.
Case 1 experienced stable disease for a 3-month duration. This dog
had rapidly failed carboplatin and doxorubicin in the gross disease set-
ting, suggesting a clinically significant response to ZOL. Case 2 also
achieved a biologic response, although stable disease was also noted
with toceranib/ZOL (4 months) and doxorubicin (3 months), suggesting
amore slowly progressive individual tumour behaviour.

AEs were reported in 36% of dogs (n = 4). Two dogs experienced
AEs that have only been reported in humans, including fever, hypocal-
caemia, hypophosphatemia, and conjunctivitis. One dog required out-
patient medical management for fever and conjunctivitis. One dog was
hospitalized and subsequently euthanized secondary to fever. The type
and severity of AEs encountered in this study were unexpected based
on the current literature in dogs.

Two dogs experienced AEs that were unlikely related to ZOL admin-
istration. Low grade constitutional signs may be attributed to ZOL
or tumour burden. Gastrointestinal AEs such as diarrhoea (n = 2)
and vomiting (1) may be associated with ZOL, dietary indiscretion, or
administration of concomitant medications or supplements (carprofen,
alpha lipoic acid). Diarrheal and vomiting have recently been described
in a small proportion of ZOL-treated dogs (Conry et al., 2016). The AEs
reported with Case 6 (lethargy, anorexia) may be related to the dog’s
surgical limb spare infection or ZOL administration. The wound likely
played a role since the dog was febrile prior to enrolment.

Two dogs experienced AEs possibly related to ZOL. Case 10 devel-
oped a fever and conjunctivitis. Ocular inflammation is not a previously
reported AE in dogs but occurs in 0.8% of humans (Kennedy et al.,
2018). Uni- or bilateral conjunctivitis, episcleritis, and/or uveitis can

occur at a median of 3 days post-treatment (range: 1-7 days). Most
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cases are mild, and all have been steroid responsive (Kennedy et al.,
2018). Alternative causes of conjunctivitis, such as trauma or expo-
sure to inflammatory agents, could not be excluded. Hypertrophic
osteopathy is considered unlikely as this patient had no evidence of
lameness, limb swelling, or musculoskeletal pain on physical exam.
Skeletal radiographs and/or necropsy data were not available.

Case 8 experienced a grade 5 fever. This patient also had ster-
ile pneumonia detected upon necropsy. Aspiration of the pulmonary
mass may have also precipitated a fever from secondary inflammation,
though reported complications with this procedure are rare (DeBerry
et al., 2002). The concurrent electrolyte derangements make ZOL tox-
icity more compelling. Acute-phase reactions occur in up to 43% of
humans and are secondary to inflammatory cytokine production by
y8 T-cell lymphocytes (Fan, 2007; Izumi et al., 2018). Signs include
fever, muscle and joint pain, nausea, vomiting, and oedema. Symptoms
are typically self-limiting and resolve within 1-2 days. Acute-phase
reactions appear independent of dose. Interestingly, they have been
associated with an improved survival (Izumi et al., 2018). Acute-phase
reactions have not been previously reported in ZOL-treated dogs.

Severe hypocalcaemia and moderate hypophosphatemia were also
noted in Case 8. Hypocalcaemia could arise from ZOL toxicity or severe
systemic inflammation. Hypophosphatemia could occur secondary to
ZOL or respiratory acidosis from pneumonia. As this patient under-
went a full necropsy, other causes are unlikely. Hypophosphatemia
is encountered in 50% of humans and is the dose limiting toxicity
(Goldsby et al., 2013). Electrolyte abnormalities are typically transient
and reversible. These may be underreported in dogs as electrolytes
are not routinely monitored. It is difficult to determine a timeline for
monitoring as hypocalcaemia can occur days to months after ZOL
administration in humans (Goldsby et al., 2013).

The OST encountered in the current study is 7.5 months. His-
toric median survival times are 4-6 months with local control and
10-12 months with the addition of chemotherapy (Bergman et al.,
1996). This is likely influenced by enrolment of dogs with exclusively
stage Il disease, excluding the minority (<10%) of dogs with OSA that
never develop metastasis. Two of 11 dogs did not receive chemother-
apy, which likely impacted outcome. Additionally, five dogs (45%) had
at least one of the following negative prognostic indicators: proxi-
mal humerus location, elevated alkaline phosphatase, and presence of
metastasis at time of initial diagnosis. The median time to development
of metastasis was 75 days in the present study, which is shorter than
previous reports (183 days) (Boston et al., 2006). This may be due to the
presence of negative prognostic indicators. As most dogs progressed
despite ZOL, the median stage Il survival time (92 days) was similar to
previous studies (Boston et al., 2006).

The results of this study must be interpreted with caution due
to the limited number of cases and risk of type Il error. Inclusion
criteria selected for cases with more biologically aggressive disease.
Patients may have been understaged since only one had an abdominal
ultrasound and no dog underwent computed tomography with or
without positron emission tomography. Full necropsies were per-
formed in only two of 11 patients, potentially failing to identify atypical
metastases.

While ZOL appears well tolerated in healthy dogs, further research
is needed in dogs with macroscopic cancer. Reported doses in healthy
dogs range from 0.1 to 0.25 mg/kg every 3-4 weeks (Fan, 2007). The
IC5o for ZOL has been established in two canine OSA cell lines, and
it was variable similar to humans (Poirier et al., 2003). There are lit-
tle published data regarding the pharmacokinetics of ZOL in dogs; this
was established from a single dose of ZOL in healthy dogs at a dose
higher than used in the present study (0.25 mg/kg) (Martin-Jiménez
et al., 2007). To the authors’ knowledge, the pharmacokinetics of ZOL
in tumour-bearing dogs or at lower, clinically utilized doses (0.1 mg/kg)
has not been published.

The present study initially utilized a maximum dose of 4.0 mg per
dog before increasing to a maximum of 8.0 mg. One dog received a
dose greater than 4.0 mg and was reported to have grade 2 conjunc-
tivitis and several other AEs. A dosage greater than 0.1 mg/kg may
be necessary as the anti-angiogenic effects of ZOL appear to be dose
dependent (Koto et al., 2009). ZOL appears to have pleiotropic effects
on OSA cell lines in that while higher doses inhibit cell growth, low
doses may be pro-proliferative (Ouyang et al., 2018). Lower doses of
ZOL (0.1 mg/kg) were found to downregulate CXCR4 expression and
inhibit OSA cell migration in tumour-bearing dogs. This could lead to
anti-tumour effects regardless of the impact on angiogenesis (Byrum
etal., 2016).

Future research should involve establishment of pharmacokinetics
in tumour-bearing dogs. Subsequently, a dose escalation in dogs with
macroscopic OSA with monitoring of calcium and phosphorous could
be pursued based on these results. Concurrent examination of CXCR4
and vascular endothelial growth factor plasma concentrations should
be considered.

In conclusion, ZOL appears to have limited efficacy as a single agent
for the treatment of canine stage Ill osteosarcoma and may be associ-
ated with unexpected toxicity. Further determination of a therapeutic
dose and AEs are recommended before using either as a single agent or
in combination therapies for stage |1l osteosarcoma in dogs.

AUTHOR CONTRIBUTIONS

Conceptualization, data curation, formal analysis, funding acquisition,
investigation, methodology, supervision, project administration, writing—
original draft, and writing—review and editing : Ashley A. Smith. Con-
ceptualization, data curation, investigation, methodology, supervision,
and writing - review and editing: Stephanie E.S. Lindley. Conceptu-
alization, data curation, formal analysis, investigation, supervision, and
writing—review and editing: Greg T. Almond. Data curation, investi-
gation, and writing - review and editing: Noelle S. Bergman. Data
curation, investigation, and writing - review and editing: Brad M. Matz.
Conceptualization, data curation, funding acquisition, investigation,
methodology, supervision, project administration, and writing - review
and editing: Annette N. Smith.

ACKNOWLEDGEMENTS
The authors thank all members of the Oncology Service at Auburn Uni-
versity for their management of the dogs enrolled in this study. This

study was funded by the Auburn University Research Initiative in Can-



SMITH ET AL.

“ L WILEY

cer (AURIC). The views expressed in this manuscript are of authors not
an official position of the institution or funder.

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data supporting these findings are available from the correspond-
ing author upon request.

ETHICS STATEMENT

The authors confirm that the ethical policies of the journal, as noted
on the journal’s author guidelines page, have been adhered to and the
appropriate ethical review committee approval has been received. The
study design was approved by the institution’s ethics committee and

the animal care and use committee (#2017-3051).

ORCID
Ashley A. Smith
Brad M. Matz

https://orcid.org/0000-0003-4522-1416
https://orcid.org/0000-0002-6478-9536

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/vms3.1000.

REFERENCES

Veterinary Cooperative Oncology Group. (2016). Common terminology cri-
teria for adverse events (VCOG-CTCAE) following chemotherapy or
biological antineoplastic therapy in dogs and cats v1.1. Veterinary and
Comparative Oncology, 14(4), 417-446.

Batschinski, K., Dervisis, N. G., & Kitchell, B E. (2014). Evaluation of ifos-
famide salvage therapy for metastatic osteosarcoma. Veterinary and
Comparative Oncology, 12(4), 249-257.

Bergman, P. J., MacEwen, E. G., Kurzman, I. D., Henry, C. J.,, Hammer, A. S,,
Knapp, D. W., Hale, A., Kruth, S. A,, Klein, M. K., Klausner, J., Norris, A. M.,
McCaw, D., Straw, R. C., & Withrow, S. J. (1996). Amputation and carbo-
platinfor treatment of dogs with osteosarcoma: 48 cases (1991 to 1993).
Journal of Veterinary Internal Medicine, 10, 76-81.

Boston, S. E., Ehrhart, N. P, Dernell, W. S., Lafferty, M., & Withrow, S J.
(2006). Evaluation of survival time in dogs with stage Ill osteosarcoma
that undergo treatment: 90 cases (1985-2004). Journal of the American
Veterinary Medical Association, 228(12), 1905-1908.

Brewer, D. J., Macfarlane, M., O’Connell, E., & Bacon, N J. (2021). Toxicity of
zoledronic acid after intravenous administration: A retrospective study
of 95 dogs. Journal of Veterinary Internal Medicine, 36,253-258.

Brodey, R. S., & Riser, W H. (1969). Canine osteosarcoma. A clinicopatho-
logic study of 194 cases. Clinical Orthopaedics and Related Research, 62,
54-64.

Byrum, M. L., Pondenis, H. C., Fredrickson, R. L., Wycislo, K. L., & Fan,
T M. (2016). Downregulation of CXCR4 expression and functionality
after zoledronate exposure in canine osteosarcoma. Journal of Veterinary
Internal Medicine, 30(4), 1187-1196.

Conry, R. M., Rodriguez, M. G., & Pressey, J G. (2016). Zoledronic acid in
metastatic osteosarcoma: Encouraging progression free survival in four
consecutive patients. Clinical Sarcoma Research, 6, 1-7.

Das, H., Wang, L., Kamath, A., & Bukowski, J F. (2001). Vgamma2Vdelta2
T-cell receptor-mediated recognition of aminobisphosphonates. Blood,
98(5), 1616-1618.

DeBerry, J. D., Norris, C. R., Samii, V. F, Griffey, S. M., & Almy, F S.
(2002). Correlation between fine-needle aspiration cytopathology and
histopathology of the lung in dogs and cats. Journal of the American Animal
Hospital Association, 38(4), 327-336.

Fan, T. M., Charney, S. C, de Lorimier, L. P, Garrett, L. D., Griffon, D.
J., Gordon-Evans, W. J., & Wypij, J. M. (2009). Double-blind placebo-
controlled trial of adjuvant pamidronate with palliative radiotherapy and
intravenous doxorubicin for canine appendicular osteosarcoma bone
pain. Journal of Veterinary Internal Medicine, 23(1), 152-160.

Fan, T. M., de Lorimier, L. P, Garrett, L. D., & Lacoste, H I. (2008). The bone
biologic effects of zoledronate in healthy dogs and dogs with malignant
osteolysis. Journal of Veterinary Internal Medicine, 22(2), 380-387.

Fan, T. M., de Lorimier, L. P, O’Dell-Anderson, K., Lacoste, H. I., & Charney,
S. C. (2007). Single-agent pamidronate for palliative therapy of canine
appendicular osteosarcoma bone pain. Journal of Veterinary Internal
Medicine, 21(3),431-439.

Fan, T M. (2007). The role of bisphosphonates in the management of
patients that have cancer. Veterinary Clinics: Small Animal, 37(6), 1091~
1110.

Goldsby, R. E., Fan, T. M,, Villaluna, D., Wagner, L. M., Isakoff, M. S., Meyer,
J., Lor Randall, R, Lee, S., Kim, G., Bernstein, M., Gorlick, R., Krailo, M., &
Marina, N. (2013). Feasibility and dose discovery analysis of zoledronic
acid with concurrent chemotherapy in the treatment of newly diagnosed
metastatic osteosarcoma: A report from the Children’s Oncology Group.
European Journal of Cancer, 49(10), 2384-2391.

Izumi, H., Yamasaki, A., Takeda, K., Kodani, M., Touge, H., Tanaka, N., Yanai,
M., Ueda, Y., Sakamoto, T., Nishii-Ito, S., Makino, H., Yamaguchi, K., Igishi,
T., & Shimizu, E. (2018). Acute-phase reaction induced by zoledronate
and its effect on prognosis of patients with advanced non-small cell lung
cancer. Lung Cancer, 122,200-205.

Kennedy, T, Sellar, P. W., Vaideanu-Collins, D., & Ng, J. (2018). Two
case reports of zoledronic acid-induced uveitis. Age and Ageing, 47(5),
754-755.

Koto, K., Horie, N., Kimura, S., Murata, H., Sakabe, T., Matsui, T., Watanabe,
M., Adachi, S., Maekawa, T., Fushiki, S., & Kubo, T. (2009). Clinically rel-
evant dose of zoledronic acid inhibits spontaneous lung metastasis in a
murine osteosarcoma model. Cancer Letters, 274(2),271-278.

Kozicki, A. R., Robat, C., Chun, R., & Kurzman, | D. (2013). Adjuvant therapy
with carboplatin and pamidronate for canine appendicular osteosar-
coma. Veterinary and Comparative Oncology, 13(3), 229-236.

Laver, T., London, C. A, Vail, D. M., Biller, B. J., Coy, J., & Thamm, D. H. (2018).
Prospective evaluation of toceranib phosphate in metastatic canine
osteosarcoma. Veterinary and Comparative Oncology, 16(1), E23-29.

Martin-Jiménez, T., de Lorimier, L. P, Fan, T. M., & Freise, K J. (2007). Phar-
macokinetics and pharmacodynamics of a single dose of zoledronate in
healthy dogs. Journal of Veterinary Pharmacology and Therapeutics, 30(5),
492-495.

Mohammed, S. L., Bennett, P, Craig, B. A,, Glickman, N. W., Mutsaers, A. J.,
Snyder, P. W., Widmer, W. R., DeGortari, A. E., Bonney, P. W., & Knapp,
D. W. (2002). Effects of the cyclooxygenase inhibitor, piroxicam, on
tumor response, apoptosis, and angiogenesis in a canine model of human
invasive urinary bladder cancer. Cancer Research, 62(2), 356-358.

Nguyen, S. M., Thamm, D. H., Vail, D. M., & London, C A. (2015). Response
evaluation criteria for solid tumours in dogs (v1.0): A Veterinary Coop-
erative Oncology Group (VCOG) consensus document. Veterinary and
Comparative Oncology, 13(3), 176-183.

Ogilvie, G. K., Straw, R. C,, Jameson, V. J, Walters, L. M., Lafferty, M.
H., Powers, B. E., & Withrow, S J. (1993). Evaluation of single agent
chemotherapy for the treatment of clinically evident osteosarcoma
metastasis in dogs: 45 cases (1987-1991). Journal of the American
Veterinary Medical Association, 202(2), 304-306.

Ohba, T, Cates, J. M. M,, Cole, H. A, Slosky, D. A., Haro, H., Ichikawa, J.,
Ando, T,, Schwartz, H. S., & Schoenecker, J. G. (2014). Pleiotropic effects
of bisphosphonates on osteosarcoma. Bone, 63, 110-120.


https://orcid.org/0000-0003-4522-1416
https://orcid.org/0000-0003-4522-1416
https://orcid.org/0000-0002-6478-9536
https://orcid.org/0000-0002-6478-9536
https://publons.com/publon/10.1002/vms3.1000
https://publons.com/publon/10.1002/vms3.1000

SMITH ET AL.

Ouyang, Z., Li, H., Zhai, Z., Xu, J., Dass, C. R., Qin, A., & Dai, K. (2018). Zole-
dronic acid: Pleiotropic anti-tumor mechanism and therapeutic outlook
for osteosarcoma. Current Drug Targets, 19(5), 409-421.

Piperno-Neumann, S., Le Deley, M.-C., Rédini, F., Pacquement, H., Marec-
Bérard, P, Petit, P, Brisse, H., Lervat, C., Gentet, J.-C., Entz-Werlé, N.,
Italiano, A., Corradini, N., Bompas, E., Penel, N., Tabone, M.-D., Gomez-
Brouchet, A., Guinebretiere, J.-M., Mascard, E., Gouin, F., ... Brugieres,
L. (2016). Zoledronate in combination with chemotherapy and surgery
to treat osteosarcoma (052006): A randomised, multicentre, open-label,
phase 3 trial. The Lancet Oncology, 17(8), 1070-1080.

Poirier, V. J., Huelsmeyer, M. K., Kurzman, I. D., Thamm, D. H., & Vail, D M.
(2003). The bisphosphonates alendronate and zoledronate are inhibitors
of canine and human osteosarcoma cell growth in vitro. Veterinary and
Comparative Oncology, 1(4),207-215.

Roelofs, A. J., Thompson, K., Ebetino, F. H., Rogers, M. J,, & Coxon, F P.
(2010). Bisphosphonates: Molecular mechanisms of action and effects
on bone cells, monocytes, and macrophages. Current Pharmaceutical
Design, 16(27),2950-2960.

Wolfe, T. D, Pillai, S. P. S, Hildreth, B. E., Lanigan, L. G., Martin, C. K,
Werbeck, J. L., & Rosol, T. J. (2011). Effect of zoledronic acid and

WILEY -2

amputation on bone invasion and lung metastasis of canine osteosar-
coma in nude mice. Clinical & Experimental Metastasis, 28(4), 377-
389.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Smith, A. A, Lindley, S.E. S., Almond,
G. T, Bergman, N.S., Matz, B. M., & Smith, A. N. (2023).
Evaluation of zoledronate for the treatment of canine stage Il|
osteosarcoma: A phase Il study. Veterinary Medicine and
Science, 9, 59-67. https://doi.org/10.1002/vms3.1000


https://doi.org/10.1002/vms3.1000

	Evaluation of zoledronate for the treatment of canine stage III osteosarcoma: A phase II study
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Patient Selection
	2.2 | Study protocol
	2.3 | Response assessment
	2.4 | Statistics
	2.5 | Cell line validation statement

	3 | RESULTS
	3.1 | Patient population
	3.2 | Zoledronate administration
	3.3 | Toxicoses
	3.4 | Response assessment
	3.5 | Patient outcome

	4 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES
	SUPPORTING INFORMATION


