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ABSTRACT 

ASSESSING THE PROGNOSITC VALUE OF CIRCULATING NEUTROPHIL COUNTS 

AND TUMOUR ASSOCIATED NEUTROPHILS IN CANINE OSTEOSARCOMA 

 

Vanessa Huntley 

University of Guelph, 2022

Advisor(s): 

Dr. Alicia Viloria-Petit 

 

Osteosarcoma of the appendicular skeleton is the most common primary bone tumour in 

dogs. To address the unmet need for a biomarker in canine OSA that is reliable and non-invasive, 

we began investigating the prognostic value of various hematological measures through a 

retrospective study. We discovered that an elevated pre-amputation neutrophil count is 

significantly associated with a poor disease-free interval and overall survival time. Next, we 

aimed to further investigate the tumour-associated neutrophil population in canine primary 

tumours. Using tissue microarray technology and myeloperoxidase as a neutrophil marker, we 

observed a positive correlation between tumour infiltrating neutrophil quantities and circulating 

neutrophil counts. These findings suggest circulating neutrophil counts hold prognostic value in 

OSA disease progression, and that blood measures can provide insight onto what is happening 

within the tumour microenvironment directly. Additional studies are warranted to verify these 

findings and confirm the prognostic value of neutrophils in canine OSA disease progression.  
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1 Introduction 

1.1 Canine Osteosarcoma as a Model of Human Disease 

Osteosarcoma (OSA) is a highly aggressive bone tumour in canines and humans. In dogs, 

80-90% of all primary bone tumours diagnosed are OSA 1. There are an estimated 10,000 newly 

diagnosed cases per year, representing a total of 3-4% of all tumours diagnosed in the species 1,2. 

In human and veterinary medicine, OSA has proven to be a challenging cancer to treat. OSA has 

high metastasic potential, and there has been little improvement in survival rates and treatment 

protocols in both human and dogs in the last 4 decades 3.  

One challenge in developing improved treatments for OSA in human patients is the lack of 

clinically relevant models to studying disease progression. While in vitro studies and animal 

models have significantly contributed to our understanding of OSA tumour development, 

limitations are posed by the inaccurate recapitulation of natural disease progression. As a result, 

comparative oncology has proven to be a useful tool in evaluating disease and developing new 

treatment strategies. Unlike orthotopic murine models where disease onset is initiated artificially, 

canine osteosarcoma (cOSA) is a spontaneously occurring cancer that involves biologically 

complex conditions in the presence of an intact immune system over an extended period of time. 

4 Furthermore, companion animals are exposed to many of the same environmental factors as 

humans as they share the same living environment 4. While species-specific differences pose an 

on-going limitation in comparative oncology, various studies have been conducted highlighting 

biological similarities between OSA across both species 4–11. As a result, dogs have been found 

to be an exemplary model analogous to the human condition 4–11. With the incidence rate of 

cOSA estimated to be approximately 27 times higher than humans 10, cOSA provides a unique 
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opportunity to study a naturally occurring disease that can be informative in developing new 

treatments in both species.  

Canine appendicular OSA disproportionately affects large dogs aged 7-9 years old, with 

notable high-risk breeds including German Shepherds, Great Danes, Rottweilers, Greyhounds, 

Scottish Deerhounds and Saint Bernards 11,12. In canines, primary tumours originate within the 

metaphyseal region on long bones of appendicular skeleton 11. Apart from these sites, tumours 

may also arise on the axial skeleton or extra-skeletal tissue, although the latter is rarely observed 

the clinical setting 2. The relative distribution of tumours diagnosed on appendicular skeleton, 

axial skeleton, and extraskeletal tissue is estimated to be 75%, 24% and 1%, respectively 11.  

1.1.1 Diagnosis  

Symptoms that trigger visits to the veterinarian for evaluation can range from mild to 

severe. The most common clinical signs that lead to a presumptive OSA diagnosis are lameness 

of the affected limb and swelling of the affected site 13. However, the invasive nature of tumours 

leads to lysis of regular bone structure that can result in a pathological fracture. The incidence of 

pathologic fracture secondary to OSA neoplasia is variable but is commonly reported in 10-20% 

of patients in retrospective studies 14. Diagnosis is confirmed through clinical history, physical 

examination, diagnostic imaging (usually radiographs) and histopathological analysis of tumour 

biopsy 2. Due to the indistinguishable presenting symptoms and radiographical features of OSA, 

fibrosarcoma, and chondrosarcoma, a biopsy is required to obtain an accurate diagnosis 15. 

Additional imaging (such as computed tomography, magnetic resonance imagining, ultrasound 

and bone scintigraphy) is often performed at the time of diagnosis to investigate common sites of 
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metastasis 2. Although less than 15% of cOSA patients have detectable metastasis at the time of 

diagnosis, it is estimated that 80-90% of patients present having pulmonary micro-metastases 1,16.  

Osteosarcoma is a tumour of mesenchymal origin characterized by the overgrowth of 

osteoid matrix 17,18. While increased production of osteoid is a common distinguishing feature, 

OSA are heterogenous tumours with a spectrum of histological appearances, with variable 

quantities of osteoid, collagen, and chondroid 18. In canines, tumours are broadly classified by 

their location and subclassified based on histologic appearance. Tumours originating in the 

medullary cavity are subclassified as osteoblastic, chondroblast, fibroblastic, telangiectatic or 

giant-cell rich, although many tumours exhibit histologic diversity and consist of multiple 

subtypes 15,17. Surface OSA (tumours originating on the periosteum) can be subclassified as 

either parosteal or periosteal, with the former observed more frequently 19. Finally, tumours 

occurring external to the bone are classified as extra-skeletal OSA 8. The classification system 

between canines and humans is comparable, with differences primarily in classifications and 

subclassification of tumours arising in the medullary cavity 11,17. In addition to anatomical 

classification, OSA is graded at the time of diagnosis. There are two well-known grading 

systems used by veterinary pathologists for canine OSA 18,20, although their usefulness in 

outcome prediction has been questioned 21. 

1.1.2 Treatment and Prognosis  

Treatment for canine appendicular OSA is broadly classified as palliative or curative. The 

primary goal of palliative treatment is pain management and preservation of quality of life 

(QOL), without the intent of altering progression of disease or prolonging survival time (ST). 

Palliative care is offered to cOSA patients that are poor candidates for surgical intervention and 
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those with evidence of metastatic disease at time of diagnosis 8. In cOSA, treatment options that 

provide palliation include oral analgesics, radiation therapy (RT), bisphosphonates 

(Zoledronate), and limb amputation 22. Due to the ongoing risk of pathologic fracture, limb 

amputation (without adjuvant chemotherapy) is often elected to preserve QOL 23. While some 

canine patients may be candidates for more aggressive curative intent treatment methods, owners 

may elect for less invasive measures and pain management options.  

Curative intent treatment has two primary goals: control of local disease and prevention 

of metastatic disease 23. The current SOC with curative intent for canine appendicular OSA is 

limb amputation followed by adjuvant chemotherapy 23. Palliative options are often deployed 

alongside curative treatment protocols to provide analgesia and improve QOL 23. Limb sparing 

surgery is an alternative surgical method to amputation that involves resection of the tumour and 

reconstruction of the excised bone segment 8. Complete amputation is considered the gold-

standard surgical approach for canine appendicular OSA but is not suitable for all patients. For 

example, limb sparing surgery is ruled out when patients are obese, and/or have neurologic or 

orthopedic conditions that may compromise their ability to ambulate on three limbs 8. In 

addition, patients should be evaluated for evidence of metastatic disease on remaining limbs 

before undergoing amputation of the affected limb 2. Unless there are pre-existing conditions 

impacting a patient’s suitability for amputation, large dogs’ function well as amputees and can 

otherwise perform all activities they did prior to surgery 23.  

Despite most owners of amputee dogs being very satisfied with their dogs QOL, some 

elect for euthanasia rather than having their pet’s limb removed 24. Limb sparing surgery 

provides a suitable option to preserve the limb that, like amputation, aims to remove the primary 

tumour in its totality 23. Limb sparing surgery aims to provide a pain free, functional limb, but 
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cannot be performed when more than 50% of the limb is affected by the tumour 25. In addition, 

potential complications include local tumour recurrence, implant failure, and surgical site 

infection 24,25.  

Despite numerous studies investigating the role of adjuvant chemotherapy in canine 

appendicular OSA treatment, there isn’t universal consensus on the optimal chemotherapy 

protocol for the disease 26. Following surgical amputation and recovery, dogs are commonly 

administered 4 to 6 rounds of chemotherapy 23. The introduction of adjuvant chemotherapy has 

significantly prolonged median survival time compared to amputation alone (~ 6 months to ~ 1 

year) 27–29 The most common chemotherapeutic agents used to treat canine OSA are carboplatin 

and doxorubicin 8. While cisplatin is considered effective, it is no longer a common agent used in 

veterinary oncology due to an elevated risk of toxic side effects (nephrotoxicity and 

gastrointestinal toxicity)  26. Carboplatin is currently the agent of choice due to lowest rate of 

adverse events, however, the chemotherapy protocol deployed differs between institutions and 

can depend on patient’s response to treatment, cost, and treatment intensity 23,30. A 2016 

prospective randomized trial found the disease-free interval (DFI) in dogs receiving 6 

intravenous doses of carboplatin was significantly longer than alternating carboplatin and 

doxorubicin (3 carboplatin and 3 doxorubicin), although median survival times between groups 

were not significantly different 26. Results from this study aligned with previous findings 

suggesting combination therapy may not provide a substantial benefit and may also carry a 

greater risk of adverse events 31–33. On the other hand, the effect that the number of single-agent 

doses (i.e., 4 vs. 6) has on survival remains to be elucidated in canine appendicular OSA. In a 

recent phase III clinical trial, the administration of 6 doses of carboplatin (starting at 300 mg/m2) 

prolonged median survival time to 425 days compared to 135 days when alternating doxorubicin 
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and carboplatin (3 doses of each, starting at 30 and 300 mg/m2, respectively) 34. A protocol that 

has produced superior results has yet to be identified 35.  

While most chemotherapy protocols consist of a minimum 4 doses, many patients 

develop metastasis during treatment and are unable to complete the full protocol. Once advanced 

disease is diagnosed, treatment shifts from a curative to palliative approach 22,23. Despite 

improved outcome owed to the addition of adjuvant chemotherapy to the SOC the overwhelming 

majority of dogs develop advanced disease, with only 40-50% of dogs surviving past 1 year and 

less than 20% beyond 2 years 1. Pulmonary and bone metastases are most common, although 

metastasis to other locations occurs  6,36. Little is known about the mechanisms that mediate 

tropism to these tissues, and there is ongoing investigation of potential interactions that may 

explain the aggressive metastatic propensity observed in cOSA 37.  

Various clinical trials have been performed over the last decade in human and canine 

patients attempting to uncover new targets that can yield effective treatments and prolong 

survival 35. To date, the most widely accepted and recognized determinants of appendicular 

cOSA patient outcome are 1) the treatment approach implemented, and 2) the presence of 

metastasis at diagnosis 1. Various other factors have been proposed to hold prognostic utility in 

cOSA patient outcome, although a reliable prognostic biomarker has yet to be identified. 

Predictive factors are critical to determine which patients will benefit from the current SOC and 

to discover novel treatment targets 38.  

1.1.3 Prognostic Biomarkers in Canine Osteosarcoma 

Prognostic factors are patient specific characteristics or measures that predict the 

progression of disease and response to treatment 39. These factors are vital to predicting future 
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disease-related events and are therefore critical to developing effective treatment plans. In cOSA, 

the need for a reliable prognostic indicator remains largely unmet. There are few clinical 

parameters commonly utilized in cOSA to assist in predicting outcome, however, their true 

prognostic value remains inconclusive in literature.  

One potential biomarker that has been evaluated extensively in human and canine 

osteosarcoma is serum alkaline phosphatase (ALP) activity. Various studies have shown that 

elevated ALP activity correlates with a poor prognosis, but studies evaluating the prognostic 

value have yielded inconsistent results 40,41. Another prognostic tool commonly deployed in OSA 

diagnosis and treatment is histologic grading of primary tumours. Several studies have shown a 

negative correlation between tumour grade and DFI or ST, but the true prognostic utility of 

tumour grade and the grading systems themselves are not agreed upon in literature 21,42,43. For 

example, a recent study by Schott et al. (2018) found there was no correlation between tumour 

grade in cOSA and time to metastasis or overall survival time 21.  

Apart from ALP activity and tumour grade, various clinical characteristics have been 

investigated to hold prognostic value including sex, breed, age at diagnosis, weight, and neuter 

status 1,44. It has been widely observed that cOSA disproportionately affects larger breed dogs 

12,45. Despite an elevated risk of development, the prognostic value of weight at diagnosis is 

unclear and various genetic factors beyond weight have been suggested to play a role 12,46. Age at 

diagnosis has also been extensively studied in human and canines to correlate with outcome. 

Some studies have shown that age at diagnosis is not an independent prognostic indicator for 

time to metastasis or overall survival time 47, however, age ranges outside of the median age at 

diagnosis in cOSA and older age at diagnosis in hOSA have been shown to correlate with poor 

outcome 42,48–50. Various other tumour related factors have been investigated for their potential 
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prognostic value, including tumour location 42,51, tumour size or percentage of bone affected 51, 

and level of tumour necrosis 52,53. Extensive investigations into these patient factors over many 

years have revealed none reliably and consistently predict cOSA outcome. 

Alternative biomarkers have been investigated more extensively in the last two decades. 

Various tissue-based biomarkers are under investigation for OSA, including but not limited to 

the differential expression of epidermal growth factor receptor (EGFR) 54, human epidermal 

growth factor receptor-2 (HER2) 55,56, phospho-SMAD2 and yes-associated protein (YAP) 56, 

parathyroid hormone receptor 1 (PTHR1) 57, and TP53 58,59 In addition, various blood-based or 

liquid biopsy biomarkers have been determined to hold prognostic significance, including 

microRNAs (miRNAs) 60,61, circulating tumour cells 62, extracellular vesicles 63,64, circulating 

immune cells and immune cell modulators 65,66. Due to challenges posed by invasiveness and 

accessibility, liquid samples from blood or urine may prove advantageous over tissue-based 

biopsies as they can be easily monitored throughout the course of treatment and are minimally 

invasive to obtain 38.  

Circulating immune cells are an attractive potential prognostic biomarker as obtaining a 

complete blood count (CBC) is already a routine component of OSA treatment. In canines, CBCs 

are commonly taken before surgery to identify health problems that may complicate the 

amputation procedure, and they are taken throughout the chemotherapy protocol to identify 

effects on bone marrow production of rapidly dividing cells, including neutrophils. Published 

studies investigating the potential utility of immune cells as prognostic biomarkers in canine 

OSA disease progression and treatment are currently limited. To begin addressing this gap in the 
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literature, this thesis aims to investigate the prognostic potential of neutrophil counts, the most 

abundant leukocyte in human and canine blood 67. 

1.2 The Neutrophil Life Cycle  

1.2.1 What is a Neutrophil? 

Neutrophils (also known as polymorphonuclear cells) are phagocytic leukocytes that play 

an essential role in innate immunity. They are often regarded as the first responders of the 

immune system, critical for destroying invading pathogens, including bacteria and fungi, that 

infect and cause disease 68. In addition to their critical role in innate immune response, they also 

participate in regulation of adaptive immunity through crosstalk with various adaptive immune 

cells, such as lymphocytes and antigen-presenting cells 69. The life cycle, morphology and 

function of a neutrophil are discussed below. 

1.2.2 Origin and Maturation 

Neutrophils are formed from myeloid progenitor cells (MPCs), one of two primary 

hematopoietic stem cells (HSCs) that undergo differentiation in the bone marrow 68. Neutrophils, 

along with eosinophils and basophils, are characterized as having a high quantity of enzyme 

containing granules 70. They are collectively termed granulocytes, and the maturation of 

granulocytes in the bone marrow is a process known as granulopoiesis 68. Commitment of HSCs 

to neutrophil differentiation is a multi-step process that is tightly controlled by several factors. 

HSCs in the bone marrow will give rise to MPCs, which will then differentiate into a 

granulocyte-monocyte progenitor cell (GMPC) 71. From this stage, neutrophils are differentiated 

from GMPCs through the following subsequent differentiation stages: myeloblasts, 
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promyelocytes, myelocytes, metamyelocytes, and band neutrophil (BN), until a fully matured 

segmented neutrophil (SN) is formed and ready to be released into circulation 72. Enzyme 

containing granules in neutrophils are formed sequentially from the promyelocyte stage and 

beyond 72. While SN are found in circulation, immature BN can be present as well. Little to no 

BN in circulation is considered normal, while the presence of elevated BN in circulation (also 

known as “left shift”) indicates the presence of a pathophysiological inflammatory process, such 

as an infection 68,73,74. 

The differentiation, maturation, and mobilization of neutrophils is primarily controlled by 

Granulocyte Colony Stimulating Factor (GCSF; also known as colony stimulating factor 3 or 

CSF3), a growth factor produced primarily by monocytes and macrophages and, to a lesser 

degree, fibroblasts, endothelial cells, and stromal cells in bone marrow 71,72. GCSF is released by 

these cells in response to inflammatory cytokines such as interleukin-1β (IL-1β), tumour necrosis 

factor-α (TNF-α) and interleukin-17 (IL-17) 67,71. Various studies have shown that administration 

of GCSF increases circulating leukocyte numbers including absolute neutrophil count, and as a 

result, GCSF has been used to treat neutropenia that is chemotherapy induced or of idiopathic 

origin 75,76. Based on these observations, it is clear GCSF plays a critical role in neutrophil 

generation in the bone marrow, although the exact mechanism by which HSCs commit to 

granulocyte differentiation is not fully understood 71. In addition to GCSF, studies in humans and 

mice have shown the process of neutrophil maturation is controlled by various transcription 

factors downstream of GCSF, including PU.1 and CCAAT-enhancer-binding protein-α, or 

C/EBPα 70.  
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1.2.3 Quantity and Morphology 

Neutrophils are the most abundant leukocyte in the blood of canines and humans, 

representing approximately 50-70% of all immune cells in circulation 72. Between 109-1011 

neutrophils may be produced in the bone marrow and released into circulation per day, although 

this number can be further increased in various pathological conditions 67,77. In humans and 

canines, circulating neutrophils in their fully mature form average 7-10 µm in diameter. 

Neutrophils contain a distinctively multi-lobulated nucleus (3-5 lobules) and abundant 

cytoplasmic granules that, in canines, are often barely discernable 78. 

1.2.4 Migration, Trafficking and Clearance 

The movement of neutrophils from the bone marrow into systemic circulation and 

peripheral tissues is primarily controlled by chemokines binding to cell surface receptors 72. 

Under homeostatic conditions, neutrophils are released from the bone marrow and migrate to 

sites of inflammation, infection, or tissue damage, where they perform their functions and are 

subsequently degraded by resident macrophages or dendritic cells 68. If they are not degraded in 

peripheral tissues, they age in circulation, and are returned to the bone marrow, spleen, lungs, or 

liver where they are subsequently phagocytosed 68. The half-life of neutrophils under 

homeostatic conditions was thought to be very short, although the length of time they can persist 

in circulation is currently debated. In humans, the half-life has been reported to range anywhere 

from a couple of hours to 15 hours 68,79. In dogs, the neutrophil half-life has been reported to be 

approximately 7 hours 80. While investigations into the lifespan of a neutrophil are ongoing in 

various species and pathological states, the half-life commonly reported in literature is 6-12 

hours under homeostatic conditions 68,79. 
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It is estimated that only 1-2% of all neutrophils in the body are present in the blood at any 

given time 79. This small percentage within the blood is defined as the circulating pool 72. As 

counts have the potential to fluctuate greatly, the release of neutrophils from the bone marrow is 

a tightly regulated process. The chemokine receptor family (CXCR) plays a central role in 

neutrophil release from the bone marrow and trafficking throughout the body 81. Mature SN are 

retained in the bone marrow through action of two primary chemokine receptors, CXCR4 and 

CXCR2 72,82. Osteoblasts and other bone marrow stromal cells produce chemokine receptor 

ligand 12 (CXCL12), also known as stromal cell-derived factor 1 alpha (SDF-1 α), which binds 

and retains CXCR4-expressing neutrophils in the bone marrow. In addition, the expression of 

chemo-attractant ligands for CXCR2-expressing neutrophils, such as CXCL1, are negligible in 

the blood under basal conditions 83. During states of inflammation, GCSF production increases 

which disrupts the key retention interaction between CXCR4 and CXCL12 81.  In addition, levels 

of CXCL1 increase substantially in the blood, contributing to the release of neutrophils from the 

bone marrow 83 The increased levels of GCSF and CXCL1 present in combination with the 

downregulation of CXCR4 and subsequent upregulation of CXCR2 receptors are the primary 

determinants of neutrophil mobilization from the bone marrow 81. Together, these interactions 

are commonly termed the CXCL12/CXCR4 chemokine axis 84.  

These receptors also play a key role in neutrophil clearance. Mature neutrophils sent into 

circulation, also known as “naïve neutrophils,” express extremely low levels of CXCR4 68. As 

neutrophils circulate, they undergo various phenotypic changes, a process commonly termed 

“aging” in neutrophil biology 67. Within a number of hours, neutrophils downregulate CXCR2 

and simultaneously upregulate expression of CXCR4, enabling chemotaxis and migration 

towards constitutively expressed CXCL12 in the bone marrow once again 84.  
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Beyond the key players of the CXCL12/CXCR4 axis in neutrophil trafficking, 

neutrophils present in the blood can be mobilized through a process known as the leukocyte 

adhesion cascade 67. In this process, endothelial cells of blood vessels near the site of infection or 

inflammation are triggered to express various receptors, such as E and P selectins 67. These 

adhesion receptors bind to neutrophils via surface glycoproteins, causing neutrophils to roll 

along the endothelium. As neutrophils approach the site of infection, chemokine concentrations 

increase causing neutrophil β-integrins to bind with high affinity to endothelial cell ligands, such 

as intracellular adhesion moledule-1 or ICAM-1 67,85. Following this interaction, neutrophils 

undergo transendothelial migration into peripheral tissues where they continue to migrate to the 

site of infection, inflammation, or tissue damage via increasing concentration of 

chemoattractants 85.  

Lastly, the quantity of circulating neutrophils has been shown to be controlled by central 

signals in a circadian fashion. While the exact mechanisms and extent of circadian rhythms 

affecting neutrophil numbers in circulation is still unknown, key players in the neutrophil life 

cycle have been investigated to play a role, including but not limited to the expression of 

adhesion molecules in the leukocyte adhesion cascade described above 86. In addition, quantities 

of neutrophils migrating into specific tissues, such as the lungs, and out of the bone marrow have 

been shown to follow circadian oscillations 86. It has been demonstrated in mice and humans that 

maximum neutrophil release is during peak activity. For nocturnal animals like mice, neutrophil 

mobilization is at its maximum at night, while humans peak during the day 85,87,88.  
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1.2.5 Reservoirs 

Neutrophils are found in many tissues throughout the body where they execute essential 

functions to maintain the health of organisms. While they are the most abundant leukocyte in the 

blood, circulating neutrophils represent a small fraction (approximately 1-2%) of the absolute 

neutrophil numbers present in the body at any given time 67. Due to the consequences of severe 

neutropenia (low neutrophil count) and neutrophilia (high neutrophil count), the rapid turnover 

of neutrophils and release from reservoirs is a tightly regulated process to maintain circulating 

counts within an optimal range. The bone marrow is the site of neutrophil production, and 

functions as a large storage site known as the bone marrow reserve 89. Neutrophils in the reserve 

can be rapidly released in response to inflammatory stress or an infection, causing circulating 

neutrophil numbers to increase 10-fold within a few short hours 89.  

In addition to the bone marrow, neutrophils are also found concentrated in vascular beds 

of the spleen, liver, and lung under physiological conditions, albeit to a lesser degree than the 

bone marrow 71. The population of neutrophils in contact with vascular endothelial cells is 

referred to as the marginated pool 85. The reason for increased neutrophil infiltration into the 

vascular beds of these sites, and whether it is an active process mediated by adhesion molecules 

or a passive process caused by mechanical constriction, remains to be determined 85. It is 

possible these tissues act similarly to the bone marrow as reservoirs that can be rapidly activated 

in response to inflammatory stress. In contrast, it is possible that the function and exposure of 

these organs to micro-organisms or tissue damage even under homeostatic conditions may attract 

neutrophils, triggering an elevated level of surveillance as a protective mechanism. In particular, 

the lung appears to be enriched in mature, SNs 90. While some have suggested this may be due to 

the nature of blood circulation in the body and the fact that the lungs receive the entire cardiac 
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output, others have found neutrophil behaviour and transit time in the lung to differ from that of 

other tissues 71.  

1.2.6 Death of a Neutrophil 

Once neutrophils have executed their function at a site of infection or inflammation, they 

undergo apoptosis and are degraded by tissue resident macrophage by phagocytosis. Those that 

do not extravasate into tissue migrate back to the bone marrow, or to other storage sites such as 

the spleen or lung, as they go through the aging process 68. In addition to the homing of senescent 

neutrophils in blood circulation back to the bone marrow or other tissues for degradation, 

clearance of apoptotic neutrophils by tissue resident macrophages has been proposed to play a 

critical role in neutrophil homeostasis. Stark et al. (2005) found through in vivo and in vitro 

experiments that once neutrophils are degraded by macrophages in mouse tissue, phagocytes 

decrease production of IL-23 which reduces secretion of the pro-inflammatory cytokine IL-17 

from T lymphocytes 91. This anti-inflammatory response decreases the production of GCSF in 

the bone marrow, thereby reducing neutrophil production 91. In addition, in the early 2000s it was 

discovered by Brinkman et al. that neutrophils can produce neutrophil extracellular traps (NETs) 

as a method to destroy pathogens 92. The process by which they produce NETs is termed 

NETosis, a type of programmed cell death unique to neutrophils that differs from apoptosis 92. 

NETs are net-like structures composed of DNA fibers, histones and antimicrobial proteins that 

are critical to regular functioning of neutrophils but have also been implicated in progression of 

various non-infectious and infectious diseases 93. Research on the role of NETs and NETosis on 

cancer progression is ongoing 74,93.  
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1.2.7 Emerging Phenotypes and Functions 

Neutrophils have traditionally been thought of as a homogenous, short-lived population 

of innate immune cells that have a limited number of protective functions. The preceding 

sections describe neutrophils as cells that migrate to sites of inflammation and infection where, 

once they have executed their functions, are quickly and effectively cleared. However, there is 

conflicting literature and gaps in understanding regarding their location and behaviour in 

pathological states. The oversimplification and outdated view of neutrophils has been challenged 

by recent literature that further describes their complex and potential contributing role in disease 

progression.  

Apart from traditional functions and the execution of key immune activities, neutrophils 

are transcriptionally active cells with the potential to alter expression of cell-surface markers and 

their cytokine profile 67. It has become more widely accepted that neutrophils display different 

phenotypes in circulation and in tissue, and that they may perform tissue-specific functions and 

be impacted by the local microenvironment 67,94. Overall, the life cycle and role of neutrophils in 

acute and chronic disease states has yet to be clearly elucidated.  

1.3 Neutrophils as a Prognostic Biomarker  

1.3.1 Neutrophils in Circulation  

Neutrophils must be capable of rapid mobilization and activation to effectively clear 

invading pathogens. The number of neutrophils present in the circulating pool can change 

significantly with relatively small changes in homeostasis. Human studies have shown that 

administration of stress hormones (epinephrine and cortisol) and exercise can almost 
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immediately affect neutrophil numbers in circulation by liberating neutrophils from the 

marginated pool 95–97. Beyond fluctuations in healthy conditions, research investigating 

neutrophil numbers in circulation under pathological conditions is ongoing. It is widely observed 

that neutrophil counts increase in the blood during pathophysiological conditions, although the 

consequence of this on disease progression is debated 98. Apart from absolute neutrophil count 

(ANC), which is found by multiplying the total number of leukocytes captured in the blood 

sample by the percentage of neutrophils found in blood, a potential prognostic biomarker that has 

gained attention over recent years is the neutrophil-to-lymphocyte ratio (NLR).  

The NLR in peripheral blood reflects the balance of the innate and adaptive arms of the 

immune system 99. Calculated as a simple ratio of absolute neutrophil counts and absolute 

lymphocyte counts, it indicates the extent of acute or chronic inflammation (neutrophil count) 

and the adaptive immune response (lymphocyte count) 99,100. As inflammation and immunity 

play critical roles in pathology, NLR has been evaluated extensively to be associated with 

disease severity and outcome 101. Furthermore, cancer-related inflammation has been identified 

as a hallmark of cancer 102. Below is a discussion of research investigating the utility of NLR as a 

predictive biomarker in various pathophysiological states or conditions. 

Cardiovascular Medical Events 

Beyond more commonly investigated pathophysiological conditions highlighted in the 

sections to follow, research has also been carried out investigating associations between NLR 

and various medical events including ischemic stroke, cerebral hemorrhage, and major cardiac 

episodes. A 2014 prospective study evaluating 190 patients found an NLR above 4.1 on hospital 

admission predicts mortality in patients with first-ever acute ischemic stroke 103. An association 
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between high NLR and poor outcome in stroke patients was subsequently reported in later 

studies. For example, a study by Liu et al (2020) found a similar cut-off (NLR > 4.255) was 

associated with a poor outcome in acute ischemic stroke patients treated with intravenous 

thrombolysis 104. While similar trends are seen between these studies, they fail to evaluate the 

dynamics of NLR as a measure. A 2016 study evaluating temporal changes and adverse 

outcomes in stroke patients following treatment found an NLR above 10.59 at 12–18 hours post-

treatment was associated with an 8.50-fold increased risk for hematoma and a 7.93-fold 

increased risk for intracranial hemorrhage 105. In addition to stroke, a significant number of 

studies report an association between high NLR and myocardial infarction severity, prognosis, 

and risk for adverse events following treatment intervention 106–108. Research investigating the 

prognostic value of NLR in dogs with the above-mentioned conditions is limited. 

Inflammatory Diseases 

As NLR is a marker of inflammation, significant research has been carried out to 

investigate the predictive value of the ratio on outcome and severity of various inflammatory 

conditions. In humans, NLR has been evaluated in patients with inflammatory bowel disease 

(IBD) where it was shown to be associated with active disease 109–113. In 2020, Benvenuti et al. 

investigated whether this finding applies to canine patients and additionally tried to determine a 

potential association between disease severity 114. Following review of electronic medical 

records, 150 healthy controls and 41 dogs with confirmed IBD were included in the study. 

Analysis revealed the median NLR of IBD dogs was significantly higher than control dogs (4.78, 

range 0.93–48.64 vs. 3, range 1.1–13.3, p = 0.04, respectively). In addition, NLR was 

significantly different between IBD dogs who responded to treatment and those that did not 
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(NLR of 4.58 vs. 12.23, p = 0.009). However, while significant differences were observed 

between “responders” and “non-responders” indicating an association with severity, it is 

important to note only 5 dogs of 41 were in the “non responders” group. NLR has also been 

investigated in various other inflammatory conditions, such as septic peritonitis 115, systemic 

inflammatory response syndrome 116, pancreatitis 117, and pneumonia 118. Of these conditions, 

only NLR in systemic inflammatory response syndrome and pancreatitis have been reported to 

have a significant association with outcome. In canine patients with septic peritonitis, NLR was 

not associated with length of hospitalization, morbidity, or mortality 115. Similarly, NLR did not 

predict outcome when retrospectively reviewed in 41 canine pneumonia patients, and these 

results contrasted with a positive correlation found in humans 118,119. Currently, NLR is of limited 

use for diagnostic and prognostic purposes in systemic inflammatory states of dogs. Due to the 

retrospective nature and small sample sizes of most studies evaluating NLR, larger prospective 

studies are necessary. 

Cancer 

In addition to inflammatory diseases such as those listed previously, the association 

between an altered leukogram and cancer is controversial. There is extensive research 

investigating the clinical utility of NLR as a prognostic biomarker in cancer progression and 

outcome. A high NLR has been found to be associated with adverse outcomes in various human 

cancers, including breast cancer 120,121, gynecological cancer 122,123, lung cancer 124,125, urogenital 

cancer 126,127, and gastrointestinal cancers 128. NLR has also been investigated in several canine 

cancers, including mast cell tumours, vascular tumours, lymphoma, soft tissue sarcomas and 

oropharyngeal tumours. These studies are discussed briefly below. 
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A retrospective study by Macfarlane et al. (2016) found a significant difference between 

the NLR of dogs with high grade vs. low grade mast cell tumour (MCT). More specifically, they 

found an NLR threshold value of 5.67 could be useful in predicting MCT grade alongside 

existing tools, and as a result, may be useful in guiding clinical decision making 129. In a 2017 

study involving 92 dogs diagnosed with MCT between 2008-2014, researchers found that a NLR 

higher than 3.5 was associated with decreased progression free survival (PFS) (p = 0.003) and 

overall survival time (OS) (p = 0.001) compared to dogs with an NLR below the established cut-

off. In this study, neutrophilia was significantly associated with shorter DFI (p = 0.045) and OS 

time (p = 0.004) 130. Significance of ANC however was only found in univariate analysis. A 

2021 study investigated various hematological parameters for their ability to provide prognostic 

information in 102 cases of canine perivascular wall tumour. Like the previous study, increasing 

NLR remained significant when adjusting for tumour margin status, but failed to hold significant 

association with outcome when adjusting for other confounding factors in multivariate analysis 

131. In canine diffuse large B-cell lymphoma, a retrospective study found NLR cut-offs above 

9.44 (PFS, p = 0.015) and 11.44 (OS, p = 0.047) corresponded with a poor prognosis in dogs 

receiving rescue treatment 132. While NLR was found to be an independent predictor of OS in 

multivariate analysis (p = 0.009), authors disclose the relatively small sample size of 42 and the 

necessity to interpret significant results with caution. Macfarlane et al. (2016) investigated 

whether NLR or albumin-to-globulin ratio can differentiate soft tissue sarcomas (STS) from 

benign soft tissue tumours 133. In dogs with STS, The NLR was significantly higher than dogs 

with benign tumours (9.640 vs. 4.261, p < 0.0001). The pre-treatment neutrophil count was 

significantly higher (median 7.584 x 109/L compared to 5.455 x 109/L, p = 0.011) and the 

lymphocyte count was significantly lower (median 0.889 × 109/L and 1.193×109 /L, p < 0.009) in 
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the STS group. This study had a small sample population (n=36), with 142/178 excluded due to 

atypical diagnosis, surgical intervention before presentation, lack of pre-treatment hematology 

measures, and concurrent disease. Furthermore, this study evaluated diagnostic associations only 

and did not investigate associations with prognosis.  

A limitation common to all the above-mentioned studies, and clinical utility of NLR in 

general, is specificity to the tumour under investigation. An optimal biomarker must be sensitive 

to change while simultaneously being specific to a particular pathological condition. A 2017 

study aimed to investigate the NLR differences between dogs that were healthy (HD, n=71), 

those with periodontitis (PD, n=73) and oropharyngeal tumours (OT, n=92). Analysis revealed 

the median NLR of dogs with OT was approximately 3 times higher compared to the NLR of 

healthy dogs and about 2 times greater than dogs with periodontitis 134.  In univariate logistic 

regression analysis, the odds ratio (OR) and 95% confidence interval (CI) of NLR for all 

comparisons (PD vs HD, OT vs HD, and OT vs PD) were > 1. Multivariable logistic regression 

analysis adjusted for age and weight revealed a significant difference between dogs with OT and 

healthy dogs (OR 1.78, 95% CI 1.11-3.19; p = 0.004) and dogs with OT compared to the 

periodontitis dogs (OR 1.41, 95% CI 1.13-1.75; p = 0.002). This study shows there may be 

significant differences between NLR in cancerous and inflammatory conditions of the same 

tissue. Overall, significant variation in cut-offs and the magnitude of the association has been 

observed between studies investigating NLR and cancer outcome, and the sources of the 

variation between diseases are poorly understood 135.  
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Osteosarcoma 

In OSA, there has been limited research investigating the predictive value of 

hematological measures on outcome. To date, investigations into the association between and 

NLR and OSA have only been carried out in human patients. In 2016, Xia et al. retrospectively 

reviewed 359 OSA patients diagnosed from 2005 to 2010 with the aim of evaluating the 

prognostic significance of NLR and the platelet-to-lymphocyte ratio (PLR) 136. Using receiver-

operating characteristic curves (ROC), the optimal NLR cut-off was 3.43 for OS and 3.67 for 

PFS. The 5-year survival rate for OSA patients with a pre-treatment NLR equal to or higher than 

the cut-off was significantly lower than those in the low group (p < 0.001). Similarly, OSA 

patients with a high NLR had a worse PFS (p < 0.001). Subsequent multivariate analysis using 

age, sex, and the significant univariate variables (p < 0.05; clinical stage, metastasis at diagnosis, 

NLR and PLR) showed a high NLR is still predictive of poor outcome: Hazard ratio (HR) 1.8, 

95% CI 1.35-2.41 (p < 0.001). Unlike most retrospective studies mentioned previously, this 

study has a comparably large sample size with balanced high and low NLR groups (n = 195 and 

164, respectively). However, this large sample size was due to a broad inclusion criteria 

requirement regarding therapeutic intervention. As a result, patients included in the study 

received differing treatments (chemotherapy, radiotherapy, surgery, blood transfusion) that may 

have influenced outcome. Also in 2016, Liu et al. investigated various inflammation-based 

scores for associations with OSA patient outcome, including C-reactive protein, Glasgow 

prognostic score, NLR, PLR, lymphocyte-monocyte ratio, and neutrophil-platelet score. After 

retrospective evaluation, 162 patients that underwent surgery and adjuvant chemotherapy were 

included. ROC analysis determined an optimal cut-off of 2.57 for NLR, yielding a HR of 2.645 

(95% CI 1.682-4.160, p < .0001) in univariate analysis and 2.097 (95% CI 1.202-3.658, p = 
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0.009) in multivariate analysis. Similarly, the predictive value of NLR in human OSA (hOSA) 

was confirmed by Yang et al. (2020), where they showed a pre-treatment NLR above 2.65 was 

indicative of a poor outcome (p < 0 .001) 137. Together, these three studies used similar methods 

and found an elevated NLR is associated with poor prognosis, although optimal cut-offs are 

inconsistent between studies.  

In 2010, Sottnik et al. investigated the prognostic value of leukocyte numbers 

(monocytes, SN, lymphocytes, eosinophils) in peripheral blood of appendicular cOSA patients, 

although NLR was not evaluated 65. In this retrospective study, 69 dogs with appendicular OSA 

treated with the SOC were evaluated. When association between leukogram values and DFI were 

evaluated, monocyte count (cut-off 0.4 x 103 /μL) was the only variable significantly associated 

with DFI (p < 0.02). In subsequent multivariate analysis with all variables (total nucleated cells, 

SN, lymphocytes, monocytes, eosinophils, tumour location, chemotherapy type, serum ALP 

activity, age, sex, and breed), the variables age (p = 0.02), serum ALP activity (p = 0.007), 

primary tumour location (p = 0.009), monocyte number (p = 0.03), and lymphocyte number (p = 

0.04), were significantly related to DFI. In attempts to reproduce findings, the cut points used 

were assessed in a second population of 21 dogs using Kaplan-Meier survival and Mantel-Cox 

(log-rank) test. Like the first population, dogs with monocyte and lymphocyte counts below the 

median values had a significantly increased DFI compared to dogs with counts above (p < 0.002 

and p < 0.03, respectively). While confidence in the results is limited by small sample size, this 

study by Sottnik et al. (2010) is one of few studies providing insight on the prognostic value of 

circulating immune cells in a population of cOSA patients. 
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1.3.2 Tumour-Associated Neutrophils 

Once released from the bone marrow into peripheral blood, neutrophils exist in a basal 

state characterized as having minimal transcriptional activity and limited capacity to respond to 

stimuli 138,139. This phenotype has been deemed the “resting state” 139. This inactive state is 

critical to prevent response that may result in tissue injury or an unwarranted inflammatory 

response 138. The process by which neutrophils undergo phenotypic changes in response to 

inflammatory signals is commonly referred to as “priming” 139. During this transition, 

neutrophils move from transcriptionally inactive cells to developing enhanced capacity for 

respiratory burst, exocytosis of enzymatic granules, NET formation, and chemotaxis 139. Primed 

neutrophils migrate into tissue where they are subsequently activated.  

It has become widely reported that, during the priming and activation processes, the 

neutrophil phenotype can be altered depending on the surrounding tissue microenvironment 98. 

Similar to macrophages described as having an M1 (anti-inflammatory) or M2 (pro-

inflammatory) phenotype, neutrophils have also been described as having N1 or N2 activity 140. 

Thus, increased infiltration of neutrophils into the tumour microenvironment (TME) may be 

associated with cytotoxicity, angiogenesis, and T-cell suppression, leading to tumour 

proliferation and progression 141. On the other hand, anti-tumourigenic effects of neutrophils 

relate to antimicrobial activity and the release of cytotoxic enzymes from primary and secondary 

neutrophil granules that have the potential to destroy malignant cells 142. With literature 

suggesting plasticity and heterogeneity for tumour associated neutrophils (TAN), a definitive 

role of neutrophils in cancer progression is poorly defined. Another term commonly used to 

describe TAN is tumour infiltrating neutrophils (TIN). From now on, I will refer to neutrophils 
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in the tumour microenvironment using either term, although it is important to note that different 

studies may prefer the use of one term over the other. 

As mentioned previously, the precise life cycle of a neutrophil is subject to controversy. 

Neutrophils are known to extravasate into tissue towards inflammatory signals, but the quantity 

of infiltrating neutrophils into tumours and the length of time they persist in tissue is largely 

unknown. Surprisingly little research has been carried out characterizing the presence of 

neutrophils within human and canine tumours, including cases of OSA. Some of the studies in 

the field are described below. 

Cancer  

The level of infiltrating neutrophils into neoplastic tissue has been described as a marker 

for poor prognosis in various human cancers 143. The presence of intra-tumoural neutrophils has 

been shown to be a strong, independent prognostic factor for recurrence free survival and OS in 

advanced and localized renal cell carcinoma 144–146 as well as head and neck squamous cell 

carcinoma 147. Quantities of infiltrating neutrophils have been found to correlate with tumour 

grade in gliomas 148. In pancreatic cancer, higher TAN counts have been found to be associated 

with more aggressive tumours 149. Reid et al. (2011) investigated the presence TIN within and/or 

adjacent to neoplastic cells in pancreatic neoplasms. Areas with >10 TINs/100 epithelial cells 

were classified as positive. Furthermore, those with 11-15 TINs were considered “borderline”, 

while those with >15 TINs were considered “significant”. Among 363 invasive ductal 

carcinomas, 15 showed significant TINs. Using a Fischer’s exact test, TIN positive tumours were 

significantly associated with invasive subtypes, including micropapillary carcinoma and 

undifferentiated carcinoma (p < 0.001). Elevated TINs have also been associated with a poor 
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response to anti-cancer therapies. In a study of 85 metastatic colorectal cancer patients, median 

OS for patients treated with bevacizumab dropped from 71 months to 33 months when metastasis 

contained CD177 positive expressing neutrophils (p = 0.0006) 150.  

While the above associations suggest an N2 role for neutrophils in human cancer, this 

observation is not universally observed. In a double-blind placebo controlled clinical trial, certain 

infiltrating immune cells, including higher eosinophil counts (p = 0.006) and mast cells (p = 

0.02), predicted better survival of colorectal cancer patients 151. Univariate analysis revealed high 

numbers of TINs correlated with better outcome (p = 0.008), although significance was lost 

following the performance of multivariate analysis. In gastric cancer, a higher number of 

infiltrating neutrophils appeared to correlate with a favourable prognosis in female patients, 

although results were not statically significant (HR 0.61, 95% CI 0.33-1.13) 152. In this study, 

273 patients were divided into two groups for Kaplan-Meier and Cox proportional hazard 

analysis: 1) patients with a “minor” quantity of TIN (≤ 10 TINs per 20 high-power fields, n = 

197), and 2) patients with “moderate” or “extensive” TIN (> 10 TINs per 20 high-power fields, n 

= 76).  

An important limitation common to all above studies investigating TIN is that 

classification systems are arbitrary and TIN quantification methods are differentially defined 

between studies. Furthermore, drawing comparisons from formalin-fixed paraffin embedded 

(FFPE) tumour sections may not accurately depict the infiltrates within the entire tumour. In lung 

cancer, Fridlender et al. (2012) found striking heterogeneity between the number of infiltrating 

neutrophils, with some tumours exhibiting heavy infiltration and others having none 153. While it 

is possible this observation is representative of the entire TME, more research must be done to 

standardize quantification protocols and classification of tumours as “infiltrate poor” versus 
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“infiltrate rich”. Furthermore, if striking differences are observed between tumours, 

understanding the biological basis of the observation and the consequences is necessary. 

Osteosarcoma 

Research on the association between tumour immune infiltrates and outcome in OSA has 

gained attention over recent years. In canine and human OSA, studies have primarily been 

investigating associations between infiltrating macrophages and lymphocytes (T-cells, B-cells, 

and natural killer cells or NK cells) 154–157. Various studies have shown immune cell infiltrates in 

cOSA resemble hOSA, and their potential value as predictors of therapeutic response is a 

promising direction for OSA research 156. Considering the high metastasic rate of OSA and 

ability of primary tumour cells to evade the immune system to seed in distant tissues, 

immunotherapy has been proposed as a promising treatment strategy 158. Despite extensive 

research over the last three decades, there have been no effective immunotherapies developed for 

the treatment of OSA. Therefore, investigating the quantity of infiltrating leukocytes and their 

role within in the tumour microenvironment is important to understanding tumour progression 

and for the identification of novel treatment targets. 

 

 

 

 

 

 



 

 

 

 

28 

2 Rationale 

The prognostic value and role of neutrophils in cOSA tumourigenesis is unknown. With 

survival rates remaining poor in cOSA, the discovery of biomarkers is urgently needed to 

determine candidates for treatment and identify novel therapeutic targets.  

With evidence suggesting a predictive role of neutrophil counts in cancer, investigating the 

quantities of neutrophils during cOSA disease progression is warranted. We hypothesize that 

quantities of circulating neutrophils and TAN hold prognostic value in cOSA. In alignment with 

the majority of evidence in literature, we predict a high NLR and high quantity of TAN will be 

associated with poor outcome in cOSA patients undergoing the SOC. In addition, we predict that 

the quantity of TANs will positively correlate with quantity of circulating neutrophils. This thesis 

aims to investigate the prognostic value and potential role of neutrophils in the development of 

OSA metastases, a rather unexplored area in both human and canine patients. To address this 

hypothesis, two primary objectives were completed: 

Objective 1: Evaluate the prognostic value of circulating neutrophils and NLR in a population of 

cOSA patients treated with the SOC. 

Objective 2: Assess the prognostic value of TAN in cOSA, as per the following sub-aims:  

2.1) Optimize a protocol to identify neutrophils in canine tissue. 

2.2) Evaluate the prognostic value of quantifying TAN in a cOSA tissue microarray (TMA). 

2.3) Evaluate correlations between circulating neutrophil counts and TANs.  
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3 Absolute neutrophil and lymphocyte counts, but not neutrophil-

to-lymphocyte ratio, predict poor outcome in canine 

appendicular osteosarcoma 

 

3.1 Introduction 

OSA is the most common primary bone malignancy diagnosed in canine patients 8. OSA 

primary tumours may originate in the appendicular or axial skeleton, and in rare cases, 

periosteum on the surface of the bone and other extraskeletal sites 19. The clinical aggressiveness, 

treatment protocol, and prognosis of dogs diagnosed with OSA depends on primary tumour 

location, tumour type, and presence or absence of metastasis at diagnosis 2. Although the intent 

of the SOC is curative, it is rarely the outcome of treatment. Lack of improving DFI and survival 

rates over the years has challenged the current SOC in human and veterinary medicine. OSA 

remains a challenging diagnosis to treat in canine patients, stressing the need for novel 

therapeutic strategies and reliable prognostic factors that can help predict clinical outcome. 

Many researchers and clinicians have turned to investigating the potential prognostic 

value of immune markers in circulation. If found to be truly predictive of outcome, blood 

parameters provide a measure that can be routinely implemented in diagnosis and treatment 

protocols that is cost effective and non-invasive. A leukocyte that has gained attention over 

recent years for its potential prognostic utility in cancer is the neutrophil. Neutrophils play a vital 

role in maintaining the health of humans and canines. However, research surrounding their role 

in disease progression is conflicting. In particular, the role of neutrophils in cancer progression, 

including OSA, is unknown. Recent studies have suggested that neutrophils may actively 

promote tumourigenesis rather than play an inhibitory or protective role 153,159. Neutrophil-to-



 

 

 

 

31 

lymphocyte ratio (NLR), defined as the absolute neutrophil count divided by the absolute 

lymphocyte count, is a parameter used to assess the systemic inflammatory status of a patient 101. 

There is accumulating clinical evidence that elevated neutrophil counts in circulation reflected in 

the NLR predict a poor outcome in human cancers. In humans, a high NLR is associated with 

poor survival in several cancers including glioma 160, colorectal cancer 161, lung cancer 162 , and 

breast cancer 163. These findings suggest a potential for neutrophil count, lymphocyte count 

and/or NLR to be predictive markers in human cancer.   

Research surrounding the prognostic value of neutrophil counts and NLR in OSA is 

limited 137,164,165. More specifically, the role of neutrophils in cOSA disease progression is 

unknown and the true prognostic value of these measures remains to be determined. The 

objective of this study was to investigate whether neutrophil counts (SN and BN) and/or their 

respective NLR in circulation have prognostic significance in appendicular cOSA patients 

treated with the SOC. We hypothesize that an elevated SN and/or BN count, and/or their 

respective elevated NLR, will be associated with a shorter disease-free interval (DFI), and 

overall survival time (OS). To the best of our knowledge, this is the first study to retrospectively 

investigate the prognostic significance of NLR in a population of canine appendicular OSA 

patients. 

3.2 Materials and Methods 

This retrospective cohort study evaluated cOSA patients treated at the Ontario Veterinary 

College Health Sciences Centre (OVC-HSC) in Guelph, Ontario, Canada over a 23-year period 

(1998-2021). The inclusion and exclusion criteria, method for dates determination, and statistical 

methods are outlined below. 
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3.2.1 Inclusion and Exclusion Criteria 

To be included in the study, patients must have been diagnosed with appendicular OSA 

and treated with the SOC. To meet the SOC requirement, patients must have undergone complete 

surgical amputation of the affected limb followed by adjuvant chemotherapy. At minimum, 1 

round of chemotherapy was required. Dogs that died or were euthanized before undergoing 

amputation or their first round of chemotherapy after amputation were excluded from the study 

as the minimum for SOC was not met. Dogs that were provided an alternate form of treatment in 

place of the SOC were excluded. Patients were included in the study if their treatment shifted 

from curative to palliative once metastases were diagnosed, so long as the minimum SOC 

requirement was met. Dogs with evidence of metastases at diagnosis, concurrent major systemic 

inflammatory disease or diseases that impact leukocyte counts directly (e.g., ongoing urinary 

tract infection, Pelger-Huët anomaly) and those that received corticosteroid medications (for 

example, to treat arthritis or other chronic conditions) were excluded. All inclusion and exclusion 

criteria listed above were utilized to ensure comparisons are made between a homogenous 

population of cOSA patients.  

OVC-HSC medical records were reviewed to obtain the confirmed cOSA cases’ pre-

amputation and post-amputation complete blood count (CBC) data. If CBC data was 

unavailable/not measured before and after amputation, the patient was excluded from the study. 

Additionally, if the post-amputation CBC was not taken prior to the first dose of chemotherapy 

the dog was excluded from the study. In some cases, pre-amputation CBC records were obtained 

from referring veterinary clinics. In this case, values were assessed using the reference interval 

determined and utilized at the OVC-HSC. The reference intervals were determined by the 

Animal Health Laboratory (AHL) using 86 clinically healthy, fasted, adult dogs of various 
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breeds. The ADVIA 2120 and 2120i hematology analyzers were utilized for the analysis, and the 

leukocyte differential was manually determined. 

3.2.2 Method of Dates Determination 

In addition to pre- and post-amputation CBC data, the sex, neuter status, breed, weight at 

diagnosis, primary tumour site, amputation date, pre-amputation ALP level, metastatic disease 

status, location of metastases, metastasis confirmation date, and date of euthanasia/death were 

obtained from the medical records for each patient (Table 3.1). The diagnosis date (Dx) was 

defined as the date when radiographical evidence included a differential diagnosis of OSA. In 

cases where no radiographs were performed prior to amputation or where the imaging date was 

unknown, the date when diagnostic biopsy was taken was used. DFI was defined as the number 

of days from diagnosis to the confirmation of metastatic disease. This may have resulted from 

direct evidence (radiographic, biopsy) or suspicion of metastatic disease based on clinical signs. 

OS was defined as the number of days from diagnosis to euthanasia/death date. If death date was 

unknown (a patient was lost to follow-up), dogs were censored at the time of their last visit or 

known date of contact with owners when the dog was alive. If a dog died due to a cause 

unrelated to their OSA diagnosis, they were censored. If there was no evidence of metastatic 

disease for the remaining duration of the patient’s life, DFI was recorded as being equal to OS.  

3.2.3 Statistical Analyses 

For each cOSA patient, lymphocyte count, BN count, SN count, NLR(BN), NLR(SN) 

were recorded at pre-amputation and post-amputation, for a total of 10 hematological parameters 

recorded for each patient. NLR was determined by dividing the neutrophil count (band or 
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segmented) by lymphocyte count. Each parameter was evaluated with recorded DFI days and OS 

days, for a total of 20 survival analyses.  

Using date of metastasis diagnosis and death date as endpoints, X-Tile software (Brady 

Memorial Laboratory, Yale School of Medicine, New Haven, CT) 166 was utilized to determine 

the significant cut-offs for each measure. Survival analysis was performed using the Kaplan-

Meier method using Prism Software (GraphPad Software, 8th edition), and significance was 

assessed using the log-rank test. Patients with a count or NLR higher than the cut-off determined 

by X-Tile were defined as having a “high count” or “high NLR”, and others were defined as 

having “low count” or “low NLR”. Survival analysis was also performed to evaluate whether an 

increase or decrease in leukocyte parameters from the pre- to post-amputation timepoints 

predicted outcome. To evaluate this, cases were stratified by two different methods. The first 

involved stratification into three groups: 1) increase from pre- to post-amputation, 2) decrease 

from pre- to post-amputation, and 3) no change between timepoints. The no change group was 

defined as a change that was within a 10% increase or decrease from pre- to post-amputation. 

For each parameter, the no change range was calculated by adding and subtracting 10% of the 

absolute value of the normal reference interval determined by the AHL for each patient. The 

second method involved simple stratification into two groups: 1) increase from pre- to post-

amputation, or 2) decrease from pre- to post-amputation. Stratification of cases into groups for 

all survival analyses was performed using an excel spreadsheet.  

Univariable and multivariable analysis was performed for each clinicopathological factor 

using Cox proportional hazards regression model (R software, version 4.1.0 and RStudio) using 

the “survival” and “survminer” packages. Clinical variables evaluated in addition to NLR, 

neutrophil and lymphocyte counts were sex, age at diagnosis, weight at diagnosis, ALP activity 
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(high or normal) and pathological fracture status at diagnosis. For all Cox analyses, the time to 

metastasis was used as the endpoint and a p value of less than 0.05 (p < .05) was considered 

statistically significant. A hazard ratio with a 95% confidence interval > 1 was considered a risk 

factor and < 1 was considered a protective factor. If the confidence interval included the value of 

1, the factor did not have a significant risk or protective effect. Hazard ratios and 95% 

confidence intervals for both univariable and multivariable Cox analysis were recorded. 

Following univariable analysis for each factor, trial and error was performed to determine the 

most significant model. Various factors, whether significant or not through univariable analysis, 

were tried in the model. Global statistical significance of the model was assessed through by 

evaluating agreeance between the likelihood-ratio test, Wald and log-rank test outputs. 

3.3 Results 

3.3.1 Clinical Data 

A total of 84 patients were eligible for inclusion in the analysis including 43 (51.2%) 

male and 41 (48.8%) female patients. Of these 84 patients, there were 59 events and 25 patients 

censored. Of the 25 censored patients, 7 were still alive at the time of analysis, 7 died from an 

unknown cause or were lost to follow-up, and 11 died or were euthanized as the result of a 

diagnosis unrelated to OSA. The median DFI time of the population was 274 days and median 

survival time was 341 days, with 2- and 5-year survival rates of 17.9% (15/84) and 1.2% (1/84), 

respectively. Clinical characteristics including age, weight, breed and tumour site are listed in 

Table 3.1 and a summary of characteristics are listed in Table 3.2. 

The average age at diagnosis was 7.94 years, with a minimum age of 1.33 years and 

maximum age of 13.65 years. The average weight of the cohort was 41.2 kg, with a minimum 
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weight of 16.2 kg and maximum of 74.0 kg. The patients that comprised the cohort were from a 

variety of breeds, including Golden Retriever (9.6%), Greyhound (7.1%) and Rottweiler (7.1%). 

Although, the majority of dogs were of a mixed breed (28.6%). Other notable breeds included 

German Shepherd (5.6%), Great Dane (5.6%), Mastiff (4.8%), Labrador Retriever (4.8%) and 

Saint Bernard (4.8%). The most common primary tumour site was the radius (39.3%) followed 

by the tibia (21.4%), humerus (19.0%), femur (17.9%), and ulna (2.4%). Of the 84 patients, 47 

(56.0%) had metastases to the lung, 12 (14.3%) had metastasis to another site, and 25 (29.7%) 

had no radiographic evidence of metastatic disease.  

3.3.2 CBC Data 

Pre-amputation and post-amputation CBCs were obtained for all 84 patients 

(Supplemental Table S3.1.) The reference interval for lymphocytes, BN, and SN determined by 

the AHL were 0.8-5.1 x109/L, 0.0-0.3 x109/L and 2.9-10.6 x109/L, respectively.  

The median pre-amputation lymphocyte count was 1.55 x109/L, with a range from 0.36 to 

5.25 x109/L. The post-amputation range was from 0.64 to 3.47 x109/L with a median count of 

1.46 x109/L. The median pre- and post-amputation SN counts were 6.24 x109/L and 6.04 x109/L, 

respectively. The pre-amputation SN range was 2.6 to 14.4 x109/L and the post-amputation SN 

count ranged from 1.81 x109/L to 23.94 x109/L. For BN, most dogs (80/84 for pre-amputation 

and 77/84 for post-amputation) had 0 BNs on their CBC. All BN values on the pre-amputation 

CBC were within the normal range except one (1.17 x109/L). Similarly for post-amputation, 1 of 

the 7 dogs that had BNs present on their CBC were above the normal range (0.41 x109/L). For 

NLR(BN), ratios ranged from 0-0.54 for pre-amputation, and 0-0.25 for post-amputation. As 

mentioned above, as most CBCs returned a BN count of 0, majority of NLR calculations resulted 
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in a value of 0. For SN, the median NLR was 4.0 with a range of 1.40 to 21.75 for pre-

amputation. For post-amputation, the ratios ranged from 1.28 to 16.6 with a median value of 

4.11. 

3.3.3 Univariable and Multivariable Analysis 

The X-Tile program generated significant (p < 0.05) cut-offs for 6 of the 20 analyses 

performed: pre-amputation SN count associated with DFI and OS (cut-off of 7.9 x109/L), pre-

amputation lymphocyte count associated with DFI and OS (cut-off of 1.31 x109/L), and post-

amputation lymphocyte count associated with DFI and OS (cut-off of 1.93 x109/L). There were 

no significant cut-offs found to associate NLR (BN and SN) with DFI or OS (Figure 3.3 and 

Figure 3.5). The optimal cut-offs generated by the X-Tile program, the number of patients in 

each group, and the significant p values are reported on each figure (Figures 3.1-3.5). When the 

X-Tile program did not yield a significant cut-off, the cut-off that resulted in the most 

significance (closest to a p value of 0.05) was used. 

In addition to using the X-Tile program and evaluating cut-offs at the pre-amputation and 

post-amputation timepoints separately, we investigated whether an increase or decrease from 

pre- to post-amputation for each parameter predicted outcome (Figures 3.6-3.8). Stratifying cases 

into survival groups as mentioned above did not yield any significant associations. As mentioned 

previously, most of the cases in the cohort did not have a BN count on their CBC at either 

timepoint. As a result, the majority of cases in the analysis for the BN parameter fell into the “no 

change” group (Figure 3.8). We included an additional analysis excluding all cases with 0 BNs 

on both CBCs. This analysis shows there is a significant association between an increasing BN 
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count after undergoing amputation and improved disease-free interval and overall survival time 

(Figure 3.8). 

In agreement with findings generated above, univariable Cox proportional hazard 

analysis revealed that counts higher than the cut-offs generated by X-Tile for pre-amputation SN 

count, pre-amputation lymphocyte count, and post-amputation lymphocyte count predicted poor 

survival. For univariable analysis, the only clinical feature investigated that predicted poor 

survival in the cohort was high ALP activity. While the p value is significant for ALP, it should 

be noted that only 8 of the 84 dogs in the cohort reportedly had an ALP value above the normal 

range. For the multivariable analysis, trial and error revealed the model to be most significant 

when the variables ALP, sex, weight at diagnosis, pre-amputation lymphocyte count, pre-

amputation segmented neutrophil count, and post-amputation lymphocyte count were included in 

the model. The output data for this model, including hazard ratios, 95% confidence intervals, and 

P value, is listed in Table 3.3. The likelihood ratio test, Wald test and log-rank test outputs 

assessing global significance for this model were p < 0.001. 
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Table 3.1: Clinical characteristics of 84 appendicular OSA cases included in univariable and multivariable analyses. 

 

Case Breed Sex Age at Dx (Years) Weight at Dx (kg) Location Fracture at Dx ALP level 

1 Mixed Breed CM 9.1 42.1 Radius, distal No N 

2 Mixed Breed CM 11.2 38.0 Tibia, proximal Yes N 

3 Mastiff CM 6.0 54.2 Humerus, proximal No H 

4 Labrador Retriever CM 6.6 30.2 Tibia, proximal No N 

5 Mixed Breed SF 7.6 33.8 Radius, distal No N 

6 Golden Retriever SF 6.0 29.2 Tibia, distal Yes N 

7 Doberman SF 4.8 34.5 Femur, distal No H 

8 Great Dane SF 7.7 66.0 Radius, distal No N 

9 Doberman SF 8.3 29.1 Radius, distal No N 

10 Collie CM 1.3 24.5 Tibia, proximal Yes N 

11 Saint Bernard SF 8.7 59.0 Radius, distal No N 

12 Mixed Breed SF 10.4 31.0 Tibia, distal No N 

13 Alaskan Malamute CM 5.6 47.0 Humerus, proximal Yes N 

14 German Shepherd CM 7.9 46.0 Radius, distal No N 

15 Greyhound CM 9.0 29.4 Femur, distal No N 

16 Standard Poodle CM 10.6 23.6 Tibia, proximal No N 

17 Golden Retriever CM 11.0 32.2 Tibia, proximal No N 

18 Rottweiler SF 7.2 47.0 Tibia, distal No N 

19 Rottweiler M 6.3 53.0 Humerus, proximal No H 

20 Mixed Breed SF 3.5 25.0 Femur, distal No N 

21 Mixed Breed CM 8.2 37.2 Femur, proximal No N 

22 Mixed Breed CM 8.3 37.4 Radius, distal No N 

23 Rottweiler CM 4.7 53.4 Humerus, proximal Yes N 

24 Doberman SF 5.9 41.0 Radius, distal No N 

25 German Shepherd CM 9.6 42.0 Tibia, distal No N 

26 Mastiff SF 6.3 65.0 Radius, distal No N 

27 Greyhound SF 8.9 26.0 Femur, distal No N 

28 Greyhound SF 9.8 27.4 Femur, distal No N 

29 Labrador Retriever SF 8.0 32.2 Radius, distal No N 

30 German Shepherd SF 6.7 39.0 Radius, distal No N 

31 Golden Retriever CM 12.0 47.2 Humerus, proximal No H 

32 English Bulldog CM 2.6 23.8 Radius, distal No N 

33 Great Pyrenees SF 5.3 44.0 Femur, distal No N 
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34 Mixed Breed CM 8.6 27.6 Radius, distal No N 

35 Mixed Breed CM 6.4 28.2 Radius, distal No N 

36 Great Dane CM 8.7 56.0 Radius, distal Yes N 

37 Mixed Breed SF 8.1 39.2 Radius, distal No N 

38 Mixed Breed CM 6.5 30.2 Ulna, proximal No N 

39 Labrador Retriever CM 8.4 48.0 Humerus, proximal No N 

40 Great Dane SF 6.4 62.0 Tibia, distal No N 

41 Golden Retriever CM 8.7 40.1 Radius, distal No N 

42 Samoyed CM 9.5 32.0 Radius, distal No N 

43 Mastiff CM 2.6 59.3 Tibia, distal No N 

44 Greyhound SF 7.4 32.4 Tibia, distal No N 

45 Newfoundland CM 6.8 69.0 Radius, distal No N 

46 Rottweiler CM 8.7 47.9 Femur, distal Yes N 

47 Saint Bernard SF 5.3 66.0 Radius, distal No N 

48 Rottweiler CM 8.0 53.0 Radius, distal No N 

49 Bernese Mountain Dog SF 7.2 47.0 Femur, distal No N 

50 Mixed Breed CM 7.8 52 Humerus, proximal No N 

51 American Bulldog SF 9.0 45.5 Tibia, distal No N 

52 Labrador Retriever SF 10.0 35.4 Femur, distal No N 

53 Mixed Breed SF 9.8 40.0 Radius, distal No N 

54 Great Dane CM 9.8 74.0 Radius, distal Yes N 

55 German Shepherd CM 6.8 38.6 Radius, distal No N 

56 Mixed Breed CM 7.0 37.0 Radius, distal No N 

57 Labradoodle SF 8.6 29.9 Radius, distal No N 

58 Rottweiler SF 7.4 45.0 Femur, proximal No N 

59 Saint Bernard SF 6.3 64.0 Radius, distal No N 

60 Saint Bernard SF 6.3 55.0 Tibia, proximal No N 

61 Mixed Breed SF 10.8 38.6 Femur, distal No N 

62 Mixed Breed SF 13.6 16.2 Humerus, proximal No N 

63 Golden Retriever M 10.8 31.2 Humerus, proximal No H 

64 Greyhound CM 6.7 37.2 Radius, distal Yes N 

65 Greyhound SF 6.8 32.0 Radius, distal No N 

66 Mixed Breed SF 12.9 19.2 Humerus, proximal No N 

67 Mastiff CM 8.7 73.0 Humerus, distal No N 

68 Golden Retriever SF 10.4 45.5 Ulna, distal No N 

69 German shepherd CM 9.2 45.5 Humerus, proximal No N 

70 Mixed Breed CM 7.3 47.0 Femur, distal Yes N 
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71 Bernese Mountain Dog SF 4.3 56.0 Radius, distal No N 

72 Portuguese Water Dog CM 8.4 39.9 Radius, distal No N 

73 Scottish Deerhound F 6.0 41.5 Tibia, proximal No H 

74 Mixed Breed CM 5.2 35.6 Femur, proximal Yes N 

75 Mixed Breed CM 10.4 42.0 Humerus, proximal No N 

76 Poodle SF 9.8 26.2 Humerus, proximal No N 

77 Mixed Breed SF 9.5 30.4 Radius, distal No N 

78 Mixed Breed CM 10.2 36.0 Tibia, distal Yes N 

79 Akita SF 10.1 40.4 Humerus, proximal Yes N 

80 Mixed Breed SF 7.2 34.7 Tibia, distal No N 

81 Mixed Breed CM 8.6 27.6 Radius, distal No N 

82 Golden Retriever SF 11.8 32.6 Humerus, proximal No N 

83 Great Dane SF 7.6 52.0 Femur, distal No H 

84 Golden Retriever CM 9.7 38.1 Tibia, distal No N 

 

ALP alkaline phosphatase, CM castrated male, Dx date of diagnosis, F female intact, H high, M male intact, N normal, OSA 

osteosarcoma, SF spayed female 
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Table 3.2: Average clinical characteristics cOSA cases. 

 
 Male Female All 

Patients 43 (51.2%) 41 (48.8%) 84 

Average age at Dx (Years) 7.83 8.06 7.95 

Average weight at Dx (Kg) 42.1 40.3 41.2 

Breed  

Mixed breed 

Golden Retriever 

Greyhound 

Rottweiler 

Other 

 

14 

5 

2 

4 

19 

 

10 

3 

4 

2 

21 

 

24 (28.6%%) 

8 (9.6%) 

6 (7.1%) 

6 (7.1%) 

(47.6%) 

Primary OSA site 

Femur 

Humerus 

Radius 

Tibia 

Ulna 

 

6 

11 

17 

9 

1 

 

9 

5 

16 

9 

1 

 

14 (17.9 %) 

16 (19.0%) 

33 (39.3 %) 

18 (21.4 %) 

2 (2.4%) 

Metastasis site 

Lung 

Other 

None 

 

23 

7 

14 

 

24 

5 

11 

 

47 (56.0%) 

12 (14.3 %) 

25 (29.7 %) 

 

cOSA canine osteosarcoma, Dx Date of diagnosis
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Figure 3.1: Kaplan-Meier survival analysis evaluating the prognostic value of pre- and 

post-amputation lymphocyte count in a cohort of appendicular cOSA patients treated with 

the SOC. Using X-Tile generated cut-offs, lymphocyte count was evaluated for associations 

with time to metastasis and survival time. Statistical significance between high and low groups 

was assessed using the log-rank test. Censored patients on graphs are depicted by a tick. A) pre-

amputation lymphocyte count associated with DFI, B) pre-amputation lymphocyte count 

associated with OS, C) post-amputation lymphocyte count associated with DFI, D) post-

amputation lymphocyte count associated with OS. [DFI = disease-free interval, OS = overall 

survival, p > 0.05 = ns, p 0.01 to 0.05 = *, p 0.001 to 0.01 = **, p < 0.001 = ***].

Cut-off: 

Cut-off: Cut-off: 

Cut-off: 
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Figure 3.2: Kaplan-Meier survival analysis evaluating the prognostic value of pre- and 

post-amputation BN count in a cohort of appendicular cOSA patients treated with the 

SOC. Using X-Tile generated cut-offs, BN count was evaluated for associations with time to 

metastasis and survival time. Statistical significance between high and low groups was assessed 

using the log-rank test. Censored patients on graphs are depicted by a tick. A) pre-amputation 

BN count associated with DFI, B) pre-amputation BN count associated with OS, C) post-

amputation BN count associated with DFI, D) post-amputation BN count associated with OS. 

[BN = band neutrophil, DFI = disease-free interval, OS = overall survival, p > 0.05 = ns, p 0.01 

to 0.05 = *, p 0.001 to 0.01 = **, p < 0.001 = ***].

Cut-off: Cut-off: 

Cut-off: 
Cut-off: 
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Figure 3.3: Kaplan-Meier survival analysis evaluating the prognostic value of pre- and 

post-amputation NLR(BN) in a cohort of appendicular cOSA patients treated with the 

SOC. Using X-Tile generated cut-offs, NLR was evaluated for associations with time to 

metastasis and survival time. Statistical significance between high and low groups was assessed 

using the log-rank test. Censored patients on graphs are depicted by a tick. A) pre-amputation 

NLR associated with DFI, B) pre-amputation NLR associated with OS, C) post-amputation NLR 

associated with DFI, D) post-amputation NLR associated with OS. [DFI = disease-free interval, 

OS = overall survival, NLR = neutrophil-to-lymphocyte ratio, NLR(BN) = band neutrophil-to-

lymphocyte ratio, p > 0.05 = ns, p 0.01 to 0.05 = *, p 0.001 to 0.01 = **, p < 0.001 = ***].  
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Figure 3.4: Kaplan-Meier survival analysis evaluating the prognostic value of pre- and 

post-amputation SN count in a cohort of appendicular cOSA patients treated with the 

SOC. Using X-Tile generated cut-offs, SN count was evaluated for associations with time to 

metastasis and survival time. Statistical significance between high and low groups was assessed 

using the log-rank test. Censored patients on graphs are depicted by a tick. A) pre-amputation SN 

count associated with DFI, B) pre-amputation SN count associated with OS, C) post-amputation 

SN count associated with DFI, D) post-amputation SN count associated with OS. [DFI = disease-

free interval, OS = overall survival, SN = segmented neutrophil, p > 0.05 = ns, p 0.01 to 0.05 = 

*, p 0.001 to 0.01 = **, p < 0.001 = ***].
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Figure 3.5: Kaplan-Meier survival analysis evaluating the prognostic value of pre- and 

post-amputation NLR(SN) in a cohort of appendicular cOSA patients treated with the 

SOC. Using X-Tile generated cut-offs, NLR was evaluated for associations with time to 

metastasis and survival time. Statistical significance between high and low groups was assessed 

using the log-rank test. Censored patients on graphs are depicted by a tick. A) pre-amputation 

NLR associated with DFI, B) pre-amputation NLR associated with OS, C) post-amputation NLR 

associated with DFI, D) post-amputation NLR associated with OS. [DFI = disease-free interval, 

OS = overall survival, NLR = neutrophil-to-lymphocyte ratio, NLR(SN) = segmented neutrophil-

to-lymphocyte ratio, p > 0.05 = ns, p 0.01 to 0.05 = *, p 0.001 to 0.01 = **, p < 0.001 = ***].
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Figure 3.6: Kaplan-Meier survival analysis evaluating changes in lymphocyte count (A), SN 

count (B) and NLR(SN) (C) from pre- to post-amputation. Each parameter was evaluated for 

associations with time to metastasis (left) and survival time (right). Statistical significance 

between increase, decrease and no change groups was assessed using the log-rank test. Censored 

patients on graphs are depicted by a tick. [DFI = disease-free interval, OS = overall survival, 

NLR = neutrophil-to-lymphocyte ratio, NLR(SN) = segmented neutrophil-to-lymphocyte ratio, p 

> 0.05 = ns, p 0.01 to 0.05 = *, p 0.001 to 0.01 = **, p < 0.001 = ***]. 
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Figure 3.7: Kaplan-Meier survival analysis evaluating changes in lymphocyte count (A), SN 

count (B) and NLR(SN) (C) from pre- to post-amputation. Each parameter was evaluated for 

associations with time to metastasis (left) and survival time (right). Statistical significance 

between increase and decrease groups was assessed using the log-rank test. Censored patients on 

graphs are depicted by a tick. [DFI = disease-free interval, OS = overall survival, NLR = 

neutrophil-to-lymphocyte ratio, NLR(SN) = segmented neutrophil-to-lymphocyte ratio, p > 0.05 

= ns, p 0.01 to 0.05 = *, p 0.001 to 0.01 = **, p < 0.001 = ***]. 
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Figure 3.8: Kaplan-Meier survival analysis evaluating changes in BN count from pre- to 

post-amputation. Analysis was done stratifying patients into 3 groups (A) and 2 groups (B). 

Cases in the no change group (A) were omitted as BN count was 0 at both timepoints. BN count 

was evaluated for associations with time to metastasis (left) and survival time (right). Statistical 

significance between increase, decrease and no change groups was assessed using the log-rank 

test. Censored patients on graphs are depicted by a tick. [BN = Band neutrophil, DFI = disease-

free interval, OS = overall survival, p > 0.05 = ns, p 0.01 to 0.05 = *, p 0.001 to 0.01 = **, p < 

0.001 = ***].  
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Table 3.3: Univariable and multivariable Cox proportional hazard analysis. 

 

 Univariable analysis Multivariable analysis 

Factor Category Number HR 95% CI P value HR 95% CI P value 

Clinical factors 

Age at dx - - 1.05 0.91-1.20 0.520 - - - 

ALP activity High 8 3.04 1.58-5.85 < 0.001 * 2.27 1.11-4.64 0.024 * 

Fracture Present 13 1.17 0.56-2.48 0.673 - - - 

Sex Female 41 1.14 0.69-1.90 0.606 2.06 1.17-3.63 0.013 * 

Weight at dx - - 0.99 0.98-1.01 0.577 0.97 0.95-0.99 0.025 * 

NLR parameters 

Pre-Lymphocyte High 53 2.03 1.17-3.54 0.012 * 2.36 1.34-4.18 0.003 * 

Pre BN High 4 2.37 0.96-5.85 0.061 - - - 

Pre SN High 26 2.54 1.58-4.09 < 0.001 * 4.35 2.33-8.14 < 0.001 * 

Pre NLR(SN) High 37 1.07 0.64-1.80 0.795 - - - 

Post Lymphocyte High 22 1.96 1.24-3.10 0.004 * 1.84 1.09-3.13 0.023 * 

Post BN High 7 0.60 1.26-1.34 0.213 - - - 

Post SN High 34 1.46 0.85-2.50 0.171 - - - 

Post NLR(SN) High 28 1.02 0.56-1.88 0.939 - - - 

 

ALP alkaline phosphatase, BN band neutrophil, CI confidence interval, Dx diagnosis, HR hazard ratio, NLR neutrophil-to-lymphocyte 

ratio, Post post-amputation, Pre pre-amputation, SN segmented neutrophil
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3.4 Discussion 

To the best of our knowledge, the prognostic significance of NLR in a cOSA population 

has not been investigated to date. Here, we retrospectively evaluated a population of 84 cOSA 

patients treated at the OVC with the same SOC curative intent treatment protocol. Using 

univariable and multivariable analysis, we aimed to determine any associations between NLR, 

and individual measures utilized to calculate NLR, on a patient’s prognosis.  

 Results of our study suggest that the NLR does not hold prognostic value in canine 

appendicular OSA. However, we did discover significant associations with outcome between 

pre-amputation absolute neutrophil count and absolute lymphocyte count before and after 

amputation. Using X-Tile, a graphical method to assess cut point significance, we found a SN 

count above 7.9 x 109/L on a patient’s pre-amputation CBC was associated with shorter time to 

metastasis and ST. In addition, a pre-amputation lymphocyte count above 1.31 x 109/L and post-

amputation count above 1.83 x 109/L were also associated with a poor prognosis. Multivariable 

analysis confirmed each of the beforementioned factors to be independent risk factors on 

outcome. Interestingly, all significant generated cut-offs were within the reference intervals 

determined by the AHL, with lymphocyte cut-offs at the lower end of the range and the SN count 

cut-off slightly above the range midpoint. Of all patients, only 1/84 for pre-amputation 

lymphocyte count, 9/84 for pre-amputation SN count and 0/84 for post-amputation lymphocyte 

count that were above the reference interval. Therefore, our findings suggest that counts within, 

not just values outside of a healthy reference interval, may be indictive of outcome.  

Our findings differ from previously performed retrospective cohort studies in human 

patients. In hOSA, an association between a high NLR and patient prognosis has been reported, 
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although the cut-off values differed between studies 136,137,167. In addition, human studies have 

shown an association between lymphopenia and poor outcome in sarcomas and other cancers 168, 

whereas our findings shown an association between lower lymphocyte count and better 

prognosis. While the reason for the opposite association is unclear, there are various possible 

explanations for the variation observed between species. Firstly, the extent of acute and chronic 

stressors on the immune system is relatively understudied in canines. It has been reported that 

stress induced neutrophilia and lymphopenia from chronic conditions is more common in canine 

patients than humans 132. Our findings associated with neutrophils align with this, however, 

findings relating to lymphocytes do not, if considering the effects of chronic stress negatively 

impacts disease. It is possible that the distribution of lymphocytes in cOSA patients differs 

during disease progression compared to hOSA, or that stressors triggered in the short term 

differentially affect the leukogram between species 169,170. As research on the canine immune 

system is a relatively understudied area of research, caution is warranted translating findings 

related to CBC measures between humans and dogs despite the extensive similarities described 

in OSA tumour biology between the two species 6,7,9–11.  

Neutrophils and lymphocytes are crucial cells that have been described to have roles in 

both the progression and inhibition of cancer. Our observation that a low lymphocyte count is 

associated with longer DFI and OS time may suggest the hosts adaptive immune response is not 

impaired in cOSA patients. Our observations align with a study by Sottntik et al. (2010), who 

retrospectively investigated the prognostic value of various CBC measures in a population of 69 

cOSA patients. They observed dogs with lymphopenia (< 1.0 × 103 cells/μL) before commencing 

the SOC had an increased DFI (p < 0.05) 65. There are several potential explanations for this 

association. One is that the lymphocyte count in cOSA reflects an increased number of 
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regulatory T cells that are dampening protective immunity against the tumour 171–175, while 

another is that the adaptive immune response is present but there is a lack of cytotoxicity directly 

inhibiting tumour proliferation 155. In contrast, an elevated SN count being associated with a poor 

clinical outcome supports a pro-tumour role for neutrophils in OSA disease progression. Our 

findings that neutrophil counts are significantly associated with outcome contradicts findings in 

the previously mentioned study by Sottnik et al. (2010), who did not find a significant 

association between peripheral SN counts and prognosis 65. It is important to note that different 

methods were used to dichotomize patients, and that median values of measures were used as 

cut-points in the Sottnik et al. study.  

Neutrophils may promote angiogenesis by releasing vascular endothelial factors, promote 

extracellular matrix production through the release of matrix metalloproteinases, or contribute to 

chronic inflammation by the release of cytokines 159. There is also evidence that factors key to 

regular neutrophil function, such as neutrophil elastase (NE) and reactive oxygen species (ROS), 

act directly on tumour cells leading to genotoxicity and proliferation 176,177. In general, a higher 

number of circulating SN suggests an elevated inflammatory response in OSA disease 

progression, a known hallmark of cancer suggesting an environment favouring tumour 

invasiveness, aggressiveness, and malignancy. While this association is logical and often made 

in studies investigating prognostic value of circulating immune cells, further research is needed 

to determine the immune landscape within the OSA tumour microenvironment (TME), and the 

strength of association between circulating neutrophil counts and tumour infiltrating neutrophils 

(TINs). 
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3.4.1 Strengths and Limitations 

This study has several limitations. There is poor control over at home care pre- and post-

amputation, with owner compliance following veterinary instruction potentially unequal between 

patients. While each patient received the SOC (amputation followed by at least one post-

amputation dose of chemotherapy), owners may have elected to stop chemotherapy treatments 

due to impacts on QOL, affordability of treatment, etc. In addition, due to the retrospective 

nature of the study, CBC data was not taken on a consistent day before and after amputation. In 

few cases CBC data was done at the referring veterinary clinic which may have led to differences 

in blood measurements, although inconsistencies due to instrumentation are expected to be 

negligible. Another significant limitation of this study was the small number of patients included 

in the analysis, with many OSA cases excluded due to missing CBC data, concurrent disease or 

medications affecting hematological measures, and deviations from the SOC. The small sample 

size became more apparent when evaluating BN counts. While Kaplan-Meier analysis revealed 

an association between increasing BN and poor outcome, the small number of patients with BN 

present on their CBC indicates that “left shift” may not be a common occurrence in cOSA 

patients. Analysis utilizing a larger population is warranted to confirm an association with 

outcome and prevalence of the process in this disease. 

Despite the abovementioned limitations, this study is an accurate representation of 

appendicular cOSA disease progression from diagnosis onwards. By retrospectively reviewing 

the OVC-HSC records, we were able to collect reliable, high-quality data to utilize in the 

statistical analysis. Overall, this study has begun to investigate the prognostic value of leukocyte 
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counts in cOSA. These measures are an attractive potential biomarker due to the already routine 

nature of CBC collection during the SOC treatment protocol. 
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3.5 Supplemental Material 

Table S.3.1: CBC, metastasis, and survival data of appendicular OSA cases.  

 
 Pre-Amputation Post-Amputation  

Case 

Lymphocyte 

count 

(x109/L) 

BN count 

(x109/L) 

SN count 

(x109/L) 

Lymphocyte 

count 

(x109/L) 

BN count 

(x109/L) 

SN count 

(x109/L) 
DFI OS 

1 0.67 L 0 5.63 1.29 0.26 4.64 1118 1118 

2 0.99 0 8.80 2.45 0 10.60 268 268 

3 1.27 0.12 8.97 1.52 0 12.46 H 134 134 

4 1.20 0 8.61 1.58 0 6.63 369 414 

5 1.13 0 5.78 1.17 0.07 5.18 590 590 

6 1.33 0 8.16 1.23 0 10.21 76 89 

7 2.42 0 6.87 1.68 0 8.51 127 217 

8 1.44 0 6.08 0.87 0 7.40 157 200 

9 1.41 0 5.83 1.80 0 4.18 715 807 

10 2.30 0 12.46 H 1.47 0 4.83 89 91 

11 1.26 0 6.64 1.57 0 8.04 1008 1008 

12 1.51 0 6.68 1.33 0 7.65 84 122 

13 0.36 L 0 7.83 0.64 L 0 10.62 H 1889 1889 

14 2.36 0 7.67 1.56 0 10.01 1153 1153 

15 0.97 0 4.39 1.28 0 3.84 1005 1005 

16 2.22 0 8.31 3.03 0 7.87 84 91 

17 1.25 0 3.93 2.14 0 6.23 247 294 

18 2.24 0 7.79 3.47 0 9.21 102 102 

19 1.65 0 8.40 2.32 0 7.93 130 130 

20 3.13 0 6.06 2.83 0 13.28 H 370 471 

21 2.77 0 4.19 1.41 0 1.81 L 1386 1386 

22 2.09 0 10.29 1.30 0 7.25 167 218 

23 2.54 0 7.99 3.16 0 5.85 182 282 

24 0.99 0 4.65 1.13 0.09 6.79 485 485 

25 0.88 0 12.64 H 1.20 0 5.84 293 388 

26 1.31 0 10.09 1.30 0 13.45 H 172 759 

27 1.12 0 5.32 0.87 0 3.45 215 215 

28 1.24 0 5.33 1.29 0 3.75 415 447 

29 1.20 0 3.88 1.60 0 6.59 395 450 

30 0.82 0 8.45 0.76 L 0 7.67 101 103 

31 1.64 0.22 8.50 1.46 0.10 8.53 277 306 

32 2.18 0 6.44 1.26 0 5.53 94 153 

33 1.43 0 3.26 1.66 0 6.81 856 856 

34 1.56 0 5.54 2.02 0 5.46 329 548 

35 1.86 0 6.14 1.48 0 5.55 754 876 

36 1.19 0 10.96 H 0.78 L 0 7.47 26 26 

37 1.79 0 2.86 L 1.96 0 4.20 285 395 

38 0.79 L 0 7.13 1.49 0 7.16 1144 1144 

39 3.19 0 6.70 2.30 0 8.59 78 148 

40 1.08 0 5.85 0.94 0 9.48 127 127 

41 0.97 0 4.05 1.50 0 2.80 L 458 458 

42 2.44 0 7.66 2.50 0 19.07 H 107 107 

43 1.70 0 4.70 1.82 0 3.19 1244 1244 



 

 

 

 

58 

44 1.30 0 3.24 1.18 0 3.78 1091 1091 

45 1.82 0 3.19 2.18 0 23.94 H 49 49 

46 0.60 L 0.30 12.07 H 1.29 0 5.17 148 165 

47 1.10 0 12.87 H 1.46 0 6.95 445 461 

48 5.25 H 0 8.15 1.65 0.41 H 15.45 H 589 667 

49 1.60 0 5.70 2.13 0 4.98 277 277 

50 1.38 0 11.17 H 2.06 0.27  8.49 146 297 

51 3.05 0 4.26 1.93 0 5.80 119 138 

52 0.96 0 14.40 H 2.58 0 8.64 321 322 

53 1.60 0 5.50 0.65 L 0 5.33 285 395 

54 1.85 0 9.53 1.03 0.21  7.83 270 270 

55 1.70 0 4.22 2.12 0 3.01 682 695 

56 1.82 0 4.69 1.46 0 3.46 106 155 

57 1.63 0 2.69 L 1.38 0 3.55 375 441 

58 0.90 0 5.48 1.34 0 3.58 497 695 

59 0.80 0 9.23 0.73 L 0 6.32 202 202 

60 1.54 0 14.36 H 1.36 0 8.02 171 171 

61 1.50 0 3.40 1.48 0 5.41 62 67 

62 0.96 0 4.53 0.83 0 5.78 85 85 

63 2.38 0 5.45 2.23 0 5.67 195 202 

64 1.80 0 7.30 0.88 0 3.58 818 818 

65 1.20 0 2.60 L 0.65 L 0 5.33 718 718 

66 1.02 0 3.62 1.34 0 9.30 95 193 

67 2.23 0 7.00 2.08 0 8.58 418 418 

68 2.02 0 7.27 2.42 0 8.71 581 581 

69 0.90 0 8.40 0.98 0 5.78 88 88 

70 1.78 0 6.34 3.23 0 5.68 579 592 

71 1.78 0 4.44 0.87 0 8.39 512 512 

72 1.60 0 10.50 1.25 0 9.13 456 465 

73 1.40 0 3.81 1.42 0 4.83 81 268 

74 1.60 0 8.80 1.45 0 5.78 213 359 

75 1.91 0 3.66 0.78 L 0 2.83 L 66 74 

76 2.30 0 4.40 1.37 0 5.63 75 75 

77 0.91 0 5.32 1.29 0 5.55 994 994 

78 1.20 0 5.70 1.52 0 4.80 200 399 

79 1.70 0 3.00 1.20 0 4.88 133 291 

80 1.44 0 5.06 1.48 0 5.13 105 155 

81 3.10 0 4.50 2.02 0 5.46 336 555 

82 1.98 0 7.23 1.07 0 10.12 601 601 

83 2.15 1.17 H 13.65 H 1.41 0 13.73 H 56 85 

84 1.64 0 6.46 1.59 0 3.72 608 608 

 

BN band neutrophil, CBC complete blood count, SN segmented neutrophil, H high, L low, OSA 

osteosarcoma, DFI Disease-free interval time (days), OS overall survival time (days).
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4 Evaluating the Tumour Associated Neutrophil Population in 

Canine Osteosarcoma 

 

4.1 Introduction 

Cancer is a heterogenous disease that involves complex interactions between the tumour 

microenvironment (TME) and tumour cells. The TME, composed of immune cells, mesenchymal 

stromal cells, blood vessels and extracellular matrix, plays an important role in tumourigenesis 

178. Composition of the TME is known to influence aggressiveness and response to therapeutic 

intervention, with various immune cells being described as having promoting or suppressive 

effects on tumour development 179.   

There is limited research evaluating quantities of immune cell infiltrates in human 

tumours. In cOSA, research has been performed evaluating infiltrating macrophages and 

lymphocytes, with no studies having evaluated TAN quantities to date 66,156,180,181. An elevated 

number of TANs have been associated with poor outcome or more aggressive disease in human 

renal cell carcinoma 144–146, head and neck squamous cell carcinoma 147, gliomas 148, and 

pancreatic cancer 149. Although, an association between elevated TANs and poor outcome is not 

universally reported 151,152. To the best of our knowledge, characterizing quantities of infiltrating 

neutrophils has not been performed in OSA and the role of TANs in OSA progression remains to 

be elucidated.  

Quantification of TANs poses a significant challenge. Methods are not standardized 

between studies, with various criteria proposed to classify tumours with significant versus minor 

infiltrating neutrophils. In addition, an optimal immunohistochemistry (IHC) protocol to identify 

neutrophils in canine formalin-fixed paraffin-embedded (FFPE) tissue has not been described. 
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Therefore, following previous findings described in objective one, our second objective was to 1) 

optimize a protocol to evaluate the quantity of TANs in cOSA, 2) determine if there is an 

association between TANs and outcome of cOSA patients treated with the SOC, and 3) 

determine if there is an association between TANs and circulating neutrophil counts. We predict 

that the level of TANs will coincide with pre-treatment CBC neutrophil counts. Based on 

previous evidence investigating TANs and cancer, we hypothesize that elevated TANs will 

coincide with a poor patient prognosis.  

4.2 Materials and Methods 

4.2.1 Tissue Microarray (TMA) Construction and Immunohistochemistry (IHC) 

Archived FFPE specimens for cOSA patients treated at the OVC between were evaluated 

for inclusion in the TMA. A single 1.0 mm core was taken from each donor paraffin block and 

transferred into the recipient block using a Pathology Devices TMArrayerTM (Pathology Devices, 

Westminster, MD, USA). After TMA construction, a clean glass slide was placed on top of the 

block then placed in an oven at 55°C for 10-15 minutes, then the block was set aside to cool. 

Each TMA block was inverted with the slide attached until the time of sectioning. Tissue blocks 

from 54 different OSA patients diagnosed between 2014-2016 were used to construct the TMA 

utilized in this chapter, and 3 cores per tissue section were obtained for each patient. Of the 54 

OSA patients, cores of 53 primary tumours and 33 metastases from 11 dogs with appendicular 

OSA were obtained. Of the 53 primary tumour samples, 49 (92%) were biopsy specimens and 4 

(8%) were post-mortem specimens. Control tissue and several commercial and primary canine 

cell lines were also incorporated. All cases were randomized across 3 TMA blocks. 
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Three primary antibodies (Neutrophil Elastase ab68672, Ly6G ab25377, Myeloperoxidase 

ab9535) were evaluated for their ability to positively label neutrophils in canine tissue.  First, 

IHC protocol optimization was attempted using two positive controls composed of inflamed 

tissues provided by the Animal Health Laboratory (AHL) at the University of Guelph (canine 

osteomyelitis and canine abscess). Optimization was attempted in decalcified (osteomyelitis) and 

non-decalcified (abscess) FFPE tissue to determine whether this process affects IHC labelling. 

Evaluation of the three antibodies ability to detect neutrophils was performed with the assistance 

of two veterinary pathologists, Dr. Geoff Wood and Dr. Darren Wood (Department of 

Pathobiology, University of Guelph, ON, Canada). The antibody determined to positively label 

neutrophils in decalcified and non-decalcified tissue with the greatest specificity was the 

myeloperoxidase (MPO) primary antibody. The optimized protocol determined for the MPO 

antibody is outlined below. 

TMA blocks were cut into 4 μm sections and mounted onto positively charged slides. 

Slides were baked overnight at 37°C and IHC was performed within 2 weeks of TMA block 

sectioning. Slides were deparaffinized in xylene, re-hydrated in 100% isopropanol, followed by 

70% isopropanol and then de-ionized water. Heat induced antigen retrieval (HIER) was 

performed using citrate buffer (pH 6.0) at 95°C for 15 minutes. Slides were gently rinsed with 

tris-buffered saline with 0.1% Tween (TBST) then incubated in 5% normal goat serum NGS 

blocking solution for 60 minutes. Slides were incubated with primary MPO antibody (Abcam 

ab9535) in a humidified chamber at 4 degrees overnight (1:400), and negative controls were 

incubated with phosphate buffer saline (PBS) only. On day two of the protocol, slides were 

allowed to reach room temperature for 30 minutes, then subsequently rinsed in TBST. 

Endogenous peroxidase activity was quenched with 3% H2O2 for 15 minutes, then rinsed in de-
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ionized water for 5 minutes. Biotinylated secondary antibody (Vector Laboratories, Goat Anti-

Rabbit IgG H&L) was diluted at a concentration of 1:200 in PBS and incubated for 60 minutes in 

a humidified chamber. Slides were gently washed in TBST, then incubated for 60 minutes with 

streptavidin-HRP in a humidified chamber. ImPACT AMEC Red substrate (Vector Laboratories, 

SK-4285) was prepared according to manufacturer’s instructions. Chromogen incubation 

proceeded for 13 minutes, and the reaction was subsequently quenched in deionized H2O. Slides 

were immediately counterstained with hematoxylin (20 seconds) and a glass coverslip was 

mounted with VectaMount Aqueous Mounting medium (Vector Laboratories, H-5501-60).  

4.2.2 Neutrophil Quantification  

Following MPO labelling using the above IHC protocol, TMA slides were sent for whole 

slide imaging at the University Health Network (UHN) Advanced Optical Microscopy Facility 

(AOMF). Brightfield slide scanning was performed using an Aperio AT2 (Leica Biosystems 

Inc., Concord, Ontario, Canada) at 40X magnification. Neutrophil cell counting was performed 

manually using QuPath software (version 0.3.0) in a blinded fashion. Positive labelling with the 

MPO antibody was counted as neutrophil positive if there was a nucleus present. Positive 

extracellular labeling was not counted if there was a cell present within proximity in the field of 

view, such that the MPO enzyme may have been released from an active neutrophil. Positive 

labeling that did not have a clear nucleus or cell associated was counted, as it may represent a 

cross-section of neutrophil cut from the field of view during the tissue sectioning process. When 

positive labeling was of low intensity, it was counted as this may represent a neutrophil that has 

recently been degraded by host phagocytic cells. Positive labelling within a blood vessel or in an 

area of hemorrhage was discarded (Figure 4.2), and positive labelling associated with an area of 
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necrosis was evaluated on a case-by-case basis. Counts were omitted in tissue areas where a clear 

line of demarcation between necrotic and non-necrotic tissue visible, with few to no viable cells 

present (cell viability evaluated based on intensity of hematoxylin staining and presence of cell 

nuclei) in the necrotic tissue (Figure 4.1, Figure 4.3). If positive labelling was present in a tissue 

area consisting of viable cells and necrosis, labelling was not discarded because neutrophil 

association with necrosis could not be exclusively determined.  Examples of variable labeling 

intensity and morphology with the MPO marker that were positively counted are shown in 

Figure 4.4. 

The 54 patients on the TMA blocks were cross-referenced with the 84 patients included in 

objective one (Table 3.1). The cores corresponding to patient cases used in objective one analysis 

were included in objective two analysis. Data from cores corresponding to other patients was 

discarded. To determine the number of TANs for each patient, the following protocol was used. 

First, using QuPath (version 0.3.0), the tissue area was manually measured to find: 1) the total 

area of each core, and 2) the viable tissue area within each core (excluding areas of clear 

necrosis, folds or tissue loss due to IHC processing, and areas of hemorrhage). Neutrophil 

labelling was counted in viable tissue area, as described above. Once tissue areas was detected, 

the area of viable tissue was divided by the total tissue area for each core to find the percentage 

of the core that was eligible for evaluation. The total percentage evaluated across all cores 

corresponding to a patient was found, with the maximum tissue evaluated across the 3 cores 

being 300% (corresponding to 100% viable tissue area evaluated for each core) and the 

minimum being 0% (tissue for each core was lost/not viable for analysis). To be included in the 

analysis, a minimum area of viable tissue across all three cores must have equaled at least 1 core 

area (or 100%). This cut-off was used to ensure there was a sufficient amount of tissue to 
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compare TAN counts between patients. If a patient met the minimum tissue area cut-off, the 

amount of TANs equivalent to one core (or 100% of viable tissue evaluated) was found by 

dividing the total TAN count by the area of viable tissue evaluated. For example, if the total 

viable tissue area across 3 cores was 300% and the total TAN count was 18, the TAN equivalent 

to 1 core area is 18/(300 ÷ 100) = 6. If tissue area evaluated is less than 300%, the same 

equation followed. For example, if the total viable tissue area across 3 cores was 200% (100% 

less due to lost/folded/necrotic tissue area excluded) and the total TAN count was 18, the TAN 

equivalent to 1 core area is 18/(200 ÷ 100) = 9. This value, defined as the TAN equivalent or 

TAN count per 1 mm core, was determined for each patient and used for comparative analysis 

(Table 1). This method was used to ensure all positive labelling associated with viable tissue area 

was included in the analysis, while comparing an equal amount of tissue between patients. 

4.2.3 Statistical Analysis 

Linear regression and Pearson analysis using Prism Software (GraphPad Software, 8th 

edition) was performed to determine a correlation between 1) circulating neutrophil numbers 

obtained in objective one and TAN numbers for individual patients, and 2) DFI and TAN 

quantity. A two-tailed p value less than 0.05 was deemed statistically significant, and the R2 

coefficient was reported as a measure of the goodness of fit of the model. Outliers for TAN data 

were evaluated using the ROUT method with a coefficient Q of 1%. For univariable survival 

analysis and the date of metastasis diagnosis as an endpoint, X-Tile software (Brady Memorial 

Laboratory, Yale School of Medicine, New Haven, CT)166 was utilized to determine any 

significant cut-offs. Survival analysis was performed using the Kaplan-Meier method through 

Prism Software (GraphPad Software, 8th edition), and significance was assessed using the log-
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rank test. Patients with a TAN count higher than the cut-off determined by X-Tile were defined 

as having a “high TAN” and others were defined as having “low TAN”. Significance was set at p 

< 0.05. 

4.3 Results 

4.3.1 Clinical Data 

After cross referencing the 54 patients used in the construction of the TMA, we 

determined 35 patients were used in objective one analysis. The TAN data obtained from cores 

corresponding to these 35 patients were evaluated for inclusion in the analysis outlined above. 

From these 35 patients, data corresponding to 7 patients had to be excluded as they did not meet 

the minimum tissue area cut-off for evaluation. In 2 of these cases, core tissue was present but 

excluded from analysis due to extensive necrosis or hemorrhage (example shown in Figure 4.1). 

In 2 cases, all 3 cores corresponding to a patient were lost during IHC processing. The remaining 

patients did not meet the minimum tissue area requirement for analysis. Therefore, a total of 28 

patients remained eligible to be included in the analysis that were also included in objective one. 

The cases outlined in Table 4.1 are in reference to cases described in Chapter 3 (Table 3.1. and 

Supplemental Table S.3.1.).  

Of the patients included in the analysis, 15 were castrated males and 13 were spayed 

females. At diagnosis, the average age and weight was 8.25 years and 44.1 kg, respectively. The 

median DFI time was 277 days, with 6 of the 28 cases censored as advanced disease was not 

confirmed. Primary tumours were located on the radius (12), femur (6), humerus (6) and tibia 

(4). The average and median pre-amputation SN count for those included in the analysis was 

7.17 and 5.82 (x109/L), respectively.  
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4.3.2 Associations Between TAN, Blood Neutrophil Counts and Survival 

The average TAN count equivalent to 1 core for a patient was 14.9, whereas the median 

was 9.7. Of the 28 patients included, the TAN count equivalent was less than 10/core for 14 

patients, and higher than 30 for 4 patients, with the remaining 10 having a TAN count in 

between. The minimum TAN count was 0.8/core, while the maximum was 76.8/core.  

Linear regression and Pearson correlation analysis revealed a positive correlation 

between pre-amputation SN count obtained through routine CBC and TAN counts quantified 

with MPO. The positive association (Figure 4.5) was only observed upon the removal of two 

outliers, determined through Prism software (with outliers R2 = 0.0295, p = 0.382, vs. without R2 

= 0.227, p = 0.0139). Evaluating TAN quantity with DFI using linear regression and Pearson 

analysis did not reveal a significant correlation, with or without the removal outliers (with 

outliers R2 = 0.0347, p = 0.343, vs. without R2 = 0.002, p = 0.831) (Figure 4.6). Upon evaluating 

using X-Tile software, a significant cut-off was observed to be associated with outcome (Figure 

4.6). A TAN count greater than or equal to 27.8 was associated with a shorter time to metastasis 

(p = 0.0226).  
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Table 4.1: Survival data and neutrophil counts for 28 appendicular OSA patients.  

 

Case 
Time to metastasis 

(days) 

Censor (0) or 

event (1) 
SN count (x109/L) 

TAN count (1 core 

equivalent) 

2  268 1 8.80 11.7 

5 590 1 5.78 12.4 

23 182 1 7.99 10.5 

24 485 0 4.65 4.2 

25 293 1 12.64 31.9 

26  172 1 10.09 56.3 

28 415 1 5.33 1.4 

31  277 1 8.50 18.9 

33 856 0 3.26 27.8 

34 329 1 5.54 14.2 

36 26 0 10.96 12.8 

37 285 1 2.86 3.8 

39 78 1 6.70 1.5 

40 127 1 5.85 6.5 

41 458 0 4.05 3.1 

45 49 0 3.19 10.9 

46  148 1 12.07 31 

47 445 1 12.87 0.8 

48 589 1 8.15 15.4 

49 277 1 5.70 5.4 

52 321 1 14.40 25.2 

72 456 1 10.50 8.3 

74 213 1 8.80 7.7 

75 66 1 3.66 76.8 

76 75 1 4.40 4.0 

77 994 0 5.32 2.4 

78 200 1 5.70 8.9 

79 133 1 3.00 4.7 

 

OSA osteosarcoma, SN segmented neutrophil, TAN tumour associated neutrophil. 
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Figure 4.1:  Immunohistochemical labelling of myeloperoxidase in necrotic primary osteosarcoma tumour tissue. Cores i), ii), 

and iii) corresponding to one patient (top row), with higher magnification imaging shown for each core (bottom row). Positive 

labelling associated with hemorrhage and necrotic tissue area is visible across all 3 cores. Little cell viability present based on minimal 

hematoxylin staining intensity. Scale bar = 20 m.

i. ii. iii.

20µm 20µm 20µm
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Figure 4.2: Immunohistochemical labelling of myeloperoxidase in viable primary osteosarcoma tumour tissue. Positively 

labelled MPO-neutrophils within primary tumour tissue are shown. Neutrophils shown on cores i) and ii) were omitted as positive 

labelling was within blood vessels. Tumour core iii) provides an example of hemorrhage where positive labelling was omitted from 

analysis. Scale bar = i) 20 m, ii) 50 m iii), 20 m.

i. ii. iii. 

20µm 50µm 20µm
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Figure 4.3: Discerning positive labelling associated with necrotic versus viable tissue area. Core (left) provides an example of a 

clear line of demarcation between viable and necrotic tissue. Positive labelling associated with necrotic tissue area (i.) was discarded 

vs. positive labelling associated with viable tissue (ii.) that was quantified. Scale bar = i) 20 m, ii) 50 m.
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50µm
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ii.
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ii. 
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Figure 4.4: Immunohistochemical labelling of neutrophils utilizing myeloperoxidase as a marker. Variable neutrophil 

morphology using this enzyme as a marker is shown. Scale bar = 20 m.

20µm 20µm 20µm

20µm20µm20µm
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Figure 4.5: Correlation analysis evaluating association between pre-amputation blood 

neutrophil counts and tumour associated neutrophil counts. Linear regression and Pearson 

correlation analysis was performed with all cases (A) and excluding outliers (B). Two outliers 

were determined through Prism software (using ROUT method with a coefficient Q of 1%). R2 

are reported as a measure of goodness of fit of the model (0.00 – 1.00), and the two-tailed p 

value is reported. [SN = Segmented neutrophil, TAN = tumour associated neutrophil]. 
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Figure 4.6: Correlation and survival analysis evaluating association between TAN and 

disease-free interval. Linear regression and Pearson correlation analysis was performed with all 

cases (A) and excluding outliers (B). Two outliers were determined through Prism software 

(using ROUT method with a coefficient Q of 1%). R2 are reported as a measure of goodness of 

fit of the model (0.00 – 1.00), and the two-tailed p value is reported. Survival analysis (C) was 

performed (all patients) using X-Tile software to determine the most significant cut-off. Patients 

with a TAN count equal to or above the count were stratified into the “High TAN” group. 

Censored patients on graph are depicted by a tick. [SN = Segmented neutrophil, TAN = tumour 

associated neutrophil count]. 
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4.4 Discussion 

To the best of our knowledge, correlations between circulating neutrophil counts and 

TANs, and the prognostic significance of TAN counts, have not been investigated in a 

population of cOSA patients to date. Here, we optimized a protocol to identify neutrophils in 

FFPE tissue using myeloperoxidase (MPO) as a marker and subsequently evaluated the TAN 

quantities on a cOSA TMA. Using univariable survival and Pearson correlation analysis, we 

observed that the quantity of TANs in primary tumours of cOSA patients positively correlates 

with circulating neutrophil counts before undergoing amputation, following the removal of two 

outliers (R2 = 0.227, Pearson coefficient two-tailed p = 0.0139). These results suggest that 

circulating neutrophil counts can reflect the level of TANs in tumour tissue and can provide 

insight into the innate immune response within OSA primary tumours. In addition to analyzing 

associations between SN and TAN counts, we found that TANs may correlate with outcome 

(optimal cut-off ≥ 27.8 per core, p = 0.0226), although caution is warranted when interpreting 

association with outcome due to imbalanced dichotomization.  

Most studies evaluating infiltrating neutrophils have focused on evaluating TANs with 

outcome directly, rather than evaluating associations with neutrophils in circulation. Assessing a 

direct functional comparison between circulating and tumour associated immune cells is difficult 

in the same patient, especially under retrospective settings where collection times are not equal 

during the treatment protocol. Regarding neutrophils, most investigations have aimed at 

evaluating intratumoural associations with the peripheral NLR, as this is a hematological 

measure often investigated to hold prognostic significance. In human large cell neuroendocrine 

carcinoma patients, Shirasawa et al. (2021) found NLR was inversely correlated with CD8 
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positive infiltrating lymphocytes, with no investigations on correlations with neutrophils 182. In 

pancreatic cancer, similar results were found in addition to a positive correlation between high 

NLR (≥ 5) and CD66b+ neutrophils 183. While these trends point to a positive correlation, they 

utilized cut-offs to stratify patients into high and low groups and attempted to validate circulating 

associations with intratumoural counts. In our cohort of cOSA patients, we performed both linear 

regression analysis and survival analysis to assess associations with outcome. 

It has been well established that the tumour microenvironment plays a critical role in 

tumourigenesis and metastasis, influencing prognosis and response to therapy. Various host 

factors have been suggested to actively contribute to a microenvironment favouring cancer 

progression, including neutrophils 184. While literature suggests neutrophils can acquire pro- or 

anti-tumour activity, little is known about the quantification and characterization of these cells 

within primary and secondary tumours. Most literature on TANs suggests that infiltrate rich 

tumours are associated with a poor outcome, similar to widespread correlations reported between 

a high NLR and poor prognosis 185–187. These results suggest neutrophils within the tumour 

microenvironment have pro-tumour activity. However, associations between different diseases 

are unlikely to be uniform, and should be explored individually. To the best of our knowledge, 

this is the first study to evaluate quantities of TANs within appendicular cOSA tumours. In 

characterizing TANs in cOSA and evaluating correlations with SN and outcome, this study has 

contributed to elucidating the trafficking behaviour of neutrophils in cOSA patients and whether 

neutrophil have pro- or anti-tumour activity 187. If an association can be determined as discussed 

previously, the need for more invasive and laborious measures to determine prognosis from 

intratumoural quantities may be redundant. 
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4.4.1 Strengths and Limitations 

Several limitations should be considered when evaluating the results of this study. First, 

there is a small number of patient cases evaluated. Overall, relatively little area was evaluated 

when cores were totaled across patients, either due to loss of tissue or tissue that was not suitable 

for evaluation based on our inclusion and exclusion criteria (Figure 4.1). In addition, very little 

tissue is evaluated overall using TMA technology, in comparison to the tumour in its entirety. 

With these considerations and our observation that neutrophil recruitment to OSA tumours may 

not be extensive (example shown in Figure 4.2), using full slides of tumour tissue may be more 

appropriate to characterize neutrophil recruitment in the tumour microenvironment. Second, 

necrosis poses a significant issue when evaluating neutrophil infiltration. Depending on the 

patient evaluated, it was observed that some tumours with necrosis were not accompanied by 

extensive neutrophil infiltration whereas other tumours had significantly more (Figure 4.1 vs. 

Figure 4.3). This poses an important question whether neutrophil recruitment is a result of 

necrosis or malignant cells, and challenges our protocol and others described in literature that 

disregard counting neutrophils within areas of necrosis. Therefore, we propose a critical next 

step to this project is evaluating necrotic areas in cOSA and associations between TAN counts in 

these areas and outcome. Furthermore, protocols and criteria for evaluating neutrophils in tumour 

tissue with necrosis must be defined.  

Although there was a relatively small area of tissue evaluated for each patient, TMA 

technology provided predetermined tissue cores representative of the tumour at a comparable 

area. This TMA was designed by Dr. Courtney Schott (Department of Pathobiology, University 

of Guelph, ON, Canada), and although tissue areas were not determined by myself for this 

project, the TMA provided a well curated data set that was readily available. We propose that 
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using full-faced slides of tumour tissue may provide more insight into neutrophil recruitment, 

however, this method will be much more laborious and the issue of determining an appropriate 

area to evaluate and compare between patients arises. In previously discussed studies, areas 

evaluated for labelling were specifically chosen because they had the highest levels of positive 

neutrophil labelling. These protocols pose an important consideration of whether areas chosen 

based on intense labelling are representative of the tumour microenvironment in its entirety. 

While TMA technology has limitations as mentioned above, it eliminates this area of potential 

bias as areas were predetermined before IHC was performed.  

Herein, we were able to identify a protocol to identify neutrophils in cOSA FFPE primary 

tumours (decalcified and calcified). To the best of our knowledge, such protocol has not been 

described previously. However, due to time constraints, only one antibody was optimized in this 

thesis. While MPO is most abundantly expressed in neutrophils, it is also expressed in subsets of 

monocytes. It has been described that MPO expression is lost as monocytes mature to 

macrophages, however, subpopulations of MPO-rich macrophages have been described in 

various pathological states 188. It is also important to note that macrophages that are labelled 

MPO positive in tissue may result from phagocytosed apoptotic or necrotic neutrophils, as this is 

a primary method of clearance for neutrophils that have migrated into surrounding tissue 188. 

Additional markers for neutrophils should be investigated, and colocalization techniques is 

warranted to investigate the possibility of MPO-rich macrophages in cOSA tumours. These next 

steps are crucial to further validate the specificity of MPO as a marker for neutrophils in canine 

tissue.   

 

 



 

 

 

 

79 

5 Summary of findings 

5.1 Discussion 

Circulating neutrophils have been posited to hold prognostic significance in various human 

and canine diseases. The NLR has been used to evaluate host immune response in cancer, with 

an elevated NLR widely observed and proposed to be predictive of poor progression free 

survival (PFS) or OS 101,109,135,136,165,187,189. To the best of our knowledge, NLR has only been 

evaluated for prognostic significance in hOSA 136,137,167. These studies found an NLR value 

above the following cut-offs were predictive of poor survival in hOSA patients: 3.67 (Xia et al. 

2016), 2.65 (Liu et al. 2016) and 2.097 (Yang et al. 2020) 136,137,167. In objective one (Chapter 3), 

we evaluated various hematological measures for prognostic significance in a group of 84 cOSA 

patients treated with the SOC, including NLR, absolute SN count, BN and lymphocyte count. 

Upon univariable and multivariable analysis, we determined that NLR was not associated with 

DFI or survival time in cOSA patients, contradicting previous observations in hOSA. In contrast, 

we observed cut-offs for the pre-amputation absolute neutrophil count (7.9 x 109/L, DFI p = 

0.0008, OS p = 0.0004), pre-amputation lymphocyte count (1.31 x 109/L, DFI p = 0.0137, OS p 

= 0.0273) and post-amputation lymphocyte count (1.83x109/L, DFI p = 0.0162, OS p = 0.0100) 

predicted outcome. In each case, a neutrophil or lymphocyte count above the described cut-offs 

predicted poor outcome.  

Many studies describing a relationship between circulating immune cells and patient 

outcome assume circulating quantities reflect tumour infiltrating quantities 185. While our 

findings and those previously described in hOSA point to neutrophils and lymphocytes 

promoting rather than inhibiting disease progression, we recognize that peripheral quantities do 
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not necessarily parallel the number of tumour-infiltrating immune cells and what is occurring in 

the TME directly. Further research is required to determine a role of neutrophils in the tumour 

microenvironment and characterize quantities of infiltrating neutrophils into primary tumours. 

This led us to objective two (Chapter 4), and our goal of histologically quantifying TANs within 

primary appendicular tumours and determining associations with outcome.  

As there have been previous investigations characterizing tumour infiltrating lymphocytes 

in cOSA 190,191, we aimed to begin characterizing quantities of TAN and elucidating a role for 

neutrophils in the TME. Using TMA technology in objective two cross-referenced with patient 

survival data obtained and utilized in objective one, we were able to perform correlation analysis 

following quantification of MPO labelled neutrophils. In determining a positive linear correlation 

between CBC neutrophil counts and TANs (p = 0.0139), we can have more confidence that 

elevated neutrophil counts in circulation may be associated with increased tumour promoting 

effects in the TME. While we did not observe an inverse linear correlation between DFI days and 

TAN counts using linear regression and Pearson analysis, Kaplan-Meier analysis using X-Tile 

software revealed higher TAN counts correspond to poor prognosis (≥ 27.8, p = 0.0226). These 

results taken together point to an association between heavily vs. minimally infiltrated tumours 

and outcome, rather than a direct linear correlation. Considering the small population of patients 

used in our analysis, and that only 4 patients in the cohort had an average TANs per core above 

30, these results should be confirmed in a larger cohort. However, we did discard certain TAN 

data due to extensive necrosis (Figure 4.1) that may have negatively influenced the strength of 

association we observed. Overall, we have begun to characterize the landscape of TANs in cOSA 

tumours. Our histological evaluation of the cores revealed that neutrophil infiltration in cOSA 
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primary tumours rarely exceeded 50 TANs, except in cases where extensive necrosis and 

hemorrhage was present (example shown in Chapter 4, Figure 4.1).  

While our observations point to neutrophils promoting malignancy, there have been 

observations in cOSA patients suggesting the innate immune response has protective effects 153. 

It has been observed on several occasions that mild infection after limb-sparing surgery may 

prolong survival time, although this has not been universally observed. A 2005 study reported 

dogs with allograft infection following limb salvage surgery had significantly longer median 

survival time of 480 days compared to 228 days in those that did not 192. This finding conflicts 

with a 2017 study evaluating the effect of infection following complete limb amputation, of 

which there was no significant survival benefit associated 193. While the reason for the observed 

survival time prolongation in limb salvage patients remains unknown, it has been suggested to be 

a consequence of local immune system upregulation and stimulation of anti-tumour immunity 

25,192. These results highlight that innate immune cells like neutrophils can act as a double-edged 

sword in cancer, and depending on the TME, may exhibit both tumour promoting or protective 

effects. Considering the results of this thesis, it is possible that chronic low-level inflammation 

has a determinantal effect and that neutrophils acting within the TME shift towards the pro-

inflammatory N2 phenotype. In contrast, a large immune response mounted quickly due to an 

infection may not involve this shift, or, innate cells acting to resolve the infection have 

unintended consequences on malignant cells. While there are many other possible explanations 

for this observation, further research is warranted to determine if exploitation of innate immune 

cells is capable of halting disease progression 194. 
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5.2 Conclusion and Future Directions 

A primary goal of this thesis was to perform analysis in a biologically relevant OSA 

model, as many of the previous performed studies investigating associations between immune 

cells and prognosis in OSA have been carried out in mice 184. From a comparative oncology 

perspective, canine studies provide several advantages over murine models when investigating 

the role of the immune system on OSA progression. Transplanting highly aggressive cell lines 

into immunocompromised mice bypasses various critical steps in natural tumour development 

and progression 195. Spontaneously occurring OSA in canines mirrors the slow initiation and 

multi-step progression that occurs in humans in the presence of an intact immune system, 

making them a superior model to studying tumour progression. Canines are exposed to many of 

the same factors and stressors as humans as they share a common living environment, whereas 

xenografted cells in tumour bearing mice are more genetically homogeneous and subjected less 

to selective pressure 184. In addition, human and canine blood is neutrophil rich (50-70% 

neutrophils, 30-50% lymphocytes), whereas mouse blood has an overwhelming quantity of 

lymphocytes (75-90%, 10-25% neutrophils) 195,196. The extent and consequence, if any, 

neutrophil-rich blood may have on disease progression is unclear. While there are obvious 

limitations drawing comparisons between human and canines, it is clear that several beneficial 

insights come from this biologically relevant model in OSA research.  

While there is extensive literature on the prognostic potential of circulating neutrophil 

counts and TANs on outcome in human cancer patients, translating its use to the clinical setting 

remains challenging as cut-offs and the strength of the association with outcome differs between 

studies 135. Many studies investigating the prognostic potential of neutrophil quantification 



 

 

 

 

83 

assume counts in circulation are like the intra-tumoural environment. Here, we confirmed that 

higher blood neutrophil counts are associated with poor prognosis and that circulating neutrophil 

counts correlate with tumour infiltrating neutrophils in cOSA. Our findings should be confirmed 

in a larger, secondary cohort of cOSA patients and further studies are warranted to determine 

whether these findings are OSA specific. Using data from other veterinary clinics may help to 

identify differences in treatment and validate our findings. Regarding evaluation of the TAN 

population, we suggest investigations be conducted on full faced tumour tissue sections using 

myeloperoxidase (MPO) as a neutrophil marker, and further standardization of protocols 

evaluating TAN quantities within necrotic tissue areas must be described. 

This thesis has begun to characterize the quantitative landscape of neutrophils in cOSA 

patients, however, an obvious question that arises is the exact role for neutrophils in disease 

progression. Through our analysis, associations and correlations have been made, but no 

conclusions can be drawn on neutrophil phenotypes and a direct pro-tumour role. Circulating 

neutrophils have been classified into high-density neutrophils (HDNs) and low-density 

neutrophils (LDNs), which functionally mirror N1 and N2 tumour-associated neutrophils, 

respectively. 140 Furthermore, myeloid derived suppressor cells (MDSCs) have been described as 

a mixed population of immature monocytes and neutrophils 197. Therefore, we suspect at least 

some of the neutrophils present in CBCs and positively stained with MPO in histological 

sections are MDSCs 198. Further classification and identification of neutrophil phenotypes in 

cOSA is warranted to determine the role for these cells on cOSA disease progression 65.  

Due to TANs potential critical role in progression and metastasis, therapeutic targeting of 

TANs has been suggested 199–201. However, few clinical trials have been carried out as targeting 

specific pro-tumour innate immune cell populations is very difficult in vivo 202. If further 
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characterization of neutrophil counts and TAN in cOSA reveals a role in disease progression, it 

will be necessary to focus future scientific efforts on the potentiality of shifting neutrophils from 

a pro-tumour to anti-tumour phenotype 199.  
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APPENDIX I 

 

Immunohistochemistry (IHC) Protocols for Neutrophil Elastase and Ly6G primary 

antibodies. Each protocol followed the same general IHC steps in Chapter 4., with the 

following variations attempted during optimization efforts.  

 

Neutrophil Elastase (NE) antibody (ab68672)  

Biotinylated goat anti-rabbit (Vector Laboratories, BA-100) 

Primary concentrations attempted: 1:100, 1:200, 1:400 

HIER: same condition (citrate buffer (pH 6.0) at 95°C), incubation time 10, 15 and 20 

minutes 

Chromogen labelling with DAB (Vector Laboratories, SK4100), and ImPACT AMEC 

Red substrate (Vector Laboratories, SK-4285). 

 

Ly6G antibody (ab25377) 

Biotinylated goat anti-rat (Vector Laboratories, BA-9400) 

Primary concentrations attempted: 1:100, 1:200, 1:400 

HIER: same condition (citrate buffer (pH 6.0) at 95°C), time 10, 15 and 20 minutes 

Chromogen labelling with DAB (Vector Laboratories, SK4100), and ImPACT AMEC 

Red substrate (Vector Laboratories, SK-4285). 
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