
ABSTRACT 

TUOHY, JOANNE L. Characterization of the Effects of Bacteria-Induced Inflammation and 
Hyperthermia Therapy on Monocytes and Macrophages in Osteosarcoma. (Under the 
direction of Dr. Duncan Lascelles and Dr. Jonathan Fogle). 
 

Osteosarcoma (OS) survival has not improved substantially for humans and dogs in 

the past 30 years. OS is the 3rd most commonly diagnosed tumor in adolescents 12-18 years 

of age, and is the most common primary bone tumor in the dog. Despite attempts with 

various permutations of adjunctive therapies, the median survival for OS dogs remains at 10-

12 months. Similarly, the 5-year survival rate in humans with non-metastatic OS remains 

around 70%, with no better than 20-30% long-term survival in OS patients with metastatic 

disease. Despite progress made in surgical resection of the primary tumor, metastases 

continue to impede efforts to improve OS survival. The problem of metastatic disease in OS 

thus needs a new and innovative approach. An approach with exciting potential is 

immunotherapy. The investigations outlined in this dissertation build the foundation for 

development of novel immunotherapy against OS by understanding the role of monocytes 

and macrophages in the immune environment of OS, and the influence of bacteria-induced 

and hyperthermia therapy-induced inflammation on monocyte/macrophage phenotype in the 

tumor microenvironment. Our overall hypothesis is that bacteria-induced and hyperthermia 

therapy-induced inflammation reverses the immunosuppressive effects of OS on monocytes 

and macrophages, and induces an inflammatory anti-tumor phenotype in macrophages under 

the influence of OS. Specific objectives were to evaluate the effect of OS on monocytes and 

macrophages, to determine if the addition of bacteria or administration of hyperthermia 

therapy induces an inflammatory phenotype distinct from the effects of OS.  



We carried out studies in the dog, human and mouse to increase the specificity of our 

findings with cross-species comparisons. The biological similarity between canine and 

human OS makes the dog a promising model for translational research. In contrast to inbred 

laboratory rodents, the dog has the advantage of being an outbred species, like humans, with 

an intact immune system that develops spontaneously occurring OS. Utilizing the canine 

model of OS gives us the distinct advantage of producing highly applicable and translatable 

results for progressing human OS research.  

In our studies that recruited clinical canine patients with OS, we demonstrated that 

OS influences host immune response in dogs by downregulating monocyte chemokine 

receptor expression and inhibiting monocyte chemotaxis. This dampening effect on 

monocyte chemokine receptors appears to be attenuated by the presence of a bacterial 

infection, as dogs with OS and a concurrent surgical site infection have significantly higher 

monocyte chemokine receptor expression than dogs with untreated OS. We also 

demonstrated increased PGE2 secretion from monocytes of untreated OS dogs, which 

correlates with inhibition of monocyte chemotaxis, causing immunopathology in OS. We did 

not demonstrate parallel observations in human and murine monocytes, but our cross-species 

studies have identified monocyte surface receptors that are dysregulated in OS across 

species, specifically CCR2, CCR7, CXCR2, and CX3CR1. We demonstrated with our human 

and canine macrophage in vitro studies that although OS can induce a protumorigenic 

inflammatory response in macrophages, the additional influence of bacteria can upregulate 

the macrophage inflammatory response to a higher intensity, potentially turning it into an 

M1-like macrophage anti-tumor response. 



These results improved our understanding of the monocyte / macrophage response to 

OS, and the immunostimulatory effects of bacteria-induced inflammation. The studies 

outlined help direct our future work aimed at manipulating macrophage differentiation in OS 

to induce an anti-tumor immune response. Using the dog as a model for comparative OS 

research takes advantage of the biologic similarity between canine and human OS to produce 

maximally translatable results to improve survival for dogs and humans. 
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CHAPTER 1 

Literature Review 

Overview of canine and human osteosarcoma 

Osteosarcoma (OS), a malignant primary tumor of bone, is a devastating disease for 

both human and canine patients. It is the most common primary bone tumor in children and 

adolescents, as well as in the dog, and arises from mesenchymal cells that produce osteoid.1,2 

Treatment of OS involves removal of the primary tumor, and chemotherapy to address 

metastatic disease. The initial treatment option for the primary tumor in appendicular OS was 

amputation of the affected limb. Subsequently, major advances made in surgical tumor 

removal have enabled successful limb salvage surgeries to be performed in humans and dogs. 

A recent meta-analysis of surgical treatment for human OS concluded that limb salvage 

surgery was associated with increased 5-year survival rates without increased risk of local 

disease recurrence.3 Similarly, limb salvage surgery in dogs yields comparable survival rates 

to limb amputation when combined with adjuvant therapy.4 More recently, stereotactic 

radiotherapy (SRT) has been reported in dogs as a non-surgical limb sparing method of 

primary tumor control, with similar survival rates as surgical primary tumor resection.5,6 

Adjuvant and neoadjuvant chemotherapeutic regimens are used in OS to target metastatic 

disease, where chemotherapy is administered before (neoadjuvant), and after (adjuvant) 

primary tumor removal. However, the main cause of death in human and canine OS is still 

metastatic disease, even though at time of diagnosis, only 11-20% of human patients and 

under 15% of canine patients present with pulmonary metastases.1,7 The introduction of 

adjuvant and neoadjuvant chemotherapy initially increased disease-free intervals and survival 
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rates for both humans and dogs, but improvements in outcomes have plateaued for the past 

30 years. The 5-year disease-free interval for human patients with non-metastatic OS remains 

around 70%, with only 20-30% long-term survival in patients with metastatic disease, and 

the median survival in dogs with OS remains between 10-12 months despite various 

permutations of chemotherapeutic regimens.1,8-10 Advancements in OS therapy clearly need to 

target metastatic disease in order to improve survival. 

  

Canine OS as a translational research model for human OS 

Dogs and humans with OS share multiple similarities that make the dog an 

exceptional translational research model. These similarities include matching biological 

behavior, similar response to treatments, almost identical histological characteristics, and 

shared global gene expression signatures.11-15 For example, a majority of OS lesions occur in 

the appendicular skeleton around the metaphyseal region of long bones in both dogs and 

humans, and the disease tends to be associated with large and/or tall individuals more 

frequently.2,11 Radiographically, OS appears identical in humans and dogs, displaying a 

lesion with a combination of lytic and proliferative bone.11,16  

OS is aggressively metastatic in both dogs and humans, with the lung being the most 

frequent site of metastasis. Despite the relatively low percentage (<20%) of human and 

canine OS patients that present with gross metastasis at time of diagnosis, approximately 85-

90% of patients will eventually develop metastatic disease.7,16 Both canine and human OS 

patients respond similarly to treatment strategies – removal of the primary tumor and the use 

of chemotherapeutics to address metastatic disease. Human OS patients have more diverse 
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treatment options, with chemotherapeutic options such as methotrexate and ifosfamide in 

addition to doxorubicin and carboplatin / cisplatin combinations. The introduction of 

neoadjuvant chemotherapy and histologic assessment of response to therapy in human OS 

patients have improved prognostication of outcomes and awareness of the need for adjusted 

treatment regimens for poor responders.17 The use of neoadjuvant chemotherapy is currently 

not a widely adopted practice for canine OS patients, with a scarcity of data to support its 

use. One retrospective study did not find a survival advantage with use of neoadjuvant 

chemotherapy in dogs with OS.18 Additional data are needed in order to adequately assess the 

efficacy of neoadjuvant regimens in dogs. The dose intensity (DI) of chemotherapeutic 

protocols, defined as the dose administered per body surface area / body weight, does not 

appear to have a significant impact on survival in canine patients, and increased DI in human 

protocols do not necessarily produce improved survival.8,17,19  

 Canine and human OS patients share similar prognostic factors such as the presence 

of metastatic disease at time of diagnosis. Human patients presenting with gross metastases 

have a decreased 5-year survival of 20-30%; canine patients with metastases also experience 

decreased survival, and the varied range of treatments reported for stage III (presence of 

metastatic disease) canine OS patients yielded a median survival of 76 days.10,20 Tumor 

location is also an important prognosticator for human and canine OS – proximal humeral OS 

carries a poorer prognosis compared to other appendicular sites.21,22 Interestingly, the 

development of a postoperative infection at surgical limb salvage sites is associated with an 

improved survival in dogs and humans with OS, though this survival advantage is not 

consistently reported across human studies.23-27 Serum alkaline phosphatase (ALP) levels are 
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similarly prognostic for human and canine OS – OS dogs with serum ALP levels above the 

reference range have significantly shorter survival and disease-free interval compared to dogs 

with levels within the reference range, and a similar observation has been made in human OS 

patients.17,21 

 Histologically, canine and human OS are difficult to distinguish from each other. OS 

in both species is a tumor that arises from primitive precursors of mesenchymal cells that can 

produce osteoid, is most commonly a high grade tumor, and is classified into various 

histologic subtypes including chondroblastic, fibroblastic, telangiectatic, and osteoblastic. 

Histologic subtypes carry no prognostic significance for both canine and human OS patients, 

however, the histologic grade of the tumor does influence prognosis, with high grade tumors 

associated with a worse prognosis than low grade OS such as parosteal OS.28,29 

 On a molecular level, canine and human OS share genetic dysregulations such as p53 

tumor suppressor gene mutations – up to 65% of primary canine OS overexpress the p53 

protein, and about 20-60% of human OS cases exhibit p53 mutations.30-33 Normal functioning 

of the p53 gene and nuclear phosphoprotein protects from carcinogenesis by preventing cells 

with genomic aberrations from replicating by inducing cell cycle arrest or apoptosis, thus its 

deregulation is common in many cancers. Other genes similarly dysregulated in canine and 

human OS include PTEN (phosphatase and tensin homolog), RB1 (retinoblastoma), and b–

catenin. The PTEN gene encodes for the PTEN protein, another tumor suppressor; decreased 

PTEN expression and copy number losses have been reported in human and canine OS.34,35 

The RB1 gene encodes for the pRB protein, which is also a tumor suppressor, regulating 

processes critical to cell growth and differentiation, especially the cell cycle transition from 
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G1 to S phase, as well as cell survival and apoptosis. Dysregulation of the RB1 gene has 

been noted in 30-75% of human OS cases, with 29% of canine OS cases displaying DNA 

copy number loss in the RB1 gene, and 45% of canine OS reported to exhibit disrupted Rb 

pathways.33,36 Metastatic lesions from human OS patients have low RB1 expression, 

supporting the hypothesis that the resultant loss of cell cycle regulation can lead to promotion 

of metastases.37 The expression of b–catenin, an important regulator of the Wnt signaling 

pathway that helps regulate stem cell pluripotency, occurs with similar frequency (~70-80%) 

in canine and human OS, but does not appear to be associated with survival or disease-free 

outcomes.38,39 Nonetheless, the Wnt / b–catenin signaling pathway is dysregulated in many 

cancers, including OS, where its role in physiologic skeletal development can be subsumed 

to promote tumorigenesis and metastasis.40-42 Both humans and dogs display germline genetic 

aberrations that can increase risk of OS development. In humans, survivors of familial 

retinoblastoma, a disease associated with germline mutations of the RB1 gene, have 

increased occurrences of other malignancies later in life, including a 12% incidence of OS.33 

The Li-Fraumeni syndrome is a genetic disorder characterized by a mutation in the p53 gene, 

and up to 3% of pediatric OS cases are associated with a germline mutation of p53.43 In dogs, 

the controlled breeding of specific breeds has decreased the species’ genetic diversity, and 

breeds such as Scottish deerhounds, Rottweilers, and Greyhounds are associated with 

increased incidence of OS. A genetic variant linked to the CFA34 locus (synthetic to human 

chromosome 3q26) is associated with a 15-fold increased risk of OS in Scottish deerhounds, 

and a recent report suggests the role of additional genetic factors in the risk inheritance of OS 

in this breed.44,45 A genome-wide association analysis study in 3 breeds (Rottweilers, Irish 
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wolfhounds and Greyhounds) identified 33 inherited risk loci, with the strongest associated 

found in the Greyhound locus, which incidentally was the locus with the most 

rearrangements in canine OS.46 Identification of cross-species germline risk factors in 

humans and dogs informs our understanding of the etiopathogenesis of OS and helps identify 

potential prognostication target candidates. A strong similarity in global gene expression 

signatures exists between human and canine OS, with the disease in both species 

indistinguishable by gene expression analyses.12,47 Recent identification of orthologous high 

frequency DNA copy number aberrations in canine and human OS confirmed the importance 

of genes such as RUNX2 in OS pathogenesis.34 Overexpression of IL-8 and SCL1A3 genes 

was reported in canine OS, and expression of these genes in human OS was associated with a 

poorer prognosis in human OS.12 Such cross-species comparative genomic studies assist in 

increasing the specificity of our focus in OS, a disease marked by complex genomic 

instability, enabling the de-emphasis of unshared alterations and the focused identification of 

the most relevant targets for prognosis and treatment.   

The strength of naturally occurring OS in the dog as a model for translational 

oncological research lies not only in the multitude of similarities of the disease in both 

species, but also in extrinsic factors. The dog has the advantage of being an outbred species 

with an intact immune system that develops spontaneously occurring OS over an extended 

period of time, just as humans do, unlike inbred laboratory rodents that are not syngeneic 

host-tumor models. Dogs and humans are more akin anatomically and physiologically than 

are mice to humans, and share the same physical environments and stressors, unlike mice 

maintained in a highly controlled research facility environment.15 Canine OS patients mirror 
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the heterogeneity of human patients, with interindividual variations in disease manifestations 

and tumor characteristics. The behavior of canine OS parallels the biological complexity of 

the naturally occurring human disease, with both species sharing similar clinical disease 

manifestations and outcomes, especially in the development of recurrent resistant disease. 

The >10-fold increased incidence of canine OS (estimated incidence of 13.9/100,000) 

compared to human OS (1.02/100,000), the shorter lifespan of dogs, the rapid progression to 

OS metastasis in dogs enable outcomes to be assessed in relatively short periods of 

time.11,48,49 In contrast, OS is considered an ultra-orphan disease in humans (worldwide 

average 3-4 cases / million individuals £24 years), and together with the relatively longer 

lifespan and OS survival in humans compared to dogs, create a substantial hurdle to 

obtaining study results in a rapid fashion to allow for accelerated advances to therapeutic 

regimens.49 Dogs with OS represent powerful tools for drug development and clinical trials, 

as they are a biologically relevant disease model that can serve to better bridge preclinical 

murine study findings with human clinical trials. The larger size of dogs compared to mice 

improves the assessment of parameters such as pharmacologic dosing and kinetic studies, the 

availability of canine patients and the willingness of their owners to engage in repeated 

sample collections and procedures such as biopsies make dogs an invaluable model for 

clinical testing. Dogs also serve as valuable models for evaluating novel therapeutics. For 

example, canine studies initially reported the efficacy of the novel immunomodulating 

therapeutic, liposomal muramyl tripeptide phosphatidylethanolamine (L-MTP-PE) in 

improving OS outcomes.50,51 Subsequently, human clinical trials have been initiated to assess 
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the use of L-MTP-PE in OS patients, and the drug has been approved for post-operative use 

in Europe for OS patients with minimal residual disease.52  

The dog thus represents a unique and highly relevant translational large animal model 

for human OS, with the two species sharing strong similarities in many aspects of the disease 

including biologic behavior, clinical manifestations, global gene expressions and genetic 

aberrations. Cross-species comparative approaches can increase the specificity and relevance 

of identified shared prognostic and therapeutic targets, inform and optimize human clinical 

trial designs so as to decrease drug attrition / failure rates, and improve outcomes for human 

and canine patients suffering from this devastating disease.  

 

Monocytes and macrophages in osteosarcoma 

Overview of monocytes and macrophages 

 Monocytes are mononuclear leukocytes primarily found in the peripheral circulation, 

making up approximately 10% of total circulating leukocytes in humans, and approximately 

2-4% of murine leukocytes.53 Monocytes are an important player in the innate immune 

system, which provides first-line defense against invading pathogens by mounting an 

inflammatory response. A physiologically appropriate inflammatory response begins with the 

initial phase of inflammation to destroy pathogens, followed by a clean-up phase to remove 

dead cells, damaged extracellular matrix, and the final recovery and repair phase when 

injured tissue is restored to a healthy condition. Monocytes, together with resident 

macrophages and dendritic cells (DCs) form the mononuclear phagocyte system (MPS), 

which orchestrates the different phases of the inflammatory response. Monocytes begin their 
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development in the bone marrow as the common myeloid progenitor, and go through the 

stages of differentiation (granulocyte-macrophage progenitor, common macrophage and 

dendritic cell (DC) precursor) to become the committed monocyte progenitor. The primary 

factors important for regulation of monocyte development are macrophage stimulating factor 

(M-CSF), also known as colony stimulating factor 1 (CSF1), and granulocyte-macrophage 

colony stimulating factor (GM-CSF), also known as colony stimulating factor 2 (CSF2). M-

CSF mainly regulates monocytes under homeostatic conditions, whereas GM-CSF functions 

under inflammatory responses.53 More recently, IL-34 has been reported as an additional 

factor capable of binding the M-CSF receptor (CSF-1R) and inducing monocyte 

differentiation.54 One of the main functions of monocytes as key players in the inflammatory 

response to pathogens is circulation in the peripheral blood to be recruited to replace tissue 

macrophage populations.55 However, recent studies reporting the presence of tissue 

macrophages derived from embryonic origins with the ability for self-renewal, suggest that 

there may be a more complex role for monocytes besides simply being circulating 

macrophage precursors.56,57 For example, Kupffer cells populate the liver during embryonic 

development and are self-renewing, independent of circulating monocytes.57 Lineage-tracing 

studies have demonstrated that peripheral monocytes are not precursors of tissue 

macrophages in all tissues, instead, there are some tissues such as the intestinal lamia propria 

and colon, which have higher dependence on monocytes to repopulate resident macrophages, 

compared to other tissues such as the lung and kidney, which house mixed populations of 

macrophages that have both embryonic and adult hematopoietic origins.57-59  
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 Monocytes are a heterogeneous population of cells whose subpopulations have been 

described for various species, including humans and mice. In 2010, the Nomenclature 

Committee of the International Union of Immunological Societies approved the terminology 

describing the 3 main human monocyte subsets.60 The main population of monocytes (~90% 

of monocytes) are termed classical monocytes, and are characterized by high CD14 with no 

CD16 expression (CD14++CD16- or CD14+CD16-), and the minor population of monocytes 

(~10% of monocytes) are subdivided into the intermediate and non-classical subsets. 

Intermediate monocytes are characterized by high CD14 with low CD16 expression 

(CD14++CD16+ or CD14+CD16+), and non-classical monocytes are characterized by lower 

CD14 expression relative to the high CD16 expression (CD14+CD16++ or CD14dimCD16+).60 

Gene expression profiling studies of the 3 monocyte subsets reveal different findings 

indicating the proximity of relationship between the subsets, but there appears to be more 

data supporting a closer relationship between the intermediate and non-classical subsets.61 

The 3 monocyte subsets are postulated to have different functions, but there is not universal 

agreement on specific parameters such as cytokine secretion profiles and antigen processing 

and presenting abilities. For example, both the intermediate and non-classical subsets have 

been shown to be highest producers of tumor necrosis factor alpha (TNF-a) in response to 

LPS stimulation, but differences in these results may be due to use of different isolation and 

staining techniques.61 Despite the lack of universal agreement on the specific characteristics 

of the human monocyte subsets, these subsets are recognized to mirror murine monocyte 

subpopulations to a large extent. Murine monocytes are divided into inflammatory and 

alternative subpopulations, with the inflammatory monocytes exhibiting high Ly6C 
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expression and alternative monocytes exhibiting low or negative Ly6C expression. Murine 

Ly6Chi inflammatory and human CD16- monocytes both exhibit high expression of CCR2, a 

chemokine receptor that responds to the ligand CCL2, and is important for monocyte 

migration and recruitment to inflammatory foci.62  Ly6Chi inflammatory monocytes are akin 

in gene expression patterns to human classical CD16- monocytes, whereas Ly6Clo alternative 

monocytes are more similar to the non-classical CD16+ monocytes.53,63 Ly6Clo alternative 

murine monocytes, like their human non-classical counterparts, have high expression of 

another chemokine receptor, CX3CR1, thus directing their response to the ligand CX3CL1, 

found on endothelial cells and tissues. These alternative and non-classical monocytes have 

been shown to exhibit patrolling behavior, as they crawl along quiescent endothelium.64 

However, unlike their human counterparts, murine Ly6Chi and Ly6Clo monocytes have close 

to equal distribution, with inflammatory monocytes making up ~60% and alternative 

monocytes making up ~40% of peripheral monocytes. Just as for human monocytes, 

signaling via CSF-1R is important for murine monocytes, allowing for the differentiation 

from Ly6Chi to Ly6Clo monocytes under homeostatic conditions.65    

In the acute inflammatory response to pathogens, monocytes are responsible for 

phagocytosing microbial invaders, and produce inflammatory cytokines and antimicrobial 

substances to enhance the destruction of pathogens.66 Monocytes can also influence the 

adaptive immune reaction by shaping T cell responses.66 Recent data support the hypothesis 

that monocytes have more complex effector cell functions and are not just phagocytes that 

replenish tissue macrophages – a distinct Ly6Chi monocyte phenotype has been reported to be 

able to migrate to non-lymphoid organs and become “tissue monocytes” without necessarily 
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differentiating into tissue macrophages. These monocytes have the potential to upregulate 

MHCII expression, migrate to lymph nodes for antigen presentation to T cells while retaining 

a monocyte-gene profile.67 Another effector function of monocytes, specifically the Ly6Clo  

and CD14+CD16++ subsets, is that of patrolling the endothelium and coordinating the repair 

of damaged endothelium. These terminally differentiated monocytes that crawl along the 

endothelial lumina can react to pathogens and endothelial damage with a variety of responses 

such as phagocytosis, recruitment of intravascular neutrophils, secretion of inflammatory 

cytokines, and cellular debris clean-up.68,69 Despite these more recent elucidations on the 

variety of monocyte functions, an important long recognized role of monocytes, especially 

the Ly6Chi and the CD14++CD16- classical monocytes, remains their ability to differentiate 

into M1-like macrophages during an inflammatory response.  

Macrophages are an extremely heterogeneous cell population found in almost all 

adult mammalian tissues, making up 10-15% of total cells under physiologic conditions. 

Resident macrophages in various tissues are given different names, for example, Kupffer 

cells of the liver, alveolar macrophages of the lung, microglial cells of the central nervous 

system, and osteoclasts of the bone. Despite their different names, resident macrophages 

share basic primary responsibilities, namely shaping physiologic tissue development, 

surveilling for and responding to tissue damage, effecting tissue remodeling and repair, and 

participating in the immune response to pathogens by coordinating an inflammatory reaction. 

Macrophages were originally thought to solely come from peripheral monocytes migrating to 

tissues and differentiating into macrophages, however this theory is being revised with more 

recent data.55 The characterization of fetal tissue macrophages that arise from macrophage 
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embryonic precursors has challenged the long-held view that circulating monocytes are 

primarily responsible for populating tissue macrophage pools.70 Some organs only have fetal 

tissue macrophages, for example, the brain has yolk-sac derived microglia, whereas other 

organs such as the heart contain a mixed population of macrophages of embryonic origins 

and macrophages derived from circulating blood monocytes.70 Additionally, these 

macrophages of embryonic origins have the capacity to proliferate and maintain their 

numbers independent of replenishment from circulating monocytes.56 Essentially, 

macrophages are a much more complex cell population than originally thought, and they also 

possess tremendous ability to respond rapidly and effectively to changing physiological 

conditions.  

The macrophage’s ability to respond to different environments lie in their capacity to 

polarize to functionally appropriate phenotypes with a high degree of plasticity, with M1 

(pro-inflammatory)/M2 (anti-inflammatory) macrophages being the most commonly 

recognized phenotypes, representing both ends of the polarization spectrum. However, M1 

and M2 macrophages should not be viewed as discrete subsets, instead, they represent 

macrophages over the spectrum of continuum of macrophage activation and polarization. M1 

macrophages are induced by bacterial products such as lipopolysaccharide (LPS), cytokines 

such as IFN-γ, and they metabolize arginine to nitric oxide (NO) and citrulline, enabling their 

killing function, as NO is a potent microbicidal molecule.53  M1 macrophages display 

increased expression of markers such as MHCII, CD80/86, and efficiently produce 

inflammatory cytokines (e.g. TNF-α, IL-1β, IL-12) and cytotoxic mediators (e.g. reactive 

oxygen species, NO).53 M2 macrophages are induced by cytokines like IL-10, IL-4, and 
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TGF-β, and they metabolize arginine to ornithine and polyamines, molecules that assist in 

tissue healing and remodeling.53 M2 macrophages display increased expression of markers 

such as mannose and scavenger receptors, and secrete anti-inflammatory molecules such as 

TGF-β.53 Attempts have been made to subclassify M2 macrophages into M2a, M2b and M2c 

macrophages to further reflect the variety of functional macrophage responses, with M2a 

macrophages responding primarily to IL-4 and IL-13, M2b macrophages responding to 

binding of Fc and Toll-like receptors, and M2c macrophages responding to IL-10 and TGF-

β.71 It is important to note that both monocyte differentiation and macrophage polarization 

are dynamic processes, and the classifications given to these cells provide a conceptual 

organizational framework to describe a continuum of differentiation and polarization states. 

Macrophages can switch between polarization states depending on contextual environmental 

cues, in vitro studies have demonstrated the ability of macrophages to switch from M1 to 

M2, and vice versa, depending on the changes in environmental stimuli.72,73 Besides their 

functions of mounting a host defense against pathogens and initiating tissue healing and 

recovery responses, macrophages are also extremely important in coordinating the adaptive T 

cell response, as they are capable of directing T cells towards Th1 or Th2 responses and 

inducing T cell proliferation.74,75 Tissue macrophages can present antigen to T cells initially 

primed in the lymph nodes that subsequently travel to tissue sites of inflammation, enabling 

the T cell’s full activation.76 The tremendous plasticity of the macrophage enables it to carry 

out its wide range of functions effectively, but it is also an attribute that can be subverted by 

pathologies to contribute to disease progression. 
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Tumor-associated macrophages 

Macrophages have been recognized to play an important role in cancer, representing a 

large proportion (as high as 50%) of the leukocyte infiltrate in the tumor microenvironment.77 

Macrophages within the tumor environment are referred to as tumor-associated macrophages 

(TAMs). Similar to the heterogeneity of resident macrophage ontogeny in tissues in 

physiologic environments, the tumor microenvironment is populated both by macrophages 

that are derived from embryonic precursors of the affected tissue, and macrophages 

differentiated from circulating monocytes migrating to the tumor.78,79 Whether macrophage 

ontogeny influences the TAM’s contribution to the tumor microenvironment is currently 

unclear, however, the recruitment of circulating monocytes appears to be an integral process 

for maintaining the TAM population.79,80 Peripheral cells in circulation that are commonly 

recruited to the tumor microenvironment include Ly6Chi inflammatory monocytes and 

monocytic myeloid-derived suppressor cells (M-MDSCs).80,81 Interestingly, in contrast, 

Ly6Clo alternative monocytes have been shown to reduce tumor growth in murine models of 

pulmonary metastatic disease by activating an NK cell response and scavenging tumor 

debris, which contain tumor-derived extracellular vesicles implicated in the promotion of 

tumor progression and immune suppression.82 The main chemoattractants recruiting Ly6Chi 

monocytes and M-MDSCs to the tumor include CCL2 and CSF-1.83 In addition to attracting 

TAM precursors from circulation, molecules such as CSF-1 also have substantial effects on 

macrophage growth and differentiation, inducing growth and pushing macrophages towards 

an M2-like phenotype often associated with tumor promotion.84 In skeletal neoplasms, CSF-1 

becomes an important player in promoting tumor progression as it directs the differentiation 
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of osteoclasts, which are in turn influenced by tumor cells to cause osteolysis.84 A study 

utilizing a murine model of mammary carcinoma demonstrated that TAMs require the 

transcriptional regulator of Notch signaling, RBPJ, for differentiation from infiltrating Ly6Chi 

inflammatory monocytes.80 Also, depletion of TAMs derived from circulating monocytes 

inhibited tumor growth and rescued cytotoxic T cell responses, whereas depletion of TAMs 

from embryonic precursors did not have a similar effect.80   

Macrophages play a prominent role in the process of cancer immunoediting, which 

consists of 4 phases – the elimination, equilibrium, immunosuppression and escape phases. 

In the elimination phase, macrophages work with other immune cells to eliminate nascent 

tumor cells. In that capacity, they assume an M1-like phenotype with the ability to kill tumor 

cells with secretion of cytotoxic mediators and inhibit angiogenesis.85,86 The crosstalk 

between M1-like macrophages and T cells can induce Th1-type responses and potentiate M1-

type macrophage activity – for example, M1-like macrophages secrete CXCL9 and CXCL10, 

which are chemoattractants for Th1 T cells, and Th1 cells secrete IFNg, amplifying M1 

macrophage polarization.85 All this culminates in an innate and adaptive anti-tumor response 

that can destroy tumor cells. Successful tumor cell elimination results in an endpoint of 

cancer immunoediting. In some situations, the cancer cells are not completely eliminated, 

and enter instead into a phase of equilibrium, where the immune cells are able to maintain the 

cancer cells in functional dormancy, thus inhibiting their growth. During this phase, immune 

cells such as the macrophage can be influenced by signals and mediators from the tumor cells 

to start polarizing towards an M2-like phenotype. Eventually, this can lead to a breakdown of 

the immune defense against the tumor cells, resulting in suppression of the immune response 
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and escape of the tumor cells to create clinically apparent disease.87  A complex mix of 

various mediators in the tumor microenvironment leads to recruitment of peripheral 

monocytes and initiation of M2-like polarization. Factors such as IL-4, IL-13, and CSF-1 

within the microenvironment skew macrophages towards an M2-like phenotype, which can 

be exploited by the tumor to promote growth and metastasis.81,84 TAMs are a heterogeneous 

population with phenotypes that vary between tumor types and also between different 

locations within the same tumor, with the common thread connecting diverse TAM 

phenotypes being their predisposition towards an M2 phenotype.81 

M2-like TAMs effect tumorigenesis via multiple mechanisms, which include 

promotion of cellular proliferation, tissue remodeling, matrix invasion and metastasis, 

angiogenesis, epithelial-to-mesenchymal transition (EMT), genetic instability, and 

suppression of the immune response while providing a protective environment for cancer 

stem cells. For example, TAMs can produce epidermal growth factor (EGF), which induces 

cellular proliferation.81 Additionally, as an illustration of the complexity of interactions 

within the tumor microenvironment, carcinoma cells secreting CSF-1 can stimulate 

macrophages to produce EGF, which promotes directed migration of tumor cells together 

with macrophages along collagen fibers that guide the cells towards blood vessels.88,89 This 

paracrine loop involving EGF and CSF-1 directing the migration of carcinoma cells depends 

on the presence of macrophages.88  As the carcinoma cells and macrophages cluster around 

the vasculature, under the influence of EGF and CSF-1 respectively, tumor cells form 

invadopodia and macrophages form podosomes that increase their invasiveness and ability to 

degrade the extracellular matrix and intravasate.90 Production of proteolytic enzymes by 
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TAMs such as matrix metalloproteinases (MMPs) also break down the extracellular matrix to 

facilitate local tumor cell invasion and intravasation into the vasculature.81 For instance, M2-

like TAMs were reported to increase MMP-9 expression and activity, thus degrading the 

extracellular matrix to facilitate colon cancer cell invasion.91   

Promotion of angiogenesis is another hallmark of TAMs’ protumoral abilities. The 

tumor angiogenic switch is required for tumors to acquire a vasculature capable of supporting 

its growth and to progress malignancy, and this switch is dependent on macrophages.92 

TAMs, under the influence of CSF-1, produce growth factors such as vascular endothelial 

growth factor (VEGF), and MMP-9, which promotes angiogenesis via release of VEGF.92,93 

More recently, the expression of WNT7b by TAMs in a human breast carcinoma model is 

reported to promote angiogenesis and metastasis, partly through induction of VEGF, and 

inactivation of WNT7b decreased pulmonary metastasis.94 Expression of TIE2, an 

endothelial cell tyrosine kinase receptor, in TAMs has also been shown to be an important 

player in promoting angiogenesis, as TIE2+ TAMs align along vasculature in response to 

expression of angiopoietin-2 (ANG2), the TIE2 ligand, by endothelial cells, thus promoting 

tumor angiogenesis.95 Inhibiting either TIE2 or ANG2 can break this link between TAMs and 

the vasculature, leading to decreased angiogenesis, reducing subsequent tumor growth and 

metastasis.95 Treatment with CSF-1 in a mammary carcinoma model led to increased 

numbers of TIE2-expressing monocytes and macrophages, in turn increasing angiogenesis.96   

TAMs can induce EMT, a process in which epithelial cells lose their epithelial 

phenotype and take on increasingly mesenchymal features such as increased migratory 

abilities, resistance to apoptosis, invasiveness and production of extracellular matrix.97 EMT 
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occurs under physiologic conditions to assist in embryonic cell dispersion and recovery from 

tissue injury. However, it can also be subsumed by epithelial neoplasias to promote 

invasiveness and metastasis. TAMs have been shown to induce EMT through various 

mechanisms, including secretion of inflammatory cytokines such as TNF-a and cysteinyl 

leukotriene D4 (LTD4).91 Anti-inflammatory cytokines secreted by TAMs such as TGF-b are 

also capable of inducing EMT, as demonstrated in a F9-teratocarcinoma murine model where 

co-culture with macrophage-conditioned medium resulted in EMT activation via 

macrophage-derived TGF-b.98 Co-culture with M2-like TAMs also induced EMT in 

pancreatic cancer cells partly via increase in TLR4 and IL-10 signaling.99 In addition, the 

inflammatory reactive oxygen and nitrogen intermediates secreted by TAMs can cause 

genetic instability in cancer cells, allowing for mutations that build resistance to cancer 

therapies.81 Human TAMs have been shown to overexpress the cancer protooncogene c-

MYC, which is required for activation of M2-like macrophages, and inhibition of c-MYC in 

TAMs resulted in blockade of tumorigenic gene expression, such as VEGF, TGF-b, and 

MMP9.100 Similarly, inhibition of MYC in murine tumors decreased expression of immune 

checkpoint proteins CD47 and programmed cell death ligand-1 (PD-L1), thus activating the 

antitumor immune response, as CD47 expression inhibits macrophage phagocytosis and PD-

L1 inhibits T cell activation.101 

An important mechanism of tumorigenesis effected by TAMs is suppression of an 

effective anti-tumor immune response. Macrophages normally express ligands of the 

inhibitory receptors programmed cell death protein 1 (PD-1), and cytotoxic T-lymphocyte 

antigen 4 (CTLA-4), which are PD-L1, PD-L2, and B7-1 (CD80), B7-2 (CD86) respectively. 
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Expression of these ligands are usually found on activated immune cells such as 

macrophages to control the intensity of the immune response and to aid in the physiologic 

resolution of inflammation. Binding of these ligands with their respective receptors result in 

dampening of T and B cell receptor signaling, T cell activation and cytotoxic function.84 A 

study evaluating PD-L1 expression in canine myeloid cells found low to negative PD-L1 

expression in quiescent peripheral monocytes and monocyte-derived macrophages from 

healthy dogs.102 However, PD-L1 expression in these cells was significantly increased in 

response to IFN-g exposure, supporting the observation that PD-L1 expression is 

physiologically important for resolving inflammation.102 In the tumor microenvironment, 

TAMs can upregulate inhibitory ligand expression to suppress T cell responses. A study 

highlighting the importance of the PD-1 / PD-L1 axis in creating an immunosuppressive 

tumor environment demonstrated PD-1 mediated T cell exhaustion and depletion, with 

increases in TAMs paralleling decreases in CD8+ T cell numbers.103 PD-L1 expression has 

also been found to be increased in murine macrophages within the tumor in a squamous cell 

carcinoma model, with corresponding increased percentage of T cell expression of PD-1, and 

inhibition of PD-1 reduced the incidence of papilloma formation.104 In human oral squamous 

cell carcinoma, M2-like TAMs exhibited higher expression of PD-L1 and the 

immunosuppressive IL-10 compared to non M2-like TAMs, and co-culture with these M2-

like TAMs resulted in decreased numbers of activated T cells.105 Secretion of 

immunosuppressive cytokines is another mechanism by which TAMs dampen the anti-tumor 

immune response. As mentioned above, TAMs secrete IL-10, and they also secrete TGF-b as 

well as induce latent TGF-b into their activated forms.106 TGF-b exerts a multitude of 
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immunosuppressive effects, including the co-induction, together with IL-10, of T regulatory 

cells (Tregs) within the tumor, whose function is to dampen the immune / inflammatory 

response via inhibition of cytotoxic T cells and CD4+ T cells.107,108 Additionally, TAMs can 

recruit Tregs to the tumor microenvironment via secretion of a variety of cytokines including 

CCL20, CCL22, and CCL5.84 TAMs suppress T cell function also by secretion of arginase I 

into the tumor microenvironment, which metabolizes L-arginine to L-ornithine and urea.109 A 

study reports the Ron receptor tyrosine kinase activating arginase I expression in TAMs, and 

that Ron expression was found specifically in the TIE2 TAM subset.109 L-arginine 

metabolism essentially depletes L-arginine from the environment, which is required by T 

cells for the re-expression of the CD3z chain after internalization due to antigen 

stimulation.110 TAM expression of B7-H4, a member of the B7 superfamily, can suppress T 

cell function. A study reported the stimulation of B7-H4 expression in TAMs by Treg-

induced IL-10 secretion by TAMs, thereby promoting the immunosuppressive activity of 

TAMs.111 Clinically, increased levels of B7-H4 expressing macrophages correlated with 

higher clinical stages and hence poorer prognosis in human lung cancer.112  

Another tumor-promoting mechanism of TAMs is the provision of a nurturing niche 

for cancer stem cells. A murine study described TAMs protecting cancer stem cells from the 

cytotoxic effects of chemotherapy and promoting their chemotherapeutic drug resistance via 

secretion of milk-fat globule-epidermal growth factor VIII (MFG-E8).113 Inhibition of TAMs 

can reduce the number of cancer stem cells in pancreatic tumors and increase the 

effectiveness of chemotherapeutics.114 TAMs also help establish pre-metastatic niches, 

preparing distant sites for metastatic seeding and assisting metastatic cells in their 
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intravasation, extravasation, survival and growth.115 An important component of the pre-

metastatic niche is the bone marrow-derived immature myeloid cell expressing VEGF 

receptor 1 (VEGFR1), which seeds in pre-metastatic sites and increases the permissiveness 

of these sites before the arrival of metastatic tumor cells.116 MMP9, which can be secreted by 

TAMs, is an example of a molecule important in establishing the pre-metastatic niche - it is 

induced in macrophages by distant tumor cells, resulting in increased myeloid cell 

recruitment via VEGFR1 signaling, facilitation of tumor cell invasion, and subsequent 

promotion of lung metastasis.117 Ablation of CD11b+VEGFR1+ myeloid cells can inhibit 

formation of these pre-metastatic niches.116,118 Tumor-derived exosomes are another factor 

capable of stimulating myeloid cells at pre-metastatic niches to increase their angiogenic 

capabilities via the receptor tyrosine kinase MET, thus priming the sites for metastatic 

seeding.119 Once tumor cells seed at the pre-metastatic sites, they can release CCL2 to attract 

circulating Ly6Chi monocytes, which in turn enhance the ability of metastatic tumor cells to 

extravasate partially via expression of VEGF.120 These Ly6Chi monocytes eventually 

differentiate into macrophages at the metastatic site, which continue to enhance extravasation 

and promote tumor cell survival.120 

Given the widely reported pro-tumorigenic characteristics of TAMs, it is not 

surprising that the presence and level of TAM infiltration into a tumor carry prognostic 

significance for many tumors. A meta-analysis of the prognostic significance of TAMs in 

human solid tumors demonstrated TAM infiltration as a negative prognosticator.121 However, 

in some cases such as colorectal, gastric, and non-small-cell lung cancers, TAM infiltration 

can be associated with a favorable prognosis.77,121,122 As we gain increased understanding of 
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TAMs, it becomes apparent that TAM distribution within a tumor is not homogeneous, and 

TAM phenotypic signatures range across the M1-M2 spectrum. For instance, M1-like TAMs 

can be found in normoxic areas of the tumor compared to M2-like TAMs, which populate 

hypoxic regions instead.77 Such heterogeneity can potentially account for the differences in 

prognostic significance of TAMs in various reports. It has been reported since the 1970s that 

macrophages, if appropriately activated by e.g. bacterial products, can take on tumoricidal 

properties, thus suggesting that manipulating TAM phenotype has antitumor potential.78,123,124  

TAMs can also affect responses to chemotherapy. Chemotherapeutic agents such as 

doxorubicin can effect immunogenic cell death in tumor cells by activating the innate and 

adaptive immune responses, and TAM infiltration in turn can be predictive of responses to 

chemotherapy.125 For example, in follicular lymphoma, increased TAM numbers was a good 

prognosticator for patients treated with a chemotherapeutic regimen that included 

doxorubicin, whereas in patients that did not receive doxorubicin, high TAMs were a poor 

prognosticator, therefore suggesting TAMs as important regulators of the antitumor effects of 

doxorubicin.126 Pancreatic adenocarcinoma patients with high TAM infiltration were reported 

to respond positively to gemcitabine chemotherapy, and the authors demonstrated in vitro 

activation of gemcitabine-treated macrophages to an antitumor phenotype.127 Strategies for 

TAM re-education to stimulate an antitumor phenotype thus represent an exciting therapeutic 

avenue. In OS, TAM infiltration interestingly has not uniformly represented an unfavorable 

prognosis, and TAMs could represent a therapeutic target against the disease, especially 

metastatic OS. 
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Tumor-associated macrophages in osteosarcoma 

 TAMs have been associated with variable prognoses in OS. Some OS studies show 

M2-like TAMs to be tumorigenic – a murine OS study reported M1-like TAMs polarizing to 

M2-like TAMs within the first 3 weeks after OS implantation, and depletion of M2-like 

TAMs resulted in significantly decreased tumor growth.128 A study evaluating tumor and 

peripheral blood samples from human OS patients demonstrated a smaller proportion of T 

cells but higher expression of T cell exhaustion markers (TIM3, PD1) in tumor samples 

compared to peripheral blood.129 These TIM3+PD1+ T cells exhibited lower proliferation 

capacity and decreased cellular expression of inflammatory cytokines such as IFN-g and 

TNF-a compared to peripheral T cells.129 The percentage of the TIM3+PD1+ T cells within 

the tumor positively correlated with M2-like TAM frequency, and specific depletion of this 

M2-like population of TAMs resulted in increased T cell proliferation and heightened 

cellular expression of IFN-g and TNF-a.129 Another study utilizing human OS patient tumor 

samples demonstrated that infiltration of tumor specimens with macrophages and dendritic 

cells (DCs) was associated with decreased event-free survival compared to tumors that had 

less than 1% tumor volume infiltrated with macrophages or DCs.130 In this study, tumors 

positive for PD-L1 were more likely to contain immune cell infiltrates including 

macrophages, DCs, T cells, and NK cells, and tumor PD-L1 expression was associated with a 

shorter event-free survival.130 The study did not attempt to classify the tumor infiltrating 

macrophages into subsets to ascertain whether specific subsets had differential associations 

with survival or PD-L1 expression. Additionally, it is interesting that even though the 

infiltrating T cells were more likely to express PD-1 in PD-L1 positive tumors, this T cell 
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presence was not significantly associated with a poorer event-free survival. There are also 

studies that suggest macrophage infiltration to be a favorable finding - in one report 

evaluating biopsy samples from human high-grade OS patients who did or did not develop 

metastases within 5 years of diagnosis, increased infiltration of M1/M2 TAMs was 

associated with decreased metastasis and improved survival.131  The study also found that 

about 45% of the genes (e.g. CD14, TLR4, CD86, HLA-DR) overexpressed in samples from 

patients without metastases compared the patients that metastasized were expressed by 

infiltrating hematopoietic cells and were associated with macrophage functions.131  These 

macrophage-associated genes were also upregulated in post-chemotherapy samples, and there 

was a trend for increased macrophage infiltration in pre-chemotherapy samples to predict a 

good histological response to neoadjuvant chemotherapy.131 There was a mixture of M1-like 

and M2-like macrophages within the tumor tissue, with phenotypic prevalence not predictive 

of survival outcome, thus precluding conclusions about the anti-tumor mechanism.131 

Another study utilizing human OS tumor samples from patients that presented with and 

without metastasis at diagnosis showed a similar number of total tumor infiltrating 

macrophages between groups, but a higher number of M1-like macrophages in the non-

metastatic group.132 M2-like macrophages within the tumors were positively correlated with 

tumor vascular density, suggesting an angiogenesis-promoting effect of M2-like 

macrophages.132 Similar to the findings by Buddingh et al., increased macrophage infiltration 

into tumors was associated with improved survival.131,132 Such varied data on the implications 

of TAMs in OS make it clear that the interactions between macrophages and OS are complex 

and extremely plastic, and the mechanistic effects of macrophages in OS are clearly not well 
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understood. A recent study elucidated the role of IL-34 in promoting macrophage recruitment 

and OS growth – IL-34, recently identified as having similar effects as M-CSF in regulating 

differentiation of monocytes and macrophages, was overexpressed in a murine model of 

OS.133 This overexpression resulted in increased endothelial cell proliferation and vascular 

cord formation, thus promoting angiogenesis.133 Additionally IL-34 enhanced the recruitment 

of macrophages into the tumor microenvironment, as shown by the 3-fold increase in TAM 

infiltration and the increased number of M2-like macrophages in tumors overexpressing IL-

34 compared to control tumors.133 All these studies highlight the complexity of the interaction 

between macrophages and the tumor microenvironment in OS, and the need for increased 

understanding of the effects of different macrophage subtypes on the tumor. The phenotypic 

plasticity of the macrophage accounts for the heterogeneous phenotypes identified in OS 

tissues, manipulation of these plastic polarization phenotypes carries important therapeutic 

merit, as the malleability of macrophages to their environmental cues makes them promising 

therapeutic targets. 

 

Potential role of monocytes and macrophages in immunotherapy against OS 

An interesting phenomenon observed in OS is the improved survival associated with 

surgical site bacterial infections, which hearkens back to the findings of William B. Coley, 

who, based on anecdotal reports of patients who experienced malignant tumor regression 

concurrent with a bacterial infection, decided to test the potential beneficial effects of 

infections on tumor progression. Coley developed concoctions of bacterial organisms, most 

commonly heat-killed Streptococcus combined with Serratia marcescens, and administered 
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what became known as Coley’s Toxins to hundreds of patients, some of whom reportedly 

experienced tumor regression.134 However, due in part to the inconsistency of the treatment 

(e.g. in concoction preparations, route of administration, dose, treatment duration), and in 

part to the emergence of chemotherapy and radiation therapy, Coley’s Toxins fell by the 

wayside until the recent advent of cancer immunotherapy as a promising adjunctive 

therapeutic.134 In later years, a retrospective study of Coley’s cases that were deemed 

inoperable sarcoma cases reported a remission rate of 64% and a 5-year survival rate of 44%, 

lending support to the validity of Coley’s conviction that infection can have a positive effect 

on tumors.135 It now  recognized that Coley and his work have advanced our knowledge of 

immunology and immunotherapy, most notably in the discovery of TNF-a through the 

observation that a tumor-necrosing polysaccharide (endotoxin) indirectly kills tumor cells by 

inducing the release of a host factor (TNF-a) toxic to tumors.136 

One of the earlier reports documenting improved survival in OS patients with surgical 

site infections was a veterinary retrospective series that aimed to assess the efficacy of 

preoperative radiation therapy in OS dogs undergoing limb salvage procedures.137 This study 

found that dogs that developed a deep infection of the limb salvage site experienced 

significantly longer survival times compared to uninfected dogs (11 versus 5 months 

respectively), and infected dogs had better local tumor control rates.137 In 2005, a veterinary 

retrospective series evaluating the effects of postoperative infections on OS outcomes noted 

dogs with OS that underwent surgical limb salvage procedures and developed a deep surgical 

site infection postoperatively survived a median of 252 days longer, and developed 

metastasis at a median of 300 days later compared to dogs without infection.23 Considering 
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that the median survival time for dogs with OS ranges between 10-12 months, these numbers 

represent a near-doubling of overall survival and event-free survival times. Hazard ratios 

indicated that the OS dogs with a limb salvage associated infection were half as likely to die 

(HR 0.446) and half as likely to develop metastases (0.426), and the study demonstrated that 

the survival benefits were due to an inhibitory effect on metastasis rather than local disease 

recurrence.23 A more recent retrospective veterinary study also identified the development of 

a surgical site infection was significantly associated with increased overall survival; another 

study evaluating OS dogs that underwent SRT and concurrent surgical stabilization of the 

treatment site reported a trend towards a significantly decreased hazard ratio for death with 

the development of infection.25,138 This association of infection with survival has also been 

noted in human OS – a retrospective consecutive series of 547 human OS patients reported 

that the patients who developed a deep postoperative infection had significantly improved 

survival, with a 84.5% 10-year survival rate for the infected patients compared to the 62.3% 

10-year survival rate for non-infected patients.24 There was also a trend towards significantly 

decreased metastases in the infected patients, but infection appeared to have no impact on the 

incidence of local disease recurrence, similar to the finding in dogs.23,24 In both the canine and 

human retrospectives, Staphylococcus aureus (S. aureus) was the most common organism 

isolated from infection sites, and in the human patients, significantly improved survival was 

noted in patients with a S. aureus infection.23,24 Following the 2005 report by Jeys et al., a few 

other human studies have emerged exploring the relationship between infection and OS 

survival, and not all of them have uniformly reported an improvement in survival concurrent 

with infection. A report in 2009 of 347 patients did not find a survival advantage in patients 
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who developed a deep postoperative infection, with the 10-year survival rate for infected 

patients being 83.3%, compared to the 10-year survival for non-infected patients at 82%.27 

The study also reported that infected patients also frequently displayed good responses to 

chemotherapy, frequently had more proximal tibial tumors, and none of the infected patients 

experienced local disease recurrence.27 The authors thus surmised that the influence of 

infection on survival may not only be due to local antitumor effects of the infection, but also 

due to clinical characteristics of the patients.27 A study exploring whether postoperative 

infection affected outcomes in human soft tissue sarcoma did not find a protective effect of 

infection either.139 The authors did not find a difference in survival, local recurrence or 

metastasis between patients that did or did not develop a postoperative infection after 

surgical resection of soft tissue sarcomas in combination with neoadjuvant and / or adjuvant 

radiation therapy.139 The larger variation in treatment algorithms for soft tissue sarcoma 

compared to OS may have made it more challenging to fully evaluate the effects of infection. 

Recently, another study identified a positive benefit of infection on 5-year survival and 

event-free rates in human OS patients, with infected patients experiencing 100% survival and 

event-free rates compared to the 54% survival and 43% event-free rates in non-infected 

patients.26 However, this study only included 6 infected patients out of a total of 125 study 

patients, thus these small sample sizes make it challenging to come to definitive conclusions 

about the effects of infection on OS outcomes.  

The effects of infection on OS have been evaluated using murine models. A study 

utilizing a syngeneic subcutaneous model of murine OS and bacterial osteomyelitis 

demonstrated induction of anti-OS activity in tumor-bearing mice with concurrent bacterial 
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osteomyelitis.140 Mice with OS and a bacterial osteomyelitis experienced significantly 

decreased tumor growth and significantly longer survival times compared to OS-bearing 

mice without an infection.140 The effects of bacterial osteomyelitis on tumor growth was 

noted not only with S. aureus, it was also noted with other gram-positive as well as gram-

negative bacteria.140 Additionally, the protective effect of infection was recapitulated using 

different tumor types and mouse strains.140 This anti-tumor response corresponded with an 

increase in total numbers of circulating monocytes caused by an increase specifically in the 

inflammatory monocyte compartment, as well as an increase in the splenic inflammatory 

monocyte population, suggestive of the hypothesis that bacterial infection causes an 

inflammatory response mobilizing inflammatory monocytes that can feed tumor macrophage 

populations.140 In support of this hypothesis, the authors observed significantly increased 

numbers of TAMs in OS mice with osteomyelitis compared to uninfected OS mice.140 These 

TAMs were not further identified as M1 versus M2 TAMs, thus this study raises the question 

whether the observed anti-tumor response was elicited by increased numbers of bacteria-

induced M1 TAMs. Additionally, monocyte/macrophage depletion using liposomal 

clodronate resulted in significantly increased tumor growth in infected OS mice compared to 

infected OS mice that did not receive liposomal clodronate, supporting the hypothesis that 

monocytes and macrophages induced by bacterial osteomyelitis play a substantial role in 

tumor inhibition.140 Depletion of natural killer (NK) cells in infected OS mice also resulted in 

significant increases in tumor growth compared to infected mice that did not undergo NK cell 

depletion, suggesting that NK cells, together with monocytes and macrophages, are important 

players in the anti-tumor response.140  
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Despite the conflicting studies regarding the effects of bacterial infection on OS 

outcomes, some of those results suggest the immunogenic nature of OS can be targeted by an 

upregulation of an immune / inflammatory response, leading to inhibition of tumor growth. 

Also, innate cells such as monocytes, macrophages and NK cells play important roles in this 

anti-tumor response. Immunotherapy, based on the principle of upregulating the immune 

response against a tumor, has been gaining attention as a promising adjuvant therapeutic 

modality in cancers such as melanoma.141 However, despite these exciting developments of 

cancer immunotherapy, there is a lack of advancement in immunotherapies specifically for 

OS. Given the potential of macrophages to incite an anti-tumor response, understanding their 

responses within the OS tumor environment is important in any effort to harness the immune 

response against cancer. Due to their plasticity, macrophages can engage in pro- as well as 

anti-tumor activities – since the 1970s, investigators have noted that macrophages can be 

activated to mount an anti-tumor response, however it is also established that TAMs can 

promote tumorigenesis.78,123,124 Thus it is crucial to find the balance between desirable and 

undesirable macrophage inflammatory responses to tip the scales in favor of an inflammatory 

anti-tumor response.    

An immunotherapeutic agent that features prominently in OS studies is liposomal 

encapsulated muramyl tripeptide phosphatidyl ethanolamine (L-MTP-PE), a synthetic 

derivative of muramyl dipeptide (MDP), a bacterial cell wall component in both gram-

positive and gram-negative bacterial cell walls. MDP is recognized both by the intracellular 

pattern-recognition molecule, NOD2, found primarily in monocytes, macrophages, dendritic 

cells and intestinal Paneth cells, and another NOD-like receptor, NLRP3.142,143 Recognition of 
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MDP by NOD2 and NLRP3 results in an inflammatory response accompanied by 

inflammatory cytokine and antimicrobial peptide release, dendritic cell activation, activation 

of a T-helper cell response, and this response can potentially be tumoricidal as well.143 Early 

canine studies demonstrated the efficacy of L-MTP-PE against OS – dogs with OS treated 

with amputation to remove the primary tumor that received L-MTP-PE experienced 

significantly longer survival times compared to dogs that received empty control liposomes.50 

Another canine clinical trial demonstrated a survival advantage when L-MTP-PE was 

administered following standard-of-care adjuvant treatment with cisplatin.144 Monocytes and 

macrophages activated by L-MTP-PE have been evaluated as key players in the anti-OS 

response – a study utilizing normal canine pulmonary alveolar macrophages demonstrated 

significantly increased macrophage cytotoxicity against OS cells when dogs were treated 

with L-MTP-PE and doxorubicin.51 A study of human macrophages showed in vitro anti-OS 

activity after macrophage stimulation with L-MTP-PE and IFN-g.145 The largest reported 

human clinical trial (INT 0133) to date that evaluated the efficacy of L-MTP-PE as one of the 

treatments in addition to standard chemotherapy did not initially show unequivocal 

advantage for event-free survival with the addition L-MTP-PE.146 Subsequent analyses using 

overall survival as another endpoint demonstrated significantly increased 6-year survival 

with the addition of L-MTP-PE.52 A recent analysis of the data from INT 0133 for lifetime 

effectiveness of adding L-MTP-PE to standard chemotherapy reported an increase in life-

years gained for both non-metastatic and metastatic OS patients with the addition of L-MTP-

PE.147 The therapeutic potential of an anti-OS agent such as L-MTP-PE, which mimics the 
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effects of a bacterial infection, speaks to the importance of developing novel methods to 

stimulate macrophage anti-tumor activity against OS.  

 

Dissertation Summary 

The overall goal of this dissertation is to develop a foundation for understanding the 

monocyte and macrophage response to OS, bacteria-induced and hyperthermia therapy-

induced inflammation to enhance our ability to develop novel immunotherapeutic strategies 

for monocyte/macrophage manipulation towards an anti-tumor phenotype. Comparing this 

response across species in the dog, human, and mouse wherever possible and identifying 

cross-species similarities and differences increases the robustness and therapeutic relevance 

of study findings. We hypothesize that bacteria-induced and hyperthermia therapy-induced 

inflammation reverses the immunosuppressive effects of OS on monocytes and macrophages, 

and induces an inflammatory anti-tumor phenotype in macrophages under the influence of 

OS. The biological similarity between canine and human OS makes such a cross-species 

comparative investigation a promising model for translational research, increasing the 

specificity and focus of follow-up studies. The additional strengths of using murine models 

include the ability to study the effects of bacterial-induced inflammation in an in vivo model. 

The goal of the first specific aim in this dissertation was to identify differences in monocyte 

phenotype and macrophage differentiation in OS compared to controls. The second specific 

aim then evaluated the influence of bacteria-induced inflammation on monocyte phenotype 

and macrophage differentiation in OS. The third specific aim evaluated the efficacy of a 

novel nanoparticle hyperthermia therapy in inducing an anti-OS response via 
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monocyte/macrophage activation. This dissertation seeks to add to the body of knowledge 

regarding phenotypic and functional profiles of monocytes and macrophages under the 

influence of OS, bacteria-induced inflammation, and hyperthermia therapy. These data will 

help build the foundation of knowledge required to investigate novel strategies for 

monocyte/macrophage immunomodulation in OS – utilizing microRNA (miRNA) 

manipulation and hyperthermia therapy to override OS-induced immunosuppression. 

Preliminary data will be presented on identification of commonly conserved microRNA 

signatures that influence monocyte/macrophage function in the presence of OS and bacteria.  
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CHAPTER 2 

A cross-species evaluation of the effects of OS on monocytes and macrophages 

2.1 Introduction 

Of the many similarities between human and canine OS, perhaps the most dismal is 

the lack of significant improvement in survival over the past three decades. Despite attempts 

with various permutations of adjunctive chemotherapeutics, the median survival in dogs with 

OS remains between 10-12 months, and the 5-year disease-free interval for human patients 

with non-metastatic OS remains around 70%, with only 20-30% long-term survival in 

patients that present with metastases.1-4 Therefore, it is imperative to identify unique avenues 

of investigation for the treatment of OS, and one of these avenues is immunotherapy. 

However, despite the rapid development of cancer immunotherapy for malignancies such as 

melanoma and non-small cell lung cancer, there is a lack of advancement in 

immunotherapies for OS, despite data indicating the immunogenicity OS.5-9  

One of the hurdles to immunotherapy development in OS is the scarcity of 

information concerning the effects of OS on myeloid cells in sarcoma patients, despite 

observations suggesting that monocytes and macrophages are key players in shaping the 

immune environment in OS.10-14 An evaluation of the immune profile in human pediatric 

sarcoma patients demonstrated an increase in CD14+HLA-DRlo/neg immunosuppressive 

peripheral monocytes in sarcoma patients compared to healthy controls, and this abnormal 

monocyte profile was associated with poorer survival.10 This subtype of CD14+HLA-DRlo/neg 

monocytes has been shown to inhibit an effective immune response in cancers such as 

glioblastoma, lymphoma, and prostate cancer.15-17 Interestingly, increased infiltration of 
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M1/M2 TAMs was associated with improved survival in high-grade human OS, though 

individual M1 or M2 phenotypes did not exhibit survival associations, thus the 

heterogeneous TAM population precluded conclusions about the anti-tumor mechanism.14 An 

in vitro study demonstrated the ability of L-MTP-PE combined with IFN-g to stimulate anti-

tumor activity in macrophages against human OS cell lines.11 Using a murine model of OS, a 

study showed that M1 macrophages within the tumor were polarized into M2-like TAMs 

within the first 3 weeks after tumor implantations, and depletion of TAMs using clodronate 

resulted in reduced tumor growth. A murine model of OS that documented improved survival 

with chronic bacterial osteomyelitis demonstrated increased numbers of TAMs in OS mice 

with osteomyelitis compared to uninfected OS mice, and an increase in total numbers of 

circulating monocytes caused by an increase specifically in the inflammatory monocyte 

compartment.13 These data strongly support monocytes and macrophages as cells that 

modulate the immune response in OS, both in a pro-tumorigenic and anti-tumor fashion. 

Therefore, more data are needed to understand the effects of OS on immunomodulatory cells 

such as monocytes and macrophages to inform future investigations into reversing tumor-

induced immune dysfunction. This chapter describes how OS influences the phenotype and 

chemotaxis of monocytes and differentiation of macrophages across species. Comparisons 

were made between the dog, human, and mouse, wherever possible, to increase the relevance 

of the findings. Our hypothesis was that evasion of the immune response by OS is due in part 

to expansion of the non-classical / alternatively activated monocyte subtype, down-regulation 

of monocyte chemokine receptor expression and migratory function, and suppression of host 
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immune responses as demonstrated by an immunosuppressive cytokine and mRNA signature 

in monocytes and macrophages. 

Such cross-species comparison to expand our understanding of the immune 

environment in OS adds robustness to the results, and hones the focus for therapeutic target 

identification. 

 

2.2. Materials and Methods 

Monocyte Studies 

2.2.1 Patient enrollment – canine and human 

Canine monocyte samples: Client-owned dogs diagnosed with OS that had not 

received any tumor-directed therapy or immunomodulatory drugs were enrolled into the 

study at North Carolina State University (NCSU). Due to the enrollment of dogs at a tertiary 

referral center, some dogs with OS had been prescribed anti-inflammatory medications by 

their primary referring veterinarian. A similar population of age-matched medium and large- 

breed control dogs without known disease that were also not receiving any anti-inflammatory 

or immunomodulatory medications were recruited for the study as normal controls. Written 

owner consent was obtained for all dogs participating in the study, and peripheral blood 

samples were collected under an approved Institutional Animal Care and Use Committee 

(IACUC) protocol.  

Human monocyte samples: Human patients newly diagnosed with OS were enrolled 

into the study at the Duke University Cancer Center by the Orthopedic Oncology service. 

Some of the enrolled patients had received neoadjuvant chemotherapy prior to starting the 
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study. A similar population of healthy human volunteers between the ages of 18 and 35 years 

were recruited as normal controls. Written consent was obtained for all humans participating 

in the study, and peripheral blood samples were collected under an approved Institutional 

Review Board (IRB) protocol.  

2.2.2 Isolation of peripheral blood mononuclear cells (PBMCs) and of a purified 

monocyte population – canine and human 

Approximately 20 ml of peripheral blood were collected into EDTA blood collection 

tubes via venipuncture from 14 control dogs and 18 dogs with OS, and 14 control human 

volunteers and 15 humans with OS. Canine and human peripheral blood mononuclear cells 

(PBMCs) were isolated by density gradient centrifugation using Histopaqueâ-1077.  A 

portion of the canine PBMCs was preserved for cell surface staining, and a portion 

underwent cell sorting to isolate a purified monocyte population using a MoFloâ high-speed 

cell sorter. Monocyte cell isolation was performed based on forward (FSC) versus side 

scatter (SSC), and CD14+ expression, and the phenotype of the sorted monocytes were 

confirmed via light microscopy. Approximately 1 x 106 sorted monocytes from 7 healthy 

controls and 7 dogs with OS were centrifuged and resuspended in RNAprotectÒ cell reagent 

for PCR analysis. Sorted monocytes from 8 healthy controls and 7 dogs with OS were used 

for stimulation cultures, and sorted monocytes from 14 healthy controls and 5 dogs with OS 

were used for chemotaxis assays. 
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2.2.3 Murine models of OS  

 Syngeneic subcutaneous (SQ) OS model: A SQ syngeneic OS model was established 

in C3H-HeN mice with a subcutaneous injection of 2 x 108 DLM8 murine OS cells 

suspended in 30 µl HBSS into the right flank region. 

Orthotopic OS model: An orthotopic OS model was established using Cre-LoxP 

recombination to generate tumors.  In a modification of a previously described method, the 

Cre recombinase, enclosed in an adenovirus, was injected to induce OS formation via 

deletion of the floxed alleles (Rb and p53).18  

2.2.4 Flow cytometry (FACS)  

Canine and human monocytes: PBMCs from healthy controls and patients with OS 

were centrifuged, resuspended in 100 µl Phosphate-Buffered Saline (PBS) per tube, then 

stained with the following antibodies against cell surface receptors: 

Canine monocytes: anti-CD14 (AbDSerotec), anti-CD16 (AbCam), anti- CD62L (BD 

BioSciences), anti-CD32 (AbCam), anti-CD11c (Thermo Scientific), anti-CCR2 (Bioss), 

anti-CCR7 (Bioss), anti- CD43 (Bioss), anti-CX3CR1 (Bioss), and anti-CXCR2 (Bioss). 

(Table 1) 

Human monocytes: anti-CD14 (AbDSerotec), anti-CD16 (AbCam), anti- CD62L (BD 

BioSciences), anti-CD32 (AbCam), anti-CD11c (Thermo Scientific), anti-CCR2 

(BioLegend), anti-CCR7 (BioLegend), anti- CD43 (Bioss), anti-CX3CR1 (eBioscience), and 

anti-CXCR2 (eBioscience), anti-CD163 (BD Pharmigen), anti-HLA-DR (BD Pharmigen), 

anti-CD64 (R&D), and anti-CD115 (eBioscience). (Table 2) 
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A tube containing unstained cells served as a negative control, and the appropriate isotype 

controls were applied. Single color compensation controls were established at the start of 

these experiments. The stained cells were incubated for 20 minutes on a shaker at low-speed, 

in the dark, at room temperature, after which the cells were washed twice with PBS. A 

FacsCaliberÒ or a LSRIIÒ flow cytometer was used to perform FACS analysis. The canine 

data were analyzed using the accompanying Cell-QuestÔ software, and the human data were 

analyzed using the KaluzaÒ software. Monocytes were gated based on FSC and SSC (Fig 

1a), and gates for determining the percentage of monocytes that stained positive for antibody 

were set using isotype controls as guidelines.  

 Murine monocytes: Blood was collected from the mice at time of euthanasia using 

cardiac puncture, and the blood lysed with 1x RBC lysis buffer to remove the red blood cells. 

The cells were washed with 1x PBS and resuspended in 100 µl FACS buffer (1X HBSS with 

2% FBS) per tube for staining with the following antibodies against cell surface receptors: 

anti-CD11b (BioLegend), anti-Ly6C (BioLegend), anti-Ly6G (eBioscience), anti-CCR2 

(R&D), anti-CCR7 (eBioscience), anti-CXCR2 (BioLegend), anti-CXCR4 (BD 

BioSciences), anti-CX3CR1 (BioLegend), anti-CD62L (eBioscience). Normal donkey serum 

was added to the FACS buffer for blocking against non-specific staining. Monocytes were 

gated based on forward and side scatter, and on positive expression of CD11b, Ly6C, with 

negative expression of Ly6G.  (Fig. 1b) Monocytes were further gated into subsets based on 

intensity of Ly6C expression, namely classical (Ly6Chi) and non-classical (Ly6Clo) 

monocytes. (Fig. 1c) The cells were stained with antibodies at 2-8°C for 30 minutes, after 
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which they were washed with FACS buffer and analyzed immediately. Samples were 

analyzed using a LSRII flow cytometer and data analysis was performed using KaluzaÒ 

software. Single color controls and compensation were performed using compensation beads, 

and positively staining cells were gated based on fluorescence-minus-one (FMO) cellular 

controls.  

Table 1: List of antibodies used for canine flow cytometry 

Antibodies Clone Fluorescence 
Labeling 

CD14 TÜK4 APC, FITC 

CD16 LNK16 PE 

CD62L SK11 PE 

CD32 AT10 FITC 

CD11c BU15 FITC 

CCR2 Polyclonal FITC 

CCR7 Polyclonal FITC 

CD43 Polyclonal FITC 

CX3CR1 Polyclonal FITC 

CXCR2 Polyclonal FITC 
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Table 2: List of antibodies used for human flow cytometry 

Antibodies Clone Fluorescence 
Labeling  

CD14 TÜK4 APC, FITC 

CD16 LNK16 PE 

CD62L SK11 PE 

CD32 AT10 FITC 

CD11c BU15 FITC 

CD43 Polyclonal FITC 

CD163 GHI/61 PE 

CCR2 K036C2 BV510 

CCR7 G043H7 BV421 

CXCR2 5E8-C7-F10 PerCP-eFluor710 

CX3CR1 2A9-1 APC 

HLA-DR G46-6 FITC 

CD64 276426 APC 

CD115 12-3A3-1B10 PE-Cy7 

 

Table 3: List of antibodies used for murine flow cytometry 

Antibodies Clone Fluorescence 
Labeling  

CD11b M1/70 BV421 

Ly6C HK1.4 BV570 

Ly6G 1A8 FITC 

CCR2 475301 AF-700 

CXCR2 SA044G4 PE 

CCR7 4B12 PE 

CXCR4 2B11 AF700 

CX3CR1 SA011F11 PE 

CD62L MEL-14 AF700 
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Figure 1: Gating strategies for monocyte flow cytometry 

(a) Canine and human gating: Representative dot plot showing monocyte gating using forward and 

side scatter characteristics. CD14 staining was used to ensure that the majority of the gated 

monocytes exhibited positive CD14 cell surface expression. (b), (c) Murine gating: Representative 

dot plots showing monocyte (including neutrophils) gating using forward and side scatter 

characteristics (b, left), exclusion gating of neutrophils using Ly6G (neutrophils being Ly6G+) (b, 

right); gating of CD11b+ monocyte subsets into Ly6Chi and Ly6Clo subsets (c). 
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2.2.5 Total RNA extraction, reverse transcription, and quantitative RT-PCR 

Canine monocytes: Sorted monocytes from healthy controls and dogs with OS were 

used for PCR analysis. The RNeasy minikit (Qiagen) was used to extract total RNA for 

quantitative RT-PCR (qPCR) from the sorted monocytes according to the manufacturer’s 

protocol. We verified the quality and quantity of the purified RNA using a NanoDrop 2000c 

spectrophotometer (Thermo Scientific), and also used gel electrophoresis to confirm RNA 

quality. cDNA was subsequently synthesized in a Techne TC4000 (Bibby Scientific) thermal 

cycler using the Promega© RT kit (Promega) according to manufacturer’s directions. 

Primers for qPCR to detect mRNA expression levels of Interleukin-10 (IL-10), Interleukin-

12 (IL-12), Tumor Necrosis Factor-alpha (TNF-a), and Cyclooxygenase-2 (COX-2) were 

selected based on previous reports (Table 4),19,20 and purchased from Integrated DNA 

Technologies. The PerfeCTa® SYBR® Green FastMix® for iQ™ PCR kit (Quanta 

BioSciences) was used for mRNA expression detection, and the reactions performed with the 

iCycler iQ™ real-time PCR detection system (BioRad). All samples were run in triplicate. 

The thermal cycling conditions were as follows: cycle 1 (95.0°C for 8 minutes) 1X, cycle 2 

(95.0°C for 30 seconds, 56.0°C for 20 seconds, 72.0°C for 40 seconds) 40X, cycle 3 (melting 

curve starting at 60.0°C for 10 seconds, with stepwise increases of 0.5°C for 70X to achieve 

95°C), cycle 4 (hold at 4.0°C). The housekeeping gene, Glyceraldehyde-3-Phosphate 

Dehydrogenase (GAPDH), was used for normalization of results. The CT value of GAPDH 

was consistent across experiments and between animals for all PCR results reported here (CT 

~21). The PCR product was separated using agarose gel electrophoresis, the DNA was 

sequenced by GENEWIZ® DNA sequencing services, and the sequences were subjected to 
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alignment searches in the NCBI database to confirm matches with the gene of interest. The 2-

ΔΔCT method was used to derive the normalized relative mRNA expression level of the target 

genes.  

Table 4: Quantitative RT-PCR primers to detect mRNA expression levels of pro-

inflammatory and anti-inflammatory cytokines, and COX-2, in canine monocytes 

Target (5’ – 3’) 
IL-10 (F) GCGACGCTGTCACCGATT 

IL-10 (R) CTGGAGCTTACTAAATGCGCTCTT 

IL-12 (F) TGGCTGCTATTCACAAGCTCAAGT 

IL-12(R) TGGTTTGATGATGTCTCTGATGAAG 

TNF-a (F) AGCCAGTAGCTCATGTTGTAGCAA 

TNF-a (R) GGCACTATCAGCTGGTTGTCTGT 

COX-2 (F) CTGTTCCCACCCATGTCAA 

COX-2 (R) GCAGTTTTCGCCGTAGAATC 

 

2.2.6 Chemotaxis assay 

Canine monocytes: Sorted monocytes from healthy controls and dogs with OS were 

used for chemotaxis assays. Monocyte migration was assessed using a NeuroProbe 

ChemoTxÒ 96-well disposable cell migration system with 8 μm polycarbonate framed 

filters. Sorted monocytes were resuspended in 106/ml of cell culture media, labeled with 1 μg 

calcein-AM/106 monocytes, and the cells incubated for 30 minutes in the dark at room 

temperature. Following incubation, the cells were resuspended at 106/ml in Dulbecco's 

Modified Eagle Medium (DMEM). Twenty-five μl of the cell suspension were deposited on 

each filter. The lower chamber, i.e. the 96-well plate, contained the following: 100% heat-

inactivated fetal bovine serum (FBS), 100 ng/ml monocyte chemoattractant protein-1 (MCP-
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1), 100nM N-Formyl-L-Methionyl-L-Leucyl-L-Phenylalanine (fMLP), 100 ng/ml CCL19 as 

positive chemoattractants, and PBS as a negative control. The positive chemoattractants were 

either placed individually in separate wells, or combined together in a single well. For total 

cell counts, 25 μl of cells were placed directly into the lower well to quantify maximal 

fluorescence. The plate was incubated for 4 hours at 37°C, after which the non-migrated cells 

on top of the filters were gently wiped off using a cell scraper. Cellular fluorescence in the 

bottom wells was quantified using a fMax fluorescence microplate reader (Molecular 

Devices) at 485 and 538 nm wavelength, and the corresponding SoftMax ProÒ software. 

Filter fluorescence was also quantified to confirm that cells were not adherent to the 

underside of the filter. Degree of migration was calculated as a percentage of migrated cells 

out of the known cell numbers placed in bottom wells. Cell migration was expressed as a 

migration index, calculated by dividing directed cell chemotaxis (cells migrating in response 

to a chemokine, quantified by degree of fluorescence) by random cell chemotaxis (cells 

migrating in response to media alone, quantified by degree of fluorescence). Each sample 

was assayed in triplicate.  

 Murine monocytes: An in vitro transwell chemotaxis assay was used to assess 

monocyte migration. Single cell suspensions of the spleen were obtained at euthanasia by 

repeatedly flushing RPMI + 10% FBS through the spleen using a 20-gauge needle. The 

resultant cell suspension was filtered through a 0.4 µm filter to remove tissue debris, and the 

cells lysed with 1x RBC lysis buffer (eBioscience) to remove the red blood cells. Transwell 

inserts with a 3 µm membrane pore size (BD Biosciences) were loaded with 2 x 106 splenic 

cells suspended in 300 µl of RPMI + 10% FBS. The lower chamber, i.e., the 24-well cell 



 

61 

culture plate, was loaded with the following: 100 ng/ml monocyte chemoattractant protein-1 

(MCP-1), 100 ng/ml stromal cell-derived factor-1 (SDF-1) as positive chemoattractants, and 

PBS + 1% bovine serum albumin (BSA) as a negative control. The cells were incubated at 

37°C for 4 hours, after which the non-migrated cells remaining on the top of the membrane 

were removed with cotton swabs dampened with RPMI. The transmigrated cells on the 

underside of the membrane were fixed with ice-cold methanol before staining with 1% 

crystal violet aqueous solution. The membranes were air-dried overnight, then removed and 

mounted on glass microscope slides for counting. The membranes were counted in the 

following manner – for each membrane, monocytes in 5 random 40X fields were counted. 

For each mouse the ability of monocytes to move to the chemoattractants was measured in 

duplicate using aggregate counts from five microscope fields. 

2.2.7 Prostaglandin ELISA 

Sorted monocytes from healthy controls and dogs with OS were used for stimulation 

experiments – half of these monocytes served as unstimulated controls and incubated for 6 

hours at 37°C and 5% CO2. The other half were stimulated with 100ng/106 monocytes of 

lipopolysaccharide (LPS) and incubated similarly for 6 hours at 37°C and 5% CO2. The 

resultant supernatants were collected, stored at -20°C until they were assessed for 

Prostaglandin E2 (PGE2) levels using a commercially available PGE2 ELISA kit (Cayman 

Chemical) according to manufacturer’s directions.  

2.2.8 IL-10, IFN-γ, TNF-a magnetic bead panel assay 

 Sorted monocytes from healthy controls and dogs with OS were used for stimulation 

experiments as described for the prostaglandin ELISA (2.2.7). The resultant supernatants 
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were collected, stored at -20°C until they were assessed for IL-10, IFN-γ, and TNF-a levels 

using a commercially available canine cytokine magnetic bead panel kit, MILLIPLEX® 

MAP, (EMD Millipore) according to manufacturer’s directions. IL-12 was not available as 

an analyte in the kit, thus IFN-γ levels were analyzed as a surrogate, since IL-12 is known to 

induce IFN-γ secretion.   

 

Macrophage Studies 

2.2.9 Volunteer enrollment – canine and human 

A healthy volunteer population of dogs over 1 year of age was recruited for the study. 

Written owner consent was obtained for all dogs, and peripheral blood samples were 

collected under an approved IACUC protocol. A healthy volunteer population of humans 

between the ages of 18 and 25 years was recruited for the study. Written consent was 

obtained for all humans, and peripheral blood samples were collected under an approved IRB 

protocol.  

2.2.10 Primary macrophage cultures – canine and human 

Approximately 50 ml of peripheral blood were collected into EDTA blood collection 

tubes via venipuncture from canine and human volunteers. Canine and human PBMCs were 

isolated by density gradient centrifugation using Histopaqueâ-1077. The PBMCs were 

resuspended in culture media, placed in 12-well cell culture plates, and incubated at 37°C and 

5% CO2. After overnight incubation, the culture media was changed to remove non-adherent 

cells. The adherent cells were then incubated for another 96 hours to allow differentiation 

into macrophages. For experimental groups that required co-culture with OS cells, Abrams 
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OS cells and 143B OS cells were added at 36 hours to the canine and human macrophage 

cultures respectively. 200,000 OS cells suspended in 500 µl culture media were added to 

each 0.4 µm transwell insert and placed within each 12-well culture well for co-culture of OS 

cells with macrophages.  

2.2.11 Flow cytometry (FACS) 

Cultured primary macrophages were lifted from cell culture wells using AccutaseÒ 

and resuspended in 100 µl FACS buffer (1X HBSS with 2% FBS) per tube for staining with 

the following antibodies against cell surface receptors:  

Canine macrophages: anti-CD11b (AbCam), anti-MHCII (eBioscience), anti-CD80 

(eBioscience), anti-CD11c (eBioscience) (Table 5). DAPI was used as a viability stain.  

Human macrophages: anti-CD11b (BioLegend), anti-CD14 (AbD Serotec), anti-CD5 

(BioLegend), anti-HLA-DR (BioLegend), anti-CD163 (BioLegend), anti-CD86 (BioLegend), 

anti-CD11c (BioLegend), anti-CD206 (BioLegend), anti-CCR2 (BioLegend) (Table 6). A 

fixable viability stain (eFluor 660, eBioscience) was used.  

Normal donkey serum was added to the FACS buffer for blocking against non-specific 

staining. Macrophages were gated based on forward and side scatter, and on positive 

expression of CD11b after gating in the singlet cells (Figure 2). Any remaining lymphocytes 

were gated out using positive CD5 expression. The cells were stained with antibodies at 2-

8°C for 30 minutes, after which they were washed with FACS buffer and the human 

macrophages were fixed with fixation buffer (eBiosciences) prior to analysis. Samples were 

analyzed using a LSRII flow cytometer and data analysis was performed using the KaluzaÒ 
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software. Single color controls and compensation were performed using compensation beads, 

and positively staining cells were gated based on fluorescence-minus-one (FMO) cellular 

controls. 

Table 5: List of antibodies used for canine macrophage flow cytometry 

Antibodies Clone Fluorescence 
Labeling  

CD11b M1/70 PE-Cy5 

MHCII YKIX334.2 FITC 

CD80 16-10A1 PE 

CD11c BU15 APC-eFluor 780 

 

Table 6: List of antibodies used for human macrophage flow cytometry 

Antibodies Clone Fluorescence 
Labeling  

CD11b M1/70 Pacific Blue 

CD14 TÜK4 FITC 

CD5 L17F12 APC 

HLA-DR L243 APC-Fire 750 

CD163 RM3/1 PerCp-Cy5.5 

CD86 IT2.2 PE 

CD11c Bu15 APC-Cy7 

CD206 15-2 PerCp-Cy5.5 

CCR2 K036C2 BV510 
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Figure 2: Gating strategies for macrophage flow cytometry 

Representative dot plot showing macrophage gating using forward and side scatter characteristics (a); 

gating of singlet cells (b); gating of CD11b+ macrophages (c). 

 

2.2.12 Magnetic bead panel assay 

 Supernatants from primary macrophage cultures were collected when the 

macrophages were harvested for assays, stored at -20°C for subsequent cytokine analysis. 

Canine macrophage supernatants were assessed for IL-10, IFN-γ, MCP-1, and TNF-a levels, 

and human macrophage supernatants were assessed for IL-10, IFN-γ, MCP-1, TNF-a, IL-

12p40, and IL-12p70 levels using commercially available canine and human cytokine 

magnetic bead panel kits, MILLIPLEX® MAP, (EMD Millipore) according to 

manufacturer’s directions. 

2.2.13 TGF-b ELISA 

Supernatants from primary macrophage cultures were collected when the 

macrophages were harvested for assays, stored at -20°C for subsequent cytokine analysis. 

Supernatants were assessed for TGF-b levels using a commercially available TGF-b ELISA 

kit (R&D) according to manufacturer’s directions.  
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2.2.14 Total RNA extraction, reverse transcription, and quantitative RT-PCR 

Macrophages were collected from culture wells by addition of Tri-Reagent (Zymo 

Research) directly into the wells to lyse the cells, and stored at -80°C for subsequent PCR 

analysis. The Direct Zol RNA MicroprepÔ kit (Zymo Research) was used to extract total 

RNA from macrophages according to the manufacturer’s protocol. The concentration and 

quality of the extracted RNA was determined using a NanoDrop 2000c spectrophotometer 

(Thermo Scientific) as well as the Agilent Bioanalyzer (Agilent Technologies), and the RNA 

samples were stored at -80°C until processing. cDNA was synthesized from 100 ng RNA per 

sample using the QuantaBio qScriptÔ cDNA synthesis kit according to manufacturer’s 

directions, and the RT reactions were carried out in a GeneAmpÒPCR System 9700 thermal 

cycler (Applied Biosystems). mRNA gene expression was determined with SYBR Green 

qPCR using the QuantaBio PerfeCTaÒ SYBR Green FastMixÒ per manufacturer’s 

directions, and reactions cycled in a Roche Lightcycler 480 (Roche Diagnostics 

Corporation). All samples were run in triplicate. PrimePCRÔ PCR primers for detection of 

mRNA expression levels of Arginase (Unique assay ID: canine qCfaCED0035802; human 

qHsaCED0043785), IL-10 (Unique assay ID: canine qCfaCED0031300; human 

qHsaCED0003369), TNF-a (Unique assay ID: canine qCfaCED0030703; human 

qHsaCED003746), b-actin (Unique assay ID: canine qCfaCED0037901), and GAPDH 

(Unique assay ID: canine qCfaCED0036726; human qHsaCED0038674) were purchased 

from Bio-Rad. The qPCR cycling conditions were as follows: activation at 95°C for 2 

minutes, followed by denaturation at 95°C for 5 seconds, annealing at 60°C for 30 seconds, 
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for a total of 45 cycles. Expression of the target genes was normalized to expression of the 

housekeeping genes GAPDH (human) and b-actin (canine). The 2-DDCT method was used to 

calculate the normalized relative mRNA expression of the target genes. 

2.2.15 Statistical analyses 

 Canine and human monocytes / macrophages: Statistical analyses were performed to 

compare monocyte cell surface receptor expression levels between groups using the non-

parametric Mann-Whitney U-test due to the non-normal distribution of the data. Comparison 

of relative mRNA expression of each gene and of cytokine levels between groups were 

analyzed with the Mann-Whitney U-test. All statistical tests were carried out as 2-sided tests, 

and a p-value of <0.05 was considered significant. Comparison of peripheral blood monocyte 

counts between dogs with OS and healthy controls was performed using a 2-tailed T-Test. 

Pearson’s correlation coefficient was used to determine the strength and direction of a 

possible linear relationship between monocyte surface receptors and peripheral blood 

monocyte counts. Two-way ANOVAs and least-squares means were used to test for 

differences in monocyte surface receptors due to status and monocyte counts (high versus 

low).  Two-way ANOVAs and Tukey’s multiple comparisons test were used to compare 

canine and human macrophage cell surface receptor expression and cytokine levels between 

groups. To analyze the chemotaxis data, one-way ANOVAs were run and means were 

compared using Welch’s adjustment for heterogeneous variation. Kaplan-Meier survival 

analysis was used to compare survival between groups, with proportional hazards regression 

analysis to test the effect of chemokine receptor expression on survival. Survival was 

calculated as the number of days from diagnosis of disease to death attributed to disease, or 
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last follow-up if the patient was still alive. A dog was determined to have died of disease if 

metastasis or local tumor recurrence was the cause, and dogs with an unknown cause of death 

were presumed to be dead due to disease. Dogs were censored from the analysis if they were 

still alive at last follow-up. All analyses were performed using SAS software (Version 9.4, 

Cary, NC). All statistical analyses were performed in consultation with the NCSU 

Biostatistics consulting group. 

 Murine monocytes (SQ OS model): All statistical analyses were run in SAS (Version 

9.4, Cary, NC) or Prism 7 (GraphPad Software, La Jolla, CA). For flow cytometric analyses, 

summary statistics were first calculated for all monocyte receptor values. Two-sample 

Wilcoxon rank-sum tests were used to test for differences between the nanoparticle groups 

when collected at euthanasia compared to before euthanasia. One-way ANOVAs were used 

to test for differences in the percent of Ly6c hi and lo monocytes between experimental 

groups as well as to test for differences between marker expressions within monocyte 

receptor subgroups for Ly6c hi, Ly6c lo, and CD11b hi. When statistical significance was 

indicated, post-hoc pairwise comparisons of means were performed. Pearson’s correlation 

coefficient was calculated to examine the relationship between Ly6c hi and lo monocytes 

within each treatment group. ANCOVAs were used to test for the relationship between Ly6c 

hi and lo and its interaction with treatment groups. Differences between marker expressions 

within each experimental group and monocyte expression were tested using a series of 

Wilcoxon signed-rank tests comparing these pairwise differences to zero. Differences in 

survival times between treatment groups were also tested using a one-way ANOVA. To 

examine the relationship between monocyte markers (within Ly6c hi and lo) and survival, the 
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markers were included as a covariate in a series of one-way ANCOVAs. For each hypothesis 

of interest, the Holm-Bonferroni correction was applied to adjust for multiple testing and 

control the Type I error rate. For survival analysis, defined as time to a specific tumor 

diameter, the Kaplan-Meier log-rank analysis was used. For quantitative RT-PCR analysis, 

unpaired T test was used to compare data between groups. For chemotaxis experiments, a 

linear mixed effects model, i.e. a completely randomized, split-plot design with subsampling, 

was used to analyze the chemotaxis data. This model includes random effects for mouse 

nested within treatment and chemoattractant-by-mouse combination also nested within 

treatment, since each such combination was subsampled in duplicate. The model also 

includes fixed effects for treatment and chemoattractant and their interaction. Residual 

diagnostics indicated that variability in monocyte movement increased with the mean, as is 

the case with counting variables. Accordingly, the square root transformation was applied to 

the counts, resulting in better homogeneity of variance. The cut-off for statistical significance 

before adjusting was set at p < 0.05 throughout.  

Murine monocytes (Orthotopic OS model): Statistical analyses were performed to compare 

monocyte cell surface receptor expression levels between groups using the non-parametric 

Mann-Whitney U-test due to the non-normal distribution of the data. 
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2.3. Results 

Monocyte Studies 

2.3.1 Study populations 

Canine: Fourteen healthy control dogs and 18 dogs with OS were recruited for the 

study. The mean (+/-SD) age at time of OS diagnosis was 8.7 (+/- 2.1) years. All dogs with 

OS were purebred, with the most common pure breeds being Labrador Retriever (5 [28%]), 

Rottweiler (3 [17%]), Great Dane (3 [17%]), and Golden Retriever (2 [11%]). There were 8 

(44%) spayed females, and 10 (56%) castrated males.  

Human: Fourteen healthy human subjects and 15 humans with OS were recruited for 

the study.  

Murine: Female C3H-HeN inbred mice were used to establish the SQ syngeneic OS 

model. All C3H-HeN mice were 8-10 weeks of age, weighed 40-45 grams, and purchased 

from Charles River Laboratories (Raleigh, NC). Mice were housed 4 to a cage in a 

temperature-controlled room with a 12:12-hour automated light/dark cycle, and fed a 

standardized commercial pelleted diet. All mice underwent a 14-day acclimatization period 

before starting the study. There were 11 mice with OS, and 7 normal control mice. The 

orthotopic syngeneic model was created using an injection of Cre recombinase expressing 

adenovirus to induce tumor formation, which occurs by deleting the floxed alleles (Rb and 

p53) in the cells that are infected with Cre. There were 9 mice with OS, and 8 normal control 

mice. 
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2.3.2 Flow cytometry 

Canine monocytes: The primary flow cytometry canine monocyte gates were based 

on typical forward and side scatter characteristics. Once that forward versus side light scatter 

gate was established, we ensured that greater than 98% of the CD14+ cells were found within 

this gate. As CD14 expression on peripheral blood monocytes varies greatly, this ensured 

that we included the CD14lo monocytes for surface receptor analysis. Canine monocytes 

exhibited positive surface expression of CD14, CD16, CD32, CD62L, CCR2, CCR7, CD43, 

CX3CR1, CXCR2, with low levels of CD11c. Irrelevant isotype controls were used for each 

experiment—the isotype control binding of monocytes was <5%. The median percentages 

and ranges of positively staining cells for each antibody are listed in the legend 

accompanying Figure 3a. Comparison of monocyte surface receptors between untreated dogs 

with OS and healthy controls revealed a significant decrease in surface receptor expression of 

CD62L (p < .00001), CCR2 (p = 0.0006), CCR7 (p = 0.0004), CD43 (p = 0.008), CX3CR1 

(p = 0.002), CXCR2 (p = 0.0007) in dogs with OS, and a significant increase in CD16 

expression in dogs with OS (P = 0.005) (Fig. 3b). Fig 3b depicts representative dot plots with 

the percentage of cell surface receptor expression in monocytes of a healthy control versus an 

OS dog. 
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Figure 3: Monocyte surface marker expression is altered in dogs with OS 

Flow cytometry plots illustrating cell surface receptor expression in peripheral blood monocytes from 

dogs with OS (n = 18) and healthy controls (n = 13). (A) Box-and-whisker plot depicting the % 

positive monocyte cell surface receptor expression of the different receptors (CD14, CD16, CD32, 

CD62L, CCR2, CCR7, CD43, CX3CR1, CXCR2), comparing expression between healthy controls 

and dogs with OS. The median percentages and ranges of positively staining cells for each antibody 

in healthy controls are as follows: CD14 (15%, 3–84%), CD16 (9%, 0.5–24%), CD32 (33%, 1–82%), 

CD62L (31%, 10–75%), CCR2 (58%, 2–94%), CCR7 (36%, 1–90%), CD43 (52%, 2–93%), 

CX3CR1 (9%, 0.2–87%), and CXCR2 (54%, 2–92%). The median percentages and ranges of 

positively staining cells for each antibody in dogs with OS are as follows: CD14 (29%, 2–82%), 

CD16 (24%, 3–76%), CD32 (28%, 4–52%), CD62L (11%, 3–36%), CCR2 (29%, 3–45%), CCR7 

(8%, 0.1–41%), CD43 (28%, 3–47%), CX3CR1 (5%, 0.6–70%), and CXCR2 (23%, 0.2–52%). 

Significant differences are marked with an asterisk (p < 0.05). Chemokine receptors have 

significantly decreased expression, and CD16 expression is significantly increased in monocytes of 

dogs with OS. (B) Representative dot plots showing the percentage cell surface expression of CD14 

and CCR2 in monocytes of a healthy control (upper panel) versus an OS dog (lower panel). There 

was no significant difference between CD14 expression in OS compared to control dogs. A portion of 

the CD14 positive monocytes in dogs with OS were noted to have increased forward scatter, denoting 

larger cell sizes. CCR2 expression is significantly decreased in dogs with OS (p = 0.0006). 

Representative dot plots for isotype controls are displayed for each dog. 
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A peripheral blood monocyte count of >400 cells/µl has been significantly associated with 

decreased disease- free interval in dogs with OS.21 Others have reported associations between 

peripheral blood monocyte counts and outcomes in humans with OS.10 Hence, we evaluated 

the flow cytometry data in conjunction with peripheral blood monocyte counts, using 400 

cells/µl as a differentiation point between high and low monocyte counts according to 

previously reported findings.21 There was no significant difference in the peripheral blood 

monocyte counts of dogs with OS (mean = 514.7 cells/µl, SD = 377.9 cells/µl) compared to 

healthy controls (mean = 331.9 cells/µl, SD = 192.6 cells/µl; p = 0.16). Comparison of 

receptor expression between dogs with high (>400 cells/µl) versus low (<400 cells/µl) 

monocyte counts revealed a dichotomy of CD14, CD16 expression in dogs with OS— CD14 

expression is high (p = 0.01) and CD16 expression is low (p = 0.02) when monocyte counts 

are high (Table 7).  

Table 7: Comparison of receptor expression between dogs with high (>400 cells/µl, n = 

11) versus low (<400 cells/µl, n = 17) monocyte counts. In dogs with OS, when monocyte 

counts are high, there is a dichotomy of CD14, CD16 expression—CD14 is high (p = 0.01) and CD16 

is low (p = 0.02).  

 

 

Human monocytes: Based on our findings reported above in canine monocytes - that 

monocyte chemokine receptors were significantly downregulated in dogs with OS compared 

controls. Levels of IL-10 and IFN-c were low to unde-
tectable in both groups.

Monocyte Chemotaxis

The results of our phenotypic analysis of monocytes
between dogs with OSA and healthy controls revealed
marked decreases in chemokine receptor expression in
dogs with OSA (Fig 1b,c). Therefore, we asked whether
monocyte chemotaxis might be altered by OSA. As
described in our methods, monocytes from OSA and
healthy dogs were assessed by the NeuroProbe Che-
moTx! cell migration system. Comparison of monocyte
chemotaxis between dogs with OSA and healthy con-
trols revealed significantly decreased chemotaxis in dogs
with OSA when CCL19 (P = .018), and when a mixture
of all 4 chemoattractants (P = .018) was used (Fig 4).
With CCL2 or fMLP as chemoattractants, there was
also decreased monocyte chemotaxis in dogs with OSA
compared to healthy controls, but the difference did not
reach significance (CCL2 P = .067; fMLP P = .067).

Survival Analysis

As a peripheral monocyte count of >400 cells/lL has
been significantly associated with decreased disease-free
interval in dogs with OSA,12 we performed a Kaplan-
Meier survival analysis comparing dogs with OSA with
high or low monocyte counts, using 400 cells/lL as a
cut-off point. One dog died of unknown cause, and was
assumed to have died from OSA. We did not find a sta-
tistically significant difference in median survival
between the 2 groups (P = .15, Fig 5). Our regression
analysis revealed that increasing percentages of CCR2
expression on peripheral monocytes was significantly
associated with increasing survival in dogs with OSA
(P < .0001).

Discussion

The goal of this study was to determine phenotypic
and functional differences between peripheral blood
monocytes from untreated dogs with OSA versus
healthy age-matched controls. Our hypothesis was that
evasion of the immune response by OSA is due in part
to down-regulation of monocyte chemokine receptor
expression and migratory function, and suppression of
host immune responses. We demonstrated a significant

decrease in monocyte chemokine receptors, increased
PGE2 and TNF-a secretion by monocytes, and
decreased monocyte chemotaxis in dogs with OSA.

Monocytes display a variety of cell surface receptors,
including leukocyte chemokine receptors. CD62L, also
known as L-selectin, is a cell adhesion molecule present
on immune cells such as monocytes, lymphocytes, and
NK cells. CD62L mediates the trafficking of these cells
to sites of inflammation and peripheral lymphoid tissue
by binding to glycoproteins.19,20 CCR2, a chemokine
receptor for MCP-1, is especially prominent in mediat-
ing monocyte migration.21 Similarly, CCR7 regulates
migration of leukocytes to secondary lymphoid organs
via binding of its ligands CCL19 and CCL21.20 CD43
can be found on a variety of immune cells including
lymphocytes, granulocytes, monocytes, macrophages,
and NK cells, and it plays a role in cell adhesion and
migration.22,23 CX3CR1, and CXCR2, both G protein-
coupled chemokine receptors, mediate lymphocyte,
monocyte and granulocyte migration.20 There are few
reports describing the effect of OSA on monocyte
surface receptor expression in dogs. For example,
down-regulation of MHC class II and CD80 in canine
myeloid cells when exposed to tumor cell lines including
OSA in vitro has been observed.24 In humans, the
prevalence of an immunosuppressive phenotype in
peripheral blood monocytes of OSA patients has been
observed.13 However, to the authors’ knowledge, there
are no reports evaluating phenotypic changes in mono-
cytes of clinical dogs with OSA.

We assessed the expression of monocyte surface
receptors using flow cytometry, and demonstrated that
peripheral blood monocytes from dogs with OSA exhib-
ited significantly decreased chemokine receptor expres-
sion, namely of CD62L, CCR2, CCR7, CD43,
CX3CR1, and CXCR2. This pronounced down-regula-
tion of monocyte chemokine receptors of dogs with
OSA suggests a peripheral sequestration of monocytes,
inhibited from migrating to sites of need such as the
primary tumor or metastatic lesions. Two of the chemo-
kine receptors, CCR2 and CXCR2, had significantly
higher expression on monocytes of healthy controls
with low monocyte counts compared to monocytes of
dogs with OSA that had high or low monocyte counts.
This supports our theory that the decreased expression
of chemokine receptors in dogs with OSA reflects a
peripheral sequestration. There was no difference in the
mean peripheral monocyte counts between dogs with

Table 3. Comparison of receptor expression between dogs with high (>400 cells/lL, n = 11) versus low (<400 cells/lL,
n = 17) monocyte counts. In dogs with OSA, when monocyte counts are high, there is a dichotomy of CD14, CD16
expression—CD14 is high (P = .01) and CD16 is low (P = .02).

Chemokine receptor Monocyte counts

Control Dogs Dogs with OSA

Median (% expression) P-value Median (% expression) P-value

CD14 High 11.9 .90 37.5 .01
Low 7.7 13.9

CD16 High 2.8 .15 5.7 .02
Low 11.3 37.3

1172 Tuohy et al
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to normal controls, we compared monocyte surface receptors between human patients with 

OS and normal healthy human subjects to determine whether a similar effect could be 

observed in people. The gating strategy for human monocytes is the same as what we used 

for canine monocytes, and irrelevant isotype controls were used for each experiment—the 

isotype control binding of monocytes was <5%. Monocyte surface receptor expression was 

compared between groups for all CD14+ monocytes, as well as for the CD14hi and CD14lo 

monocyte subsets. Human patients with OS exhibited significantly decreased percentage of 

CD14lo monocytes compared to healthy controls (p = 0.0004) (Fig. 4). CCR2 expression in 

CD14lo monocytes was significantly higher in OS patients compared to healthy controls (p = 

0.0271) (Fig. 4). CXCR2 expression in CD14+ monocytes and CD14hi monocytes was 

significantly decreased in OS patients compared to healthy controls (p = 0.0093, 0.0324 

respectively) (Fig. 4). CD64 expression in CD14+ monocytes was significantly increased in 

OS patients compared to healthy controls (p = 0.0271) (Fig. 4). The CD11c expression in 

CD14lo monocytes trended towards a significant decrease in OS patients compared to healthy 

controls (p = 0.0512).  
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Figure 4: Monocyte surface marker expression is altered in humans with OS  

Flow cytometry plots illustrating cell surface receptor expression in peripheral blood monocytes from 

human patients with OS (n = 14) and healthy controls (n = 14). Box-and-whisker plot depicting the % 

of CD14lo monocytes, %CCR2 expression in CD14lo monocytes, %CXCR2 expression in CD14+ and 

CD14hi monocytes, and %CD64 expression in CD14+ monocytes. The median percentages and 

ranges of positively staining cells for each antibody in healthy controls are as follows: CD14lo 

monocytes (15%, 10–22%), CCR2 in CD14lo monocytes (30%, 15–64%), CXCR2 in CD14b+ 

monocytes (14%, 6–31%), CXCR2 in CD14hi monocytes (11%, 2–29%), CD64 in CD14+ monocytes 

(64%, 10–88%). The median percentages and ranges of positively staining cells for each antibody in 

humans with OS are as follows: CD14lo monocytes (8%, 6–16%), CCR2 in CD14lo monocytes (50%, 

38–69%), CXCR2 in CD14b+ monocytes (4%, 0.12–12%), CXCR2 in CD14hi monocytes (2%, 0.1–

11%), CD64 in CD14+ monocytes (86%, 29–93%). Significant differences are marked with an 

asterisk (p < 0.05).  

 

Murine monocytes: Based on our findings reported above in canine monocytes - that 
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to normal controls, we compared monocyte surface receptors between mice with OS and 

normal control mice to determine whether a similar effect could be observed in mice. We 

utilized both the syngeneic SQ OS model as well as the orthotopic OS model. In the SQ OS 

model, monocyte surface receptor expression was compared between groups for all CD11b+ 

monocytes, as well as for the Ly6Chi and Ly6Clo monocyte subsets. There was no significant 

difference in proportion of both Ly6Chi monocytes and Ly6Clo monocytes in normal control 

versus OS mice (Fig. 5a). When surface receptor expression was evaluated for all CD11b+ 

monocytes, CCR7 expression was significantly higher in monocytes of normal control mice 

compared to OS mice (p = 0.0146) (Fig. 5a). When surface receptor expression was 

evaluated in the Ly6Chi and Ly6Clo monocyte subsets, CCR7 expression was significantly 

higher in the Ly6Clo monocytes of normal control mice compared to OS mice (p = 0.0004) 

(Fig. 5a). In the mice with OS, CCR2 expression was significantly higher (p = 0.001, 0.0039 

respectively) and CXCR4 expression was significantly lower (p = 0.002, 0.0039 respectively) 

in Ly6Chi monocytes compared to Ly6Clo monocytes (Fig. 5b). The expression pattern of 

CCR7 in the monocyte subsets was significantly different between normal control and OS 

mice. In normal control mice, CCR7 expression was higher in Ly6Clo monocytes compared 

to Ly6Chi monocytes, versus OS mice, where the opposite occurred - CCR7 expression is 

higher in Ly6Chi monocytes compared to Ly6Clo monocytes, and this variation in CCR7 

expression pattern was significantly different between normal control and tumor control mice 

(p = 0.0151) (Fig. 5c). 
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Figure 5: Monocyte surface marker expression is altered in mice with OS (syngeneic SQ OS 

model) 

Flow cytometry plots illustrating cell surface receptor expression in peripheral blood monocytes from 

mice with OS (n = 11) and healthy controls (n = 7). (A) Box-and-whisker plot depicting the % of 

Ly6Chi and Ly6Clo monocyte subsets, and % positive CCR7 cell surface receptor expression in all 

CD11b+ monocytes and in the Ly6Clo monocyte subset in OS versus normal control mice. (B) Box-

and-whisker plot comparing % positive CCR2 and CXCR4 cell surface receptor expression between 

the Ly6Clo and Ly6Chi monocyte subsets in mice with OS. (C) Box-and-whisker plot demonstrating 

the difference in % positive CCR7 cell surface receptor expression between Ly6Clo and Ly6Chi 

monocyte subsets, and comparing the variation of these differences between OS mice and normal 

controls. The median percentages and ranges of positively staining cells for each antibody in healthy 

controls are as follows: Ly6Chi (19%, 8–29%), Ly6Clo (14%, 9–19%), CCR7 in CD11b+ monocytes 

(37%, 4–66%), CCR7 in Ly6Chi monocytes (35%, 2–64%), CCR7 in Ly6Clo monocytes (41%, 6–

70%). The median percentages and ranges of positively staining cells for each antibody in mice with 

OS are as follows: Ly6Chi (18%, 9–32%), Ly6Clo (19%, 7–34%), CCR7 in CD11b+ monocytes (16%, 

1–37%), CCR7 in Ly6Chi monocytes (15%, 2–62%), CCR7 in Ly6Clo monocytes (10%, 0.3–29%), 

CCR2 in Ly6Chi monocytes (99%, 96–100%), CCR2 in Ly6Clo monocytes (69%, 20–91%), CXCR4 

in Ly6Chi monocytes (5%, 2–11%), CXCR4 in Ly6Clo monocytes (10%, 5–19%). Significant 

differences are marked with an asterisk (p < 0.05).  
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Monocyte receptor expression was also compared between normal control and OS-bearing 

mice using the orthotopic OS model. In the orthotopic OS model, monocyte surface receptor 

expression was compared between groups for all CD11b+ monocytes, as well as for the 

Ly6Chi and Ly6Clo monocyte subsets. The percent of both Ly6Chi (p = 0.0045) and Ly6Clo (p 

= 0.0238) monocytes was significantly higher in OS mice compared to normal control mice 

(Fig. 6a). Ly6Chi monocyte CCR2 (p = 0.0143) expression was significantly higher in OS 

mice compared to normal controls (Fig. 6a). CXCR4 expression in Ly6Chi monocytes was 

significantly higher in normal control compared to OS mice (p = 0.0143) (Fig. 6a). CCR7 

expression was significantly higher in OS mice compared to normal controls in all monocyte 

groups - Ly6Chi monocytes (p = 0.0238), Ly6Clo monocytes (p = 0.0006), and CD11b+ 

monocytes (p = 0.0009) (Fig. 6b). CX3CR1 expression in Ly6Chi (p = 0.0006) and CD11b+ 

(p = 0.0108) monocytes was significantly higher in normal control compared to OS mice. 

CD62L expression in Ly6Chi (p = 0.0017) and CD11b+ (p = 0.0017) monocytes was 

significantly lower in normal control versus OS mice (Fig. 6c).  
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Figure 6: Monocyte surface marker expression is altered in mice with OS (orthotopic OS 

model) 

Flow cytometry plots illustrating cell surface receptor expression in peripheral blood monocytes from 

mice with OS (n = 9) and healthy controls (n = 8). (A) Box-and-whisker plot depicting the % of 

Ly6Chi and Ly6Clo monocyte subsets, and % positive CCR2 and CXCR4 cell surface receptor 

expression in the Ly6Chi monocyte subset in OS versus normal control mice. (B) Box-and-whisker 

plot depicting the % positive CCR7 cell surface receptor expression in the Ly6Chi, Ly6Clo and 

CD11b+ monocyte subset in OS versus normal control mice. (C) Box-and-whisker plot depicting the 

% positive CX3CR1 and CD62L cell surface receptor expression in the Ly6Chi and CD11b+ 

monocyte subsets in OS versus normal control mice. The median percentages and ranges of positively 

staining cells for each antibody in healthy controls are as follows: Ly6Chi (8%, 0.83–23%), Ly6Clo 

(9%, 2–23%), CCR2 in Ly6Chi monocytes (98%, 90–99%), CXCR4 in Ly6Chi monocytes (13%, 10–

37%), CCR7 in Ly6Chi monocytes (2%, 0.4–15%), CCR7 in Ly6Clo monocytes (2%, 0.3–12%), 

CCR7 in CD11b+ monocytes (3%, 0.3-10%), CX3CR1 in Ly6Chi monocytes (99%, 97–100%), 

CX3CR1 in CD11b+ monocytes (95%, 68–97%), CD62L in Ly6Chi monocytes (10%, 6–21%), 

CD62L in CD11b+ monocytes (17%, 6-39%). The median percentages and ranges of positively 

staining cells for each antibody in mice with OS are as follows: Ly6Chi (26%, 16–58%), Ly6Clo (15%, 

11–23%), CCR2 in Ly6Chi monocytes (99.6%, 99.5–99.9%), CXCR4 in Ly6Chi monocytes (8%, 3–

18%), CCR7 in Ly6Chi monocytes (10%, 2–21%), CCR7 in Ly6Clo monocytes (32%, 17–41%), 

CCR7 in CD11b+ monocytes (18%, 10-40%), CX3CR1 in Ly6Chi monocytes (79%, 44–95%), 

CX3CR1 in CD11b+ monocytes (67%, 56–93%), CD62L in Ly6Chi monocytes (79%, 52–91%), 

CD62L in CD11b+ monocytes (52%, 32-%).  
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2.3.3 Quantitative RT-PCR 

Canine relative mRNA expression of monocyte IL-10, IL-12, TNF-a, and COX-2: 

TNFα, IL-10 and IL-12 are inflammatory mediators secreted by monocytes and 

macrophages, and differential levels of TNFα, IL-10 and IL-12 secretion have been 

described for the various human monocyte subsets,22,23 reflecting subset-specific functional 

differences. COX-2 expression in monocytes reflects a proinflammatory state.24,25 We 

compared relative mRNA expression of IL-10, IL-12, TNFα, and COX-2 in dogs with OS 

versus healthy controls to discern potential variation in cytokine secretion that might reflect 

functional differences. mRNA expression analysis of monocytes from untreated dogs with 

OS and healthy controls revealed no significant differences in relative mRNA expression 

levels of IL-10 (p=0.44), IL-12 (p=0.41), and TNF-a (p=0.14) between the 2 groups. The 

relative mRNA expression of COX-2 was decreased in dogs with OS compared to healthy 

controls, but the difference was not significant (p = 0.08).  

2.3.4 Monocyte Chemotaxis  

Canine monocytes: The results of our phenotypic analysis of monocytes between 

dogs with OS and healthy controls revealed marked decreases in chemokine receptor 

expression in dogs with OS (Fig. 3a). Therefore we asked whether monocyte chemotaxis 

might be altered by OS. As described in the methods, monocytes from OS and healthy dogs 

were assessed by the NeuroProbe ChemoTx® cell migration system. Comparison of 

monocyte chemotaxis between dogs with OS and healthy controls revealed significantly 

decreased chemotaxis in dogs with OS when CCL19 (p = 0.018), and when a mixture of all 4 

chemoattractants (p = 0.018) was used (Fig. 7). With CCL2 or fMLP as chemoattractants, 
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there was also decreased monocyte chemotaxis in dogs with OS compared to healthy 

controls, but the difference did not reach significance (CCL2 p = 0.067; fMLP p = 0.067). 

 

Figure 7: Monocyte chemotaxis is decreased in canine OS: Box-and-whisker plot comparing the 

mean levels of random: directed monocyte migration for the various chemokines used, either alone or 

in combination (CCL2, CCL19, FBS, fMLP) between healthy controls (n=14) and dogs with OS 

(n=5). Monocyte migration is significantly reduced in dogs with OS when CCL19 (p=0.018) or a 

combination of chemokines (p = 0.018) was used as chemoattractants. Decreased migration in dogs 

with OS was also observed with CCL2 or fMLP as chemoattractants, but the difference did not reach 

significance (CCL2 p = 0.067; fMLP p = 0.067). 

 

 Murine monocytes: As we had previously demonstrated decreased chemotaxis in 

monocytes from dogs with OS compared to monocytes from normal controls, we asked if 

murine OS may have a similar effect on monocytes. There was significant variation between 

experimental groups in the degree to which murine monocytes migrated in response to MCP 

(p = 0.0013) and SDF (p = 0.0022), whereas there was no difference in the degree to which 
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monocytes migrated in response to PBS (p = 0.5399) between experimental groups. There 

were no significant differences in monocyte chemotaxis between mice with OS and normal 

control mice (p = 0.1409 with MCP, p = 0.9777 with SDF).  

2.3.5 Evaluation of IL-10, IFN-γ, TNF-a, and prostaglandin E2 secretion from canine 

monocytes 

Since mRNA levels might not consistently correspond with protein secretion, we 

analyzed monocyte secretion of the cytokines IL-10, IFN-γ, TNF-a, and PGE2. Similar to our 

mRNA evaluation, we compared cytokine secretion from monocytes of dogs with OS versus 

healthy controls to assess for functional differences. Secretion of cytokines such as TNF-a, 

IL-10, IFN-γ, and PGE2 have been noted to differ between human monocyte subsets, and can 

be affected by disease.23-25 PGE2 ELISA and the MILLIPLEX® assay revealed increased 

PGE2 levels (p = 0.04) and increased TNF-a levels (p = 0.02) respectively in supernatants of 

cultured monocytes stimulated with LPS of untreated dogs with OS compared to normal 

controls (Fig. 8). The median concentrations and ranges of PGE2 concentrations were 347.36 

pg/ml, 103.4-1268.5 pg/ml for dogs with OS, and 136.23 pg/ml, 69.93-542.6 pg/ml for 

healthy controls. The median concentrations and ranges of TNF-a levels were 934.7 pg/ml, 

644.3-2709 pg/ml for dogs with OS, and 267.2 pg/ml, 70.4-670.4 pg/ml for healthy controls. 

Levels of IL-10 and IFN-γ were low to undetectable in both groups.      
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Figure 8: Monocyte PGE2 and TNF-α secretion are increased in canine OS: Box-and-whisker 

plots displaying the levels of (A) PGE2 (pg/ml) in monocyte culture supernatants of healthy controls 

(n=8) versus dogs with OS (n=7), and (B) TNF-α (pg/ml) in monocyte culture supernatants of healthy 

controls (n=5) versus dogs with OS (n=5). Monocytes from dogs with OS secreted significantly 

higher levels of PGE2 (p = 0.04) and TNF-α (p = 0.02) compared to healthy control monocytes. 
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2.3.6 Survival Analysis 

 Canine: Since a peripheral canine monocyte count of >400 cells/μl has been 

significantly associated with decreased disease-free interval in dogs with OS,21 we performed 

a Kaplan-Meier survival analysis comparing dogs with OS with high or low monocyte 

counts, using 400 cells/μl as a cut-off point. One dog died of unknown cause, and was 

assumed to have died from OS. We did not find a statistically significant difference in 

median survival between the 2 groups (p = 0.15). Our regression analysis revealed that 

increasing percentages of CCR2 expression on peripheral monocytes was significantly 

associated with increasing survival in dogs with OS (p<0.0001).  

 Murine: Unlike our findings in canine monocytes, we did not find any statistically 

significant correlation between murine survival and monocyte receptor expression.  

 

Macrophage Studies 

2.3.7 Study populations 

Thirty-six healthy dogs over 1 year old and seventeen healthy humans 25 years or 

younger were recruited for the study. Canine owner and human volunteer participation 

written consent were obtained, and peripheral blood samples were collected for macrophage 

cultures. 
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2.3.8 Flow cytometry 

Canine macrophages: Percent of CD80 expression was significantly higher in canine 

macrophages cultured with OS compared to macrophages cultured alone (p <0.0001) (Fig. 

9).  

Human macrophages: Percent of CCR2 expression was significantly lower in human 

macrophages cultured with OS compared to macrophages cultured alone (p <0.0001) (Fig. 

10a). The mean fluorescence intensity (MFI) of CD86 expression was significantly higher in 

macrophages cultured with OS compared to macrophages cultured alone (p = 0.0017) (Fig. 

10b).  

 

Figure 9: Macrophage receptor expression is altered in canine OS 

Flow cytometry plot illustrating cell surface receptor expression in cultured primary canine 

macrophages from macrophages cultured alone (n = 9), and macrophages cultured with OS (n = 8). 

Box-and-whisker plot depicting the % positive CD80 cell surface receptor expression in macrophages 

cultured alone versus macrophages cultured with OS. The median percentage and range of CD80 

positively staining cells in macrophages cultured alone were 50%, 22–85%. The median percentage 

and range of CD80 positively staining cells in macrophages cultured with OS were 87%, 76–100%.  
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Figure 10: Macrophage receptor expression is altered in human OS 

Flow cytometry plot illustrating cell surface receptor expression in cultured primary human 

macrophages from macrophages cultured alone (n = 7), and macrophages cultured with OS (n = 9). 

(A) Box-and-whisker plot depicting the % positive CCR2 cell surface receptor expression in 

macrophages cultured alone versus macrophages cultured with OS. The median percentage and range 

of CCR2 positively staining cells in macrophages cultured alone were 50%, 10–85%. The median 

percentage and range of CCR2 positively staining cells in macrophages cultured with OS were 12%, 

3–45%. (B) Box-and-whisker plot depicting the MFI of CD86 cell surface receptor expression in 

macrophages cultured alone versus macrophages cultured with OS. The median MFI and range of 

CD86 positively staining cells in macrophages cultured alone were 22,951, 14,476–30,311. The 

median MFI and range of CD86 positively staining cells in macrophages cultured with OS were 

28,887, 14,527–40,442. 

 

2.3.9 Evaluation of cytokine secretion from canine and human macrophages 

 Canine macrophages: The MILLIPLEX® assay revealed increased MCP-1 levels (p 

<0.0001) in culture supernatants of canine primary macrophages cultured with OS compared 

to macrophages cultured alone (Fig. 11). The results of the TGF-b ELISA did not yield 

significant differences between TGF-b in culture supernatants of macrophages cultured alone 

versus macrophages cultured with OS (p >0.99). The median concentrations and ranges of 
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MCP-1 concentrations were 6369 pg/ml, 273-42,390 pg/ml for macrophages cultured alone, 

and 65,729 pg/ml, 33,778-86,963 pg/ml for macrophages cultured with OS.  

 

Figure 11: Macrophage MCP-1 secretion is increased in the presence of OS: Box-and-whisker 

plots displaying the levels of MCP-1 (pg/ml) in macrophage culture supernatants of macrophages 

cultured alone (n=11) versus macrophages cultured with OS (n=13). Macrophages cultured with OS 

secreted significantly higher levels of MCP-1 (p <0.0001) compared to macrophages cultured alone. 

 

 Human macrophages: There were no significant differences in secretion of MCP-1, 

IFN-g (p=0.9912), TNF-a (p=0.9487), IL-10 (p=0.999), IL-12p40 (p>0.999), IL-12p70 

(p>0.999), or TGF-b (p>0.999) in culture supernatants of primary human macrophages 

cultured alone or cultured with OS.  

2.3.10 Quantitative RT-PCR 

Canine relative mRNA expression of macrophage IL-10, TNF-a, and Arginase: TNF-

α, IL-10 and Arginase mRNA expression in human macrophages can aid in differentiating 

macrophages into M1 versus M2 macrophages. mRNA expression of IL-10 (p = 0.00596) 
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and TNF-α (p = 0.00024) were significantly increased in macrophages cultured with OS 

compared to macrophages cultured alone (Fig. 12). 

Human relative mRNA expression of macrophage IL-10, TNF-a, and Arginase: There 

were no significant differences in TNF-α (p = 0.4179), IL-10 (p = 0.0672) and Arginase (p = 

0.1645) mRNA expression in primary human macrophages cultured alone compared to 

macrophages cultured with OS.  

 

Figure 12: Macrophage IL-10 and TNF-α mRNA expression are increased in the presence of 

canine OS: Gene expression levels (Log2 fold change) of IL-10 and TNF-α in canine macrophages 

cultured alone (n=12) compared to macrophages cultured with OS (n=14). Macrophages cultured 

with OS had significantly increased mRNA expression of IL-10 (p = 0.00596) and TNF-α (p = 

0.00024). 

 

2.4. Discussion 

 The goal of the studies in this chapter was to determine the effect of OS on 
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monocyte phenotype and chemotaxis, and macrophage differentiation in OS compared to 

controls.  

Our hypothesis was that evasion of the immune response by OS is due in part to 

expansion of the non-classical / alternatively activated monocyte subtype, down-regulation of 

monocyte chemokine receptor expression and migratory function, and suppression of host 

immune responses as demonstrated by an immunosuppressive cytokine and mRNA signature 

in monocytes and macrophages. We demonstrated a significant decrease in canine monocyte 

chemokine receptors, increased PGE2 and TNF-a secretion by canine monocytes, and 

decreased monocyte chemotaxis in dogs with OS. We demonstrated a lower proportion of 

CD14loCD16hi non-classical monocytes in human OS patients compared to healthy controls, 

and found that the chemokine receptor expression pattern in OS patients is variable, unlike 

the uniform decrease in chemokine receptor expression in canine monocytes in OS.  We also 

found mixed monocyte receptor profiles in mice with syngeneic SQ OS and orthotopic OS, 

some of which were similar findings to canine and human OS patients. We demonstrated that 

human and canine macrophages cultured with OS exhibited an inflammatory phenotype that 

had concurrent IL-10 mRNA elevations, thus potentially rendering them inducers of a 

tumorigenic inflammatory response.  

Monocytes display a variety of cell surface receptors, including leukocyte chemokine 

receptors. The main population of human monocytes (~90% of monocytes) are termed 

classical monocytes, and are characterized by high CD14 with no CD16 expression 

(CD14++CD16- or CD14+CD16-), and the minor population of monocytes (~10% of 

monocytes) are subdivided into the intermediate and non-classical subsets. Intermediate 
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monocytes are characterized by high CD14 with low CD16 expression (CD14++CD16+ or 

CD14+CD16+), and non-classical monocytes are characterized by lower CD14 expression 

relative to the high CD16 expression (CD14+CD16++ or CD14dimCD16+).26 CD62L, also 

known as L-selectin, is a cell adhesion molecule present on immune cells such as monocytes, 

lymphocytes, and NK cells. CD62L mediates the trafficking of these cells to sites of 

inflammation and peripheral lymphoid tissue by binding to glycoproteins.27,28 CCR2, a 

chemokine receptor for MCP-1, is especially prominent in mediating monocyte migration.29 

Similarly, CCR7 regulates migration of leukocytes to secondary lymphoid organs via binding 

of its ligands CCL19 and CCL21.28 CD43 can be found on a variety of immune cells 

including lymphocytes, granulocytes, monocytes, macrophages, and NK cells, and it plays a 

role in cell adhesion and migration.30,31 CX3CR1, and CXCR2, both G protein- coupled 

chemokine receptors, mediate lymphocyte, monocyte and granulocyte migration.28 There are 

few reports describing the effect of OS on monocyte surface receptor expression in dogs. For 

example, down-regulation of MHC class II and CD80 in canine myeloid cells when exposed 

to tumor cell lines including OS in vitro has been observed.32 In humans, the prevalence of an 

immunosuppressive phenotype in peripheral blood monocytes of OS patients has been 

observed.10 Monocytes make up approximately 2-4% of murine leukocytes.33 Similar to 

human monocytes, murine monocytes are divided into inflammatory and alternative 

subpopulations, with the inflammatory monocytes exhibiting high Ly6C expression and 

alternative monocytes exhibiting low or negative Ly6C expression. Ly6Chi inflammatory 

monocytes are recruited to inflammatory foci including sites of bacterial infection, where 

they then carry out defensive microbicidal functions.34 Alternative Ly6Clo monocytes 
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typically patrol the endothelium, and are ready to extravasate and migrate to tissue sites of 

infection, providing a rapid first line of innate immune defense against pathogens prior to the 

subsequent and more robust recruitment of Ly6Chi inflammatory monocytes to these sites.35 

As early as 2-8 hours post extravasation, alternative Ly6Clo monocytes then cease the 

production of inflammatory cytokines and upregulate genes involved in tissue repair and 

remodeling such as arginase, Fizz and mannose receptor (CD206).35 

We assessed the expression of monocyte surface receptors using flow cytometry, and 

demonstrated that peripheral blood monocytes from dogs with OS exhibited significantly 

decreased chemokine receptor expression, namely of CD62L, CCR2, CCR7, CD43, 

CX3CR1, and CXCR2. This pronounced down-regulation of monocyte chemokine receptors 

of dogs with OS suggests a peripheral sequestration of monocytes, inhibited from migrating 

to sites of need such as the primary tumor or metastatic lesions. Two of the chemokine 

receptors, CCR2 and CXCR2, had significantly higher expression on monocytes of healthy 

controls with low monocyte counts compared to monocytes of dogs with OS that had high or 

low monocyte counts. This supports our theory that the decreased expression of chemokine 

receptors in dogs with OS reflects a peripheral sequestration. There was no difference in the 

mean peripheral monocyte counts between dogs with OS and healthy controls, which could 

indicate that this parameter is not as sensitive for detecting a peripheral sequestration 

compared to analyzing the relationship between chemokine receptors and monocyte counts in 

both groups of dogs. Alternatively, the lack of difference in mean monocyte counts could 

also refute our theory of peripheral monocyte sequestration in OS. We found a strong 

positive correlation between expression of chemokine receptors in healthy controls, whereas 
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the correlation was less robust in dogs with OS, suggesting a disturbance in the regulation of 

these chemokine receptors.  

The pattern of monocyte cell surface receptor expression in human patients with OS 

compared to healthy controls did not parallel what we observed in the dog. Human patients 

with OS had significantly decreased proportion of CD14lo monocytes compared to healthy 

controls. These CD14lo human monocytes had concurrently high CD16 expression, 

representing the non-classical subset. Also, these CD14lo human monocytes in OS patients 

had significantly higher expression of CCR2 compared to healthy controls. High CCR2 

expression is more commonly associated with the classical / inflammatory monocyte 

subtype,23 and in the context of cancer, CCL2 is an important tumor-derived factor 

responsible for inducing chemotaxis in monocytes. CCL2 is the ligand that binds to its 

cognate receptor CCR2, and the CCL2-CCR2 signaling axis has been shown to promote 

tumor growth and metastasis.36 It is interesting that higher CCR2 expression is found in the 

CD14lo human non-classical monocytes in our study. The non-classical monocytes have a 

patrolling role in the endothelium compared to the classical monocytes that respond to 

inflammatory stimuli, and their prevalence in our human OS patients could support our 

hypothesis that OS suppresses the immune response by promoting non-classical monocyte 

subsets versus classical monocytes that can differentiate into M1 inflammatory macrophages 

capable of anti-tumor activity. We hypothesize that the increased CCR2 expression on these 

monocytes in our OS patients represents upregulation of the chemokine receptor by the 

tumor, promoting monocyte migration to enhance tumorigenesis and metastasis. A future 

study to further evaluate this hypothesis will be to determine levels of CCL2 in the peripheral 
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circulation of human OS patients compared to healthy controls. Similar to our findings of 

decreased monocyte chemokine receptor expression in OS dogs including CXCR2, human 

OS patients also exhibited decreased CXCR2 expression in CD14+ monocytes and CD14hi 

monocytes compared to healthy controls. Such lower expression of CXCR2 in monocytes, 

specifically classical monocytes, may reflect an inhibition of chemotaxis in the subset that 

can differentiate into anti-tumor M1 macrophages. A follow-up study to assess the migratory 

capability of classical monocytes of human OS patients compared to healthy control 

monocytes will determine whether human monocytes have decreased chemotactic ability, 

such as that found in monocytes of OS dogs. CD64 expression was significantly higher in all 

monocytes (CD14+) of human OS patients compared to healthy controls. Increased CD64 

expression has been documented in patients with lupus nephritis and in septic patients.37,38 

The increase in CD64 expression in monocytes of OS patients could potentially reflect an 

activation of peripheral monocytes in response to the tumor, but the role of such activation is 

undetermined. The variation observed in monocyte chemokine receptor expression in human 

OS patients does not follow the pattern of receptor expression in monocyte subsets, 

supporting the observation in tumor-bearing mice that peripheral monocytes do not fall into 

defined subsets.39 

In our murine studies using the SQ syngeneic OS model, the higher CCR7 expression 

observed in monocytes from normal control mice compared to mice with OS parallels our 

previous finding of increased chemokine receptor expression, including CCR7, in monocytes 

from normal control dogs compared to dogs with untreated OS.40 We also observed higher 

CCR2 and lower CXCR4 expression in the Ly6Chi monocytes of tumor-bearing mice 
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compared to their Ly6Clo monocytes. In tumor-bearing animals, the CCR2-CCL2 axis is 

important for Ly6Chi monocyte recruitment to the tumor, Ly6Chi monocytes being generally 

considered as precursors of tumor-associated macrophages (TAM).41 The higher CCR2 

expression in the Ly6Chi monocytes of tumor-bearing mice may represent tumor-driven 

upregulation of CCR2 expression to facilitate Ly6Chi monocyte migration towards the tumor. 

CXCR4 over-expression by tumors has been extensively studied, with CXCR4 implicated in 

the promotion of angiogenesis and metastasis.42 CXCR4 is normally expressed on 

monocytes, and a study reported that Ly6Chi murine monocytes in the peripheral circulation 

uniformly exhibited low CXCR4 expression.43 Furthermore, CXCR4 monocyte expression 

regulated monocyte homing and margination to tissue reservoirs such as the lung in response 

to the CXCL12 ligand.43 Potentially, CXCR4 expression on the Ly6Clo monocytes of tumor-

bearing mice could represent another mechanism by which the tumor recruits monocytes. 

Interestingly, the findings in the SQ syngeneic model were not reflected in the orthotopic 

model – when comparisons were made between monocytes from OS-bearing and normal 

control mice, CCR7 expression was significantly higher in OS-bearing mice, which is 

opposite of what we found in the SQ syngeneic model. OS mice in the orthotopic model also 

had higher proportions of both Ly6Chi and Ly6Clo monocytes. The expression pattern of 

chemokine receptors was varied in the orthotopic model – CXCR4 and CX3CR1 expression 

had higher expression in normal control mice, reflecting our findings in canine monocytes, 

whereas CCR2 and CD62L expression were higher in OS-bearing mice, with CCR2 

reflecting our findings in human monocytes. Even though the monocyte receptor expression 

pattern was not uniformly similar across species, our studies have helped identify receptors 
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that are dysregulated across species, specifically CCR2, CCR7, CXCR2, and CX3CR1, 

thereby increasing the specificity of follow-up studies focusing on these receptors in 

monocytes. 

A retrospective study of dogs with OS found that dogs with peripheral monocyte 

counts above 400 cells/µl had a significantly shorter disease-free interval.21 Similarly, in 

human OS patients, a low peripheral lymphocyte-to-monocyte ratio (≤3.43) was associated 

with poorer prognosis for survival and disease-free interval.44 One possible explanation is 

that higher monocyte counts reflect a peripheral sequestration of monocytes in dogs that had 

more rapid tumor progression, and our findings of suppressed expression of multiple 

monocyte chemokine receptors in dogs with OS suggest such an association. We did not 

detect a significant overall difference in peripheral monocyte counts of dogs with OS versus 

healthy controls in our study population. Our Kaplan-Meier survival analysis comparing dogs 

with OS with high (>400 cells/µl) versus low (<400 cells/µl) monocyte counts did not reveal 

significant differences in survival between groups. However, we did find that increasing 

percentages of CCR2 expression on monocytes of dogs with OS was significantly associated 

with increasing survival, which, in conjunction with our chemotaxis data, suggests that 

suppression of chemokine receptors and chemotaxis is a form of tumor-mediated monocyte 

dysfunction.  

Additionally, we found that dogs with OS with a peripheral monocyte count of >400 

cells/µl exhibited a dichotomy of CD14, CD16 expression on monocytes— CD14 expression 

was high and CD16 expression was low, when compared to dogs with monocyte counts <400 

cells/µl. Human monocytes have been classified into subsets, with different phenotypes and 
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functions. Earlier classification schemes split human monocytes into CD14hiCD16- 

“inflammatory, classical” and CD14lowCD16+ “resident, nonclassical” monocytes.45,46 Recent 

studies have shown that the CD16+ monocytes can be further characterized into intermediate 

and non- classical subsets, with the intermediate subset expressing higher CD14 and lower 

CD16 levels, and the nonclassical subset conversely expressing lower CD14 and higher 

CD16 levels.23 The function of these monocyte subsets has not been fully defined, but the 

intermediate subset appears to produce proinflammatory cytokines such as TNF-a, IL-1b, IL-

6, express high levels of MHC II antigen processing and presentation genes, and are potent 

stimulators of T cells.23 There are no corresponding studies differentiating canine monocytes 

into subsets. Based upon human classification, our data suggest that there is an increase in 

intermediate monocytes in dogs with OS with monocyte counts >400 cells/µl. Potentially, 

these intermediate monocytes, with their proinflammatory and immunostimulatory capacity, 

are effective antitumor monocytes that are sequestered in the periphery in OS.  

Monocyte migration can be affected by neoplasia. Peripheral monocyte migration is 

inhibited by lactate concentrations common in tumor microenvironments, and this loss of 

migratory ability is not because of a reduction in cell viability.47 Chemokine receptors such as 

CCR5 are down-regulated in monocytes and macrophages in human patients with head and 

neck squamous cell carcinoma, leading to dysregulation of chemotactic receptor-ligand 

signaling and decreased monocyte/macrophage migratory ability.48 Based on findings by 

other investigators and our demonstration of profound down-regulation of monocyte 

chemokine receptors in dogs with OS, we hypothesized that OS inhibits monocyte 

chemotaxis as an immunosuppressive strategy. Using an in vitro migration assay, we 
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demonstrated decreased monocyte chemotaxis in dogs with OS compared to healthy controls. 

This difference was significant when CCL19 was used as a chemoattractant, and when 

supraphysiologic combinations of chemoattractants were used—a combination of FBS, 

CCL2, CCL19, and fMLP. CCL19 is a ligand for the chemokine receptor CCR7, and is a 

known monocyte chemoattractant.49 30 There was also decreased monocyte migration in 

dogs with OS when other known chemokines such as CCL2 or fMLP were used, and even 

though the differences were not significant, the proximity of the P-value (.067) to 

significance (.05) suggests that use of these chemokines deserves further evaluation. CCL2 is 

also known as monocyte chemotactic protein, binds CCR2, and together with fMLP, which 

binds to G protein-coupled receptors, is used as chemoattractants for monocytes. The 

significant down-regulation of CCR2 and CCR7 on monocytes of dogs with OS 

demonstrated by our flow cytometry data supports the observation that monocyte migration 

is decreased in dogs with OS. The primary disadvantage of our method for assessing 

migration was the high level of random migration observed, potentially because of excessive 

stimulation of monocytes by the cell sorting process. As a result, we included 

supraphysiologic combinations of chemoattractants to counter this potential issue. In our 

murine studies, we did not observe a similar decrease in monocyte chemotaxis from tumor-

bearing mice compared to normal control mice. 

There could be a multi-faceted explanation for the down-regulation of monocyte 

chemokine receptors in dogs with OS. Similar to our findings, the loss of CX3CR1 

expression in human monocytes increased glioma growth.50 However, in contrast to our 

observations, this tumor-promoting effect is not because of loss of migratory capability. In 
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fact, the absence of CX3CR1 was associated with an increase in monocyte infiltration into 

the tumor microenvironment, where the monocytes were theorized to differentiate into 

tumor-associated macrophages for promotion of tumor growth. Evaluation of the relationship 

between monocyte chemokine receptor expression and the infiltration of monocytes/macro- 

phages in the tumor microenvironment in OS is needed to explore whether this phenomenon 

occurs in dogs.  

The higher PGE2 levels that we observed in monocyte culture supernatants of dogs 

with OS are consistent with our hypothesis that OS suppresses monocyte chemotaxis and the 

host immune response. PGE2 is a main metabolite resulting from the conversion of 

arachidonic acid by cyclooxygenases (COX-1 and COX- 2), and increased levels of COX-2 

and PGE2 have been observed in various tumors.51-54 PGE2 secretion from human carcinoma 

cell lines inhibits monocyte chemotaxis by down-regulating cell surface expression of 

chemokine and adhesion receptors CCR5 and Mac-1, respectively.55 Our finding of increased 

PGE2 secretion from monocytes of dogs with OS correlates with our observation that 

monocyte chemotaxis is inhibited in OS. Increased PGE2 levels have been shown to effect 

global immunosuppression, contributing to immunopathology in many cancers.56 For 

example, PGE2 disables the innate immune response by inhibiting neutrophils, monocytes 

and macrophages, and disrupts the cross-talk between dendritic cells and T cells that is 

essential for activation of the adaptive immune response. PGE2 also skews T helper cells 

toward a type 2 pro-tumorigenic instead of a type 1 antitumor response, and promotes the 

accumulation of T regulatory and myeloid-derived suppressor cells, which can be utilized by 

the tumor to suppress an effective antitumor response.56 A recent study in human OS showed 
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inhibition of human OS cells by decreasing PGE2 levels via microRNA modulation, 

demonstrating the role of PGE2 in tumor promotion.57 Specifically in OS of dogs, PGE2 is 

increased in both canine OS cell lines and in naturally occurring tumors,58 COX-2, 

microsomal PGE2 synthase-1, and PGE2 receptor are demonstrated to be increased in OS 

lesions using immunohistochemistry staining,59 and OS cells from dogs secrete PGE2.60 Our 

findings of increased PGE2 in dogs with OS are in accordance with these previous reports, 

and emphasize the ability of PGE2 to induce immunopathology in OS.  

We did not find significant differences in relative mRNA expression of IL-10, IL-12, 

TNF-a, and COX-2 in monocytes from OS compared to healthy dogs. There was a 

decreasing trend in COX-2 expression in dogs with OS, but the difference from healthy 

controls was not significant. This is contrary to what we expected, given the higher PGE2 

secretion from monocytes of dogs with OS, and the overexpression of COX-2 that has been 

reported in OS of dogs.59,61 Potentially, there might be other enzymes such as microsomal 

PGE2 synthase-1 that could be concurrently influencing the level of PGE2 secretion. 

However, as the difference in COX-2 expression between OS and healthy dogs was not 

statistically significant, whether COX-2 expression in monocytes of dogs with OS is truly 

decreased needs to be further evaluated, as other influences such as miRNA activity can 

affect mRNA transcription. Because of potential disparities between mRNA and protein 

expression, we evaluated monocyte secretion of TNF-a, IFN-g, and IL-10, using IFN-g as 

representative of IL-12 activity. There were low to undetectable levels of IFN-g and IL-10 

from both groups, and higher levels of TNF-a secreted from monocytes of dogs with OS. 
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This was an unexpected finding, as TNF-a is a proinflammatory cytokine. However, TNF-a 

induces a number of other changes, particularly in the context of the tumor 

microenvironment. TNF-a induces the up-regulation of IL-34 expression in OS cell lines, 

and IL-34 has been associated with progression of disease and promotion of angiogenesis in 

OS.62 TNF-a has also been shown to increase the production of PGE2 as a mechanism for 

effecting bone resorption.63 Potentially, the increase in TNF-a in monocytes of dogs with OS 

reflects tumor-driven mechanisms for OS promotion rather than induction of a 

proinflammatory monocyte response. Other immunomodulatory cytokines such as TGF-b are 

utilized by OS for tumor promotion. TGF-b, generally known to dampen immune responses 

and promote tumor growth, is secreted by OS cells from dogs,64 and has also been implicated 

in the pathogenesis of human OS.65 Collectively, these findings indicate a complex 

microenvironment that promotes immune dysfunction and tumor growth.  

One potential limitation of our canine study is the use of clinical dogs and random 

source healthy controls, instead of purpose-bred dogs which provide a genetically uniform 

study population. However, one strong advantage of using nonpurpose-bred dogs is the 

genetic diversity that accurately reflects that of the general pet population. This diversity, 

together with the exposure to shared environmental variables with humans, contributes to the 

unique canine model of spontaneously occurring OS that bears striking similarities to the 

human disease. As such, we conducted a parallel study in human OS patients to increase the 

relevance of the common findings across species. Such a canine model of spontaneous 
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disease is extremely valuable for studying the disease to improve outcomes for both humans 

and dogs.  

For our macrophage studies, we utilized an ex-vivo / in-vitro method of culturing 

primary macrophages from healthy canine and human volunteers. In both human and canine 

macrophages, the presence of OS significantly increases the expression of the co-stimulatory 

markers CD80 and CD86, suggesting a polarization trend towards M1 macrophages. The 

surface receptor expression of CCR2 in human macrophages was also decreased in the 

presence of OS, which also suggests the polarization towards an M2 macrophage in OS. 

Interestingly, we demonstrated increased MCP-1 (CCL2) cytokine secretion by canine 

macrophages cultured with OS. We also demonstrated increased TNF-α and IL-10 mRNA 

expression in canine macrophages cultured with OS. The expression of CCL2 is increased by 

inflammatory stimuli, inducing IL-10 production, and binding with its cognate receptor 

CCR2, influences macrophage polarization to an M2 phenotype.66 Cancer induced 

inflammation creates a microenvironment of chronic low grade inflammation that promotes 

tumorigenesis and metastasis, and suppresses an effective anti-tumor immune response.41 We 

hypothesize that the presence of OS cells stimulates the polarization of macrophages towards 

an M1-like phenotype that can effectively maintain a chronic environment of smoldering 

inflammation, but is not an M1 phenotype that is functionally effective against the tumor. 

The increased cell surface expression of the macrophage co-stimulatory markers CD80 and 

CD86, the decreased expression of CCR2 in the presence of OS, and the increased mRNA 

expression of TNF-α in macrophages cultured with OS support the hypothesis of M1-like 

polarization induced by OS. TNF-α is one of the major inflammatory cytokines implicated in 
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maintenance of tumor-induced inflammation, however, it is also involved in anti-tumor 

inflammatory responses.41 The increased mRNA expression of IL-10, a major inhibitor of 

inflammation and a hallmark cytokine of M2 macrophages, in macrophages cultured with OS 

suggests the induction of macrophages that have a functional inflammatory phenotype, but 

are inhibited from an appropriate anti-tumor inflammatory response by the prevalence of IL-

10. The increased secretion of CCL2 by macrophages cultured with OS could be a 

mechanism whereby IL-10 mRNA expression is increased in these macrophages, as CCL2 

can increase macrophage IL-10 production.66 However, in spite of the tumor-promoting 

properties of chronic inflammation, an inflammatory response, if appropriately stimulated 

and maintained, can be an effective anti-tumor response.41 Macrophages can be induced to 

polarize into an M1 phenotype with the ability to kill tumor cells,41,67 thus finding the 

appropriate stimulus to re-educate tumor associated macrophages to induce a sustained anti-

tumor response represents a key to breaking the development of metastasis in OS and other 

cancers. 

In conclusion, this chapter demonstrated that monocyte chemokine receptors are 

markedly downregulated in dogs with OS compared to healthy controls, and the expression 

pattern of CXCR2 in human monocytes, CX3CR1 in murine monocytes parallel the 

observation in canine monocytes of inhibited chemokine receptor expression in OS. 

Monocytes from dogs with OS exhibit decreased chemotactic capacity and secrete higher 

levels of PGE2 and TNF-α. Our findings strongly suggest that OS in dogs evades the immune 

system by suppressing chemokine receptor expression and increasing PGE2 secretion in 

monocytes, thus inhibiting their migration, leading to sequestration in the periphery. 
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Increased PGE2 levels could also promote immunosuppression, as PGE2 can exert a multitude 

of immunopathologic effects such as interfering with lymphocyte proliferation and the 

antitumor cytotoxicity of T cells, inhibit NK cell, dendritic cell, neutrophil, monocyte and 

macrophage effector functions. Increased TNF-α secretion could be a tumor- promoting 

mechanism through manipulation of the tumor microenvironment and elevating PGE2 

production. The lower proportion of CD14loCD16hi non-classical monocytes in human OS 

patients compared to healthy controls supports our hypothesis of OS-induced 

immunosuppression, as non-classical monocytes, unlike classical monocytes, do not mount a 

robust inflammatory response. Through our cross-species evaluation of monocyte surface 

receptors in OS, we have identified receptors that are dysregulated across species, 

specifically CCR2, CCR7, CXCR2, and CX3CR1, thereby increasing the specificity and 

relevance of follow-up studies focusing on these receptors in monocytes. We demonstrated 

that human and canine macrophages cultured with OS exhibited an inflammatory phenotype 

that had concurrent IL-10 mRNA elevations, thus potentially rendering them inducers of a 

tumorigenic inflammatory response. Understanding the mechanisms by which OS causes 

dysregulation of the immune response will provide insight into developing novel 

immunotherapeutics to reverse tumor-induced immunopathology and reduce metastatic 

disease in OS.  
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CHAPTER 3 

A cross-species evaluation of the effects of Staphylococcus aureus on OS in monocytes 

and macrophages 

3.1 Introduction 

 The concept of enhancing the immune system for anti-cancer therapy is not a new 

one. In the early 1900’s, William B. Coley, a surgeon in New York, noted concurrent tumor 

regression in some patients with a bacterial infection. Erysipelas infections, caused primarily 

by group A Streptococci, were most commonly associated with the patients whose tumors 

regressed. Coley developed vaccine concoctions of bacterial organisms, most commonly 

heat-killed Streptococcus combined with Serratia marcescens, and administered what 

became known as Coley’s Toxins to hundreds of patients, some of whom reportedly 

experienced tumor regression.1  Since Coley’s trials with his vaccine, the multi-dimensional 

effects of streptococcal exotoxin have been explored as immune stimulators creating an anti-

tumor response.2 The immune reaction caused by local Streptococci infection in the dermis 

of a typical Erysipelas patient is characterized by an innate local inflammatory response 

orchestrated by monocytes, macrophages, neutrophils and dendritic cells.2 For example, 

TNF-a and IL-1b are secreted by monocytes and macrophages in response to Streptococcus, 

and these cytokines can trigger a downstream T-cell adaptive response.2,3 Furthermore, the 

lipotechoic acid of the streptococcal cell wall can be a T-cell mitogen.2 There also is the 

hypothesis that an Erysipelas infection can lead to inappropriate accumulation of translocated 

gastrointestinal endotoxin and subsequent initiation of an innate inflammatory response with 

its accompanying cytokine cascade.2 A fundamental factor influencing the effectiveness of an 
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anti-tumor response in the presence of a bacterial infection is tumor immunogenicity, which 

is the ability of a tumor to be recognized by the immune system, resulting in an immune 

response. Murine models have been used to demonstrate the importance of tumor 

immunogenicity in the success of treating tumors with bacterial endotoxin.4 Mice inoculated 

with immunogenic tumor strains can experience complete tumor regression that requires a T-

cell adaptive response, whereas mice inoculated with non-immunogenic tumors only 

experienced transient hemorrhagic necrosis of their tumors with subsequent tumor 

regrowth.4,5 Given the observation that a history of infection with Mycobacterium 

tuberculosis enhances the sensitivity of laboratory animals to endotoxin, an interesting 

hypothesis has been submitted – that combination therapy with Bacille-Calmette-Guerin 

(BCG) vaccination and Coley’s vaccine is needed to reproduce the therapeutic effectiveness 

of the vaccine.2  

 Since the time of Coley’s observations and clinical experimentation with his vaccine, 

observations have been made in OS that support the immunogenic potential of the tumor – in 

clinical dogs with OS, increased survival times have been observed in patients with surgical 

site infections after surgery to remove the primary tumor.6-8 Similar observations have been 

made in human OS patients.9,10 The effects of infection on OS have been evaluated using 

murine models. A study utilizing a syngeneic subcutaneous model of murine OS and 

bacterial osteomyelitis demonstrated induction of anti-OS activity in tumor-bearing mice 

with concurrent bacterial osteomyelitis, and also demonstrated the importance of monocytes 

and macrophages in shaping the anti-tumor response.11 Additionally, studies have showed 

potential efficacy of liposomal encapsulated muramyl tripeptide phosphatidyl ethanolamine 
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(L-MTP-PE), a synthetic derivative of muramyl dipeptide (MDP), a bacterial cell wall 

component in both gram-positive and gram-negative bacterial cell walls, against OS.12-15 The 

clinical observations of improved survival in OS with infection, together with the potential 

therapeutic efficacy of L-MTP-PE, provide strong support to the hypothesis that OS is an 

immunogenic tumor that can be targeted by an immune response upregulated by a bacterial 

agent. This chapter describes how in vivo infection or ex vivo exposure to a bacterial agent 

(Staphylococcus aureus) influenced the phenotype of monocytes and macrophage 

differentiation in the presence of OS. Comparisons were made between the dog, human, and 

mouse, wherever possible. Our hypothesis was that infection will reverse the phenotypic 

changes in monocytes associated with OS, and that S. aureus will induce an inflammatory 

macrophage phenotype (M1-like) in the presence of OS.  

 

3.2 Materials and Methods 

Monocyte Studies 

3.2.1 Patient enrollment and sample preparation – canine 

Canine monocyte samples: Client-owned dogs diagnosed with OS that were 

determined to have a surgical site infection associated with primary tumor removal were 

enrolled into the study. The criteria for determining a surgical wound infection include a 

positive culture, or in the absence of a positive culture, clinical signs of an infection (limb 

swelling, wound drainage, radiographic evidence). Enrolled patients were required to have an 

active infection at time of blood collection for the study. Due to the low incidence of these 

clinical cases, recruitment forms were sent to participating institutions in North America. An 
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institution with an eligible patient collected peripheral blood samples to be shipped overnight 

on ice to North Carolina State University (NCSU) together with requested information about 

the patient. Client-owned dogs diagnosed with OS that received standard-of-care therapy 

(limb amputation for primary tumor removal followed by adjuvant chemotherapy) were also 

enrolled into the study to serve as treated controls. Peripheral blood mononuclear cells 

(PBMCs) were isolated as described in Chapter 2 (2.2.2).  

3.2.2 Murine model of OS + osteomyelitis 

 OS induction: A SQ syngeneic OS model was established in C3H-HeN mice with a 

subcutaneous injection of 2 x 108 DLM8 murine OS cells suspended in 30 µl HBSS into the 

right flank region. Tumor growth at the widest diameter was measured 2-3 times weekly 

using calipers, and mice were euthanized when their individual tumors measured 18 mm in 

diameter.  

Osteomyelitis establishment: Staphylococcus aureus (XEN36) with stable expression 

of the luciferin and luciferase genes (Perkin Elmer, Waltham, MA) was used for inducing 

bacterial osteomyelitis. Bacteria were grown to log phase in LB Broth, then stored in frozen 

aliquots at -80°C. Bacterial osteomyelitis was induced in the distal femur of the mice, using a 

technique modified from what was previously reported.11 The XEN36 S. aureus were 

cultured in sterile LB broth in a shaking incubator at 37°C and 180 rpm for 5-6 hours to 

achieve log growth. The S. aureus were then counted using a SmartSpecÔ Plus 

spectrophotometer and diluted using LB broth to a concentration of 1 x 108 CFUs/ml, and 1 

ml of the diluted bacteria was placed in each well of a 24-well culture plate. One 12 mm 

segment of 6-0 Silk suture was placed in each well, and incubated in a shaking incubator for 
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36 hours at 37°C and 100 rpm, with media changes performed every 12 hours. The suture 

were then imaged using an IVISÒ Lumina imaging system and the Living ImageÒ version 

4.2 software with a 30-second exposure time and medium sensitivity binning to confirm 

bacterial adherence to the suture. Mice were anesthetized using an intraperitoneal injection of 

ketamine (150 mg/kg) and xylazine (10 mg/kg) for suture implantation. The distal femur was 

clipped and prepped aseptically using chlorhexidine gluconate scrub and sterile saline. A 1 

mm skin incision was made on the lateral aspect of the left distal femur with a #10 surgical 

blade to facilitate accurate placement of the needle. A 25-gauge MonojectÔ needle was 

inserted transversely through the distal femur in a lateromedial direction, after which a piece 

of suture with adherent bacteria was threaded into the tip of the needle, and the tip of the 

needle crushed using a needle holder to increase the security of the suture within the needle 

tip. The needle was then withdrawn, effectively pulling the suture through the distal femur. 

The ends of the suture on the medial and lateral aspects of the distal femur were cut flush 

with the skin, and the medial skin incision was apposed using tissue adhesive. The mice were 

administered a subcutaneous dose of buprenorphine (0.05 mg/kg) during recovery from 

anesthesia. In vivo luciferase imaging was used to monitor luminescence indicative of S. 

aureus. The distal femora of all mice were imaged in the immediate post-operative period to 

confirm positive emission of luminescence from the implanted suture. The IVISÒ Lumina 

imaging system and the Living ImageÒ version 4.2 software with a 60-second exposure 

time, and high sensitivity binning was used for in vivo imaging. Subsequently, the mice were 

anesthetized with isoflurane for imaging 1-2 times weekly to assess the presence of 
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luminescence in the distal femora. At time of euthanasia, the left distal femur was aseptically 

harvested, placed in 25 mls of LB broth, and cultured at 37°C. When the LB broth exhibited 

gross evidence of organism growth, the broth was plated onto a blood agar plate. The 

resultant bacterial colonies were visually examined to determine whether they were pure 

cultures. The bacterial colonies were imaged using the IVISÒ Lumina imaging system and 

the Living ImageÒ version 4.2 software with a 5-second exposure time and medium 

sensitivity binning to confirm an osteomyelitis with luminescent XEN36 S. aureus.  

3.2.3 Flow cytometry (FACS)  

Cell staining for flow cytometry, gating strategies and analysis were performed as 

described in Chapter 2 (2.2.4). The antibodies used were the same as those listed in 2.2.4. 

3.2.4 Total RNA extraction, reverse transcription, and quantitative RT-PCR 

Murine tumors: Tumor samples were collected at euthanasia, placed in RNALaterÒ 

and stored at -80°C for subsequent PCR analysis. Thawed tumor samples were homogenized 

in Tri-Reagent (Zymo Research) using Zirconia grinding beads (BioSpec) oscillating at 30-

second intervals in the Mini Bead Beater Mill (Cole-Parmer). The Direct Zol RNA 

MiniprepÔ kit (Zymo Research) was used to extract total RNA from tumor samples 

according to the manufacturer’s protocol. The concentration and quality of the extracted 

RNA was determined using a NanoDrop 2000c spectrophotometer as well as the Agilent 

Bioanalyzer, and the RNA samples were stored at -80°C until processing. Immediately prior 

to RT reactions, DNase treatment was applied to all RNA samples using the AmbionÒ 

TURBO DNA-freeÔ kit. cDNA was synthesized from 1000 ng RNA per sample using the 
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QuantaBio qScriptÔ cDNA synthesis kit according to manufacturer’s directions, and the RT 

reactions were carried out in a GeneAmpÒPCR System 9700 thermal cycler. mRNA gene 

expression was determined with SYBR Green qPCR using the QuantaBio PerfeCTaÒ SYBR 

Green FastMixÒ per manufacturer’s directions, and reactions cycled in a Roche Lightcycler 

480. All samples were run in triplicate. Primers for detection of mRNA expression levels of 

Arginase, Fizz, IL-6, TNF-a, CD206, b-actin, and GAPDH (Table 1) were selected based on 

previous reports and purchased from Life Technologies, Inc.16 The qPCR cycling conditions 

were as follows: denaturation at 95°C for 1 minute, followed by 95°C for 5 seconds, 60°C for 

15 seconds, 72°C for 10 seconds, for a total of 45 cycles. The PCR product was sequenced 

by GENEWIZ® DNA sequencing services, and the sequences were subjected to alignment 

searches in the NCBI database to confirm matches with the gene of interest. Expression of 

the target genes was normalized to expression of the housekeeping genes GAPDH and b-

actin. The 2-DDCT method was used to calculate the normalized relative mRNA expression of 

the target genes. 
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Table 1: Quantitative RT-PCR primers to detect mRNA expression levels of 

inflammatory and macrophage markers in murine OS tissue 

Target (5’ – 3’) 

Arginase (F) CAGAAGAATGGAAGAGTCAG 

Arginase (R) CAGATATGCAGGGAGTCACC 

Fizz (F) GGTCCCAGTGCATATGGATGAGACCATAGA 

Fizz (R) CACCTCTTCACTCGAGGGACAGTTGGCAGC 

IL-6 (F) GAGGATACCACTCCCAACAGACC 

IL-6 (R) AAGTGCATCATCGTTGTTCATACA 

TNF-a (F) CCTGTAGCCCACGTCGTAGC 

TNF-a (R) AGCAATGACTCCAAAGTAGACC 

CD206 (F) CTCTGTTCAGCTATTGGACGC 

CD206 (R) CGGAATTTCTGGGATTCAGCTTC 

 

3.2.5 Chemotaxis assay 

Murine monocyte chemotaxis assays were performed as previously described in 

Chapter 2 (2.2.6). 

 

Macrophage Studies 

 Volunteer enrollment for macrophage studies was carried out as described in Chapter 

2 (2.2.9), and primary macrophages were cultured from canine and human samples as 

described in Chapter 2 (2.2.10).  

 For experimental groups that required addition of live S. aureus to the macrophage-

OS co-culture, antibiotic-free culture media was used to establish primary macrophage 
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cultures, and at 48 hours, S. aureus was added using the following method. A frozen aliquot 

of XEN36 S. aureus was thawed and a 100 µl added to 25 mls LB broth in an Erlenmeyer 

flask. The flask was placed in a 37°C shaker at 200 rpm until an O.D. of 0.8 was reached. 

The bacteria were then washed twice with 25 mls PBS and pelleted by centrifugation at 8000 

rpm for 10 minutes. The pelleted bacteria were resuspended in antibiotic-free media and 

diluted 1:10 for addition of 1 ml (resulting in approximately 2 x 107 cfu/ml S. aureus to 

achieve a MOI of 1:50) to each well of a 12-well culture plate containing primary 

macrophages. The plates were incubated for 30 minutes for macrophage phagocytosis of 

bacteria at 37°C, 5% CO2, after which the media containing XEN36 S. aureus was removed 

from the wells, taking care to not disturb the adherent layer of primary macrophages. The 

wells were washed twice with HBSS with calcium and magnesium, followed by the addition 

of media containing 50 µg/ml concentration of Gentamicin to kill the extracellular bacteria. 

The plates were incubated for 60 minutes at 37°C, 5% CO2, after which the media was 

removed and plated onto blood agar plates to confirm the absence of extracellular bacteria. 

The cells were washed twice with HBSS with calcium and magnesium. Media containing 10 

µg/ml concentration of Gentamicin was added to the wells, and the plates cultured for an 

additional 48 hours at 37°C, 5% CO2. Two wells were used for each plate to measure the 

number of phagocytosed bacteria – 1 ml 0.1% Triton X was added to each well to lyse the 

macrophages, and the Triton X solution plated on blood agar plates for counting number of 

bacteria phagocytosed. Intracellular bacterial counts were determined to be within a 

logarithmic difference between samples. 
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Macrophage flow cytometry experiments, culture supernatant cytokine level 

measurements, quantitative RT-PCR experiments were performed as described in Chapter 2 

(2.2.11-2.2.14). Statistical analyses were performed as described in Chapter 2 (2.2.15).  

 

3.3. Results 

Monocyte Studies 

3.3.1 Study populations 

Canine: Nine dogs with OS and a concurrent surgical site infection were recruited for 

the study.  

Murine: Female C3H-HeN inbred mice were used to establish the SQ syngeneic OS 

model. All C3H-HeN mice were 8-10 weeks of age, weighed 40-45 grams, and purchased 

from Charles River Laboratories (Raleigh, NC). Mice were housed 4 to a cage in a 

temperature-controlled room with a 12:12-hour automated light/dark cycle, and fed a 

standardized commercial pelleted diet. All mice underwent a 14-day acclimatization period 

before starting the study. There were 13 mice with OS and osteomyelitis. Bacterial 

osteomyelitis was successfully induced in mice, as indicated by positive luciferase imaging 

of the distal femur, and / or positive bacterial cultures of the bacterial implantation site in the 

distal femur post euthanasia. All bacterial cultures were positive for luminescence, 

confirming the identity of XEN 36 Staphylococcus aureus. (Fig. 1). 
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Figure 1. Induction of bacterial osteomyelitis.  Mice were inoculated with luciferase positive 

XEN36 S. aureus as described in the methods.  (A.) Osteomyelitis was confirmed following femoral 

inoculation using luminescence live imaging in anesthetized mice.  (B.) Following euthanasia, the 

femur was asceptically harvested and cultured as described in the methods.  Luciferase positive 

bacterial cultures confirmed the presence of pure luminescent XEN36 S. aureus.  

 

3.3.2 Flow cytometry 

Canine monocytes: The primary flow cytometry canine monocyte gates were based 

on typical forward and side scatter characteristics. Once that forward versus side light scatter 

gate was established, we ensured that greater than 98% of the CD14+ cells were found within 

this gate. As CD14 expression on peripheral blood monocytes varies greatly, this ensured 

that we included the CD14lo monocytes for surface receptor analysis. Canine monocytes 

exhibited positive surface expression of CD14, CD16, CD62L, CCR2, CCR7, CD43, 

CX3CR1, CXCR2. Irrelevant isotype controls were used for each experiment—the isotype 

control binding of monocytes was <5%. The median percentages and ranges of positively 

staining cells for each antibody are listed in the legend accompanying Figure 2, and data 

from the OS dogs with an infection were compared to the data previously presented in 

Chapter 2, Figure 1a. Comparison of monocyte surface receptors between healthy controls, 

untreated dogs with OS, dogs with OS that had a concurrent surgical site infection revealed a 
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significant increase in surface receptor expression of CD14 between controls and infected OS 

dogs (p<0.0001), and between untreated OS dogs and infected OS dogs (p<0.0001); a 

significant increase in CD16 expression in untreated OS dogs compared to controls (see 

Chapter 2, Figure 1a), and in OS dogs with infection compared to untreated OS dogs and 

controls (p<0.0001, p=0.0007 respectively); a significant decrease in CCR2 expression in 

untreated OS dogs compared to controls (see Chapter 2, Figure 1a), and a significant increase 

in OS dogs with infection compared to untreated OS dogs (p<0.0001); a significant decrease 

in CCR7 expression in untreated OS dogs compared to controls (see Chapter 2, Figure 1a), 

and a significant increase in OS dogs with infection compared to untreated OS dogs 

(p=0.0012); a significant decrease in CX3CR1 expression in untreated OS dogs compared to 

controls (see Chapter 2, Figure 1a), and a significant increase in OS dogs with infection 

compared to untreated OS dogs and controls (p=0.0002, p=0.044 respectively); a significant 

decrease in CXCR2 expression in untreated OS dogs compared to controls (see Chapter 2, 

Figure 1a), and a significant increase in OS dogs with infection compared to untreated OS 

dogs (p=0.0023). Even though there were no significant differences in CD62L and CD43 

expression in OS dogs with infection compared to untreated OS dogs and controls, 

expression of CD62L and CD43 displayed an increased trend in infected OS dogs compared 

to untreated OS dogs. The treatment control group of OS dogs that received standard-of-care 

therapy (amputation + chemotherapy) exhibited significantly decreased expression of 

monocyte chemokine receptors compared to normal controls, and the degree of receptor 

downregulation was similar to that in untreated OS dogs (Supplemental Figure 1). These data 

suggest that the upregulation of monocyte chemokine receptors in OS dogs with an infection 
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is associated with the presence of an infection rather than removal of the primary tumor or 

adjuvant chemotherapy.  
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Figure 2: Monocyte surface marker expression is altered in dogs with OS, and in dogs with OS 

+ infection  

Flow cytometry plots illustrating cell surface receptor expression in peripheral blood monocytes from 

dogs with OS (n = 18), healthy controls (n = 13), and dogs with OS and an infection (n = 9). (A) Box-

and-whisker plot depicting the % positive monocyte cell surface receptor expression of the different 

receptors (CD14, CD16, CD62L, CCR2, CCR7, CD43, CX3CR1, CXCR2), comparing expression 

between healthy controls, dogs with OS, and dogs with OS + infection. The median percentages and 

ranges of positively staining cells for each antibody in healthy controls are as follows: CD14 (15%, 

3–84%), CD16 (9%, 0.5–24%), CD62L (31%, 10–75%), CCR2 (58%, 2–94%), CCR7 (36%, 1–90%), 

CD43 (52%, 2–93%), CX3CR1 (9%, 0.2–87%), and CXCR2 (54%, 2–92%). The median percentages 

and ranges of positively staining cells for each antibody in dogs with OS are as follows: CD14 (29%, 

2–82%), CD16 (24%, 3–76%), CD62L (11%, 3–36%), CCR2 (29%, 3–45%), CCR7 (8%, 0.1–41%), 

CD43 (28%, 3–47%), CX3CR1 (5%, 0.6–70%), and CXCR2 (23%, 0.2–52%). The median 

percentages and ranges of positively staining cells for each antibody in dogs with OS plus an 

infection are as follows: CD14 (78%, 12–99%), CD16 (64%, 32–79%), CD62L (21%, 3–57%), 

CCR2 (68%, 50–87%), CCR7 (41%, 6–90%), CD43 (37%, 9–63%), CX3CR1 (56%, 16–86%), and 

CXCR2 (57%, 23–65%).Significant differences are marked with an asterisk (p < 0.05).  
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Murine monocytes: Based on our findings reported above in canine monocytes - that 

monocyte chemokine receptors were significantly downregulated in dogs with OS compared 

to normal controls, and OS dogs with infection display increased monocyte receptor 

expression compared to untreated OS dogs, we compared monocyte surface receptors 

between mice with OS, mice with OS and osteomyelitis, and normal control mice to 

determine whether a similar effect could be observed in mice. The median percentages and 

ranges of positively staining cells for each antibody are listed in the legend accompanying 

Figure 3, and data from the osteomyelitis mice were compared to the data previously 

presented in Chapter 2, Figure 5. Osteomyelitis mice exhibited a significantly greater 

proportion of Ly6Clo monocytes compared normal control mice (p = 0002), tumor control 

mice (p = 0.0184). Next, when surface receptor expression was evaluated for all monocytes, 

CCR7 expression was significantly higher in monocytes of normal control mice compared to 

tumor control mice (p = 0.0146) and osteomyelitis mice (p = 0.0012). When surface receptor 

expression was evaluated between the monocyte subsets, CCR7 expression was significantly 

higher in the Ly6Clo monocytes of normal control mice compared to tumor control mice (p = 

0.0004) and osteomyelitis mice (p <0.0001) (Fig. 3).  
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Figure 3: Monocyte surface marker expression is altered in mice with OS, and in mice with OS 

+ osteomyelitis 

Flow cytometry plots illustrating cell surface receptor expression in peripheral blood 

monocytes from mice with OS (n = 11), mice with OS and osteomyelitis (n=13), and healthy controls 

(n = 7). Box-and-whisker plot depicting the % of Ly6Clo monocyte subset, and % positive CCR7 cell 

surface receptor expression in all CD11b+ monocytes and in the Ly6Clo monocyte subset in OS 

versus normal control mice. The median percentages and ranges of positively staining cells for each 

antibody in healthy controls are as follows: Ly6Clo (14%, 9–19%), CCR7 in CD11b+ monocytes 

(37%, 4–66%), CCR7 in Ly6Clo monocytes (41%, 6–70%). The median percentages and ranges of 

positively staining cells for each antibody in mice with OS are as follows: Ly6Clo (19%, 7–34%), 

CCR7 in CD11b+ monocytes (16%, 1–37%), CCR7 in Ly6Clo monocytes (10%, 0.3–29%). The 

median percentages and ranges of positively staining cells for each antibody in mice with OS + 

osteomyelitis are as follows: Ly6Clo (20%, 15–38%), CCR7 in CD11b+ monocytes (27%, 2–98%), 

CCR7 in Ly6Clo monocytes (32%, 0.4–98%). Significant differences are marked with an asterisk (p < 

0.05). 
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3.3.3 Quantitative RT-PCR 

Murine relative tumor mRNA expression: IL-6, and TNF-a are markers of 

inflammation, and together with arginase, Fizz, and CD206, can be used to differentiate 

between polarized macrophage subsets in mice.16 In order to investigate the effects of 

osteomyelitis on the expression of the above markers within tumor tissue, we compared the 

relative mRNA expression of IL-6, TNF-a, arginase, Fizz, and CD206 in tumor tissue from 

osteomyelitis mice to tumor control mice. There were no significant differences in relative 

mRNA expression of all markers of interest in tumor tissue of experimental groups compared 

to tumor control tissue. The p-values for the markers of interest were as follows: IL-6 (p = 

0.4396), TNF-a (p = 0.0675), arginase (p = 0.8616), Fizz (p = 0.4007), CD206 (p = 0.5868). 

3.3.4 Monocyte Chemotaxis  

As we had previously demonstrated decreased chemotaxis in monocytes from dogs 

with OS compared to monocytes from normal controls, we asked if murine OS may have a 

similar effect on monocytes.  Our hypothesis was that osteomyelitis might enhance monocyte 

chemotaxis in mice with OS.17 Contrary to our hypothesis, when MCP was used as a 

chemoattractant, monocytes from osteomyelitis mice exhibited significantly decreased 

chemotaxis compared to monocytes from tumor control (p = 0.0043). 
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Figure 4: Monocyte chemotaxis is decreased in mice with OS + osteomyelitis Box-and-whisker 

plot comparing the mean numbers of migrated monocytes in response to MCP between normal 

control mice, mice with OS, mice with OS + osteomyelitis. 

 

 Murine monocytes: As we had previously demonstrated decreased chemotaxis in 

monocytes from dogs with OS compared to monocytes from normal controls, we asked if 

murine OS may have a similar effect on monocytes. There was significant variation between 

experimental groups in the degree to which murine monocytes migrated in response to MCP 

(p = 0.0013) and SDF (p = 0.0022), whereas there was no difference in the degree to which 

monocytes migrated in response to PBS (p = 0.5399) between experimental groups. 

Monocytes from OS + osteomyelitis mice exhibited significantly decreased chemotaxis 

compared to monocytes from tumor control (p = 0.0043). 

3.3.5 Survival Analysis 

In order to evaluate the effects of osteomyelitis on survival in OS, we performed a 

Kaplan-Meier survival analysis comparing survival between osteomyelitis mice and tumor 

control mice. Median survival for osteomyelitis mice was 24 days, and for tumor control 
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mice was 25 days. We did not find a statistically significant difference in median survival 

between experimental groups (p = 0.53). Our previous work had demonstrated that increasing 

percentages of CCR2 expression on canine peripheral monocytes was significantly associated 

with increasing survival in dogs with OS.17 However, the current study did not find any 

statistically significant correlation between murine survival and monocyte receptor 

expression. 

 

Macrophage Studies 

3.3.6 Study populations 

The same study population was recruited for this portion of the study as described in 

Chapter 2 (2.3.7). Thirty-six healthy dogs over 1 year old and seventeen healthy humans 25 

years or younger were recruited for the study. Canine owner and human volunteer 

participation written consent were obtained, and peripheral blood samples were collected for 

macrophage cultures. 

3.3.7 Flow cytometry 

Canine macrophages: Percent of CD80 expression was significantly higher in canine 

macrophages cultured with OS and S. aureus compared to macrophages cultured alone (p 

<0.0001) (Fig. 5).  The percent CD80 expression was also significantly higher in canine 

macrophages cultured with OS compared to macrophages cultured alone (see Chapter 2, 

2.3.8), and there was no difference between CD80 expression in macrophages cultured with 

OS and macrophages cultured with OS + S. aureus.  
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Human macrophages: Percent of CCR2 expression was significantly lower in human 

macrophages cultured with OS + S. aureus compared to macrophages cultured alone (p 

<0.0001) (Fig. 6a). Percent of CCR2 expression was also significantly lower in human 

macrophages cultured with OS compared to macrophages cultured alone (see Chapter 2, 

2.3.8), and there was no difference in CCR2 expression between macrophages cultured with 

OS and macrophages cultured with OS + S. aureus. The mean fluorescence intensity (MFI) 

of CD86 expression was significantly higher in macrophages cultured with OS + S. aureus 

compared to macrophages cultured alone (p<0.0001), and compared to macrophages cultured 

with OS (p = 0.0168) (Fig. 6b). We had previously reported the mean fluorescence intensity 

(MFI) of CD86 expression was significantly higher in macrophages cultured with OS 

compared to macrophages cultured alone (p = 0.0017) (See Chapter 2, 2.3.8). 
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Figure 5: Canine macrophage receptor expression is altered in the presence of OS and S. aureus 

Flow cytometry plot illustrating cell surface receptor expression in cultured primary canine 

macrophages from macrophages cultured alone (n = 9), macrophages cultured with OS (n = 8), and 

macrophages cultured with OS + S. aureus (n = 6). Box-and-whisker plot depicting the % positive 

CD80 cell surface receptor expression in macrophages cultured alone compared to macrophages 

cultured with OS and macrophages cultured with OS + S. aureus. The median percentage and range 

of CD80 positively staining cells in macrophages cultured alone were 50%, 22–85%. The median 

percentage and range of CD80 positively staining cells in macrophages cultured with OS were 87%, 

76–100%. The median percentage and range of CD80 positively staining cells in macrophages 

cultured with OS and S. aureus were 92%, 78–97%. 

 

 

CD80
0

50

100
%

 re
ce

pt
or

 e
xp

re
ss

io
n

Macrophages alone
Macrophages + OS
Macs + OS + S. aureus

* *



 

137 

  

Figure 6: Human macrophage receptor expression is altered in the presence of OS and S. 

aureus  

Flow cytometry plot illustrating cell surface receptor expression in cultured primary human 

macrophages from macrophages cultured alone (n = 7), macrophages cultured with OS (n = 9), 

macrophages cultured with OS + S. aureus (n = 7). (A) Box-and-whisker plot depicting the % 

positive CCR2 cell surface receptor expression in macrophages cultured alone versus macrophages 

cultured with OS. The median percentage and range of CCR2 positively staining cells in macrophages 

cultured alone were 50%, 10–85%. The median percentage and range of CCR2 positively staining 

cells in macrophages cultured with OS were 12%, 3–45%. The median percentage and range of CCR2 

positively staining cells in macrophages cultured with OS + S. aureus were 9%, 5–38%. (B) Box-and-

whisker plot depicting the MFI of CD86 cell surface receptor expression in macrophages cultured 

alone versus macrophages cultured with OS. The median MFI and range of CD86 positively staining 

cells in macrophages cultured alone were 22,951, 14,476–30,311. The median MFI and range of 

CD86 positively staining cells in macrophages cultured with OS were 28,887, 14,527–40,442. The 

median MFI and range of CD86 positively staining cells in macrophages cultured with OS + S. 

aureus were 46,529, 16,390–58,690. 
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3.3.8 Evaluation of cytokine secretion from canine and human macrophages 

 Canine macrophages: The MILLIPLEX® assay revealed increased MCP-1 levels 

(p=0.0467) in culture supernatants of canine primary macrophages cultured with OS 

compared to macrophages cultured with OS + S. aureus (Fig. 7a). When compared to 

macrophages cultured alone, macrophages cultured with OS + S. aureus expressed 

significantly increased levels of MCP-1 (p<0.0001) (Fig. 7a). We had previously noted 

increased MCP-1 levels (p <0.0001) in culture supernatants of canine primary macrophages 

cultured with OS compared to macrophages cultured alone (See Chapter 2, 2.3.9). TNF-a 

levels from macrophages cultured with OS + S. aureus were significantly higher compared to 

levels from macrophages cultured alone (p<0.0001) and from macrophages cultured with OS 

(p=0.0004) (Fig. 7b). The median concentrations and ranges of MCP-1 concentrations were 

6369 pg/ml, 273-42,390 pg/ml for macrophages cultured alone; 65,729 pg/ml, 33,778-86,963 

pg/ml for macrophages cultured with OS; 47,830 pg/ml, 29,739-93,803 pg/ml for 

macrophages cultured with OS + S. aureus. The median concentrations and ranges of TNF-a  

concentrations were 6.33 pg/ml, 2-83 pg/ml for macrophages cultured alone; 3310 pg/ml, 

1114-8089 pg/ml for macrophages cultured with OS; 18,261 pg/ml, 7655-36,525 pg/ml for 

macrophages cultured with OS + S. aureus. 
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Figure 7: Canine macrophage MCP-1 and TNF-a secretion are altered by the presence of OS 

and S. aureus Box-and-whisker plots displaying the levels of (A) MCP-1 (pg/ml) and (B) TNF-a 

(pg/ml) in macrophage culture supernatants of macrophages cultured alone (n = 11), macrophages 

cultured with OS (n = 13), and macrophages cultured with OS + S. aureus (n = 12). Macrophages 

cultured with OS secreted significantly higher levels of MCP-1 compared to macrophages cultured 

alone (p <0.0001), and to macrophages cultured with OS + S. aureus (p = 0.0467). Macrophages 

cultured with OS + S. aureus secreted significantly higher levels of MCP-1 compared to macrophages 

cultured alone (p<0.0001). Macrophages cultured with OS + S. aureus secreted significantly higher 

levels of TNF-a compared to macrophages cultured alone (p<0.0001), and macrophages cultured 

with OS (p = 0.0004). 
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cultured alone (p = 0.0375), and to macrophages cultured with OS (p = 0.0034) (Fig. 8). The 

median concentrations and ranges of TGF-b concentrations were 1381 pg/ml, 1117-3286 
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cultured with OS; 1039 pg/ml, 978-1291 pg/ml for macrophages cultured with OS + S. 

aureus. 

 

Figure 8: Canine macrophage TGF-b secretion is altered by the presence of OS and S. aureus 

Box-and-whisker plots displaying the levels of TGF-b (pg/ml) in macrophage culture supernatants of 

macrophages cultured alone (n = 11), macrophages cultured with OS (n = 11), and macrophages 

cultured with OS + S. aureus (n = 8). Macrophages cultured with OS + S. aureus secreted 

significantly lower levels of TGF-b compared to macrophages cultured alone (p = 0.0375), and to 

macrophages cultured with OS (p = 0.0034).  

 

Human macrophages: The MILLIPLEX® assay revealed increased IFN-g (p<0.0001) 

(Fig. 8a), TNF-a (p<0.0001) (Fig. 8b) and MCP-1 (p<0.0001) (Fig. 8c) levels in culture 
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macrophages cultured alone and macrophages cultured with OS. The median concentrations 

and ranges of IFN-g concentrations were 10 pg/ml, 10-72 pg/ml for macrophages cultured 

alone; 109 pg/ml, 10-1240 pg/ml for macrophages cultured with OS; 14,845 pg/ml, 658-

88,155 pg/ml for macrophages cultured with OS + S. aureus. The median concentrations and 
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ranges of MCP-1 concentrations were 1324 pg/ml, 606-74,400 pg/ml for macrophages 

cultured alone; 86,250 pg/ml, 37,390-127,130 pg/ml for macrophages cultured with OS; 

102,540 pg/ml, 85,610-140,370 pg/ml for macrophages cultured with OS + S. aureus. The 

median concentrations and ranges of TNF-a  concentrations were 31 pg/ml, 19-2299 pg/ml 

for macrophages cultured alone; 1435 pg/ml, 368-6272 pg/ml for macrophages cultured with 

OS; 38,260 pg/ml, 4640-85,700 pg/ml for macrophages cultured with OS + S. aureus. 
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Figure 9: Human macrophage IFN-g, TNF-a and MCP-1 secretion are altered by the presence 

of OS and S. aureus Box-and-whisker plots displaying the levels of (A) IFN-g, (B) TNF-a and (C) 

MCP-1 (pg/ml) in macrophage culture supernatants of macrophages cultured alone (n = 10), 

macrophages cultured with OS (n = 9), and macrophages cultured with OS + S. aureus (n = 9). 

Macrophages cultured with OS + S. aureus secreted significantly higher levels of IFN-g, TNF-a and 

MCP-1 compared to macrophages cultured alone (p<0.0001 for all 3 cytokines), and to macrophages 

cultured with OS (p<0.0001 for all 3 cytokines).  

IFN-g
1

10

100

1000

10000

100000

Cytokine

Cy
to

ki
ne

 le
ve

l p
g/

m
l

Macrophages alone
Macrophages + OS
Macrophages + OS + S. aureus

**
A.

TNF-a
10

100

1000

10000

100000

Cytokine

Cy
to

ki
ne

 le
ve

l p
g/

m
l

Macrophages alone
Macrophages + OS
Macrophages + OS + S. aureus

**
B.

MCP-1
100

1000

10000

100000

1000000

Cytokine

Cy
to

ki
ne

 le
ve

l p
g/

m
l

Macrophages alone
Macrophages + OS
Macrophages + OS + S. aureus

* *
C.



 

143 

 

The results of the TGF-b ELISA showed a similar trend in human macrophages as 

observed in canine macrophages - TGF-b in culture supernatants of human macrophages 

cultured with OS + S. aureus was significantly decreased compared to macrophages cultured 

alone (p = 0.0466), and to macrophages cultured with OS (p = 0.0033) (Fig. 10). The median 

concentrations and ranges of TGF-b concentrations were 1836 pg/ml, 689-2482 pg/ml for 

macrophages cultured alone; 2016 pg/ml, 1175-3226 pg/ml for macrophages cultured with 

OS; 1148 pg/ml, 954-1404 pg/ml for macrophages cultured with OS + S. aureus. 

 

Figure 10: Human macrophage TGF-b secretion is altered by the presence of OS and S. aureus 

Box-and-whisker plots displaying the levels of TGF-b (pg/ml) in macrophage culture supernatants of 

macrophages cultured alone (n = 10), macrophages cultured with OS (n = 10), and macrophages 

cultured with OS + S. aureus (n = 9). Macrophages cultured with OS + S. aureus secreted 

significantly lower levels of TGF-b compared to macrophages cultured alone (p = 0.0466), and to 

macrophages cultured with OS (p = 0.0033).  
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3.3.9 Quantitative RT-PCR 

Canine relative mRNA expression of macrophage IL-10, TNF-a, and Arginase: TNF-

α, IL-10 and Arginase mRNA expression in human macrophages can aid in differentiating 

macrophages into M1 versus M2 macrophages. mRNA expression of IL-10 (p = 0.0041) and 

TNF-α (p = 0.0008) were significantly increased in macrophages cultured with OS + S. 

aureus compared to macrophages cultured alone (Fig. 11a). As previously noted in Chapter 

2, 2.3.10), mRNA expression of IL-10 (p = 0.00596) and TNF-α (p = 0.00024) were 

significantly increased in macrophages cultured with OS compared to macrophages cultured 

alone. There were no significant differences in IL-10 or TNF-α mRNA expression between 

macrophages cultured with OS and macrophages cultured with OS + S. aureus. 

Human relative mRNA expression of macrophage IL-10, TNF-a, and Arginase: 

mRNA expression of IL-10 (p = 0.00758) and TNF-α (p = 0.00758) were significantly 

increased in macrophages cultured with OS + S. aureus compared to macrophages cultured 

alone (Fig. 11b). TNF-α (p = 0.01078) and IL-10 (p = 0.00804) mRNA were significantly 

increased in macrophages cultured with OS + S. aureus compared to macrophages cultured 

with OS (Fig. 11b).  
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Figure 11: Canine and human macrophage mRNA expression of IL-10 and TNF-a in the 

presence of OS and S. aureus Bar graphs displaying the level of mRNA expression of IL-10 and 

TNF-a in (a) - canine macrophages cultured alone (n = 12), macrophages cultured with OS (n = 14), 

and macrophages cultured with OS + S. aureus (n = 10); in (b) – human macrophages cultured alone 

(n = 5), macrophages cultured with OS (n = 8), and macrophages cultured with OS + S. aureus (n = 

9). IL-10 and TNF-a mRNA expression were both increased with the addition of OS and of S. aureus 

to macrophage cultures compared to macrophages cultured alone. 
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3.4. Discussion 

 The goal of the studies in this chapter was to determine the effect of in vivo infection 

or in vitro exposure to a bacterial agent (Staphylococcus aureus) on the phenotype of 

monocytes and macrophage differentiation in the presence of OS. Our hypothesis was that 

infection will reverse the phenotypic changes in monocytes associated with OS, and that S. 

aureus will induce an inflammatory macrophage phenotype (M1-like) in the presence of OS. 

We demonstrated a significant increase in the proportion of CD14+ monocytes and in CD16 

monocyte expression in dogs with OS and a concurrent surgical site infection compared to 

dogs with untreated OS and controls. We also demonstrated a reversal of the inhibitory effect 

of OS on canine monocyte chemokine receptors as noted in Chapter 2 – OS dogs with an 

infection had increased expression of CCR2, CCR7, CX3CR1, and CXCR2 monocyte 

receptors compared to untreated OS dogs. We observed some parallel findings in OS mice 

with osteomyelitis – these mice exhibited higher CCR7 monocyte expression compared to 

mice with OS, but the CCR7 expression in osteomyelitis mice was still lower than normal 

control mice. We demonstrated that monocytes from mice with osteomyelitis exhibited 

significantly decreased chemotactic ability compared to monocytes from OS-bearing mice. In 

our macrophage studies, we demonstrated that human macrophages cultured with OS and S. 

aureus exhibited an inflammatory phenotype with increased CD86 receptor expression, 

increased IFN-g, TNF-a and MCP-1 cytokine secretion, decreased TGF-b cytokine secretion, 

and increased mRNA expression of TNF-a and IL-10 compared to macrophages cultured 

with OS and to baseline macrophages. Canine macrophages exhibited a similar trend when 

cultured with OS and S. aureus – we observed increased CD80 receptor expression, 
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increased TNF-a cytokine secretion, decreased TGF-b cytokine secretion, and increased 

mRNA expression of TNF-a and IL-10 (discussed in more detail below).  

 We had previously reported a decrease in canine monocyte chemokine receptors in 

dogs with OS, with a corresponding decrease in monocyte chemotactic ability in these dogs, 

compared to healthy controls (Chapter 2). Interestingly, we observed an increase in monocyte 

chemokine receptor expression in dogs with OS and a concurrent surgical site infection. We 

hypothesized that evasion of the immune response by OS is due partly to the down-regulation 

of monocyte chemokine receptor expression and migratory function. Our findings in OS dogs 

with an infection suggest that infection serves to reverse the immunosuppressive effects of 

OS, in part, by upregulating monocyte chemokine receptor expression. Due to the limitations 

of sample acquisition and obtaining patient follow-up information from distant collaborators, 

we did not have adequate samples to perform monocyte chemotaxis assays, and were unable 

to acquire survival data from infected dogs with OS.  

 Our murine monocyte flow cytometric analysis revealed a higher proportion of 

Ly6Clo peripheral monocytes in mice with osteomyelitis compared to tumor-bearing mice 

and normal controls, which was an unexpected finding. Monocytes are a heterogeneous 

population of mononuclear leukocytes primarily found in the peripheral circulation, making 

up approximately 2-4% of murine leukocytes.18 Murine monocytes are divided into 

inflammatory and alternative subpopulations, with the inflammatory monocytes exhibiting 

high Ly6C expression and alternative monocytes exhibiting low or negative Ly6C 

expression. Ly6Chi inflammatory monocytes are recruited to inflammatory foci including 

sites of bacterial infection, where they then carry out defensive microbicidal functions.19 
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Thus in our study, we expected the mice with osteomyelitis to exhibit higher proportions of 

Ly6Chi inflammatory monocytes, which was previously reported.11 Alternative Ly6Clo 

monocytes typically patrol the endothelium, and are ready to extravasate and migrate to 

tissue sites of infection, providing a rapid first line of innate immune defense against 

pathogens prior to the subsequent and more robust recruitment of Ly6Chi inflammatory 

monocytes to these sites.20 As early as 2-8 hours post extravasation, alternative Ly6Clo 

monocytes then cease the production of inflammatory cytokines and upregulate genes 

involved in tissue repair and remodeling such as arginase, Fizz and mannose receptor 

(CD206).20 The predominance of Ly6Clo monocytes in the mice with osteomyelitis in our 

study suggests that the intensity of infection in these mice was low, as these mice were 

potentially resolving their infections, thus increasing the need for Ly6Clo monocytes 

promoting tissue repair. Even though all femora in the osteomyelitis group cultured positive 

for XEN36 S. aureus at time of euthanasia, >50% of the mice stopped exhibiting in vivo 

luminescence in the last 5 days prior to euthanasia. This suggests that the intensity of the 

infection may not have been robust enough to elicit a strong inflammatory reaction against 

the tumor. A murine study had reported that the tumor inhibitory effects of bacteria is 

dependent on the concentration of bacteria administered, with intermediate bacterial loads 

associated with more durable tumor control.21 The higher CCR7 expression observed in 

monocytes from osteomyelitis mice parallels our finding of increased chemokine receptor 

expression, including CCR7, in monocytes from OS dogs with infections compared to dogs 

with untreated OS (Chapter 2). The decreased monocyte chemotaxis exhibited by mice with 
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osteomyelitis compared to tumor-bearing mice suggests a low-intensity of infection in these 

mice, resulting in decreased monocyte chemotaxis.  

 Both human and canine macrophages upregulated CD86 and CD80 expression 

respectively when cultured with S. aureus in the presence of OS. CD80 and CD86, also 

known as B7-1 and B7-2 respectively, are categorized as co-stimulatory molecules 

possessing dual specificity for CD28 and CTLA-4.22 Binding of CD80 and CD86 to CD28 is 

a major signal for T cell activation and the interaction is critical for stimulating an effective 

adaptive response.23 Conversely, binding to CTLA-4 induces peripheral T cell tolerance to 

regulate the immune response via physiological negative feedback.23 Upregulation of the 

costimulatory molecules indicates the presence of an inflammatory response in macrophages. 

In the presence of OS, both canine and human macrophages significantly upregulated CD80 

and CD86 expression, which we hypothesized can maintain a chronic low-grade 

inflammatory environment conducive to tumor growth and metastasis. With the addition of S. 

aureus to the macrophage-OS co-cultures, we demonstrated significantly increased 

expression of CD86 in human macrophages compared to the level of CD86 expression in 

macrophages cultured with OS. In canine macrophages, there was a slight increase in CD80 

expression with the addition of S. aureus compared to macrophages cultured with OS, but 

this increase was not significant. Canine and human macrophages co-cultured with OS also 

exhibited an inflammatory cytokine profile when exposed to S. aureus, and these human 

macrophages had a corresponding significant increase in TNF-a mRNA expression. The 

canine macrophages also displayed an increase in TNF-a mRNA expression, but the increase 

was not significant when compared to the mRNA levels in macrophages cultured with OS. 
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TNF-a is one of the dominant cytokines in an inflammatory cytokine response to bacteria, 

and especially to endotoxin from Gram negative bacteria. A murine study reported that 

Salmonella enterica colonization of colon carcinoma lesions leading to tumor necrosis and 

growth inhibition was mediated in large part by TNF-a.24 The significant upregulation of 

TNF-a secretion after exposure to S. aureus from human and canine macrophages co-

cultured with OS suggests an inflammatory response in these macrophages that exceeded the 

level of tumor-induced inflammation that potentially has anti-tumor effects. In human 

macrophages, another inflammatory cytokine, IFN-g, was also significantly increased with 

bacterial exposure when these macrophages were co-cultured with OS. Conversely, canine 

and human macrophages co-cultured with OS exhibited decreased secretion of the 

immunosuppressive cytokine, TGF-b, when exposed to S. aureus. Both human and canine 

macrophages co-cultured with OS displayed an increase in IL-10 mRNA expression when 

exposed to S. aureus, which is expected in an inflammatory response, since IL-10 is a key 

physiologic regulator of inflammation to limit collateral damage caused by excessive 

inflammation.25 Il-10 has widespread immunosuppressive effects on both the innate and 

adaptive arms of the immune system. IL-10 downregulates the expression of the co-

stimulatory molecules (CD80/CD86) and inflammatory cytokine secretion in monocytes and 

macrophages, inhibits dendritic cell migration to lymph nodes, and can act directly on T cells 

by inhibiting CD4-T cell proliferation.26 These data suggest that in the presence of bacteria, 

macrophages can upregulate their inflammatory response to a higher intensity than the 
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inflammation caused by OS, to the degree that the response could potentially be inhibitory to 

tumor progression.  

 Bacteria-based anti-tumor therapies have been investigated over time, most notably 

by William Coley, and with OS being an immunogenic tumor, understanding of the 

mechanistic interplay between the tumor and the immune system in response to bacteria will 

help advance our progression towards positively manipulating the anti-tumor immune 

response. A recent study reports the therapeutic efficacy of bacteria against murine colon 

carcinoma and fibrosarcoma, and utilized the novel combination of in vivo experiments and 

mathematical modeling to conclude that intermediate doses of bacteria and low doses of 

TNF-a did not cause excessive morbidity and resulted in optimal tumor control.21 Our 

findings in canine monocytes of an upregulation of chemokine receptors in OS dogs with an 

infection, and the inflammatory profile of human and canine macrophages cultured with OS 

and S. aureus support our hypothesis that infection or the presence of bacteria induces an 

inflammatory response that can have anti-tumor activity. Further work is needed to elucidate 

the optimal stimuli and signaling mechanisms for triggering a reliable anti-tumor immune 

response. 
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SUPPLEMENTARY INFORMATION 

Supplemental Figure 1: Monocyte surface marker expression is downregulated in treated OS 

dogs without an infection 

Flow cytometry plots illustrating cell surface receptor expression in peripheral blood monocytes from 

dogs with OS (n = 18), healthy controls (n = 13), dogs with OS and an infection (n = 9), and treated 

OS dogs without an infection (n = 6). Box-and-whisker plot depicting the % positive monocyte cell 

surface receptor expression of the different receptors (CCR2, CCR7, CD43, CX3CR1, CXCR2), 

comparing expression between healthy controls, dogs with OS, dogs with OS + infection, treated 

dogs with OS without an infection. The median percentages and ranges of positively staining cells for 

each antibody in healthy controls are as follows: CCR2 (58%, 2–94%), CCR7 (36%, 1–90%), CD43 

(52%, 2–93%), CX3CR1 (9%, 0.2–87%), and CXCR2 (54%, 2–92%). The median percentages and 

ranges of positively staining cells for each antibody in dogs with OS are as follows: CCR2 (29%, 3–

45%), CCR7 (8%, 0.1–41%), CD43 (28%, 3–47%), CX3CR1 (5%, 0.6–70%), and CXCR2 (23%, 

0.2–52%). The median percentages and ranges of positively staining cells for each antibody in treated 

OS dogs without an infection are as follows: CCR2 (21%, 1–75%), CCR7 (5%, 0.7–65%), CD43 

(13%, 0.2–75%), CX3CR1 (4%, 1–11%), and CXCR2 (24%, 1–74%). The median percentages and 

ranges of positively staining cells for each antibody in dogs with OS plus an infection are as follows: 

CD14 (78%, 12–99%), CD16 (64%, 32–79%), CD62L (21%, 3–57%), CCR2 (68%, 50–87%), CCR7 

(41%, 6–90%), CD43 (37%, 9–63%), CX3CR1 (56%, 16–86%), and CXCR2 (57%, 23–65%). 

Significant differences are marked with an asterisk (p < 0.05). Data from treated OS dogs were 

compared to the data previously presented in Chapter 2, Figure 1a and currently presented in Chapter 

3, Figure 2. Comparison of monocyte surface receptors between healthy controls, untreated dogs with 

OS, dogs with OS that had a concurrent surgical site infection and treated OS dogs revealed a 

significant decrease in CCR2 expression in untreated OS dogs (see Chapter 2, Figure 1a) and treated 

OS dogs (p = 0.034) compared to normal controls, and a significant increase in OS dogs with 

infection compared to untreated OS dogs (see Chapter 3, Figure 2) and treated OS dogs (p = 0.001); a 

significant decrease in CCR7 expression in untreated OS dogs (see Chapter 2, Figure 1a) and treated 

OS dogs (p = 0.00652) compared to normal controls, and a significant increase in OS dogs with 

infection compared to untreated OS dogs (see Chapter 3, Figure 2); a significant decrease in CX3CR1 

expression in untreated OS dogs (see Chapter 2, Figure 1a) and treated OS dogs (p = 0.0251) 

compared to controls, and a significant increase in OS dogs with infection compared to untreated OS 
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dogs, normal controls (see Chapter 3, Figure 2), and trending towards significant increase compared 

treated OS dogs (p = 0.05) ; a significant decrease in CXCR2 expression in untreated OS dogs (see 

Chapter 2, Figure 1a) and treated OS dogs (p =0.0226) compared to controls, and a significant 

increase in OS dogs with infection compared to untreated OS dogs (see Chapter 3, Figure 2). 
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CHAPTER 4 

A preliminary study on the effect of nanoparticle hyperthermia therapy on murine 

osteosarcoma.  

4.1 Introduction 

Osteosarcoma (OS), a malignant primary tumor of bone, is a devastating disease for 

both human and canine patients. It is the most common primary bone tumor in the dog, as 

well as in children and adolescents, and arises from mesenchymal cells that produce 

osteoid.1,2 Despite successful removal of the primary tumor and administration of 

neoadjuvant / adjuvant chemotherapy, metastatic disease continues to be the primary cause of 

death for dogs and humans, with stagnation in survival times for both species over the past 

30 years. The 5-year disease-free interval for human patients with non-metastatic OS remains 

around 70%, with only 20-30% long-term survival in patients with metastases, and the 

median survival in dogs with OS remains between 10-12 months despite various 

permutations of chemotherapeutic regimens.2-5 Advancements in OS therapy are clearly 

needed to improve survival. 

Hyperthermia therapy is well documented as an anti-tumor treatment, especially as a 

method of debulking primary tumors via irreversible thermal damage.6-8 As is the goal of any 

treatment, hyperthermia therapy aims to deliver a therapeutic dose of heat to tumor tissue 

with minimal damage to surrounding normal tissue, and utilizing nanoparticles is a way of 

accomplishing this goal. Nanoparticle-assisted hyperthermia therapy involves localized 

administration of nanoparticles within a tumor followed by irradiation with an external 

energy source such as near-infrared lasers and alternating magnetic fields to induce tumor 
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hyperthermia. The tumor hyperthermia not only causes localized tumor necrosis, it also 

induces apoptotic signals that result in upregulation of tumor specific antigens (TSA) and 

heat shock proteins (HSP).9 The TSA and HSP released from the tumor in response to heat 

stress are subsequently recognized by antigen presenting cells (APC), which in turn activate 

T-cells, in theory, promoting a vigorous anti-tumor response.9 Nanoparticle-assisted 

hyperthermia therapy thus has the potential to eliminate the primary tumor, and to also target 

metastatic disease, especially if combined with immunomodulating therapies that help 

upregulate the immune response.  

Magnetic nanoparticles are reported as vehicles for generating hyperthermia.10-12 

Magnetic cationic liposomes (MCL) are an efficient method of inducing intracellular 

hyperthermia, as these MCLs are shown to accumulate with a 10-fold higher affinity for 

tumor cells than neutrally charged magnetic liposomes due to the electrostatic attraction 

between MCLs and negatively charged cell membranes.13 After deposition of the MCLs into 

the tumor, an alternating magnetic field (AMF) is applied, resulting in rapid oscillation of the 

MCLs, causing the MCLs to generate heat. A number of reports have documented the 

efficacy of MCL-hyperthermia therapy in rodent models against various tumors such as 

melanoma, mammary cell carcinoma, glioma, and OS.10,14-16 MCL-hyperthermia therapy thus 

warrants investigation as a novel therapeutic option for OS. 

To this end, we sought to evaluate the efficacy of MCL-hyperthermia therapy using a 

syngeneic murine model of OS. Normal healthy mice, mice with untreated OS, and mice 

with OS injected with MCLs without receiving hyperthermia therapy served as controls. 

Tumor burden, monocyte cell surface receptor expression and chemotaxis, and tumor mRNA 
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signatures were used for comparison between experimental groups. Our previous work 

demonstrated that cell surface chemokine receptors and chemotaxis were downregulated in 

monocytes from dogs with OS compared to normal controls (see Chapter 2). We posited that 

these findings represent ways in which OS causes dysregulation of the immune response. 

Thus, we also sought to determine whether the previously observed effects of OS on canine 

monocyte receptor expression and chemotaxis occur in murine OS. The objectives of our 

study were (1) to compare survival between experimental groups, (2) to compare monocyte 

surface receptor expression and monocyte chemotaxis between experimental groups, and (3) 

to compare tumor mRNA signatures between experimental groups. Our hypotheses were that 

MCL-hyperthermia therapy leads to longer survival in OS-bearing mice; that MCL-

hyperthermia therapy will reverse the effects of OS on monocyte receptor expression and 

chemotaxis, and induce an inflammatory tumor mRNA signature.     

 

4.2 Materials and Methods 

4.2.1 Animals 

Female C3H-HeN inbred mice were used for all experiments. All mice were 8-10 

weeks of age, weighed 40-45 grams, and purchased from Charles River Laboratories 

(Raleigh, NC). Mice were housed 4 to a cage in a temperature-controlled room with a 12:12-

hour automated light/dark cycle, and fed a standardized commercial pelleted diet. All mice 

underwent a 14-day acclimatization period before starting the study. All mice were randomly 

assigned to the following experimental groups – mice with OS that received MCL-

hyperthermia treatment, mice with OS, mice with OS injected with MCLs without 
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hyperthermia therapy, normal control mice. All murine experiments were approved by the 

Institutional Animal Care and Use Committee, and all procedures were performed in an 

AAALAC-approved facility. 

4.2.2 Murine model of OS 

 OS induction: A SQ syngeneic OS model was established in C3H-HeN mice with a 

subcutaneous injection of 2 x 108 DLM8 murine OS cells suspended in 30 µl HBSS into the 

right flank region. Tumor growth at the widest diameter was measured 2-3 times weekly 

using calipers, and mice were euthanized when their individual tumors measured 18 mm in 

diameter.  

4.2.3 Magnetite Cationic Liposomes and MCL-Hyperthermia therapy 

 Magnetite particles were synthesized by Kaio Therapy, LLC, using a proprietary 

process, and MCLs were prepared using a previously described protocol with slight 

modifications.13 MCL-hyperthermia therapy was administered to mice once their tumors 

reached 8-12 mm in diameter. On day 1 of treatment, 300 μl of MCLs were injected 

intratumorally over 30 minutes using a 25-gauge needle and an infusion pump.  

Hyperthermia therapy induced by an AMF was administered once daily for 30 minutes from 

days 2-4, for a total of 3 treatments. The AMF with a frequency of 100 kHz was created 

using Kaio Therapy’s maganetic field generator designed and produced by TriE Medical Inc. 

(Research Triangle Park, NC). The mice were anesthetized by an intraperitoneal injection of 

ketamine (100 mg/kg) and xylazine (10 mg/kg), and placed under the coil with the tumor 

positioned within the center-field of the coil. Anesthetic parameters were monitored every 5 

minutes; skin temperatures overlying the tumor and 10 mm away from the tumor were 
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measured using a Optocon FTC optical sensor (Optocon AG, Dresden, Germany), with a 

goal of reaching 43°C over the tumor, and maintaining normal surface temperature (21-23°C) 

10 mm away from the tumor. Briefly, 24 hours after MCL injection, the tumors were 

subsequently heated by exposure to the AMF, while adjacent tissue and core body 

temperature remained constant. The therapeutic heating protocol was designed to maximize 

production of inducible heat shock proteins within cancer cells which can then bind with 

cancer antigens. Once released during necrosis of the tumor, the HSP:cancer antigen 

complexes become potent antigen specific immune stimulators.  

4.2.4 Histopathologic evaluation 

At time of euthanasia, tumor samples and any suspected metastatic or grossly 

abnormal lesions in internal organs observed at necropsy were placed in 10% neutral 

buffered formalin. Following fixation and paraffin embedding, 5 µm histologic sections were 

made and stained with hematoxylin and eosin using standard techniques. Sections from 

presumed metastatic lesions were reviewed by a board certified veterinary pathologist to 

confirm the lesions were metastases from the primary injection site. The injection site masses 

were also assessed for presence of black granular material (MCLs), areas of necrosis and 

local tissue reaction to heat treatment.  

4.2.5 Flow cytometry (FACS)  

Cell staining for flow cytometry, gating strategies and analysis were performed as 

described in Chapter 2 (2.2.4). The antibodies used were the same as those listed in 2.2.4. 
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4.2.6 Total RNA extraction, reverse transcription, and quantitative RT-PCR 

RNA extraction from murine tumors, reverse transcription, and quantitative RT-PCR 

were performed as described in Chapter 3 (3.2.4).  

4.2.7 Chemotaxis assay 

Murine monocyte chemotaxis assays were performed as previously described in 

Chapter 2 (2.2.6). 

4.2.8 Statistical analysis 

 Statistical analyses were performed as previously described in Chapter 2 (2.2.15) 

 

4.3. Results 

4.3.1 Experimental groups 

 The mice were divided into the following 4 experimental groups: healthy mice 

(normal control), OS-bearing mice (tumor control), OS-bearing mice treated with MCL-

hyperthermia therapy (hyperthermia), OS-bearing mice injected with MCL without 

subsequent hyperthermia therapy (vehicle control). Anesthesia and procedures were well 

tolerated by all mice, and apart from 1 mouse with a thermal wound as a result of the MCL-

hyperthermia therapy, all mice did not exhibit significant signs of pain post-procedure.  

4.3.2 MCL-hyperthermia therapy 

 The complete course of MCL-Hyperthermia therapy was administered to 6 of 9 total 

mice. Three mice did not receive all 3 hyperthermia treatments due to the absence of gross 

tumor after 1-2 treatments. These 3 mice exhibited wounds at the tumor site that were 

suggestive of thermal necrotic injury, 1 mouse was euthanized immediately upon 
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development of the wound one day post hyperthermia treatment due to the severity of the 

injury, the other 2 mice were euthanized 12 days following the last hyperthermia treatment to 

standardize the time of euthanasia in treated mice without gross tumors.  

4.3.3 Flow cytometry 

Based on our findings reported above in canine monocytes - that monocyte 

chemokine receptors were significantly downregulated in dogs with OS compared to normal 

controls, and OS dogs with infection display increased monocyte receptor expression 

compared to untreated OS dogs, we compared monocyte surface receptors between mice 

with OS, mice with OS treated with MCL-hyperthermia therapy, vehicle control, and normal 

control mice to determine whether a similar effect could be observed in mice. The median 

percentages and ranges of positively staining cells for each antibody are listed in the legend 

accompanying Figure 1, and data from the hyperthermia and vehicle control mice were 

compared to the data previously presented in Chapter 2, Figure 5. When surface receptor 

expression was evaluated for all CD11b+ monocytes, CCR7 expression was significantly 

higher in monocytes of normal control mice compared to OS-bearing mice (p = 0.0146), 

hyperthermia mice (p = 0.0002), vehicle control mice (p = 0.0282) (Fig. 1a). When surface 

receptor expression was evaluated between the monocyte subsets, CCR7 expression was 

significantly higher in the Ly6Clo monocytes of normal control mice compared to OS-bearing 

mice (p = 0.0004), hyperthermia mice (p <0.0001), and vehicle control mice (p = 0.0029) 

(Fig. 1a). In the hyperthermia mice, similar to the observations in OS-bearing mice (Chapter 

2, Fig. 5b), CCR2 expression was significantly higher (p = 0.0039) and CXCR4 expression 
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was significantly lower (p = 0.0039) in Ly6Chi monocytes compared to Ly6Clo monocytes 

(Fig. 1b). 
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Figure 1: Monocyte surface marker expression is altered in mice with OS, and in OS mice 

treated with MCL-hyperthermia therapy 

Flow cytometry plots illustrating cell surface receptor expression in peripheral blood 

monocytes from mice with OS (n = 11), hyperthermia mice (n=9), vehicle control mice (n = 6), and 

healthy controls (n = 7). (A) Box-and-whisker plot depicting the % positive CCR7 cell surface 

receptor expression in all CD11b+ monocytes and in the Ly6Clo monocyte subset in the experimental 

groups. (B) Box-and-whisker plot comparing % positive CCR2 and CXCR4 cell surface receptor 

expression between the Ly6Clo and Ly6Chi monocyte subsets in hyperthermia mice. The median 

percentages and ranges of positively staining cells for each antibody in healthy controls are as 

follows: CCR7 in CD11b+ monocytes (37%, 4–66%), CCR7 in Ly6Clo monocytes (41%, 6–70%). 

The median percentages and ranges of positively staining cells for each antibody in mice with OS are 

as follows: CCR7 in CD11b+ monocytes (16%, 1–37%), CCR7 in Ly6Clo monocytes (10%, 0.3–

29%). The median percentages and ranges of positively staining cells for each antibody in mice with 

OS treated with MCL-hyperthermia are as follows: CCR7 in CD11b+ monocytes (3%, 2–25%), 

CCR7 in Ly6Clo monocytes (4%, 0.1–29%), CCR2 in Ly6Chi monocytes (96%, 81–100%), CCR2 in 

Ly6Clo monocytes (62%, 15–73%), CXCR4 in Ly6Chi monocytes (8%, 7–18%), CXCR4 in Ly6Clo 

monocytes (23%, 15–41%). The median percentages and ranges of positively staining cells for each 

antibody in vehicle control mice are as follows: CCR7 in CD11b+ monocytes (13%, 6–27%), CCR7 

in Ly6Clo monocytes (13%, 3–22%), CCR2 in Ly6Chi monocytes (99%, 95–100%), CCR2 in Ly6Clo 

monocytes (70%, 49–93%), CXCR4 in Ly6Chi monocytes (8%, 2–28%), CXCR4 in Ly6Clo 

monocytes (16%, 5–32%). Significant differences are marked with an asterisk (p < 0.05). 
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4.3.4 Quantitative RT-PCR 

Murine relative tumor mRNA expression: IL-6, and TNF-a are markers of 

inflammation, and together with arginase, Fizz, and CD206, can be used to differentiate 

between polarized macrophage subsets in mice.17 In order to investigate the effects of 

osteomyelitis on the expression of the above markers within tumor tissue, we compared the 

relative mRNA expression of IL-6, TNF-a, arginase, Fizz, and CD206 in tumor tissue from 

hyperthermia and vehicle control mice to OS-bearing mice. Similar to our findings in 

Chapter 3 (3.3.3), there were no significant differences in relative mRNA expression of all 

markers of interest in tumor tissue of experimental groups compared to tumor control tissue. 

The p-values for hyperthermia and vehicle control mice when compared to OS-bearing mice 

were as follows respectively: IL-6 (p = 0.5120, p = 0.6761), TNF-a (p = 0.3488, p = 0.1539), 

arginase (p = 0.2994, p = 0.1462), Fizz (p = 0.0916, p = 0.9726), CD206 (p = 0.0513, p = 

0.7262). 

4.3.5 Monocyte Chemotaxis  

We had previously demonstrated decreased chemotaxis in monocytes from dogs with 

OS compared to monocytes from normal controls (Chapter 2, 2.3.4), but did not observe a 

similar trend in murine monocytes (3.3.4). Contrary to our previous hypothesis that 

osteomyelitis would enhance murine monocyte chemotaxis compared to monocytes from 

tumor-bearing mice, we found that monocytes from osteomyelitis mice exhibited 

significantly decreased chemotaxis compared to monocytes from tumor control (Chapter 3, 

3.3.4). We therefore asked if MCL-hyperthermia therapy may have a similar or opposite 

effect on murine monocytes. We did not find any significant difference in murine monocyte 
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chemotaxis between mice with OS and hyperthermia mice (p = 1.0 with MCP, p = 0.3673 

with SDF). 

4.3.6 Histopathologic Evaluation 

 The morphologic features of masses that appeared at the injection site of all mice 

were histologically identical, confirming the presence of primary OS. The masses were 

composed of bundles, streams and sheets of neoplastic mesenchymal cells that expanded the 

subcutis and infiltrated and replaced dermis and underlying musculature. The neoplastic cells 

rested on scant collagenous stroma and typically had a moderate amount of pale eosinophilic 

cytoplasm and poorly defined cell boarders. Nuclear atypia was common with round to oval 

nuclei that contained coarsely clumped chromatin and multiple prominent nucleoli. Mitotic 

activity was brisk with 10-13 mitotic figures observed per 10 high power field.  In both 

primary and metastatic lesions, the neoplastic masses often had curvilinear areas of necrosis.   

Tumor morphology from all presumed metastatic lesions was identical to that observed in the 

primary injection site.  The most frequent sites of metastasis in these mice were liver 

(17.9%), ovary (7.7%), and lung (7.7%). 

To assess the depth and delivery of the MCLs, primary tumors were further assessed 

for presence of a dark brown-black granular material. In the hyperthermia and vehicle control 

groups, the MCLs were easily visualized in large lakes that were distributed unevenly 

throughout the masses (Fig. 2).  
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Figure 2: Distribution of nanoparticles in tumors arising at injection sites and tumor 

histopathology 

Photomicrographs of hematoxylin and eosin stained sections from MCL-injected tumors from 2 mice. 

Note the uneven distribution of black nanoparticle material and areas of necrosis (arrows).   

 

In mice that were treated with hyperthermia therapy, tumor lysis and changes in the 

epidermis and subcutis consistent with thermal injury were observed. These changes 

consisted of homogeneously pale eosinophilic staining with retention of tissue architecture 

(Fig. 3).  
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nuclei that contained coarsely clumped chromatin and multiple prominent nucleoli. Mitotic 

activity was brisk with 10-13 mitotic figures observed per 10 high power field.  In both 

primary and metastatic lesions, the neoplastic masses often had curvilinear areas of necrosis.   

Tumor morphology from all presumed metastatic lesions was identical to that observed in the 

primary injection site.  The most frequent sites of metastasis in these mice were liver 

(17.9%), ovary (7.7%), and lung (7.7%). 

To assess the depth and delivery of the MCLs, primary tumors were further assessed 

for presence of a dark brown-black granular material. In the hyperthermia and vehicle control 

groups, the MCLs were easily visualized in large lakes that were distributed unevenly 

throughout the masses (Fig. 2).  

 

 

 

 

 

 

 

Figure 2: Distribution of nanoparticles in tumors arising at injection sites and tumor 

histopathology 

Photomicrographs of hematoxylin and eosin stained sections from MCL-injected tumors from 2 mice. 

Note the uneven distribution of black nanoparticle material and areas of necrosis (arrows).   
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Figure 3: Photomicrographs of hematoxylin and eosin stained sections of tumors arising from 

injection sites  

Panel A – neoplastic cells only (tumor control mice). The subcutis contains a large expansile 

neoplasm that extends into the subjacent musculature.  The overlying skin is intact.  Panel B – 

neoplastic cells and MCLs (vehicle control mice).  The neoplasm arising from the subcutis has large 

areas of necrosis (arrows) and intralesional black nanoparticle material was observed. Panel C- 

neoplastic cells, MCLs and hyperthermia therapy (hyperthermia mice). There is extensive coagulation 

necrosis consistent with thermal injury that extends from the epidermis into the panniculus and affects 

approximately 75% of the neoplasm.   
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4.3.7 Survival Analysis 

In order to evaluate the effects of MCL-hyperthermia treatment on survival in OS, we 

performed a Kaplan-Meier survival analysis comparing survival between hyperthermia mice, 

vehicle control mice, and tumor-bearing mice. Median survival for hyperthermia mice was 

28 days, for vehicle control mice was 26 days, and for tumor control mice was 25 days. We 

did not find a statistically significant difference in median survival between experimental 

groups (p = 0.53).  

 

4.4. Discussion 

 The goal of the study in this chapter was to evaluate the efficacy of MCL-

hyperthermia therapy using a syngeneic murine model of OS, and to further characterize the 

role of monocyte / macrophages in driving an anti-tumor response. We hypothesized that 

mice with OS treated MCL-hyperthermia therapy will experience longer survival compared 

to mice with OS alone; that MCL-hyperthermia therapy will reverse the effects of OS on 

monocyte receptor expression and chemotaxis, and induce an inflammatory tumor mRNA 

signature. The potential efficacy of MCL-hyperthermia therapy had been demonstrated in a 

hamster model of OS - hamsters with implanted OS were treated with MCL-hyperthermia 

therapy at 42°C for 30 minutes every 24 hours for a total of 3 treatments.16 All tumors in the 

treatment group reportedly resolved grossly by day 15 post treatment, and no local recurrence 

of tumor was observed for 3 months.16 In contrast, we did not demonstrate a survival benefit 

afforded by MCL-hyperthermia therapy. The MCL-hyperthermia mice exhibited signs of 

thermal injury at their treatment site, as evidenced by the gross presence of an eschar, and 
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histologic presence coagulative necrosis. One potential explanation for this observation is the 

administration of a single large volume (300 µl) of MCLs into each tumor, which prevented 

the MCLs from distributing in a more diffuse pattern through the tumor (Fig. 4). Such an 

accumulation of all injected MCLs within one region of the tumor may have resulted in 

excessive focal heat production during AMF application. We are currently investigating the 

effects of dividing up the MCL dose into 3 smaller volumes injected into 3 tangential sites 

within the tumor to achieve a more diffuse distribution of MCLs through the tumor.  

 

 

 

 

 
 
 

Figure 4: Photograph of MCLs accumulating in only 1 region grossly within the tumor. 
 

Our flow cytometric analysis did not reveal a restoration of monocyte CCR7 receptor 

expression in hyperthermia mice to that similar to monocytes from normal controls, which 

suggests the lack of efficacy in our hyperthermia treatment protocol. We had noted a 

restoration of monocyte chemokine receptors in dogs with OS and a concurrent surgical site 

infection, which suggested that infection could stimulate an inflammatory response reversing 

the effects of OS on monocytes. Similar observations were made in mice with OS and 

osteomyelitis (Chapter 3, Fig. 3). We also observed higher CCR2 and lower CXCR4 

expression in the Ly6Chi monocytes of hyperthermia mice compared to their Ly6Clo 
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monocytes, similar to our observations in tumor-bearing mice (Chapter 2, Fig. 5b). As 

discussed in Chapter 2, the higher CCR2 expression in the Ly6Chi monocytes hyperthermia 

mice, similar to the OS-bearing mice, may represent tumor-driven upregulation of CCR2 

expression to facilitate Ly6Chi monocyte migration towards the tumor. Similarly, the CXCR4 

expression on the Ly6Chi monocytes of hyperthermia mice that follows the same pattern as 

OS-bearing mice could represent another mechanism by which the tumor recruits monocytes. 

Such similarity in CCR2 and CXCR4 expression in monocytes from MCL-hyperthermia 

treated mice to tumor control mice suggests the lack of efficacy of our MCL-hyperthermia 

treatment protocol.  

We did not find significant differences in relative mRNA expression of IL-6, TNF-a, 

arginase, Fizz, and CD206 in the tumor tissue from hyperthermia and vehicle control mice 

compared to tumor tissue from tumor control mice. CD206, or mannose receptor, is a pattern 

recognition receptor expressed on macrophages, and has been used to differentiate between 

macrophage subsets, with M2 macrophages exhibiting higher expression of CD206.17 There 

was a trend towards decreased CD206 expression in tumors from hyperthermia mice 

compared to tumor control mice (p = 0.0513), suggesting a shift away from M2 polarization. 

TAMs are thought to adopt an M2-like phenotype, which helps promote angiogenesis and 

tumor metastasis, compared to the M1 macrophages that promote inflammatory anti-tumor 

responses.18 We hypothesized that MCL-hyperthermia would induce an inflammatory tumor 

mRNA signature, and the decreasing trend of CD206 expression in tumors from 

hyperthermia mice compared to tumor control mice suggests that MCL-hyperthermia therapy 

affects local macrophage inflammatory polarization within the tumor tissue. Further studies 
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with an optimized MCL-hyperthermia therapy protocol are needed to evaluate the 

inflammatory M1-polarizing effects of the therapy on TAMs.  

This study had limitations. One potential issue was the use of small batch-

manufactured MCLs in our laboratory, hence there may have been inconsistencies in the 

performance of the MCLs. The large volume of MCLs injected into a single site may have 

contributed to the thermal damage evident at the treatment sites. Current optimization studies 

using commercial pharmaceutical grade MCLs and injection of smaller volumes of MCLs 

into multiple sites within each tumor are yielding promising results, with more uniform 

tumor heating and the absence of gross thermal injury.  

Even though the current study did not identify a survival benefit conferred by either 

MCL-hyperthermia therapy, we have identified features of the MCL-hyperthermia therapy 

that we can optimize for follow-up studies. We observed higher CCR7 monocyte expression 

in normal control mice compared to other experimental groups, similar to our previous 

observations in dogs with OS and normal control dogs. We also identified monocyte surface 

expression of CCR2 as a potential mechanism by which tumors recruit monocytes, which 

warrants further investigation as CCR2 blockade is a potential anti-tumor strategy.  
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CHAPTER 5 

Conclusions, Ongoing Studies, and Future Directions  

5.1 Conclusions 

         These studies enhanced our understanding of the effects of OS on monocytes and 

macrophages across species, and evaluated the immunostimulatory potential of bacteria and 

hyperthermia therapy on monocytes and macrophages in the presence of OS. This 

dissertation represents one of the only reports of cross-species comparative studies in OS 

using the dog, human and mouse. We demonstrated that OS influences host immune 

response in dogs by downregulating monocyte chemokine receptor expression and inhibiting 

monocyte chemotaxis. This dampening effect on monocyte chemokine receptors appears to 

be attenuated by the presence of a bacterial infection, as dogs with OS and a concurrent 

surgical site infection have significantly higher monocyte chemokine receptor expression 

than dogs with untreated OS. The limitations posed by sample acquisition from distant 

collaborators precluded assessment of monocyte chemotaxis in OS dogs with an infection. 

We also demonstrated increased PGE2 secretion from monocytes of untreated OS dogs, 

which correlates with inhibition of monocyte chemotaxis, causing immunopathology in OS. 

Parallel flow cytometric analysis of peripheral monocyte receptor expression in human OS 

patients and murine models of OS did not yield a uniform pattern of monocyte chemokine 

receptor downregulation across species. However, our cross-species studies have identified 

receptors that are dysregulated across species, specifically CCR2, CCR7, CXCR2, and 

CX3CR1, thereby increasing the specificity of follow-up studies focusing on these receptors 

and their respective ligands (CCL2, CCL19/CCL21, CXCL1-7, CX3CL1 respectively) in 
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monocytes (Table 1). We did not demonstrate parallel patterns of monocyte chemotaxis 

between the dog and the mouse (Table 2).  
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Table 1: Summary of differences (increased or decreased) in monocyte surface markers 

in dogs, humans and mice as determined by flow cytometry in (a) OS-bearing subjects 
compared to normal controls; (b) OS-bearing subjects with infections compared to OS-

bearing subjects without infections (significant differences are marked with an *) 

 

 

Monocyte 
markers Canine OS Human OS Murine OS 

(SQ model)

Murine OS 
(Orthotopic 

model)

CCR2 ↓* ↑* ↑ ↑

CCR7 ↓* ↑ ↓* ↑*

CXCR2 ↓* ↓* ↓ ↓

CX3CR1 ↓* ↓ ↓ ↓*

CD62L ↓* ↑ ↑ ↑*

Table 1a: OS-bearing subjects compared to normal controls

Monocyte 
markers

Infected OS 
dogs

Infected OS 
mice

CCR2 ↑* ↑

CCR7 ↑* ↑*

CXCR2 ↑* ↓

CX3CR1 ↑* ↑

CD62L ↑ ↑

Table	1b

Table 1b: OS-bearing subjects with infections 
compared to OS-bearing subjects without infections  
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Table 2: Summary of differences in monocyte chemotaxis in dogs and mice 

 

Our macrophage studies showed that even though OS can induce a protumorigenic 

inflammatory response in macrophages, the additional influence of bacteria can upregulate 

the macrophage inflammatory response to a higher intensity, potentially turning it into an 

M1-like macrophage anti-tumor response. A summary of the differences (increased and 

decreased) in macrophage cell surface markers, cytokine levels and mRNA expressions 

between canine and human macrophages cultured with OS and macrophages cultured alone, 

and between macrophages cultured with OS + S. aureus and macrophages cultured with OS 

is listed in Table 3.                                                                                                                          

  

 

 

 

 

 

 

 

OS dogs compared to 
controls

OS mice compared 
to controls

Infected OS mice 
compared to non-
infected OS mice

Chemotaxis ↓* No difference ↓*

Table	2

Table 2: Monocyte chemotaxis compared between OS-bearing subjects and normal controls; 
OS-bearing mice with infections and OS-bearing mice without infections  
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Table 3: Summary of differences (increased or decreased) in macrophage surface 

receptors in canine and human macrophages. Comparisons are made between 
macrophages cultured with OS versus macrophages cultured alone; macrophages 

cultured with OS + S. aureus versus macrophages cultured with OS (significant 
differences are marked with an *; N/A = not assessed)  

 

Canine Mj + 
OS vs.

controls

Canine Mj + 
OS + S. 

aureus vs. Mj
+ OS 

Human Mj + 
OS vs.

controls

Human Mj + 
OS + S. 

aureus vs. Mj
+ OS 

CD80 (surface 
receptor) ↑* ↑ N/A N/A

CCR2 (surface 
receptor) N/A N/A ↓* ↓

CD86 (surface 
receptor) N/A N/A ↑* ↑*

TNF-α 
(cytokine) ↑ ↑* ↑ ↑*

TGF-b
(cytokine) ↑ ↓* ↑ ↓*

IFN-g
(cytokine) ↑ ↑ ↑ ↑*

MCP-1 
(cytokine) ↑* ↓* ↑ ↑*

TNF-α 
(mRNA) ↑* ↓ ↑ ↑*

IL-10 (mRNA) ↑* ↓ ↑ ↑*

Table	3	- macrophages

Table 3: Macrophages + OS compared to normal controls; 
macrophages + OS + S. aureus compared to macrophages + OS
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            In summary, the most pertinent finding from our monocyte studies is that bacterial 

infection attenuates the suppression of canine monocyte chemokine receptors observed in OS 

dogs. The most pertinent finding from our macrophage studies is that bacteria intensify the 

canine and human macrophage inflammatory response in the presence of OS. Even though 

these studies did not demonstrate perfectly parallel findings between dogs, humans and mice, 

they provide us with valuable information about the utility of the different models. The 

differences in findings between the subcutaneous syngeneic and orthotopic OS murine 

models suggest that there may be variation in quality of the models. Given that OS is a tumor 

originating from bone, the subcutaneous OS mouse may not be as relevant a model compared 

to the orthotopic mouse, hence accounting for the differences in experimental observations 

between the 2 models. Further work needs to be done to validate the orthotopic model and 

determine whether it is truly a more relevant and therefore superior model for OS compared 

to the subcutaneous syngeneic model. The differences observed in monocyte receptor 

expression between canine and human experiments do not necessarily negate the canine as a 

relevant model for human OS. The human patients recruited in this study were of a more 

heterogeneous population compared to the canine patients – human patients had a larger 

variation in treatments (e.g. chemotherapy) administered prior to sample collection, versus 

the canine patients that were a relatively homogeneous population, all of them being dogs 

that were diagnosed with osteosarcoma that had not received any treatment. Potentially, a 

larger sample of human OS patients may be needed due to the heterogeneity of that 

population. The results of our macrophage studies have more consistent similarities between 

human and canine samples, which may be explained by the ex vivo / in vitro nature of these 
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studies. These similarities emphasize the strength of the canine as a highly relevant model for 

human OS. Our priority is to identify a clinically safe and effective stimulus that can trigger 

the desired anti-OS inflammatory response in canine and human monocytes and 

macrophages.  

        

5.2 Ongoing Studies 

Manipulation of macrophage polarization is a promising therapeutic strategy in tumor 

immunotherapy. Macrophages display a high degree of polarization plasticity, which is a 

feature we can exploit to the host’s advantage to induce an anti-tumor immune response. 

Tumor-associated macrophages (TAMs) primarily exhibit an immunosuppressive M2-like 

phenotype, shown to be pro-tumorigenic in many cancers.1 Curiously, increased infiltration 

of M1/M2 TAMs was associated with improved survival in high-grade human OS, but the 

heterogeneous TAM population precluded conclusions about the anti-tumor mechanism.2 

Recent OS studies show M2 TAMs to be tumorigenic – a murine OS study found M1 TAMs 

polarizing to M2 TAMs within the first 3 weeks, with M2 TAMs promoting tumor growth, 

and another study demonstrated suppression of anti-tumor T-cells by M2 TAMs.3,4 

Interestingly, a murine study demonstrated induction of anti-OS activity in tumor-bearing 

mice with concurrent bacterial osteomyelitis.5 This anti-tumor response corresponded with an 

increase in circulating inflammatory monocytes that potentially could be a source of the 

increased number of TAMs observed in the OS mice with osteomyelitis.5 These TAMs were 

not further identified as M1 versus M2 TAMs, thus this study raises the intriguing question 

whether the observed anti-tumor response was elicited by increased numbers of bacteria-
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induced M1 TAMs. Our studies have demonstrated the induction of an M1-like inflammatory 

response in macrophages co-cultured with OS and exposed to S. aureus. Consistent with our 

findings, a previous study demonstrated that macrophages activated by liposomal 

encapsulated muramyl tripeptide phosphatidyl ethanolamine (L-MTP-PE) mount an anti-OS 

response.6,7 L-MTP-PE is a synthetic derivative of muramyl dipeptide (MDP), a bacterial cell 

wall component. Even though results from human clinical trials did not demonstrate an 

unequivocal survival benefit with the addition of L-MTP-PE, there were sufficiently positive 

results to support the efficacy of macrophage stimulation in OS treatment.8,9 Therefore, 

finding novel effective ways of activating macrophages towards the inflammatory M1 

phenotype is a promising anti-tumor strategy against metastatic OS.  

One potential strategy for influencing macrophage polarization towards an M1-like 

anti-tumor phenotype is by manipulation of microRNAs (miRNAs), which are small, non-

coding single-stranded RNAs that regulate many cellular processes such as proliferation, 

apoptosis, and differentiation, including macrophage polarization. miRNAs generally bind to 

the 3’/5’ untranslated region of the target mRNA transcript, resulting in mRNA degradation 

or inhibition of translation of the transcript.10 Manipulation of miRNA regulation of cellular 

functions thus has therapeutic potential. Using miRNAs to activate M1 anti-tumor 

macrophage polarization against OS has potential as a novel treatment strategy. miRNA 

profiles differ between M1 versus M2 macrophages – for example miR-155 is up-regulated 

in M1 macrophages whereas miR-125b is up-regulated in M2 macrophages.11,12 miRNAs 

have been shown to induce anti-tumor M1 macrophages, or be secreted by tumors to generate 

M2 macrophages.13,14 Manipulating macrophage miRNA can rescue an anti-tumor M1 
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phenotype in M2 TAMs,15 thus, developing a technique for macrophage miRNA 

manipulation in OS has anti-metastatic therapeutic potential.  

In order to develop miRNA manipulation as a therapeutic technique, we first need to 

elucidate the miRNA profiles of macrophages co-cultured with OS, with and without the 

influence of bacteria. Comparing the differences in miRNA profiles under these conditions 

would allow us to identify the miRNAs associated with inducing the heightened 

inflammatory response of macrophages co-cultured with OS and exposed to bacteria. By 

performing the experiments in human and canine macrophages, we aimed to identify 

miRNAs common, and thus most relevant, to both species that are associated with bacteria-

induced macrophage inflammation. As a preliminary experiment to verify the feasibility of 

miRNA identification in canine cells, we utilized the canine miFinderÒ miRNA array from 

Qiagen to compare monocyte miRNA expression in dogs with untreated OS (n = 2) to 

healthy controls (n = 2). After gaining positive results with our preliminary experiment, we 

then proceeded to evaluate miRNA profiles from canine and human macrophages in the 

following experimental groups: macrophages cultured alone, macrophages cultured with OS, 

macrophages cultured with OS and S. aureus. The description of the materials and methods, 

and results of these experiments are provided below. 

Materials and methods 

Sample acquisition / preparation 

Canine monocyte samples were obtained by high-speed cell sorting as described in 

Chapter 2. Samples were collected from 2 dogs with untreated OS and 2 healthy controls. 

Canine and human primary macrophage cultures were prepared as described in Chapter 3, 
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and at least 5 samples were prepared for each of the following experimental groups: 

macrophages cultured alone, macrophages cultured with OS, macrophages cultured with OS 

and S. aureus.  

RNA extraction, reverse transcription, and miRNA PCR array 

RNA was extracted from sorted canine monocytes using the miRNeasyÒ mini kit 

according to the manufacturer’s protocol. Macrophages were collected from culture wells by 

addition of Tri-Reagent (Zymo Research) directly into the wells to lyse the cells, and stored 

at -80°C for subsequent PCR analysis. The Direct Zol RNA MicroprepÔ kit (Zymo 

Research) was used to extract total RNA from macrophages according to the manufacturer’s 

protocol. The concentration and quality of the extracted RNA was determined using a 

NanoDrop 2000c spectrophotometer as well as the Agilent Bioanalyzer, and the RNA 

samples were stored at -80°C until processing. cDNA was synthesized from 125 ng RNA per 

sample using the miScriptÒ II RT kit according to manufacturer’s directions, and the RT 

reactions were carried out in a GeneAmpÒPCR System 9700 thermal cycler. miRNA gene 

expression was determined with SYBR Green qPCR using the miScriptÒ SYBR Green PCR 

kit per manufacturer’s directions, and reactions cycled in a Roche Lightcycler 480. The 

∆∆CT method of relative quantification was used to analyze data from the miScriptÒ 

miRNA PCR array.  
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Results 

Canine monocytes: Pairwise comparisons focused the miRNAs consistently different 

between groups. miR-126, miR- 130a, miR-204, miR-335, miR-29b, miR-451, miR-96 were 

over- expressed, and miR-122, miR-200a, miR-218, miR-223, miR-9 were under-expressed 

in 2 untreated OS dogs vs. 2 healthy controls. 

Canine macrophages: In canine macrophages, a similar panel of miRNAs were 

differentially expressed between macrophages cultured with OS, and macrophages cultured 

with OS + S. aureus and macrophages cultured alone (controls) (Figure 1). This observation 

potentially supports our previous finding that macrophages cultured with OS assume an 

inflammatory phenotype, similar to macrophages cultured with OS and S. aureus, but to a 

lesser degree. Some of these miRNAs such as miR-125a, miR-146a are associated with 

macrophage polarization and the inflammatory response, and could be trending in similar 

patterns in macrophages + OS, and macrophages + OS + S. aureus due to the inflammatory 

response induced in both groups.  
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Figure 1: miRNAs differentially expressed in macrophages cultured with OS and macrophages 

cultured with OS + S. aureus compared to controls 

Bar graphs showing individual miRNAs (color-coded by miRNA) expressed by macrophages from 

the 3 experimental groups (control = macrophages cultured alone, n=5; Group 1 = macrophages 

cultured with OS, n=7; Group 2 = macrophages cultured with OS + S. aureus, n=7). The y-axis 

represents the average delta Ct of each miRNA. Differential expression of miRNAs by Group 1 and 

Group 2 macrophages compared to control macrophages occurs in a similar pattern in Group 1 and 2 

macrophages.  
 

miR-451 was differentially expressed in macrophages cultured with OS compared to 

macrophages cultured with OS + S. aureus (Figure 2). miR-451 is involved with cellular 

differentiation and growth, and one of the primary targets of miR-451 is macrophage 

migration inhibitory factor (MIF).16 MIF is a cytokine associated with tumor progression, for 

example, in colorectal cancer, and its expression is inversely related to miR-451 expression.16 

In OS, MIF has also been shown to induce VEGF and promote cellular invasion.17 miR-451 

Y represent: Ave. Delt(Ct) Show uncertainty Update
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was demonstrated to be overexpressed in canine OS compared to normal controls, however, 

miR-451 has been shown to be upregulated in murine M1-macrophages.12,18 Therefore, 

decreased expression of miR-451 in macrophages cultured with OS + S. aureus (Group 2) is 

unexpected and warrants further investigation.   

 

Figure 2: miR-451 is differentially expressed in macrophages cultured with OS + S. aureus 

compared to macrophages cultured with OS and controls 

Bar graphs showing individual miR-451 expression by macrophages from the 3 experimental groups 

(control = macrophages cultured alone, n=5; Group 1 = macrophages cultured with OS, n=7; Group 2 

= macrophages cultured with OS, n=7. The y-axis represents the average delta Ct of each miRNA. 

miR-451 expression is decreased in macrophages cultured with OS + S. aureus compared to 

macrophages cultured with OS and control macrophages.  

 

         Human macrophages: In human macrophage cultures, we observed 3 miRNAs that 

were differentially expressed between groups – miR-155, miR-30e, miR-144 (Fig. 3). miR-

155 is a proinflammatory microRNA of macrophages, upregulated in M1-macrophages,12,19 

thus its increased expression in macrophages cultured with OS and macrophages cultured 

Y represent: Ave. Delt(Ct) Show uncertainty Update
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with OS + S. aureus correlates with our previous observations that OS induces an 

inflammatory response in macrophages that is heightened by exposure to S. aureus. The 

expression of miR-30e and miR-144 in macrophages cultured with OS + S. aureus appear to 

be restored to their baseline levels expressed in macrophages cultured alone. The function of 

miR-30e and miR-144 are not well defined in macrophage polarization. In OS, miR-144 is 

downregulated in human OS cells and low expression correlated with poorer prognosis.20 In 

canine OS, miR-30e was shown to be overexpressed in OS cells compared to normal 

controls.18 Further work needs to be performed to understand the effects of miR-30e and 

miR-144 on macrophage polarization.   

 

Figure 3: miR-155, miR-30e, miR-144 are differentially expressed in macrophages cultured 

with OS + S. aureus compared to macrophages cultured with OS 

Bar graphs showing individual miR-451 expression by macrophages from the 3 experimental groups 

(control = macrophages cultured alone, n=5; Group 1 = macrophages cultured with OS, n=7; Group 2 

= macrophages cultured with OS, n=7. The y-axis represents the average delta Ct of each miRNA. 

miR-451 expression is decreased in macrophages cultured with OS + S. aureus compared to 

macrophages cultured with OS and control macrophages.  

Y represent: Ave. Delt(Ct) Show uncertainty Update
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5.3 Future Directions 

          Further work is needed to elucidate the effects of miR-451, miR-30e, miR-155 and 

miR-144 on macrophage polarization in the presence of OS, and to identify miRNAs in 

human and canine macrophages that express similar patterns under the described 

experimental conditions. One of the limitations of the miFinderÒ miRNA array is the 

dissimilarity in some miRNAs included in the arrays between species. We are currently 

planning first to determine whether we observe a similar trend in the expression of miR-30e 

in canine macrophages as our observations in human macrophages. Finding miRNAs with a 

similar pattern of expression in canine and human macrophages under the 3 experimental 

culture conditions described will enhance the specificity and relevance of the miRNA for 

future studies. We will then seek to determine whether manipulation of the miRNAs with 

common expression in the dog and human via transfection of mimics or inhibitors can induce 

an M1-like macrophage polarization capable of killing tumor cells. Identification of a 

miRNA that can be used to induce an inflammatory anti-tumor macrophage phenotype in 

both canine and human macrophages will forward our efforts in developing a therapeutic 

strategy aimed at immunostimulation against metastatic OS. Our ultimate goal is to improve 

OS survival in both humans and dogs using a novel immunotherapeutic approach. Using the 

dog as a model for comparative OS research takes advantage of the biologic similarities 

between canine and human OS to produce maximally translatable results to progress human 

OS research.  
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