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Abstract

Approximately 800 people are diagnosed with 
osteosarcoma (OSA) per year in the 
USA.  Although 70% of patients with local-
ized OSA are cured with multiagent chemo-
therapy and surgical resection, the prognosis 
for patients with metastatic or relapsed disease 
is guarded. The small number of patients diag-
nosed annually contributes to an incomplete 
understanding of disease pathogenesis, and 
challenges in performing appropriately pow-
ered clinical trials and detecting correlative 
biomarkers of response. While mouse models 
of OSA are becoming increasingly sophisti-
cated, they generally fail to accurately reca-
pitulate tumor heterogeneity, tumor 
microenvironment (TME), systemic immune 
dysfunction, and the clinical features of tumor 
recurrence, metastases, and chemoresistance, 
which influence outcome. Pet dogs spontane-
ously develop OSA with an incidence that is 

30–50 times higher than humans. Canine OSA 
parallels the human disease in its clinical pre-
sentation, biological behavior, genetic com-
plexity, and therapeutic management. 
However, despite therapy, most dogs die from 
metastatic disease within 1 year of diagnosis. 
Since OSA occurs in immune-competent 
dogs, immune factors that sculpt tumor immu-
nogenicity and influence responses to immune 
modulation are in effect. In both species, 
immune modulation has shown beneficial 
effects on patient outcome and work is now 
underway to identify the most effective immu-
notherapies, combination of immunothera-
pies, and correlative biomarkers that will 
further improve clinical response. In this 
chapter, the immune landscape of canine OSA 
and the immunotherapeutic strategies used to 
modulate antitumor immunity in dogs with the 
disease will be reviewed. From this immuno-
logical viewpoint, the value of employing 
dogs with spontaneous OSA to accelerate and 
inform the translation of immunotherapies 
into the human clinic will be underscored.
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�Introduction

OSA affects approximately 800 people per year 
in the USA, and, as such, it is subject to the chal-
lenges that orphan diseases present for therapeu-
tic advances. The relatively small number of 
patients contributes to an incomplete understand-
ing of the disease pathogenesis, challenges to 
performing appropriately powered, randomized, 
controlled clinical trials, and identifying correla-
tive biomarkers of response that might direct 
patient stratification and improve outcomes. 
Furthermore, in comparison to more common 
cancers, funding opportunities and dollars for 
basic and clinical research are limited. These fac-
tors have contributed to the lack of significant 
advances in the treatment of OSA for more than 
30 years [1]. While mouse models of OSA are 
becoming increasingly sophisticated, they often 
fail to recapitulate tumor heterogeneity and the 
immunosuppressive microenvironment and sys-
temic immune dysfunction that are frequently 
encountered in cancer patients [2–4]. These 
shortcomings are emphasized when using murine 
models to evaluate the safety and efficacy of 
immunotherapeutic agents, that act on the 
immune system to augment antitumor immunity 
and prevent metastatic disease. Metastasis to the 
lung, bone, and soft tissues is the principal cause 
of death in OSA patients, and this natural pro-
gression of the disease is also poorly modeled in 
murine systems.

Pet dogs spontaneously develop OSA with an 
incidence that is 30–50 times higher than humans 
(~45,000 cases/year in the USA) and has a life-
time risk of up to 10% in predisposed breeds [5]. 
OSA arising spontaneously in large breed dogs 
parallels the human disease in its clinical presen-
tation, biological behavior, genetic complexity, 
and therapeutic management [6, 7]. However, 
despite therapy, most dogs will develop meta-
static disease, which is ultimately responsible for 
the death of the canine patient within 1 year of 
diagnosis [6]. As such, dogs with spontaneous 
OSA have been recognized as a valuable com-
parative model of pediatric OSA in which to 
investigate disease pathogenesis and evaluate 
therapies to prevent and treat metastatic disease 

[8]. Over 75% of canine OSA occurs in the long 
bones with the metaphyseal region of the distal 
radius, proximal humerus and distal femur being 
the most common sites affected [9]. Commonly 
affected sites in humans are the distal femur and 
proximal tibia, with the proximal humerus and 
distal radius, both non-weight-bearing bones in 
humans compared to dogs, being less frequently 
affected [10, 11]. In contrast to OSA in humans, 
middle- to older-aged adult, skeletally mature 
dogs are most commonly affected although there 
is a second, smaller peak incidence at 
12–24  months of age [12]. Similar to pediatric 
OSA, the majority of canine OSAs are high 
grade, and elevated serum levels of alkaline phos-
phatase and metastatic disease are poor prognos-
tic indicators in both species [13, 14]. In both 
species, metastatic disease occurs in the lungs, 
bone, and soft tissue. Unlike pediatric patients, 
standard of care in dogs consists of surgical 
resection followed by four to six cycles of adju-
vant carboplatin and/or doxorubicin chemother-
apy [15, 16]. However, although improved 
survival is seen with the addition of chemother-
apy after primary tumor removal [15, 17], up to 
90% of dogs develop metastatic disease despite 
standard of care with overall survival times rang-
ing from 8–12 months [18]. Indeed, as many as 
25% of dogs receiving chemotherapy will 
develop gross metastatic disease within 14 weeks 
of amputation, underscoring the aggressive 
nature of the disease in dogs and suggesting that 
neoadjuvant therapies might be worthy of inves-
tigation [19]. Multiple chemotherapeutic strate-
gies have been investigated in dogs with OSA 
over the last 30 years; however, none have sig-
nificantly improved disease-free intervals or 
median survival times [16, 19–22].

Given the similarities identified between OSA 
in dogs and humans, researchers from diverse 
scientific disciplines have taken advantage of the 
canine translational “model” to inform diagnos-
tics, prognostics, and therapeutics for both spe-
cies. For example, taking advantage of the 
reduced genetic heterogeneity that occurs within 
specific dog breeds, molecular biologists have 
utilized genome-wide gene-expression profiling, 
exomic profiling, comparative genomic 
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hybridization, and comparative transcriptomics 
to identify molecular subtypes, recurrent driver/
suppressor gene mutations, and signatures that 
are predictive of outcome in dogs with OSA [23–
27]. These signatures have been successfully 
applied to tumor samples from a more geneti-
cally diverse human patient population where 
they are also predictive of outcome [23, 24]. 
Surgeons and bioengineers have taken advantage 
of the canine OSA patient to develop limb-
sparing techniques that have been applied to 
human patients [28]. The similar body size, 
genetic make-up, metabolism, and drug distribu-
tion kinetics between species have resulted in the 
canine OSA patient being a valuable asset for 
medical oncologists in evaluating safety and 
determining optimal dosing schedules of novel 
cytotoxic agents, small molecule inhibitors, and 
immune modulating agents to prevent metastatic 
disease. Finally, radiation oncologists have 
explored different radiation types and dosing 
schedules to optimize management of nonresect-
able lesions in the dog and to induce immuno-
genic cell death (ICD), which may augment 
immunotherapeutic strategies aimed at prevent-
ing metastatic disease [29].

While the canine OSA patient has already 
contributed much to our understanding of disease 
biology and the development of surgical and che-
motherapeutic strategies to manage human OSA 
patients, perhaps, its greatest contribution will be 
realized in the development of safe and effective 
immunotherapies or combination immunothera-
pies to prevent metastatic disease. OSA is an 
immune-responsive tumor, and William Coley’s 
observations in the late 1800s that concurrent 
bacterial infections increased patient survival 
provided some of the first evidence of this con-
cept [30, 31]. Similar observations have been 
made more recently in canine OSA patients that 
experience surgical site infections following 
limb-sparing surgeries [32–34]. Although rare, 
spontaneous regression of primary OSA has also 
been reported in both species and is considered to 
be immunologically mediated [35–37]. 
Conversely, tumor-mediated suppression of 
innate and adaptive immunity occurs with many 
different types of neoplasia including OSA and 

this contributes to disease progression, metasta-
ses, and therapeutic resistance [38, 39]. Given the 
recent unprecedented success of immunothera-
pies including chimeric antigen receptor (CAR), 
T cells, and checkpoint inhibitors for the treat-
ment of hematological and solid tumors with 
high mutational load, and the known immune 
responsiveness of OSA, there is increasing inter-
est in evaluating immunotherapeutic strategies to 
treat OSA [40, 41]. Unlike immune-compromised 
rodent models of OSA that employ subcutaneous 
or orthotopic implantation of human tumor tissue 
or cell lines for research purposes, dogs that 
spontaneously develop OSA are immune compe-
tent, making them much better suited to evaluate 
therapies that act on the immune system to pro-
mote antitumor immunity. Furthermore, the 
spontaneity of tumor development means that 
tumor heterogeneity is preserved in dogs [42, 43] 
and the complex interplay that exists between the 
developing tumor and the immune system that 
sculpts tumor immunogenicity and directs the 
development of an immunosuppressive microen-
vironment is expected to be intact. Similar to 
pediatric OSA patients, dogs with OSA also 
exhibit systemic immune dysfunction that may 
serve as a significant barrier that needs to be 
overcome to improve response toimmunothera-
pies [38]. Since standard of care for dogs with 
OSA is surgical resection followed by cytotoxic 
chemotherapy, most canine OSA tissues are from 
chemotherapy-naïve primary samples, which 
may provide a more accurate assessment of 
tumor, tumor microenvironment (TME), and 
immune infiltrates than pediatric OSA samples 
taken at resection after multiagent chemotherapy. 
Finally, since owners of canine cancer patients 
may choose not to pursue standard of care, due to 
cost, patient size, or concerns surrounding 
quality-of-life issues, novel immunotherapies 
can be used at an earlier stage of disease com-
pared to pediatric patients, increasing the likeli-
hood of a favorable response that is not adversely 
affected by prolonged chemotherapy or advanced 
disease status.

Many questions now face immunotherapists 
aiming to improve the outcome of patients with 
OSA [44]. These include what is the immune 
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status of the patient and of the tumor microenvi-
ronment (TME); how will these factors influence 
the clinical and immunological responses to 
immunotherapy; which tumor targets are relevant 
and safe; how can immunotherapies be rationally 
combined to broaden and augment antitumor 
immunity and provide a permissive TME to opti-
mize antitumor effect; what are accurate bio-
markers of response; and can they be employed 
to improve outcome via patient stratification? 
These clinically relevant questions can only be 
answered in patients with spontaneous tumors 
that exhibit tumor heterogeneity, recapitulate the 
tumor microenvironment, have intact and func-
tional innate and adaptive immune responses, 
and either are known to develop metastatic dis-
ease with high frequency or already have meta-
static disease.

Canine OSA patients present a spontaneous, 
immune competent “model” system that may be 
used to address a number of these questions and 
accelerate our understanding of OSA pathogen-
esis. Furthermore, they provide a valuable paral-
lel patient population in which to evaluate the 
safety and efficacy of combination immunother-
apeutic strategies and identify correlative bio-
markers of clinical responses [45]. In this 
chapter, the immune landscape of canine OSA 
will be reviewed and compared with human 
OSA. Furthermore, the immunotherapeutic strat-
egies that have been employed to modulate anti-
tumor immunity in dogs with OSA will be 
presented. The review will examine the evidence 
that supports the use of canine patients to evalu-
ate immunotherapeutic strategies, accelerate 
their translation into the human clinic, and iden-
tify correlative biomarkers that will assist in 
patient stratification for human clinical trials.

�The Immunology of Canine OSA

�Mutational Burden

The genetics of canine OSA have been well stud-
ied and are reviewed in detail elsewhere in this 
book. However, given that a tumor’s somatic 
mutational load is the best predictor of neoepit-

ope burden and, in turn, neoepitope burden is the 
most predictive measure of immune therapeutic 
response, it is worth mentioning here what is 
known about the mutational status of canine OSA 
[46]. Similar to humans, canine OSA exhibits 
considerable genomic instability from a karyo-
typic standpoint and shares microaberrations in 
commonly mutated genes such as p53 and Rb 
[47, 48]. However, OSA arising in humans and 
dogs generally exhibits a low point-mutation bur-
den (median 1.98 mutations per Mb canine DNA) 
with a trend toward higher mutational loads in 
metastatic lesions [49–51]. Although the muta-
tional burden of OSA is comparably low across 
the spectrum of evaluated human cancers, it is 
high in relation to other pediatric cancers, and 
nonsynonymous mutations may serve as poten-
tial neoantigens for tumor-specific T cells that 
may be augmented by immunotherapeutic strate-
gies in both species [51, 52].

�Immune Landscape

Understanding the factors that influence the 
immune responsiveness of OSA and identifying 
correlative biomarkers that predict this response 
are key to improving the outcome of human and 
canine patients with this disease. Here we pro-
vide a comparative overview of what is known 
about the immunological landscape of canine 
OSA, identifying key players that may be manip-
ulated by immunotherapeutic strategies to 
enhance patient response.

One of the most comprehensive studies that 
investigated the comparative immunological 
landscape of OSA utilized RNAseq to evaluate 
transcriptional profiles from primary appendicu-
lar OSA of humans, dogs, and genetically engi-
neered mouse models to identify shared 
transcriptional profiles that influenced tumor 
development and progression [24]. Three highly 
conserved gene clusters were identified across 
species that were enriched in cell cycle tran-
scripts, immune transcripts associated with 
monocytes, and transcripts associated with T 
cells. In humans and dogs, increased expression 
of transcripts associated with cell cycle correlated 
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with poor patient outcome. In humans, patients 
whose tumors showed loss of immune cell tran-
scripts had the shortest survival time, suggesting 
this may serve as a prognostic biomarker for 
metastatic disease. However, the lack of immune 
transcripts was not significantly correlated with 
survival times in the dog. The authors postulate 
that this may be due to the aggressive nature of 
canine OSA, with dogs not surviving long 
enough for the role of immune activation to be 
recognized. Taking advantage of the reduced 
genetic heterogeneity seen within dog breeds, 
the same investigators performed genome-wide 
gene-expression profiling, which separated OSA 
tumor samples into two different molecular sub-
groups distinguished by expression of G2/M 
transition, DNA damage checkpoints, and 
microenvironment-interaction signatures. These 
different subtypes had different metastatic 
potentials that correlated with the presence or 
absence of immune cell infiltrates within the 
stroma [23].

�Monocytes/Macrophages
During tumor development, circulating mono-
cytes/macrophages traffic into tumors where they 
are co-opted by the tumor microenvironment, 
shifting from a classical proinflammatory type 1 
(M1) phenotype to an anti-inflammatory, protu-
morigenic type 2 (M2) phenotype [53]. 
Accumulations of M2 macrophages in tumors 
such as breast and cervical cancer have been 
associated with a poor clinical outcome [53, 54]. 
Buddingh et  al. used gene-expression analysis 
and IHC to show that high-grade human OSA 
samples contained both type 1 (CD14/HLA-
DRα+) and type 2 (CD14/CD163+) TAMs and 
that the presence of TAMs was associated with 
reduced metastases and improved survival [55, 
56]. Similar findings were reported by Gomez-
Bruchet who analyzed pretreatment biopsy sam-
ples from patients enrolled on the French phase 3 
trial (OS 2006) and demonstrated that patients 
with core biopsies showing >50% of cells as 
CD163+ TAM experienced improved overall sur-
vival [56]. Finally, recent evidence in a murine 
xenograft model of metastatic OSA showed that 
the beneficial effects of PD-1 antagonism on  

pulmonary metastases were associated with 
increased infiltration by M1 macrophages and a 
reduction in M2 macrophages and depletion of 
macrophages in this model system negated the 
therapeutic effect of the checkpoint inhibitor 
[57]. Indeed, it is thought that the balance 
between M1 and M2 macrophages, which is con-
trolled by the tumor cells themselves, plays a key 
role in determining the outcome of T cell 
responses within the tumor, with recent evidence 
suggesting that this outcome is dictated by PD-1/
PD-L1 interactions. These findings underscore 
the complexity of immune interactions with the 
tumor and suggest that therapeutic strategies that 
influence the M1/M2 balance and promote a pre-
dominantly proinflammatory milieu may enhance 
antitumor T cell responses to control metastases 
and promote a more favorable outcome.

Using quantitative IHC to determine the pres-
ence of CD204+ macrophages, CD3+ T cells, and 
FOXP3+ (forkhead box P3) cells in primary 
tumors of 24 dogs with appendicular OSA, 
Withers et  al. reported that the only prognostic 
subset was CD204+ cells, with dogs with high 
levels of CD204+ infiltrate experiencing pro-
longed disease-free intervals (DFI) [58]. Dogs 
with proximal humeral OSA, a location that is 
generally associated with a poor prognosis, 
tended to have lower CD204+ infiltrates com-
pared to all other tumor locations and experi-
enced shorter median survival times (MST) [58, 
59]. In the same study, the authors demonstrated 
that tumors that contained high numbers of 
CD204+ TAMs also had greater lymphocytic 
infiltrates and patients with lymphocytic infil-
trates above the top quartile showed a statistically 
significant prolongation of survival [58]. It is 
worth noting that CD204 expression is com-
monly associated with an M2 phenotype; how-
ever, the presence of lymphocytic infiltrates that 
correlate with improved survival might suggest 
that functionally, these TAMs are more consistent 
with a proinflammatory subset. As the canine 
reagent toolbox expands, further investigation 
into the phenotype and functional properties of 
these TAMs will ensue. These studies suggest 
that at a basic level, canine and pediatric OSAs 
share comparable immune infiltrate features and 
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suggest dogs with OSA are relevant to further 
investigations into agents that manipulate the 
TME to promote effective antitumor immunity.

Several studies have demonstrated that high-
circulating monocyte counts (>400 cells/μl in 
dogs, but still within the normal range) are asso-
ciated with shorter DFI in dogs and in pediatric 
patients with appendicular and axial OSA [60–
63]. Recently, the mechanistic basis for this has 
been investigated in dogs. Researchers found that 
circulating monocytes from dogs with OSA had 
reduced expression of cell adhesion molecules 
and chemokine receptors including CD62L, 
CCR7, CCR2, and CXCR2 [64]. They also 
exhibited decreased chemotactic function. These 
findings are consistent with the idea of tumor-
mediated monocyte dysfunction in which mono-
cytes from OSA patients have a reduced ability 
to traffic into tumor sites and initiate an antitu-
mor immune response. This idea is further sup-
ported by the finding that canine OSA patients 
that express higher levels of CCR2 on circulating 
monocytes, enabling them to migrate into areas 
of inflammation in response to chemoattractant 
proteins, have improved survival [64]. 
Interestingly, when monocyte counts were high 
in these dogs, the cells tended to express higher 
levels of CD14 and lower levels of CD16 com-
pared with patients with lower monocyte counts. 
In humans, this macrophage subset (CD14hi, 
CD16int) denotes a proinflammatory macro-
phage phenotype, that is MHCII high, produces 
TNF-α, IL-1β, and IL-6, and is a potent T cell 
stimulator [65]; however, the functional attri-
butes of a CD14hi, CD16int/lo subset have not 
been explored in canines. Consistent with sys-
temic monocyte dysfunction, stimulation of cir-
culating monocytes from canine OSA patients 
with LPS led to the production of significantly 
more TNF-α and PGE2 than monocytes from 
healthy dogs. TNF-α is classically proinflamma-
tory; however, it also promotes PGE2 production 
and can exhibit protumorigenic effects in part via 
IL-34 production in the TME [66, 67]. PGE2 
plays an important direct role in immune dys-
function through multiple mechanisms in patients 
with cancer [68]. It inhibits the function of neu-
trophils, monocytes, and macrophages; disrupts 

cross-talk between DCs and T cells; skews T 
cells to a type 2 protumorigenic phenotype; and 
promotes the accumulation of regulatory T cells 
(Tregs) and myeloid-derived suppressor cell 
(MDSCs) [68]. Canine OSA cell lines and tumor 
tissues have also been shown to produce PGE2 
[69, 70]. Millanta et al. confirmed these findings 
by IHC showing that 93% of canine OSA tissues 
expressed COX-2, 85% expressed microsomal 
PGE2 synthase-1, and 89% of tumors expressed 
the PGE2 receptor [71]. In similar studies, 
Wasserman et  al. showed that myeloid cells 
exposed to tumor-derived soluble factors from 
OSA cell lines had reduced phagocytic activity, 
downregulated MHCII and CD80 expression 
reducing their capacity to activate antigen-
specific CD4+ T cells, and suppressed responding 
effector cell proliferation [72]. Although not con-
firmed, it is possible that tumor-derived exo-
somes exert this immunosuppressive influence 
and contribute to the broad, tumor-mediated 
immune dysfunction seen in OSA patients. 
Similar immunosuppressive leukocyte profiles 
have been identified in pediatric sarcoma patients 
[61]. Together these data suggest that as in human 
patients, canine OSA avoids the immune 
response by adversely affecting the function and 
chemotactic capabilities of monocytes/macro-
phages [73]. Further investigations into the phe-
notype and function of different macrophage 
subsets are required in healthy and tumor-bear-
ing dogs, but the current data suggests that 
canines with OSA can serve as a clinically rele-
vant, patient population in which to investigate 
the biological and therapeutic effects of agents 
that modulate monocyte/macrophage subsets in 
the oncology clinic such as L-MTP-PE [74] and 
All-trans retinoic acid (ATRA) [75].

�Myeloid-Derived Suppressor Cells
Myeloid-derived suppressor cells (MDSCs) are 
immature myeloid cells that are produced in the 
bone marrow and traffic to tumor microenviron-
ments under the influence of certain chemokines 
[76]. They are potent suppressors of T cell 
responses through a variety of different mecha-
nisms and have the capacity to differentiate into 
TAMs within the tumor microenvironment [76, 
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77]. MDSCs play an important role in tumor  
progression and metastases, and their presence 
has been shown to predict response to immuno-
therapy and correlate with poor clinical outcome 
in a number of different solid tumor types [76]. 
Recently, MDSCs that resemble fibroblasts and 
have T cell suppressor capabilities have been 
described in pediatric sarcoma patients, although 
no OSA patients were included in the dataset 
[78]. Canine MDSCs have recently been charac-
terized into monocytic and granulocytic subsets 
both phenotypically and functionally, and both 
subsets were shown to be increased in the periph-
eral blood of dogs with hematological and solid 
tumors compared to healthy controls [79]. 
Several earlier studies evaluated the presence 
and function of circulating MDSC in dogs with 
cancer [80, 81]. Sherger et al. identified a func-
tionally immunosuppressive subset of MDSCs 
(CD11blo CADO48lo) that were increased in the 
peripheral blood of dogs with different cancer 
types including OSA [81]. Similarly, Goulart 
et al. found a significantly higher percentage of 
CD11b+CD14−MHCII− granulocytic MDSCs in 
the peripheral blood of dogs with advanced or 
metastatic cancers, including OSA.  This group 
further showed that these cells expressed hall-
mark features of human MDSC including ARG1, 
iNOS2, TGF-β, and IL-10, which mediate sup-
pressor activity against T cells [80]. Although 
our understanding of the role that MDSCs play 
either directly or indirectly in OSA remains rudi-
mentary, these results suggest that they contrib-
ute to the systemic and local immune dysfunctions 
in both species that must be overcome to improve 
the clinical response to immunotherapies.

�Regulatory T Cells
Regulatory T cells are thought to play a central 
role in suppressing antitumor immunity and con-
tributing to poor outcomes in human cancer 
patients. As such, their presence has been evalu-
ated in dogs with various cancers including OSA 
[82, 83]. Utilizing a combination of an anti-
canine CD4 antibody and a cross-reactive anti-
mouse FOXP3 antibody [82], Biller et al. showed 
that prior to amputation, dogs with OSA had sig-
nificantly higher numbers of circulating Tregs 

and reduced numbers of CD8+ T cells compared 
to their healthy counterparts, resulting in a low 
CD8:Treg ratio that was predictive of shorter 
overall survival [38]. These aberrations in cell 
numbers and CD8:Treg ratio remained unchanged 
for at least 24 hours after amputation. Percentages 
of Tregs in the draining and distant lymph nodes 
of dogs with OSA and healthy controls were 
comparable [38]. Recently, proteins such as 
TGF-β [84], alpha fetoprotein, and heat shock 
proteins (HSP) within exosomes released from 
cultured canine OSA cell lines have been shown 
to suppress T cell proliferation, decrease CD25 
expression on T cells, and direct a regulatory T 
cell phenotype, providing a potential mechanism 
for tumor-associated immune suppression in 
canine OSA patients [39]. However, in a follow-
up study, Rissetto et al. used CD4, FOXP3, and 
CD25 to identify canine Tregs and found no dif-
ference in the percentage of Tregs in the periph-
eral blood or the draining lymph node of dogs 
with appendicular OSA when compared to 
healthy control dogs [83, 85]. Both studies evalu-
ated samples from a small number of canine OSA 
patients, and evaluation of a larger cohort of dogs 
will be required to confirm the presence and pre-
dictive value of circulating Tregs in canine OSA.

�T Cells
Tumor-infiltrating lymphocytes are identified in 
the majority of OSA biopsy samples, and multi-
ple studies suggest that the presence of cytotoxic 
T cells controls the development of metastatic 
disease. Recently, Scott et  al. reported that the 
presence of T cell infiltrates in human primary 
appendicular OSA predicted increased survival 
[24]. This supported previous findings from a 
multi-institutional European study that revealed 
a high ratio of intratumoral CD8+:FOXP3+ cells 
(>3.08) was predictive of improved survival [86]. 
Furthermore, Lussier et  al. demonstrated that 
tumor-infiltrating cytotoxic T cells express PD-1 
and that PD-1/PD-L1 blockade increases CTL 
activity, leading to a decrease in tumor burden 
and improved survival in a mouse model of OSA 
[87]. In dogs with OSA, RNAseq [24], IHC [58], 
flow cytometry [38], and histomorphometry [88] 
have been used to evaluate the presence of tumor-
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infiltrating lymphocytes. Histomorphometric 
and IHC studies on treatment of naïve, primary 
appendicular canine tumors showed that seven 
out of ten dogs had mild inflammation with a 
median of 8% of nucleated cells in the tumor 
being CD3+ T cells [88]. These cells were found 
in areas of necrosis and fibrosis as well as in via-
ble tumor. Withers et al. used IHC and showed 
accumulations of B and T lymphocytes that 
resembled tertiary lymphoid structures (TLSs) in 
some canine patients [59]. Interestingly, neither 
RNAseq nor IHC data showed a correlation 
between T cells in canine primary appendicular 
tumors and overall survival [24, 58]. This is in 
contrast to the data obtained from human pri-
mary appendicular OSA tumors [24]. This dis-
crepancy between species may arise due to the 
more rapid progression of OSA in the dog and 
the lack of time available to mount an immune 
response and/or the fact that overall survival time 
in dogs is highly influenced by the owners’ per-
ception of quality of life and their capability of 
paying for treatment, leading to earlier euthana-
sia of the canine patient and highly variable over-
all survival times. In dogs, the comparative lack 
of reagents that enable T cell subset identifica-
tion by IHC and flow cytometry makes it chal-
lenging to define the T cell subsets within TILs 
that might influence outcome. Furthermore, no 
studies have yet addressed whether TILs present 
in canine OSA are tumor specific.

�Checkpoint Molecule Expression
The expression of immune checkpoint molecules 
such as PD-L1 on OSA cell lines and tumor tis-
sues has been investigated as another mechanism 
by which OSA can inhibit immune function 
within the TME. Shen et al. reported that using 
IHC, 23.7% and 50% of human OSA tissue sam-
ples expressed high and intermediate levels of 
PD-L1, respectively, and that PD-L1 expression 
levels correlated with metastatic disease and poor 
overall prognosis [89, 90]. These findings sug-
gest that OSA cells actively participate in antitu-
mor immunity and that checkpoint blockade in 
the form of anti-PD-L1 and anti-PD-1 therapies 
may have therapeutic benefit in pediatric 
OSA. However, clinical trial results with PD-1/

PD-L1 and CTLA4 inhibitors used as monother-
apies have been disappointing in pediatric OSA, 
and combination therapies aimed at inducing 
antitumor immunity together with checkpoint 
blockade may represent important areas of 
research moving forward [91–93]. With the 
advent of canine-specific or cross-reactive anti-
bodies that recognize key checkpoint molecules, 
the role that they play in restricting antitumor 
immune responses and the benefit of checkpoint 
inhibition in dogs with different cancers includ-
ing OSA is beginning to be explored. A recent 
study using a murine anti-canine PD-L1 antibody 
demonstrated expression of PD-L1 on the surface 
of three different canine OSA cell lines, and 
expression was increased following treatment 
with recombinant canine (rc) IFN-γ or superna-
tants from mitogen-stimulated T cells [94]. Using 
IHC, Maekawa et  al. demonstrated that PD-L1 
was also expressed in primary canine OSA, sug-
gesting that as in pediatric OSA, strategies to 
inhibit PD-1:PD-L1 interaction might have a 
beneficial effect [95]. However, unlike pediatric 
OSA, no studies have yet been performed in 
canine primary or metastatic OSA lesions to 
determine whether PD-L1 is positively correlated 
with the amount of TILs or whether it serves as a 
prognostic indicator [87, 96, 97]. Circulating 
canine monocytes did not express PD-L1 but did 
upregulate its expression following treatment 
with rcIFN-γ [98]. Similar results were obtained 
using canine monocyte-derived macrophages 
[94], suggesting that these mononuclear cells 
may contribute to systemic and tumor-associated 
T cell suppression. Functional studies using 
checkpoint inhibitors have shown that blockade 
of the PD-1/PD-L1 axis promotes CTL responses 
and enhances IFN-γ production in  vitro and 
in vivo, leading to reduced metastatic tumor bur-
den in murine models [87]. These findings sup-
port the notion that this key checkpoint axis is 
intact and open to manipulation to enhance anti-
tumor immunity in dogs with OSA and other 
tumors [95, 99]. With the development of canine 
anti-PD-1 and PD-L1-blocking antibodies, it is 
likely that pet dogs with spontaneous OSA will 
serve as valuable subjects in which to evaluate 
the effectiveness of combination vaccine or cel-
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lular therapies with checkpoint inhibition and to 
identifycorrelative biomarkers that predict 
response.

�Metastatic Lesions
While several studies have been performed that 
compare the genetic makeup of paired primary 
appendicular OSA with metastatic lesions, stud-
ies evaluating the immunological landscape of 
metastatic lesions are rare [49, 100]. In human 
patients, immune infiltrates have been identified 
in primary and metastatic OSA lesions although 
lymphocytic infiltrate in metastatic lesions was 
shown to be higher than in the paired primary 
samples [101]. Withers et al. used IHC to evalu-
ate CD3+ T cells, FOXP3+ cells, B cells, and 
CD204+ macrophages in 21 paired primary and 
metastatic canine OSA samples [59]. They 
showed positive correlations of CD3+ T cells and 
FOXP3+ cells between primary and metastatic 
samples and that metastatic lesions had signifi-
cantly more CD3+, PAX-5+, and CD204+ cells 
compared with the primary tumor. In human 
patients, CD3+ T cells were also higher in meta-
static lesions compared with the primary tumor, 
but T cell subsets in the primary and metastatic 
lesions were the same [101]. Although B cells 
were the least prevalent immune cells in OSA 
lesions, they were observed to form clusters at the 
edge of half of the primary and 1/3 of the meta-
static lesions, a feature that is reminiscent of ter-
tiary lymphoid structures (TLSs) and has rarely 
been reported in human OSA.Unfortunately, the 
lack of canine-specific reagents to identify FDCs, 
follicular helper T cells, and chemokines makes 
further interrogation of these structures challeng-
ing. Indeed, additional geospatial molecular stud-
ies will be required to further define the immune 
cell types and their function within primary and 
metastatic lesions, to determine whether they 
have tumor-promoting or antitumor activity and 
perhaps to provide additional biomarkers of 
response to immunotherapies.

In summary, to the extent to which the immune 
status of canine patients and the immune land-
scape of their primary and metastatic OSA 
lesions have been explored, remarkable similari-
ties have been identified with the human disease. 

These findings suggest that dogs with OSA will 
be valuable in investigating the benefit of micro-
environment modulators such as macrophage 
activators, inhibitors of Tregs and MDSCs and 
their suppressive factors, and checkpoint inhibi-
tors. More work is required to better understand 
the TME in both human and canine OSA patients 
particularly to identify biomarkers that may pre-
dict the patient’s ability to favorably respond to 
immunomodulatory agents and immunothera-
pies. As the diagnostic reagent toolbox continues 
to develop for canine tissues and new technolo-
gies including geospatial gene-expression analy-
sis are adopted, it is anticipated that our 
understanding of the immune microenvironment 
will improve, and this will guide the rational 
selection of immune therapies and combination 
immune therapies that aim to improve outcome 
for human and canine patients with OSA.

�Immunotherapy of Canine OSA

The evidence outlined above indicates that the 
innate and adaptive arms of the immune system 
play a role in controlling OSA progression and 
that tumor-associated local and systemic 
immune dysfunction enables tumor progression. 
Therefore, therapeutic strategies aimed at aug-
menting antitumor activity and reversing 
immune dysfunction have the potential to 
improve patient outcome. The studies that have 
been performed to evaluate the safety and effi-
cacy of immunotherapies aimed at improving 
the prognosis of humans and pet dogs with OSA 
are outlined below.

�Immune Modulatory Agents

�Coley’s Toxins
In the late 1800s, William Coley made the semi-
nal observation that patients with bone sarcoma 
suffering from concurrent streptococcal infec-
tions had prolonged durable remission times, 
suggesting that nonspecific immune activation 
was able to delay metastatic disease. Coley’s 
efforts to recapitulate the favorable effects of 
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natural streptococcal infection on patient 
outcome resulted in the development of Coley’s 
toxins. This Streptococcus/Serratia concoction 
of either live or heat-killed bacteria was adminis-
tered repeatedly to patients with sarcoma or fol-
lowing surgical resection of their sarcoma with 
favorable outcomes documented in a number of 
cases [30, 31]. Although the mechanism of 
improved overall response was unknown at the 
time, the adjuvant effects of bacterial compo-
nents particularly on macrophages, promoting a 
permissive milieu that supports effective antitu-
mor immunity, appear central to the effect [102].

�BCG
Similar to Coley’s toxins, Bacillus Calmette-
Guerin (BCG), a live, attenuated strain of 
Mycobacterium bovis, promotes antitumor 
immunity and is FDA approved for first-line use 
in patients with high-risk nonmuscle invasive 
bladder cancer. Its therapeutic effect is thought to 
be mediated by T cells, NK cells, granulocytes, 
macrophages, and dendritic cells, plus a potential 
direct effect on the bladder cancer cells them-
selves [103]. Bech-Nielsen and colleagues treated 
dogs with spontaneous OSA after amputation 
with q2 weekly flank injections of BCG and 
noted a significant increase in survival extending 
from 13 weeks (control group n = 5) to 40 weeks 
in the vaccinated group (n  =  6) [104]. The 
Kaplan-Meier survival curve reflected those of 
many medical immunotherapy trials performed 
today, with an elevation of the tail of the curve 
representing a greater proportion of vaccinated 
patients experiencing prolonged, durable remis-
sions. A similar study by Owen and Bostock 
reported prolonged survival in dogs (n = 6) with 
appendicular OSA who underwent amputation 
followed by intravenous injections of 107–108 
BCG organisms 1, 2, 4, and 8 weeks postopera-
tively [105]. Observations of a transient, low-
grade fever within hours of administration 
suggested innate immune activation. Follow-up 
studies in healthy dogs showed that intravenous 
BCG mediated an increase in NK cell cytotoxic-
ity and enhanced pulmonary macrophage activa-
tion, which likely played a role in controlling 
micrometastatic disease [106, 107]. These stud-

ies were performed in the absence of adjuvant 
chemotherapy. Almost 100  years after Coley 
made his seminal observation that bacterial infec-
tions improve patient outcome, similar observa-
tions were reported for dogs that had undergone 
limb salvage surgery for the treatment of appen-
dicular OSA [32–34, 108]. Bacterial infections of 
Staphylococcus spp., Pseudomonas spp., and/or 
Streptococcus spp. were reported [33]. Similar to 
the studies using BCG, the mechanisms resulting 
in decreased pulmonary metastases and pro-
longed survival associated with bacterial infec-
tions are thought to be mediated by macrophages 
and NK cells, a concept supported in part by the 
finding that the survival benefit associated with 
osteomyelitis in murine OSA models is lost if 
monocytes/macrophages are depleted [102, 109].

�Muramyl Tripeptides
The role of monocyte and macrophage activation 
in delaying or preventing metastatic disease in 
humans and dogs with OSA has been further 
underscored by favorable clinical responses in 
both species to liposome-encapsulated muramyl 
t r i p e p t i d e - p h o s p h a t i d y l e t h a n o l a m i n e 
(L-MTP-PE) – a mycobacterial wall extract. In a 
randomized, double-blinded, clinical trial, 
L-MTP-PE was administered intravenously twice 
a week for 8 weeks to 14 dogs with appendicular 
OSA after amputation [110]. Thirteen amputated 
dogs received empty liposomes as placebo con-
trols. L-MTP-PE produced a transient, low-grade 
fever but was otherwise well tolerated. Median 
metastasis-free interval and median survival time 
for dogs receiving L-MTP-PE was 168 and 
222 days, respectively, and 58 and 77 days for the 
placebo group. Follow-up studies demonstrated a 
similar beneficial effect of L-MTP-PE when 
administered after adjuvant cisplatin chemother-
apy [111]. Here the MST of placebo dogs (n = 14) 
was 9.8 months compared with 14.4 months for 
dogs receiving L-MTP-PE. Interestingly, the sur-
vival benefit of L-MTP-PE was lost when treat-
ment was administered concurrently with 
cisplatin [111], suggesting that concurrent cispla-
tin may either obviate the effects of L-MTP-PE 
or pre-treatment with cisplatin is required for the 
effects of L-MTP-PE to be realized. In vitro stud-
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ies have revealed that L-MTP-PE is a potent 
activator of canine monocytes and macrophages, 
increasing their production of TNF-α and IL-6 
and enhancing their cytostatic capabilities against 
tumor cells [112, 113]. Furthermore, pulmonary 
alveolar macrophages taken from canine patients 
treated with L-MTP-PE plus doxorubicin showed 
greater cytotoxic activity against OSA cells when 
compared to dogs treated with either agent alone 
[112]. In contrast to the in vivo results suggesting 
that cisplatin suppresses the beneficial effects of 
L-MTP-PE, monocyte cytotoxicity and TNF-α 
production were increased in dogs with splenic 
hemangiosarcoma treated with doxorubicin (a 
known inducer of ICD) plus L-MTP-PE [114]. 
Thus, it appears that different chemotherapies 
differentially influence the immunomodulatory 
and antitumor activities of L-MTP-PE. Additional 
work is required to identify the optimal combina-
tion and order of chemotherapy and immuno-
modulatory agents to achieve the most beneficial 
outcome. Understanding this order, which may 
depend upon the specific agents involved, 
remains an important challenge in the field of 
cancer immunotherapy today.

�Cytokines
Given the pivotal role that innate and adaptive 
immune responses play in controlling tumor pro-
gression, several groups have investigated whether 
administration of IL-2, a potent T and NK cell 
growth factor, can augment antitumor immunity 
and delay progression or induce regression of pul-
monary metastases [115]. Since high-dose sys-
temic administration of IL-2 has a narrow 
therapeutic index, Khanna et  al. explored the 
effects of aerosolized IL-2 liposomes on local and 
systemic immune effectors of normal healthy dogs 
[116]. The study showed that inhalation of human 
IL-2 liposomes significantly increased the number 
and activation status of leucocytes in bronchoal-
veolar lavage (BAL) fluid and skewed their com-
position toward lymphocytes and eosinophils 
rather than monocytes and macrophages, demon-
strating biological activity of the administeredIL-2 
[116]. Significant activation of systemic immune 
effectors was not observed and the aerosolized 
IL-2 was well tolerated, providing much needed 

safety data. To determine the clinical effects of 
aerosolized IL-2 in canine patients with metastatic 
OSA, four dogs with metastatic disease received 
aerosolized IL-2 liposomes two and three times a 
day for 30 days [117]. Two out of four dogs had 
complete and durable regression of metastases. 
Similar effects were observed on the composition 
of BAL cells with a statistically significant 
increase in lymphocytes, eosinophils, and macro-
phages after treatment. Cytolytic activity of BAL 
cells was also increased after 2  weeks of treat-
ment, an effect that was attributed to NK cell activ-
ity and also possibly eosinophilic cytotoxicity 
[118]. However, cytotoxic activity declined there-
after, which may have been caused in part by the 
recorded development of antibodies against 
human IL-2. To circumvent formation of antidrug 
antibodies, cationic liposome–DNA complexes 
encoding canine IL-2 were delivered via intrave-
nous infusion to 20 dogs with metastatic pulmo-
nary OSA [119]. IL-2 expression was identified in 
the lung tissue and systemic immune activation in 
the form of transient fever, lymphopenia and 
thrombocytopenia, upregulation of costimulatory 
molecules and MHCII on monocytes, and 
increased NK cell cytotoxicity occurred. Overall 
survival of treated dogs was significantly increased 
compared with historical controls matched for dis-
ease stage. Furthermore, three dogs showed partial 
or complete regression of pulmonary metastases. 
These effects are most likely to be associated with 
a combination of local IL-2 production and innate 
immune responses induced by liposomes. In this 
study, the effects of IL-2 production on the local 
environment including leukocyte composition 
within BAL fluid were not evaluated.

�Losartan
Losartan is a type I angiotensin II receptor antag-
onist. It has immunomodulatory effects on mono-
cytes and macrophages and reduces pulmonary 
metastatic tumor burden in several mouse models 
of metastatic cancer (CT26 and 4T1) in part 
through inhibition of monocyte recruitment to 
the TME and a reduction in granulocytic MDSCs 
[120]. Losartan acts similarly to block CCL2-
mediated migration in canine monocytes [121]. A 
clinical trial in dogs with metastatic OSA showed 
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that a combination of high-dose losartan and the 
tyrosine kinase inhibitor toceranib was well tol-
erated in dogs and showed reduced monocyte 
trafficking to the metastatic lesions and exhibited 
antitumor activity (Steve Dow, personal commu-
nication). The results of these canine studies have 
supported the initiation of a pediatric trial 
(NCT03900793) for patients with relapsed/
refractory OSA investigating the value of losar-
tan in combination with sunitinib. The results of 
this trial are eagerly awaited.

�Bisphosphonates
Bisphosphonates have been employed in the pal-
liative setting to alleviate pain and reduce bone 
resorption by inhibiting osteoclast function. In 
addition to their effects on osteoclast apoptosis 
and inhibition of osteoclastogenesis, recent stud-
ies have indicated that bisphosphonates such as 
zoledronate and pamidronate have immunomod-
ulatory functions through effects on innate and 
adaptive immune responses [122, 123]. In vitro, 
zoledronate inhibits regulatory T cell expansion, 
migration, and immunosuppressive activity 
[122]. In an HER2/neu (ErbB-2) transgenic 
mouse model, zoledronate switched tumor-
associated macrophages from an M2 to M1 phe-
notype, reduced infiltration of macrophages into 
mammary tumors, and reduced VEGF concentra-
tions and vascularization of the tumor [124]. 
However, in a murine model of OSA, where 
canine OSA cells were implanted orthotopically, 
zoledronate administered alone or following 
amputation did not reduce the incidence of pul-
monary metastases [125]. The immunomodula-
tory effects of bisphosphonates have not yet been 
evaluated in vivo in the dog; however, given the 
common clinical use of these agents in canines 
with OSA, their effects on enabling antitumor 
immunity that is induced or augmented by other 
immunomodulatory agents, vaccines, or adoptive 
cellular therapies could be readily evaluated.

�Active Vaccination

As nonspecific immune activation has shown 
moderate clinical benefit in delaying or prevent-

ing metastatic disease, attempts have been made 
to further improve outcomes by combining innate 
immune activation with tumor-specific adaptive 
immune responses using bacterial or viral vectors 
that supply TAA in the context of immune activa-
tion or provide additional cytokine support for T 
cell responses. Antigens identified and specifi-
cally targeted for therapeutic gain in human OSA 
patients include the epidermal growth cell factor 
receptor HER2/neu [126], GD2 and GD3 anti-
gens [127, 128], TP-3-PAP [129, 130], and 
IGF-1R [84].

�Bacterial Vaccines

Listeria monocytogenes
Listeria monocytogenes is a facultative, aerobic, 
intracellular bacteria that is a potent stimulator of 
innate and adaptive immunity. Through its ability 
to secrete the pore-forming lysin listeriolysin O 
(LLO), the bacteria can escape the phagosome 
and access the class I processing machinery of 
antigen-presenting cells [131]. As such, attenu-
ated strains of recombinant Listeria, modified to 
express TAA fused to a truncated LLO, have 
been used in mouse models and in human patients 
to deliver antigens to APCs and generate tumor-
specific CD4+ and CD8+ T cell responses [132]. 
The potent tumor-specific T cell responses gener-
ated break peripheral tolerance and lead to tumor 
regression [132, 133]. The epidermal growth fac-
tor receptor HER2/neu is expressed by 40–60% 
of primary OSA samples and serves as a relevant 
target for T cell therapies in humans and dogs 
with OSA [126, 134–136]. As such, active vac-
cination strategies to prime and expand HER2/
neu specific T cells may be employed effectively 
to prevent or treat metastatic OSA. The ability of 
a recombinant chimeric huHER2/neu-expressing 
Listeria to prevent metastatic disease when 
administered in the setting of minimal residual 
disease after amputation and chemotherapy was 
evaluated in an 18-dog prospective clinical trial 
[137]. Vaccinated dogs experienced a median 
DFI of 650 days and OS of 956 days compared 
with an OS of 423 days for a historical, HER2/
neu positive control group that received the same 
standard of care treatment without vaccination. 
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This promising result has led to a larger prospec-
tive, controlled, national clinical trial conducted 
through the Comparative Oncology Trials 
Consortium. Tumor tissue and serial plasma, 
serum, and PBMC samples are being prospec-
tively collected during this trial to evaluate 
immune responses and identify correlative pre-
dictive biomarkers.

Salmonella Typhimurium
Anaerobic bacteria that preferentially home to 
and accumulate in the hypoxic microenviron-
ment of tumors have been used to promote antitu-
mor immunity [138]. A highly attenuated 
Salmonella typhimurium (VNP20009) that only 
induces low levels of TNF-α and is dependent 
upon external purines for growth was adminis-
tered intravenously every week or every 2 weeks 
to dogs with different tumor types in a phase I 
basket clinical trial to evaluate toxicity and early 
antitumor efficacy [139]. The majority of patients 
had soft tissue sarcomas or carcinomas, while 4 
out of 41 treated dogs had OSA. CRs were seen 
in 10% of patients and 10% of patients experi-
enced stable disease. One dog with metastatic 
OSA showed a partial response for 68  days. 
Fever, nausea, vomiting, and diarrhea were com-
mon side effects. Although immunological end-
points were not addressed in this study, the 
antitumor responses may have been associated 
with the organism’s direct tumoricidal activity, 
innate and adaptive immune activation, depletion 
of nutrients, and/or alteration of the TME. A sec-
ond phase I study evaluated the safety of orally 
administered, attenuated Salmonella typhimurium 
as a vector to deliver IL-2 to 19 dogs with appen-
dicular OSA.  Dogs received oral dosing once 
10 days prior to amputation and then after sur-
gery concurrently with each of five doses of adju-
vant doxorubicin for a total of six doses [140]. 
Salmonella was safe and well tolerated, and 
treated dogs experienced longer DFI but not OS 
when compared to two comparable historical 
control groups. An inflammatory leucogram 
(lymphocytosis and monocytosis) was seen in 18 
out of 19 dogs 10 days after the first Salmonella 
administration, suggesting it was biologically 
active. Salmonella was not detected in any tumor 

tissue cultured after amputation, suggesting that 
any observed beneficial effects were more likely 
associated with antitumor immunity rather than a 
direct tumoricidal activity of the vector. 
Randomized, placebo-controlled, prospective tri-
als are warranted to determine the true value of 
this approach.

�DNA Vaccines
Alternative approaches to induce HER2/neu-
specific T cell responses have been explored in 
dogs using DNA encoding the extracellular and 
transmembrane domains of human HER2/neu 
and electroporation as a priming strategy fol-
lowed by a boost with an adenovirus 6 vector 
expressing the same HER2/neu construct [141]. 
This regime induced HER2/neu-specific IFN-γ 
responses and HER2/neu-specific IgG responses, 
although the adenoviral vector was found to be 
highly immunogenic, limiting the efficacy of any 
subsequent attempts to boost immunity using this 
serovar. Although no studies have yet been pub-
lished using this approach in dogs with OSA to 
assess therapeutic effectiveness, the approach has 
been shown to be safe and induces durable HER2/
neu-specific T cell responses in healthy dogs. 
Overcoming vector immunogenicity to enable 
effective booster treatments will be important to 
take this approach further clinically.

�Oncolytic Viruses
Defects in antiviral defense mechanisms in tumor 
cells provide an ideal opportunity for oncolytic 
viruses (OVs) to be used therapeutically to selec-
tively infect and destroy tumor cells. Tumor lysis 
and ICD results in induction of systemic poly-
clonal T cell responses that aim to control both 
primary and metastatic diseases. Many OVs also 
exert immunomodulatory effects on the microen-
vironment through their ability to induce the 
release of pathogen-associated molecular pat-
terns (PAMPs) from tumor cells and promote the 
production of type I interferons [142]. Le Boeuf 
and colleagues demonstrated the ability of the 
oncolytic rhabdovirus, Maraba (MG1), to infect 
and kill both canine sarcoma cell lines and human 
sarcoma explants and confirmed these cytotoxic 
effects in a murine sarcoma model [143]. 
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Similarly, Naik et al. evaluated VSV expressing 
IFNβ in dogs with different tumor types, includ-
ing one dog with axial OSA and metastatic dis-
ease. All dogs tolerated intravenous oncolytic 
viral therapy well and the one dog with OSA 
showed stabilization of primary and metastatic 
disease for 6 months [144]. Laborda et al. utilized 
a locally delivered, hyaluronidase-armed, onco-
lytic adenovirus in a total of six dogs, including 
two dogs with OSA [145]. No adverse side effects 
occurred that could be directly attributed to the 
adenoviral therapy and partial responses were 
seen in two dogs, although neither had 
OSA.  Although experience with oncolytic viral 
therapy in dogs with OSA is limited, these stud-
ies lay the groundwork for further evaluation of 
this approach either as a monotherapy or in com-
bination with immunomodulatory agents or 
immune checkpoint inhibition to augment clini-
cal effect.

�FasL-Mediated Inflammation
The death receptor Fas (CD95) is expressed by 
many different tumor types and its engagement 
by FasL (CD95L) triggers apoptosis, leading to 
the hypothesis that FasL may represent a promis-
ing cancer therapeutic [146]. Both innate and 
adaptive immune responses are induced by intra-
tumoral delivery of FasL, effects that are medi-
ated via apoptosis of Fas+ macrophages and the 
resulting influx of neutrophils that are ultimately 
responsible for tumor cell death. Subsequent 
recruitment and activation of APCs promotes a 
systemic antitumor immune response that aims to 
control metastatic spread. However, controversy 
surrounds its use in part, because Fas-signaling 
has also been shown to be required for tumor cell 
survival [147]. Furthermore, systemic adminis-
tration of FasL results in lethal hepatotoxicity in 
mouse models [148]. To mitigate these risks 
while evaluating the effects of neoadjuvant FasL 
in dogs with OSA, Modiano et  al. delivered a 
single intratumoral dose of adenovirus express-
ing canine FasL (Ad-FasL) to 56 dogs [88]. Ten 
days later, dogs underwent standard amputation 
and adjuvant carboplatin chemotherapy. Ad-FasL 
was generally well tolerated, with adverse effects 
associated with transient increases in transami-

nases and creatine phosphokinase. Adenoviral 
delivery of FasL induced a potent inflammatory 
response with increased lymphocytic infiltration 
within the tumor compared to dogs who did not 
receive Ad-FasL.  Furthermore, dogs with high 
inflammation scores within the treated tumor 
experienced improved overall survival [88]. Dogs 
with reduced Fas expression on their tumors had 
greater inflammation scores supporting the 
notion that the improved survival effects of FasL 
are primarily associated with its induction of 
inflammation rather than direct Fas-mediated 
tumor apoptosis.

�Cell-Based Therapies

�Tall 104 Cells
The earliest recorded use of adoptive T cell ther-
apy for dogs with OSA was in 1999, when 
Daniela Santoli’s group at the Wistar Institute 
evaluated the safety and efficacy of the human 
cytotoxic T cell line, TALL104 cells, to prevent 
metastatic disease. Dogs that had undergone 
amputation and adjuvant cisplatin chemotherapy 
received 1  ×  108 γ-irradiated cells/kg systemi-
cally daily for 5 days and then every month for up 
to 9 months. Only mild and transient grade 1 and 
2 related GI toxicities were reported. Although 
the overall median survival was 11.5 months and 
the median DFI was 9.8  months, the Kaplan-
Meier survival curve demonstrated uncharacter-
istic long-term survival of some patients. These 
effects were speculated to be in part mediated 
through enhanced endogenous NK cell activity 
that occurred as a direct result of TALL104 
administration. Perhaps unsurprisingly, the 
unmodified, xenogenic, adoptively transferred 
cells did not persist and antibody responses 
against them were detected in all treated dogs and 
cellular immune responses against them were 
detected in 80% of treated dogs. Although per-
formed 20 years ago, these studies have set the 
stage for evaluating genetic modifications of 
human T cells that will enable them to cross 
xenogenic barriers and persist to mediate antitu-
mor immunity in canine patients. Employment of 
a comparative approach in these endeavors aims 
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to provide greater clarity surrounding the modifi-
cations that will be required for successful allo-
geneic adoptive T cell therapy in human patients 
(N. Mason, personal communication).

�Polyclonal Activated T Cells
Isolation, ex  vivo expansion, and reinfusion of 
autologous tumor-infiltrating lymphocytes have 
proven effective in the treatment of immuno-
genic tumors such as melanoma; however, this 
strategy is underexplored in OSA patients [149]. 
Instead, veterinary researchers are currently 
evaluating active vaccination of canine patients 
with appendicular OSA using an autologous 
tumor lysate vaccine to prime circulating T cells. 
Primed, tumor-specific T cells are harvested by 
apheresis and polyclonally expanded ex  vivo 
using a proprietary cocktail, before being adop-
tively transferred back into the patient after 
amputation. Adjuvant cytotoxic chemotherapy is 
not employed in the protocol (J. Bryan, personal 
communication). Early results suggest the pro-
cedure is safe, but outcome data is yet to be 
published.

�NK Cell Therapies
NK cells play a fundamental role in tumor sur-
veillance and elimination, and, as such, efforts 
have been made to employ autologous or alloge-
neic NK cells in adoptive transfer strategies to 
treat or prevent metastatic disease in human can-
cer patients. Activation of NK cells is MHC 
independent and mediated via receptors that rec-
ognize cell surface proteins that are upregulated 
on stressed target cells or are non-self proteins 
[150]. In addition to direct killing, NK cell activ-
ity is augmented in response to antibodies, cyto-
kines, and immunomodulatory agents including 
chemotherapy and radiation therapy. As such, 
strategic combinations of adoptive NK cell trans-
fer with immunomodulatory agents, sensitizing 
chemotherapy, or radiation therapy are being put 
forward for clinical evaluation. Advances in the 
use of adoptive immunotherapy (AI) with NK 
cells in dogs have previously been hampered by 
the lack of specific, validated antibodies to iden-
tify canine NK cells. A CD5 low, CD8+, CD3+/− 
subset has been described that cytologically 

displays features consistent with NK cell mor-
phology, expresses high levels of message for 
NK cell receptors, and displays cytotoxic activ-
ity against MHC null, thyroid adenocarcinoma 
cells [151]. More recently, an anticanine NKp46 
mAb was generated, and NKp46+CD3− canine 
cells showed cytolytic activity against canine 
OSA cell lines. Furthermore, these cells were 
effectively expanded ~20,000-fold over 3 weeks 
in coculture with irradiated K562 feeder cells 
that express hu4-1BBL and membrane-bound 
huIL-21 and huIL-2 [152]. Cytolytic activity of 
expanded CD5dimCD3−NKp46+ cells was sig-
nificantly increased in  vitro against allogeneic 
OSA cell lines after their treatment with 
γ-radiation [153]. Furthermore, radiation of 
canine OSA xenografts in NSG mice signifi-
cantly increased homing of ex  vivo expanded 
adoptively transferred canine NK cells and tumor 
killing. In contrast to human OSA treatments, 
radiation therapy is commonly employed in 
canine patients that do not undergo amputation 
to alleviate pain [154–156]. Canter et  al. com-
bined palliative radiation with intratumoral 
delivery of ex  vivo expanded autologous NK 
cells once a week for 2  weeks after palliative 
radiation [153]. Limited toxicity was observed 
with this approach and posttreatment biopsies 
demonstrated persistence of labeled NK cells 
within the tumor for at least 1 week. Five out of 
ten dogs remained metastases-free at 6 months, 
and one dog showed resolution of a suspicious 
pulmonary nodule following treatment. Overall 
survival times were favorable compared with 
historical controls. Follow-up studies are now 
planned to evaluate the effects of the NK cell 
activating cytokine IL-15 as monotherapy and 
then in combination with autologous NK cell 
transfer in patients with metastatic OSA 
(R.  Rebhun, personal communication). Taken 
together, this work described the successful iso-
lation, activation, expansion, and transfer of 
canine NK cells and illustrates the enhancing 
effects of RT on NK cell cytotoxicity. 
Furthermore, it sets the stage for future studies 
evaluating AI with NK cells alone or in combina-
tion with the sensitizing effects of RT and sup-
portive cytokines (IL-2/IL-15).
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�CAR T Cell Technology
Several groups have described protocols for gen-
erating canine CAR T cells either via RNA 
transfection with a first-generation CD20-
targeting CAR or a second-generation IL-13Rα2-
targeting CAR construct [157, 158] or 
transduction with an RD114 pseudotyped retro-
viral vector containing a second-generation 
HER2-targeting CAR construct [136]. Second-
generation canine CAR T cells expressing the 
humanized, cross-reactive anti-IL-13Rα2 scFv 
(Hu08) produced IFN-γ when cocultured with 
three different canine OSA cell lines expressing 
IL-13Rα2 [158]. Furthermore, lentiviral trans-
duced human CAR T cells expressing the same 
scFv effectively inhibited tumor growth when 
administered intravenously to NOD/SCID mice 
bearing established canine MC-KOSA xeno-
grafts [158]. Similarly, Mata et al. demonstrated 
that second-generation canine CAR T cells 
expressing the cross-reactive antiHER2/neu 
(FRP5) scFv and canine intracellular signaling 
domains secrete IFN-γ and effectively kill 
HER2-positive canine OSA cell lines in an anti-
gen-specific manner. Furthermore, adoptive 
transfer of HER2-redirected T cells into SCID 
mice with established intraperitoneal OSA xeno-
grafts leads to tumor regression [159]. Similar 
tumor regression occurred following adoptive 
transfer of HER2-specific CART cells into mice 
with established OSA pulmonary metastases 
[159]. The same group of investigators showed 
low levels of HER2 expression on the surface of 
CD133+ OSA tumor-initiating cells (TICs) and 
that HER2-specific CAR T cells specifically 
killed TICs in established orthotopic OSA 
tumors [160]. These data suggest that HER2-
targeted CAR T cells may be valuable in target-
ing micrometastases to prevent metastatic 
disease. Given that up to 95% of canine patients 
will have micrometastatic disease at the time of 
initial presentation, they again represent a valu-
able patient population in which to evaluate 
CAR T cell strategies to prevent or treat meta-
static disease.

Together this work sets the stage for evaluat-
ing both IL-13Rα2- and HER2-targeting CARs 
in pet dogs with OSA either alone or in combi-

nation with other immunotherapies such as 
checkpoint inhibitors or immunomodulatory 
agents for the treatment of both primary and 
metastatic disease. Furthermore, the identifica-
tion of anticanine or cross-reactive antibodies 
against GD2 (e.g., 14G2a), IL-11Rα, and FAP 
will enable additional canine CARs to be con-
structed against these OSA-associated cell sur-
face targets and then evaluated in dogs for their 
safety and ability to improve outcome [161].

In all cases, it remains to be seen whether 
adoptive cell transfer alone will be sufficient to 
control or prevent metastatic disease or whether 
combination with immunomodulatory agents 
that influence the TME will be required to 
achieve optimal clinical results. Indeed, as our 
understanding of the immune landscape of OSA 
increases and validated biomarkers emerge that 
predict immune responsiveness, it is anticipated 
that rational combinations of agents that aug-
ment tumor-specific T cells with agents that 
reverse systemic immune dysfunction and 
immune suppression within the TME will lead to 
improved patient outcome for both species.

�Additional Strategies for Induction 
of ICD
It is now apparent that standard-of-care cancer 
therapeutic modalities such as certain chemo-
therapeutic agents and radiation therapy can 
induce ICD of the tumor, which is valuable in 
broadening antitumor immune responses initi-
ated or augmented by immunotherapeutic strat-
egies [29, 162]. In the last decade in particular, 
radiation has been shown to promote antitumor 
immune responses via increasing expression of 
target antigens, activating dendritic cells and 
inducing tumor-specific CD8+ T cell responses, 
promoting CD4+ and CD8+ T cell infiltration 
into tumors, upregulating MHCI, and downreg-
ulating immunosuppressive molecules within 
the TME including arginase-I, CTLA4, PD-1, 
PD-L1, IDO, FOXP3, TGF-β, and IL-10 [163, 
164]. These local effects translate into systemic 
antitumor immunity and are responsible for 
abscopal effects that have been reported fol-
lowing RT therapy. Although radiation therapy 
is infrequently employed in the treatment of 
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pediatric OSA, its combined use with hyper-
thermia therapy, checkpoint inhibitors, locally 
delivered cytokines, vaccination, and adoptive 
cellular therapies is being actively pursued in 
other cancer types [165–168]. Conversely, both 
coarse fraction external beam radiation and 
megadose stereotactic radiosurgery are com-
monly used in canine patients with OSA that do 
not undergo primary tumor removal [169]. 
Palliative radiation is employed often as mono-
therapy, providing pain relief in up to 74% of 
dogs for 2–3 months [154, 155, 170]. Thus, 
dogs with OSA provide a readily available 
model system in which to explore the immuno-
genic effects of RT on the primary tumor immu-
nome and to evaluate the safety and therapeutic 
effectiveness of its combination with vaccines, 
cellular therapies, and immunomodulatory 
agents to control primary disease and prevent 
metastatic disease [29, 171].

In summary, compelling evidence exists to 
indicate that OSA is an immune responsive 
tumor and that therapies aimed at initiating, 
enabling, and broadening antitumor immunity 
hold great promise for preventing and treating 
metastatic disease and improving patient out-
come. A number of challenges lie ahead, not 
least of which is the design and implementation 
of rational combinations of immunotherapies 
and immunomodulatory agents that will pro-
mote tumor-specific adaptive T cell responses 
and enable them to function effectively within 
the TME.  It is likely that not all patients will 
require the same immune modulation regime, 
and identifying biomarkers that can predict 
each patient’s requirement enabling therapy to 
be tailored to their needs, may lead to the 
improvement in patient survival that the field 
has been searching for over the last Four 
decades. Given the remarkable similarity 
between canine and pediatric OSA, particularly 
as it relates to the local and systemic immune 
landscape, and the large number of pet dogs 
diagnosed with OSA per year, it seems that we 
have a remarkable opportunity to address some 
of these key challenges in the veterinary set-
ting, leading to improved outcome for both 
patient populations.
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