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Abstract
Osteosarcoma is an aggressive bone malignancy that affects approximately 15,000 older,
large breed dogs and 800 adolescent and young adult (AYA) humans annually in the US.
Pet  dogs  with  osteosarcoma  are  recognized  as  a  highly  relevant,  immune-competent
patient population which shares clinical, genomic, transcriptomic and immunologic tumor
profiles with human osteosarcoma patients. Standard of care has not changed in over five
decades and in both species consists of radical surgery and chemotherapy, which in the
AYA  population  causes  significant  morbidity.  Metastases  to  the  lungs  occurs  in  both
species and carries a guarded prognosis. There is a clear need for more effective and less
toxic treatments. Clinical observations and the survival advantage seen with tumors that
are infiltrated with cytotoxic immune cells suggest that the immune system can control
osteosarcoma,  providing  a  sound  rationale  for  immunotherapies  that  boost  anti-tumor
immunity  and  generate  memory  responses,  to  prevent  relapse.  The  high  incidence  of
osteosarcoma in dogs facilitates collection of tumor tissue for research and performance of
clinical  trials  to  advance our  understanding of  the  disease and develop novel  therapies,
relevant to both species. This review summarizes the exploratory studies that have been
performed,  often  in  small  cohorts  of  dogs  with  osteosarcoma,  using  tumor  vaccines,
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adoptive cellular therapies, checkpoint inhibitors, and tumor microenvironment modifying strategies. The review also
includes the early efforts that are being made to identify correlative biomarkers of response that may inform human
clinical trial design.

INTRODUCTION
Osteosarcoma is the most common bone tumor seen in dogs and affects 10,000 to 15,000 dogs annually in

the United States. In contrast, osteosarcoma in humans is rare and is diagnosed in approximately 800

children, adolescents and young adults in the United States annually. In dogs, the risk of developing

osteosarcoma is breed-associated. Large breeds such as Scottish Deerhounds, Irish Wolfhounds, Rottweilers,

Great Danes and Golden Retrievers, especially those with long legs and a longer skull conformation, are 30 to

100 times more commonly affected than crossbreeds
[1,2]

. Studies suggest that there are both heritable and

environmental risk factors for canine osteosarcoma, with bone stress and loading implicated in

tumorigenesis alongside genetics
[1,2]

. Standard of care treatment in dogs consists of amputation (less

commonly limb sparing surgery) followed by adjuvant platinum-based chemotherapy
[3]

. An estimated 90% of

canine patients have microscopic metastatic lesions at the time of diagnosis and 25% of patients will develop

metastatic lesions during carboplatin chemotherapy
[4]

. Unfortunately, most dogs die from metastatic disease

within a year of diagnosis. Although cytotoxic chemotherapy has been reported to prolong survival (median

134 days with amputation alone, median 200-480 days with amputation plus chemotherapy
[5]

), the benefit of

adjuvant chemotherapy is currently being re-evaluated in an ongoing prospective study
[6,7]

. In cases where

amputation is not pursued due to concurrent orthopedic disease, cost, or perceived quality of life issues,

stereotactic radiation
[8]

 or palliative radiation therapy can provide tumor control or pain relief for 3-5 months

before most patients are euthanized due to progressive disease
[9,10]

. In contrast, treatment of pediatric

osteosarcoma consists of intensive, neoadjuvant, multi-agent cytotoxic chemotherapy followed by surgical

resection of the primary tumor and additional adjuvant chemotherapy
[11]

. While 70% of human patients with

localized disease are cured with this approach, patients with metastatic disease at diagnosis or who eventually

develop metastatic disease have a guarded prognosis
[12]

.

The collective work of human and veterinary scientists has demonstrated remarkable similarities in the

clinical presentation, biologic behavior, genetic complexity and immunologic landscape of osteosarcoma

between human and canine patients, leading to the establishment of the dog as a spontaneous model for the

human disease. The availability of this parallel canine patient population provides an opportunity to explore

disease pathogenesis and therapeutic efficacy that is otherwise challenging in human patients given the low

incidence of disease and substantial inter-patient variability that occurs in this species.

Human genome-wide association studies have identified only two susecuptibility loci for osteosarcoma, at

2p25.2 and 6p21.3 (which contains the tumor suppressor gene GRM4), suggesting that germline variants

confer modest risk in a subset of human patients
[13]

. In contrast, canine GWAS have identified 33

osteosarcoma-associated loci across breeds, including a key regulatory variant near CDKN2A/B
[14]

. These

findings led to a renewed interest in the role of CDKN2A in human osteosarcoma where deletions in the

gene were associated with a negative prognosis
[15]

. At the somatic level, osteosarcoma in both humans and

dogs is characterized by disruption of tumor suppressor pathways more than activating oncogenic

mutations, and both human
[15]

 and comparative canine
[16,17]

 studies report recurrent involvement of TP53,

RB1, and PTEN as well as MYC and SETD2. However, a defining feature of osteosarcoma in both species is

marked genomic instability, with large structural rearrangements rather than a single dominant driver

lesion
[18]

. This shared genomic complexity supports the value of canine models for pathway-directed

therapeutic development, but also highlights the challenge of identifying universal genomic targets for

therapy.
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In humans and dogs with osteosarcoma, evidence suggests that the immune system plays a pivotal role in

disease control, providing a sound rationale to investigate immunotherapeutic approaches. At the end of the

19th century, William B. Coley observed that concurrent erysipelas (Streptococcus spp.) infection in some

patients with bone sarcomas was associated with spontaneous remissions and improved outcomes
[19]

. This

led to the development of “Coley's toxins”, a combination of bacterial species, that was administered to bone

sarcoma patients with anecdotal reports of successful treatment in some cases
[19]

. Similarly, although over 100

years later, studies have shown that dogs with osteosarcoma who experienced surgical site infections

following limb-sparing surgery, had prolonged disease-free intervals compared to dogs without infection
[20,21]

.

Although a subsequent canine study found no association
[22]

, correlations between infection and prognosis

have also been identified in human osteosarcoma patients
[22,23]

. The association between infections and

improved prognosis generated the hypothesis that non-specific activation of the innate and adaptive immune

systems can facilitate anti-tumor immune responses and improve outcomes in dogs with osteosarcoma
[20,24]

.

Furthermore, a retrospective transcriptomic study performed using archived canine and publicly available

human osteosarcoma datasets supports the idea that anti-tumor immune responses are involved in

controlling osteosarcoma in both species
[25]

. The study identified molecular subtypes of osteosarcoma

characterized by the presence or absence of immune cell infiltrates, and revealed that a small subset of

patients had tumors that were infiltrated with cytotoxic T cells and natural killer (NK) cells (“immune-

enriched” or “hot” tumors). These patients had a significant survival advantage over the larger subset of

patients that had a tumor microenvironment devoid of immune cells (“immune desert” or “cold” tumors)
[25]

.

Immune enrichment in the presence of significant, immunosuppressive extracellular matrix (ECM) elements

was also associated with a poor prognosis, highlighting the negative immunosuppressive effects of tumor-

associated stromal cells on anti-tumor immunity and clinical outcome. In a separate analysis,

immunostaining of treatment naïve human and canine osteosarcoma also confirmed the association between

a robust anti-tumor T cell infiltrate and a favorable prognosis
[26]

. Together, evidence from both species

reinforces the hypotheses that (1) therapies focused on robustly stimulating tumor-specific cytotoxic T cells

and NK cells can lead to tumor control, and (2) induction of immunological memory could help to prevent

tomor recurrence.

A useful framework for organizing immunotherapies that promote anti-tumor T cell and NK cell responses

is to consider those which support either (i) priming, (ii) infiltration or (iii) tumor cell killing by CD8+ T

cells and NK cells, although immunotherapies often aim to achieve more than one of these actions

[Figure 1]
[27,28]

. Over the past decade, there has been an increased focus on applying immunotherapy to the

treatment of osteosarcoma together with the use of advanced molecular technologies to explore biomarkers

that correlate with clinical and immunologic responses. Increasingly, early clinical studies evaluating the

feasibility, dosing, and biological activity of emerging immunotherapies are being conducted in small cohorts

of client-owned dogs with spontaneous osteosarcoma. Results from these studies are aimed at helping to

guide veterinary adoption of the therapies and refinement for future human studies.

In this narrative review, we consider current and developing immunotherapies that are being evaluated in

clinical trials in pet dogs with osteosarcoma, analyses of canine clinical populations receiving investigational

immunotherapies and the preclinical or mechanistic studies that provided the rationale for clinical

evaluation. We particularly focus on current or ongoing studies, many of which are early in development,

but are included to provide the reader with an account of the latest advances in immunotherapeutic

strategies [Table 1]. Learnings from these studies in canine patients should help to inform how veterinarians

manage osteosarcoma going forwards and also help to guide translational strategies for pediatric and

adolescent and young adult (AYA) patients.
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Figure 1. Key examples of immunotherapeutic strategies to enhance anti-tumor immunity in canine osteosarcoma with reference to the
cancer immunity cycle of priming, infiltration and tumor-specific killing by effector cells Created in BioRender. Edmunds, G. (2026) h ​t ​t ​p ​s ​: ​/
/​B​i​o ​R​e​n​d​e​r​.​c ​o​m​/​x​9​x​b​1​c ​c​.

Tumor vaccines

The overarching goal of a tumor vaccine is to provide tumor antigens together with an adjuvant or “danger

signal” that activates professional antigen presenting cells (APCs) and promotes tumor-specific T cell

priming and activation
[29,30]

. APC activation requires the engagement of pattern recognition receptors on

their surface by pathogen or danger-associated molecular patterns derived from pathogens, dying cells, and

adjuvants
[31]

. Adjuvants that activate and mature APCs are important components of the vaccination

strategy, since APCs that encounter antigen in the absence of danger can become tolerogenic. A significant

barrier to generating vaccines to treat osteosarcoma or prevent recurrence is the lack of identified target

antigens. In addition, the genetic heterogeneity of osteosarcoma likely necessitates a polyclonal T cell

response for tumor control and elimination. Early vaccine strategies addressed these challenges by using

autologous or allogeneic tumor cells to supply multiple tumor associated antigens without requiring

knowledge of antigen identity. Similar approaches using whole tumor cell lysates together with adjuvants to

promote polyclonal T cell responses are still being actively investigated today.

One of the earliest reported immunotherapy studies in dogs with osteosarcoma evaluated Bacillus Calmette-

Guérin (BCG), a potent but non-specific immune stimulus, alone (n = 3) or mixed with irradiated,

autologous tumor cells (n = 4) and administered intravenously to 4 dogs following amputation
[32]

. Patients

receiving BCG or BCG plus autologous tumor cells were reported to have longer survival times compared to

those treated with amputation alone. Subsequent studies evaluating BCG with or without autologous tumor

cells after amputation also reported improved survival
[33]

. Studies in healthy dogs revealed that BCG
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Table 1. Summary of selected clinical immunotherapy studies in pet dogs with osteosarcoma since 2016

Ref. Study design Status Therapy/outcome measures

London 2025[6] Prospective comparative
cohort study

Recruiting
Compare outcomes in dogs treated with amputation alone versus amputation
and chemotherapy

Leblanc et al.,
2021[7]

Randomized, two-arm,
multicenter, superiority
trial

Published
Compare DFI and OS in dogs treated with amputation and carboplatin
chemotherapy ± oral sirolimus

London et al.,
2015[4]

Randomized, prospective
clinical trial

Published
Following amputation and carboplatin, assess the benefit of piroxicam/
cyclophosphamide with or without toceranib on DFI and OS

Flesner et al.,
2020[5]

Single‐site, single‐arm,
open‐label prospective
trial

Published
Assess safety, tolerability, DFI and OS with autologous cancer cell vaccination,
ex vivo expanded T cells and subcutaneous IL-2

Mason et al.,
2016[9] 3 + 3 phase I clinical trial Published

Safety of HER2-Targeting Listeria and its ability to generate HER2/neu-
specific immunity following amputation and carboplatin chemotherapy

Kraitchman
2025[36]

Doucet et al.,
2024[37]

Not yet disclosed Enrolling
Efficacy of intratumoral STING agonist and carboplatin chemotherapy prior to
amputation on DFI, OS and metastasis-free survival

Fan 2025[39] Randomised prospective
clinical trial

Finished
recruiting

Safety and efficacy of K9-ACV, an autologous tumor cell vaccine combined
with the checkpoint inhibitor CD200AR-L, compared to standard-of-care
chemotherapy following amputation

Marconato et al.,
2022[40]

Multi-center, single-arm,
prospective trial with
historical controls

Published
Dermal administrations of peptide-based anticancer vaccine following
amputation and carboplatin. Safety and efficacy (OS, metastasis-free survival,
T cell and humoral immune responses) endpoints.

Milner 2025[54] Not yet disclosed Recruiting
Effect on overall survival of ganglioside targeted vaccine and chemotherapy
following radiation or amputation

Canter et al.,
2017[79] Tolerability study Published

Palliative radiotherapy and intralesional NK cell therapy with IL-2. Safety,
metastasis-free survival, NK cell persistence in PBMC and tumor

Rebhun et al.,
2022[81] 3 + 3 phase I clinical trial Published

Inhaled rhIL-15 in dogs with gross pulmonary metastases. Safety, ORR, OS and
PFS, pharmacokinetic and immune correlative analyses.

Mason 2025[84] Phase I clinical trial Recruiting
Safety, tolerability, persistence and identification of maximum tolerated dose
of B7-H3 CAR-iNKT cells in dogs before or after amputation. Metastasis-free
survival, PFS, OS as secondary endpoints.

Regan et al.,
2022[93]

Prospective dose
escalation study

Published
Safety, tolerability, pharmacokinetics, lesion size, immune correlates in dogs
with metastatic osteosarcoma treated with amputation followed by losartan
and toceranib

London et al.,
2022[102] Prospective clinical trial Enrolling

Adjuvant losartan, toceranib and ladarixin used pre-and post-amputation.
Effects on PFS, OS, lung metastases, circulating cytokine concentrations, and
gene expression profiles in PBMC

Regan 2025[108] Randomised prospective
clinical trial

Enrolling
Safety and anti-cancer activity of fibroblast activation protein (FAP) targeted
CAR T cells ± losartan and toceranib in dogs with sarcoma

Milner et al.,
2025[115] Not yet disclosed Enrolling

Determine safety, efficacy and immune correlates of response to adjuvant
RNA vaccination and anti-PD1 blockade used alongside radiotherapy in dogs
with osteosarcoma

ACT: Adoptive cellular therapy; AYA: adolescent and young adult; B7-H3: B7 homolog 3 (CD276); CAR: chimeric antigen receptor; CAR-iNKT:
chimeric antigen receptor invariant natural killer T cell; CD200AR-L: CD200 activation receptor ligand; DFI: disease-free interval; FAP: fibroblast
activation protein; HER2: human epidermal growth factor receptor 2; IL: interleukin; NK: natural killer; ORR: objective response rate; OS: overall
survival; PBMC: peripheral blood mononuclear cell; PD-1: programmed cell death protein 1; PFS: progression-free survival; rhIL-15: recombinant
human interleukin-15; STING: stimulator of interferon genes.

administration increased NK cell cytotoxicity and increased pulmonary macrophage activation. These

findings suggested mechanisms by which micrometastatic disease may be controlled, and helped lay the

groundwork for later studies evaluating NK cell therapies and biological response modifiers, including

liposomal muramyl tripeptide phosphatidyl ethanolamine (L-MTP-PE; mifamurtide) (see below).

More recently, guided by an increased understanding of the role that the stimulator of interferon genes

(STING) pathway plays in anti-tumor immune responses, STING agonists were evaluated in dogs with

osteosarcoma. STING agonists drive type I interferon and pro-inflammatory cytokine production and play
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an important role in tertiary lymphoid structure development
[34,35]

. Early studies in dogs with osteosarcoma

showed that intratumoral administration of a STING agonist is feasible, tolerable and safe, and led to a 2-fold

increase in the number of infiltrating CD3+ T cells in the region of the injection
[36,37]

. Upregulation of Th1

gene profiles was also identified by RNA sequencing at the injection site. Consistent with immune activation,

STING administration was accompanied by increased expression of immunoregulatory molecules such as

PD-1 and TIM3, supporting combination studies using checkpoint inhibition. Indeed, STING agonists are

now being combined with inducers of immunogenic cell death (e.g., cryotherapy) which release tumor

associated antigens from osteosarcoma lesions to generate an in vivo vaccine. The results of this in situ

vaccination approach on the prevention of metastases in dogs with osteosarcoma are eagerly awaited
[36]

.

Tumor lysate vaccines are now being combined with potent adjuvants such as Cytosine-phosphate-Guanine

oligodeoxynucleotide (CpG) or checkpoint inhibitors including CD200 activation receptor ligand

(CD200AR-L) to enhance anti-tumor T cell responses and promote epitope spreading. Prospective

evaluation of CD200AR-L in combination with autologous tumor lysate in dogs with glioma showed

superior progression-free survival when compared with a historical cohort treated with tumor lysate alone
[38]

.

This approach is now being evaluated in the adjuvant setting following amputation in dogs with

osteosarcoma
[39]

. Autologous and allogeneic canine osteosarcoma vaccines have also been prepared from

osteosarcoma cells incubated with Salmonella enterica which causes them to release immunogenic peptides.

Intradermal administration of these peptides to dogs once a month, for a total of 6 months following

amputation and chemotherapy, resulted in improved metastasis-free survival and tumor-specific overall

survival when compared to a historical control group that underwent amputation and chemotherapy

alone
[40]

.

The development of vaccines that incorporate specific tumor associated antigens for osteosarcoma has been

challenging, given the lack of validated targets that are universally expressed. Several antigens have emerged

as potential candidates including the epidermal growth factor receptor, HER2/neu
[9,41]

, B7-H3
[42,43]

,

Transferrin Receptor-1
[44]

, urokinase plasminogen activator
[45]

 and the disialyl gangliosides GD2/GD3
[46,47]

.

Preclinical identification of such antigens has led to the development of two vaccines targeting HER2/neu

and one targeting GD2/GD3 synthase, which have been evaluated in dogs with osteosarcoma.

The chimeric HER2expressing Listeria vaccine (Lm-LLO-HER2) consists of a highly attenuated strain of

Listeria monocytogenes (Lm), genetically engineered to express a chimeric HER2 antigen fused to a pore-

forming lysin, listeriolysin O
[48]

. Following intravenous administration, the organism is phagocytosed by

APCs and Listeriolysin O mediates escape of listeria components including the chimeric HER2 protein from

the phagolysosome into the cytoplasm, enabling antigen presentation through both MHCI and MHCII

pathways. This results in priming of HER2-specific CD8+ T cells and CD4+ T cells. Listeria also has potent

innate immune stimulatory properties which further enhance T cell priming. Immunization with Lm-LLO-

HER2 produced strong cytotoxic CD8+ T cell responses and eliminated HER2+ tumors in mice
[48,49]

. In a

pilot canine study of 18 dogs, administration after amputation and carboplatin was associated with HER2-

specific T cell responses and prolonged disease-free interval and overall survival relative to historical

controls
[9]

. In a larger multi-institutional study with 118 intent-to-treat dogs, the survival advantage following

vaccination was not observed
[50]

. However, across both groups, a number of dogs emerged as “elite”

survivors, defined as dogs who experienced an overall survival time exceeding two or three times the

expected median. Interestingly, elite survivorship was correlated with the augmentation of cytotoxic immune

responses following vaccination
[50]

. Amongst elite survivors, differential gene expression analysis of

peripheral blood mononuclear cells (PBMCs) harvested before treatment, identified baseline enrichment of

pathways associated with dendritic cell cross presentation, cytotoxic T cell responses and T cells compared

with short-term survivors. These findings led to the hypothesis that “immune fitness” or the baseline
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immunological capability of a patient to respond to immune stimulus might predict clinical response to Lm-

LLO-HER2 immunotherapy. Canine trials provide an interesting opportunity to identify immune signatures

that might predict successful responses to immunotherapy and enable stratification of immunologically fit

patients to immunotherapy treatment groups. A lyophilized Lm-LLO-HER2 vaccine was subsequently

developed for commercialization, however, the altered formulation contributed to adverse events and

identification of the attenuated Lm within the tumors of several patients resulted in discontinuation of this

biological form of the vaccine
[51]

. Interestingly, Lm is known to home to hypoxic regions and this property

has now also been exploited to deliver radionuclides directly into tumors
[52]

. The initial data with the original

frozen form of Lm-LLO-HER2 has supported a pediatric trial in patients with relapsed, resected

osteosarcoma which is now fully enrolled, and the final readout of the trial is pending (NCT04974008; COG

AOST1221). Based on the canine data, immune fitness biomarkers are being explored in this cohort to

determine their value in predicting clinical outcomes.

The second HER2 targeting vaccine approach being explored in canine cancer patients consists of an 18

amino-acid HER2 peptide delivered with the adjuvant, montanide
[53]

. 93 patients were enrolled on the study,

of which 43 had HER2+ appendicular osteosarcoma. Dogs received the vaccine subcutaneously within 3

weeks of their last carboplatin treatment. Vaccination elicited IgG responses against the vaccinal peptide and

65% of patients survived 12 months, with a median survival time of 478 days. The vaccine was generally well

tolerated although sterile abscesses at the injection site were reported in up to 30% of all patients immunized.

Assessment of baseline immune fitness as a potential correlative biomarker of response has yet to be

performed.

A third antigen specific vaccine strategy targeting GD3 is currently being evaluated in dogs with

osteosarcoma. In this study, the GD3 vaccine is administered following amputation or radiation therapy and

in combination with chemotherapy, every 3 weeks for 6 vaccines. Results of this trial, which include

immunological endpoints, are pending
[54]

.

It is important to note that unlike the autologous or allogeneic tumor vaccine approaches that provide

multiple tumor associated antigens to generate a polyclonal T cell response, the vaccines described above are

engineered to target a single tumor antigen and, as such, their success could rely on the inclusion of powerful

adjuvants that boost endogenous immune responses and promote epitope spreading to induce additional

polyclonal T cell responses against other tumor antigens besides those included in the vaccine. These

responses are essential to combat tumor antigen heterogeneity and circumvent antigen escape mechanisms.

Collectively, the above vaccine strategies have shown encouraging early activity, albeit in small cohorts of

canine osteosarcoma patients. Future priorities include rational combinations of vaccines with other

therapies including those that induce immunogenic cell death and inhibit checkpoint molecules, and the

identification of biomarkers that will enable patient stratification in larger, placebo controlled, clinical trials.

Adoptive cellular immunotherapies for the veterinary clinic

The ultimate goal of immunotherapies is to generate tumor-specific cytotoxic T cells that can specifically

recognize, home to and kill malignant cells anywhere in the body
[27,28]

. An alternative approach to vaccination

to achieve this goal is adoptive cellular therapy (ACT). ACT involves the ex vivo isolation, expansion,

activation, and/or genetic modification of immune cells to recognize tumor antigens, prior to reinfusion into

the patient.
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T cell-based immunotherapies

Tumor infiltrating lymphocyte (TIL) therapy works on the hypothesis that T cells within the tumor are

specific for a multitude of different tumor associated antigens (reviewed in
[55]

). TILs isolated from solid

tumors and expanded ex vivo, retain their tumor-specific functionality post expansion and mediate potent

anti-tumor immunity upon adoptive transfer back into the patient. Insights from transcriptomic profiling of

canine CD8+ TILs showed them to be different from circulating CD8+ T cells, having increased expression

of 241 genes associated with cytotoxicity and immune activation
[56]

. However, exhaustion markers such as

LAG3, TIM1 and 41-BB were also expressed, along with factors that tune activation signaling (NFKBIA,

DUSP4, RGS2 and RGS4), those that enforce tolerance (NR4A3) and others that regulate proliferation
[56]

. Ex

vivo rapid expansion protocols performed in the presence of high concentrations of IL-2 help to reinvigorate

TILs, and further expansion in vivo after re-infusion is aided by the concurrent administration of IL-2 to

patients
[57]

. In 2024, the first TIL therapy was approved by the FDA for the treatment of advanced

unresectable or metastatic melanoma based on promising results in 73 human patients
[58]

. This has now led

to the exploration of TILs to treat canine cancers. One group recently demonstrated that TILs can be

expanded from dissociated canine osteosarcoma samples to achieve clinically relevant cell numbers after a

customized rapid expansion protocol ex vivo
[59]

. Functional assays demonstrated that the majority of these

expanded TIL products exhibited reactivity against autologous tumor cells, suggesting that TIL therapy may

hold therapeutic promise for dogs with osteosarcoma. To address concerns over TILs exhibiting low TCR

affinity for the self-antigens expressed on tumors, chimeric antigen receptor (CAR) technology has been

explored to re-direct TILs. One group used a second generation, HER2 targeted, CAR-TIL approach in dogs

with squamous cell carcinoma and melanoma which, when administered alongside tumor resection, a

tyrosine kinase inhibitor and IL-2, led to transient reduction in tumor size in some cases and one year of

tumor free survival in others
[60]

. Additional engineering strategies to promote the activity of re-infused TILs

in the tumor microenvironment are currently being investigated in human TILs
[61]

.

An alternative approach to provide large numbers of autologous tumor-specific T cells for adoptive transfer

is to combine autologous tumor vaccination to prime T cells in vivo, with subsequent T cell harvest, ex vivo

expansion and adoptive transfer back into the patient. In vivo priming with autologous tumor cells aims to

increase the number of tumor-specific T cells in the patient before apheresis, thereby increasing the number

in the ex vivo expanded infusion product
[5,62]

. Autologous tumor vaccination prior to ACT was evaluated in

two cohorts of pet dogs with osteosarcoma who underwent amputation without chemotherapy, and clinical

outcomes were compared to dogs treated with standard of care amputation and carboplatin. In the first

prospective pilot single arm cohort study, 10 dogs received tumor vaccination followed by apheresis and

ACT, together with low‐dose systemic IL‐2 to support in vivo expansion of adoptively transferred T cells
[5]

.

This approach produced a median survival time of 415 days, which was comparable to that of dogs receiving

standard of care amputation and carboplatin chemotherapy. Although one patient experienced severe

immune-related adverse events, the therapy was otherwise well tolerated. In preliminary conference-reported

data from a second small (n = 14) study of autologous tumor vaccination and ACT given after a single dose

of carboplatin, a one year survival rate of 71% compared favorably to 21% achieved in a matched comparator

cohort receiving standard of care carboplatin without vaccination and/or ACT
[63]

. This ACT/vaccine

approach (ELIAS Cancer Immunotherapy) recently received full approval from the USDA Center for

Veterinary Biologics for dogs with osteosarcoma. Future prospective studies are warranted to explore

predictive biomarkers of immune response that may allow for stratification of patients most likely to respond

to therapy.

Although vaccination prior to T cell harvest aims to enhance the potency of cellular products by increasing

the frequency of tumor-specific T cells, it relies on effective in vivo T cell priming. However, defects in

antigen presentation together with an imbalance in the specificity and affinity of the endogenous T cell
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Figure 2. Chimeric Antigen Receptor (CAR) T Cells T cells are harvested from the patient, activated in vitro and then transduced with a
lenti- or retro-virus containing DNA that encodes the CAR construct. The construct integrates into the T cells’ DNA, and is subsequently
transcribed, translated and expressed on the surface of the T cell. CARs consist of an extracellular antigen recognition domain often made
up of a single chain variable fragment (scFv) comprised of the variable heavy and variable light domains of an antibody. The antigen-
recognition portion is linked to a hinge and transmembrane domain followed by a co-stimulatory domain (such as CD28 or 4-1BB), and an
intracellular signaling domain which is usually the CD3 chain. Upon antigen engagement, CAR signaling domains are phosphorylated and
lead to downstream signaling and effector T cell activation, with similar effects to the endogenous T cell receptor. The CAR T cells
recognize antigen in an MHC-independent manner and as the CAR construct is integrated into the cellular DNA, daughter cells will also
express the CAR. Created in BioRender. Edmunds, G. (2026) h​t​t​p​s ​:​/ ​/​B​i​o ​R​e​n​d ​e​r​.​c​o​m​/​a ​t​c​4 ​9​5​e​.

repertoire relative to tumor antigens expressed could render vaccines ineffective at priming T cells in some

cancer patients
[64]

. Furthermore, down regulation of MHC molecules on the surface of tumor cells enables

them to avoid detection by endogenous and adoptively transferred tumor-specific T cells. To circumvent the

requirement for in vivo T cell priming and to overcome MHC down-regulation, autologous T cells can be

engineered to express a CAR that enables the T cell to recognize cell surface expressed antigens
[65]

. CARs are

composed of the VH and VL domains of an antibody linked to a T cell co-stimulatory domain and an

activating CD3 chain [Figure 2]. When expressed on the T cell surface, the CAR construct allows T cells to

detect a membrane bound target antigen, without the need for MHC, activate upon CAR engagement and

undergo antigen-specific proliferation, cytokine production and target cell killing. While CAR-T cell therapy

has been remarkably successful in hematological malignancies in human patients, it has underperformed in

the treatment of solid tumors, including osteosarcoma. Reported reasons for this include failure of trafficking

into the tumor, the immunosuppressive tumor microenvironment, and target antigen downregulation

and/or heterogeneity within solid tumors. These barriers to effective CAR-T cell therapy are being addressed

through engineering strategies to improve trafficking, resist the hostile tumor microenvironment and

circumvent epitope loss, for example through expression of bivalent CARs. Furthermore, CARs employing

different antigen recognition and/or signaling domains that influence the phenotype of the CAR-T product

with effects on function and persistence, are now being evaluated
[66,67]

.

Second generation CAR-T cells that target HER2 or B7-H3 have been developed for the treatment of human

sarcomas
[68,69]

 and canine osteosarcoma
[43,70]

. While HER2 targeting CAR-T cells show robust effector function

against HER2+ osteosarcoma cell lines in vitro, they failed to show efficacy in pediatric osteosarcoma patients

and have not yet been evaluated in the canine clinic. In contrast, B7-H3 targeted CAR-T (and chimeric

antigen receptor invariant natural killer T (CAR-iNKT)) cells are currently being evaluated in both human

(CAR-T) and canine (CAR-T and CAR-iNKT) osteosarcoma patients. B7-H3 is a checkpoint receptor that is

highly expressed in many tumor types including osteosarcoma, where it correlates with a negative

prognosis
[71]

. B7-H3 targeting CAR-T cell approaches have demonstrated anti-tumor activity in vitro and in
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Figure 3. Autologous versus allogeneic cellular immunotherapy for canine patients. Autologous products are generated by isolating patient
leukocytes through apheresis, expanding and editing the desired subset in the laboratory and reinfusing the edited cells back into the same
patient. Allogeneic products are generated from the peripheral blood of a healthy donor and cryopreserved such that they can be available
‘off the shelf’ and administered to unmatched recipients as needed. Created in BioRender. Edmunds, G. (2026) h ​t ​t ​p ​s ​: ​/ ​/ ​B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​/ ​0 ​6
j​6 ​s​g​f​.

xenograft models of canine osteosarcoma
[42]

. Safety and efficacy data is currently being obtained from a

canine clinical trial of B7-H3 targeted CAR T cells and CAR-iNKT cells in metastatic and non-metastatic

osteosarcoma, and parallel B7-H3 targeting CAR T cell trials in pediatric osteosarcoma are ongoing.

Tumors can downregulate or eliminate targeted antigens/epitopes when placed under selection pressure by

natural immune responses or in response to targeted immunotherapy - a phenomenon known as antigen

escape. In hematological malignancies, loss of the CAR-targeted epitopes is a well-documented challenge

which can lead to CAR-T failure
[66,72]

. Advanced engineering to generate bi-specific CARs, that target two

antigens, or the use of universal CARs that target multiple antigens at once through innovative designs, are

now being explored to address issues of antigen escape
[73]

. Such advances are starting to be explored in canine

osteosarcoma but have yet to be tested in the clinic.

Alternative immune cell subsets employed in canine cellular immunotherapy

While autologous T cells are the most commonly used immune subset in cellular immunotherapy, intrinsic

T cell dysfunction, associated with advanced disease or prior chemotherapeutics, can limit the effectiveness

of T cell therapy. This, together with the high cost and labor-intensive process of generating autologous T

cell products, limits their global use in human and canine patients. Together, these challenges have fueled the

drive to advance allogeneic cellular immunotherapies, whereby multiple immune cell products can be

generated from a single healthy donor and cryopreserved for on-demand use [Figure 3]. Key barriers to

adoptive cell transfer with allogeneic T cells include graft versus host disease (GVHD) mediated by MHC

mismatch between donor and recipient, and immunological rejection of allogeneic cells by the recipient
[74]

.

While some of these barriers are being addressed by genetic editing of T cell components including

disruption of the TCR and MHC molecules, the effects of multiple edits on T cell function are not fully

understood. This has led to the exploration of alternative cytotoxic immune cell types including NK and

iNKT cells that can be safely transferred into MHC mismatched hosts, without causing GVHD
[75]

.

https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf
https://BioRender.com/06j6sgf


Edmunds et al. Rare Dis Orphan Drugs J. 2026;5:25 Page 11 of 21

NK cells are innate lymphoid cells which play a critical role in the anti-tumor immune response. NK cell

activation depends upon the balance of activating and inhibitory signals received through a multitude of

surface receptors such as killer immunoglobulin receptors, which are stimulatory to NK cells, and

interactions with self MHC molecules, which inhibit NK cell activation
[76]

. Malignant cells often down-

regulate MHC and are therefore vulnerable to NK cell attack. The use of autologous and allogeneic NK cells

either alone or in combination with radiation and/or cytokine support has been actively explored in dogs

with osteosarcoma
[77,78]

.

The rationale for combining adoptively transferred NK cells with radiation therapy was supported by in vitro

studies suggesting that radiation increases the cytotoxicity of NK cells and enhances their homing to

tumors
[79]

. In a prospective pilot single-arm cohort study, autologous NK cells were administered intra-

tumorally to dogs with appendicular osteosarcoma that had undergone palliative radiation. Treatment was

generally well tolerated although 3/10 patients developed injection site infections requiring surgical

debridement in 2 dogs. Patients experienced a significant increase in CD5+ GranzymeB+ cells in peripheral

blood, and one patient had resolution of a suspected metastatic pulmonary nodule, a finding which may be

consistent with systemic immune activity. Metastasis-free survival and progression-free survival compared

favorably to historical controls
[79]

. A follow up study by the same group revealed greater increases in CD3 and

CD8 gene expression in the peripheral blood of long-term survivors compared with short term survivors

amongst NK cell-treated canine patients
[80]

. These findings provide preliminary evidence that NK cell

therapy, in combination with radiation therapy, may potentiate anti-tumor immune responses. The study

also suggested that higher serum IL-6 levels at baseline might predict shorter metastasis-free and overall

survival, revealing a conflicting role for serum and intratumoral IL-6 as a potential biomarker of prognosis in

canine patients
[80]

.

IL-15 is a critical cytokine promoting NK cell activation and expansion and has been delivered via inhalation

to enhance local NK cell activity in dogs with pulmonary metastatic osteosarcoma
[81]

. In a small feasibility

study, treatment with inhaled recombinant human IL-15 alone was well tolerated and associated with

increases in pro-inflammatory cytokines and some evidence of clinical response. To increase the

effectiveness of this approach, inhaled IL-15 was supplied in combination with adoptive autologous NK cell

transfer. This approach was found to be feasible, safe and well tolerated, with one out of the five dogs treated

developing stable disease
[81]

. To gain further insights into NK cell biology and therapeutic capabilities, canine

NK cells have been extensively characterized using single-cell RNA sequencing which revealed tissue-specific

canine NK cell signatures and comparability of canine NK cells to human NK cells
[82]

. These studies in pet

dogs have begun to provide the baseline data required to identify molecular signatures or biomarkers of NK

cell fitness that could be valuable in donor selection, ensuring the best chance of success for allogeneic NK

cell therapies in the future.

Pet dogs with metastatic osteosarcoma are also being employed to advance the development of adoptive cell

therapy (ACT) using a rare subset of T cells known as iNKT cells. iNKT cells comprise less than 1% of

peripheral T cells and express an invariant T cell receptor specific for glycolipid antigens presented in the

context of the monomorphic non-classical MHCI molecule
[74]

. Similar to NK cells, allogeneic iNKT cells can

be adoptively transferred without causing GVHD and produce cytokines which potentiate cytotoxic anti-

tumor immune responses while regulating excessive or toxic immune related adverse events
[75,83]

. Non-

terminal studies in 2 healthy research dogs demonstrated that adoptive transfer of ex-vivo expanded

allogeneic, MHC mismatched iNKT cells was feasible, safe and resulted in the persistence of donor iNKT

cells within recipients for over 3 months
[75]

. In this preclinical study, single cell RNA sequencing of ex vivo

expanded canine iNKT cells identified significant inter-donor differences in iNKT cell phenotype (e.g.,

central memory versus effector memory), cytotoxicity and replicative capacity, and these differences were
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validated using in vitro assays. Therefore, the study provided important information regarding donor

variability and the effect of donor selection on allogeneic iNKT products. Engineered allogeneic CAR-iNKT

cells are now being evaluated in dogs with metastatic osteosarcoma and as neoadjuvant therapy in primary

appendicular osteosarcoma, in NCI supported clinical trials
[84]

. Serial integrated immunologic analyses of

canine patients receiving allogeneic CAR-iNKT cells is ongoing and should help to clarify any immune

modulatory and anti-tumor effects of CAR-iNKT cells in this setting.

Improving the recruitment and infiltration of anti-tumor immune cells into osteosarcoma lesions

A transcriptomic analysis which compared 190 canine primary osteosarcoma lesions with 8 canine

metastatic lesions and 405 samples from 8 human osteosarcoma datasets revealed that primary tumors can

be categorized into three subtypes depending on their immune content (i) “immune enriched”, (ii) “immune

desert”, and (iii) “immune enriched with dense ECM”
[25]

. The most common subtype in this study, immune

desert, lacked any significant immune infiltrate, including T and NK cells, and is considered to be

immunologically “cold”. Conversely, a small subset of canine and human osteosarcomas contained T and

NK cells and are considered immunologically “hot” or “immune-enriched”, a phenotype which was

associated with prolonged disease-free intervals and overall survival
[25]

. These findings support those of

contemporaneous
[85]

 and earlier
[86]

 studies which identified transcriptomic signatures associated with

inflammation and immune activation that correlate with improved outcome in canine and human

osteosarcoma cohorts. While the factors that determine whether osteosarcoma lesions are immunologically

hot or cold remain under investigation, failure of T cell homing and penetration into the tumor, owing to

inadequate chemoattractant signaling and/or physical and functional barriers appear to contribute to

immune exclusion
[85,87,88]

.

To improve the homing of CAR-T cells to tumors, CAR constructs have been engineered to express

chemokine receptors such as CXCR2 for the treatment of hepatocellular carcinoma in people
[89]

. Canine

osteosarcoma cells were shown to secrete the CXCR2 ligand CXCL8, and canine B7-H3 CAR-T cells

expressing human CXCR2 migrated towards canine CXCL8 in transwell assays
[42]

. Interestingly, in this study,

B7-H3/CXCR2 CAR-T cells showed enhanced functionality over standard B7-H3 CAR-T cells in vitro,

producing more IFN-γ and IL-2 and showed improved persistence and anti-tumor function in vivo in mouse

xenograft models. The CXCR2 engineered CAR-T cells had a distinct transcriptomic profile with increased

expression of genes related to T cell activation, while genes related to functions such as G-protein coupled

receptor signaling and lipid metabolism were downregulated. While this preclinical study did not specifically

evaluate the effects of CXCR2 expression on CAR-T homing to tumors in vivo, it revealed unexpected effects

of increased CAR-T persistence and activity, and provides an interesting avenue of exploration for next

generation CAR-T cell design.

In humans, combining RNA sequencing data with spatial biology approaches and screening of a library of

FDA approved compounds have shown that manipulation of the CXCR4 axis may improve immune

infiltration in osteosarcoma
[88]

. In addition, single cell RNA sequencing of canine osteosarcoma identified a

CXCL13/IL21 expressing CD4+ T follicular helper population that has previously been associated with

favorable anti-tumor responses in other species
[85]

. Collectively, these data indicate that manipulating

chemokine signaling may represent an avenue for further exploration in osteosarcoma, and the availability of

a growing body of canine omics data may allow improvements in the efficacy of CAR-T cells in solid tumors

in the veterinary and human clinic.

Targeting the tumor microenvironment

Another physical and functional barrier to effective anti-tumor T cell responses in osteosarcoma is the tumor

microenvironment. The tumor microenvironment is composed of a potent mixture of immunosuppressive

cell populations including subsets of cancer associated fibroblasts (CAFs), tumor-associated
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macrophages
[26,88]

, myeloid derived suppressor cells and regulatory T cells
[90,91]

 together with regulatory

cytokines, and small immunoinhibitory molecules, interacting in a hypoxic and nutrient depleted niche.

Collectively, these components create a barrier that inhibits the anti-tumor killing function of CD8+ T cells,

NK and iNKT cells in solid tumors including osteosarcoma. Components of the tumor microenvironment

also inhibit immune cell infiltration. Spatial transcriptomic analysis in human metastatic osteosarcoma

recently identified populations of macrophages which are associated with the formation of an immune-

excluding collagen network that traps lymphocytes in distinct spatial compartments, excluding them from

large portions of the tumor
[88]

. A recent meta-analysis of human RNA sequencing data across multiple

osteosarcoma studies supports the presence of similar confining regions in most human patients, thus,

therapies that target monocytes, tumor associated macrophages and the ECM could be used to improve T

cell infiltration
[92]

. Canine RNA sequencing datasets including those with spatial integration
[87]

 parallel human

findings and, as discussed earlier, one comparative canine and human transcriptomic study showed that

matrix deposition correlates with reduced T cell infiltration and negative clinical outcomes when compared

to a cohort without significant stromal signatures in both humans and dogs
[25]

.

Both human and canine data suggest that monocytes develop into macrophages which are implicated in

conditioning the tumor microenvironment and metastatic niche in osteosarcoma
[26,88,93]

. Historically,

macrophages were divided into M0 (“resting”), M1 (“anti-tumor”) and M2 (“pro-tumor”) populations, but

their phenotype is now known to be much more fluid and nuanced
[94]

. The complexity and diversity of

macrophage subsets in osteosarcoma is extensive, and this may explain in part the conflicting reports of the

roles they play in anti-tumor immunity across different studies.

Targeting myeloid subsets that are beneficial to anti-tumor immunity

Multiple studies in human osteosarcoma have shown that macrophage infiltrates and M2 phenotypes

positively correlate with outcome
[95,96]

. In the previously referenced retrospective transcriptomic study
[85]

,

CIBERSORT was used to deconvolute immune populations in canine osteosarcoma tissue, and the authors

unexpectedly found that M2 subsets were enriched in the favorable outcome group whereas M0

macrophages were associated with a poor prognosis
[85]

. Furthermore, a retrospective pathology study of 24

canine osteosarcomas used immunostaining to show that the % area of CD204+ (M2 like) macrophage

staining within the primary tumor positively correlated with CD3+ T cell and FOXP3+ infiltrates, and with

disease-free interval but not with overall survival time
[26]

. Thus, in both human and canine osteosarcoma, and

in contrast to other tumor types, specific subsets of tumor associated macrophages (TAMs) appear to be

beneficial, and this has formed the basis of employing macrophage-activating agents therapeutically. One

such agent is liposomal muramyl tripeptide phosphatidyl ethanolamine (L-MTP-PE), which in a prospective

randomized double-blind placebo-controlled clinical trial was found to extend survival when administered to

dogs with appendicular osteosarcoma following amputation and cisplatin chemotherapy
[97]

. A similar benefit

was identified in non-metastatic pediatric osteosarcoma patients, treated with mifamurtide (Mepact), a

muramyl-dipeptide derivative, following definitive surgery and in combination with maintenance

chemotherapy
[98]

. Mifamurtide is now approved by the European Medicines Agency for treatment of high-

grade, resectable, non-metastatic osteosarcoma in pediatric and young adult cohorts
[99]

. Although the initial

studies showing survival benefit using mifamurtide were performed in dogs, it is not FDA approved for

veterinary use.

Targeting myeloid subsets that are detrimental to anti-tumor immunity

Conversely, several canine and human studies also support a tumor-promoting role of macrophages in

osteosaroma. Transcriptomic studies have shown that CCL2 (also known as monocyte chemoattractant

protein-1, MCP-1), a protein that plays a central role in monocyte recruitment to areas of tissue damage and

inflammation, is highly expressed in primary and metastatic canine osteosarcoma lesions
[25]

. In murine and
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human preclinical models, CCL2 was associated with intra-tumoral enrichment of CCR2+ myeloid cells,

angiotensin-II driven upregulation of TGF-β signaling, macrophage recruitment and collagen

deposition/fibrosis, contributing to the pre-metastatic niche
[100]

. Drug library screening identified the

angiotensin II receptor blocker, losartan, as an inhibitor of CCL2 that might block or retard development of

an immunosuppressive metastatic niche. This hypothesis led to mouse studies and canine clinical trials in

which treatment with high doses of losartan was associated with partial responses in 4/16 dogs and stable

disease in 4/16 dogs
[93]

. At the highest dose of losartan, 95% and 66% increases in median progression-free

survival and overall survival respectively were observed. Losartan treatment was also associated with reduced

circulating monocytes in a subset of dogs in this study, who experienced prolonged progression-free survival

compared to those with no changes in monocytes in response to therapy
[93]

. Losartan treatment did not affect

serum TGF-β concentrations, suggesting that its primary mode of action was inhibition of monocyte

recruitment to osteosarcoma lesions. The combination of losartan and toceranib is now widely employed in

the treatment of dogs with metastatic osteosarcoma by veterinary oncologists. These promising results in pet

dogs led to an ongoing study of losartan and sunitinib in human patients with metastatic osteosarcoma,

exemplifying that findings from canine studies are being used to inform clinical trials in human

osteosarcoma patients
[101]

. Canine studies have now been extended to include the CXCR1 and CXCR2

inhibitor ladarixin, in combination with losartan and toceranib. Preliminary reports indicate that this

regimen has produced objective responses and clinical benefit in some dogs with pulmonary osteosarcoma

metastases, although the final results are pending
[102]

. Early gene expression profiling data generated from the

PBMC of dogs treated in the triple combination therapy trial, has so far shown therapy-induced alterations

in genes and pathways with obvious relevance to anti-tumor immunity e.g., downmodulation of the

checkpoint inhibitor cytotoxic T-lymphocyte associated protein 4 (CTLA-4), and upregulation of CCL19 (a

chemokine ligand involved in lymphocyte recruitment)
[102]

. Given the promising results in the initial trial,

losartan/toceranib/ladarixin is now being evaluated in the adjuvant setting in dogs post-amputation, in the

absence of systemic chemotherapy.

Since myeloid cells are heterogeneous, identifying specific subsets and establishing their role in tumor

progression and metastasis is a key focus of current research
[103]

. Collaborations between veterinary and

human research groups, including analyses of clinical cohorts across humans
[94]

 and dogs
[102]

, may inform

therapies that eliminate immunoregulatory macrophage subsets whilst preserving those that support anti-

tumor immune responses.

Cancer associated fibroblasts

CAFs are also thought to play a fundamental role in stromal conditioning and immunosuppression in canine

osteosarcoma. In one study, canine CAFs isolated from the tumors of dogs with malignant epithelial tumors,

were analyzed using immunostaining and ELISA and were shown to produce CXCL12
[104]

. CAF derived

TGF-β augmented this effect, acting in an autocrine manner to upregulate CXCL12 secretion. CXCL12 is a

cytokine which may encourage CXCR4-expressing T cells to sequester in the peritumoral stroma rather than

infiltrating the tumor, and CAF derived TGF also functioned in an endocrine fashion to increase CXCR4

expression by T cells
[104]

. Overall, this canine study provided evidence in support of the CAF-mediated

CXCL12-CXCR4 axis contributing to immune exclusion in solid tumors. Spatial transcriptomic analysis has

also shown that the CXCR4 axis is important in the peritumoral region of human osteosarcoma

metastases
[88]

. Further analysis of CAFs in canine osteosarcoma could support a renewed drive to target

fibroblasts for therapeutic gain.

In order to target CAFs, markers of immunosuppressive CAF subsets must be defined. Amongst human

cohorts, fibroblast activating protein (FAP) is expressed by CAFs and has been targeted with radionucleotide

therapy and CAR-T cells, leading to CAF depletion and control of tumor growth in clinical trials of multiple
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cancers, including osteosarcoma
[105]

. However, markers of immunosuppressive CAFs have previously been

lacking in dogs. Canine-specific omics and immunostaining analyses have now allowed canine CAF subsets

to be better characterized, and populations expressing SFRP2 and PRSS23 at the gene level
[106]

, and FAP at the

protein level
[107]

 have been shown to be associated with a negative prognosis in pet dogs. Subsequently, cross-

reactive anti-FAP antibodies have been identified, paving the way for FAP-targeted antibodies and CAR-T

cells to enter the canine clinic. Current canine trials are employing FAP-directed CAR-T cells in

combination with telmisartan and toceranib, to collectively address the immunosuppressive TME. The

clinical outcome data of these studies together with immune correlates of response to therapy are eagerly

awaited
[108]

.

Checkpoint inhibition and combination therapies

Checkpoint inhibitors, which block the interaction between inhibitory ligands (expressed in the tumor

microenvironment and draining lymph node), and their receptors on activated immune cells, are now

entering the veterinary clinic. Monoclonal antibodies which inhibit canine programmed cell death protein 1

(PD-1), programmed cell death ligand 1 (PD-L1) and CTLA-4 have now been generated and are being

evaluated in pilot clinical trials both as monotherapy and combination therapies in dogs with various

tumors
[109-112]

. Osteosarcoma expresses PD-L1 at high levels, and immunohistochemistry showed that

metastatic OS lesions expressed higher levels of PD-L1 and Herpes Virus Entry Mediator (HVEM, CD270)

compared with primary lesions. Expression of these checkpoint ligands correlated with reduced infiltration

of CD8+ T cells
[113]

 and a novel canine anti-PD-L1 antibody has shown some activity against osteosarcoma in

canine xenograft models
[114]

. Dogs are also paving the way to evaluate the combination of RNA-based

vaccines with checkpoint immunotherapy, and the first canine clinical trial combining anti-PD1 monoclonal

antibodies with a RNA-based vaccine for osteosarcoma is enrolling at present, generating safety and efficacy

data which could inform translation of such combinations into the human and veterinary oncology clinic
[115]

.

CONCLUSIONS
In the last two decades, a comparative body of evidence has established that pet dogs with spontaneous

osteosarcoma are valuable “models” for the pediatric disease. This has lead to increased investment in

research aiming to understand canine osteosarcoma’s pathogenesis, identify target antigens, evaluate the

effects of immunotherapeutics and identify correlative biomarkers that predict therapeutic response and

outcome. As an increasing number of assays and molecular tools have become available for use in dogs,

investigations have provided important information that has increased our understanding of the tumor’s

immune composition, the physical and functional barriers that protect it from immunologic attack and

potential immunotherapeutic targets. Based on these findings, rationally designed immunotherapeutics and

combination strategies to treat osteosarcoma and prevent metastases are being evaluated in the adjuvant and

neoadjuvant setting. Despite some differences in host genetic susceptibility, standard of care treatment, trial

design and regulation, findings from preclinical and clinical studies in dogs have successfully informed the

design of therapeutic strategies for pediatric, adolescent and young adult human patients. Furthermore,

population level findings from multiple canine clinical studies suggest that a subset of "elite" responders to

immunotherapies exist, who experience unusually prolonged survival times across different cancer

histologies. Preliminary data from immune assays performed in these studies has led to the hypothesis that a

patient’s baseline immune fitness and capability of responding to immunotherapies might distinguish elite

from poor responders
[50]

. Future studies will address this hypothesis and may allow for stratification of

patients to immunotherapy trials based on their immune profile pre-treatment.

Durable anti-tumor responses are likely to depend not only on early cytotoxic responses but also on the

persistence of effective anti-tumor immunity afforded through the formation of immunological memory.

This area has been understudied in osteosarcoma, and it could be explored in detail amongst the cohorts of
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canine patients that are currently receiving experimental treatments, in order to advance the field. In this

narrative review, we have focused on canine clinical trials, or analyses of canine clinical populations being

treated with immunotherapy. However, canine populations are also providing insights into other aspects of

osteosarcoma including epidemiology, Genome Wide Association Studies (GWAS), targeted molecular

therapies, hormone receptor expression, oncolytic viruses, ferritinophagy, and the exploitation of the gut

microbiome for prognosis and treatment. Overall, the large body of canine data being generated is predicted

to increase our understanding of the biology and immunobiology of osteosarcoma and inform

improvements in our treatment and management of the disease in both humans and dogs over the next

decade.
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