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The advent of the genome editing era brings forth the promise of adoptive cell transfer using engineered chimeric antigen receptor (CAR) T-cells for targeted cancer therapy. CAR T-cell immunotherapy is probably one of the most encouraging developments for the treatment of hematological malignancies. In 2017, two CAR T-cell therapies were approved by the U. S Food and Drug Administration; one for the treatment of pediatric Acute Lymphoblastic Leukemia (ALL), the other for adult patients with advanced lymphomas. However, despite significant progress in the area, CAR T-cell therapy is still in its early days and faces significant challenges, including the complexity and costs associated with the technology. B-cell lymphoma is the most common hematopoietic cancer in dogs, with an incidence approaching 0.1% and a total of 20-100 cases per 100,000 individuals. It is a widely accepted naturally occurring model for human non-Hodgkin's lymphoma. Current treatment is with combination chemotherapy protocols, which prolong life for less than a year in canines and are associated with severe dose-limiting side effects, such as gastrointestinal and bone marrow toxicity.

To date, one canine study generated CAR T-cells by transfection of mRNA for CAR domain expression. While this was shown to provide a transient anti-tumor activity, results were modest, indicating that stable, genomic integration of CAR modules is required in order to achieve lasting therapeutic benefit. This Commentary summarizes the current state of knowledge on CAR T-cell immunotherapy in human medicine and its potential applications in animal health, while discussing the potential of the canine model as a translational system for immuno-oncology research.

Introduction

Research in cancer immunotherapy has two major current and complementary approaches: [START_REF] Kaiser | Cancer immunotherapy sweeps Nobel for medicine[END_REF] immune checkpoint inhibitors such as those that recently garnered a Nobel Prize in Medicine [START_REF] Kaiser | Cancer immunotherapy sweeps Nobel for medicine[END_REF], and (2) chimeric antigen receptor (CAR) T-cell programming. The former focuses on activation of intrinsic properties of T-cells. The latter involves the exogenous 'education' of T cells to seek-out and target cells expressing a particular antigen found on specific cancer cell types [START_REF] Kenderian | Chimeric antigen receptor T-cell therapy to target hematologic malignancies[END_REF]. These methods are considered complementary, and progress on combining these approaches is being reported [START_REF] Yoon | Incorporation of Immune Checkpoint Blockade into Chimeric Antigen Receptor T Cells (CAR-Ts): Combination or Built-In CAR-T[END_REF]. Cancer immunotherapy is an extremely promising new approach in oncology that has the profound potential for curative endpoints. CAR T-cell therapies are particularly promising for hematologic malignancies, garnering two FDA approvals in 2017 [START_REF] Neelapu | Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma[END_REF][START_REF] Maude | Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia[END_REF] representing the first for both these classes of immunotherapies in addition to serving as the inaugural class of gene therapybased strategies. Over 700 potential Investigative New Drug applications are in the queue for cellular and/or gene therapy applications [START_REF] Collins | The Next Phase of Human Gene-Therapy Oversight[END_REF] demonstrating the sustained future for these classes of drugs in the therapeutic pipeline. B-cell neoplasms are the most common hematopoietic cancer in both humans and dogs [START_REF] Seelig | The Comparative Diagnostic Features of Canine and Human Lymphoma[END_REF]. In canine, genetic background can impact disease onset and progression as some breeds show a substantially higher risk of this blood disease, including 11 small-breed dogs, with English Bulldogs presenting years earlier than the overall cohort [START_REF] Bromberek | Breed Distribution and Clinical Characteristics of B Cell Chronic Lymphocytic Leukemia in Dogs[END_REF].

The present Commentary provides a review of the current knowledge on the biology of CAR T-cell therapy and its current applications in human oncology. With the success at treating B-cell lymphoma using CAR T-cell therapies in people, and the conserved nature of the blood systems between dogs and humans, this review also provides a perspective for developing these and related living therapies for conquering canine cancer.

Definition and Process of Manufacturing CAR T-cells for Cancer Therapy

What are CAR T-cells?

The original CAR structure was described in 1989 and included a receptor fused to a signaling domain composed of CD3ζ (Fig. 1). This first-generation CAR T-cell therapy resulted in weak proliferation, short survival and limited anti-tumor effect in patients [START_REF] Pule | Virus-specific T cells engineered to coexpress tumor-specific receptors: persistence and antitumor activity in individuals with neuroblastoma[END_REF][START_REF] Till | Adoptive immunotherapy for indolent non-Hodgkin lymphoma and mantle cell lymphoma using genetically modified autologous CD20-specific T cells[END_REF][START_REF] Kershaw | A phase I study on adoptive immunotherapy using gene-modified T cells for ovarian cancer[END_REF]. Subsequently, it was found that T-cells require a second signal for full activation and, therefore, second-generation CAR T-cells were developed, with two recently FDA approved products in the U.S and Europe. The structure of this new CAR includes a co-stimulatory molecule (e.g. CD28 or 4-1BB) that leads not only to improved expansion and persistence but also to superior anti-tumor effect [START_REF] Savoldo | CD28 costimulation improves expansion and persistence of chimeric antigen receptor-modified T cells in lymphoma patients[END_REF][START_REF] Van Der Stegen | The pharmacology of second-generation chimeric antigen receptors[END_REF]. The basic second-generation CAR T includes an antigen-binding domain, usually derived from a single chain variable fragment (scFv) or a protein receptor, a hinge that connects the scFv to a transmembrane

domain, a co-stimulatory domain, and a CD3ζ signaling domain. This allows for antigen presentation bypassing the major histocompatibility complex and results in direct activation of T cells upon exposure to tumor surface antigens. In most cases, the scFv has been murine derived and been implicated in anti-CAR cytotoxic T-cell responses upon subsequent CAR T infusion, rendering them ineffective [START_REF] Turtle | Immunotherapy of non-Hodgkin's lymphoma with a defined ratio of CD8+ and CD4+ CD19specific chimeric antigen receptor-modified T cells[END_REF][START_REF] Lee | T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic leukaemia in children and young adults: a phase 1 doseescalation trial[END_REF]. It is hypothesized that such responses against autologous T-cells expressing CAR transgene may be less pronounced with the human derivatives.

The transmembrane hinge region allows for optimal structure of antigen binding while the activation domains direct CAR T-cell phenotype and function into specific ways. CD28 and 4-1BB (CD137)

are the two most commonly used co-stimulatory molecules thus far. CD28 is a member of the immunoglobulin family of co-stimulatory receptor, which also includes cytotoxic T-lymphocyte associated antigen-4 and programmed death receptor (PD-1). The extracellular domain of CD28 binds to B7 proteins and initiates the co-stimulatory signal transduction [START_REF] Rudd | Unifying concepts in CD28, ICOS and CTLA4 co-receptor signalling[END_REF]. CD28 signaling increases the effect of T-cell and receptor antigen engagement and results in proliferation of T cells at otherwise sub-mitogenic antigen concentrations [START_REF] Boomer | An enigmatic tail of CD28 signaling[END_REF]. Consequently, cytokine production, most importantly IL-2, is significantly increased. Therefore, CD28 co-stimulation increases cell survival by inducing expression of anti-apoptotic proteins such as Bcl-XL [START_REF] Sperling | CD28/B7 interactions deliver a unique signal to naive T cells that regulates cell survival but not early proliferation[END_REF]. 4-1BB, on the other hand, is a member of the TNF receptor family and is expressed primarily on activated lymphocytes. It results in proliferation and differentiation of CD8+ T cells, while inhibiting programmed cell death [START_REF] Zhang | 4-1BB is superior to CD28 costimulation for generating CD8+ cytotoxic lymphocytes for adoptive immunotherapy[END_REF]. While Co-stimulation with 4-1BB domain has shown enhanced in vivo persistence, higher expansion and enhanced cytolytic ability compared to CD28 co-stimulation [START_REF] Zhang | 4-1BB is superior to CD28 costimulation for generating CD8+ cytotoxic lymphocytes for adoptive immunotherapy[END_REF][START_REF] Carpenito | Control of large, established tumor xenografts with genetically retargeted human T cells containing CD28 and CD137 domains[END_REF]. It has also been suggested that combining these 2 co-stimulatory domains result in a more efficient and persistent anti-tumor activity, by combining their strengths of early tumor-killing with late persistence and engraftment. This has led to the concept of third-generation CAR that now include 2 co-stimulatory domains along with the activation domain, resulting in ≥ 3 signaling domains in the CAR T structure [START_REF] Zhong | Chimeric antigen receptors combining 4-1BB and CD28 signaling domains augment PI3kinase/AKT/Bcl-XL activation and CD8+ T cell-mediated tumor eradication[END_REF]. To date, the incorporation of more stimulatory domains did not enhance CAR T-cell function in preclinical or early clinical trials. This evolution at an unprecedented pace in the world of immuno-oncology has generated a tremendous enthusiasm and has led to an exciting time for developing new strategies for cancer treatment.

T Cell isolation, expansion and generation of CAR T-cells

The following steps are required to generate clinical grade CAR T-cells (Fig. 2):

1) T-cells are collected from patients by leukapheresis;

2) T-cells are then cultured in a good manufacturing process-compliant facility;

3) T-cells are stimulated using stimulating beads, antibodies or artificial antigen presenting cells; 6) The final product needs to pass pre-specified release criteria (i.e. sterility, safety, efficacy)

and is then cryopreserved for future infusion into patients;

7) Patients receive low-dose lymphodepleting chemotherapy, followed by infusion of the CAR T cells.

After infusion, CAR T-cells are stimulated through the CAR receptor after they recognize their target antigen on tumor cells. This is followed by a massive in vivo T-cell expansion, associated with cytokine release, and the release of toxic granules (Fig. 3). During this time, T-cells exhibit their antitumor effect and patients are at risk of developing clinical cytokine release syndrome. Following expansion, T-cells contract and, in some instances, differentiate into a memory phenotype.

Applications in Human Oncology

CD19 targeting CAR T-cell has been the most successful therapy to date in relapsed/refractory acute lymphoblastic leukemia (ALL). In the pre-CAR T therapy era, prognosis of relapsed/refractory B-cell ALL has been dismal with median overall survival reported in few weeks-months and survival at 5 years around 7-8% [START_REF] Fielding | Outcome of 609 adults after relapse of acute lymphoblastic leukemia (ALL); an MRC UKALL12/ECOG 2993 study[END_REF][START_REF] Tavernier | Outcome of treatment after first relapse in adults with acute lymphoblastic leukemia initially treated by the LALA-94 trial[END_REF][START_REF] Gökbuget | German Multicenter Study Group for Adult Acute Lymphoblastic Leukemia. Outcome of relapsed adult lymphoblastic leukemia depends on response to salvage chemotherapy, prognostic factors, and performance of stem cell transplantation[END_REF]. B-cell ALL was the first indication for which any CAR T therapy was approved by the U.S FDA. Tisagenlecleucel (previously CTL019) was the first gene FDA-approved therapy for the treatment of relapsed/refractory B cell ALL in patients up to 25 years of age. The initial report included 2 children from the University of Pennsylvania, one of whom had an ongoing response at 11 months follow-up (and we know is ongoing to date), while the other relapsed with CD19 negative blast cells after an ephemeral response lasting for 2 months [START_REF] Grupp | Chimeric antigen receptor-modified T cells for acute lymphoid leukemia[END_REF]. In the subsequent report of 30 patients with relapsed/refractory ALL, 27 (90%) patients achieved a complete response and 22 (73%)

patients had no detection of disease using sensitive multiparametric flow cytometry at 1 month after infusion [START_REF] Maude | Chimeric antigen receptor T cells for sustained remissions in leukemia[END_REF]. Interestingly, one patient had relapsed T-cell ALL post-transplantation with aberrant CD19 expression and achieved a morphological response with tisagenlecleucel but with only minimal residual disease. Data from clinical trials were expanded from single center experience to multicenter studies with the ELIANA trial that included 92 patients; 75 (82%) of which received infusion of tisagenelecleucel [START_REF] Maude | Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia[END_REF]. Remission was noted in 83% patients with overall survival rate of 90% at 6

months and 76% at 12 months. From the intention-to-treat analysis of 92 enrolled patients, complete response (with or without complete hematological recovery) was observed in 66% patients.

Following the remarkable activity in ALL, trials with CART19 cell therapy were initiated in B-cell lymphomas. intraperitoneally injected lymphoma cells and subcutaneous lymphoma masses in a murine model [START_REF] Kochenderfer | Adoptive transfer of syngeneic T cells transduced with a chimeric antigen receptor that recognizes murine CD19 can eradicate lymphoma and normal B cells[END_REF].

Subsequent clinical studies showed an objective positive response in 75-80% patients treated with axicabtagene-ciloleucel, including some longer lasting responses [START_REF] Roberts | Axicabtagene ciloleucel, a first-in-class CAR T cell therapy for aggressive NHL[END_REF]. This construct was further pursued by Kite Pharma, as KTE-019, in the famous ZUMA-1 trial which paved the way for FDA approval of this modality for DLBCL. The Phase 1 part of the ZUMA trial enrolled 7 patients with 1 patient experiencing a dose limiting toxicity, while grade ≥ 3 cytokine release syndrome (CRS) and neurotoxicity were reported in 14% and 57% patients, respectively. In this report, 5 out of the 7 (71%)

patients showed an objective positive response, with 4 (57%) being complete responses. The Phase 2 ZUMA-1 study enrolled 111 patients, of whom 101 were able to receive the CAR T-cell infusion [START_REF] Neelapu | Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma[END_REF].

Overall positive response was reported in 82% patients with a complete response in 54% of the cases. Complete response was maintained in 40% patients at a median follow-up of 15.4 months. Of the 108 patients who had at least 1 year follow-up in Phase 1 and Phase 2 of the ZUMA-1 trials, an overall response was seen in 82% patients, with a complete response in 58% of the cases. Of the 60 patients who had a partial response or a stable disease at the first assessment 1 month post CAR T-cell therapy, 23 had a subsequent complete response. The progression free survival rate was estimated at 49% in patients at 6 months, 44% at 12 months and 41% at 15 months, while the overall survival rate was 78%, 59% and 52% at 6, 12 and 15 months, respectively. Response to treatment was not affected by CD19 expression intensity, CD4-to-CD8 cell ratio, or the use of tocilizumab; but was associated with a higher expansion of CAR T-cells instead. However, CAR T-cell expansion within the first 28 days was noted to be higher in patients who had a positive response compared to those who did not. One-year follow-up data presented at the Annual Meeting of the American Society of Hematology and the Bone Marrow Transplantation Tandem Meetings in 2018 [START_REF]Advances in aggressive lymphoma from the 2017 American Society of Hematology Annual Meeting and Exposition[END_REF] suggested loss of CD19 expression and gain of PD-L1 expression as possible mechanisms for resistance following CAR T-cell therapy. Another product, tisagenlecleucel (CTL019), is now FDA-approved for use in patients with relapsed/refractory DLBCL (not including primary mediastinal large cell lymphoma).

Approval was based on a Phase 2 study (JULIET) that enrolled 160 patients with primary analysis available on 81 patients with at least 3 month follow-up or earlier discontinuation [START_REF]News in Brief. Value in Using CAR T Cells for DLBCL[END_REF]. Best overall response rate was 53.1% in these evaluable patients (39.5% complete response and 13.6% partial response). At 6 months, probability of being relapse-free was estimated at 73.5% with an overall survival of 64.5%. 95% patients in complete response at 3 months also maintained positive response at 6 months. Another case-series for the same product enrolled 38 patients with DLBCL or follicular lymphoma, of which 28 were able to receive cell infusion [START_REF] Schuster | Chimeric Antigen Receptor T Cells in Refractory B-Cell Lymphomas[END_REF]. At 3 months, 18 of the 28 patients had a positive response (64%). Three patients with follicular lymphoma and 1 patient with DLBCL who had partial response at 3 months had a complete response by 6 months. At 6 months, 16 out of 28 (57%) patients had a complete response and these remained in remission at a median time of 29.3 months (range: 7.7 -37.9 months). In this study, peak expansion of CAR T-cells was not different between patients who responded compared to those who did not.

Overall, multiple CD19 targeting CAR T-cell therapy constructs are currently in development and expected to receive FDA approvals for different B cell malignancies in the next 2-3 years. One example is the B-Cell Maturation Antigen (BCMA) directed CAR T-cell therapy which is showing promising activity in multiple myeloma [START_REF] Rasche | Immunologic approaches for the treatment of multiple myeloma[END_REF].

Unique Toxicities of CAR T-Cell Therapy

Due to its specific mode of action, CAR T-cell therapy is associated with various adverse effects, including the development of cytokine release syndrome, neurotoxicity and B-cell aplasia resulting in hypogammaglobulinemia.

Cytokine Release Syndrome

Cytokine release syndrome (CRS) is one of the most feared toxicities related to CAR T-cell therapy. As its name suggests, CRS is a systemic inflammatory state resulting from the excessive production of cytokine associated with CAR T-cell activation. Time-to-development of CRS is widely variable and depends on the CAR construct, the disease type and the tumor burden. Rates of CRS have ranged from 45 to 100% in various reports with serious or ≥ 3 grade in up to 50% of patients [START_REF] Jin | The severe cytokine release syndrome in phase I trials of CD19-CAR-T cell therapy: a systematic review[END_REF]. Clinical manifestations can range from mild fever to life-threatening vasodilatory shock causing hypoxia, hypotension and organ toxicity mandating management in the intensive care unit. Death related to CRS has been reported [START_REF] Neelapu | Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma[END_REF][START_REF] Turtle | Immunotherapy of non-Hodgkin's lymphoma with a defined ratio of CD8+ and CD4+ CD19specific chimeric antigen receptor-modified T cells[END_REF][START_REF] Park | Long-Term Follow-up of CD19 CAR Therapy in Acute Lymphoblastic Leukemia[END_REF]. It has also been suggested that a higher burden of tumor antigens may be associated with higher rates and severity of CRS [START_REF] Lee | T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic leukaemia in children and young adults: a phase 1 doseescalation trial[END_REF]. Various biomarkers have been studied to elucidate the mechanism, of which interleukin(IL)-6/ IL-6 receptor interaction has been most consistently shown to correlate with CRS. Consistently, blockade of the IL-6 pathway has resulted in alleviation of symptoms related to CRS [START_REF] Liu | Cytokine release syndrome: grading, modeling, and new therapy[END_REF]. C-reactive protein and ferritin are clinically available laboratory tests that have been shown to be elevated in patients who develop CRS and are monitored closely at some institutions, including the Mayo Clinic Cancer Center [START_REF] Davila | Efficacy and toxicity management of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia[END_REF][START_REF] Turtle | CD19 CAR-T cells of defined CD4+:CD8+ composition in adult B cell ALL patients[END_REF]. Other cytokines associated with inflammation such as interferon-gamma, soluble IL-2 receptor and IL-10 have been implicated. [START_REF] Grupp | Chimeric antigen receptor-modified T cells for acute lymphoid leukemia[END_REF]. Subsequent data showed that the use of tocilizumab for CRS does not adversely affect the expansion of CD28/CD3ζ CAR T-cells, unlike that of high-dose steroids [START_REF] Davila | Efficacy and toxicity management of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia[END_REF]. Another agent of potential utility for this indication is siltuximab which, in contrast to tocilizumab, directly inhibits IL-6. This direct inhibition may result in less reliance on competitive binding to IL-6 receptor and eliminate the risk of passive diffusion of unbound IL-6 into the central nervous system (CNS) resulting in neurotoxicity [START_REF] Neelapu | Chimeric antigen receptor T-cell therapy -assessment and management of toxicities[END_REF].

Neurotoxicity

The risk of neurotoxicity with CAR T-cell therapy became apparent when 5 patients died of cerebral edema in one of the early phase ROCKET trial being conducted by Juno Pharmaceuticals using JCAR015 in adult patients with B-cell ALL. Additional deaths have been reported in both Bcell ALL and NHL trials [START_REF] Turtle | Immunotherapy of non-Hodgkin's lymphoma with a defined ratio of CD8+ and CD4+ CD19specific chimeric antigen receptor-modified T cells[END_REF][START_REF] Turtle | CD19 CAR-T cells of defined CD4+:CD8+ composition in adult B cell ALL patients[END_REF]. Non-fatal but clinically significant neurotoxicity has additionally been reported in around 40-50% patients across various clinical trials with the different CAR constructs in various malignancies [START_REF] Santomasso | Clinical and Biological Correlates of Neurotoxicity Associated with CAR T-cell Therapy in Patients with B-cell Acute Lymphoblastic Leukemia[END_REF]. Clinical presentation can vary from headache, confusion, tremor, to delirium, expressive aphasia, obtundation, myoclonus or seizure. Whether there are pre-existing risk factors in the form of CNS disease is currently unknown, as patients with active CNS disease were typically excluded from clinical trials. Various hypotheses have been put forth to explain the development of neurotoxicity, but the exact mechanism remains elusive. One hypothesis is that CAR T-cell activation results in elevated cytokine levels triggering macrophage activation and subsequent neurotoxicity. More recently, with the use of the CD28-CD3ζ therapy in lymphoma, IL-10 as well as IL-15 were noted to achieve higher peak levels in patients with grade 3 or 4 neurotoxicity compared to those with < grade 3 neurotoxicity [START_REF] Kochenderfer | Chemotherapy-refractory diffuse large B-cell lymphoma and indolent B-cell malignancies can be effectively treated with autologous T cells expressing an anti-CD19 chimeric antigen receptor[END_REF]. Endothelial activation and multifocal vascular lesions, resulting in disruption of the blood-brain-barrier were reported in patients experiencing neurotoxicity within 28 days of infusion with CD19 CAR T-cells in B cell ALL, NHL and CLL [START_REF] Gust | Endothelial Activation and Blood-Brain Barrier Disruption in Neurotoxicity after Adoptive Immunotherapy with CD19 CAR-T Cells[END_REF]. Humanized mice model studies have shown a role for IL-1 and IL-6 derived from host monocytes in neurotoxicity which would provide a rationale for the use of anakinara (IL-1 receptor antagonist) in this indication [START_REF] Giavridis | CAR T cellinduced cytokine release syndrome is mediated by macrophages and abated by IL-1 blockade[END_REF]. However, the mainstay of therapy to resolve CAR T-associated neurotoxicity remains corticosteroids.

Hypogammaglobulinemia

B-cell aplasia is an example of 'on-target/off-tumor' activity of CAR T-cell therapy since CD19 is expressed not only on the malignant B-cells but also on normal B-lymphocytes. B-cells are assigned with the task of producing immunoglobulins and hence, B-cell aplasia following CAR T-cell therapy results in prolonged hypogammaglobulinemia. Hence, it is not surprising that all patients from the University of Pennsylvania ALL cohort who had a positive clinical response to CAR T-cell therapy also developed B-cell aplasia [START_REF] Maude | Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia[END_REF]. Hypogammaglobulinemia leads to an increased risk of infections and the need for regular intravenous immunoglobulin replacement for the duration of B-cell aplasia.

Applications in Veterinary Oncology

A critical need for new and innovative therapies in canine B-cell lymphoma

It is estimated that more than 4.2 million dogs (5300/100,000 per population rate) in the U.S are diagnosed with cancer each year [START_REF] Schiffman | Comparative oncology: what dogs and other species can teach us about humans with cancer[END_REF]. The epidemiology of canine cancer is, however, not well defined in the literature. Most of the available incidence data comes from a limited number of tumor This clinical impression is supported by a Swiss Canine Cancer Registry study that outlined the most common neoplasms diagnosed in over 120,000 dogs during a 53-year period as follows:

adenoma/adenocarcinoma (18.09%), mast cell tumor (6.5%), lymphoma (4.35%), melanoma (3.63%), fibroma/fibrosarcoma (3.40%), hemangioma/hemangiosarcoma (2.80%), squamous cell carcinoma (1.95%) and osteoma/osteosarcoma (1.24%) [START_REF] Gruntzig | Swiss Canine Cancer Registry 1955-2008: Occurrence of the most common tumour diagnoses and influence of age, breed, body size, sex and neutering status on tumour development[END_REF]. The high occurrence of carcinoma (mammary) is related to the less frequent implementation of ovariohysterectomy at a young age which is more common in the U.S.

Lymphoma, with an estimated incidence rate of 20-100 per 100,000 dogs [START_REF] Dobson | Canine neoplasia in the UK: estimates of incidence rates from a population of insured dogs[END_REF], is one of the most widely treated canine cancers given its frequent occurrence and typically robust response to chemotherapeutics. Based on the current approximation of 75 million dogs in the U.S, estimates are that 16,000-80,000 new cases of canine lymphoma are diagnosed each year [START_REF] Richards | Man's best friend: what can pet dogs teach us about non-Hodgkin lymphoma?[END_REF]. Other estimates place the number of diagnosed canine lymphoma cases at over 250,000 annually in the U.S, accounting for 12-18% of annual death-related malignant cancers in dogs [START_REF] Schiffman | Comparative oncology: what dogs and other species can teach us about humans with cancer[END_REF]. This makes the canine lymphoma market a very appealing potential opportunity for therapeutic development.

There is abundant recent literature highlighting the pathologic, biologic, immunophenotypic, genetic and treatment response similarities between human and canine lymphoma [START_REF] Richards | Man's best friend: what can pet dogs teach us about non-Hodgkin lymphoma?[END_REF][START_REF] Marconato | The dog as a possible animal model for human non-Hodgkin lymphoma: a review[END_REF][START_REF] Ito | Canine lymphoma as a comparative model for human non-Hodgkin lymphoma: recent progress and applications[END_REF][START_REF] Seelig | The comparative diagnostic features of canine and human lymphoma[END_REF]. Specifically, DLBCL is the most common subtype of lymphoma in both species [START_REF] Seelig | The comparative diagnostic features of canine and human lymphoma[END_REF], and it is the subtype most studied with genomic profiling in veterinary medicine [START_REF] Schiffman | Comparative oncology: what dogs and other species can teach us about humans with cancer[END_REF]. Utilizing immunohistochemistry and gene expression profiling, similar profiles were noted between human and canine DLBCL, and certain markers were able to separate the canine DLBCL cases into two groups with significantly different clinical outcomes [START_REF] Richards | Gene profiling of canine B-cell lymphoma reveals germinal center and post-germinal center subtypes with different survival times, modeling human DLBCL[END_REF]. Provided this robust and expanding body of data supporting the parallels between the most common types of human and canine lymphoma, the opportunities for therapeutic development in one species to inform and progress that in the other species will only continue to grow.

The majority of canine cancer treatments rely on the use of human generic chemotherapeutics. The clinical responses to these therapeutics for the most common canine cancers (lymphoma, osteosarcoma, hemangiosarcoma) have remained static for the past 10-20 years.

Focusing on canine B-cell lymphoma in particular, the standard of care for dogs with high grade lymphoma over the last 35 years has ranged from single agent protocols (using prednisone or doxorubicin) to combination chemotherapy regimens of variable duration. Most veterinary oncologists agree that a doxorubicin-based (e.g. CHOP) combination chemotherapy protocol provides the longest period of disease control and overall survival [START_REF] Chun | Lymphoma: which chemotherapy protocol and why?[END_REF]. However, the response to chemotherapy is often sub-optimal with recurrent or refractory disease representing a significant clinical challenge. The combination of chemotherapy with half-and total-body irradiation has also been evaluated in some dogs with lymphoma. The reported median survival rate in these instances is no longer than that achieved with chemotherapy alone, thereby questioning the utility of this adjunctive therapy [START_REF] Chun | Lymphoma: which chemotherapy protocol and why?[END_REF]. Transplantation of autologous bone marrow has recently facilitated the safe dose escalation of cyclophosphamide that resulted in long-term remission and prolonged patient survival in dogs [START_REF] Frimberger | A combination chemotherapy protocol with dose intensification and autologous bone marrow transplant (VELCAP-HDC) for canine lymphoma[END_REF]. However, autologous bone marrow transplantation is technically and logistically challenging to perform in a veterinary hospital setting which limits widespread application.

With only a handful of FDA-approved or USDA-licensed veterinary oncology therapeutics currently available to veterinarians, there is a dire need for canine-specific treatment options (Table 1). To date, there is only one therapeutic with conditional FDA approval, rabacfosadine (Tanovea -CA1, VetDC), for the treatment of canine B-cell lymphoma. Rabacfosadine is an intravenously administered cytotoxic therapeutic agent which is a prodrug of the nucleotide analogue 9-(2phosphonylmethoxyethyl) guanine (PMEG). It effectively loads lymphoid cells while reducing levels of PMEG in plasma and target organs of toxicity. Tanovea-CA1 received conditional approval from FDA in January 2017 for the treatment of lymphoma in dogs and became available to veterinarians in the spring of 2017.

Immuno-oncology innovations are starting to make their way to veterinary oncology but remain limited with extremely sparse supporting data. Rituximab has been evaluated in dogs ex vivo and found not to bind or deplete canine B-cell lymphocytes [START_REF] Jubala | CD20 expression in normal canine B cells and in canine non-Hodgkin lymphoma[END_REF][START_REF] Impellizeri | The role of rituximab in the treatment of canine lymphoma: an ex vivo evaluation[END_REF]. Although an anti-CD20

(BLONTRESS , Aratana) and an anti-CD52 (TACTRESS , Aratana) monoclonal antibody are both fully licensed by the USDA, the company has stated that neither antibody is as specific to their respective targets as expected. No peer-reviewed data is available on either of these therapeutics to date and they are not commercially available. Another immunotherapeutic, Canine Lymphoma Vaccine, DNA (Boehringer Ingelheim) is currently available. This is a xenogeneic murine CD20 DNA therapeutic vaccine for use in dogs with B-cell lymphoma that was conditionally licensed by the USDA in 2015. No peer-reviewed data is available on this therapeutic to date. With current median survival times for dogs with lymphoma stagnant at less than one year, the opportunity for new, advanced, specific therapeutics remains clear.

Preliminary data in dogs

In a first ever canine study, Mason et al. [START_REF] Panjwani | Feasibility and Safety of RNA-transfected CD20-specific Chimeric Antigen Receptor T Cells in Dogs with Spontaneous B Cell Lymphoma[END_REF], has reported successful mRNA electroporation of The high-cost of current human treatments, $475,000 for tisagenlecleucel and $373,000 for axicabtagene ciloleucel [START_REF] Sharma | Axicabtagene ciloleucel for the treatment of relapsed/refractory B-cell non-Hodgkin's lymphomas[END_REF] not including hospitalization and other costs, raises an important potential challenge for the accessibility of this technology for use in dogs. New, non-viral genome engineering tools are in development with the potential to reduce the cost of goods through obviating the need for the generation of an infective engineered virus. For example, the Sleeping Beauty [START_REF] Kebriaei | Phase I trials using Sleeping Beauty to generate CD19-specific CAR T cells[END_REF] and piggyBac [START_REF] Ramanayake | Low-cost generation of Good Manufacturing Practice-grade CD19-specific chimeric antigen receptor-expressing T cells using piggyBac gene transfer and patient-derived materials[END_REF] transposons are in ongoing CAR T-cell clinical trials. In addition, gene editing approaches for targeted knock-in using electroporation and ssDNA as donor [START_REF] Roth | Reprogramming human T cell function and specificity with non-viral genome targeting[END_REF] and new approaches using enhanced dsDNA as donors for efficient targeted gene knock-in at diverse loci [START_REF] Wierson | GeneWeld: a method for efficient targeted integration directed by short homology[END_REF] hold the potential for additional and more accessible, non-viral methods for CAR T-cell generation.

Comparative Oncology: An Opportunity to Accelerate Parallel Drug Development

According to a recent report from the National Academy of Medicine [START_REF]The Role of Clinical Studies for Pets with Naturally Occurring Tumors in Translational Cancer Research: Workshop Summary[END_REF], only 1 out of 10 oncology candidates that appear promising in preclinical mouse models are in fact effective and safe in human clinical trials. This overtly high attrition rate highlights the need for alternative models at the early stage of the Drug Research and Development lifecycle [START_REF] Schneider | Model-Based Reverse Translation Between Veterinary and Human Medicine: The One Health Initiative[END_REF], as shown in other therapeutic areas [START_REF] Mochel | Animal Health Modeling & Simulation Society: a new society promoting model-based approaches in veterinary pharmacology[END_REF][START_REF] Mochel | Pharmacokinetic/Pharmacodynamic Modeling of Renin-Angiotensin Aldosterone Biomarkers Following Angiotensin-Converting Enzyme (ACE) Inhibition Therapy with Benazepril in Dogs[END_REF][START_REF] Mochel | Chronobiology and Pharmacologic Modulation of the Renin-Angiotensin-Aldosterone System in Dogs: What Have We Learned[END_REF][START_REF] Riviere | Mathematical modeling and simulation in animal health. Part I: Moving beyond pharmacokinetics[END_REF][START_REF] Bon | Mathematical modeling and simulation in animal health. Part III: Using nonlinear mixed-effects to characterize and quantify variability in drug pharmacokinetics[END_REF][START_REF] Berger | Retrospective evaluation of toceranib phosphate (Palladia®) use in the treatment of gastrointestinal stromal tumors of dogs[END_REF]. Although murine models have been extremely useful for studying the biology of cancer initiation, promotion and progression, mice typically do not faithfully represent many of the features constitutive of human cancer, including genomic instability, tumor heterogeneity and long periods of latency [START_REF] Gordon | The Comparative Oncology Trials Consortium: using spontaneously occurring cancers in dogs to inform the cancer drug development pathway[END_REF].

Additionally, study mice are often immunocompromised and bred in sterile laboratories, unlike domesticated dogs that share the same habitat and are exposed to same environmental carcinogens (e.g. UV light, pollution and food contaminants) as humans.

Importantly, cancers develop spontaneously in dogs (i.e. without genetic manipulation) and in the context of an intact immunity with a syngeneic host and tumor microenvironment. Canine tumors typically have similar features to human malignancies, such as histological appearance, cytogenic abnormalities, therapeutic response, acquired resistance and background genetics [START_REF] Gordon | The Comparative Oncology Trials Consortium: using spontaneously occurring cancers in dogs to inform the cancer drug development pathway[END_REF]. Indeed, as the dog genome became available, multiple comparative genomics studies have shown significant homologies between canine and human cancer-associated genes, including MET, mTOR, KIT and TRAF3 [START_REF] Paoloni | Translation of new cancer treatments from pet dogs to humans[END_REF]. Given the large number of breeds and their shared ancestry [START_REF] Breen | Evolutionarily conserved cytogenetic changes in hematological malignancies of dogs and humans--man and his best friend share more than companionship[END_REF], inheritable germline mutations associated with cancer are easier to identify in purebred dogs than in human populations [START_REF] Jacob | Researchers Turn to Canine Clinical Trials to Advance Cancer Therapies[END_REF]. The outbred nature of dogs (relative to most murine models) contributes to their biological relevance for studying new cancer therapies. At the same time, the rapid progression of cancer associated with the shorter lifespan of dogs provides an opportunity to study the efficacy and safety of candidate therapeutic drugs in a much faster timeframe than clinical trials in human patients [START_REF] Khanna | Guiding the optimal translation of new cancer treatments from canine to human cancer patients[END_REF].

Biological similarities between canine and human cancer provide an impetus for the study of novel therapeutics in dog clinical trials (Fig. 4). In fact, the evaluation of oncology drugs in dogs with naturally occurring cancers is not new, with a few descriptions already available in the early 1970s [START_REF] Tsoi | Lymphocyte reactivity to autochthonous tumor cells in dogs with spontaneous malignancies[END_REF][START_REF] Weiden | Treatment of canine malignancies by 1200 R total body irradiation and autologous marrow grafts[END_REF][START_REF] Benjamini | Tumor vaccines for immunotherapy of canine lymphosarcoma[END_REF]. Over the last decade, multiple reports have demonstrated the relevance of the dog model to bridge the knowledge gap between murine experiments and human clinical trials, and exemplify the value of a comparative oncology approach to drug development [START_REF] Paoloni | Launching a novel preclinical infrastructure: comparative oncology trials consortium directed therapeutic targeting of TNFalpha to cancer vasculature[END_REF][START_REF] Burton | NCI Comparative Oncology Program Testing of Non-Camptothecin Indenoisoquinoline Topoisomerase I Inhibitors in Naturally Occurring Canine Lymphoma[END_REF].

For instance, both canine and human DLBCL patients share similar constitutive NF-B activity that drives overexpression of anti-apoptotic NF-B target genes which promote lymphocyte proliferation [START_REF] Davis | Constitutive nuclear factor kappaB activity is required for survival of activated B cell-like diffuse large B cell lymphoma cells[END_REF][START_REF] Karin | NF-kappaB at the crossroads of life and death[END_REF]. Studies indicate that administration of a targeted inhibitor of constitutive NF-B activity, NEMO Binding Domain (NBD), induces apoptosis of canine malignant B cells in vitro. Moreover, pilot trials have demonstrated intranodal administration of NBD peptide to dogs with relapsed B-cell lymphoma inhibits the expression of NF-B target genes leading to reduced tumor burden [START_REF] Gaurnier-Hausser | NEMO-binding domain peptide inhibits constitutive NF-κB activity and reduces tumor burden in a canine model of relapsed, refractory diffuse large B-cell lymphoma[END_REF]. In a separate Phase 1 clinical trial, these same investigators showed that NBD peptide administered intravenously is safe and effective at inhibiting constitutive NF-B activity in a subset of dogs with lymphoma [START_REF] Habineza Ndikuyeze | A phase I clinical trial of systemically delivered NEMO binding domain peptide in dogs with spontaneous activated B-cell like diffuse large B-cell lymphoma[END_REF]. Additionally, the use of established canine tumor cell lines has proven beneficial in studying tumor biology and pre-clinical therapeutics. A CD40 ligand-dependent culture system for canine malignant B-cells has been recently designed to test compounds for treatment in primary tumor samples from dogs and humans [START_REF] Ito | CD40 ligand is necessary and sufficient to support primary diffuse large Bcell lymphoma cells in culture: a tool for in vitro preclinical studies with primary B-cell malignancies[END_REF]. The tumor cells retain their original phenotype, clonality, and known karyotypic abnormalities after expansion and culture. This canine cell culture system is reported to be potentially robust to perform in vitro preclinical cytotoxic assays with primary B-cell malignancies.

The opportunity to synergize quantitative information available from humans and animals sharing clinical analogs to develop improved therapies for both species is known as 'Reverse Translation' 
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Tables Table 1. Approved or Licensed Veterinary Oncology Therapeutics (U.S.) 5,300 new canine cases for a standard 100,000 population size [START_REF] Schiffman | Comparative oncology: what dogs and other species can teach us about humans with cancer[END_REF]. 

CD28:

  B7 co-stimulation expands naïve T-cells, 4-1BB co-stimulation expands memory T-cells, resulting in enrichment of antigen-reactive T-cells upon recognition of previously primed antigens.
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 45 T-cells are transduced with the CAR of interest. At this stage, the non-tumor specific T cells acquire the ability to recognize tumor antigens; To insert the CAR gene into T-cells, viral vectors (lentivirus or retrovirus), or non-viral approaches are used (transposon, CRISPR, TALEN, RNA). While the use of viruses raises concerns for insertional mutagenesis, third generation lentiviruses have been shown to be safe after decades of follow-up; 5) T-cells are cultured for a period of 7-14 days. During that time, they expand by several folds and express the CAR T construct of choice;

  registries and the European Union where there is a higher percentage of insured dogs. Very little to no published data is available to indicate what percentage of dogs diagnosed with cancer are then treated or how they are treated in the U.S. This makes any assessment of the actual market potential for veterinary oncology therapeutics extremely challenging. Clinical experience would indicate that the most common canine malignant cancers diagnosed and treated include lymphoma, mast cell tumor, osteosarcoma, soft tissue sarcoma, hemangiosarcoma and melanoma.

  primary canine cells to generate CAR T-cells. In brief, a novel expansion methodology was developed that yields large numbers of canine T-cells from normal or lymphoma-diseased dogs. In this study, the authors had modified previous methods to activate and expand canine T cells ex vivo by using artificial antigen-presenting cells genetically modified to express human CD32 and canine CD86. These artificial antigen-presenting cells were loaded with a canine CD3 monoclonal antibody and used in combination with human IL2 and IL21 to preferentially expand CD8 + T-cells. The mRNA electroporation procedure was utilized to express a first-generation, canine CD20-specific CAR in expanded T-cells as primary therapy. Treatment in 1 dog with relapsed B-cell lymphoma was well tolerated and led to a modest, but transient, anti-tumor activity, suggesting that stable CAR expression is required for sustained clinical remission. Other possible factors that could have contributed to the partial antitumor activity include limited CAR T-cell expansion and the development of canine antimouse antibodies directed against the murine scFv construct. Future studies are currently underway to investigate the clinical efficacy of a stably-transduced canine CAR T-cell line expressing fully canine, second-generation CAR constructs. Lymphodepleting chemotherapy should also reduce the risk of inducing canine antimouse antibodies.
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 65 . A significant component of the success of comparative oncology in drug development is the creation of consortia that link drug development stakeholders to veterinary clinicians with access to tumor-bearing pet animals. This supports the implementation of clinical trials carried out in pets and the collection of high-quality clinical data and biologic specimens that are critical to defining PK/PD, tolerability and efficacy of novel therapeutic approaches destined for human use. To this end, the Comparative Oncology Program of the NCI has established a multi-center collaborative network of 24 veterinary academic partners known as the Comparative Oncology Trials Consortium[START_REF] Gordon | The Comparative Oncology Trials Consortium: using spontaneously occurring cancers in dogs to inform the cancer drug development pathway[END_REF][START_REF] Leblanc | Perspectives from man's best friend: National Academy of Medicine's Workshop on Comparative Oncology[END_REF]. The mission of the COTC is to answer biological questions geared to inform the development path of chemotherapeutics for future use in human cancer patients. The COTC operates as a platform for collaborative work between the NCI and extramural academic comparative oncology centers to design and execute clinical studies in dogs with cancer. Support for the oversight and management of the COTC comes from the NCI. Trial sponsors, most often pharmaceutical companies, support the costs associated with clinical studies in dogs in established COTC academic centers.Several published examples of COTC trials exemplify the functionality and impact of such studies[START_REF] Leblanc | Perspectives from man's best friend: National Academy of Medicine's Workshop on Comparative Oncology[END_REF][START_REF] Leblanc | Defining the Value of a Comparative Approach to Cancer Drug Development[END_REF][START_REF] Paoloni | Launching a novel preclinical infrastructure: comparative oncologytrials consortium directed therapeutic targeting of TNFalpha to cancer vasculature[END_REF]. COTC trials do not focus exclusively on small molecules or biologic agents; instead they can be designed and implemented to answer a range of drug development questions that are key to the forward progress of an agent or group of candidate molecules, medical devices, or molecular profiling platforms. One such example illustrating the value of the dog model pertains to the development of the inflammatory cytokine IL-12 for the treatment of human malignant melanoma. The use of cytokines to enhance antitumor immunity has been recognized as an important immunomodulatory approach in cancer management. Yet, historically, the high risk for systemic toxicity presented by IL-12 dosing had prevented development of this cytokine into a therapeutic drug. A strong genetic similarity exists between canine and human IL-12 (i.e. 84% homology for the ligand and 68% homology for the receptor), which motivated studies on the characterization of IL-12 PK/PD, efficacy, and toxicity in dogs with naturally occurring malignant melanoma[START_REF] Paoloni | Defining the Pharmacodynamic Profile and Therapeutic Index of NHS-IL12 Immunocytokine in Dogs with Malignant Melanoma[END_REF]. Results showed that a fully human necrosis-targeted immunocytokine NHS-IL-12 could be safely administered subcutaneously to patients with malignant melanoma, while maintaining both systemic immunological and clinical activity. This was demonstrated by measuring serum IL-12 and other representative biomarkers (e.g. IL-10 and IFN-gamma) over time, and establishing PK/PD models of IL-12. These findings in dogs were key to guide the sponsor's decision to move forward with a Phase I clinical trial of this agent in humans. In turn, preliminary studies focusing on IL-12 gene electrotransfer in dog patients with melanoma have shown promising results for the treatment of spontaneous canine tumors[START_REF] Lampreht | Gene Electrotransfer of Canine Interleukin 12 into Canine Melanoma Cell Lines[END_REF][START_REF] Tratar | Antitumor effect of antibiotic resistance gene-free plasmids encoding interleukin-12 in canine melanoma model[END_REF].With respect to CAR T-cell therapy research and development, the COTC infrastructure stands ready to support the implementation of cell-based trials for pivotal go/no-go decision-making prior to clinical testing in humans. Through strategic partnerships with study sponsors whom can provide the necessary cell manufacturing, quality control/assurance, and distribution support for such trials, the COTC can provide the requisite scientific input and execution for such trials to be carried out in the veterinary academic setting. Similarly, the COTC Pharmacodynamic Core laboratory can provide access to providers of canine-specific assay support for critical immunological assays such as flow cytometric assessment of immune cell subsets, gene expression profiling, histopathology, immunohistochemistry, proteomics, multiplex cytokine analysis, and the like[START_REF] Paoloni | The creation of the Comparative Oncology Trials Consortium Pharmacodynamic Core: Infrastructure for a virtual laboratory[END_REF].7 ConclusionsCAR T-cells are one of the most promising development for the treatment of hematological malignancies. Specifically, CART19 cells have demonstrated unprecedented clinical results in human B-cell malignancies with two constructs being approved by the U.S FDA in 2017.Yet, the technology is still in its early phase and significant challenges need to be resolved before it can be used for large scale clinical trials. Obvious limitations include the complexity and costs (direct: related to the manufacturing, and indirect: related to hospital costs and patient care) of CAR T-cell therapy. The requirement for GMP materials and the individualized nature of the therapy are the main causes that drive-up the cost. The possibility to generate allogeneic off-the-shelf universal CAR Tcells [94] would lead to easier and more cost-effective manufacturing, reduced time to CAR T-cell infusion, improved CAR T health and faster translation of novel combination strategies with CAR Tcells in early phase clinical trials. In addition, the management of toxicities after CAR T-cell therapy requires specialized expertise and care level, making it available only in specialized tertiary centers. Strategies to modulate cytokine production after CAR T-cell therapy are being developed and could represent a new paradigm in the management of CAR-T cell-related side effects. Importantly, there is currently a lack of robust preclinical models to recapitulate the microenvironment and toxicities following CAR T-cell therapy. Canine models have long been used in development of human cell therapies and allogeneic transplantation procedures and represent an attractive model to further investigate novel CAR T-cell strategies in liquid and solid tumors, as well as to develop novel off-the-shelf approaches. Preliminary data in dogs using a canine CD 20-specific CAR in expanded T-cells showed promising, but transient results. However, these preliminary findings lay the foundation for future studies in dogs where both tumor biology and the microenvironment more faithfully recapitulate that of humans. Multiple studies are currently evaluating the effect of CAR T-cell therapy for the treatment of solid tumors, with modest results thus far [95]. Potential strategies to increase the efficacy of CAR T in this context include combinations with immune stimulants, secondary modifications of CAR T-cells, reengineering of the T cell, and specific targeting of the tumor microenvironment. Lastly, efforts are on the way to harness the immunosuppressive property of CAR T-cell for the treatment of autoimmune diseases, such as Inflammatory Bowel Disease (IBD) [96], thereby opening new avenues for comparative medicine and parallel drug development as the dog is a spontaneous animal disease model for IBD as well [97].

Figure 1 .

 1 Figure 1. Evolution of the Chimeric Antigen Receptor (CAR). The 1 st CAR generation consists of a receptor fused to a signaling domain composed of CD3ζ. The 2 nd generation includes an antigenbinding domain, usually derived from a single chain variable fragment (scFv) or a protein receptor, a hinge that connects the scFv to a transmembrane domain, a co-stimulatory domain (typically CD28) and a CD3ζ signaling domain. The 3 rd generation CAR includes 2 co-stimulatory domains along with the activation domain, resulting in ≥ 3 signaling domains in the CAR structure. Adapted from Zhao et al. [98].

Figure 2 .

 2 Figure 2. An overview of the basic steps of CAR T-Cell therapy production: (1) A patient (human, dog) or donor is undergoing leukapheresis to isolate T cells; (2) T cells are then genetically engineered to express CAR by gene transfection; (3) CAR-expressing T cells are expanded to a significant population size in vitro; (4) CAR T-cells are then introduced back into the patient.

Figure 3 .

 3 Figure 3. In Chimeric Antigen Receptor (CAR) therapy, a patient's T cells are reprogrammed to specifically to seek-out and target cells expressing a particular antigen found on specific cancer cell types (Kenderian, 2014). Activation of T cells leads to direct killing of tumor cells through the release of cytolytic proteins, such as granzyme and perforin. Consult Figure 2 for additional technical details on CAR T-cell production.

Figure 4 .

 4 Figure 4. Common cancers that have clinical analogues in humans and dogs. Approximately 4.2 million dogs (vs. 1.7 million human patients) get diagnosed with cancer each year, representing ca.
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  Teachey et al. [40] at the University of Pennsylvania identified a set of 24 cytokines, including interferon-gamma, IL-6, and soluble glycoprotein-130 that are associated with severe CRS in ALL patients receiving 4-1BB/ CD3ζ CAR T-cell therapy. More recently, studies in murine models of CRS have demonstrated that the severity of CRS does not

only depend on CAR T-cell derived cytokines but also on IL-1, IL-6 and nitric oxide release by host macrophages

[START_REF] Giavridis | CAR T cellinduced cytokine release syndrome is mediated by macrophages and abated by IL-1 blockade[END_REF]

. This finding can potentially open additional avenues for preventative or therapeutic measures. Currently, the mainstay of treatment for CRS remains tocilizumab since its use in the first patient treated with CART19 for ALL

Author Contributions

All authors (JPM, SE, CJ, AJ, KA, ABM, MK, SB WW, AKL, SSK) have contributed to the writing of the manuscript. JPM was responsible for the final production of the Commentary. All authors have read and approved the final manuscript.