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Abstract

Clinical translation of intravenous therapies to treat disseminated or metastatic cancer is 

imperative. Comparative oncology, the evaluation of novel cancer therapies in animals with 

spontaneous cancer, can be utilized to inform and accelerate clinical translation. Preclinical murine 

studies demonstrate that single shot systemic therapy with a VSV-IFNβ-NIS, a novel recombinant 

oncolytic Vesicular stomatitis virus (VSV), can induce curative remission in tumor bearing mice. 

Clinical translation of VSV-IFNβ-NIS therapy is dependent on comprehensive assessment of 

clinical toxicities, virus shedding, pharmacokinetics, and efficacy in clinically relevant models. 

Dogs spontaneously develop cancer with comparable etiology, clinical progression and response to 

therapy as human malignancies. A comparative oncology study was carried out to investigate 

feasibility and tolerability of intravenous oncolytic VSV-IFNβ-NIS therapy in pet dogs with 

spontaneous cancer. Nine dogs with various malignancies were treated with a single intravenous 

dose of VSV-IFNβ-NIS. Two dogs with high-grade peripheral T-cell lymphoma had rapid but 

transient remission of disseminated disease and transient hepatotoxicity that resolved 

spontaneously. There was no shedding of infectious virus. Correlative pharmacokinetic studies 

revealed elevated levels of VSV RNA in blood in dogs with measurable disease remission. This is 
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the first evaluation of intravenous oncolytic virus therapy for spontaneous canine cancer, 

demonstrating that VSV-IFNβ-NIS is well-tolerated and safe in dogs with advanced or metastatic 

disease. This approach has informed clinical translation, including dose and target indication 

selection, leading to a clinical investigation of intravenous VSV-IFNβ-NIS therapy, and provided 

preliminary evidence of clinical efficacy, and potential biomarkers that correlate with therapeutic 

response.
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Introduction

Effective treatment of advanced, metastatic and disseminated cancers requires therapeutic 

agents that can be administered intravenously to reach diffuse sites of malignancy. Current 

intravenous chemotherapy regimens are arduous, protracted, and associated with significant 

side effects. Oncolytic Viruses (OVs) describes the use of viruses engineered to destroy 

cancer. OV therapies can be administered intravenously to selectively amplify in and kill 

malignant cells, and potently stimulate the immune system to recognize tumor antigens that 

can potentially control or eradicate disseminated tumor (1–3). The oncolytic virotherapy 

approach is a burgeoning field, with recent completion of a landmark Phase III clinical trial 

and FDA approval of the first oncolytic therapy, Talimogene Laherparepvec (an engineered 

oncolytic Herpesvirus), for the intratumoral treatment of relapsed melanoma (4). Clinical 

trials evaluating intravenously administered OV therapies to date, however, have 

demonstrated limited efficacy in cancer patients (5).

Vesicular stomatitis virus (VSV) is rapidly replicating RNA virus of the Rhabdoviridae 
family with a natural tropism for malignant cells (6). VSV is ideally suited for development 

as an intravenous cancer therapy due to (i) the low occurrence of pre-existing immunity; (ii) 

weak pathogenicity in humans; (iii) potent immunogenicity to stimulate antitumor 

immunity; and (iv) the ability to manufacture high titer clinical grade virus stocks for 

intravenous administration (7). VSV has been engineered to express Interferon-beta (IFNβ) 

and the sodium iodide symporter (NIS). IFNβ enhances VSV specificity by activating 

antiviral innate immune responses in normal cells, resulting in selective amplification of 

malignant cells with defective Type I IFN responses (1, 8). The NIS gene is normally 

expressed in thyroid follicular cells and is responsible for iodide accumulation needed for 

thyroid hormone synthesis. Engineering OVs to express NIS allows the use of NIS specific 

radiotracers to noninvasively image virus bio-distribution both in preclinical and clinical 

settings. In addition, NIS expressing OVs present the opportunity to utilize radio-virotherapy 

to enhance tumor killing by combination with therapeutic radioisotopes (9, 10). Previous 

evaluation of VSV-IFNβ-NIS in an immune competent, syngeneic murine myeloma model 

demonstrating that single shot systemic therapy induces rapid and durable remission of 

myeloma tumors. Detailed analysis of the mechanism of action revealed that intravenously 

administered VSV-IFNβ-NIS replicates selectively in and rapidly kill tumor cells, and 
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stimulate a T-cell mediated antitumor immune response to induce durable tumor remission 

(11).

Clinical translation of novel cancer therapies minimally requires preclinical assessment of 

drug toxicity, safety, and pharmacologic effect in disease bearing animals (12). Food and 

Drug administration (FDA) guidance recommends additional preclinical assessment of virus 

shedding and viremia for clinical development of OV therapies(13). Rodent models, while 

valuable to establish therapeutic utility and define mechanisms of action, limit evaluation of 

novel cancer therapies due to dissimilarity in size, physiology and disease compared to 

humans (14). Comparative oncology, the study of naturally occurring cancer in animals, 

allows evaluation of novel cancer treatments in pet dogs, that are similar in size, genetic 

make-up and physiology, diagnosed with spontaneous cancers, which has highly comparable 

etiology, progression, immune landscape and heterogeneity as human cancer (15–19). The 

comparative oncology approach allows collection of biological specimens in sufficient 

quantities to serially monitor virus shedding, pharmacokinetics and pharmacodynamics; 

making it a particularly powerful method to facilitate and inform clinical development and 

dosing regimens of novel intravenously administered OV therapies, while facilitating the 

development of novel treatments for canine cancer. Correlative studies carried out during the 

evaluation of novel cancer therapies in spontaneous, heterogeneous canine cancer can 

potentially yield insights into determinants of therapeutic response and facilitate 

identification and testing of clinically relevant biomarkers of exposure and response to 

intravenously administered OV therapies.

Previously, a preclinical rapid dose-escalation study of intravenous VSV-hIFNβ-NIS 

administration in purpose-bred healthy, immune-competent dogs indicated that an 

intravenous dose of 1010 TCID50 was well-tolerated in dogs with dose limiting toxicities 

(DLTs) observed at a ten-fold higher dose included hepatotoxicity and coagulopathy (20). 

This manuscript describes a clinical feasibility study to test the tolerability of intravenous 

VSV-IFNβ-NIS in client-owned dogs with spontaneous cancer. The main objectives were to 

evaluate clinical response to and tolerability of a single intravenous dose of VSV-IFNβ-NIS, 

expressing either human or canine IFNβ thus allowing a comparison of VSV therapy with 

species specific, biologically active IFNβ versus nonspecific, but partially active IFNβ. 

Additionally, we establish the shedding profile in biologic samples (urine, feces and buccal 

swab samples) while also monitoring of viremia and development of neutralizing antibodies 

against VSV. Correlative pharmacokinetic analyses were carried out to investigate 

relationships between clinical disease responses and quantitation of VSV RNA copies in 

blood and sustained expression of human IFNβ. Pharmacokinetic monitoring was utilized to 

evaluate the impact of dose modification of intravenous VSV-IFNβ-NIS administration, in 

order to explore whether repeated intravenous dose administration could extend persistence 

of infectious virus in blood. These data were expressly collected to directly inform clinical 

dose selection, clinical trial design and monitoring and initiation of a Phase I study 

evaluating intravenous VSV-IFNβ-NIS therapy in patients with relapsed or refractory cancer.
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Materials and Methods

Generation and characterization of recombinant Oncolytic Vesicular stomatitis virus

Recombinant oncolytic VSV-IFNβ-NIS was generated as previously described (11). For the 

purpose of this study we also generated VSV expressing canine IFNβ and NIS. Briefly, 

restriction site flanked cDNA coding for canine IFNβ was incorporated into a single NotI 

site at the M/G junction in the pVSV-XN2 plasmid containing the VSV antigenome. VSV-

cIFNβ-NIS virus was rescued and amplified in BHK-21 cells as previously described (21). 

Growth kinetics of recombinant VSVs was tested by infection of BHK-21 cells (MOI 3.0, 1h 

at 37°C). Viral titer was measured in supernatant by overlay on BHK cells of serially diluted 

supernatant to measure Tissue culture infective dose (TCID50) determined using the 

Spearman and Karber equation. Radio-iodide uptake was confirmed in vitro as previously 

described by incubation of BHK-21 cells following infection with recombinant VSVs, in the 

presence of radio-labeled NaI (I125 at 1×105 cpm) +/− 100uM potassium perchlorate 

(KClO4) (9). Functional IFNβ expression was confirmed by ultracentrifugation of 

supernatant (Beckman Coulter Life Sciences) following infection of BHK-21 cells with 

recombinant VSVs to remove virus. Diluted supernatant was added to human melanoma 

Mel-624 cells or canine Madine Darby Canine Kidney (MDCK) cells for 12h, followed by 

infection with VSV-GFP at an MOI of 1.0. Cell viability was assessed by MTT (3-(4,5-

dimethylthiazlyl-2)-2,-5-diphenyltetrozolium bromide) assay (ATCC 30–1010K).

Cell culture

BHK-21 cells were purchased in 2012 from American Type Cell Culture (ATCC), Manassas 

VA, and MDCK cells were generously provided by P. Harris (Mayo Clinic) in 2013. Both 

lines were cultured in Dulbecco modified Eagles medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin in 5% CO2. 

Mel-624 melanoma cells were generously provided in 2011 by R. Vile (Mayo Clinic) and 

were grown in DMEM supplemented as described above. Cell lines are routinely tested for 

mycoplasma contamination after cells are thawed and cultured immediately before use but 

were not otherwise tested or authenticated.

Study enrollment and clinical care of client-owned dogs

Client owned dogs receive medical care at the University of Tennessee College Of 

Veterinary Medicine (UTCVM). The University of Tennessee-Knoxville (UTK) animal 

facilities are registered with the United States Department of Agriculture and have an 

assurance on file with the Office of Laboratory Animal Welfare. The UTK animal care and 

use program (IACUC) is fully accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care, International (AAALAC-I). Animal care was 

provided in adherence to the AAALAC-I guidelines with oversight provided by the UTK 

Office of Laboratory Animal Care (OLAC). Following a cancer diagnosis, pet-owners give 

written informed consent to enroll their pet dog in this study. All study procedures were 

approved by the University of Tennessee-Knoxville Institutional Animal Care and Use 

Committee (UTK-IACUC). Consented dogs were confirmed to meet study eligibility criteria 

as indicated in Supplemental Table 1. Prior to entry into the study, dogs were housed in 

USDA-compliant and IACUC-approved housing units within the UTCVM laboratory animal 
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facilities. Dogs were fed once daily in the morning a commercially-available dry dog food 

(Hill’s Science Diet Canine Maintenance) and had tap water to drink ad libitum. Following 

treatment, study dogs were moved into a USDA/IACUC/UTK-Biosafety office-approved 

housing unit within the UTCVM for 7 days.

Test article and Intravenous administration

Preclinical grade VSV-hIFNβ-NIS or VSV-cIFNβ-NIS was manufactured at the Mayo 

Clinic Viral Vector Production labs. Virus lots were confirmed negative benzonase and 

endotoxin contaminations. Virus was shipped on dry ice and received at an approved BSL2 

laboratory at the University of Tennessee Medical Center for storage. Virus stocks were 

thawed and formulated by dilution in sterile saline based on calculated dose immediately 

prior to administration to dogs in a final volume of 10ml. The test article was administered 

as a 2–5 minute intravenous bolus via a sterilely placed intravenous cephalic catheter.

Clinical monitoring protocol

Dogs were fasted overnight prior to virus administration and monitored continuously on the 

day of virus administration (Day 0). Rectal temperature, heart and respiratory rates, and 

general attitude/demeanor were recorded every 1–2 hours or as the dogs’ condition dictated. 

Appetite and presence of any gastrointestinal upset (e.g. vomiting, diarrhea) was noted. On 

every day of study, the dogs’ vital signs (rectal temperature, heart and respiratory rates), 

overall attitude and appetite, and physical exam findings were recorded. Clinical pathology 

was monitored by collection of blood drawn via Vacutainer for a Complete Blood Count 

(CBC), serum biochemistry and electrolyte panel (CHEM), and coagulation panel (COAG). 

All analyses were performed at the University of Tennessee College of Veterinary Medicine 

Clinical Pathology and Microbiology Laboratories. Tumor burden was monitored as 

indicated in Supplemental Table 2. Disease burden in dogs with peripheral nodal lymphoma 

in dogs was assessed and monitored using criteria previously established by the Veterinary 

Cooperative Oncology Group (VCOG) (22).

Viremia, pharmacokinetic and virus shedding studies

Virus pharmacokinetics and viremia were assessed in whole blood collected in RNAprotect 

animal blood tubes (Qiagen). RNA was isolated using Qiagen RNeasy animal blood system 

and analyzed quantitative real-time polymerase chain reaction (qRT-PCR) to detect VSV-N 

gene copies as previously described (19). Blood was also collected in a heparinized CPT 

tube to avoid clotting and centrifuged to separate peripheral blood mononuclear cells 

(PBMCs) and plasma. PBMCs and plasma were assessed to detect infectious virus and VSV-

N gene copies by qRT-PCR in isolated RNA. Briefly, PBMCs were subject to freeze-thaw, 

centrifuged and supernatant was collected and tested for infectious virus by titration on BHK 

cells. Biologic samples, specifically urine, buccal swabs, and fecal samples, were collected 

and tested to monitor virus shedding as previously described (20). Briefly, urine was 

collected by cystocentesis or urinary tract catheterization in a sterile falcon tube, centrifuged, 

and urine cell pellet was collected. Buccal swabs were collected using a sterile Omni swab 

(Whatman). Urine cell pellet and buccal swab samples were tested to detect infectious virus, 

using an infectious virus recovery (IVR) assay, and virus genome, by qRT-PCR detection of 

VSV-N gene copies. Feces was collected fresh and processed. RNA was isolated from fecal 
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supernatant using Qiagen Viral RNA mini kit and qRT-PCR was utilized to detect VSV-N 

gene copies.

Antibody neutralization assay

Serum samples were collected using Vacutainer serum separator tubes (BD Life Sciences) 

and tested to detect neutralizing antibodies against VSV as previously described (20). 

Briefly, complement inactivation was carried out by incubation of serum 56°C. Dilutions of 

serum were pre-incubated with 500 TCID50 VSV-GFP and the virus/serum mix were added 

to previously plated Vero cells in triplicate. Cytotoxicity was assessed 48h later by 

measurement of CPE positive wells at each serum dilution, and the minimum virus dilution 

that did protect cells from VSV induced CPE was recorded.

Measurement of human IFNβ in plasma

Plasma samples were collected at indicated time points and frozen at −80°C. Plasma 

samples were diluted and assayed for detection of human IFNβ using the Verikine high-

sensitivity human IFNβ ELISA kit (PBL assay science, Piscataway, NJ). The limits of 

detection for this assay were 60–7500pg/mL human IFNβ.

Surgical resection and histopathology analysis

UTK01, a 12 year old spayed female mixed breed research dog weighing at UTCVM was 

diagnosed with anal adenocarcinoma and received a single dose of VSV-hIFNβ-NIS. 

Disease stabilization occurred, thus 45 days post VSV treatment, UTK01 underwent surgical 

resection of the adenocarcinoma. Resected tumor was assessed by standard hematoxylin and 

eosin (H&E) staining and immunohistochemistry to detect canine CD3+ lymphocytes.

Results

Test article characterization

Recombinant VSV expressing IFNβ and NIS, VSV-IFNβ-NIS, was previously generated 

and characterized demonstrating rapid cytotoxicity against myeloma and lymphoma cell 

lines in vitro, and potent therapeutic efficacy following single shot intravenous treatment in 

an immune competent syngeneic murine myeloma model (11, 12). For the purpose of this 

study, we generated a VSV expressing canine IFNβ and NIS, VSV-cIFNβ-NIS. Preclinical 

virus stocks of VSV-hIFNβ-NIS and VSV-cIFNβ-NIS were prepared and tested to ensure 

test article integrity, sterility, and absence of endotoxins. Virus viability, activity and 

functional gene expression of purified stocks of VSV-hIFNβ-NIS and VSV-cIFNβ-NIS was 

confirmed in vitro following infection of susceptible BHK cells, indicating both test viruses 

replicated rapidly and comparably, albeit with a slightly reduced maximal titer compared to 

rVSV-GFP in BHK cells (Figure 1a). Functional NIS expression was confirmed by 

perchlorate sensitive radio-iodine uptake in infected BHK cells (Figure 1b). Functional 

human and canine IFNβ expression was tested in human Mel-624 (melanoma) cells and 

canine MDCK (madin-darby canine kidney) cells respectively. Virally expressed IFNβ 
derived from supernatant of infected BHK-21 cells induced protective antiviral innate 

immune responses. Human IFNβ from VSV-hIFNβ-NIS infected cells was protective in 

human Mel-624 cells (Figure 1c), while canine and human IFNβ (from VSV-cIFNβ-NIS 
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and VSV-hIFNβ-NIS infected cells) were protective in MDCK cells indicating human IFNβ 
is partially cross-reactive in canine tissues. These assays confirm the replicative capacity and 

functional gene expression of the recombinant oncolytic VSV test articles under 

investigation in this study.

Study Design and Enrollment

A fixed dose feasibility study investigating tolerability, as a primary endpoint, and efficacy, 

as a secondary endpoint, of intravenously administered recombinant oncolytic VSV-hIFNβ-

NIS or VSV-cIFNβ-NIS was implemented in client-owned dogs with spontaneous cancer at 

a starting intravenous dose of 1×1010 TCID50/0.5m2, having previously demonstrated the 

tolerability of this dose in purpose bred laboratory Beagle dogs (20). Owners of dogs 

diagnosed with cancer at the University of Tennessee Veterinary Medical Center provided 

written informed consent and dogs to assess compliance with study eligibility criteria 

(Supplemental Table 1). One research dog and eight client-owned dogs were enrolled 

initially into the study, each receiving a single intravenous dose of VSV-cIFNβ-NIS or VSV-

hIFNβ-NIS. A tenth dog with metastatic osteosarcoma was enrolled and received two 

intravenous doses of VSV-hIFNβ-NIS, with the second dose administered 48 hours 

following the first. All procedures were carried out with approval of the University of 

Tennessee Institutional Animal Care and Use Committee (IACUC) and Institutional 

Biosafety Committee (IBC).

Treatment and Monitoring

One research dog and nine client-owned dogs diagnosed with various spontaneous 

malignancies were enrolled including 4 dogs with B-cell lymphoma and 2 dogs with T-cell 

lymphoma (Supplemental Table 2). Enrolled dogs underwent a pre-assessment to confirm 

diagnosis of malignancy and establish tumor burden, clinical pathology and collect biologic 

samples at baseline (Figure 1d). Dogs were housed in ABSL-2 housing and fasted overnight 

prior to virus administration. Dose was calculated based on surface area conversion, where 

each dog received 1×1010 TCID50/0.5m2 (Table 1). Virus was diluted in sterile saline to a 

10ml injection volume and administered to each dog via a sterilely-placed intravenous 

cephalic catheter in a 2–5 minute intravenous bolus. Dogs were monitored continuously on 

the day(s) of virus administration to record temperature, vitals and general demeanor, and 

blood samples were collected for pharmacokinetic monitoring. Continued monitoring 

included physical examinations, and collection of blood, urine, buccal swab and fecal 

samples to monitor clinical pathology, viremia, shedding, and antibody response as indicated 

(Figure 1d). Disease burden was monitored by methods specific to indication type as listed 

in Supplemental Table 2. Peripheral lymphoma burden and response were measured using 

response criteria established by the Veterinary Cooperative Oncology group (VCOG). A 

summary of dogs treated, signalment, indication, dose received, clinical toxicities, virus 

shedding and treatment outcome are provided in Table 1.

Clinical toxicity and adverse events

Dogs were monitored by physical evaluations and clinical pathology testing of blood 

samples, including Complete blood count (CBC), blood chemistry (CHEM) and coagulation 

(COAG) tests, to monitor clinical toxicities (Figure 2). Clinical toxicities were evaluated 
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according to the Veterinary cooperative oncology group Common terminology criteria for 

adverse events (VCOG-CTCAE) following biological antineoplastic therapy in dogs (v1.1, 

July 2011) (22). Dose limiting toxicities of intravenous VSV-IFNβ-NIS administration 

include hepatotoxicity and coagulopathy (20). There were no observable symptoms of 

discomfort or toxicity during intravenous VSV-IFNβ-NIS infusion or following treatment. 

All treated dogs developed a mild fever starting approximately 3h post infusion that 

normalized by 24h. Only one dog, UTK08, a 10 year old spayed female Boxer diagnosed 

with high-grade peripheral T-cell lymphoma who received 2.2×1010 TCID50 VSV-hIFNβ-

NIS, had a notable adverse event, specifically transient hepatotoxicity indicated by an 

alanine aminotransferase (ALT) elevation of approximately 10-fold of upper limit of normal 

(ULN) that resolved spontaneously (Figure 2a). The ALT elevation was considered Grade 3 

toxicity according to VCOG criteria but was not considered to be dose limiting as it was 

both transient and self-limiting. UTK04, another Boxer diagnosed with high-grade T-cell 

lymphoma, had a transient ALT elevation of ~2-fold ULN following VSV-hIFNβ-NIS 

treatment. Notably, both dogs with transient ALT elevations also had peripheral disease 

remission and partial responses to IV VSV therapy as described below. All dogs developed 

transient reduction in white blood cells (WBC) in blood, indicative of mild, transient 

lymphopenia following intravenous VSV-IFNβ-NIS treatment (Figure 2b). There were no 

notable coagulopathies except as expected in one dog (UTK02) diagnosed with spontaneous 

myeloma induced hyperglobulinemia, wherein prolongations of prothrombin time (PT) and 

activated Partial Thromboplastin Time (aPTT) were documented at baseline (figure 2c). 

Finally, there were no adverse events related to repeated intravenous administration as noted 

following treatment of one dog, UTK10, who received two doses of VSV-hIFNβ-NIS, 

providing preliminary evidence of the feasibility of repeat dosing.

Therapeutic response

Therapeutic response was monitored by measuring disease burden as indicated 

(Supplemental Table 2) for 28 days following VSV-IFNβ-NIS therapy depending on the 

cancer type and was observed to be variable (Table 1). Disease burden in dogs with 

peripheral lymphoma was measured using established guidelines (23). Two dogs with 

advanced peripheral T-cell lymphoma (UTK04 and UTK08), each treated with a single 

intravenous dose of 2.2×1010 TCID50 VSV-hIFNβ-NIS, had rapid disease remission of 

disseminated peripheral lymphoma indicated by reduction in diameters of all peripheral 

lesions (figure 3a–b) resulting in measurable partial responses of 40% and 60% respectively 

(figure 3c). In both cases, remission was transient, lasting approximately ~21 days and ~36 

days before disease relapsed. UTK08, who had rapid remission of peripheral lesions, 

received an additional intratumoral injection of 3×1010 TCID50 VSV-hIFNβ-NIS on Day 19 

in the right mandibular lymph node lesion that was relapsing (Figure 3b, depicted by arrow), 

with no measurable impact on lesion size. Two dogs with spontaneous anal adenocarcinoma 

and advanced peripheral B-cell lymphoma had stable and progressive disease respectively. 

Three of five dogs treated with VSV-cIFNβ-NIS, including dogs with myeloma, peripheral 

B-cell lymphoma and multifocal cutaneous melanoma, had stable disease, while two dogs 

with advanced peripheral B-cell lymphoma had disease progression. UTK01, a dog with 

anal adenocarcinoma, had surgical resection of the tumor 45 days after receiving intravenous 

VSV-hIFNβ-NIS treatment. Histopathological analysis of the resected tumor indicated a 
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high infiltration of T-cells compared to historical controls of the same tumor type 

(Supplemental Figure 1) indicative of tumor specific immune infiltration following 

intravenous VSV treatment.

Virus Shedding

Shedding studies were carried out to monitor release of infectious materials following 

intravenous administration of replication competent oncolytic VSV. Buccal swabs, urine 

(separated into urine cell pellet and supernatant), and fecal samples were collected. All 

samples were assessed using highly sensitive quantitative real-time polymerase chain 

reaction (qRT-PCR) to detect VSV-N gene copies. Quantitative RT-PCR analyses indicated 

some buccal swab, urine or fecal samples had detectable VSV-N gene copies, though all 

samples were close to or below Limit of Detection (LOD, Supplemental Figure 2). Detection 

of viral RNA by qRT-PCR is not indicative of infectious virus, and in accordance with FDA 

recommendations (13) buccal swabs and urine samples were also assayed to detect presence 

of infectious virus using an infectious virus recovery (IVR) assay by overlay on susceptible 

BHK-21 cells, indicating no detectable infectious virus. Some buccal swab samples were 

toxic to cells in culture due to the predictable presence of nonviral contaminants, and 

absence of infectious virus was confirmed by filtration and repeat of overlay of cell 

supernatant and confirming absence of VSV RNA by qRT-PCR. These data indicate the 

absence of virus shedding in biological excreta following intravenous VSV-IFNβ-NIS 

administration in tumor bearing dogs.

Virus Pharmacokinetics in blood

The comparative oncology approach is amenable to pharmacokinetic monitoring. Serial 

blood sample collection was carried out starting at 10 minutes and up to 6 hours following 

intravenous VSV-IFNβ-NIS administration to detect VSV RNA in whole blood, and both 

VSV RNA and infectious virus in isolated peripheral blood mononuclear cells (PBMCs) and 

plasma. Pharmacokinetic studies indicate an immediate transient decline (in the first 60min), 

then stabilization of VSV RNA over 6 hours (Figure 4a). Infectious virus was detected only 

in PBMC samples (Figure 4b) and not in plasma (Figure 4d). Measurement of VSV RNA 

bio-distribution in blood indicates that intravenously administered VSV localizes to PBMCs 

and does not remain in plasma (Figure 4c–d). These data also indicate that VSV RNA is 

detectable at higher quantities in PBMCs compared to whole blood. Notably, the two dogs 

with measurable disease remission, UTK04 and UTK08, had ~10-fold higher VSV-N gene 

copy number in blood compared to dogs with no measurable disease remission, peaking at 

~2h post IV VSV-IFNβ-NIS administration. The highest quantity of infectious virus was 

recovered in PBMCs isolated from UTK08, the dog with the best response to intravenous 

VSV-IFNβ-NIS therapy. These data indicate that assessment of isolated PBMCs is the most 

sensitive method to measure both VSV RNA and infectious virus. Furthermore, these data 

provide preliminary indication that virus pharmacokinetics may correlate with therapeutic 

response to intravenously administered oncolytic VSV therapy.

Viremia and Neutralizing antibodies

Blood samples were analyzed to monitor viremia and presence of neutralizing antibodies 

following intravenous VSV-IFNβ-NIS therapy. Virus genomes were detectable in whole 
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blood at 24h post infusion and decayed rapidly between days 3 to 7, with genomes 

undetectable (or below limit of detection) by day 14 (Figure 4e). Anti-VSV neutralizing 

antibodies were detectable in serum by day 7 in most treated dogs (Figure 4f), coinciding 

with clearance of virus from blood. Analysis of antibody response in dogs indicated there 

was a delay in generation of neutralizing antibodies against VSV in a myeloma bearing dog, 

UTK02, and lower antibody titers in dogs with B-cell malignancies (e.g. UTK07, UTK09). 

The immune suppressed state of patients with B-cell malignancies may impact generation of 

antiviral antibodies, but this observation would need to be confirmed in a larger cohort of 

tumor-bearing dogs.

Monitoring virus transgene expression

Virus activity can be monitored by measurement of expression or biological activity of 

encoded transgenes (10). Here we measured the human IFNβ levels in plasma from 3 dogs 

treated with VSV-hIFNβ-NIS, using this as a surrogate soluble marker of the total burden 

virus infected cells, One dog treated with VSV-cIFNβ-NIS and a non tumor bearing (NTB) 

dog administered with a single dose of VSV-hIFNβ-NIS were included as controls. These 

data indicate that human IFNβ is measurable in plasma and rapidly increases following 

VSV-hIFNβ-NIS administration in tumor bearing or non tumor bearing dogs. Human IFNβ 
expression peaked at approximately ~6h post intravenous VSV-hIFNβ-NIS administration 

(Supplemental figure 3). Plasma levels of human IFNβ in responding dogs (UTK04 and 

UTK08) were only slightly higher at 90min post treatment but were detectable for a longer 

time (up to 7 days post treatment) compared to nonresponsive (UTK05) or NTB control. 

These data demonstrate facile monitoring of both quantity and duration of transgene 

expression that may provide convenient biomarkers of therapeutic response following 

treatment of intravenously administered recombinant oncolytic therapies.

Feasibility of repeated intravenous VSV-IFNβ-NIS administration

Pharmacokinetic studies provide a preliminary indication that higher levels of viral RNA in 

blood may correlate with therapeutic response to intravenous VSV-IFNβ-NIS therapy. 

Modification of dose regimen, including repeated dosing, may be utilized to improve 

therapeutic response by optimizing pharmacokinetics and improving bio-availability of 

cancer therapies (24,25), particularly following intravenous administration. To test the 

feasibility of repeated intravenous VSV-IFNβ-NIS dosing, we enrolled one dog, UTK10, 

with maxillary osteosarcoma (OSA) and metastatic lung nodules who received 2 doses 

2.2×1010 TCID50. Treatment was well tolerated with no notable adverse events associated 

with repeated VSV administration (figure 2), and no detectable shedding of infectious virus 

(Supplemental figure 2). As previously observed, VSV genomes were detected primarily in 

PBMCs (figure 5a). Infectious virus (denoted by asterisks) was detectable in PBMCs 

following the first and second dose of VSV-hIFNβ-NIS, indicating that repeated dosing can 

extend the persistence of infectious virus in blood. Correlative monitoring of human IFNβ 
levels in plasma indicated that human IFNβ was not extended or increased due to repeated 

VSV-hIFNβ-NIS administration (figure 5b). Dogs with metastatic OSA generally have a 

median life expectancy of 2–3 months, but this is highly variable depending on site of 

metastasis (bone vs. soft tissues) and type of treatment sought by pet owners (26). UTK10 

had stable disease for 6 months before progression of the maxillary lesion led to humane 
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euthanasia. Chest radiographs taken at the time of euthanasia indicated no significant 

progression of the pulmonary metastatic nodules.

Discussion

This study provides the first evaluation of intravenous oncolytic virus therapy in dogs with 

spontaneous cancer. Oncolytic virus therapy uses engineered viruses to induce durable 

tumor remission through a combination of virus replication, lytic destruction of tumor cells, 

and activation of immune mediated tumor recognition and elimination (3). Oncolytic virus 

products are generally attenuated and have reduced virulence and pathogenicity compared to 

the wild type strains (1). Clinical development of novel cancer therapies requires 

comprehensive preclinical assessment of clinical toxicities and therapeutic efficacy (12). In 

addition, clinical translation of replication-competent OV therapies requires assessment of 

virus shedding and biosafety (13). While useful to perform a preliminary assessment of 

toxicity, efficacy, and mechanisms of action of novel anticancer agents (27), preclinical 

rodent models limit clinically relevant translational assessment due to disparities in body 

size, physiology, genetic and immunologic attributes between rodents and humans. 

Comparative oncology allows clinically relevant evaluation of novel oncolytic virus 

therapies, as naturally occurring canine cancers recapitulate the genetic and molecular 

heterogeneity and tumor immune microenvironment of human cancer (15). The ability to 

collect serially biological samples from the same animal, including blood and biological 

excreta, enables clinical and correlative monitoring. Clinical monitoring of clinical toxicities 

and biosafety including viremia and virus shedding is critical to clinical translation. 

Correlative monitoring including virus pharmacokinetics and pharmacodynamics, transgene 

expression, immune responses allow us to investigate determinants and identify biomarkers 

that are predictive of or correlate with clinical toxicity or efficacy.

Here we demonstrate the utility of the comparative oncology approach and establish the 

safety, both in terms of toxicity and shedding, of intravenous oncolytic VSV-IFNβ-NIS 

administration in dogs with spontaneous cancer. Clinical monitoring indicates that 

hepatotoxicity is the primary dose-limiting toxicity (DLT) following intravenous VSV-IFNβ-

NIS therapy, notably observed only in dogs that had disease remission, suggesting this DLT 

may be associated with virus bio-availability and/or tumor lysis. Virus shedding studies 

confirm the absence of infectious virus shedding in biological excreta. These data support 

clinical translation and inform the design of adverse event monitoring for human clinical 

trials. This approach also allowed testing of novel oncolytic therapies in dogs with various, 

spontaneously occurring and heterogeneous malignancies. Results demonstrate that single 

shot intravenous VSV therapy can induce remission of disseminated cancer. The rapid speed 

of remissions of peripheral lesions observed in dogs with advanced T-cell lymphoma 

suggests it is due to virus mediated tumor destruction. While the results of this study are 

limited due to the small sample size, the observed responses led to inclusion of T-cell 

lymphoma as a target indication in a Phase 1 human clinical trial evaluating intravenous 

VSV-hIFNβ-NIS therapy (NCT03017820, clinicaltrials.gov).

Correlative monitoring including pharmacokinetics studies and measurement of transgene 

expression in blood provide with preliminary data indicating ~10X higher VSV RNA 
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detectable and sustained IFNβ expression in blood from dogs with measurable disease 

remission (compared to dogs with stable or progressive disease). These studies suggest 

methods to enhance virus pharmacokinetics may improve virus bioavailability and 

therapeutic response. Soluble serum marker measurement, however, does not indicate 

location of virus infection and early IFNβ detection may be due to infection of PBMCs 

rather than tumor cells. Single-Photon Emission Computed Tomography or Positron 

Emission Tomography/Computed Tomography (SPECT/CT or PET/CT) imaging to monitor 

viral NIS expression would be a more effective method to serially and noninvasively monitor 

virus bio-distribution and confirm tumor specific virus replication (10).

Findings from this study have contributed to clinical translation of oncolytic VSV-IFNβ-NIS 

therapy including selection of a safe clinical starting dose to avoid protracted dose 

escalation, and design of clinical monitoring protocols and correlative assays to assess 

toxicities and virus shedding. These findings supported approval and initiation of a Phase I 

clinical trial to evaluate intravenous VSV-IFNβ-NIS therapy in patients with relapsed or 

refractory multiple myeloma and T-cell lymphoma, the latter indication included due to 

observed disease remission in T-cell lymphoma bearing dogs. These studies provide 

preliminary indication of factors that correlate with, and may be predictive biomarkers of 

therapeutic response including virus pharmacokinetics in blood and sustained transgene 

expression, and support the development of oncolytic VSV as canine cancer therapy to 

benefit pets and pet-owners.

Traditional pathways of cancer drug development are long and expensive. While 

introduction of accelerated pathways of drug approval has expedited cancer drug 

development, costs are high and accessibility is limited. The utilization of comparative 

oncology will inform new product development and refine selection of products to advance 

to clinical development, potentially reducing the time, cost and risk of drug development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of recombinant oncolytic Vesicular stomatitis viruses expressing 
human or canine IFNβ and NIS
VSV expressing canine or human IFNβ and the sodium iodide symporter (NIS) were tested 

in vitro to evaluate (A) virus replication in BHK-21 cells by infection with VSV-hIFNβ-NIS, 

VSV-cIFNβ-NIS or VSV-GFP at a MOI of 3.0 and measurement of virus titer in TCID50; 

(B) functional NIS expression by measurement of radio-iodide (125I) uptake 24h post 

infection of BHK-21 cells (MOI 1.0) in the presence (+) or absence (−) of NIS specific 

inhibitor KCLO4; Expression of (C) functional human or canine IFNβ expression by 

protection of human Mel-624 or canine MDCK cells respectively following exposure to 

ultracentrifuged virus infection supernatant (using VSV-GFP cell supernatant as a control), 

followed by infection with VSV-GFP (MOI 0.1). Cell viability was assessed 48h later by 

MTT assay and shown as a percentage of control mock infected cells; (D) Veterinary clinical 

study flow diagram outlining procedures for (i) enrollment, (ii) pre-assessment, (iii) 

treatment, (iv) acute monitoring, and (v) long-term monitoring.
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Figure 2. Clinical pathology testing of canine blood samples
Blood was collected from enrolled dogs at baseline and following systemic VSV therapy. 

Selected analyses are shown indicating (A) liver function tests (ALT and AST) (B) Complete 

blood count (CBC) including WBC and LYMPH and (C) Coagulation testing (PT and PTT). 

Normal range is delineated by the shaded region. ALT: Alanine aminotransferase; AST: 

Aspartate aminotransferase; ALP: alkaline phosphatase; WBC: white blood cell count; 

LYMPH: percentage lymphocytes; PT: prothrombin time; PTT: partial thromboplastin time.
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Figure 3. Remission of peripheral T-cell lymphoma following intravenous VSV-hIFNβ-NIS 
treatment
Disease burden was monitoring in two responding dogs, (A) UTK04 and (B) UTK08, both 

with peripheral T-cell lymphoma, who received a single intravenous dose of 2.2×1010 

TCID50. Disease remission was monitored by serial caliper measurements and shown as 

percentage change in individual lesions compared to baseline measurement, including 

mandibular, prescapular, popliteal, and inguinal nodal lesions; (C) Therapeutic response in 

responding dogs was assessed based on response criterion established by the Veterinary 
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Cooperative Oncology Group (VCOG) with disease burden shown as a percentage of 

baseline based on mean sum LD (Longest diameter) of five target lesions.
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Figure 4. Assessment of virus pharmacokinetics, bio-distribution, viremia and antibody 
neutralization following intravenous VSV-IFNβ-NIS treatment
Blood samples were collected immediately following intravenous VSV-IFNβ-NIS treatment 

in tumor bearing dogs for pharmacokinetic studies. RNA was isolated from (A) whole blood 

to detect VSV-N gene copies by qRT-PCR; (B) PBMCs were isolated to detect infectious 

virus by overlay on susceptible BHK cells to measure TCID50. Virus bio-distribution was 

assessed in (c) PBMCs or (d) plasma indicating VSV-N genes were detectable primarily in 

PBMCs and below limit of detection (LOD) in plasma. Whole blood and serum were 

collected to monitor (e) viremia and (f) anti-VSV neutralizing antibodies at indicated time 

points following intravenous VSV-IFNβ-NIS treatment.
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Figure 5. Assessment of virus pharmacokinetics and transgene expression following two-dose 
intravenous VSV-IFNβ-NIS treatment in a dog with spontaneous osteosarcoma
(a) RNA was isolated from whole blood, PBMCs and plasma collected immediately 

following VSV-IFNβ-NIS treatment to detect VSV-N gene copies by qRT-PCR. Infectious 

virus was detected in PBMCs and samples positive for recovery of infectious VSV are 

denoted using an asterisk (*). (B) Human IFNβ was monitored in plasma collected at 

indicated time points following administration of two IV doses of VSV-IFNβ-NIS (denoted 

by ▲)
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