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Purpose: Rhabdomyosarcomas (RMS) are difficult tumors to treat with conventional

therapies. Publications indicate that oncolytic virotherapy (OV) could benefit cancer patients

with tumors that are refractory to conventional treatments. It is believed that the efficacy of

OV can be enhanced when used in combination with other treatments. This study evaluated

the response of mice with aggressive alveolar RMS (ARMS) allografts to treatment with an

OV [recombinant myxoma virus (MYXVΔserp2)] in combination with a Janus kinase (JAK)

inhibitor (oclacitinib). Oclacitinib is known to inhibit JAK1 and JAK2 cell signaling path-

ways, which should limit the antiviral Type I interferon response. However, oclacitinib does

not inhibit immune pathways that promote antigen presentation, which help stimulate an

anti-cancer immune response.

Materials and Methods: To determine if MYXVΔserp2 and oclacitinib could improve

outcomes in animals with ARMS, nude mice were inoculated subcutaneously with murine

ARMS cells to establish tumors. Immune responses, tumor growth, and clinical signs in mice

treated with combination therapy were compared to mice given placebo therapy and mice

treated with OV alone.

Results: Combination therapy was safe; no viral DNA was detected in off-target organs,

only within tumors. As predicted, viral DNA was detected in tumors of mice given oclaci-

tinib and MYXVΔserp2 for a longer time period than mice treated with OV alone. Although

tumor growth rates and median survival times were not significantly different between

groups, clinical signs were less severe in mice treated with OV.

Conclusion: Our data indicate that MYXVΔserp2 treatment benefits mice with ARMS by

reducing clinical signs of disease and improving quality of life.
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Introduction
Soft tissue sarcomas (STS) are a group of neoplasms that are locally invasive, difficult

to completely excise surgically, and have variable response rates to adjunctive treat-

ment with radiation and chemotherapy. Over half of the STS in people under the age of

20 are classified as rhabdomyosarcomas (RMS).1 RMS originate from pluripotent

mesenchymal cells within skeletal muscle.2 The annual incidence of RMS is 4.5

cases per million people under 20 years of age, making RMS one of the most common

tumors in children.3 There are two main subtypes of RMS, embryonic RMS and

alveolar RMS (ARMS), which have histological and genetic differences.4 The 5-year

survival rates for children with embryonic RMS and ARMS are approximately 73%
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and 48%, respectively.3 Given the high rate of disease recur-

rence, there is a demand for strategies to improve survival

rates of patients with RMS without compromising quality of

life. Recent advances in the field of oncolytic viral (OV)

therapeutics have showcased the potential effectiveness and

safety of this treatment modality. For example, an oncolytic

herpes virus was recently approved for use in the United

States to treat melanoma.5 Studies using attenuated herpes

simplex virus and poxvirus therapies have demonstrated

oncolytic effects of OVs in sarcoma cells lines and sarcoma

xenograft models.6–8 Oncolytic virotherapy has fewer side

effects than radiation or chemotherapy and may prove to be

more effective at reducing recurrence of RMS.

Myxoma virus (MYXV) is an OV that replicates in

cultured cancer cells from several animal species,9–12 but

does not cause disease in humans or other vertebrates (with

the exception of rabbits).13–18 MYXV is a leporipoxvirus

and, like other poxviruses, it does not require a specific

cellular receptor to infect cells. When poxviruses enter

cells, gene transcription begins immediately and all replica-

tion steps occur in the cytoplasm. Mature poxviruses virions

are released from infected cells before cell lysis occurs.19

These virions effectively enter neighboring cells, spreading

the virus infection in susceptible cells throughout the tumor

microenvironment.19 Importantly, poxviruses elicit strong

cell-mediated and humoral immune responses that clear the

virus from the body and prevent latent or recurrent infections

from occurring.20,21

The efficacy of MYXV treatment has been demonstrated

in several murine cancer xenograft and allograft models, but

complete cures are rarely achieved with OV therapy

alone.6,22-27 This may be due, in part, to limited viral replica-

tion within treated tumors. In mice, MYXV replicates within

a tumor for approximately 4 days after virus injection.23

When MYXV is injected repeatedly, outcome is improved.6

The ability of MYXV to replicate in cancer cells has been

shown to be due in part to a lack of interferon (IFN) response

in those cells.11,28 In an attempt to improve the efficacy of

MYXV oncolytic therapy, we used a recombinant MYXV

with deletion of a viral anti-apoptotic protein, serp2

(MYXVΔserp2). Deletion of serp2 from MYXV markedly

attenuates pathogenesis in rabbits29 and enhances the onco-

lytic effects cancer cells.9,10 Additionally, we evaluated if

MYXVΔserp2 oncolytic effects could be improved, without

the need of multiple injections, by strategically managing the

antiviral IFN immune response in the tumor microenviron-

ment by administering oclacitinib in combination with OV

therapy.

Oclacitinib (Zoetis, Apoquel, Parsippany-Troy Hills, NJ,

USA) is a Janus kinase (JAK) inhibitor that has shown

safety and efficacy in the treatment of canine allergic disease

without inhibiting response to vaccination.30 It effectively

inhibits JAK1 and JAK2 activation, but has relatively weak

activity against JAK3 and tyrosine kinase 2 (Tyk2).31

Interleukin-6 (IL-6) and IL-13 (which signal through

JAK1/2 and Tyk2) are inhibited by oclacitinib therapy in

dogs.31 Oclacitinib also is predicted to inhibit Type I IFN

signaling which occurs through JAK1 and Tyk2 pathways.

Cytokines of the innate immune response that do not signal

through JAK1 [including IL-12, IL-23 and granulocyte-

monocyte colony-stimulating factor (GM-CSF)] are not

inhibited during oclacitinib administration.31 We theorized

that short-term inhibition of Type I IFN signaling by ocla-

citinib could allow viral replication to occur in the tumor for

a longer period of time, enhancing oncolysis, while cyto-

kines involved in innate immune system continued to stimu-

late the antitumoral immune response.

Materials and Methods
Cells
Murine ARMS (U21089) cells were a generous gift from

Dr. Charles Keller whose laboratory had established the

primary cell culture from rhabdomyosarcomas that arose

in conditional knockout mice with activation of an onco-

gene (Pax3:Fkhr) and mutation of a tumor suppressor

gene.32 Rabbit-kidney epithelial (RK-13) cells were

obtained from the American Type Culture Collection

(ATCC CCL-37). Cell growth media was comprised of

Minimal Essential Medium with Earle’s salts and 2 mM

L-glutamine supplemented with 2 mM L-glutamine, 50 U/

mL penicillin, and 50 µg/mL streptomycin (Hyclone,

Logan, UT, USA); 0.1 mM nonessential amino acids and

1 mM sodium pyruvate (Corning, Corning, NY, USA); and

10% fetal bovine serum (FBS; VWR Life Science

Seradigm, Radnor, PA, USA). Cells were maintained in

a water-jacketed incubator at 5% CO2 and 37°C.

Viruses
Wild-type MYXV (Lausanne strain) was originally acquired

from Dr. Grant McFadden. Construction and characteriza-

tion of recombinant MYXVexpressing tandem dimer tomato

red,33 and MYXVΔserp234 have been previously described.

MYXVΔserp2 was amplified in RK-13 cells, sucrose pad-

purified, and re-suspended in sterile phosphate buffered sal-

ine (PBS) prior to injection into mice bearing ARMS. Virus
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titers [plaque/foci-forming units (pfu)/mL] of MYXV and

MYXVΔserp2 were determined by incubating RK-13 cells

with virus inoculum for 30 minutes 5% CO2 and 37°C then

adding a solid overlay of 1-part 2× growth media and incu-

bating for 4 days at 5% CO2 and 37°C. Virus titers, the

number of viral foci that formed in RK-13 cells per mL of

virus added, were calculated to determine pfu/mL of virus.

Growth Rate of MYXV in U21089 Cells
The growth rate of MYXV and MYXVΔserp2 in U21089

cells was evaluated as follows. Growth media (detailed

above) was removed from wells of U21089 cells when they

were 80% confluent (1.8 ×106 cells/well). Cells were inocu-

lated with MYXVor MYXVΔserp2 at a multiplicity of infec-

tion (moi) of 0.01 pfu/cell in media lacking FBS. Cells were

incubated with virus for 1 h at 5% CO2 and 37°C. Viral

inoculum was removed, cells were rinsed with PBS, and

growth media was added to wells. Cells were scraped into

growth media at designated time-points post-inoculation, cen-

trifuged at 400 ×g for 15min, washed in PBS, re-suspended in

media lacking FBS, frozen and thawed 3 times, and sonicated.

Viral lysates were serially diluted in media lacking FBS and

incubated on RK-13 cells for 30 min. A solid overlay of 1-part

2× growth media and 1 part 1% agarose was placed on the

infected cells. Viral foci were counted 4 days later. Pfu/per

U21089 cell was calculated and plotted versus time.

Cytolysis by MYXV in U21089 Cells
Confluent U21089 cells were incubated with MYXV or

MYXVΔserp2 (moi = 1) or mock-infected with media

without FBS as described above. Cytopathic effects of

virus inoculation, including clustering of cells, disruption

of nuclear shape and size, and release of cells from the

monolayer into the media, were observed microscopically

at 24, 48, and 72 h post-inoculation (hpi). Cell-titer blue

reagent (Promega, Madison, WI, USA) was added to the

cell culture media to detect viable cells at 24, 48, and 72

hpi. A Synergy H1 microplate reader (BioTek, Winooski,

VT, USA) was used to detect differences in the amount of

cell-titer blue reagent that was metabolized by the cells

(fluorescence excitation = 560 nm; emission = 590 nm).

Mouse Studies
All mouse studies were approved by the Institutional

Animal Care and Use Committee at Colorado State

University (protocol #17-7709A). American Association

for Laboratory Animal Science guidelines were used for

the treatment and housing of the mice. Veterinary Medical

Association guidelines for humane euthanasia were fol-

lowed. Murine ARMS allografts were established in six-

to eleven-week-old, B6.Cg-Foxn1nu/J mice by injecting 3

×106 U21089 ARMS cells subcutaneously (SQ) in the lat-

eral aspect of the thigh. Seven days after tumor cells were

injected, either placebo (30 µL 0.5% methylcellulose/0.25%

Tween 20 solution) or 45 mg/kg oclacitinib diluted in 30 µL

0.5% methylcellulose/0.25% Tween 20 solution was admi-

nistered orally (PO) twice daily for 14 days. The oclacitinib

dose was chosen based upon its published clinical effective-

ness in mice.35,36 Intratumoral (IT) injection of PBS or 106

pfu of sucrose-purified MYXVΔserp2 in 100 µL PBS was

administered 16 days after tumor cells were injected.

A second dose of PBS or MYXVΔserp2 was injected IT

two weeks after the first dose, if the mouse survived to that

time point. A timeline for injections and oral treatments is

diagramed in Figure 1. In total, 36 mice were given placebo

PO and PBS IT (PBS), 36 mice were given placebo PO and

106 pfu MYXVΔserp2 IT (MYXVΔserp2), and 37 mice

were given oclacitinib PO and 106 pfu MYXVΔserp2 IT

(O+MYXVΔserp2). Twelve mice in each treatment group

were humanely euthanized and necropsied on Days 4 and 7.

Twelve mice in the PBS and MYXVΔserp2 treatment

groups and 13 mice in the O+MYXVΔserp2 treatment

group were euthanized when a criterion for euthanasia was

reached. Criteria for euthanasia included tumor volume ≥

3500 mm3, ulceration of tumors, lethargy or signs of pain,

Figure 1 Diagram of the timeline (in days) of oral (PO) and intratumoral (IT) treatments given to mice bearing subcutaneous (SQ) rhabdomyosarcomas (RMS). Day 0 was

designated as the first day that IT treatment was administered. Subsets of mice were euthanized on Days 4 and 7 for sample collection. The shortest and longest survival

times were Day 11 and Day 31, respectively.
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or loss of > 25% of the maximum body weight of the

mouse.

Assessment of Clinical Condition

Individual mice were monitored daily for weight, tumor

diameter, and clinical appearance. The number of mice

in each treatment group with limb swelling, hematoma

formation, erythema, ecchymosis, ulceration, and/or

impaired mobility was tallied on Days 0, 4, 7, and 14.

Contingency data of affected and unaffected animals in

each treatment group at each time-point were compiled

and analyzed.

Analysis of Viral Spread and Organ Pathology

All major internal organs and the tumor site were exam-

ined and collected during necropsy for assessment of gross

appearance, isolation of viral DNA using droplet digital

PCR (ddPCR; BioRad, Hercules, CA, USA), and histo-

pathology. For PCR, frozen tissues were weighed then

placed into 1.5 mL sterilized tubes containing 2.0 mm

zirconia beads. 250 µL PBS was added to each sample.

Samples were homogenized for 5 min using a Mini-

Beadbeater (BioSpec, Atkinson, NH, USA). DNA was

extracted from homogenized tissue sections using the

QIAGEN DNeasy blood and tissue kit (Qiagen NV,

Venlo, Netherlands) according to the manufacturer’s

instructions. Purity and concentration were measured

using 260nm/280nm ratios on a BioTek Take3 Micro-

Volume Plate and the BioTek Synergy H1 Multi-Mode

Reader. Approximately 100 ng of DNA was combined

with QX200™ ddPCR™ EvaGreen Supermix (BioRad,

Hercules, CA, USA) to perform ddPCR. Primer sets used

for detection of MYXVΔserp2 by ddPCR are indicated in

Table 1. Confirmation of MYXVΔserp2 in ddPCR positive

tissues was performed using conventional PCR using

100ng of DNA in OneTaq® 2X Master Mix (New

England Biolabs, Ipswich, MA, USA). Amplicons were

annealed at 52°C, elongated at 68°C, and the product was

visualized on a 2% agarose gel. For histopathology, tissues

were placed into cassettes and stored in 10% buffered

formalin for at least 1 week. Tissues were then paraffin-

embedded, sectioned, and stained with hematoxylin and

eosin (H&E) by the Histopathology Section of the

Veterinary Diagnostic Laboratory at Colorado State

University. Tissue sections were evaluated by

a veterinary pathologist (ALM) using light microscopy.

Analysis of the Immune Response

The immune response to treatment was assessed using

histopathology, multiplex serum cytokine analysis, and

Table 2 Tumor Histology Grading Schemes

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4

Percent necrosis 0 1–15 16–30 31–45 >45

Percent hemorrhage 0 1–15 16–30 31–45 >45

Neutrophils per 400× field* 0 1–5 5–10 10–20 >20

Histiocytes per 400× field 0 1–15 16–30 31–45 >45

Lymphocytes per 400× field 0 1–15 16–30 31–45 >45

Notes: *The grade was increased by 1 when microabscesses were observed.

Table 1 Primer Sequences and Specific PCR Parameters Used to Detect MYXVΔserp2 DNA in Tissues

Target Gene Segment(s) Forward Primer Sequence Reverse Primer Sequence Annealing

Temperature

(°C)

Product

Length (Base

Pairs)

MYXV M034L (DNA

polymerase)a
5ʹ CGC CAT CCT TTA CCT

AAC GA 3’

5ʹ ACC CGG TGT TAT TTT

TGT CG 3’

60 87

Glyceraldehyde 3-phosphate

dehydrogenase (GAPDH)b
5ʹ CGA CTT CAA CAG CAA

CTC CAA CTC TTC C 3’

5ʹ TGG GTG GTC CAG GGT

TTC TTC CTC CTT 3’

60 285

MYXV M033R and M034Lc 5ʹ CAC CCT CTT TAG TAA

AGT ATA CAC C 3’

5ʹ GAA ATG TTG TCG GAC

GGG 3’

52 800

Notes: aPrimers were used for detection of MYXVΔserp2 using ddPCR. bPrimers were used to determine tissue volume for ddPCR reactions, Data from Liu et al.39

cInterference within tissue type in ddPCR in was observed, therefore primers against MYXV M033R and M034L were used to perform confirmation of ddPCR positive

MYXV Δserp2 tissues using conventional PCR.

Abbreviations: PCR, polymerase chain reaction; MYXVΔserp2, myxoma virus deleted for serp2; °C, degrees Celsius.
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flow cytometry of cells from the spleen. Tumor histo-

pathology sections were processed as previously

described.6 Briefly, percent necrosis and hemorrhage

were estimated. The numbers of inflammatory cells and

mitotic figures were counted in ten 400× microscopic

fields and averaged. The grading scheme indicated in

Table 2 was followed. Serum cytokine analysis and flow

cytometric assays to determine systemic inflammatory

responses and activation of lymphoid populations also

followed protocols previously described.37 Briefly,

a multiplex bead array was used to detect the concentra-

tions of 25 cytokines in mouse serum as directed by the

manufacturer (BioRad, 23-plex Bio-Plex Pro™, Hercules,

CA, USA; Invitrogen, ProcartaPlex mouse IFNalpha/

IFNbeta Assay, Vienna, Austria). For flow cytometry,

nucleated cells were isolated from spleens and lymph

nodes, incubated with fluorescent dye-conjugated antibo-

dies (CD3, CD11c, CD14, CD20, CD25, MHCII, and/or

NK1.1) that targeted lymphocyte surface markers (BD

Biosciences, San Jose, CA, USA), and detected using

a CyAn ADP flow cytometer (Beckman Coulter, Brea,

CA, USA).

Treatment Efficacy

The efficacy of treatment was evaluated by observation of

clinical signs of disease, calculation of tumor volume and

tumor growth rate, determination of median survival time,

detection of viral load, and comparison of histopathology.

Survival data were recorded from the time of the initial IT

injection (Day 0) until euthanasia and plotted using

a Kaplan-Meier curve.

Determination of Serum Oclacitinib Concentration

Sera frommice in each treatment group that were euthanized

at Day 4 or Day 7 were pooled so that 6 samples were

analyzed: Day 4 PBS, Day 7 PBS, Day 4 MYXVΔserp2,

Day 7 MYXVΔserp2, Day 4 O+MYXVΔserp2, and Day 7

O+MYXVΔserp2. The serum concentration of oclacitinib

maleate salt was measured using high performance liquid

chromatography.

Figure 2 (A) Photomicrographs showing cytopathic effects (phase) and recombinant protein expression (fluorescence) 48 h post-inoculation (hpi) of RK-13 cells and

U21089 cells with recombinant MYXV expressing tomato red fluorescent protein [multiplicity of infection (moi) = 0.1 and 1 virus particle/cell]. (B) Multi-step viral growth

curves. U21089 cells were inoculated with MYXV or MYXVΔserp2 (moi = 0.01). Samples were collected at 0, 12, 24, 48, 72, and 96 hpi then plaqued onto RK-13 cells. The

number of viral plaque-forming units (pfu) per U21089 cell was calculated from the number of foci that formed in RK-13 cell monolayers. (C) Viability of U21089 cells after

inoculation with myxoma virus (MYXV) or MYXVΔserp2 (moi = 1) expressed as a percentage of viable mock infected U21089 cells. Error bars indicate standard error of the

mean.
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Statistics
Cell viability percentages, viral titers, serum oclacitinib

concentration, histological grades, flow cytometry results,

tumor volumes, and tumor growth rates were compared by

t-tests using GraphPad Prism software version 8.1.0. The

occurrence of clinical signs in mice at Day 0, 4, and 7

were compared with a Chi-square and Fisher’s exact test

using GraphPad Prism software version 8.1.0. Median

survival times were compared with a Cox proportional

hazards model using GraphPad Prism software version

8.1.0. Serum cytokine data were analyzed by

a statistician (BG) using Dunn’s test for comparisons on

rank between groups. Associations of sex to cytokine

levels were tested separately for each treatment using

Welsh’s t-tests. Outlier tests were conducted using the

car package version 3.0.2. Analyses were calculated

using R open software version 3.6.0. This program with

the fisheries stock analysis package version 0.8.23 was

used for Dunn’s test analyses.

Results
MYXV Replicated in and Induced Lysis of

U21089 Cells
Microscopic cytopathic effects and recombinant protein

expression in murine U21089 rhabdomyosarcoma cell cul-

tures suggested that the cells are semi-permissive for

MYXV infection (Figure 2A). Logarithmic growth of

virus was detected in U21089 cells, confirming that

MYXV replication occurs in U21089 cells (Figure 2B).

The rates of MYXV and MYXVΔserp2 growth in U21089

cells were not significantly different. No significant differ-

ence in cell viability was observed when MYXV and

MYXVΔserp2 infection were compared at any time-point

(P-values ≥ 0.181, Figure 2C). Importantly, MYXV and

MYXVΔserp2 infection significantly decreased cell viabi-

lity when compared to mock-infected cells (Figure 2C) at

24 (P-values ≤ 0.023), 48 (P-values ≤ 0.005), and 72

(P-values ≤ 0.002) hpi.

U21089 Cells Formed Rapidly Growing

ARMS Tumors in Nude Mice
Murine ARMS allografts were established in six- to ele-

ven-week-old, B6.Cg-Foxn1nu/J (nude) mice by injecting

3x106 U21089 ARMS cells SQ in the lateral aspect of the

thigh. Tumors formed in 100% (109/109) of the nude

mice. The timeline for engraftment and treatments are

shown in Figure 1. Some individual variation in tumor

size at time of the first IT injection PBS or

MYXVΔserp2 (designated Day 0) was observed, however

the average tumor volumes of the three treatment groups

(PBS, MYXVΔserp2, and O+MYXVΔserp2) were not

significantly different (Figure 3A; P-values > 0.22). The

rate of tumor growth from the time of U21089 cell injec-

tion until euthanasia was similar for mice in all treatment

groups (Figure 3B; P-values > 0.17).

Clinical Findings in Mice with ARMS Were

Less Severe in Mice Treated with OV
The gross appearance of tumors on Day 2 varied slightly

between individual mice (Figure 4A–C). Ecchymoses at the

base of the tumors (Figure 4D), on thighs (Figure 4E), or on

Figure 3 Tumor growth. (A) Tumor volume on the day of the first intratumoral

injection (Day 0) and (B) average tumor growth rate calculated from U21089 cell

injection until euthanasia in mice treated with phosphate buffered saline (PBS),

MYXVΔserp2, and oclacitinib with MYXVΔserp2 (O+MYXVΔserp2). Error bars

indicate mean and standard deviation.
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abdomens occurred in all mice that met a criterion for eutha-

nasia. Hematomas formed within tumors in 59% (64/109) of

the mice. Hematomas ruptured forming ulcers (Figure 4F)

that necessitated euthanasia of 32% (12/37) of the mice that

were euthanized after Day 7. The ratio of mice showing

clinical signs at Day 0 was significantly higher in the O

+MYXVΔserp2 group (Figure 5A; P-value = 0.02), but no

significance was noted between treatment groups by Day 4

(Figure 5B; P-value = 0.72). Table 3 summarizes the reasons

that mice with ARMS had to be euthanized during this study.

In mice evaluated beyond Day 7, 41% (15/37) mice were

euthanized when their calculated tumor volume was

≥ 3500 mm3. Importantly, greater than 50% of mice in the

MYXVΔserp2 treated and O+MYXVΔserp2 treated groups

were surrendered past Day 7 due to the size of the tumor

compared to 17% (2/12) of mice in the PBS group. This

reflects the finding that clinical signs of disease that necessi-

tated euthanasia (eg lethargy, hunched posture, difficulty

moving, weight loss) were less common in mice treated

with MYXVΔserp2.

Histologic Parameters Revealed Minor

Differences Between Treatment Groups
No histologic abnormalities were observed in organs other

than lymph nodes. This supported ddPCR data that indi-

cated O+MYXVΔserp2 treatment does not induce

unwanted spread of MYXVΔserp2 in off-target organs

(Table 4). Lymphoid tissue was hyperplastic in low num-

bers of mice from all treatment groups. Tumors were

unencapsulated and were composed of spindle cells

arranged in streams and bundles. Cells were separated by

a small amount of collagenous matrix. Cells had a small to

moderate amount of wispy eosinophilic cytoplasm and

a large round to oval nucleus with clumped chromatin

and one to four prominent round nucleoli. Marked aniso-

cytosis and anisokaryosis were noted. There were several

binucleated cells and 0–3 mitotic figures per 400× micro-

scopic field. Several tumor sections had areas of necrosis

and some were hemorrhagic. Neutrophils were commonly

associated with necrotic areas of the tumors and ulceration

of the overlying dermis. Small pockets of neutrophils,

Figure 4 Representative images of subcutaneous rhabdomyosarcoma (RMS) tumors on Day 2 (A-C) and Day 19 (D-F) after the first intratumoral MYXVΔserp2 injection.

Clinical signs associated with the tumors included erythema (A, B, D), swelling (B, E), ecchymosis (C, D, E), significant tumor development (D, E), and ulceration (F).
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consistent with microabscesses, were present within sev-

eral tumor sections. Histiocytic and lymphocytic inflam-

mation were not observed. Average grades for necrosis

(Figure 6A), hemorrhage (Figure 6B), and neutrophilic

inflammation (Figure 6C) within tumors were not signifi-

cantly different between treatment groups in samples col-

lected on Day 4. On Day 7, significantly decreased

average hemorrhage and neutrophil grades were observed

in O+MYXVΔserp2-treated mice as compared to

MYXVΔserp2-treated mice (P-values = 0.05 and 0.03,

respectively). In mice that met a criterion for euthanasia,

animals in the O+MYXVΔserp2 treatment group had

a significantly higher average necrosis grade as compared

to mice treated with PBS (P-value = 0.02). These differ-

ences did not appear to alter tumor volume, tumor growth

rate, or median survival time.

Serum Cytokine Concentrations Were

Not Affected by Treatment
Serum cytokine concentrations were determined in all

treatments groups of mice on Days 4 and 7, and in mice

that met a criterion for euthanasia. No significant differ-

ences were observed in any of the following cytokine

concentrations: IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6,
IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-17,

eotaxin, GM-CSF, G-CSF, interferon-α (IFN-α), IFN-β,
IFN-γ, keratinocyte chemoattractant (CXCL1), monocyte

chemoattractant protein-1, macrophage inflammatory pro-

tein-1α (MIP-1α), MIP-1β, tumor necrosis factor-α, or

regulated on activation normal T cell expressed and

secreted (CCL5). Graphs of cytokine concentrations can

be viewed behind the Colorado State University firewall

with this link: https://bgraham-csu.shinyapps.io/bjg_mac

neill_cytokines/.

Splenocyte Subsets Were Similar in All

Treatment Groups
In mice euthanized on Day 7, cells were isolated from

spleens, erythrocytes were lysed, nucleated splenocytes

were incubated with antibodies against leukocyte antigens,

and cells were analyzed using flow cytometry. Results

were gated on intact, singlet cells. When treatment groups

were compared, no significant differences were observed

in cells consistent with B cells (< 42% of splenocytes),

natural killer (NK) cells (< 0.74% of splenocytes), or

macrophages (< 1.7% of splenocytes). As expected, NKT

cell and T cell numbers were extremely low (< 0.030% of

splenocytes).

Median Survival Time in Mice with ARMS

Tumors Was Not Improved by Treatment
Mice treated with O+MYXVΔserp2 were significantly

younger than mice in the other treatment groups

(Figure 7A), but this did not cause a significant difference

in median survival time (Figure 7B). Likewise, no significant

differences in median survival time were observed between

male and female mice in any treatment group (Figure 7C).

Figure 5 Contingency graphs indicating the number of mice with and without

clinical signs of limb swelling, hematoma formation, erythema, and/or ecchymosis in

each treatment group on (A) the day of the first intratumoral injection (Day 0) and

(B) Day 4. On Day 0, the ratio of mice treated with oclacitinib with MYXVΔserp2
(O+MYXVΔserp2) that had clinical signs was higher than other treatment groups

(*P-value = 0.02).
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MYXVΔserp2 Replication Time in ARMS

Tumors Was Extended by Oclacitinib

Treatment
Oclacitinib maleate salt was detected in the serum of mice

treated with oclacitinib on Day 4 (the first day after oral

oclacitinib dosing was completed), but not in mice given

placebo. By Day 7, serum oclacitinib concentrations were

not detectable in any mice. MYXVΔserp2 was detected by

ddPCR within the tumors of oclacitinib-treated mice up to 13

days after virus inoculation but was not detected beyond Day

4 in mice treated with MYXVΔserp2 alone (Table 4).

Discussion
MYXVΔserp2 replication was prolonged in ARMS tumors

when combined with oclacitinib treatment as compared to

MYXVΔserp2 treatment alone. Increasing the length of

time that a recombinant MYXV replicated within

a tumor microenvironment was a primary goal of this

study. Increased MYXVΔserp2 replication time in tumors

of O+MYXVΔserp2-treated mice may be due to inhibition

of IFN signaling in the tumor microenvironment by ocla-

citinib. Oclacitinib inhibits JAK1 and JAK2 activation.31

Inhibition of JAK1 activation is expected to prevent IFN

signaling in response to virus replication.38 Although

many tumor cells do not mount and effective type I IFN

response to MYXV infection in cell culture,11,28 healthy

cells in the tumor microenvironment may release IFNs that

signal tumor cells to upregulate production of antiviral

IFN stimulated genes. Serum concentrations of IFNs and

other cytokines were not significantly altered in mice

treated with oclacitinib. However, most of the mice in

this study had very low concentrations of serum cytokines

which may have prevented detection of small changes in O

+MYXVΔserp2-treated mice. It is likely that systemic

effects of oclacitinib are less important that effects loca-

lized to the tumor microenvironment. Unfortunately, due

to the lack of treatment efficacy, detection of IFN concen-

trations within the tumor microenvironment was not

pursued.

Table 3 Reason for Euthanasia of Mice with Rhabdomyosarcoma Allografts

Treatments Total Number of Mice Tumor Volume

≥ 3500 mm3

Poor Clinical Condition Ulceration

Placebo +

PBS

12 2 (17%) 6 (50%) 4 (33%)

Placebo +

MYXVΔserp2

12 6 (50%) 2 (17%) 4 (33%)

Oclacitinib +

MYXVΔserp2

13 7 (54%) 2 (15%) 4 (31%)

Abbreviations: PBS, phosphate buffered saline. MYXVΔserp2, myxoma virus deleted for serp2.

Table 4 Number of Samples in Which MYXVΔserp2 DNA Was Detected in Mouse Tissues by Droplet Digital PCR

Day 4 Day 7 Survival

PBS MYXV

Δserp2

O+MYXV

Δserp2

PBS MYXV

Δserp2

O+MYXV

Δserp2

PBS MYXV

Δserp2

O+MYXV

Δserp2

Number of mice tested 12 12 12 12 12 12 12 12 13

Tumor 0 2 6 0 0 1 0 0 4*

Brain 0 0 0 0 0 0 0 0 0

Gonad 0 0 0 0 0 0 0 0 0

Heart 0 0 0 0 0 0 0 0 0

Kidney 0 0 0 0 0 0 0 0 0

Lung 0 0 0 0 0 0 0 0 0

Liver 0 0 0 0 0 0 0 0 0

Spleen 0 0 0 0 0 0 0 0 0

Salivary gland 0 0 0 0 0 0 0 0 0

Note: *Samples were collected 1, 6, 7, or 13 days after the second MYXVΔserp2 injection.

Abbreviations: MYXVΔserp2, myxoma virus deleted for serp2; DNA, deoxyribonucleic acid; PBS, phosphate buffered saline; O, oclacitinib.
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We hypothesized that the longer MYXVΔserp2 was

able to replicate in tumors, the more effective treatment

would be. This was based upon previously published data

that showed MYXV replicated for < 7 days in subcuta-

neous murine B16F10 melanoma allografts23 and that

frequent injection of MYXV greatly improved outcomes

Figure 6 Average histologic grades. (A) Necrosis, (B) hemorrhage, and (C) neutrophil grades were determined in histologic sections of tumors collected at the time of

euthanasia. Error bars indicate standard error of the mean. *P-value of the t-test comparing phosphate buffered saline (PBS) to oclacitinib with MYXVΔserp2 (O

+MYXVΔserp2) treatment = 0.02. †P-values of the t-tests comparing MYXVΔserp2 to O+MYXVΔserp2 treatment ≤ 0.05.
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in mice with subcutaneous CCL-136 embryonic RMS

xenografts.6 This study indicates that prolonged virus

replication is not sufficient to improve outcomes in

a U21089 ARMS allograft model. Although

MYXVΔserp2 DNA was isolated from tumors for up to

13 days after virus injection in mice treated with O

+MYXVΔserp2, combination treatment did not decrease

the tumor growth rate or median survival time of the mice.

The ARMS allografts that formed following subcuta-

neous injection of U21089 cells were quickly growing

tumors that often became necrotic and hemorrhagic early

in the course of disease. Tumors such as these are very

challenging to treat with IT injections due to the inability

to target viable tumor tissue around the areas of necrosis

and hemorrhage. It is possible that other models of

cancer would be more amendable to combination ocla-

citinib and OV therapy. We are currently treating dogs

that have spontaneously arising soft tissue sarcomas with

combination oclacitinib and MYXVΔserp2 therapy.

Dogs that have residual disease following tumor excision

Figure 7 Graphs of (A) age on the day of U21089 cell injection and (B and C) survival outcomes. (A) Mice treated with oclacitinib with MYXVΔserp2 (O+MYXVΔserp2)
were significantly younger than mice in other treatment groups (*P-value < 0.02). However, there were no significant differences between (B) median survival times in

treatment groups. (C) Likewise, no differences were calculated when median survival times of male and female mice in each treatment group were analyzed independently.
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are being enrolled in this study. We hypothesize that

dogs who mount an adaptive immune response against

MYXVΔserp2, will have a prolonged disease-free inter-

val as compared to dogs that do not receive OV therapy.

The most significant finding in this study was the

decreased severity of clinical signs in mice treated with

MYXVΔserp2. Only 2 of 12 mice treated with

MYXVΔserp2 and 2 of 13 mice treated with combination

MYXVΔserp2 and oclacitinib had to be euthanized due to

poor clinical condition (eg lethargy, hunched posture, diffi-

culty moving, significant loss of weight), whereas 6 of 12

mice treated with placebo reached these criteria for euthana-

sia. This suggests that OV therapy may help patients with

ARMS be more comfortable and experience fewer medical

complications during the course of their disease. Additional

studies are warranted to evaluate other combination therapies

with MYXVΔserp2 to improve outcomes for RMS patients.

Conclusion
Our data indicate that MYXVΔserp2 treatment benefits

mice with ARMS by reducing clinical signs of disease

and improving quality of life.
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