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Abstract: Rhabdomyosarcoma (RMS) is a devastating tumor of young people that is dif-

ficult to cure. To determine if oncolytic virus therapy can improve outcomes in individuals 

with RMS, myxoma virus expressing a red fluorescent protein (MYXV-red) was evaluated 

for antitumoral effects using a murine model of RMS. Fluorescent protein was expressed in 

four RMS cell lines inoculated with MYXV-red, indicating that these cells were semipermis-

sive to MYXV infection. MYXV-red replication and cytopathic effects were further evalu-

ated using human embryonal RMS (CCL-136) cells. Logarithmic growth of MYXV-red and 

significant cell death were observed 72 hours after inoculation with MYXV. The oncolytic 

effects of MYXV-red were then studied in nude mice that were injected subcutaneously with 

CCL-136 cells to establish RMS xenografts. Once tumors measured 5 mm in diameter, mice 

were treated with multiple intratumoral injections of MXYV-red or saline. The average final 

tumor volume and rate of tumor growth were significantly decreased, and median survival 

time was significantly increased in MYXV-red-treated mice (P-values =0.0416, 0.0037, and 

0.0004, respectively). Histologic sections of MYXV-red-treated tumors showed increased 

inflammation compared to saline-treated tumors (P-value =0.0002). In conclusion, MXYV-red 

treatment of RMS tumors was successful in individual mice as it resulted in decreased tumor 

burden in eight of eleven mice with nearly complete tumor remission in five of eleven mice. 

These data hold promise that MYXV-red treatment may be beneficial for people suffering 

from RMS. To our knowledge, this is the first report of successful treatment of RMS tumors 

using an oncolytic poxvirus.
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Introduction
Rhabdomyosarcoma (RMS) is one of the most common types of tumors in children, 

with an annual incidence of four cases per million people under the age of 20 years.1 

RMS accounts for over half of the soft tissue sarcomas in children and is particularly 

difficult to treat with radiation and/or chemotherapy. While surgical removal of the 

tumor can be a successful means of treatment, complete amputation of the affected 

limb often is required. Regardless of tumor removal or other treatments, the overall 

survival rate for children with RMS is ~60%.2 Therefore, there is a demand for highly 

selective strategies to improve survival rates without compromising the quality of 

life.3 Recent advances in the field of oncolytic viral therapeutics have showcased the 

potential effectiveness and safety of this treatment modality.4 This is the first study 

designed to determine if an oncolytic poxvirus could improve the outcome of RMS 

in a murine xenograft model.
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Many of the commonly studied oncolytic viruses originate 

from human pathogens and have some potential to replicate 

in noncancerous tissues, making them suboptimal for use in 

humans. In contrast, myxoma virus (MYXV) does not cause 

disease in humans or other vertebrates, with the exception 

of rabbits.5–12 Despite its species specificity in vivo and in 

nonneoplastic cells in vitro, MYXV productively infects 

cultured cancer cells from several animal species.13–17 Cells 

are considered fully permissive, semipermissive, or non-

permissive to MYXV infection based upon the cytopathic 

effects induced by inoculation of the cells with MYXV and 

the ability of virus to replicate within the cells.15 MYXV 

replication in cancer cells is dependent upon aborted inter-

feron signaling and increased activation of Akt in neoplastic 

cells.17,18 In cells that are fully permissive or semipermissive 

to MYXV infection, cytopathic effects are often significant, 

which suggests that MYXV could be an effective oncolytic 

agent in vivo.19–21

Oncolytic viruses are commonly genetically manipulated 

to increase safety, distinguish them from wild-type virus, 

enable easy detection, and/or enhance immunogenicity in 

vivo. The biological characteristics of recombinant MYXV 

that expresses the fluorescent protein marker tandem-dimer 

tomato (MYXV-red; previously designated vMyx-tdTr) 

have been extensively evaluated and are nearly identical 

to wild-type MYXV.22 Note that MYXV encodes several 

antiapoptotic proteins that delay cytopathic effects in cul-

tured cells.23–25 These genes can be deleted from the virus to 

enhance apoptosis; however, this may not allow for maximal 

viral replication in vivo.13,25 In rodent cancer models, recom-

binant MYXV treatment eliminated some glioma xenografts 

and reduced tumor burden in several types of xenografts 

and allografts.19–21,26–29 Based upon these data, we chose to 

evaluate the oncolytic potential of MYXV-red in a murine 

xenograft model of RMS.

Materials and methods
Cells
Human RMS (RMS13 and CCL-136) cells were purchased 

from the American Type Culture Collection (Manassas, 

VA, USA). Murine RMS (U21075 and U21089) cells were 

obtained from Dr Charles Keller (Children’s Cancer Therapy 

Development Institute, Beaverton, OR, USA). Rabbit kidney 

epithelial (RK13) cells were a gift from Dr Richard Moyer 

(University of Florida, Gainesville, FL, USA). Cell lines were 

screened and tested negative for ectomelia virus, epizootic 

diarrhea of infant mice virus, lymphocytic choriomeningitis 

virus, lactate dehydrogenase elevating virus, mouse hepatitis 

virus, mouse norovirus, mouse parvovirus, minute virus of 

mice, polyoma virus, pneumonia virus of mice, reovirus type 

3, sendai virus, Theiler’s murine encephalomyelitis virus 

strain GDVII, and Mycoplasma sp. by polymerase chain reac-

tion (PCR). Noncancerous fibrocytes were isolated from a 

subcutaneous mass in a dog that was biopsied and diagnosed 

as hyperplastic mesenchymal tissue. Fibrocytes were used as 

a control cell type expected to be nonpermissive to MYXV 

infection. Cells were maintained at 37°C, 5% carbon diox-

ide, and 100% humidity in minimum essential medium with 

Earle’s salts and 2.0 mM l-glutamine supplemented with 2 

mM l-glutamine, 50 U/mL penicillin G, 50 μg/mL strepto-

mycin, 1 mM sodium pyruvate, 0.1 mM nonessential amino 

acids, and 10% defined fetal bovine serum (FBS). Media 

that contained all supplements except FBS is designated as 

MEM-C in this paper. Sodium pyruvate and nonessential 

amino acids were from Corning Incorporated (Corning, NY, 

USA). All other cell culture reagents were from GE Health-

care UK Ltd (Little Chalfont, UK).

Virus
Dr Grant McFadden (University of Florida, Gainesville, 

FL, USA) provided the recombinant virus stock used in this 

study. Construction and characterization of myxoma virus 

expressing the fluorescent protein tandem-dimer tomato 

(MYXV-red; originally designated vMyx-tdTr) was previ-

ously described.22 MYXV-red stock was amplified in RK13 

cells and cleared of cellular debris by sucrose-pad purifica-

tion. Three separate preparations of virus were made and 

diluted in separate volumes of phosphate-buffered saline 

(PBS). The virus titer and volume in each preparation were 

appropriate for treatment injections containing 106 plaque-

forming units (pfu) of virus in 100 µL of PBS for six mice. 

One of the preparations, designated MYXV-red*, caused an 

adverse respiratory reaction that necessitated euthanasia in 

five mice and was not used in any other mice in this study 

(data are shown in Figure S1 and Table S1).

Cytopathic effects in cell cultures 
inoculated with virus
Human (CCL-136 and RMS13) and murine (U21089 and 

U21075) RMS cellular monolayers were incubated at 37°C 

with one infectious MYXV-red particle per ten cells (multi-

plicity of infection [moi] = 0.1) for 1 hour in MEM-C. The 

virus inoculum was then replaced by MEM-C with 10% FBS. 

Cells were evaluated microscopically for cytopathic effects 

at 24, 48, and 72 hours postinoculation as an initial test of 

permissivity of cells for virus infection. RK13 cells, which 
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are permissive for MYXV-red infection and replication, were 

included as a positive control.

Virus replication in CCL-136 cells
RK13 and CCL-136 cell monolayers were incubated with 

MYXV-red (moi =0.1) in 35 mm diameter plates and incubated 

at 37°C in 5% CO
2
 for 1 hour, with rocking. The virus inoculum 

was removed and cells were washed three times with PBS. One 

and one-half milliliters of media with 5% FBS was added to the 

plates. The first time point (0 hour) was harvested by scraping 

cells into the media with a rubber stopper, centrifuging the 

sample at 400× g for 10 minutes, resuspending the cell pellet 

in 1 mL MEM-C, and then storing the sample at –80°C. The 

remaining samples were incubated at 37°C in 5% CO
2
. At 12, 

24, 48, and 72 hours postinoculation, cells were collected as 

described for the 0-hour time point. Once all time points were 

collected, cells were lysed by repeated freezing then thawing, 

and sonicated to release viral particles. Cell lysates were serially 

diluted and inoculated onto uninfected RK13 cell monolayers 

for 1 hour at 37°C. After inoculation, cell monolayers were 

washed with PBS repeatedly and then an overlay of equal parts 

of 1% agar and 2× MEM-C was added to the cell culture wells. 

Seven days later, the numbers of small white foci (viral plaques) 

were counted and viral pfu/mL of lysate was calculated. The 

experiment was performed in triplicate and the average viral 

titer was determined at each time point to create multistep viral 

growth curves for RK13 and CCL-136 cells.

Cell viability assays
RK13 and CCL-136 cell monolayers were incubated with 

MYXV (moi =1) in triplicate as previously described. At 

72 hours postinoculation, cell viability was assessed using a 

CellTiter-Blue®
 assay (Promega Corporation, Fitchburg, WI, 

USA) as directed by the manufacturer. Briefly, CellTiter-

Blue®
 reagent was added to each cell culture well 2 hours 

before analysis. Analysis was performed using a BioTek 

Synergy H1 Multi-Mode Reader (BioTek Instruments, 

Inc., Winooski, VT, USA) at 560 nm excitation and 590 nm 

emission wavelengths. Using this protocol, viable cells emit 

fluorescence at 590 nm. Data were analyzed with an unpaired 

parametric t-test for independent samples with Welch’s cor-

rection using GraphPad Prism®
 6.04 software (GraphPad 

Software, Inc., La Jolla, CA, USA).

Mice
All animal procedures were approved by an Institutional 

Animal Care and Use Committee (protocol #14-5211A). Mice 

were treated humanely and housed according to American 

Association for Laboratory Animal Science guidelines and 

were euthanized humanely following the American Veterinary 

Medical Association guidelines. Four- to six-week-old, 

female B6.Cg-Foxn1nu/J mice (The Jackson Laboratory, 

Bar Harbor, ME, USA) were inoculated subcutaneously in 

the rear flank with 107 CCL-136 cells in 100 µL PBS. This 

protocol results in measurable tumor growth in 100% of nude 

mice ~3 months after inoculation.30 Intratumoral injections 

were started once tumor length measured 5 mm, which was 

designated as day 0. On days 0, 3, 6, and 13, then every 2 

weeks until euthanasia or tumor regression, eleven mice were 

injected with 106 pfu of sucrose pad-purified MYXV-red diluted 

in 100 μL PBS. Ten mice, injected with 100 μL PBS on the 

same treatment schedule, were used as controls. Mice were 

euthanized by intraperitoneal injection of pentobarital (100–150 

mg/kg) if tumor volume was calculated to be >3.0 cm3, if the 

mass became ulcerated, or if mice lived >90 days after the first 

treatment injection. The number of treatments received by PBS 

and MYXV-red mice was compared using a Mann–Whitney–

Wilcoxon test for nonparametric data. GraphPad Prism®
 6.04 

software was used for statistical comparisons.

Evaluation of clinical outcomes in mice
Mice were monitored daily. Physical appearance, weight, and 

tumor dimensions were recorded. Tumor length and width 

were measured using calipers. Tumor volumes were deter-

mined using the following formula: 0.4 × length × width2.31 

The overall rate of tumor growth (mm3/day) was estimated 

using Microsoft Excel Software (Microsoft Corporation, 

Redmond, WA, USA) to calculate the slope of the best fit 

line between tumor volume at day 0 and euthanasia. Tumor 

volume and growth rate data from MYXV-red-treated and 

PBS-treated mice were compared using a Mann–Whitney–

Wilcoxon test for nonparametric data. Survival data were 

compared using a log-rank (Mantel–Cox) test. GraphPad 

Prism®
 6.04 software was used for all statistical comparisons.

Tissue collection
Mice were euthanized by intraperitoneal injection of pento-

barital (100–150 mg/kg) and a necropsy was performed. Inter-

nal organs were grossly examined for metastases, evidence 

of viral infection, or other pathology. Sections of all major 

organs and tumors were collected and placed in 10% buffered 

formalin for histological examination by light microscopy. 

Other sections of each organ and tumor were stored at –80°C 

to evaluate viral titer and DNA within the tissues.

Histopathology
Tissues collected during routine necropsy and fixed in 10% 

buffered formalin were trimmed, paraffinized, sectioned, 
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stained with hematoxylin and eosin, and evaluated using light 

microscopy. Organs were examined closely for any pathology. 

Lymphoid hyperplasia in lymph nodes, spleen, and/or lym-

phoid tissue associated with internal organs was recorded as 

0 (no hyperplasia) or 1 (hyperplasia). Similarly, inflammatory 

cell infiltration into the tumor area was recorded as 0 (inflam-

matory cells absent) or 1 (inflammatory cells present). Tumor 

necrosis was scored to reflect the severity of the finding as 

a percentage of the tumor area: 0, no necrosis; 1, 1%–25% 

necrosis; 2, 26%–50% necrosis; 3, 51%–75% necrosis; 4, 

76%–100% necrosis. Results from PBS- and MYXV-red-

treated mice were compared using Man–Whitney–Wilcoxon 

test for nonparametric data. GraphPad Prism®
 6.04 software 

was used for all statistical comparisons.

Isolation of infectious virus particles and 
viral DNA from tissues
Frozen sections of internal organs and tumors from mice 

were individually weighed and homogenized in 2 mL 

MEM-C. Tissue homogenates were serially diluted and 

plaqued onto RK13 cells to determine virus titer. Briefly, 

homogenates were serially diluted and inoculated onto 

uninfected RK13 cell monolayers for 1 hour at 37°C. After 

inoculation, cell monolayers were washed with PBS repeat-

edly and then an overlay of equal parts of 1% agar and 2× 

MEM-C was added to the cell culture wells. Seven days later, 

the numbers of small white foci (viral plaques) were counted 

and viral pfu/g of tissue was calculated. A Qiagen DNeasy 

Blood & Tissue Kit (Qiagen NV, Venlo, the Netherlands) was 

used to extract DNA from tissue homogenates as directed. 

The concentration and relative purity of DNA in each sample 

were determined using a BioTek Take3 Micro-Volume 

Plate and the BioTek Synergy H1 Multi-Mode Reader. One 

hundred nanograms of the DNA sample was analyzed by 

PCR using three sets of primers to detect MYXV-red DNA 

within the tissues. Primer sets and specific PCR parameters 

are listed in Table 1.

Results
Cytopathic effects are observed in RMS 
cell lines following MYXV-red infection
To assess whether RMS cell lines were permissive for 

MYXV-red infection, cellular monolayers were incubated 

with MYXV-red (moi =0.1) and evaluated using red fluo-

rescence microscopy to detect viral entry and recombinant 

protein expression. It was observed that a lower percentage 

of RMS cells expressed red fluorescent protein (which is 

indicative of MYXV-red entry) compared to RK13 cells in 

which virtually all cells were infected. Figure 1A depicts 

fluorescent protein expression by MYXV-red at 48 hours 

postinoculation (moi =0.1) in fully permissive RK13 cells, 

CCL-136 cells, and in noncancerous mesenchymal cells 

from a dog (fibrocytes). As expected, ~100% of the fully 

permissive RK13 cells contained fluorescent protein. 

CCL-136 cells were deemed semipermissive to MYXV-

red infection based upon the observance that a percentage 

of cells expressed fluorescent protein. Fibrocytes were 

confirmed to be nonpermissive to MYXV-red infection 

since fluorescent protein was not detected in virtually any 

of these cells. The amount of fluorescent protein expres-

sion observed after inoculation of MYXV-red into other 

RMS cell lines (RMS13, U21089, and U21075 cells) was 

similar to CCL-136 cells (Figure S2). At 72 hours post-

MYXV-red inoculation, a marked increase in the number 

of detached, rounded RK13 cells could be detected by 

phase-contrast microscopy and all cells fluoresced. A 

similar trend was observed in infected murine RMS cells 

(U21075 and U21089), but there were fewer detached, 

rounded cells in CCL-136 and RMS13 cellular monolayers 

(data not shown). These data suggest that all four RMS cell 

lines are semipermissive for virus infection. The effects of 

MYXV-red treatment on RMS cells were further evaluated 

using CCL-136 cells because subcutaneous injection of 

CCL-136 cells has been demonstrated to reliably induce 

RMS tumors in nude mice.30

Table 1 Primer sequences and specific PCR parameters used to detect MYXV-red DNA in tissues

Target gene  
segment(s)

Forward primer  
sequence

Reverse primer  
sequence

Annealing temperature  
(ºC)

Product length  
(base pairs)

MYXV M034L  
(DNA polymerase)

5′ CTG CGT AGA CGA CGG 
C 3′

5′ CGG AGG ATT TGG TGT CGG 3′ 60 600

MYXV M033R and 
M034L

5′ CAC CCT CTT TAG TAA 
AGT ATA CAC C 3′

5′ GAA ATG TTG TCG GAC GGG 3′ 56 800

MYXV M151R  
(serp2)

5′ GGC GAC TGG AGA CTG 
G 3′

5′ CCG CGT ACG GGG GAC TG 3′ 60 950

Note: Three partial gene segments were amplified for each tissue sample.
Abbreviations: PCR, polymerase chain reaction; MYXV, myxoma virus; MYXV-red,  MYXV with red fluorescent protein.
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MYXV-red replicates in CCL-136 cells
Viral plaque assays were performed to construct a multistep 

viral growth curve and assess whether a representative human 

RMS cell line (CCL-136) could support the replication of 

MYXV-red. Cellular monolayers were incubated with MYXV-

red (moi =0.1), collected at several time points postinoculation, 

and titered onto permissive, RK13 cells. The average viral titer 

isolated from MYXV-red-inoculated CCL-136 cells at each 

time point was lower than that isolated from the permissive 

RK13 cells. In part, this may be due to the fact that the number 

of cells that are present in each cell culture well differs slightly 

between the cell lines, but for RK13 and CCL-136 cells this 

difference is minimal. More importantly, three PBS washes 

are performed after the virus is incubated with the cells for 1 

hour to remove any virus that has not entered into the cells. 

By convention, this time point is defined as the zero time point 

on a poxvirus growth curve. Less virus was recovered from 

the wells containing CCL-136 cells at each time point, which 

reflects the fact that the virus is significantly more effective 

at entering into RK13 (fully permissive cells) than CCL-136 

cells. Nevertheless, logarithmic growth of virus did occur 

in CCL-136 cells between 24 and 72 hours postinoculation, 

indicating that MYXV-red replicates in CCL-136 cells 

(Figure 1B). These findings support the conclusion that CCL-

136 cells are semipermissive to MYXV-red infection.

MYXV induces cell death in infected 
CCL-136 cells
Oncolysis is a desired effect of virotherapy for cancer. To deter-

mine if MYXV-red induced cell death in CCL-136 cells, cell 

monolayers were infected with MYXV-red (moi =1) and cell 

viability was detected by conversion of resazurin to resorufin 

and subsequent release of fluorescence in live cells. As seen 

in permissive RK13 cells, a significant decrease in fluorescent 

units was observed in CCL-136 cells 72 hours postinoculation 

with MYXV-red compared to mock-infected CCL-136 cells 

incubated with MEM-C only (P-value 0.0004). This indicates 

that MYXV-red induces cell death in CCL-136 cells (Figure 1C).

Intratumoral injections of MYXV-red 
decreases tumor burden in a RMS 
xenograft model
The effects of MYXV-red treatment were evaluated in 

mice with established RMS tumors. Multiple intratumoral 

Figure 1 Effects of incubating cell cultures with MYXV-red (moi =0.1).
Notes: (A) Cytopathic effects: forty-eight hours after inoculation with MYXV-red, red fluorescence is observed in nearly all RK13 (fully permissive) cells and in lower 
numbers of CCL-136 cells, but not in fibrocytes (nonpermissive) cells. Magnification 1000x. (B) Viral growth curves: MYXV-red multistep growth kinetics in RK13 and CCL-
136 cells is shown. Data are expressed as the logarithm of viral plaque-forming units per milliliter (pfu/mL) of infected cell lysate over time and depict the average of three 
experiments. Error bars indicate standard error of the mean. (C) Cell viability: viability of RK13 and CCL-136 cells was determined 72 hours postinoculation with MYXV 
(moi =1). Data are presented as the percentage of the average fluorescence intensity of mock-infected cells. Error bars indicate standard deviation (n=6). *P-values of mock 
versus MYXV-infected cells ≤0.0004.
Abbreviations: MYXV-red, myxoma virus with red fluorescent protein; moi, multiplicity of infection; RK13, rabbit kidney epithelial cells; CCL-136, human rhabdomycosarcoma 
cells.
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injections of MYXV-red or PBS were administered to provide 

continued antigenic stimulation by the virus (Figure 2A). 

There was no statistical difference between the number of 

PBS and MYXV-red treatments administered to the two 

groups of mice (Table 2). During treatment, none of the mice 

became lethargic or stopped grooming, eating, urinating, or 

defecating at any time point. All mice gained weight at a rate 

expected for their age group based upon body weight infor-

mation provided by The Jackson Laboratory (data not shown). 

The average end point tumor volume was 51% smaller 

(Figure 2B) and overall tumor growth rate was 32% slower 

(Figure 2C) in MYXV-red-treated mice (n=11) compared to 

PBS-treated mice (n=10). Nearly complete tumor regression 

was observed in five of the eleven MYXV-red-treated mice. 

The median survival time of MYXV-red-treated mice was 

significantly longer than PBS-treated mice (Figure 2D). These 

findings indicate that the virus has a desired antitumor effect.

Tumor inflammation and lymphoid 
hyperplasia were increased in MYXV-red-
treated mice
At the time of euthanasia, no abnormalities were present 

in histological sections of the brain, heart, liver, pancreas, 

kidneys, urinary bladder, ovaries, or uterus from any of the 

mice. Hyperplastic lymphoid tissue was noted in five of 

eleven MYXV-red-treated mice; all five had mild lymph 

node hyperplasia, three also had enlarged lymphoid nod-

ules in the lung, two had splenic lymphoid hyperplasia, and 

one had large Peyer’s patches in the gastrointestinal tract. 

Tumor growth was markedly reduced in three of the five 

mice with lymphoid hyperplasia. Three of the five mice 

with immeasurable tumors at euthanasia had a moderate to 

marked histiocytic infiltrate within lymph nodes. None of the 

PBS-treated mice had evidence of lymphoid hyperplasia or 

histiocytic inflammation.

Histological analyses of tumor sections from PBS-treated 

mice revealed a large, discrete, round or lobulated, subcutane-

ous, cancerous mass. The neoplastic cells that comprised the 

mass were spindloid with a high nuclear to cytoplasmic ratio 

(Figure 3A). Anisokaryosis and anisocytosis were marked. 

Nuclei were oval or irregularly shaped with an open, stippled 

chromatin pattern and often one or more prominent, round 

nucleoli. Several multinucleated cells were noted. Zero to 

six mitotic figures were observed per field (400× magnifica-

tion). Necrosis was present at the center of the tumors from 

eight of ten PBS-treated mice, but mild inflammation was 

observed only in two of ten tumors and was associated with 

areas of necrosis. Tumor histology from six of eleven mice 

Figure 2 Effects of MYXV treatment.
Notes: (A) Treatment schedule: nude mice were inoculated subcutaneously with 107 CCL-136 rhabdomyosarcoma cells. Once tumors measured 5 mm in length, injections 
of either 106 plaque-forming units (pfu) MYXV-red or PBS were administered into the tumor at the indicated time points. (B) Final tumor volume: tumor volume (0.4 × 
length × width2) was calculated at the time of euthanasia after the initial intratumoral injection of PBS or 106 pfu MYXV-red. Median final tumor volume was significantly 
decreased in MYXV-red-treated mice (P-value =0.0416). (C) Tumor growth rate: the rate of tumor growth in each mouse between the initial intratumoral injection of PBS 
or 106 pfu MYXV-red and the time of euthanasia was calculated. The median tumor growth rate was significantly decreased in MYXV-red-treated mice (P-value =0.0037). 
(D) Kaplan–Meier survival curves: survival times of mice treated with PBS or MYXV-red are shown. Median survival time was significantly longer in MYXV-red-treated mice 
(P-value =0.0004).
Abbreviations: d, day; wk, week; inj, injection; PBS, phosphate-buffered saline; MYXV-red, myxoma virus with red fluorescent protein; CCL-136, human rhabdomycosarcoma cells.
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Figure 3 Tumor histopathology (H&E).
Notes: Representative images of tissue from euthanized mice at the site of 
rhabdomyosarcoma xenograft implantation are shown. Magnification is listed 
above the images. Palpable, measurable tumors from (A) PBS- and (B) MYXV-red-
treated mice appeared similar on histology. Areas of necrosis are indicated by the 
circles. Tumor cells are large with variably sized oval to irregular nuclei and stippled 
chromatin. Characteristics of malignancy include multinucleation (horizontal, small, 
open-ended arrow) and mitotic figures (diamond-shaped arrow). Dying cells with 
pyknotic nuclei (rounded arrow) and inflammatory cells including neutrophils (open 
arrow) are indicated. (C and D) Representative images of histopathology from 
mice that were treated with MYXV-red and did not have measurable tumors at 
euthanasia are shown. (C) One mouse had a subcutaneous focal area of necrosis, 
which contained many large vacuolated macrophages (closed arrow) and neutrophils 
(open arrow), and rare neoplastic cells (not shown). (D) No neoplastic cells were 
observed in other MYXV-red-treated mice that lacked microscopic tumors, but low 
numbers of inflammatory cells were noted (closed arrow).
Abbreviations: H&E, hematoxylin and eosin; PBS, phosphate-buffered saline; 
MYXV-red, myxoma virus with red fluorescent protein.
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Tumor = 6.0 cm3

A

B

C

D

40× 1000×
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Tumor = 4.7 cm3
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Tumor = 0.0 cm3

MYXV-red
Tumor = 0.0 cm3

treated with MYXV-red was similar to that of the PBS-treated 

masses although inflammation was observed in all MYXV-

red-treated tumors (Figure 3B). Inflammation was mild and 

mixed (neutrophils and mononuclear cells) in ten of eleven 

MYXV-red-treated mice but was severe and predominantly 

neutrophilic in one mouse with marked tumor necrosis 

(Figure 3C). Five of eleven mice treated with MYXV-red 

did not have a visible tumor when they were euthanized. Two 

of these mice had microscopic subcutaneous lesions at the 

site of virus inoculation that were composed of low numbers 

of neoplastic cells and showed mild inflammation; marked 

necrosis also was observed in the lesion from one of these 

mice. Neoplastic cells were not found in three of the mice, 

but mild inflammation was observed in the subcutaneous area 

where the tumor was present (Figure 3D). The presence of 

inflammation within the area of the tumor was significantly 

increased in MYXV-red-treated mice (P-value 0.0002). Key 

data for individual mice and the statistical significance of 

combined data from MYXV-treated mice compared to PBS-

treated mice are reported in Table 2.

Virus was not detected in internal organs 
or RMS tumors
To determine if MYXV-red was replicating within the tumor 

microenvironment or internal organs, RK13 cells were 

inoculated with tissue homogenates and DNA was isolated 

from tissue homogenates for PCR analysis using three sets of 

primers designed to detect MYXV DNA. MYXV-red could 

not be detected at the site of CCL-136 cell injection or in any 

internal organs of any of the ten mice injected with PBS or 

eleven mice treated with MYXV-red. Viral titer data from the 

tissue homogenates are presented in Table 2 and Table S1. Rep-

resentative images from PCR analysis are shown in Figure S1.

Discussion
While many viruses have been tested for use as oncolytic 

viruses, this is the first report of using a poxvirus as a potential 

virotherapeutic agent in an established RMS cancer model. 

Positive treatment effects were noted in eight of eleven 

MYXV-red-treated mice bearing RMS tumors. Tumor regres-

sion was documented in five of these mice, as indicated by 

negative tumor growth rates.

It is unlikely that tumor regression was caused solely by 

MYXV-red oncolysis; necrosis was observed in both PBS-

treated and MYXV-red-treated tumors. The presence of 

necrosis in large, expansive tumors (such as those observed 

in the PBS-treated mice) is common and is often caused by 

the lack of an adequate blood supply to the cells at the center 

of mass.32 A critical histologic difference between PBS and 

MYXV-red-treated mice in this study was the presence of 

inflammation within MYXV-red-treated tumors. Nude mice 

are athymic and lack T-cells, but have an intact innate immune 

system and produce functional neutrophils, histiocytic cells, 

natural killer cells, and developed (but not fully differentiated 

and activated) B-cells. Induction of an inflammatory response 

to the virus likely contributed to the decreased rate of tumor 

growth in MYXV-red-treated mice. Additionally, virus was 

not isolated from tumors of MYXV-red-treated mice at the 

time of euthanasia. This is in agreement with previous stud-

ies that have suggested the innate immune response enables 

mice to eliminate MYXV-red from tumors within 4–7 days of 

MYXV-red inoculation.21 We conclude that both oncolysis 

and inflammation likely contributed to the reduction of RMS 

growth rate in MYXV-red-treated mice.

MYXV-red proved to be an effective treatment in this 

xenograft model of RMS, but the antitumor effects of 
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MYXV-red may be further improved using a recombinant 

MYXV that enhances cell death and/or expresses proinflam-

matory cytokines that recruit immune cells to the tumor bed. 

Deletion of a MYXV gene that encodes an antiapoptotic 

protein has been shown to enhance cell death in cell culture.13 

It is unclear if this will improve oncolytic effects in vivo, or 

if recombinant MYXV lacking antiapoptotic proteins will 

be cleared from the tumor before effective viral replication 

and immunostimulation can occur. Interestingly, recombi-

nant MYXV that encodes an interleukin-15 fusion protein 

increases natural killer and CD8+ T-cell infiltrates and median 

survival time in immunocompetent mice with melanoma 

allografts.29 Analysis of further genetic improvements to this 

recombinant virus is actively being pursued.

Increased cell death and infiltration of cytotoxic cells 

induced by oncolytic viruses may enhance antitumor effects, 

but there is mounting evidence that necrotic cell death and 

the inflammation often induced by necrosis are key compo-

nents of effective oncolytic virus treatment.33–35 Expression 

of granulocyte-monocyte colony stimulating factor, which 

recruits neutrophils and macrophages to the tumor bed, 

improves the outcome of several oncolytic viruses, including 

recombinant poxviruses.36–40 The importance of neutrophils in 

modulating the immune response is beginning to be realized, 

but their contribution to antitumor immunity is controver-

sial. Neutrophil expression of pattern recognition receptors, 

release of T
H
1-promoting cytokines, and cross-presentation 

of antigens affects innate and adaptive immune responses and 

may enhance antitumor effects of oncolytic viruses. However, 

neutrophil release of angiogenic factors, including vascular 

endothelial growth factor and matrix metalloproteinase 9, 

may enhance the viability of tumor cells.41

Extensive evaluation of intratumoral molecular changes 

associated with neutrophilic inflammation during proinflam-

matory oncolytic viral therapy is needed to determine if the 

benefits of neutrophilic inflammation outweigh the potential 

detrimental effects. Further studies are planned to assess the 

therapeutic effects of proinflammatory MYXV recombinants 

in additional RMS tumor models. Although the oncolytic 

effects of MYXV may be able to be enhanced, the data pre-

sented in this manuscript show that MYXV-red injections 

greatly improve the outcome in a RMS xenograft model and 

give hope that, in the near future, oncolytic virotherapy will 

benefit patients afflicted with RMS.
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Figure S1 Agarose gel electrophoresis of PCR products from two of the three primer sets designed to detect MYXV DNA are shown.
Notes: All tissue homogenates collected at euthanasia from PBS- and MYXV-red-treated mice were negative for MYXV DNA. However, MYXV DNA could be detected 
in tissue homogenates from MYXV-red*-treated mice that had an adverse reaction to treatment injection. *This preparation of MYXW-red caused respiratory distress in 
five mice.
Abbreviations: PCR, polymerase chain reaction; PBS, phosphate-buffered saline; MYXV-red, myxoma virus with red fluorescent protein.
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Figure S2 Cytopathic effects of incubating RMS cell cultures with MYXV-red 
(multiplicity of infection =0.1).
Notes: Forty-eight hours after inoculation with MYXV-red, red fluorescence is 
observed within RMS cells. Magnification 1000x.
Abbreviations: RMS, rhabdomyosarcoma; MYXV-red, myxoma virus with 
red fluorescent protein; RK13, rabbit kidney epithelial cells; CCL-136, human 
rhabdomycosarcoma cells.
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