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Myxoma virus (MYXV) is a poxvirus pathogenic only for European rabbits, but its permissiveness in human
cancer cells gives it potential as an oncolytic virus. A recombinant MYXV expressing both the tdTomato red
fluorescent protein and interleukin-15 (IL-15) (vMyx-IL-15-tdTr) was constructed. Cells infected with vMyx-
IL-15-tdTr secreted bioactive IL-15 and had in vitro replication kinetics similar to that of wild-type MYXV. To
determine the safety of this virus for future oncolytic studies, we tested its pathogenesis in European rabbits.
In vivo, vMyx-IL-15-tdTr no longer causes lethal myxomatosis. Thus, ectopic IL-15 functions as an antiviral
cytokine in vivo, and vMyx-IL-15-tdTr is a safe candidate for animal studies of oncolytic virotherapy.

Myxoma virus (MYXV) is a poxvirus from the Leporipoxvi-
rus genus (6) which causes lethal myxomatosis in European
rabbits (Oryctolagus cuniculus). Myxomatosis is characterized
by disseminated cutaneous and mucocutaneous lesions. During
infection, MYXV expresses and releases a wide range of host-
targeted immunomodulators (11, 30), leading to a dramatic
compromise in the ability of the rabbit host to mount an ef-
fective immune response (4). Recent studies using targeted
gene knockouts of diverse MYXV open reading frames (10)
have provided a better understanding of the disease mecha-
nisms that contribute to lethal myxomatosis. Studies of deter-
minants of the MYXV host range outside of rabbit cells have
led to investigations into the oncolytic potential of MYXV
against human cancer cells (2, 10, 28, 31). Also, genetic ma-
nipulation of MYXV continues to produce next-generation
recombinant MYXVs with reduced virulence and enhanced
oncolytic potential (2, 26).

Interleukin-15 (IL-15) is a key immunoregulatory cytokine
and has been shown to antagonize tumor growth in vivo (3, 7,
8, 21, 33, 37) by recruiting and stimulating immune effector
cells, especially NK cells, which participate in tumor clearance
(12). IL-15 binds to a receptor complex formed with IL-15R�
(a unique subunit for IL-15 signaling), IL-2R/IL-15R� (shared
with IL-2), and common �c subunits. The subsequent receptor
signaling induces unique biological responses. IL-15 is impor-
tant for supporting the proliferation of CD8� memory T cells
as well as for enhancing high-avidity T-cell responses (14, 38).
These functions have led to the development of IL-15 as an
adjuvant for vaccine development (22, 24) and for immuno-
therapy against cancer (20, 32). To study the immunoregula-
tory effects of IL-15 in cancer therapy and test for a potential

synergism of this cytokine during MYXV oncolytic viro-
therapy, we constructed a recombinant MYXV expressing mu-
rine IL-15 (vMyx-IL-15-tdTr). This construct will be useful in
murine tumor models, and we expect that this IL-15 would also
be biologically active in the rabbit (36). Here, we investigated
the effect of this vMyx-IL-15-tdTr construct on virulence in the
rabbit host.

Cells infected with vMyx-IL-15-tdTr secrete IL-15 and support
normal virus replication. vMyx-IL-15-tdTr was constructed by
inserting an IL-15-expressing cassette containing the murine
IL-15 coding sequence (NM_008357; Open Biosystem) under
the control of the poxvirus p11 late promoter at an intergenic
location between the M135 and M136 genes in the wild-type
(wt) MYXV strain Laussane (vMyx-Lau) genome. An expres-
sion cassette for a synthetic fluorescent protein, tdTomato red
(tdTr) (AY678269), was inserted immediately downstream of
the IL-15 expression cassette, and its expression was driven by
a poxvirus synthetic early/late promoter (Fig. 1). The tdTr
serves as a fluorescent marker for MYXV replication in vitro
and in vivo, as MYXV infection can be monitored by live
imaging of tdTr expression (35). MultiSite Gateway Pro (In-
vitrogen) (19) technology was used to clone three DNA frag-
ments into a destination vector for the insertion of IL-15 into
the MYXV genome (Fig. 1). A wt control virus vMyx-tdTr was
also constructed with only the tdTr expression cassette inserted
in the same M135-M136 intergenic locus. The IL-15 and tdTr
or tdTr-only expression cassettes were inserted into the
MYXV genome by infecting BGMK cells with vMyx-Lau and
then transfecting the appropriate recombination plasmids.
Multiple rounds of focus purification were conducted to obtain
pure stocks of the recombinant viruses, and the purity was
confirmed by PCR.

Rabbit RK-13 (ATCC CCL-37) and murine melanoma
B16F10 (CRL-6475) cells were used to characterize the repli-
cation of recombinant MYXVs by a one-step growth curve,
and similar growth was observed for vMyx-IL-15-tdTr and
vMyx-tdTr (Fig. 2A and B). These viruses also replicated with
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identical kinetics in other cell lines, including BGMK, human
Namalwa (CRL-1432), and Ramos (CRL-1596) cells (data not
shown).

At various time points after infection (of RK-13 or BGMK
cells) with vMyx-IL-15-tdTr, supernatants were collected for
an enzyme-linked immunosorbent assay (ELISA; eBioscience)
to estimate the expression of secreted IL-15 (Fig. 2C and D).
Different kinetics of IL-15 accumulation were observed with
time, which could be due to differences in the efficiency of
IL-15 secretion and differences in the response to infection in
different cell lines.

MYXV-IL-15-tdTr is attenuated in European rabbits. This
animal study was approved by the Institutional Animal Care
and Usage Committee (IACUC) at the University of Florida.
MYXV pathogeneses in New Zealand White (NZW) rabbits
(Charles River Laboratories International) were compared for
four treatment groups inoculated with phosphate-buffered sa-
line (PBS), vMyx-Lau, vMyx-tdTr, or vMyx-IL-15-tdTr. NZW
rabbits were inoculated with either PBS or 1,000 focus-forming
units (ffu) of the corresponding MYXV in the left thigh intra-
dermally (1). Clinical scores that reflected the rabbits’ overall
physical conditions and clinical signs of myxomatosis were ob-
tained daily (18). Statistic evaluations were conducted using
SigmaStat3.1.1. One-way analysis of variance was applied to

FIG. 1. Recombinant plasmid used to construct vMyx-IL-15-tdTr.
Murine IL-15 (mIL-15) expression is driven by the vaccinia virus p11
late promoter (vvP11), followed by the tdTr expression cassette. The
expression of tdTr, a strong red fluorescent protein, is driven by a
poxvirus synthetic early/late promoter (vvSynE/L). Two recombination
sites containing sequences from the MYXV M134 and M135 (up-
stream) and M136 (downstream) genes were used to insert the expres-
sion cassettes at an intergenic location between the M135 and M136
genes in the genome of vMyx-Lau.

FIG. 2. Growth kinetics and IL-15 expression from vMyx-IL-15-tdTr. (A) One-step growth of vMyx-IL-15-tdTr in RK-13 cells. RK-13 cells were
infected with either vMyx-tdTr or vMyx-IL-15-tdTr at a multiplicity of infection (MOI) of 3. Viral yields from cell lysates were determined at
different hours postinfection (Hrs p.i.) in BSC40 cells. (B) One-step growth of vMyx-IL-15-tdTr in murine melanoma B16F10 cells. B16F10 cells
were infected with either vMyx-tdTr or vMyx-IL-15-tdTr at an MOI of 3. Viral yields from cell lysates were determined as described in panel A.
(C) Concentration of IL-15 in the supernatant of RK-13 cells infected with vMyx-IL-15-tdTr. RK-13 cells were infected at an MOI of 3, and
supernatants were collected at 24, 46, and 72 h p.i. for the detection of IL-15 by ELISA (eBioscience) according to the manufacturer’s instructions.
(D) Concentrations of IL-15 in the supernatant of BGMK cells infected with vMyx-IL-15-tdTr. BGMK cells were infected at an MOI of 10 and
supernatants were collected at 24, 50, 60, and 72 h p.i. for detection of IL-15 by ELISA. In panels C and D, the average optical density reading
from mock-infected samples was subtracted from the optical density readings of samples infected with vMyx-IL-15-tdTr or vMyx-tdTr. No
detectable levels of IL-15 were observed from samples infected with vMyx-tdTr at the latest time point.
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compare daily lesion measurements among groups, and a P
value of �0.05 was defined as statistically significant.

vMyx-IL-15-tdTr was significantly attenuated and failed to
induce lethal myxomatosis in NZW rabbits, while the control
vMyx-tdTr infection exhibited the same virulence, clinical
signs, and lethality as did vMyx-Lau infection. All the rabbits
infected with vMyx-IL-15-tdTr survived with clinical scores
significantly lower than those of animals infected with control
MYXVs (Fig. 3A). Primary lesions caused by vMyx-IL-15-tdTr
were significantly smaller than those caused by vMyx-Lau and
vMyx-tdTr (Fig. 3B), and scabs formed between 10 and 14 days
postinfection (dpi); this was followed by complete recovery at
the time of challenge. Secondary lesions were observed in the
vMyx-IL-15-tdTr group, which resulted in an increase in the
daily clinical scores, but they were visible 1 to 2 days later than
were those from the vMyx-Lau or vMyx-tdTr group. The clin-
ical scores in these rabbits remained above 10 for approxi-
mately 10 days. After this period, healing of the primary and
secondary lesions was noted, resulting in a gradual decrease in
the clinical score. Eventually, rabbits infected with vMyx-IL-
15-tdTr fully recovered, and their clinical scores went back to
normal range. One animal infected with vMyx-IL-15-tdTr was
sacrificed to collect tissue for histology at 14 dpi, when all
animals infected with vMyx-Lau and vMyx-tdTr had reached

euthanasia criteria. Hematoxylin and eosin staining of primary
lesions from animals with lethal myxomatosis (vMyx-Lau and
vMyx-tdTr groups) showed severe edema, widespread collag-
enous degeneration, myxomatous stroma infiltration and epi-
dermal necrosis, ulceration of the epithelium, and vasculitis. In
the tissues collected from the vMyx-IL-15-tdTr-infected ani-
mal, dense mixed inflammatory cells (e.g., macrophages and
heterophils) were evident in the dermis, and severe inflamma-
tory infiltrates were observed adjacent to sites of ulceration or
myxomatous cells (Fig. 4A to C). In most lymphoid tissues
(e.g., Peyer’s patch, thymus, submandibular lymph node, and
spleen) collected from vMyx-Lau- and vMyx-tdTr-infected an-
imals, significant necrosis of lymphocytes was evident and was
associated with a dense macrophage infiltrate containing cel-
lular debris. In these tissues, highly dense inflammatory cell
infiltrates also filled subcapsular sinuses and medullary cords.
In the vMyx-IL-15-tdTr-infected rabbit, lymphoid tissues
showed only mild necrosis compared to vMyx-Lau and vMyx-
tdTr controls, and normal lymph node architecture was ob-
served. However, very similar damages in the popliteal lymph
node were noted among rabbits infected with vMyx-Lau, vMyx-
tdTr, and vMyx-IL-15-tdTr. This damage may be caused by
similar initial viral replications from the primary lesion be-
tween vMyx-IL-15-tdTr and control viruses. In secondary le-

FIG. 3. Pathogenesis of vMyx-IL-15-tdTr in NZW rabbits. (A) Pathogenesis of vMyx-IL-15-tdTr in NZW rabbits. NZW rabbits were inoculated
with either PBS (n � 2) or 1,000 ffu of MYXVs (vMyx-Lau [n � 2], vMyx-tdTr [n � 3], or vMyx-IL-15-tdTr [n � 3]) in the left thigh. Daily clinical
scores that evaluated the physical condition and clinical signs of primary and systemic infection were obtained. Clinical scores in the vMyx-Lau and
vMyx-tdTr groups were recorded until animals reached euthanasia criteria (significant respiratory stress, or a combination of continuing weight loss
and poor output, or a clinical score of 26 out of 34). (B) Size of the primary lesions of NZW rabbits infected with vMyx-Lau, vMyx-tdTr, and
vMyx-IL-15-tdTr. Daily measurements of the lesion area were recorded. Error bars indicate the standard deviation. Asterisks denote measure-
ments that are statistically significant using one-way analysis of variance (P � 0.05); statistical comparison was conducted up to day 10, as animals
inoculated with vMyx-Lau and vMyx-tdTr started to be euthanized due to the severity of the disease. (C) NZW rabbits previously infected with
vMyx-IL-15-tdTr were resistant to a lethal dose of vMyx-Lau. Two naïve NZW rabbits (control) and two rabbits that survived vMyx-IL-15-tdTr
infection were infected with a lethal dose (1,000 ffu) of vMyx-Lau. Daily clinical scores were recorded. Error bars indicate the standard deviation
of average scores.
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FIG. 4. Histology comparison of primary and secondary lesions from PBS-, vMyx-IL-15-tdTr- and vMyx-Lau-inoculated rabbits. (A) Healthy
skin sample from PBS-inoculated animal. epi, epidermis; derm, dermis. Scale bar represents 50 �m. (B) vMyx-IL-15-tdTr-infected primary lesion
showing thickening of the epidermis with hyperkeratosis and infiltrations of the dermis with mixed inflammatory cells adjacent to the ulcerated
area. The scale bar represents 100 �m. The insert image shows the dense inflammatory cell infiltrates deeper in the dermis. (C) The primary lesion
in the vMyx-Lau-infected rabbit had widespread ballooning degeneration (bold arrow) of epidermal cells and replacement of the dermis by
myxomatous stroma containing stellate cells (notched arrows) and occasional degenerate inflammatory cells. The scale bar represents 50 �m.
(D) Healthy skin tissue of the ear of a PBS-inoculated rabbit. The scale bar represents 100 �m. (E) A secondary lesion collected from the ear
of a vMyx-IL-15-tdTr-infected rabbit showed an intact epidermis with mild thickening of the epidermis and a focal area of myxomatous
change in the dermis surrounded by a dense wall of mixed inflammatory cells. The scale bar represents 200 �m. (F) A secondary lesion
collected from the ear of a vMyx-Lau-infected rabbit shows excessive ballooning degeneration of the epidermis (bold arrow) and surface
crusting (top arrow). Hemorrhage in the dermis with collagenous degeneration and infiltration of myxomatous stroma can also be seen. The
scale bar represents 200 �m.
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sions collected from the ear of the vMyx-IL-15-tdTr-infected
animal, dense mixed inflammatory cells were observed sur-
rounding lesion areas, while in the vMyx-Lau or vMyx-tdTr
group, similar severe pathologies were detected in the tissues
(Fig. 4D to F). Animals previously infected with vMyx-IL-15-
tdTr were challenged with a lethal dose of vMyx-Lau (1,000
ffu) 28 days post-initial infection. They exhibited complete
resistance to the challenge, with no reaction observed at the
site of inoculation, and they remained healthy. However, con-
trol naïve rabbits did not survive beyond 10 dpi (Fig. 3C).

MYXV belongs to the Leporipoxvirus genus of the Poxviridae
family. It has a restricted host range and is only pathogenic for
European rabbits. Recent studies indicated that it also permis-
sively infects a wide spectrum of cancer cells and is a promising
oncolytic agent in various preclinical models of cancer (2, 15,
16, 27, 29).

IL-15 is an immune-regulatory cytokine that is known to
affect innate and adaptive immunity by promoting the survival,
proliferation, and functions of a broad spectrum of immune
cell types including NK, NKT cells, memory T cells (13, 17),
and regulatory T cells (9, 25). It has significant potential as a
vaccine adjuvant for cancer therapy because of its ability to
promote the expansion and survival of CD8� T cells (5, 34).

In this study, the immune response in vMyx-IL-15-tdTr-
infected animals was elevated in terms of cellular infiltrations
(especially heterophils and macrophages) into areas of virus
inoculation as observed by histology. This infiltration appar-
ently limited the size of the primary lesion but did not prevent
spread of the virus, as indicated by the appearance of multiple
secondary lesions and damage in popliteal lymph nodes that
was similar to that in rabbits infected with vMyx-Lau or vMyx-
tdTr.

To restrict IL-15 expression only in cells that support pro-
ductive MYXV replication, a late poxvirus promoter was used
to drive the IL-15 gene in the vMyx-IL-15-tdTr construct. It
has been shown that MYXV productively replicates in many
human (31) and murine (29) cancer cells that feature abnor-
malities in their Akt activation levels. Therefore, a late-stage
infection of vMyx-IL-15-tdTr and IL-15 secretion would be
predicted to occur only among cell populations with similar
Akt abnormalities in vivo. This would provide an additional
safety control for IL-15 expression outside of tumor tissues.

Finally, consistent with previous reports of IL-15 expressed
from a vaccinia vector (23), we show that providing IL-15 in the
late stage of viral infection can exert antiviral activities in vivo
and prevent lethal myxomatosis, likely by stimulating innate
cellular responses to more rapidly engage and clear virus in-
fection.

We thank Brian Freeman for sharing the tdTr construct. We appre-
ciate the expertise of Richard Moyer and Amanda Rice with the rabbit
experiments.
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