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Myxoma virus (MV) is a candidate for oncolytic virotherapy due to its ability to selectively infect and kill tumor
cells, yet MV is a species-specific pathogen that causes disease only in European rabbits. To assess the ability of MV
to deliver cytokines to tumors, we created an MV (vMyxIL-12) that expresses human interleukin-12 (IL-12).
vMyxIL-12 replicates similarly to wild-type MV, and virus-infected cells secrete bioactive IL-12. Yet, vMyxIL-12 does
not cause myxomatosis, despite expressing the complete repertoire of MV proteins. Thus, vMyxIL-12 exhibits
promise as an oncolytic candidate and is safe in all known vertebrate hosts, including lagomorphs.

Myxoma virus (MV) is a poxvirus and the prototypic mem-
ber of the Leporipoxvirus genus. MV is the causative agent of
myxomatosis, a lethal and deblilitating disease of European
rabbits (Oryctolagus cuniculus), characterized by profound sys-
temic immunosuppression (11, 12). MV has been completely
sequenced (5), and many virus-encoded immunomodulatory
proteins have been identified (2, 20, 32, 41). A significant
number of individual MV genes have been genetically re-
moved, and the effect on the ability of the knockout virus to
cause mxyomatosis has been evaluated (18, 19). Ablation of
some viral genes had minor effects on the ability of the virus to
cause disease in rabbits, while others were attenuated to the
point that the virus no longer causes significant pathology.
These studies, combined with concomitant in vitro analysis of
the individual viral gene products, have provided many insights
into the mechanism by which MV causes disease in rabbits
(20, 32).

Although MV cannot cause disease in any vertebrate species
other than lagomorphs, it has been demonstrated that MV can
preferentially infect and kill human cancer cells (33). This has
led to studies examining MV as a virotherapeutic for human
cancer. The ability of MV to infect and clear tumors in vivo has
been demonstrated in a model for human glioblastoma, where
intratumoral injection of MV effectively “cured” human glio-
mas in immunocompromised mice (23). The ability of MV to
infect human tumor cells has been linked to activity of cellular
Akt kinase (36), and drugs that act on this host signaling
pathway have been shown to augment MV infection (30).

To stimulate an anticancer immune response within a largely
nonresponsive tumor microenvironment, cytokine therapy has
been employed. Interleukin-12 (IL-12) is produced by antigen-
presenting cells (29) and acts as an important mediator of
T-cell responses through promoting T type 1 immunity (15).

IL-12 exhibits significant antitumor effects in both animal mod-
els and human patients, yet the toxicity induced by systemic
administration prevented further use clinically (15, 22, 26, 28,
34, 35, 37). Thus, local dosing of IL-12 within tumors has been
explored. IL-12 has been delivered to murine (14) and human
(4) tumors using IL-12 encapsulated microspheres (14) or ir-
radiated tumor cells transfected with an IL-12 expression plas-
mid (13). Viral vectors, including herpesvirus (3, 38–40) and
vaccinia virus (8, 9, 25), have also been used to deliver IL-12
into tumors, yet toxicity outside the tumor bed can still be an
issue. Here, we have created an MV construct that expresses
human IL-12 (hIL-12) with the intention of testing the thera-
peutic efficacy of this virus in a murine tumor model and
assessing whether the oncolytic potential of MV can be en-
hanced. However, it is important to evaluate the effect of an
hIL-2-expressing virus in the only host for which MV is known
to be pathogenic.

Expression of hIL-12 from MV does not affect MV replica-
tion in vitro. To create a more effective oncolytic virus, we
constructed a recombinant MV expressing hIL-12 (Fig. 1). The
hIL-12 expression plasmid pCMVIL-12 neo was used as a
source of hIL-12 cDNA (13). This plasmid contains the cDNA
for the p35 and p40 subunits of IL-12 linked via a viral internal
ribosomal entry sequence to allow cotranslation of both sub-
unit chains from a single transcript. Primers for both the p40
and p35 subunits were synthesized to amplify the subunit DNA
containing PacI restriction sites at the ends and the p40 primer
additionally containing the poxviral P11 minimal late promoter
sequence. The PCR product was ligated into the pCR2.1
TOPO TA cloning vector (Invitrogen). A PacI site was inserted
into the existing PstI site between open reading frame M135R
and the vaccinia virus synthetic early/late promoter driving the
expression of the enhanced green fluorescent protein (EGFP)
in the cloning plasmid pBS 135–136 EGFP (17). The IL-12
cassette was released from the TOPO vector by PacI digestion,
and the recipient plasmid was linearized following PacI diges-
tion. The IL-12 insert was ligated into pBS 135–136 EGFP.
This new clone was designated pBS 135–136 hIL-12 EGFP.
This plasmid was transfected into MV (strain Lausanne

* Corresponding author. Mailing address: Department of Molecular
Genetics and Microbiology, University of Florida, Gainesville, FL
32610. Phone: (352) 273-6852. Fax: (352) 273-6849. E-mail: grantmcf
@ufl.edu.

� Published ahead of print on 29 August 2007.

12704



[vMyx])-infected BGMK cells to create, via homologous re-
combination, the recombinant virus expressing both hIL-12
(under control of the vaccinia virus P11 late promoter) and
EGFP (under a synthetic early/late poxvirus promoter). Mul-
tiple rounds of single-focus purification were carried out, and
PCR analysis was used to determine the purity of the recom-
binant virus. This procedure is similar to those used to create
specific gene-deleted recombinant MV constructs (19).

We examined the ability of vMyxIL-12 to infect cells and
produce secreted hIL-12 in vitro (Fig. 2). The recombinant
MV vMyxgfp, which expresses EGFP, was used as a control
(17). This virus has similar growth properties in vitro to wild-
type MV (7). To assess viral growth and spread, a single-step
growth curve was performed as described previously (33).
BGMK cells (control primate cell line), 8484 cells (human lung
carcinoma cell line), and RK-13 cells (rabbit fibroblasts [ATCC
CCL37]) were used in this study (Fig. 2A to C). In each of
these cells, the growth kinetics of infectious vMyxIL-12 mir-
rored the amplification of vMyxgfp. By 48 hpi, vMyxIL-12
exhibited a slightly greater viral increase over 48 h, indicating
that this virus is capable of robust replication in primate, lago-
morph, and human cancer cells. In comparison, most recom-
binant virus gene knockout viruses, unless representing a host
range function, are also fully able to infect cells in vitro.

The ability of vMyxIL-12 to secrete hIL-12 was also examined
(Fig. 2D and E). Supernatants from infected cells were collected
at the indicated time points, and hIL-12 was measured using a
commercially available hIL-12 p70 enzyme-linked immunosor-
bent assay kit (Ready-SET-Go!; eBioscience). The amount of
hIL-12 within the culture supernatant of BGMK cells infected
with vMyxIL-12 increased significantly when infected with a larger

amount of virus (Fig. 2D). Detectable amounts of hIL-12 (270
pg/ml) could be measured following infection with as little as a
multiplicity of infection (MOI) of 0.1 and increased to over 20,000
pg/ml at the highest MOI tested (1.6). In addition, the time course
of IL-12 production at a high MOI of infection (MOI of 3) (Fig.
2D) was examined in rabbit RK-13 cells (Fig. 2E). Detectable
levels of hIL-12 could be measured in culture supernatant as early
as 8 h postinfection (hpi) (1,100 pg/ml) and increased to almost
100,000 pg/ml by 48 hpi. Together, these data indicate that
vMyxIL-12 can grow effectively in a variety of cell lines and pro-
duce significant quantities of bioactive hIL-12.

Expression of IL-12 counteracts MV virulence in rabbits. To
examine the effect of hIL-12 on the progression of myxomato-
sis, New Zealand White rabbits (O. cuniculus) were infected
with either control viruses (vMyx or vMyxgfp) or vMyxIL-12.
Rabbit IL-12 has not been sequenced or isolated. However,
other human cytokines, such as granulocyte-macrophage col-
ony-stimulating factor have been shown to be bioactive in
rabbits (21). Rabbits were inoculated intradermally with 1,000
focus-forming units (FFU) of virus per site, and injections were
performed in both hind flanks. The rabbits were monitored
daily for symptoms of myxomatosis, including the size and
appearance of the primary lesion and number of satellite le-
sions. As well, the number and quality of secondary lesions are
also important. Other diagnostic features of myxomatosis in-
clude orthopnea, mouth breathing, cyanosis, decreased or ab-
sent food/water intake, fecal output, dehydration, decreased
activity, and unnatural posture (11). Each diagnostic charac-
teristic was evaluated numerically, and clinical scores were
used to assist in monitoring the progression of myxomatosis
(6). For the pathogenesis study, three rabbits were inoculated

FIG. 1. Construction of pBS 135–136 hIL-12 EGFP. The cloning plasmid pBS 135–136 EGFP contains a unique PstI site between M135R and
a poxviral synthetic early/late promoter into which a PacI linker was inserted. PacI was also added to the primers used to amplify hIL-12. The IL-12
cassette with both subunits was inserted into pCR2.1 TOPO. In addition, the minimal sequence for the poxviral P11 promoter was inserted before
the p40 subunit of hIL-12. Both vectors were digested with PacI, gel purified, and ligated to form the pBS 135–136 hIL-12 EGFP plasmid that was
used to create vMyxIL-12 in MV-infected BGMK cells by homologous recombination. CMV, cytomegalovirus; IRES, internal ribosomal entry site.
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with vMyxIL-12, two with vMyx, and two with vMyxgfp. Dis-
ease progression was followed for 20 days or until euthanasia
was required. Table 1 outlines the gross pathological observa-
tions. The vMyxIL-12-injected rabbits made a complete recov-
ery following a delayed and significantly less-pathogenic course
of disease, in which they suffered relatively mild clinical signs
with reduced size and severity of the primary lesion and re-
stricted spread and establishment of secondary lesions, which
were confined to the ears, with little or no development of
characteristic lesions on the eyelids and nose and generally
healthier constitution. This is also demonstrated in the clinical
scores (Fig. 3), determined by well-defined parameters and
used to assess clinical progression of myxomatosis (6). Animals
infected with vMyxIL-12 exhibited primary lesions which were
smaller, did not become protuberant, and healed more quickly
(Table 1). In contrast with comparably attenuated MV gene-

knockout recombinant viruses, which exhibit a similar patho-
genesis during the initial period of infection (10, 24) and then
have a significant attenuation after day 7, vMyxIL-12 was at-
tenuated from initial infection. The expression of lesion-local-
ized IL-12 is effective in producing or enhancing a significant
antiviral immunity.

Primary and secondary lesions, spleens, and inguinal and
popliteal lymph nodes were harvested at time of euthanasia.
Tissue was homogenized, and the presence of virus within the
lysate was determined by titration on BGMK cells. At the
endpoint on day 20, there was no virus present in any of
the lesions or organs of the vMyxIL-12-infected rabbits, indi-
cating that by this point, all virus had been cleared from these
animals (data not shown). In comparison, at the endpoint on
day 11, there was evidence of infectious virus within the pri-
mary lesion (6 � 102 FFU/mg), secondary lesion (2.5 � 102

FIG. 2. Viral growth, replication, and secreted hIL-12 production. Single-step growth analysis of vMyxIL-12 (dashed line and circles) and
vMyxgfp (solid line and triangles) was evaluated on BGMK (A), 8484 (B), and RK-13 (C) cells. Cells were infected with virus at an MOI of 3. Cells
were harvested at the times indicated, and the titers of infectious virus present at each time point were determined by subsequent infection on
BGMK cells. All growth analyses were performed in triplicate. The production of secreted hIL-12 from infected BGMK cells was measured by
enzyme-linked immunosorbent assay (D). Cells were infected at the indicated MOI, and the cellular supernatant was collected 48 hpi. RK-13 cells
(E) were infected at an MOI of 3, and cell supernatants were collected at the indicated time points.
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FFU/mg), and spleen (1 � 10�1 FFU/mg) of animals injected
with vMyx.

Recombinant technology has been used to insert cytokines
into poxviruses (31). When IL-4 has been inserted into MV,
vaccinia virus, or ectromelia virus, it has resulted in signifi-
cantly more severe immunopathology and disease. Ectromelia

virus expressing IL-4 was able to break immunity induced by
previous infection, a finding not shown in either the MV–IL-4
or vaccinia virus–IL-4 studies. This increased pathogenicity is
due to the ability of IL-4 to dampen Th1-type immune pro-
cesses, particularly IL-12, IL-2, and gamma interferon (1, 16,
27). In contrast, the expression of Th1 cytokines has been
hypothesized to result in an attenuated infection, bolstered by
a stronger type 1 immune response. However, this is the first
report of a fully infectious MV expressing its complete viral
genetic complement that is attenuated by the expression of an
additional mammalian host immune protein.

Safety is always a concern when constructing recombinant
poxviruses expressing a therapeutic cytokine. Therefore, we
have tested the ability of infectious MV expressing hIL-12
(vMyxIL-12) to induce myxomatosis in the host to which MV is
pathogenic. We have demonstrated that creation of a recom-
binant MV that could have increased antitumor activity within
the tumor microenvironment also exhibited attenuated patho-
genicity in its natural host. This would indicate that vMyxIL-12
virus is safer than its wild-type counterpart, and if anything,
might be self limiting in vivo. This makes this virus an excellent
candidate as a second generation oncolytic virus therapeutic. It
is also possible that the IL-12 recombinant virus could produce
a more potent and durable protective viral immunity in sus-
ceptible rabbit hosts. These issues remain to be determined.
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TABLE 1. Pathogenicity of vMyxIL-12 mutant MV in European rabbits

Day(s)
postinfection

Pathogenicity of mutant:

vMyx (2 animals) vMyxgfp (2 animals) vMyxIL-12 (3 animals)

4 Primary lesion red, raised, 0.5 cm Primary lesion red, raised 0.5 cm Primary lesion just visible,
small, flat, pink

7 Large protuberant lesion, 2.5 cm; eyelids
red and swelling, lesion beginning;
satellites (2–4) around primary lesion;
lesions beginning in ears (2–3 each ear)

Primary lesion, 1.5 cm, protuberant; ruffled
fur, satellites visible; ear lesions (4–5),
ears turning purple; lesions visible on
eyelids

Primary lesion dark red, not
protuberant, 1.0–2.0 cm;
single, small lesions may
be appearing in ears

8 Primary lesion larger, 2.5–3.0 cm, starting
to cavitate; head swollen; lesions
around nose and muzzle; ears purple,
swollen, and heavy, secondary lesion
visible

Large protuberant primary lesion; head
swollen; multiple ear lesions, purple; 1–2
lesions on nose; multiple lesions on
eyelids

Primary lesion flattened,
1.0–2.5 cm, lot of fur
overgrowing lesion; 1–2
lesions starting on eyelids;
1 animal with 3–5 lesions
in ears

9–11 Reduced food and water consumption;
multiple lesions on nose and muzzle;
difficulty breathing; ears purple,
drooping, with multiple lesions (10–20
each ear); animals euthanized due to
severity of infection (day 10)

Reduced food and water consumption;
animals euthanized due to severity of
infection (day 11)

Primary lesion large, black
but starting to dry out
and cavitate; eyes good,
slight discharge from 1
eye of 1 animal; multiple
(4–10) lesions in each ear

12–19 Animals healing, primary
lesions dried out and
scabby, small healed
lesions in ears

FIG. 3. vMyxIL-12 pathogenesis in rabbits. Three rabbits were in-
fected with vMyxIL-12, two rabbits with vMyx, and two rabbits with
vMyxgfp. The rabbits were each infected with 2,000 FFU, with 1,000
FFU injected into each hind flank. Rabbits were monitored daily for
the clinical symptoms associated with myxomatosis. Scores increase as
the disease progresses. Animals are normally sacrificed within 24 to
48 h following a score of 15. Certain symptoms, such as severe orthop-
nea, mouth breathing, cyanosis, and lack of food and/or water intake
for �24 h, required that the rabbits be euthanized for ethical reasons.
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Breast Cancer Research Unit of the London Regional Cancer Pro-
gram.
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