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ABSTRACT A cancer treatment is described in which i.m.
injection of plasmid DNA (pDNA) encoding murine interferon
a (mIFN-a) leads to potent antitumor effects on primary and
metastatic tumors in mice. Mice bearing s.c. B16F10 mela-
noma, Cloudman melanoma, or glioma 261 tumors were
injected i.m. with mIFN-a pDNA. In all three tumor models,
a significant reduction in tumor volume and enhancement of
survival was found after IFN pDNA therapy. The mIFN-a
pDNA could be injected as infrequently as once every other
week and still produce a significant antitumor effect, and, in
a metastatic tumor model, the therapy markedly reduced the
number of lung tumor metastases. Depletion of immune cell
subsets indicated that CD81 T cells were required for the
antitumor response. These studies demonstrate that primary
and metastatic tumors can be treated systemically by i.m.
injection of a plasmid encoding a cytokine gene.

Plasmid or viral vectors encoding a therapeutic gene, often an
immunomodulatory or suicide gene, currently are undergoing
evaluation in a number of cancer gene therapy trials (1, 2). One
type of protocol is ex vivo gene therapy in which tumor cells are
removed from the patient, transfected in vitro with the plasmid
or viral vector, selected, amplified, and reinjected into the
patient. Such patient-specific therapy is cumbersome and
time-consuming. Another type of protocol is in vivo gene
therapy in which a plasmid or viral vector is injected directly
into the tumor or locally around the tumor site and allows the
patient to be treated in a more timely fashion; however, many
late-stage cancer patients have metastatic lesions in internal
organs that are too numerous to treat and difficult to access.

In this report, we describe a gene therapy treatment for
cancer that does not require ex vivo methods or local injection.
Rather, we have found that i.m. injection of a plasmid DNA
(pDNA) encoding a cytokine gene can have a significant
antitumor effect. In these studies, mice bearing one of three
different types of s.c. tumors had reduced tumor growth and
increased survival after i.m. injection of a pDNA encoding
murine interferon a (mIFN-a). Metastatic melanoma lung
tumor nodules also were dramatically reduced after the
mIFN-a pDNA therapy. T cell depletion studies suggested that
the mIFN-a therapy induced a T helper 1 type of immune
response that was required for the antitumor effect. The results
of these studies suggest a novel therapeutic approach for the
treatment of patients with advanced disease.

MATERIALS AND METHODS

Plasmids. The mIFN-a cDNA was obtained by amplifying
the coding sequence from the plasmid Rous sarcoma virus a1
(3), which was a generous gift from Paula Pitha-Rowe (Johns

Hopkins University, Baltimore). The mIFN-a plasmid used in
these studies, VR4111, was constructed by cloning the mIFN-a
cDNA into the backbone vector VR1055 (4). VR1055 is
derived from pUC19, with the b-lactamase (ampicillin-
resistance) gene replaced by the aminoglycoside acetyltrans-
ferase (kanamycin-resistance) gene from pET9a (Novagen).
VR1055 directs eukaryotic gene expression from a cassette
containing the human cytomegalovirus (CMV) immediate
early I gene promoteryenhancer, 59 untranslated sequence,
and the CMV intron A sequence. After these regulatory
elements is a cloning polylinker for insertion of protein-coding
sequences and a transcriptional terminator region derived
from the rabbit b-globin gene.

The human interferon v (hIFN-v) gene was obtained by
amplifying the coding sequence from human genomic DNA
prepared from a fresh blood sample. The hIFN-v plasmid,
VR4151, was constructed by cloning the hIFN-v gene into the
VR1055 cloning vector.

pDNA Purification. pDNA was prepared by bacterial fer-
mentation (5) and purified by standard double CsCl-ethidium
bromide gradient ultracentrifugation followed by ethanol pre-
cipitation and dialysis. All plasmid preparations were free of
detectable RNA, and endotoxin levels were less than 0.06
endotoxin unitsymg of plasmid DNA. The spectrophotometric
A260yA280 ratios were between 1.75 and 2.0.

Cell Lines. All culture medium was obtained from Life
Technologies (Gaithersburg, MD), and all serum was obtained
from HyClone. Murine B16F10 cells were a generous gift from
F. Suzuki at the University of Texas (Galveston) and grown in
RPMI medium 1640 and 5% fetal bovine serum (FBS). Murine
Cloudman S91 cells (American Type Culture Collection, Ma-
nassas, VA) were grown in Ham’s F-10 medium with 25 mM
Hepesy0.1 mM nonessential amino acidsy1 mM sodium pyru-
vatey0.05 mM 2-mercaptoethanoly2.5% FBSy12.5% horse
serum. Human melanoma UM449 cells were kindly provided
by Gary Nabel at the University of Michigan (Ann Arbor) and
were grown in RPMI medium 1640 with 10% FBS.

Murine glioma 261 tumor fragments were obtained from the
Division of Cancer Treatment Tumor Repository (National
Cancer Institute, Frederick Cancer Research and Develop-
ment Center, Frederick, MD). The glioma 261 tumor frag-
ments were grown by serial transplantation in the flanks of
C57BLy6 mice (6). A cell line was established from minced
tumor fragments and grown in Iscove’s tissue culture medium
with 10% FBS.

In Vitro Transfections with IFN Plasmids. UM449 cells were
plated at a concentration of 2 3 105 cells per well in a six-well
plate and incubated for 24 h. Medium was removed from the
cells, which were washed with PBS followed by the addition of
the pDNA and cationic lipid DMRIEyDOPE complex (1:1, 1
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mg of each, 1 mlywell) in Optimem medium (Life Technolo-
gies). After incubation of 4–5 h at 37°C, 1 ml Optimem with
30% fetal calf serum (FCS) was added to each well, followed
by the addition of 1 ml Optimem with 10% FCS the next day.
Tissue culture supernatants were collected 48 h after the start
of the in vitro transfection.

Cell Proliferation Assay. In vitro transfection of UM449 cells
with the mIFN-a and control pDNA was performed as de-
scribed previously, and the supernatants were tested in a cell
proliferation assay of murine tumor cell lines using the Boehr-
inger Mannheim Cell Proliferation Kit II (XTT). Murine
tumor cells were plated in 96-well plates at a concentration of
5 3 103 cellsyml for B16F10 cells and 5 3 104 cellsyml for the
Cloudman S91 and glioma 261 cells. After 24 h, tissue culture
supernatants from UM449 cells transfected in vitro with either
mIFN-a or control pDNA were added to the wells. mIFN-a
protein (ICN) was used as a positive control. The XTT labeling
reagent was added 24–48 h later, and the OD at 490 nm was
determined 6–24 h later. The percent reduction in cell pro-
liferation was determined by the formula:

Antiviral Assay. In vitro transfections were performed as
described previously, and supernatants were collected from
cells transfected with either the mIFN-a or control pDNA. An
encephalomyocarditis (EMC) plaque-reduction assay was used
to determine the antiviral activity of the supernatants (IIT
Research Institute, Chicago). Briefly, tissue culture superna-
tants were added to L929 cells in 96-well plates (2.5 3 104 cells
per well) and incubated for 24 h. The cells were washed and
murine EMC virus was added at a multiplicity of infection of
0.04 and incubated for 24 h. The cells were fixed with 5%
formalin and stained with 1% crystal violet. As a positive
control, cells were incubated with mIFN-ayb reference stan-
dard (National Institutes of Health, Bethesda, MD) before the
addition of EMC virus.

Murine Tumor Models. C57BLy6, DBAy2, nude (nuynu),
and beige-nude (bgynuyxid) female mice between the ages of
6 and 8 weeks were obtained from Harlan–Sprague–Dawley.
All animal experiments were conducted in accordance with
Vical’s Institutional Animal Care and Use Committee as well
as the standards set forth in the National Research Council
guidelines concerning animal care and use.

To establish s.c. B16F10 melanoma tumors, C57BLy6, nude,
or nudeybeige mice were injected s.c. with 104 B16F10 cells.
The Cloudman melanoma model was established by s.c. injec-
tion of 105 Cloudman S91 cells in DBAy2 mice, and the glioma
261 model was established by s.c. injection of 5 3 105 glioma
261 cells in C57BLy6 mice. Tumor dimensions were deter-
mined by measuring with calipers (length 3 width 3 height),
and the values were inserted into the formula: tumor volume
(mm3) 5 0.52 (length 3 width 3 height) (7).

To establish lung metastases of B16F10 melanoma,
C57BLy6 mice were injected i.v. with 2 3 104 B16F10. On day
25 after tumor cell injection, the mice were sacrificed, and
lungs were removed and fixed in 10% buffered formalin
(Fisher Scientific) followed by counting of tumor nodules.

Intramuscular Injections. Fifty micrograms of plasmid
DNA in 50 ml of saline was injected into the rectus femoris
muscle of each hind leg for a total DNA dose of 100 mg. The
muscle injections were performed by using a sterile, 300-ml
tuberculin syringe fitted with a 28G 1⁄2 needle (Becton Dick-
inson) modified with a plastic collar cut from a 200-ml mi-
cropipette tip. The collar length was adjusted to limit the
needle from penetrating further than 2 mm into the rectus
femoris muscle.

Determination of Serum Levels of IFN-v. To determine the
serum levels of hIFN-v, C57BLy6 mice received a single i.m.
injection of 100 mg of hIFN-v pDNA. Serum was collected
every 2–3 days for 2 weeks after injection (four mice per day)
and analyzed with a hIFN-v ELISA kit (Alexis, San Diego),
which was sensitive to 2 pgyml.

Antibody Depletion of Immune Cell Subsets. The anti-CD4
(clone GK1.5, rat IgG) and anti-CD8 (clone 2.43, rat IgG)
hybridomas were obtained from the American Type Culture
Collection. The anti-CD8 hybridoma was grown as ascites in
nude mice, and the mAb was purified from ascites by using ion
exchange chromatography (Harlan Bioproducts for Science,
San Diego). The anti-CD4 hybridoma was grown in vitro with
DMEMy10% FBSylow IgG, and the mAb was purified from
tissue culture supernatant by ammonium sulfate precipitation
to 30%. The protein pellet was resolubilized and dialyzed
extensively in Dulbecco’s Ca21yMg21-free PBS (Zymed).

For depletion of CD41 and CD81 T cells, mice were injected
i.p. with 500 mg of either the anti-CD4 or anti-CD8 mAb. The
mAbs were administered 1 day before each i.m. pDNA injec-
tion (twice per week for 3 weeks). Control tumor-bearing mice
were injected i.p. with 500 mg of normal rat IgG (Sigma). To
ensure complete depletion, sentinel mice were injected ac-
cording to the same regimen and, once per week, spleens were
collected, dissociated, and assessed for the presence of CD41

and CD81 T cells. Spleen cells were stained with fluorescein
isothiocyanate-conjugated anti-CD4 and phycoerythrin-
conjugated anti-CD8 mAbs (PharMingen) and analyzed by
flow cytometry (Cytometry Research Services, San Diego).
The depletion of CD41 and CD81 T cells was consistently
greater than 98% as determined by flow cytometry.

Statistical Analyses. Tumor volume was analyzed by using
the Mann–Whitney U nonparametric statistical test to identify
groups having significantly different tumor sizes. Mouse sur-
vival was analyzed by using a Kaplan–Meier survival plot
followed by a Logrank (Mantel–Cox) test to identify significant
differences in survival between groups. Differences were
considered statistically significant when the P value was ,0.05.

RESULTS

Biological Activity of mIFN-a pDNA. To ensure that the
mIFN-a pDNA used in these studies encoded biologically
active mIFN-a, both cell proliferation and antiviral assays were
conducted on supernatants from cultured cells that were
transfected in vitro with the mIFN-a pDNA. Cell proliferation
assays were performed to measure the inhibition of growth of
several murine tumor cell lines after addition of supernatants
from UM449 cells transfected with either the mIFN-a pDNA
or the control pDNA (backbone plasmid without mIFN-a).
The supernatants from the mIFN-a pDNA-transfected cells
inhibited the proliferation of murine B16F10 melanoma,
Cloudman melanoma, and glioma 261 cell lines by 40, 42, and
17%, respectively. An antiviral assay also was performed that
evaluated the ability of the supernatants from the mIFN-a
pDNA-transfected cells to protect murine L929 cells from
infection by EMC virus. The antiviral assay identified 30,000
unitsyml of mIFN-a in tissue culture supernatants after trans-
fection with mIFN-a pDNA.

mIFN-a pDNA Treatment Inhibits Primary Tumor Growth.
The mIFN-a pDNA was evaluated for antitumor efficacy by
i.m. injection of the plasmid into mice bearing s.c. tumors.
Tumor-bearing mice were injected with 100 mg of mIFN-a
pDNA or control pDNA, twice per week for 3 weeks, begin-
ning on day 4 after tumor cell implant. C57BLy6 mice bearing
s.c. B16F10 melanoma tumors and injected i.m. with mIFN-a
pDNA had an 89% reduction in tumor volume by day 28 after
tumor cell implant compared with control pDNA-treated mice
(P 5 0.0003) (Fig. 1a). Survival of the B16F10 tumor-bearing
mice injected i.m. with mIFN-a pDNA was enhanced signif-

12
OD490 of cells incubated with
OD490 of cells incubated with

mIFN-a pDNA supernatants
control pDNA supernatants

3100

1554 Medical Sciences: Horton et al. Proc. Natl. Acad. Sci. USA 96 (1999)



icantly, with 90% of the mIFN-a pDNA-treated mice surviving
to day 39 of the study compared with only 10% of the control
pDNA-treated mice surviving (P 5 0.003) (Fig. 1b). B16F10
tumor-bearing mice injected i.m. with saline had the same rate
of tumor growth as the mice treated with the control pDNA
(data not shown).

To determine whether the mIFN-a pDNA therapy could be
applied to other murine tumor models, the therapy was
evaluated in C57BLy6 mice implanted with s.c. glioma 261.
Mice bearing s.c. glioma and injected i.m. with mIFN-a pDNA
twice per week for 3 weeks had a 71% reduction in tumor
volume by day 35 compared with mice treated with the control
pDNA (P 5 0.01) (Fig. 1c). By day 53 of the study, 70% of the
glioma-bearing mice treated with mIFN-a pDNA were alive
compared with only 10% of the control pDNA-treated mice
(P 5 0.01) (Fig. 1d).

To ensure that the mIFN-a pDNA therapy was not unique
to C57BLy6 mice, the treatment was evaluated in DBAy2 mice
implanted with s.c. Cloudman melanoma. Mice bearing Cloud-
man melanoma and treated i.m. with mIFN-a pDNA had a
61% reduction in tumor volume by day 26 compared with the

control pDNA-treated tumors (P 5 0.02) (Fig. 1e). By day 42
after tumor cell injection, 70% of the mIFN-a pDNA-treated
mice were alive compared with only 20% of the control
pDNA-treated mice (P 5 0.01) (Fig. 1f ). In summary, although
none of the mice became tumor-free, significant reductions in
tumor growth and increases in survival were found after
mIFN-a pDNA therapy in three different mouse tumor mod-
els. In addition, no IFN-related side effects were observed in
any of the studies.

mIFN-a pDNA Dose Response in the B16F10 Melanoma
Model. A study was conducted to evaluate the optimal dose
and regimen of administration of mIFN-a pDNA required to
obtain antitumor efficacy. C57BLy6 mice bearing s.c. B16F10
tumors were injected i.m. with either 100 or 50 mg of mIFN-a
pDNA or control pDNA over a 6-week period. Mice received
pDNA injections twice per week, once per week, or once every
other week. All injections began 4 days after the initial B16F10
tumor cell implant. Mice that received i.m. injections of 100 mg
of mIFN-a pDNA for any of the treatment regimens had a
significant reduction in tumor volume by day 19 of the study
(P , 0.005) and a significant increase in survival compared
with the controls (P , 0.007) (Fig. 2 a and b). As few as three
injections of 100 mg of mIFN-a pDNA administered once
every other week had a significant antitumor effect. In con-
trast, the 50-mg dose of mIFN-a pDNA revealed a dose
response based on the frequency of injection. Mice treated
once or twice per week with 50 mg of mIFN-a pDNA had a
significant reduction in tumor volume by day 19 of the study
(P , 0.03) and a significant increase in survival (P , 0.003)
compared with the controls, whereas mice treated once every
other week with 50 mg of mIFN-a pDNA had no significant
antitumor response (Fig. 2 c and d).

Therapy with mIFN-a pDNA Inhibits the Growth of Tumor
Metastases. Because metastatic tumors often pose a difficult
therapeutic challenge, the mIFN-a pDNA therapy was eval-
uated for effects on tumor metastases. A metastatic tumor
model was used in which C57BLy6 mice were injected i.v. with
B16F10 melanoma cells to establish lung metastases. On day
4 after the tumor cell injection, the mice received i.m. injec-
tions of 100 mg of either mIFN-a pDNA or control pDNA
twice weekly for 3 weeks. On day 25 after tumor cell injection,
the mice were sacrificed and lung tumor nodules were counted.
Although 90% of the mice treated with mIFN-a pDNA had
less than 15 lung tumor nodules, only 30% of the mice treated
with control pDNA had a similar low number of tumor nodules
(Fig. 3). In fact, the majority of the control pDNA-treated mice
(70%) had tumor nodules that were too consolidated and
numerous to count, whereas none of the mIFN-a pDNA-
treated mice had such extensive tumor growth. The number of
lung metastases for the control pDNA-treated group was
similar to the number of lung metastases for saline-treated
mice (data not shown).

Serum Levels of IFN After i.m. Injection of IFN pDNA.
Because the i.m. mIFN-a pDNA therapy could be delivered as
infrequently as once every other week for a total of three
injections and still have potent antitumor effects, we reasoned
that a single injection may result in serum levels of IFN. Since
no mIFN-a ELISA was commercially available at the time of
these studies and our attempts to develop an ELISA resulted
in low sensitivity, we measured serum levels of another type I
interferon, hIFN-v, for which a sensitive ELISA was available.
C57BLy6 mice received a single i.m. injection of 100 mg of
hIFN-v pDNA, and serum samples were collected every 2–3
days over a 2-week period and analyzed in the ELISA. Peak
serum levels were found 6 days after injection (254 pgyml), and
expression continued to day 14 (55 pgyml), the final time point
of the study (Fig. 4). Thus, using a sensitive ELISA, IFN could
be detected in the serum after a single i.m. injection of an
IFN-encoding pDNA.

FIG. 1. Antitumor efficacy of mIFN-a pDNA delivered by i.m.
injection in three murine tumor models. Tumor growth and survival
are shown for C57BLy6 mice bearing B16F10 melanoma (a and b) or
glioma 261 (c and d) and DBAy2 mice bearing Cloudman melanoma
(e and f ). Mice were injected s.c. with 104 B16F10 melanoma cells, 5 3
105 glioma 261 cells, or 105 Cloudman melanoma cells on the flank
(n 5 8–10 mice per group). Beginning on day 4 after tumor cell
implant, mice were injected i.m. with 100 mg of either the mIFN-a
pDNA or the control pDNA twice a week for 3 weeks, for a total of
six injections. A significant reduction in tumor volume (P # 0.02) and
a significant increase in survival (P # 0.01) were found for all three
tumor types treated with the mIFN-a pDNA compared with the
tumor-bearing mice treated with the control pDNA. In a the dip in the
tumor-growth curve of the control pDNA-treated mice from day 23 to
25 reflects euthanasia of one mouse bearing a tumor .6,000 mm3 on
day 23.
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Mechanism of the Antitumor Effect. Because IFNs are
known to have potent immunomodulatory effects, several
studies were conducted to evaluate the role of immune cells in
the mIFN-a-mediated antitumor response. To investigate the
role of NK and T cells, mIFN-a pDNA therapy was evaluated
in nude mice (T cell-deficient) and beige-nude mice [natural
killer (NK)- and T cell-deficient] bearing s.c. B16F10 mela-
noma tumors. In these studies, mice received the same regimen
of i.m. injections of mIFN-a pDNA (twice per week for 3
weeks) as in the earlier antitumor efficacy studies in the
B16F10 melanoma model in C57BLy6 mice. Interestingly,
there was neither a significant reduction in tumor volume nor
enhancement of survival in the nude and beige-nude mice,
suggesting that T cells are required for the antitumor response
and NK cells alone could not mediate the antitumor effect
(data not shown).

To further explore the role of T cells in the antitumor
efficacy of mIFN-a pDNA therapy, C57BLy6 mice bearing s.c.
B16F10 tumors were injected with depleting doses of mAbs
specific for either CD41 or CD81 T cells. The mice were
injected with mAbs 1 day before each i.m. injection of pDNA
(twice per week for 3 weeks). By day 21 after tumor cell
injection, the mIFN-a pDNA therapy had significantly re-
duced tumor growth (P , 0.003) and enhanced survival (P ,
0.009) of both normal mice and mice depleted of CD41 T cells,
suggesting that CD41 T cells were not required for the
response (Fig. 5). In contrast, mice depleted of CD81 T cells
and injected with mIFN-a pDNA had tumor volumes and
survival that were not significantly different from mice treated
with the control pDNA, indicating a requirement for CD81 T
cells in the antitumor response.

DISCUSSION
This report demonstrates that primary and metastatic tumors
in mice can be treated by distant i.m. delivery of a plasmid

encoding a cytokine gene. In these studies, i.m. injection of a
pDNA expressing mIFN-a resulted in a potent antitumor
effect in three different mouse tumor models, including a
marked reduction in the number of melanoma lung tumor
metastases. This method differs from previous in vivo cancer
gene therapies (1, 2) in that it does not require local injection
or identification of existing tumor nodules, thus facilitating
treatment of primary or metastatic tumors at distant sites.

Cancer gene therapy using pDNA encoding a cytokine gene
has important advantages over injection of a bolus of the
corresponding therapeutic protein. Recombinant IFN-a pro-
tein currently is used as adjuvant therapy for metastatic
melanoma, and the treatment involves a high-dose, intensive
regimen of i.v. injection of 10–20 million units (MU)ym2 5 days
per week for 1 month followed by s.c. injection of 10 MUym2

3 days per week for 11 months (8, 9). This dosing regimen,
although producing clinical benefits, approaches the maxi-
mally tolerated dose and is very toxic. Frequent injection of the
recombinant protein is required because peak serum levels
occur by 1–8 h after protein injection via i.v., s.c., or i.m. routes,
with negligible serum levels by 24 h (10–12). In mouse
melanoma tumor studies demonstrating antitumor effects of
mIFN-a protein, frequent injections of the protein similarly
were required (13–15). In contrast, we have found that a single
i.m. injection of IFN-v pDNA in mice resulted in relatively
stable serum levels over a 2-week period. Moreover, mIFN-a
pDNA therapy in mice bearing melanoma tumors was effective
even when pDNA injection occurred as infrequently as once
every 2 weeks for a total of only three injections. By avoiding
the sharp peaks and drops in serum levels that occur after bolus
protein injection, pDNA therapy may sustain a lower-level but
more stable concentration of IFN in the serum, possibly
reducing the severity of side effects and prolonging the ther-
apeutic effect.

FIG. 2. Dose response of the mIFN-a pDNA treatment in the B16F10 melanoma model. Tumor growth and survival are shown for C57BLy6
mice bearing s.c. B16F10 melanoma tumors and treated with either 100 mg (a and b) or 50 mg (c and d) of mIFN-a pDNA or control pDNA.
Beginning on day 4 after s.c. injection with 104 B16F10 cells, mice were injected i.m. with either 100 or 50 mg of the mIFN-a pDNA or the control
plasmid, twice per week, once per week, or once every other week for 6 weeks (n 5 10 mice per group). Treatment of the mice with 100 mg of
the mIFN-a pDNA for any of the regimens resulted in a significant reduction in tumor growth by day 19 (P , 0.005) and a significant increase
in survival compared with the controls (P , 0.007). The mice receiving 50 mg of the mIFN-a pDNA once per week or twice per week also had
a significant reduction in tumor growth by day 19 (P , 0.03) and a significant increase in survival (P , 0.003) compared with the controls. No
significant effects on tumor growth or survival were found for the mice injected every other week with 50 mg of mIFN-a pDNA.
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IFN-a has been shown to have a multitude of antitumor
effects including activation of immune cells, inhibition of cell
proliferation, induction of cell differentiation, up-regulation of
class I major histocompatibility complex antigens, inhibition of
angiogenesis, and establishment of a T helper 1 (Th1)-type
response (16–18). In the present study, the mechanism of the
antitumor effect of systemic IFN-a appeared to involve pri-
marily the induction of a Th1-type immune response. This was
evidenced by the fact that depletion of CD81 T cells, but not
CD41 T cells, abolished the antitumor effect of systemic
mIFN-a therapy in mice bearing melanoma tumors. Although
in vitro assays revealed the ability of mIFN-a to have direct
antiproliferative effects on murine tumor cell lines, this did not
appear to be the predominant effect in vivo.

In the present study, the IFN-a pDNA was injected directly
into muscle, which differs considerably from previous studies
of IFN-a cancer gene therapy in which pDNA or viral vectors
were injected locally, intratumorally, or delivered by ex vivo
methods (19–26). A number of other studies also have eval-
uated the effect of i.m. injection of a cytokine-expressing
pDNA; however, none of these studies evaluated the effect of
this type of therapy on tumor growth. In these studies,
immunological effects were found after i.m. injection of pDNA
encoding either interleukin (IL)-2, IL-4, IL-5, or transforming
growth factor b (TGF-b) (27, 28). In several mouse models of
disease, i.m. injection of a pDNA encoding TGF-B was found
to have beneficial effects for the treatment of lupus (29),
diabetes (30), and arthritis (31), and i.m. injection of a pDNA
encoding IL-10 was found to have therapeutic effects in
diabetes (32). Intramuscular injection of mIFN-a pDNA was
demonstrated to have antiviral effects in mice infected with
murine cytomegalovirus (33). Unlike the latter studies, we
have demonstrated that i.m. cytokine pDNA can be effective
in mouse tumor models. These results expand upon the earlier
i.m. pDNA research by demonstrating that i.m. injection of
pDNA encoding a cytokine gene can have potent antitumor
effects on both solid and metastatic tumors.

FIG. 3. Reduction in melanoma lung tumor metastases after
treatment of mice with i.m. mIFN-a pDNA. C57BLy6 mice were
injected i.v. with 2 3 104 B16F10 cells (n 5 10 mice per group). Four
days after tumor cell implant, mice were injected i.m. with 100 mg of
either the mIFN-a or control pDNA twice a week for 3 weeks. On day
25 after tumor cell implant, mice were sacrificed and the lungs were
fixed in formalin followed by counting of lung tumor nodules. (a)
Number of lung tumor nodules per mouse in each treatment group.
TNTC denotes lungs with nodules that were too numerous to count.
Seventy percent of the mice injected with the control pDNA had lung
tumor nodules that were too numerous to count, whereas 90% of the
mice injected with mIFN-a pDNA had #12 lung tumor nodules.
Representative formalin-fixed lobe of a lung from a mouse injected
with the control pDNA (b) and the mIFN-a pDNA (c).

FIG. 4. Pharmacokinetics of serum hIFN-v after a single i.m.
injection of hIFN-v pDNA. C57BLy6 mice received a single i.m.
injection of 100 mg of hIFN-v pDNA. Serum was collected every 2–3
days for 2 weeks after pDNA injection, and samples were analyzed in
an ELISA specific for hIFN-v. Each data point represents the mean
hIFN-v serum level of four mice. Peak serum levels of 254 pgyml were
found on day 6 after a pDNA injection, and expression continued to
day 14, the last time point of the study. Mice injected with the control
pDNA were negative in the IFN-v ELISA.

FIG. 5. Evaluation of the role of CD41 and CD81 T cells in the
mIFN-a pDNA antitumor response. Tumor growth (a) and survival
(b) are shown for the mice bearing s.c. B16F10 and treated with
mIFN-a or control pDNA. Beginning on day 4 after s.c. injection with
104 B16F10 tumor cells, mice were injected i.m. with 100 mg of either
the mIFN-a or control pDNA, twice per week for 3 weeks. One day
before each pDNA injection, the mice were injected i.p. with 500 mg
of either anti-CD4 mAb (clone GK1.5, rat IgG), anti-CD8 mAb (clone
2.43, rat IgG), or normal rat IgG (n 5 10 mice per group). Mice
injected with the mIFN-a pDNA and treated with normal IgG had a
significant reduction in tumor volume (P , 0.003) by day 21 and a
significant increase in survival (P , 0.009) compared with the mice
injected with control pDNA and treated with normal IgG. Mice
injected with mIFN-a pDNA and treated with anti-CD4 mAb still had
a significant reduction in tumor volume (P , 0.003) by day 21 and a
significant increase in survival (P , 0.009) compared with the controls.
In contrast, mice injected with mIFN-a pDNA and depleted of CD81
T cells had no significant reduction in tumor volume or increase in
survival compared with the controls.
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The gene therapy method described in this report has several
important advantages over traditional cancer treatments. First,
unlike recombinant cytokine protein therapies, the lower, but
sustained, serum levels of a therapeutic protein after i.m.
injection of a pDNA encoding the cytokine gene may reduce
side effects while still maintaining a therapeutic effect. Second,
in contrast to current in vivo cancer gene therapy protocols, the
method described here does not require identification of
existing tumor nodules, thereby facilitating the treatment of
small lesions in internal organs. In summary, the results of this
research suggest a novel type of in vivo cancer gene therapy
that may be used to treat primary tumors as well as to prevent
the development of metastases in advanced cancer patients.
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