
 

2406

 

Dow et al.

 

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/98/06/2406/09 $2.00
Volume 101, Number 11, June 1998, 2406–2414
http://www.jci.org

 

In Vivo Tumor Transfection with Superantigen plus Cytokine Genes Induces Tumor
Regression and Prolongs Survival in Dogs with Malignant Melanoma

 

Steven W. Dow,* Robyn E. Elmslie,

 

§

 

 Andrew P. Willson,* Lisa Roche,

 

�

 

 Cori Gorman,

 

�

 

 and Terry A. Potter*

 

‡

 

*

 

Division of Basic Immunology, Department of Medicine, National Jewish Medical and Research Center, Denver, Colorado 80206; 

 

‡

 

Department of Immunology and the Cancer Center, University of Colorado Health Sciences Center, Denver, Colorado 80206; 

 

§

 

Veterinary 
Cancer Specialists, Denver, Colorado 80210; and 

 

�

 

Megabios Corporation, Burlingame, California 94010

 

Abstract

 

In vivo transfection of established tumors with immuno-
stimulatory genes can elicit antitumor immunity. Therefore,
we evaluated the safety and efficacy of intratumoral injec-
tions of a bacterial superantigen with a cytokine gene in
dogs with malignant melanoma, a spontaneous and highly
malignant canine tumor. 26 dogs with melanoma were
treated with lipid-complexed plasmid DNA encoding staph-
ylococcal enterotoxin B and either GM-CSF or IL-2. Dogs
were evaluated for treatment-associated toxicity, tumor re-
sponses, immunologic responses, and survival times. The
overall response rate (complete or partial remissions) for all
26 dogs was 46% (12 of 26), and was highest in patients with
smaller tumors. Toxicity was minimal or absent in all dogs.
Injected tumors developed marked infiltrates of CD4

 

�

 

 and
CD8

 

�

 

 T cells and macrophages, and tumor regression was
associated with development of high levels of antitumor cy-
totoxic T lymphocyte activity in peripheral blood lympho-
cytes. Survival times for animals with stage III melanomas
treated by intratumoral gene therapy were prolonged signif-
icantly compared with animals treated with surgical tumor
excision only. Thus, local tumor transfection with superan-
tigen and cytokine genes was capable of inducing both local
and systemic antitumor immunity in an outbred animal
with a spontaneously developing malignant tumor. (

 

J. Clin.
Invest.

 

 1998. 101:2406–2414.) Key words: melanoma 

 

•

 

 staph-
ylococcal enterotoxin B 

 

•

 

 granulocyte macrophage colony–
stimulating factor 

 

•

 

 interleukin 2 

 

•

 

 lymphocytes

 

Introduction

 

A variety of immunologic strategies have been used to elicit
antitumor responses of sufficient magnitude to cause regres-
sion of established tumors. These approaches generally fall
into one of two categories: immunization with genetically
modified autologous tumors cells (tumor vaccines), or induc-

tion of immune responses against specific tumor antigens
(1–15). Autologous tumor vaccines, though promising, may be
limited in their clinical applicability by the requirement for es-
tablishing tumor lines for each patient and by the need for effi-
cient ex vivo transfection (1–9). Antigen-specific immuniza-
tion requires identification of specific tumor antigens and
assumes that all or most tumor cells present in an individual
express those antigens (10–15). The extreme polymorphism of
human MHC molecules may also limit the general applicabil-
ity of tumor antigen– or tumor peptide–specific approaches.

Direct in vivo transfection of tumors is an alternative strat-
egy that offers several advantages. Such an approach, using im-
munostimulatory genes, may induce immune responses against
a broader array of tumor antigens than immunization with in
vitro–cultured tumor cells or with dendritic cells. Nabel and
co-workers first reported use of intratumoral injection of plas-
mid DNA complexed to cationic lipids to elicit antitumor re-
sponses in mice; a similar approach was evaluated and found
to be safe in a pilot study of humans with melanoma (16, 17).
Repeated induction of a sufficiently potent local immune stim-
ulus by direct gene transfer may also be sufficient to break the
state of relative immune tolerance that develops to self-anti-
gens expressed by established tumors (18). More recently,
gene gun–mediated tumor transfection with the IL-12 gene
was reported to induce impressive tumor regressions in several
murine tumor models, and a similar approach using the IL-6
gene was also reported to slow tumor growth in vivo (19, 20).

T cells activated by bacterial superantigens (SAgs)

 

1

 

 prolif-
erate, secrete cytokines (e.g., IFN-

 

�

 

, TNF-

 

�

 

, IL-2, and IL-12),
develop strong cytolytic activity, and when adoptively trans-
ferred can mediate tumor regression (21–27). In vivo therapy
with the staphylococcus enterotoxin A protein conjugated to a
tumor-specific mAb has also been reported to induce T cell in-
filtration and tumor regression in mice (28). We reported re-
cently that expression of SAg genes in mouse tissues in vivo
elicited pronounced localized mononuclear cell inflammatory
responses (29). Further, we found that intratumoral injection
of SAg genes could induce regression of experimental tumors
in mice, and that the antitumor effect was augmented by com-
bination with a cytokine gene.
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 Bacterial SAgs are more po-
tent T cell–activating agents in dogs and humans than in mice,
therefore making it likely that their local immune-stimulatory
effects after in vivo gene transfer would also be greater (30).

Therefore, we conducted a pilot study to assess the safety,
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efficacy, and immunologic effects of direct in vivo tumor trans-
fection with the staphylococcus enterotoxin B (SEB) gene and
a cytokine gene (either GM-CSF or IL-2) in a clinically rele-
vant, large animal model of melanoma. Canine melanoma is a
spontaneous, highly aggressive tumor of dogs that metastasizes
readily to the lungs, which is the primary cause of death for
most canine melanoma patients (31, 32). We found that direct
intratumoral injection of SEB and cytokine DNA in dogs in-
duced local antitumor immunity, as evidenced by tumor re-
gression and the development of pronounced infiltration of T
cells and macrophages. Furthermore, local tumor injection
also induced systemic antitumor immunity, as evidenced by
the presence of high levels of antitumor cytotoxic T lympho-
cyte (CTL) activity in the bloodstream of some responding pa-
tients and by the significantly prolonged survival times ob-
served in treated animals with advanced tumors. Despite the
known toxicity of SAgs in dogs, systemic toxicity was not ob-
served in any treated animals.

 

Methods

 

Cloning and expression of SEB, canine GM-CSF, and canine IL-2.

 

The gene for SEB was cloned and expressed in the eukaryotic expres-
sion plasmid PCR3 (Invitrogen Corp., San Diego, CA), as reported
previously (29). The genes for canine GM-CSF and IL-2 were cloned
by PCR from cDNA prepared from normal, mitogen-stimulated ca-
nine PBMC, using primers based on the published canine GM-CSF
and IL-2 sequences (GenBank accession nos. S49738 and D30710, re-
spectively). The genes were cloned into PCR3 and sequenced, and
their biologic activity was confirmed by bioassays (data not shown).

 

Autologous tumor cultures.

 

Primary autologous melanoma cul-
tures were established from pretreatment biopsies obtained from
dogs with oral melanoma. Biopsy tissues were minced and digested
with 0.02% collagenase (Sigma Chemical Co., St. Louis, MO), and
the dissociated cells were seeded in 24-well plates in Eagle’s modified
essential medium supplemented with 10% FBS, pyruvate, nonessen-
tial amino acids, glutamine, and antibiotics. Wells with colonies of tu-
mor cells without contaminating fibroblasts were selected and ex-
panded to establish autologous melanoma lines. Autologous tumor
lines were classified as melanomas based on several criteria, including
morphology, the presence in some tumors of melanin granules, ex-
pression (by immunocytochemistry) of S-100 protein, and by reverse
transcription PCR for expression of melanoma antigen recognized by
T cells (MART-1) mRNA (data not shown).

 

In vitro transfection of melanoma cells.

 

Melanoma cells from four
different canine melanoma primary cultures were transfected with
plasmid DNA encoding either SEB or empty PCR3 vector (mock),
using Lipofectamine (GIBCO BRL, Gaithersburg, MD). After trans-
fection, cells were washed, refed with fresh medium, and cultured for
an additional 48 h. The supernatants were then harvested, and the ad-
herent cells were washed, lysed by three repeated freeze–thaw cycles,
centrifuged, and frozen.

 

Lymphocyte proliferation assay for SEB activity.

 

SAg biological
activity was assessed by measuring the lymphocyte-stimulatory activ-
ity present in supernatants or lysates of transfected melanoma cells,
as described previously except that normal canine PBMC were used
instead of human PBMC (29). Lymphocyte proliferation was assayed
after 72 h in culture, using [

 

3

 

H]thymidine incorporation. Results are
expressed as the mean (

 

�

 

SD) incorporated 

 

3

 

H activity in counts per
minute. Negative controls included mock-transfected tumor cells, and
purified SEB (Toxin Technology, Inc., Sarasota, FL) was used as a
positive control.

 

SEB antigen ELISA.

 

An antigen capture ELISA was used to
quantitate production of SEB protein by in vitro–transfected tumor
cells, as described previously (29). Briefly, supernatants and lysates

from in vitro–transfected canine melanoma cultures (see above) were
diluted and assayed in triplicate. The amount of SEB present was
quantitated by comparison with a standard curve generated with pu-
rified SEB. Data were plotted as the mean (

 

�

 

SD) of triplicate SEB
determinations.

 

DNA and liposome preparation.

 

Plasmid DNA for injection was
prepared by modified alkaline lysis and cesium chloride gradient
centrifugation. The plasmid DNA was resuspended to a final concen-
tration of 1.0 mg/ml in sterile PBS. Liposomes for injection were
prepared by combining equimolar amounts of DOTMA (

 

N

 

-[1-(2,3-
dioleyloxy)propyl]-

 

N

 

,

 

N

 

,

 

N

 

-triethylammonium; Syntex Corp., Palo Alto,
CA) and DOPE (dioleoyl phosphatidylethanolamine; Avanti Polar
Lipids, Inc., Alabaster, AL). The lipids were evaporated to dryness in
a vacuum desiccator, and liposomes were prepared by reconstitution
in sterile PBS to a final concentration of 1.0 mg/ml, followed by soni-
cation for 7 min, as described previously (33). Before injection, equal
volumes of liposomes and plasmid DNA were mixed and allowed to
complex at room temperature for 30 min. At the time of injection, the
liposome/DNA mixture was further diluted in balanced salt solution
to a final volume of 1–2 ml, depending on tumor size.

A second cationic lipid formulation was also used to treat six dogs
in this study because this formulation had shown superior in vivo tu-
mor transfection efficiencies compared with DOTMA/DOPE and
other cationic lipids (Gorman, C., unpublished data). These six dogs
had been unsuccessfully treated initially using DNA complexed to
the DOTMA/DOPE lipids. This second lipid was comprised of
DOTIM (octadecenoyloxy[ethyl-2-heptadecenyl-3-hydroxyethyl] im-
idazolinium chloride) and cholesterol, which was complexed to plas-
mid DNA in a 1:1 ratio (micrograms of DNA to nanomoles of lipo-
some) (34).

 

Immunohistochemical analysis of SEB gene expression in tumor
biopsies.

 

Pretreatment and 48 h postinjection tumor biopsies were
obtained from five different canine patients with melanoma. Tumor
biopsies were snap frozen and cryosectioned to a thickness of 4.0 

 

�

 

m.
An SEB-specific affinity-purified rabbit antiserum (Toxin Technol-
ogy, Inc.) was used for detection of SEB expression. Controls in-
cluded posttreatment tumor biopsies reacted with an irrelevant rabbit
antiserum and pretreatment tumor biopsies reacted with anti-SEB
antisera. Tissue sections were fixed in acetone, then incubated with
appropriately diluted primary antisera followed by biotinylated goat
anti–rabbit antiserum (Kirkegaard & Perry Laboratories, Inc., Gai-
thersburg, MD), followed by avidin-biotin–horseradish peroxidase
complex (Vector Laboratories, Inc., Burlingame, CA). Slides were
developed using diaminobenzidine as a substrate, then were lightly
counterstained with hematoxylin and coverslipped.

 

Immunocytochemical analysis of tumor-infiltrating leukocytes.

 

A
panel of mAbs developed against canine leukocyte antigens, includ-
ing anti–canine CD4, anti–canine CD8 (

 

�

 

 chain), anti–canine CD11b,
and anti–canine CD11c (provided by Dr. Peter Moore, Leukocyte
Antigen Biology Laboratory, University of California, Davis) was
used to identify tumor-infiltrating leukocytes in tumor biopsies (35).
Biopsies were processed and immunostained essentially as described
for detection of SEB expression, with the substitution of a biotinyl-
ated anti–mouse IgG reagent for the anti–rabbit secondary antibody.

 

CTL assays.

 

Fresh PBMC were obtained from dogs at various
times during treatment and were restimulated in vitro for 6 d with ir-
radiated (6,000 rads) autologous tumor cells at a ratio of 40:1 in 12-
well plates. On day 2 in culture, recombinant human IL-2 was added
to a final concentration of 0.5 ng/ml. For CTL assay, decreasing num-
bers of effector cells, beginning at an E/T ratio of 50:1, were added in
100 

 

�

 

l media to duplicate wells of Linbro plates. Tumor target cells
were labeled with 

 

51

 

Na-chromate (New England Nuclear, Medford,
MA) at 37

 

�

 

C for 1.5 h, and 5 

 

�

 

 10

 

3

 

 target cells were added per well.
The plates were incubated at 37

 

�

 

C for 4 h, and Cr release in superna-
tants was quantitated by 

 

�

 

 counter. The percentage of specific lysis
was determined according to the following formula: [(observed re-
lease 

 

�

 

 spontaneous release)/(spontaneous release 

 

�

 

 maximal re-
lease)] 

 

�

 

 100. CTL assays were done using both autologous mela-



 

2408

 

Dow et al.

 

noma target cells and allogeneic canine melanoma target cells to
assess the MHC specificity of target cell killing. The data presented
are representative of at least two CTL assays per patient. Canine mel-
anoma lines resistant to T cell cytotoxicity were not observed (data
not shown).

 

PBMC proliferative responses to purified SEB protein.

 

The abil-
ity of PBMC from SEB-treated and control dogs to proliferate to 500
ng/ml purified SEB was assessed using a thymidine incorporation as-
say as described above for detection of SEB activity in transfected
cells. Results were expressed as stimulation indices, which were cal-
culated from the mean incorporated 

 

3

 

H activity (in cpm) of wells with
and without SEB, according to the following formula: stimulation in-
dex 

 

� 

 

(SEB-stimulated proliferation 

 

�

 

 background proliferation)/
background proliferation.

 

SEB antibody ELISA.

 

Antibodies to SEB were assayed in the
serum of treated and control dogs using an ELISA assay. Briefly, im-
munoassay plates (Immunolon; Dynatech Laboratories, Inc., Chan-
tilly, VA) were coated with purified anti-SEB mAb (kindly provided
by Dr. John Kappler, National Jewish Medical and Research Center),
blocked with nonfat dry milk, and incubated with 100 ng/ml purified
SEB protein, then dog serum samples diluted 1:1,000 in PBS were
added, followed by goat anti–dog IgG (Kirkegaard & Perry Labora-
tories, Inc.) and then streptavidin–horseradish peroxidase (Zymed
Laboratories, Inc., South San Francisco, CA); the plates were then
developed by addition of 2,2

 

�

 

-azinobis-(3-ethylbenzthiazoline-6-sul-
fonate) substrate, and OD was determined by an automated ELISA
reader. Serum from 8 treated animals and 10 control dogs was evalu-
ated for detection of anti-SEB antibodies.

 

Treatment and monitoring of dogs.

 

Dogs entered into the study
had histologic confirmation of melanoma; the tumors were staged by
a veterinary oncologist, and the dogs were determined to be free of
severe underlying systemic illnesses. During the study, dogs did not
receive radiation or chemotherapy or any form of potentially immu-
nosuppressive medication. The study protocol was approved by the
Institutional Animal Care and Use Committee; the dogs’ owners
were advised of the experimental nature of the treatment, and all
owners granted written informed consent to treat. During treatment,
dogs were monitored for changes in attitude, appetite, body tempera-
ture, body weight, and tumor appearance. Body temperature was
monitored daily for the first 72 h after the first injection. Complete
blood counts and serum biochemical analyses were done for each dog
once monthly during the initial 12 wk of the study. Tumor responses
were measured by sequential photography and measurement of tu-
mor dimensions. Tumor responses were classified as PD (progressive
disease; 

 

� 

 

50% increase in tumor size), SD (stable disease; 

 

� 

 

50% in-
crease in tumor size), PR (partial remission; 

 

� 

 

50% reduction in tu-
mor size), or CR (complete remission; tumor no longer detectable).
Thoracic radiographs were done before treatment and at 6 and 12 wk
of the study, and at longer intervals in long-term surviving animals.

The trial was designed as an initial 12-wk study, with animals
treated every 2 wk by direct intratumoral injection of plasmid DNA
complexed to cationic liposomes. Two different doses of plasmid
DNA were injected, based on tumor size: 400 

 

�

 

g total plasmid DNA
was injected for tumors 

 

�

 

 18 cm

 

3

 

, 800 

 

�

 

g total plasmid DNA for tu-
mors 

 

�

 

 18 cm

 

3

 

. Equal amounts of SEB and GM-CSF (or IL-2) plas-
mid DNA were mixed and injected together. These doses were found
to be nontoxic in preliminary dose escalation studies done in two
dogs (data not shown). At each treatment, dogs were anesthetized
briefly with a short-acting anesthetic. The tumor was injected in mul-
tiple sites (both intratumoral and peritumoral) using a syringe and 25-
gauge needle. In addition, when possible, the nearest tumor-draining
lymph node was also injected. For all animals whose tumors under-
went partial regression or in those where tumor size remained stable
during the 12-wk induction trial, additional follow-up treatment was
administered at the same DNA dose but given at once-monthly inter-
vals. Treatments were continued until complete remission was
achieved, at which time DNA injections ceased. Animals with pro-
gressive tumors were killed humanely.

 

Statistical analysis.

 

Survival times between control and treated
stage III melanoma dogs were compared by both log-rank analysis
and Wilcoxon tests. Significant differences were established for

 

 P 

 

�

 

0.05.

 

Results

 

Melanoma cells transfected with SEB in vitro produce biologi-
cally active SEB protein intracellularly and extracellularly.

 

Four different canine melanoma cell lines were transfected in
vitro with plasmid DNA encoding either SEB or noncoding
plasmid (empty vector). Both supernatants and cell lysates
harvested 48 h after transfection contained SEB protein, as de-
tected by SEB-specific ELISA (Fig. 1 

 

A

 

). SEB could be de-
tected in both supernatants and lysates of all four transfected
melanoma lines, but the amount of SEB produced by different
melanoma lines varied widely, despite being transfected with
an equivalent amount of plasmid DNA on a per cell basis (Fig.
1). This variability may have resulted from cell-specific differ-
ences in transfection efficiency, or from differences in the abil-
ity of different melanoma cells to produce and export SAgs.

The SEB produced by transfected melanoma cells was also
biologically active, as evidenced by the strong proliferative re-
sponse of normal canine lymphocytes to both supernatants
and lysates from SEB-transfected cells (Fig. 1 

 

B

 

). After lipo-
some-mediated transfection in vitro, between 1 and 10% of
cells expressed SEB antigen, depending on the particular cell

Figure 1. Production of biologically active 
SEB by melanoma cells transfected in 
vitro. Four canine melanoma cell lines
established from four dogs in this study 
(identified as BS, HO, SS, and SW) were 
transfected in triplicate in vitro for 48 h 
with plasmid DNA encoding SEB or with 
an empty vector (Mock). Supernatants and 
cell lysates were harvested, and the SEB 
concentration was quantitated by antigen 
ELISA. The mean (�SD) SEB concentra-
tion in supernatants (white bars) and cell 
lysates (black bars) for each cell line were 
plotted (A). Supernatants (white bars) and 

lysates (black bars) were also assayed for lymphocyte proliferative activity, using normal canine PBMC (B). After 3 d, the lymphocyte prolifera-
tive response was determined by [3H]thymidine incorporation, as described in Methods. Data are expressed as mean 3H incorporation�SD. 
These data are representative of results obtained from three separate experiments.
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line (data not shown). From these data, it was estimated that
individual transfected melanoma cells produced between 5.0
and 10.0 fg SEB both intracellularly and extracellularly. This
SEB concentration was within the response range (1.0–10.0
fg/ml) of human and canine T cells (data not shown). Thus,
even modest transfection efficiencies in vivo could theoreti-
cally generate local concentrations of SEB sufficient to trigger
activation and proliferation of tumor-infiltrating lymphocytes.

 

SEB expression in melanoma tissues after in vivo transfec-
tion.

 

SEB expression was detected in three of five tumor spec-
imens after a single SEB DNA injection. Expression was fo-
cally intense in some regions of the tumor, and most of the
expressed SEB appeared to be intracellular (Fig. 2, 

 

a 

 

and 

 

b

 

).
Although the exact identity of the SEB-positive cells was not
determined, it is likely that at least some tumor cells were pro-
ducing SEB. SEB immunoreactivity was not observed in post-
treatment specimens stained with an irrelevant rabbit antise-
rum (anti-CAT; Fig. 2 

 

c

 

), and SEB antiserum did not stain
pretreatment specimens (data not shown). The duration of
SEB gene expression was not assessed in these studies, but
based on data from other experiments, expression is unlikely
to last more than several days in vivo.

 

2

 

Direct intratumoral injection of SEB DNA induces T cell
and macrophage infiltration.

 

Pretreatment and 5–7 d postin-
jection biopsies were obtained from tumors injected either
with SEB and GM-CSF DNA, or with empty vector DNA.
Each specimen was immunostained with antibodies to CD4,
CD8, and CD11c to characterize the magnitude of the T cell
and macrophage infiltrate. After histological examination, the
inflammatory infiltrate in each specimen was assigned a semi-
quantitative score of 0 to 

 

�

 

4 (no inflammation to severe in-

Figure 2. SEB gene ex-
pression in tumor tis-
sues after direct DNA 
injection. Biopsies were 
obtained from melano-
mas before treatment 
and again 48 h after a 
single intratumoral in-
jection of SEB plasmid 
DNA complexed to a 
cationic lipid. Tumor 
sections were immu-
nostained with affinity-
purified rabbit
antiserum to SEB and 
counterstained with he-
matoxylin, as described 
in Methods. Cells posi-
tive for SEB protein 
(brown-black) were fo-
cally numerous at sev-
eral locations through-
out the tumor (a). At 
higher magnification, 
intracellular staining 
for SEB was observed 
in several positive cells 
within tumor tissues (b). 
SEB-injected tissues did 
not react with irrelevant 
rabbit antiserum (c), 

and pretreatment tumor specimens gave minimal background stain-
ing with anti-SEB antiserum (data not shown). a and c, �100; b, 
�200.

Figure 3. Cellular inflammatory response to intratumoral 
DNA injections. Immunohistochemistry was used to char-
acterize and compare the intratumoral cellular inflam-
matory response to direct injection of either SEB plus 
GM-CSF plasmid DNA (seven biopsies) or empty vector 
DNA (five biopsies), complexed to cationic liposomes. 
Tumor biopsies were obtained before injection (seven bi-
opsies) and 5–7 d after injection and immunostained with 
mAbs to canine CD4, CD8, and CD11c. Few CD4� or 
CD8� T cells were observed in pretreatment melanoma 
biopsies (a and b), although CD11c� cells (macrophages) 
were relatively numerous in untreated tumors (data not 
shown). An increase in CD4� T cells was observed in tu-
mors injected with empty vector DNA (c), whereas CD8� 
T cells remained sparse (d). After injection of SEB and 
GM-CSF DNA, a diffuse infiltrate of CD4� T cells (e) 
was observed in most biopsies, along with a large increase 
in CD8� T cells (f) and Cd11c� cells (not shown). a–f, 
�165.
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flammation) in order to compare the effects of injecting empty
vector DNA and injecting SEB plus GM-CSF DNA.

Pretreatment biopsies from seven different dogs contained
only occasional CD4

 

�

 

 or CD8

 

�

 

 T cells (Fig. 3, 

 

a 

 

and 

 

b

 

), al-
though Cd11c

 

�

 

 cells (macrophages) were more numerous
(mean inflammation scores 

 

� 

 

1.0, 1.0, and 2.0, respectively). In
tumors injected with liposome-complexed empty vector DNA
(five biopsies), the number of CD4

 

� T cells was increased rel-
ative to pretreatment biopsies (Fig. 3 c), whereas there was lit-
tle change in the number of CD8� T cells (Fig. 3 d) or macro-
phages (mean inflammation scores � 1.8, 1.2, and 2.4,
respectively). Intratumoral injection of SEB and GM-CSF
DNA induced a pronounced increase in T cells and macro-
phages in most injected tumors (nine biopsies) (Fig. 3, e and f),
with mean inflammation scores of 2.4, 2.6, and 3.6, respec-
tively. Thus, whereas intratumoral injection of empty vector
DNA induced mild inflammatory responses (largely consisting
of CD4� T cells), injection of SEB plus GM-CSF DNA in-
duced much stronger inflammatory responses, particularly
among CD8� T cells and macrophages.

Tumor regression. Tumor regression was documented by
serial photography in three dogs with oral melanoma. Dog 1
had a stage I melanoma on the lower mandible (Fig. 4). After
two DNA injections (week 4), the tumor increased in size but
had also begun to depigment. By week 8, the tumor had re-
gressed completely and did not recur locally or distantly. The
tumor site was examined histologically and was free of tumor
cells when the dog died of an unrelated malignancy (hepato-
cellular carcinoma). Dog 2 presented with a stage III mela-
noma of the mandible with metastasis to the submandibular
lymph node. After three DNA injections (week 6), the tumor
had decreased � 60% in size; it regressed completely by week
12, at which time cytological examination of the submandibu-
lar lymph node revealed that it was free of tumor cells, as was
the site of the primary tumor. Dog 3 had a stage III melanoma
on the lateral maxilla before treatment with SEB plus GM-
CSF. A treatment response did not occur until 3 mo after com-
pletion of the 12-wk treatment trial in this patient, when com-
plete remission was observed at 28 wk.

Local tumor injection induces systemic antitumor CTL ac-
tivity. Antitumor CTL activity correlates with melanoma re-
gression in both human patients and experimental murine
models (36, 37). Therefore, antitumor CTL responses were as-
sessed in three dogs whose melanomas had either undergone
complete remission (Fig. 5, top left and top right) or partial re-
mission (Fig. 5, top middle), and in three dogs whose tumors
were growing progressively (Fig. 5, bottom). In the three dogs
with regressing tumors, high levels of antitumor CTL activity
were detected in PBMC (Fig. 5, top). Furthermore, in the dogs
that achieved complete remission, high CTL activity was sus-
tained for at least 3 mo after the completion of treatment (data
not shown). The CTL activity was restricted to autologous tu-
mor cells, as there was minimal lysis of allogeneic melanoma
target cells (Fig. 5, top). By contrast, three dogs with progres-
sively growing tumors had minimal CTL reactivity against au-
tologous tumor cells (Fig. 5, bottom). Thus, at least in this
small group of animals, the presence of high antitumor CTL
activity in PBMC correlated with tumor regression. The tem-
poral appearance of CTL activity was also examined in one
dog (Fig. 6). This dog was treated initially with GM-CSF only
for 12 wk, then switched to a combination of SEB plus GM-
CSF. Before treatment with the gene combination, there was

no detectable CTL reactivity against the autologous tumor.
After the second injection of SEB plus GM-CSF DNA (week
4), CTL activity could be detected, and the level of activity in-
creased further by week 10 (Fig. 6). Tumor regression was first
apparent beginning on week 8. Thus, CTL activity increased
with time of treatment and correlated temporally with an ob-
jective tumor response.

PBMC proliferative responses to SEB. In mice, systemic
administration of bacterial SAg proteins may induce deletion
and/or anergy of SAg-responsive T cells (21, 38). To assess the
impact of repeated injections of SEB DNA on T cell respon-
siveness to SEB, the proliferative response of canine T cells to
purified SEB protein was assessed in vitro, using PBMC ob-
tained from four dogs given at least six injections of SEB plus
GM-CSF DNA and from four untreated, age-matched control
dogs. The mean stimulation index of treated and control ani-
mals was not significantly different, indicating that local intra-
tumoral expression of SEB did not lead to detectable deletion
or anergy of SEB-reactive circulating T cells (data not shown).

Clinical responses to treatment. 22 dogs with malignant
melanoma were treated with the combination of SEB plus

Figure 4. Tumor regression after intratumoral injection. Sequential 
photographs were used to document tumor regression in three dogs 
undergoing treatment with SEB and GM-CSF DNA injections. Ar-
rows, Pretreatment tumor dimensions. Dog 1 had a stage I melanoma 
on the lower mandible (a). After two DNA injections (week 4), the 
tumor had increased in size but had also begun to depigment. By 
week 8, the tumor had regressed completely and did not recur locally 
or distantly (b). Dog 2 had a stage III melanoma of the rostral mandi-
ble with metastasis to the submandibular lymph node (c). After three 
DNA injections (week 6), the tumor had decreased � 60% in size. 
Tumor regression was complete by week 12 (d). Dog 3 had a stage III 
melanoma on the lateral maxilla (e). A treatment response did not 
occur until 3 mo after initiating treatment in this patient, at which 
time complete regression occurred (f).
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GM-CSF DNA (Table I). 20 dogs had primary oral malignant
melanoma, and 2 had limb lymph node metastasis from digital
melanomas. There were 2 dogs with stage IV disease (primary
tumor plus radiographically visible lung metastases), 12 pa-
tients with stage III tumors (primary tumor 4.0 cm or greater
in the longest dimension, plus lymph node spread), 5 dogs with
stage II tumors (tumor 2.0–4.0 cm, lymph nodes not involved),
and 3 dogs with stage I tumors (tumors � 2.0 cm) (32). Of the
22 dogs enrolled, 16 survived to complete the 12-wk initial
treatment trial. All but one of the six dogs that did not com-
plete the 12-wk initial trial had very advanced disease (stage
III or IV), and all six died within 10 wk of entering the study.

The overall response rate (complete or partial remission)
for all 22 dogs enrolled in this study was 41% (Table I). All 3
dogs with stage I disease had a treatment response (partial or
complete remission), whereas 60% (3 of 5) with stage II dis-
ease responded, and 33% (4 of 12) with stage III disease re-
sponded. Neither of the two dogs with stage IV disease re-
sponded to treatment. Five dogs were treated initially with
single gene therapy (three with SEB alone and two with GM-
CSF alone), but none responded, and all were switched to
combination gene therapy.

In responding animals, a decrease in tumor size usually oc-
curred within 10 wk (mean 7 wk) of the initiation of treatment.
One dog had a delayed response, with no tumor regression ob-
served until 2 mo after treatment. Tumor necrosis or evidence
of immediate tumor cytotoxicity as a result of DNA injection
was not observed in any treated patients. Tumor depigmenta-

Figure 5. CTL activity in 
animals with regressing 
melanomas compared 
with animals with pro-
gressively growing tu-
mors. The antitumor CTL 
activity in peripheral 
blood lymphocytes of re-
sponding animals (top) 
was compared with that 
of animals with progres-
sively growing tumors 
(bottom), using primary 
autologous melanoma 
cell lines. CTL activity 
was quantitated in PBMC 
of two dogs whose tumors 
had undergone complete 
remission (top right and 
top left) and one dog 
whose tumor had under-
gone partial remission 
(top middle) after treat-
ment with SEB plus
GM-CSF DNA injection. 
CTL activity was also 
quantitated in one ani-
mal with a rapidly grow-

ing tumor before treatment with SEB and GM-CSF (bottom left) and in two animals with progressively growing tumors that were unresponsive 
to intratumoral DNA injections (bottom middle and bottom right). Patient PBMC (effectors) were restimulated with irradiated autologous mel-
anoma cells for 6 d, then assayed for cytotoxicity against autologous (filled circles) and allogeneic (open squares) 51Cr-labeled melanoma target 
cells, using a 4-h 51Cr release assay as described in Methods. Data is presented as percentage of specific lysis at decreasing E/T ratios. These as-
says were repeated at least once for each patient, with similar results.

tion occurred in one tumor during tumor regression (Fig. 4),
but evidence of cutaneous depigmentation in normal tissues
was not observed in any treated dogs. None of the dogs with
complete remission of their primary tumors had local recur-
rence. Tumor size was a major determinant of tumor responses
in this study. The response rate for stage I and II tumors was
100 and 60%, respectively, whereas the response rate was 33%
for stage III tumors and 0% for stage IV tumors (Table I).

Four dogs with stage III melanoma were treated with SEB
plus canine IL-2 DNA in a pilot study that followed the origi-
nal SEB plus GM-CSF study. This second pilot study was initi-
ated based on data from experimental tumor studies in mice
that indicated a significant augmentation of the SAg antitumor
effect by coinjection of SAg plus IL-2.2 There was a 75% tu-
mor response rate (three of four dogs with complete tumor re-
missions) at 12 wk in dogs treated with SEB plus IL-2. The
nonresponding dog was killed at 5 mo after entry. One re-
sponding dog was killed due to lung metastases at 6 mo after
treatment, while another responding dog died of an unrelated
disease at 15 mo after treatment (on complete necropsy, there
was no detectable melanoma). The fourth responding dog re-
mained tumor-free at 18 mo after treatment.

Treatment-related toxicity was minimal in dogs in this
study, and fever was not observed at any time in any patient.
One dog developed transient peritumoral edema after injec-
tion on two separate occasions, and a second patient experi-
enced two separate episodes of transient anorexia (24 h dura-
tion). There were no significant changes in complete blood
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counts or serum biochemical parameters during or at the com-
pletion of the study in dogs treated with either liposome and
DNA formulation (data not shown). Thus, local expression of
an SAg gene did not induce systemic toxicity or organ dysfunc-
tion in any treated patients, despite that fact that dogs are fully
susceptible to the adverse effects of SAgs administered sys-
temically (39, 40).

Survival times. A previous study of dogs with malignant
melanoma found that stage III melanoma patients treated by
surgery alone (excision of the primary tumor and any affected
lymph nodes) developed metastatic disease and did not sur-
vive beyond 22 wk, with a median survival time of 15 wk (41).
By contrast, survival times for stage III melanoma dogs in this
study treated by intratumoral injection of SEB plus GM-CSF
were prolonged significantly (P � 0.02) compared with the his-
torical control patients (Fig. 7). Five dogs survived to 56 wk,
and four dogs survived to at least 90 wk after treatment (Fig.
7). The median survival time for nine stage III dogs that sur-
vived to complete the 12-wk induction phase of treatment was
66 wk. Thus, local intratumoral immunotherapy increased sur-
vival times significantly, presumably as a consequence of gen-
erating systemic antitumor immunity sufficient to eradicate
pulmonary micrometastases. 11 of 16 dogs (all tumor stages)
that survived beyond the first 12 wk of treatment eventually
died (Table I). However, not all dogs died of melanoma: three
died of unrelated diseases (no evidence of local or metastatic
melanoma at necropsy), whereas eight died from melanoma
metastases to the lungs.

Detection of antibodies to SEB. Serum of 10 untreated con-
trol dogs and 8 dogs treated with the combination of SEB plus
GM-CSF–direct DNA injection was assayed for IgG antibod-
ies to SEB. Serum was obtained from treated patients at time
points from 10 to 20 wk after entry into the study. Antibodies
to SEB were not detected in the serum of any untreated con-
trol animals (data not shown). Antibodies to SEB were

Table I. Clinical Response and Survival Data from 22 Dogs 
with Melanoma Treated by Direct Intratumoral Injection of 
SEB plus GM-CSF DNA

Tumor stage No. of patients Response
Median
survival

Mean
survival

% wk wk

I 3 100 61 61
II 5 60 57 47
III 12 33 24 42
IV 2 0 ND 7

Canine melanoma patients were staged according to World Health Or-
ganization guidelines for tumors of domestic animals, using the TNM
system (32). Stage I tumors measured � 2 cm in their greatest dimen-
sion; stage II tumors measured between 2 and 4 cm in greatest dimen-
sion; stage III tumors measured � 4 cm in greatest dimension, and/or
lymph node metastasis was present; dogs with stage IV tumors had ra-
diographically detectable lung metastases. Animals were treated with
twice-monthly injections of equal amounts of SEB and GM-CSF DNA
complexed to a cationic lipid, as described in Methods. The primary tu-
mor was measured twice monthly for 12 wk, then monthly thereafter. A
positive treatment response was recorded for any animal whose tumor
underwent either complete or partial (� 50% reduction in tumor vol-
ume) remission during or after treatment. ND, Not done.

Figure 6. Development of increasing CTL activity over time after di-
rect intratumoral treatment. CTL activity was evaluated sequentially 
in a dog with malignant melanoma treated by intratumoral SEB plus 
GM-CSF DNA injections. At the start of treatment, the tumor was 
growing progressively, and CTL activity was minimal (squares). After 
4 wk of treatment with SEB plus GM-CSF DNA, CTL activity could 
be detected in PBMC (triangles), and the level of CTL activity in-
creased further by week 10 of treatment (circles), at which time par-
tial tumor regression had occurred.

Figure 7. Survival times in dogs with stage III melanoma: surgically 
treated controls versus intratumoral gene therapy patients. Survival 
times for eight control dogs (circles) with stage III melanoma that had 
been treated by complete surgical excision of the primary tumor and 
lymph node metastases (reference 41; data used with permission of 
Dr. E.G. MacEwen, University of Wisconsin) were plotted, together 
with survival times for 12 dogs (diamonds) with stage III melanoma 
that were treated only with intratumoral injections of SEB plus
GM-CSF DNA. The survival time for SEB plus GM-CSF DNA–
treated dogs was significantly (P � 0.02) longer than for control dogs. 
Four of the gene-treated dogs remained alive at 90 wk after treat-
ment, whereas all control dogs treated with surgery alone were 
dead by 21 wk.
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present in the serum of four of eight treated animals, in titers
that ranged from 1:4,000 to 1:512,000. The presence of an SEB-
specific response was confirmed in these patients by Western
blotting (data not shown).

Discussion

We found in this study that intratumoral expression of an SAg
gene and a cytokine gene induced both local and systemic anti-
tumor immune responses against established, spontaneously
arising malignant melanomas. Development of local antitumor
immunity was demonstrated by intratumoral infiltration of T
cells and macrophages and by tumor regression, whereas de-
velopment of systemic antitumor immunity was evidenced by
CTL activity in peripheral blood lymphocytes and by signifi-
cantly increased survival times. These results are important in-
asmuch as they are to our knowledge the first demonstration
of the ability of local intratumoral gene therapy in a spontane-
ous tumor model to induce complete and sustained local re-
gression of large tumor burdens, as well as to generate signifi-
cantly prolonged, disease-free survival times.

The effectiveness of this approach to tumor immunother-
apy may depend to a large degree on the strong T cell–stimula-
tory properties of bacterial SAgs. The primary role of the coin-
jected cytokine gene is probably to modify and/or enhance the
effects induced by the SAg gene. The GM-CSF gene was used
together with the SEB gene in this study based on the ability of
GM-CSF to stimulate macrophages and dendritic cells and to
enhance antigen presentation to T cells (1, 5). The IL-2 gene,
when coexpressed locally with an SAg, may act to increase the
local survival and function of tumor-infiltrating lymphocytes
attracted and activated in situ by the locally expressed SAg.
This cytokine enhancement has been observed in experimen-
tal tumor studies in mice when the IL-2 gene was combined
with the SAg gene.2 In addition, repeated injections may also
be important to generate sufficient T cell activation to regress
large tumor burdens, particularly in light of recent studies by
Speiser et al. (18), who found that multiple immunizations
were necessary to overcome the state of partial tolerance that
develops to tumor antigens in animals with established autolo-
gous tumors.

Intratumoral expression of SEB DNA did not induce clini-
cally important toxicity in treated dogs. Thus, the local concen-
trations of SEB produced in tumor tissues were too low to in-
duce systemic toxicity, but were sufficient to induce local T cell
migration and activation. Furthermore, abnormalities ostensi-
bly linked to the chronic effects of SAgs (e.g., immune-medi-
ated diseases) have not been observed in any treated dogs dur-
ing observation periods of up to 2 yr. Systemic administration
of SAg proteins to mice may induce T cell deletion and/or an-
ergy (21, 38). However, McCormack et al. (42) demonstrated
that coadministration of a specific antigen along with a bacte-
rial SAg rescued the antigen-responsive T cells from SAg-
induced deletion. Thus, tumor-specific T cells infiltrating into
tumor tissues may be resistant to SAg-induced deletion in
vivo. Furthermore, peripheral deletion and/or anergy of SEB-
reactive T cells were not observed in treated dogs.

Bacterial DNA is immunogenic in animals, and studies
have demonstrated a nonspecific antitumor effect from intra-
tumoral injections of noncoding plasmid DNA complexed to a
cationic lipid (43, 44). Nonetheless, studies in mice have indi-
cated that intratumoral injections of SAg and cytokine DNA

were significantly more effective than empty vector alone
against established melanomas.2 In addition, immunohisto-
chemical analysis of DNA-injected canine tumors revealed a
more pronounced CD8� T cell and macrophage infiltrate in
tumors injected with SEB plus GM-CSF compared with tu-
mors injected only with empty vector DNA (Fig. 3).

Like melanoma in humans, the prognosis for canine mela-
noma correlates directly with tumor stage, and melanoma in
dogs is refractory to chemotherapy and irradiation and also
does not respond well to treatment with conventional biologi-
cal response modifiers such as Mycobacterium bovis BCG or
Corynebacterium parvum extracts (31, 32, 41). Survival time is
an important measure of the efficacy of immunotherapeutics
for melanoma, since most melanoma patients ultimately die of
metastatic disease. Thus, it is noteworthy that survival times
for SAg plus cytokine–treated dogs with stage III melanoma
were significantly longer than those of historical control ani-
mals. Furthermore, the SAg-cytokine–treated group also in-
cluded a number of long-term surviving animals (Fig. 8).
Given the more rapid progression of canine melanoma and the
shorter life-span of dogs relative to humans, these results as-
sume added significance. Lipid-mediated DNA delivery may
also be used to target metastatic tumors in noncutaneous sites
such as the lung and liver. Studies are currently under way to
evaluate the effectiveness of these alternative DNA-targeting
approaches for metastatic cancer.
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