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ABSTRACT The immune system confers protection
against a variety of pathogens and contributes to the surveil-
lance and destruction of neoplastic cells. Several cell types
participate in the recognition and Iysis of tumors, and appro-
priate immune stimulation provides therapeutic effects in
malignancy. Foreign major histocompatibility complex (MHC)
proteins also serve as a potent stimulus to the immune system.
In this report, a foreign MHC gene was introduced directly into
malignant tumors in vivo in an effort to stimulate tumor
rejection. In contrast to previous attempts to induce tumor
immunity by cell-mediated gene transfer, the recombinant gene
was introduced directly into tumors in vivo. Expression of the
murine class I H-2K' gene within the CT26 mouse colon
adenocarcinoma (H-2K") or the MCA 106 flbrosarcoma (H-
2Kb) induced a cytotoxic T-cell response to H-2KS and, more
importantly, to other antigens present on unmodified tumor
cells. This immune response attenuated tumor growth and
caused complete tumor regression in many cases. Direct gene
transfer in vivo can therefore induce cell-mediated immunity
against specific gene products, which provides an immunother-
apeutic effect for malignancy, and potentially can be applied to
the treatment of cancer and infectious diseases in man.

The immune system has demonstrated the potential to play a
protective role in malignancy, but the vast majority of
malignancies arise in immunocompetent hosts. This obser-
vation suggests that tumor cells escape normal host defenses,
and appropriate immune stimulation may provide therapeutic
effects (1-25). Several approaches have been used previously
to augment the naturally occurring immune response to
malignancies. These include the stimulation of cytotoxic T
cells that demonstrate class I major histocompatibility com-
plex (MHC)-restricted lysis (5); tumor-infiltrating lympho-
cytes, which selectively lyse the tumor from which they were
derived (6-8); natural killer cells (9, 10); and macrophages. In
animal studies and human trials, attempts have been made to
bolster the immune response by tumor immunization (11),
administration ofcytokines (12), or infusion oflymphoid cells
sensitized to tumor-associated antigens (12-14). Others have
attempted to introduce new antigens into tumor cells by drug
treatment or virus infection (15-17). In addition, the expres-
sion of cytokine genes by genetically modified tumor cells
induces an antitumor effect (18-22), mediated by lympho-
cytes or other inflammatory cells. Despite considerable prog-
ress, many cancers remain unresponsive to immunotherapy
or other treatments.
Immunotherapy by gene transfer has traditionally relied

upon genetic modification of cells in vitro and cell-mediated
introduction of recombinant genes in vivo. Because this
approach requires establishment of cells in tissue culture and
clonal selection in vitro, its application to tumors in vivo and

its adaptation to common clinical practice have remained
difficult. The introduction ofrecombinant genes directly into
malignant tumors in vivo could eliminate the need to establish
cell lines from each patient in the laboratory and could
minimize delays in the time to treatment. This advance
facilitates application to human disease and will allow further
insight into the mechanisms of immunosurveillance in vivo.
We now report a method to induce tumor regression by
transfer and expression of a recombinant gene directly in
tumors in vivo.

MATERIALS AND METHODS
Vector Production and Analysis. The Moloney murine

leukemia virus-derived retroviral vector pLJ (26) was mod-
ified by insertion of a 1400-base-pair (bp) EcoRI cDNA
fragment encoding H-2Ks provided by Larry Pease (Mayo
Clinic, Rochester, MN) at the BamHI cloning site by blunt-
end ligation. The pLJ-H-2Ks plasmid was modified to pro-
duce an RNA transcript analogous to that of the retroviral
vector, but the 3' long terminal repeat and polyoma virus
sequence were removed. This vector, designated pLTS-Ks,
was prepared by digestion of pLJ-H-2Ks with Nhe I and
treatment with the Klenow fragment, followed by ligation of
a Bgl II-BamHI fragment from Rous sarcoma virus j-globin
DNA that had also been treated with the Klenow fragment.
This modification results in replacement of the 3' long
terminal repeat and polyoma region with a fragment contain-
ing the 3' untranslated and polyadenylylation sequences of
the simian virus 40 early gene region. An in-frame deletion
mutant of pLTS-Ks, pLTS-Ks(del-1-205) was prepared by
digestion with Apa I, and incubation with phage T4 DNA
polymerase with dNTPs, followed by religation; this re-
moved nucleotides 63-679, which encode the a, and a2
domains of the class I MHC protein.
The pLJ-H-2Ks expression vector was introduced into the

ecotropic Moloney murine leukemia virus producer cell line
&CRE (27) by calcium phosphate transfection, and helper
virus-free subclones producing viral titers of 10s G418-
resistant colonies per ml were isolated. The murine colon
adenocarcinoma line CT26 was infected with the OCRE-H-
2Ks virus, and G418-resistant cells were analyzed by fluo-
rescence-activated cell sorting in vivo.
To introduce retroviral or DNA liposome vectors, tumor

capsules (0.5- to 1-cm diameter) were exposed surgically, and
multiple needle injections (2-10) were delivered to the pa-
renchyma. With ,B-galactosidase reporter plasmids, recom-
binant gene expression could be readily detected after intra-
tumor injection of DNA-liposome complexes (28) or retro-
viral vectors and was estimated to be "'0.1-1% at the sites of
injection (data not shown). Genomic DNA was isolated 2
weeks after intratumor injection. Primers with the sequence
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GACACGGAGTTCGTGCGCTTCGACAGCGAC (sense)
and CGCCCTCTAGGTAGGCCCTGAATCTCTCTG (an-
tisense) were used, which generated a 400-bp fragment when
using a 72°C extension for 2 min and a 94°C melting step for
1 min for 35 cycles. The sensitivity of this method as
determined by dilutional analysis is estimated to be between
1 copy per 103-105 genomes (29). CT26 and CT26 H-2Ks cell
lines were maintained in vitro and served as negative and
positive controls, respectively.

Cytolytic T-Cell Assay. Lymphocytes were incubated in a
cytolytic assay with radiolabeled (51Cr) CT26 or CT26 H-2Ks
target cells at the indicated ratios for 4 hr at 37°C (see Fig. 2
A-D) as described (30). Specific lysis is defined as [(experi-
mental - spontaneous cpm/(total - spontaneous cpm)] x
100. Antibodies to cell-surface glycoproteins to inhibit cytol-
ysis were incubated at effector-to-target ratios of 25:1 (see Fig.
2E).

Transduction of Tumors in Vivo. Tumors were surgically
exposed and injected several times (2-10) with 0.2 ml of the
indicated vector. Retroviral vectors were concentrated 200-
fold by centrifugation (4-8 x 106 plaque-forming units/ml)
and mixed with polybrene prior to injection (31). DNA-
liposome complexes were prepared by addition of H-2Ks or
,3-galactosidase reporter plasmid DNA (1 ug) into 0.2 ml of
lactated Ringer's solution, followed by addition of 15 nmol of
3,B-[N-(N', N'-dimethylamino-ethane)carbamoyl]cholesterol
liposome (28) and incubation at room temperature for 30 min
prior to injection. Tumor diameter was measured in two
perpendicular dimensions with calipers.

RESULTS
We have adapted previous methods with DNA-liposome
complexes or retroviral vectors that deliver recombinant
genes to specific sites in vivo (31). To express an allogeneic
MHC antigen in poorly immunogenic transplantable tumors,
CT26 (19, 32) and MCA 106 (11), a retroviral vector that
encodes the product ofH-2Ks gene was prepared. CT26 cells,
transduced with this vector and selected for G418 resistance,
showed a higher mean fluorescence intensity than did unin-
fected CT26 cells (Fig. 1A). When 106 CT26 cells that express
H-2Ks protein were injected subcutaneously into BALB/c
mice (H-2Kd) sensitized to this antigen, no tumors were
observed over an 8-week period (0 of 5) in contrast to the
unmodified CT26 (H-2Kd) tumor line, which routinely formed
tumors at this dose (30 of 30). The immune response to H-2Ks
therefore provided protection against CT26 cells bearing this
antigen.
To determine whether protective effects could be achieved

by introduction ofH-2Ks protein in established growing CT26
tumors, the recombinant H-2Ks or a B3-galactosidase control
gene was introduced directly into tumors in vivo by using
DNA-liposome complexes or a retroviral vector. Mice that
received intratumor injections of the H-2Ks DNA-liposome
complex or H-2Ks retroviral vector showed evidence of the
recombinant DNA by PCR analysis in the tumor. When
introduced by DNA-liposome transfection, it was occasion-
ally also observed in other tissues (Fig. 1) but was present at
low frequencies (<1 cell per 105). No evidence of inflamma-
tion or toxicity was detected in these organs pathologically
(29).
A cellular immune response to the recombinant H-2KS

protein was evident in the animals injected with the H-2Ks
DNA-liposome complex or the H-2Ks retroviral vector.
Lymphocytes derived from mice bearing the H-2Ks-, but not
the ,-galactosidase reporter plasmid-transduced tumors,
demonstrated a cytolytic response to H-2Ks, whether deliv-
ered by retroviral vectors or liposomes (Fig. 2). More im-
portantly, lymphocytes derived from the H-2Ks-, but not
/3-galactosidase reporter plasmid-transduced animals, recog-
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FIG. 1. Expression of H-2Ks glycoprotein on CT26 adenocarci-
noma cell lines and distribution of the recombinant gene in vivo. (A)
Cell-surface expression was analyzed by fluorescence-activated cell
sorting with CT26 cells (Left) or with CT26 cells that express H-2Ks
protein incubated with normal mouse serum ( ) or alloantisera
against H-2KS (-) (Right). (B and C) Localization of vector DNA
was determined in vivo by PCR. GenomicDNA was isolated from the
indicated tumors or tissues from representative mice receiving
intratumor injections of H-2Ks DNA-liposome, with the plasmid
expression localized to tumor tissue alone (B) or with expression in
the tumor and elsewhere (C).

nized and lysed unmodified CT26 cells (Fig. 2 B and D),
suggesting that this stimulation induced immune reactivity
against genetically unmodified tumor cells. This lysis was
inhibited by an antibody against murine CD8 (Fig. 2E) which
blocks cytolytic T cell but not lymphokine-activated killer or
antibody dependent cell-mediated cytotoxicity cell killing
(33). The CT26 and CT26 H-2Ks cell lines were appropriately
lysed by H-2Ks cytotoxic T-lymphocytes and were equally
sensitive to lymphokine-activated killer cells (data not
shown). Antibodies against H-2KS were not detected in mice
that received intratumoral injection of H-2Ks (data not
shown). Therefore, immune stimulation by H-2Ks induced
specific T-cell recognition of tumor-associated antigens not
normally seen by the immune system.
To assess the protective effect of the immune response

against H-2KS in vivo, tumor growth was quantitated. When
animals received no prior sensitization to H-2Ks, tumors
transduced with H-2Ks showed attenuation of tumor growth
that was not complete (Fig. 3A). In contrast, no antitumor
effect was seen in unmodified or ,B-galactosidase reporter
plasmid-transduced controls. Because these tumors were
large at the time of initial injection and continued to grow as
the primary immune response was generated, an attempt was
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FIG. 2. Cytolytic T-cell response to H-2Ks and unmodified CT26
cells after direct H-2Ks gene transfer into tumors, and the CD8
phenotype of effector cells. Splenic lymphocytes were derived from
nonimmune mice that received intratumoral injections with the
retroviral vector carrying the j-galactosidase (3-Gal) gene (30) (A),
the H-2Ks retroviral vector (B), the ,B-galactosidase plasmid DNA-
liposome complex (C), or the pLJ-H-2Ks DNA-liposome complex
(D and E). CT26 (o) or CT26 H-2Ks (o) cells radiolabeled with 51Cr
were added as target cells. The monoclonal antibodies to mouse CD4
(L3T4) and against mouse CD8 (Lyt-2) antigens were included in the
cytolytic T-cell assay against CT26 and CT26 H-2Ks (E). Splenic
lymphocytes were derived from nonimmune BALB/c mice bearing
CT26 tumors injected with the retroviral vectors carrying the ,-ga-
lactosidase reporter gene or H-2Ks on day 15 (A and B) or H-2Ks
plasmid DNA-liposome complex at days 10, 14, and 17 (C, D, and
E) after tumor inoculation. Results are representative ofat least three
independent experiments.

made to optimize the antitumor response by preimmunization
of mice with irradiated CT26 H-2Ks tumor cells and by earlier
and/or more frequent injections of vector. Preimmunization
and earlier treatment with the H-2Ks DNA-liposome com-
plex improved survival and attenuated tumor growth in
contrast to f-galactosidase reporter plasmid-transduced tu-
mors, where there was no difference in growth rate compared
with uninjected controls (Fig. 3B). Full tumor regression of
CT26 was achieved by increasing the number of injections

FIG. 3. Introduction of H-2Ks into CT26 or MCA 106 tumors in
vivo inhibits tumor growth and prolongs survival. (A) Naive BALB/c
mice bearing CT26 tumors were injected at the indicated times ( )

with the ,-galactosidase reporter plasmid (o) or pLJ-H-2Ks (m)
retroviral vector. DNA-liposome complexes with pLJ-H-2Ks (m, *)
or the f-galactosidase plasmid (o) were injected into CT26 tumors (B
and C) preimmunized to H-2KS in BALB/c mice, or these mice were
uninjected (o). Preimmunized C57BL/6 mice bearing MCA 106
fibrosarcoma tumors were injected with the pLTS-Ks-liposome
complex (m, ) or the ,-galactosidase plasmid DNA-liposome com-
plex (o, x) (D). (E) Survival of C57BL/6 mice inoculated with the
MCA 106 tumor and injected with the H-2Ks DNA-liposome com-
plex or the 3-galactosidase DNA-liposome complex. Significance of
the difference in survival was determined by the Wilcoxon rank sum
test. Mice were naive (A) or preimmunized (B-E) by intraperitoneal
injection with 106 irradiated CT26 H-2KV cells 7-14 days prior to
inoculation of 106 CT26 (B and C) or MCA 106 (D and E) cells
subcutaneously into the hind flank. In B, mice that were treated with
3-galactosidase DNA-liposome injection or were untreated expired

on day 35 (tl) and day 30 (t2), respectively. In C, the experiment was
terminated at 30 days for pathologic analysis of tissues.

and by delivery ofH-2Ks into tumors at an earlier stage (Fig.
3C). This treatment was not always curative, and residual
tumor growth could be observed microscopically at the
margins of some tumors, but it was nonetheless protective
(Fig. 3 B and E). Presensitization with CT26 H-2Ks, followed
by treatment with the H-2Ks DNA-liposome complex, also
proved effective for an independent unrelated malignancy,
the MCA 106 fibrosarcoma (Fig. 3D), showing that presen-
tation of H-2KS on a heterologous allogeneic cell line en-
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hances protection against a syngeneic tumor transduced in
vivo with H-2Ks DNA. A total of 12 BALB/c mice bearing
CT26 tumors have been treated with intratumor injection of
H-2Ks. In both unimmunized or preimmunized animals,
statistically significant tumor regression was observed (0 of
14 vs. 9 of 12 responders for f-galactosidase plasmid- vs.
H-2Ks-treated mice, P - 0.015). Additionally, >70% of
C57BL/6 mice inoculated with the MCA 106 fibrosarcoma
responded to treatment with H-2Ks (13 of 18), in contrast to
f3-galactosidase plasmid or H-2Ks deletion mutant controls (0
of 13) (P = 0.01). The average life span of mice whose tumors
were transduced with H-2Ks was more than twice the control
group (P < 0.01) (Fig. 3E). Cures were observed in =20% of
animals (Fig. 4). In preliminary studies, injection of H-2Ks
DNA-liposome complexes conferred a greater antitumor
effect than injection of H-2Ks-modified cells (CT26 H-2Ks)
into established tumors.
The T-cell dependence of this response and its immuno-

logic specificity were also analyzed in vivo. Nude mice
bearing CT26 or MCA 106 showed no reduction in tumor
growth after H-2Ks injections compared with controls (Fig. 5
A and B). Furthermore, the presence of the polymorphic
region of the class I MHC gene was required for this effect,
since an in-frame deletion mutant plasmid did not provide an
antitumor response (Fig. SC). Finally, the specificity of
tumor protection was evaluated in MCA 106 tumor-bearing
mice treated with intratumoral injections of the H-2Ks DNA-
liposome complexes. Secondary inoculation at distant sites
with the parental MCA 106 tumor (105 cells) produced tumor
growth in only one of five subjects, whereas the unrelated
syngeneic tumor B16BL/6 melanoma (105 cells) grew in five
of five animals after 3 weeks (P - 0.02). Similar results were
obtained by inoculation of the syngeneic unrelated tumor
MCA 205 (P < 0.02). The protective effect against secondary
inoculation of the parental tumor line was observed when
using up to 106 cells, whereas untreated animals readily form
tumors with comparable numbers of cells. Mice cured of
MCA 106 by H-2Ks gene transfer succumbed to B16 mela-
noma cells (105) within 2 weeks (data not shown), document-
ing the specificity of protection.

DISCUSSION
In this study, stimulation of the immune system by a foreign
MHC antigen caused sensitization to otherwise unrecognized
tumor antigens and provided a therapeutic effect for an
established malignancy in vivo. These studies have relied
upon the direct introduction of genes into tumors by in vivo
transfection. Traditionally, gene-transfer approaches have
focused on the modification of tumor cells in vitro, followed
by transfer of modified cells. The introduction of recombi-

INJECTION: CONTROL H-2K

FIG. 4. Treatment of MCA 106 tumors with intratumoral injec-
tion of H-2Ks induces tumor regression. C57BL/6 mice, bearing
MCA 106 tumors, were treated with intratumoral injections of
DNA-liposome complexes with f-galactosidase DNA (control) or
H-2Ks DNA. Mice were preimmunized by intraperitoneal injection
with 106 irradiated CT26 H-2Ks cells 14 and 7 days prior to inocu-
lation of 6 x ios MCA 106 cells subcutaneously into the hind flank.
Tumors were injected with DNA-liposome complexes on days 9, 12,
15, and 20 after inoculation. Photos were obtained on day 27.
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FIG. 5. The antitumor response to H-2KS is T-cell dependent in
vivo and requires the al and a2 domains of H-2Ks. CT26 (A) orMCA
106 (B) cells were injected subcutaneously into the flank ofBALB/c
nu/nu mice and injected with DNA-liposome complexes containing
plasmids encoding full-length H-2KS (pLTS-Ks) (m) or f-galacto-
sidase (o). In C, C57BL/6 mice were inoculated with the MCA 106
fibrosarcoma and treated with these plasmids or an in-frame deletion
mutant, pLTS-Ks(del 63-679) (n = 3) (o), respectively. Tumors were
injected with DNA-liposome complexes (A and B) containing the
3-galactosidase expression vector (o) or pLJ-H-2Ks (s) on days 7, 10,
and 13 after tumor inoculation, and tumor diameter was measured in
two perpendicular dimensions using calipers. Each group represents
the average of five independent subjects. C57BL/6 mice were
preimmunized (C) by intraperitoneal injection of 106 irradiated CT26
H-2Ks cells, and each group represents the average of at least three
independent subjects. Fourteen days later, the MCA 106 fibrosar-
coma was inoculated subcutaneously. The pLJ-H-2Ks plasmid was
modified as described (Materials and Methods) to remove the 3' long
terminal repeat and polyoma sequences in the retroviral vector.

nant genes directly into malignant tumors in vivo could
eliminate the need to establish cell lines from patients in the
laboratory, facilitating application to human disease.
The introduction of recombinant genes into tumors also

generates biologic responses that differ from those induced
by coinoculation of tumor cell populations. For example,
direct expression of H-2Ks proteins in tumors induces cy-
tolytic cells to respond to previously unrecognized antigens
present on unmodified tumor cells, whereas coinoculation of
H-2Ks-positive and -negative cells does not confer tumor
immunity. It is likely that this difference results from stim-
ulation of the immune system within a mature tumor, which
leads to increased local production of cytokines that act
through several mechanisms. Such cytokines-for example,
tumor necrosis factor a or y interferon (IFN-y)-can be
directly toxic to malignant cells (34). In addition, IFN-y can
increase endogenous class I and class II MHC expression
(35), which can present tumor antigens more effectively to
lymphoid cells (36, 37). Despite the occasional presence of
H-2Ks DNA within other organs (Fig. 1), no acute toxicity,
long-term pathologic, or autoimmune changes were observed
in the major organs of animals receiving intratumoral or
intravenous DNA-liposome complexes (29, 38), suggesting
that tumor-associated antigens were recognized by the im-
mune system.

Finally, in contrast to most forms of immunotherapy,
direct transfer of foreign MHC genes confers protection
against established tumors. Its efficacy might be further
improved by combination with other forms of treatment,
including T-cell adoptive transfer or preimmunization. Pre-
immunization in the murine model was required to produce
complete tumor regression because these tumor lines have
been selected for rapid growth and minimal immunogenicity.
However, most human tumors display more indolent growth;
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therefore, preimmunization may not be necessary in man,
and it could be performed easily if needed. Another potential
improvement would be to deliver recombinant genes to
specific sites by catheter in vivo in an effort to introduce gene
products into metastatic lesions and into the tumor micro-
circulation. The direct transfer of a recombinant gene into
tumors in vivo can thus induce a specific cell-mediated
immune response to its product and provide a clinically
relevant strategy for the treatment ofestablished malignancy.
At the same time that these approaches stimulate the recog-
nition ofotherwise undetected antigens and lead to protection
against tumors, they may also facilitate efforts to identify
tumor antigens that could serve as vaccines and to clone their
corresponding cDNA. Such antigens could arise as a conse-
quence of the genetic instability associated with the stepwise
progression of mutations leading to malignancy. If such
mutant proteins appear early and consistently, direct gene-
transfer approaches could also play a role in the primary
prevention of cancer or in immunization against infectious
diseases.
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