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The intramuscular inoculation of Moloney murine sarcoma/leukemia (M-MSV/M-MuLJV) retroviral complex
gives rise to sarcomas that undergo spontaneous regression due to the induction of a strong immune reaction
mediated primarily by cytotoxic T lymphocytes (CTL). We used a DNA-based vaccination approach to dissect
the CTL response against the Gag and Env proteins of M-MSV/M-MuLV in C57BL/6 (B6) mice and to evaluate
whether plasmid DNA-immunized mice would be protected against a subsequent challenge with syngeneic
tumor cells expressing the viral antigens. Intramuscular DNA vaccination induced CTL against both Gag and
Env proteins. A detailed analysis of epitopes recognized by CTL generated in mice inoculated with the whole
virus and with the Gag-expressing plasmid confirmed the presence of an immunodominant peptide in the
leader sequence of Gag protein (Gaggs o3, CCLCLTVFL) that is identical to that described in B6 mice
immunized with Friend MuLV-induced leukemia cells. Moreover, CTL generated by immunization with the
Env-encoding plasmid recognized a subdominant Env peptide (Env,go_,45, SSWDFITYV), originally described in
the B6.CH-2"™"> mutant strain. B6 mice immunized with the Gag-expressing plasmid were fully protected
against a lethal tumor challenge with M-MuLV-transformed MBL-2 leukemia cells, while vaccination with the
Env-expressing plasmid resulted in rejection of the tumor in 44% of the mice and in increased survival of an
additional 17% of the animals. Taken together, these results indicate the existence of a hierarchy in the
capacity of different structural viral proteins to induce a protective immune response against retrovirus-

induced tumors.

Lymphoma and leukemia cell lines originally induced by the
antigenically related Friend, Moloney, and Rauscher (FMR)
murine leukemia viruses (MuLV) have been widely used to
study the role of the T-cell-mediated immune response in the
eradication of advanced disseminated malignancies (9, 20, 28).
The importance of cellular immunity in controlling tumor
growth has also been studied in physiologic models repre-
sented by the natural oncogenic process that follows FMR
virus infection (11, 12, 21).

In particular, Moloney murine sarcoma virus (M-MSV) is a
replication-defective, acutely transforming retrovirus whose
replication defect can be overcome through the helper activity
of chronic transforming M-MuLV, which encodes the viral
envelope components that are necessary for cell infection. In-
tramuscular injection of the M-MSV/M-MuLV complex gives
rise to sarcomas that develop at the inoculation site after a
short latency period and regress spontaneously following the
induction of a strong immune reaction, which is mediated
primarily by cytotoxic T lymphocytes (CTL) (13-15).

As recently reviewed by Hasenkrug and Chesebro (21), stud-
ies aimed at identifying antigenic epitopes recognized by virus-
specific effector cells have focused mainly on products of the
gag and env structural genes (16, 22, 32).

In analyses of mice vaccinated with recombinant vaccinia
virus expressing F-MuLV env and gag genes, CD4 " cells were
shown to be activated by immunization with an Env-expressing
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construct while CTL were activated by immunization with a
Gag-expressing construct (20, 23). Their recognition by differ-
ent T-cell subsets suggested that the gag and env gene products
might undergo different antigen processing and presentation
pathways (20). However, recent reports demonstrated that
both env- and gag-encoded proteins of FMR-MuLV contained
immunogenic peptides that could associate with both class I
and class II major histocompatibility complex (MHC) mole-
cules and thus were able to activate both CTL and CD4™" cells
(21).

To investigate the capacity of different M-MSV/M-MuLV
proteins to induce CTL generation and confer protection
against challenge with leukemia cells bearing the relevant an-
tigens, we took advantage of DNA-based immunization, a re-
cently developed procedure based on the intramuscular or
intradermal transfer of a plasmid DNA expression vector cod-
ing for a specific antigen (8, 34). This vaccination approach
affords long-lasting induction of a cellular as well as a humoral
immune response against both infectious agents and tumor-
associated antigens (18). We recently demonstrated that mice
immunized with a plasmid expressing the tumor-specific anti-
gen P1A generated a strong CTL response and were protected
against a subsequent challenge with tumor cells expressing the
relevant antigen (30).

In the present study, we evaluated the CTL response in-
duced in B6 mice following DNA vaccination with plasmids
encoding the M-MuLV gag and env genes in comparison with
that induced following injection of the M-MSV/M-MuLV ret-
roviral complex and carried out a detailed analysis of epitopes
recognized by virus-specific CTL. We also tested whether the
immunization achieved was capable of protecting against chal-
lenge with a tumor cell line expressing the viral antigens as
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tumor-associated antigens. The results showed that immuniza-
tion with Gag-expressing plasmid mimicked the immune re-
sponse to virus infection, in terms of both CTL generation and
protection against tumor growth; although DNA vaccination
with the Env-expressing vector was effective in generating
CTL, it did not confer complete protection against tumor chal-
lenge.

MATERIALS AND METHODS

Mice. Female C57BL/6 (B6) mice, 5 to 6 weeks old, were purchased from
Charles River Laboratories (Calco, Como, Italy). Procedures involving animals
and their care conformed with institutional guidelines that comply with national
and international laws and policies (EEC Council Directive 86/609, OJ L 358, 1,
Dec. 12, 1987, NIH Guide for the Care and Use of Laboratory Animals, NIH
Publication 85-23, 1985; UKCCR Guidelines for the Welfare of Animals in Exper-
imental Neoplasia [35]). Mice used for the in vivo tumor growth experiments were
examined daily, and in compliance with our normal practice, premoribund ani-
mals were sacrificed by being given an ethyl ether overdose.

Tumor cell lines. MBL-2 is a leukemia cell line (H-2°) derived from an
M-MuLV-infected B6 mouse; EL-4~ (H-2%) is a chemically induced thymoma,
and EL4" is a variant infected by and expressing antigens of FMR-type viruses.
293D and 293K are derivatives of the transformed human embryonic kidney
cell line 293, stably transfected with the murine MHC class I restriction elements
H-2D’ and H-2K°, respectively (kindly provided by D. Perry-Lalley, Surgery
Branch, National Cancer Institute, Bethesda, Md.) (3). All tumor cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO BRL, Pais-
ley, United Kingdom) supplemented with 2 mM L-glutamine, 10 mM HEPES, 20
M 2-mercaptoethanol, 150 U of streptomycin per ml, 200 U of penicillin per ml,
and 5 or 10% heat-inactivated fetal bovine serum (FBS) (GIBCO BRL). 293D
and 293K" cells were cultured in the presence of 0.4 mg of G418 (GIBCO) per
ml.

Plasmids. The gag gene of M-MuLV was derived from pMov-9, a biologically
active molecular clone of M-MuLV in pBR322 (19), as an Eagl-Asp718 I"
restriction fragment and cloned into intermediate plasmid vectors. The insert
was then transferred to the eukaryotic expression vector pcDNA3 (Invitrogen
BV, Leek, The Netherlands) as an EcoRI-Xbal fragment, resulting in pcDNA3-
gag, in which the gag coding sequence spans nucleotides 346 to 2554 of the viral
genome. Plasmid pCMV-ecoenv-bpA (a gift of N. Somia, The Salk Institute for
Biological Studies, La Jolla, Calif.) is based on Bluescript KS+ (Stratagene, La
Jolla, Calif.) and contains the human cytomegalovirus early promoter, the eco-
tropic env gene of M-MuLV, and the polyadenylation signal/site of the bovine
growth hormone gene. Mock plasmid pCMV-ecoA was derived from pCMV-
ecoenv-bpA by digestion with Xbal to remove the env gene. Restriction enzymes
were purchased from New England Biolabs (Hitchin, United Kingdom) and
Boehringer (Mannheim, Germany). Plasmid DNA was purified with Qiagen
columns (Qiagen GmbH, Hilden, Germany).

DNA immunization and virus inoculation protocols. Mice were anesthesized
by ethyl ether inhalation and injected intramuscularly (i.m.) three times at 20-day
intervals with 100 g of plasmid in 100 pl of saline solution (50 pl was injected
into each tibialis anterior muscle). Mice that underwent complete tumor regres-
sion following i.m. injection of 100 pl of cell extract containing defective M-MSV
copelleted with its natural helper M-MuLV served as positive controls for CTL
production. The M-MSV/M-MuLV cell extract was prepared from primary sar-
comas induced by serial passages in 1-week-old BALB/c mice, which had an in
vitro M-MSV titer of 3 X 10° PFU/ml on 3T3/FL cells.

MLTC and MLPC. At 20 days after the last inoculation with plasmid DNA,
spleens were removed and 2.5 X 107 splenocytes were restimulated in vitro in a
mixed leukocyte tumor culture (MLTC) with 10° syngeneic irradiated (60 Gy)
MBL-2 cells or in a mixed leukocyte peptide culture (MLPC) with peptides
corresponding to amino acids 85 to 93 of gPr805“¢ (CCLCLTVFL [10]) or amino
acids 189 to 196 of gp70°" (SSWDFITV [32]). Peptides were synthesized and
purified by Tecnogen (Piana di Monte Verna, Caserta, Italy), dissolved to 1 mM
in dimethyl sulfoxide (stock solution), and then diluted in tissue culture medium
to a final concentration of 1 WM. The cultures were set up in 15 ml of DMEM-
10% FBS, maintained in 25-cm? tissue culture flasks (Falcon, Becton Dickinson,
Lincoln Park, N.J.) for 5 days at 37°C under 5% CO,, and then tested for their
lytic activity in a 3'Cr release assay.

Analysis of CTLp frequency in limiting-dilution assays and generation of
specific CTL clones. Thirty replicate microcultures containing various numbers
of responder spleen cells were stimulated with 3 X 10* irradiated (60 Gy) MBL-2
cells and 3 X 10° irradiated (30 Gy) syngeneic spleen cells in 200 .l of DMEM—
10% FBS supplemented with 40 U of recombinant interleukin-2 (Boehringer)
per ml. On day 7, the cultures were divided into three aliquots and tested for
cytotoxic activity in >'Cr release assays (see below) with MBL-2, EL-4", and
Gaggs_o3-pulsed EL-4~ cells as targets. Positive cultures were defined as those in
which the experimental release values exceeded the spontaneous release values
by 3 standard deviations (SD). Minimal estimates of CTL precursor (CTLp)
frequencies were calculated from the zero-order term of the Poisson distribution
with linear regression analysis by the least-squares method (15). Microcultures of
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spleen cells from mice in which an M-MSV/M-MuLV-induced sarcoma re-
gressed, as well as from pcDNA3-gag-injected animals and pCMV-ecoenv-bpA-
injected animals, were also subjected to limiting-dilution cloning for the gener-
ation of specific CD8" CTL clones. These clones were restimulated once a week
with irradiated MBL-2 cells and syngeneic spleen cells under the conditions
indicated above and assayed for peptide specificity in >'Cr release assays.

SICr release assay. Cytolytic activity was tested by using a short-term incuba-
tion assay. Briefly, 2 X 103 >!Cr-labeled target cells were incubated with effector
cells at various effector-to-target-cell ratios in 96-well microplates. After 4 or 6 h
of incubation at 37°C, supernatants were harvested and radioactivity was counted
in a microplate scintillation counter (Top-Count; Packard Instrument Co., Me-
riden, Conn.). For peptide pulsing, 10° 5'Cr-labeled 293DP, 293K" or EL-4 cells
per ml were incubated for 30 min at 37°C with Gaggs_o3 or Env,ge_19¢ peptide at
a final concentration of 0.5 and 5 pM, respectively, and then washed three times
before use.

Tumor protection assay. At 5 weeks after the last DNA immunization, B6
mice were challenged subcutaneously (s.c.) with 2 X 10° MBL-2 cells and then
monitored for a total of 120 days after tumor inoculation. Mice injected with the
mock plasmid and nonimmunized animals served as negative controls. Statistical
analysis of differences among experimental groups was carried out by the Man-
tel-Haenszel test.

RESULTS

The Gaggs_o; peptide is the immunodominant epitope rec-
ognized by CTL from M-MSV/M-MuLV-induced tumor re-
gressor mice. It was recently reported that most CTL from B6
mice immunized with FBL-3 tumor cells, a murine leukemia
cell line originally induced by F-MuLV, recognize a single
antigenic peptide (CCLCLTVFL), which is localized within
the leader sequence and has been mapped to amino acids 85 to
93 of gPr80%“, in the transmembrane domain of the protein
(10). This antigenic epitope is restricted by the H-2D” molecule
and is shared by FMR-induced leukemias (5, 10). To evaluate
whether this peptide represents the major epitope recognized
by CTL of B6 mice inoculated with M-MSV/M-MuLV, we
obtained splenocytes from mice in which an M-MSV/M-
MuLV-induced sarcoma had regressed after retroviral com-
plex inoculation (referred to hereafter as tumor regressor
mice) and performed limiting-dilution analysis to compare the
frequency of CTLp specific for M-MuLV antigen(s) and for
the relevant nonapeptide. As shown in a representative exper-
iment (Fig. 1), we detected a high frequency of CTLp against
FMR-MuLV-negative EL-4" cells pulsed with Gaggs_o3 pep-
tide (1 in 2,100), which was comparable to the frequency of
CTLp (1 in 1,700) against MBL-2 tumor cells, a leukemia cell
line derived from an M-MuLV-infected mouse. Moreover, the
results of cold-target competition assays carried out on MLTC
bulk cultures from tumor regressor mice showed that the ad-
dition of increasing numbers of unlabeled MBL-2 or EL-4"
cells pulsed with Gaggs o5 peptide reduced the lysis of >'Cr-
labeled MBL-2 target cells by a similar extent (data not
shown). Taken together, these data strongly suggest that the
Gaggs o3 peptide represented the immunodominant epitope
for CTL generated during the course of the immune response
to M-MSV/M-MuLV virus infection, although we cannot rule
out the possibility that restimulation with MBL-2 leukemia
cells does not reveal some epitopes unique to the defective
MSV component.

CTL generation in B6 mice immunized with plasmid DNA
expressing M-MuLV Gag. The results described above
prompted us to test whether the injection of plasmid DNA
coding for M-MuLV Gag protein would generate a strong CTL
response against the immunodominant gag-encoded antigen.
To this end, mice were inoculated i.m. three times with 100 g
of pcDNA3-gag plasmid at 20-day intervals; animals injected
with the same vector lacking the insert (pcDNA3) served as
negative controls, while tumor regressor mice were used as
positive controls. At 20 days after the last plasmid DNA inoc-
ulation, splenocytes were stimulated in MLTC with irradiated
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FIG. 1. Frequency of CTLp against the Gaggs o3 CCLCLTVFL peptide in
tumor regressor B6 mice. Minimal frequencies of CTLp specific for MBL-2 cells
(@), Gaggs_o3 peptide-pulsed EL-4~ cells (¥), and FMR-MuLV-negative EL-4~
cells (A) were estimated by linear-regression analysis. Limiting numbers of re-
sponder spleen cells from virus-induced tumor regressor B6 mice were cultivated
as reported in Materials and Methods and divided into three portions for testing
in >1Cr release assays.

syngeneic MBL-2 leukemia cells, and lytic activity was evalu-
ated 5 days later in a short-term >'Cr release assay. As shown
in Fig. 2, all pcDNA3-gag-injected mice generated CTL that
efficiently lysed MBL-2 target cells, as well as EL-4" cells, a
syngeneic leukemia subline expressing FMR-MuLV-induced
antigens. The observation that the parental cell line EL-47,
which lacks the relevant viral antigens, was resistant to lysis
indicated that the cytotoxic activity was virus specific. As ex-
pected, this cytolysis was MHC restricted, since allogeneic (H-
24) LSTRA target cells expressing M-MuLV antigens were not
killed (data not shown).

Next, we analyzed whether vaccination with pcDNA3-gag
would result in the generation of CTL specific for the Gaggs_o3
antigenic peptide. Thus, spleen cells from another group of B6
mice immunized with pcDNA3-gag as described above were
stimulated in MLPC by adding 1 pM of Gaggs_ o5 peptide to
the cultures. As shown in Fig. 3, a very strong cytotoxic re-
sponse was generated in all instances; it is noteworthy that
stimulation with Gaggs o5 peptide generated CTL that not only
killed EL-4~ cells pulsed with Gaggs o5 but also efficiently
lysed EL-4" target cells expressing the FMR-MuLV antigens.
This result suggests that DNA immunization might mimic the
natural immune response to viral infection and hence could
provide a useful procedure to define the role of the different
epitope(s) within the M-MSV/M-MuLV sequence that elicits
an efficient CTL response to the virus.

CTL generation in B6 mice immunized with plasmid DNA
expressing M-MuLV Env. It was recently reported that M-
MSV/M-MuLV infection in the B6-derived mutant B6.CH-
2°m13 gtrain of mice, whose class I D” antigen-presenting
groove is partly shaped by a class I K”-encoded sequence,
induces a strong CTL response against an immunodominant
K”-restricted peptide that spans amino acids 189 to 196 of the
M-MuLV Env protein (i.e., SSWDFITV). However, although
Env,g9_10¢-specific CTL could be induced in normal B6 mice
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FIG. 2. CTL generation in B6 mice immunized with pcDNA3-gag. Plots 1 to
6 show the cytotoxicity of MLTC from splenocytes of six pcDNA3-gag-injected
mice after restimulation in vitro with MBL-2 tumor cells. Lytic activity was
evaluated with >'Cr-labeled FMR-MuLV-positive MBL-2 cells (®), EL-4* cells
(m), and FMR-MuLV-negative EL-4~ cells (A) as targets. The cytotoxicities of
MLTC generated from four tumor regressor mice (plot M-MSV) and from six
pcDNA3-injected mice (plot Mock) are shown as mean and SD in the bottom
right-hand plots. The lytic activity of CTL from immunized mice was considered
positive when it exceeded the mean lysis values of mock-injected animals + 3SD.
E/T, effector/target.

by p]fégtide immunization, the frequency of CTLp recognizing
the K”-restricted SSWDFITV peptide in B6 tumor regressor
mice is very low (32).

To assess whether immunization with plasmid DNA express-
ing Env would also result in the induction of a strong CTL
response, B6 mice were injected three times with pCMV-eco-
env-bpA as reported above and sacrificed 20 days after the last
plasmid DNA injection, and spleen cells were stimulated in
MLTC with MBL-2 cells. Mice receiving repeated injections
with the pCMV-ecoA mock plasmid were used as negative
controls, while tumor regressor mice served as positive con-
trols. As shown in a representative experiment (Fig. 4), spleen
cells from five of seven pCMV-ecoenv-bpA-injected mice
showed high lytic activity against EL-4" and MBL-2 target
cells, while in two mice the cytotoxicity was less than 3 SD
above the mean value obtained in MLTC of mock-treated
control mice. These results indicate that a DNA-based immu-
nization approach is capable of expanding a CTL population
specific for an M-MSV/M-MuLV epitope that is poorly recog-
nized in the course of the virus infection.

Analysis of MHC restriction of Gag- and Env-specific CTL.
To finely dissect the CTL response in tumor regressor and
plasmid-inoculated mice and to assess the restriction specificity
of the antigenic epitopes recognized by Gag- and Env-specific
CTL, the human embryonic cell lines 293D" and 293K" were
pulsed with Gaggs_o; and Env, gy ;4. peptides, respectively, and
used as targets of CTL generated from spleens of tumor re-
gressor mice or mice injected with the Gag- or Env-expressing
plasmids. CTL were generated in MLTC with MBL-2 cells or
in MLPC following addition of Gaggs 3 (CCLCLTVFL) or
Env,g9_10¢ (SSWDFITV) antigenic peptides. As reported in
Fig. 5, MLTC from tumor regressor mice efficiently lysed both
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FIG. 3. CTL activity of splenocytes from pcDNA3-gag-injected mice follow-
ing in vitro restimulation with the Gaggs_o; CCLCLTVFL peptide. Plots 1 to 6
show the lytic activity of MLPC from splenocytes of six pcDNA3-gag-injected
mice against >'Cr-labelled EL-4* cells (m), EL-4~ cells (A), and Gaggs o3 pep-
tide-pulsed EL-4" cells (V). The cytotoxicities of MLPC generated from four
tumor regressor mice (plot M-MSV) and from six pcDNA3-injected mice (plot
Mock) are shown as mean and SD in the bottom right-hand plots. E/T, effector/
target.

MBL-2 and Gaggs o5-pulsed 293D" cells and displayed weak
cytotoxic activity against 293K cells loaded with Env,go ;o6
However, Env, gy ;9s-l0oaded 293K® target cells were killed to a
much greater extent by MLTC from pCMV-ecoenv-bpA-in-
jected mice; this cytotoxic activity was highly specific, since lysis
of MBL-2 cells but not against 293D cells pulsed with
Gaggs o5 peptide was also detected. As expected, the cytotoxic
activity of MLTC from pcDNA3-gag-injected mice was di-
rected only against the Gaggs o5 peptide and was D restricted.
MLTC from animals injected with either of the two mock
plasmids did not show lytic activity against any target (data not
shown).

These data were further confirmed by analysis of lytic activ-
ities of MLPC prepared with the Gaggs o3 and Env, gy ;94 Syn-
thetic peptides as stimulators. MLPC of Gaggs_o5-stimulated
splenocytes from both tumor regressor and pcDNA3-gag-in-
jected mice exhibited very high cytotoxic activity against
MBL-2 and Gaggs_os-loaded 293D" cells but no cytolytic ac-
tivity against Env, g, os-pulsed 293K cells. Splenocytes from
mice inoculated with pCMV-ecoenv-bpA showed no lytic ac-
tivity after in vitro stimulation with Gaggs_o5 peptide.

On the other hand, splenocytes stimulated with Env,gg_;06
peptide generated CTL specific for the Env-derived epitope in
all of the pCMV-ecoenv-bpA-inoculated mice, while only few
tumor regressor mice showed substantial cytotoxic activity
against Env,go jo6-pulsed 293K® cells. Splenocytes derived
from animals injected with pcDNA3-gag and restimulated in
MLPC with the Env,gy_,4, peptide did not exhibit any cytotox-
icity against the panel of target cells.

Analysis of CTL clones derived from tumor regressor and
plasmid-injected mice. We next derived a large panel of CTL
clones from splenocytes of tumor regressor B6 mice by limit-
ing-dilution cloning with MBL-2 tumor cells as stimulators and
tested them for their specificity against syngeneic virus-trans-
formed cells and FMR-MuLV-negative Gaggs o5 peptide-
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FIG. 4. CTL generation in B6 mice immunized with pCMV-ecoenv-bpA.
Plots 1 to 7 report the lytic activity of MLTC from splenocytes of seven pCMV-
ecoenv-bpA-injected mice, after restimulation in vitro with MBL-2 tumor cells,
against °'Cr-labeled FMR-MuLV-positive MBL-2 cells (@), EL-4™ cells (m), and
FMR-MuLV-negative EL-4~ cells (A). The cytotoxicities of similar MLTC gen-
erated from five tumor regressor mice (plot M-MSV) and from eight pCMV-
ecoA-injected mice (plot Mock) are depicted as mean and SD in the bottom
right-hand plots. E/T, effector/target.

pulsed tumor cells. Of 97 CTL clones analyzed, 89 (92%) were
indeed specific for the Gag-derived epitope associated with D”
MHC class I, as illustrated by the results for the representative
clone 76GM shown in Fig. 6, while 8 clones killed MBL-2 cells
but not Gaggs_o; peptide-pulsed cells. These eight clones were
found to recognize the Env,gy ;o peptide in the K” context
(e.g., clone 13/1 [Fig. 6]). These observations indicate that the
few CTL emerging from tumor regressor mice that were not
specific for the immunodominant Gag epitope were directed
against this subdominant Env peptide. Moreover, a set of CTL
clones obtained from mice immunized with pcDNA3-gag ex-
hibited the same specificity as the majority of CTL clones from
tumor regressor mice and killed MBL-2 cells, EL-4* cells, and
EL-4" cells pulsed with Gaggs_o; peptide but did not kill
EL-4" cells (data not shown).

Figure 6 also shows the cytotoxicity of two clones (123 and
167) that were representative of more than 30 clones derived
from mice injected with pCMV-ecoenv-bpA. These clones ef-
ficiently lysed MBL-2 cells and showed no cytotoxic activity
against 293DP or 293K® cells. Clones 123 and 167 also killed
Env, g 06-pulsed 293KP cells but were inactive against Gaggs_
os-loaded 293DP cells, thus showing the same specificity as
clone 13/1.

Protection against challenge with an M-MuLV-induced
MBL-2 leukemia cell line in mice immunized with pcDNA3-gag
or pCMV-ecoenv-bpA. Our previous finding that CTL play an
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FIG. 5. Peptide specificity and MHC restriction of CTL induced by immunization of B6 mice with M-MSV/M-MuLV, pcDNA3-gag, or pCMV-ecoenv-bpA.
Splenocytes from five tumor regressor mice and five mice vaccinated with either pcDNA3-gag or pCMV-ecoenv-bpA were restimulated in vitro with MBL-2 tumor cells
(MLTC) or with Gaggs o3 or Env,g9 ;96 peptide (MPLC). The lytic activity of the cultures, reported as the mean and SD, was assayed against FMR-MuLV-positive
MBL-2 cells (®) Gaggs_o; peptide-pulsed 293DP cells (m), and Env,go_;96 peptide-pulsed 293K® cells (A). No lysis was observed against 293D and 293KP cells without
peptide, 293DP cells plus Env,ge 196 peptide, or 293K cells plus Gaggs o3 peptide. E/T, effector/target.

essential role in the immune response against M-MSV/M-
MuLV-induced tumors led us to evaluate whether CTL gen-
eration in mice immunized with plasmid DNA coding for in-
dividual structural viral proteins would confer resistance to a
subsequent challenge with a lethal dose of tumor cells express-
ing virus antigens. Therefore, B6 mice vaccinated with
pcDNA3-gag were challenged with 2 X 10° MBL-2 leukemia
cells 5 weeks after the last immunization; nonimmunized mice
and mice injected three times with pcDNA3 vector were used
as negative controls. As shown in a representative experiment
reported in Fig. 7, all the mice vaccinated with pcDNA3-gag
were protected (P < 0.001) while all the nonimmunized and
mock-inoculated mice rapidly developed tumors and had to be
sacrificed, with mock-injected mice showing a slightly in-
creased survival time compared to nonimmunized mice (P =
0.02). Interestingly, in one experiment, two pcDNA3-gag-im-
munized mice that had rejected the primary tumor graft de-
veloped a secondary tumor that appeared 6 weeks after tumor
regression at the site of the original inoculum. However, these
tumor cells were not lysed by Gag-specific CTL obtained in
MLTC or by CTL clones that specifically recognized the Gag

peptide; moreover, cytofluorimetric analysis revealed that
these tumor cells were not stained by an anti-gp70 monoclonal
antibody (MADb) but expressed K” and D” molecules at levels
comparable to those of the parental MBL-2 cell line (data not
shown).

Figure 8 shows the cumulative results obtained with 18 B6
mice that were vaccinated with pCMV-ecoenv-bpA and whose
survival was compared with that of 31 nonimmunized mice and
18 pCMV-ecoA-injected mice. The pCMV-ecoenv-bpA-immu-
nized mice showed increased survival compared to the nonim-
munized and mock-injected animals (P < 0.001); no difference
in survival was observed between the two control groups (P =
0.139). Specifically, vaccination with the Env-encoding vector
fully protected 8 of 18 mice (44%) against challenge with
MBL-2 leukemia cells and prolonged the survival time of 3
other vaccinated animals (17%).

DISCUSSION

In the present study, we demonstrate that DNA immuniza-
tion with an M-MSV/M-MuLV Gag-expressing plasmid that
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FIG. 6. Cytotoxic activity of CD8" CTL clones derived from tumor regressor mice and from mice immunized with pCMV-ecoenv-bpA. The specificity of lysis of
two representative CTL clones derived from tumor regressor mice (76GM and 13/1) and two CTL clones derived from pCMV-ecoenv-bpA-injected mice (123 and 167)
was evaluated against the indicated target cells at an effector-to-target-cell ratio of 10.

included the naturally occurring immunodominant epitope
conferred complete protection against subsequent challenge
with tumor cells bearing the relevant virus antigens; substantial
therapeutic efficacy was also achieved by immunizing mice with
a plasmid containing the env gene, which expresses a subdomi-
nant epitope that is weakly immunogenic during virus infec-
tion.

Our data extend the results of studies by Chen et al. (10)
conducted with B6 mice that demonstrated that the majority of
CTL produced in response to immunization with an F-MuLV-
induced leukemia cell line were specific for a Gag epitope
(Gaggs_o3; CCLCLTVFL). Our findings indicate that Gaggs_ o5
also represents the immunodominant epitope during the
course of the natural immune response to M-MSV/M-MuLV
infection in mice having the H-2” haplotype. Analyses of tumor
regressor mice showed that (i) the frequency of CTLp against
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FIG. 7. Protection of B6 mice vaccinated with pcDNA3-gag from challenge
with MBL-2 tumor cells. Shown is a representative survival experiment in which
two groups of 10 B6 mice were injected three times with either 100 pg of
pcDNA3-gag (A) or mock plasmid pcDNA3 (m) and then challenged with 2 X
10° MBL-2 leukemia cells s.c. 5 weeks after the last plasmid immunization. Ten
nonimmunized mice (@) served as controls.

MBL-2 leukemia cells almost completely paralleled that
against EL4™ leukemia cells pulsed with Gaggs o5 nonapep-
tide, (ii) the majority of the CTL clones from virus-injected
mice were specifically directed against target cells loaded with
this peptide, and (iii) the cytotoxic activity of bulk MLTC
against MBL-2 target cells was inhibited in a dose-dependent
manner in the presence of Gaggs_o5-pulsed EL-4" cells used as
cold targets. On the contrary, in the F-MuLV model, mice
infected with the retrovirus generated a CTL response directed
predominantly against a determinant(s) in the F-MuLV enve-
lope protein (21).

Moreover, we observed that immunization with the Gag-
expressing plasmid brought about a striking induction of CTL
that were specific for the immunodominant peptide recognized
by CTL from tumor regressor mice and, more importantly,
resulted in full protection against tumor challenge. The ther-
apeutic effects we obtained are particularly relevant in light of
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FIG. 8. Survival of pCMV-ecoenv-bpA-immunized B6 mice after challenge
with MBL-2 tumor cells. B6 mice inoculated three times with 100 g of pCMV-
ecoenv-bpA (n = 18) (A) or with mock plasmid pCMV-ecoA (n = 18) (m) were
challenged with 2 X 10° MBL-2 leukemia cells s.c. 5 weeks after the last immu-
nization. Nonimmunized mice (n = 31) (@) were used as controls.
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a recent report showing that immunization of B6 mice with the
Gaggs o3 peptide alone protected only 20 to 40% of animals
against tumor development and that the association of this
CTL epitope with a virus-specific Env-derived T-helper
epitope was needed to achieve nearly complete protection
27).

Two hypotheses may explain the higher protective efficacy of
DNA vaccination than of vaccination with a synthetic Gag
peptide. It was recently reported that CTL induction requires
the participation of dendritic cells that are activated and “li-
censed” by CD4" T cells (1, 29, 31). The fact that plasmid
DNA is endowed with immunostimulatory properties capable
of inducing IL-12 production (24) and dendritic-cell matura-
tion (33) leads to the suggestion that it is able per se to provide
dendritic cells with the necessary signal to properly present the
gag-derived epitope to CTL.

However, the observation by Ossendorp et al. (27) that ad-
ministration of the immunodominant Gag peptide in combi-
nation with a non-virus-specific T-helper epitope failed to con-
fer protection argues against the hypothesis that bystander
help favors the induction of CTL against M-MSV/M-MuLV
tumors.

Alternatively, the gag sequence itself might contain a T-
helper epitope(s). In this regard, it is noteworthy that a pro-
tective epitope capable of activating CD4" T-helper cells was
identified by Miyazawa et al. (26) following immunization with
recombinant vaccinia virus expressing the F-MuLV gag gene.
This epitope, whose precise sequence has not yet been identi-
fied, is located in the N-terminal region of the Gag precursor
and presents strong homology to the M-MuLV sequence.
Given that DNA vaccination has also been reported to induce
the sensitization of CD4" Thl cells (7), it is quite likely that
immunization with the Gag-expressing plasmid activates spe-
cific CD4 " cells which are required for optimal CTL induction
and protection against tumor challenge. In fact, we previously
observed that in vivo inactivation of CD4™ cell function by
treatment with anti-CD4 MADb leads to progressive M-MSV/
M-MuLV-induced tumor growth due to the lack of tumor-
specific CTL generation (2); accordingly, recent experiments
have shown that anti-CD4 MAD treatment during pcDNA3-gag
immunization counteracts protection (data not shown).

Previous studies of the M-MuLV system identified a peptide
spanning amino acids 189 to 196 of the Env precursor that
displays enhanced recognition in B6.C-H-2"™' mice but be-
haves as an immunorecessive epitope in B6 mice (32). In
agreement with these findings, we observed weak cytotoxic
activity against 293K" cells loaded with this octapeptide in
MLTC obtained from tumor regressor mice (Fig. 5). More-
over, only a few CTL clones from tumor regressor mice were
able to recognize target cells pulsed with Env,g,_,4, peptide. In
contrast, most of the mice that were vaccinated with the Env-
expressing plasmid generated CTL that not only recognized
Env,go_10¢-pulsed target cells but also efficiently lysed MBL-2
leukemia cells.

Notwithstanding, protection against MBL-2 tumor cell chal-
lenge was achieved in less than 50% of the mice vaccinated
with pCMV-ecoenv-bpA, thus indicating the existence of a
hierarchy in the capacity of different antigenic epitopes to
induce a therapeutic immune response against viruses and
possibly tumors. The observed limited protection afforded by
the Env-encoding plasmid is in line with the results of a study
by Ossendorp et al., which showed that the Env,g,_;4 peptide
was less effective than the Gaggs o5 peptide in inducing pro-
tection in experiments involving these peptides combined with
the virus-specific helper epitope (27).

The present findings lead to hypotheses regarding the de-
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velopment of an effective DNA-based vaccine against retrovi-
ruses or tumors. The possibility of DNA immunization to in-
duce a potentially protective immune response against
recessive epitopes might be very advantageous when the im-
munodominant epitope is lost or the presenting class I mole-
cule is down-regulated. Furthermore, DNA vaccination allows
the expression of selected subunits of the infectious agent, thus
bypassing the potential risks associated with the use of atten-
uated viruses, such as reversion to virulence and recombination
with endogenous retroviral sequences resulting in the emer-
gence of new infectious viruses.

DNA-based immunization also appears to be more straight-
forward than epitope-focused immunization procedures (17),
such as those involving synthetic peptides, given that DNA
vaccination does not require prior identification of the anti-
genic epitopes and allows the MHC haplotype of the recipient
organism to determine which protein will present the immu-
nodominant peptides to effector cells of the immune system.

The encouraging results achieved in DNA-immunized chim-
panzees challenged with high human immunodeficiency virus
doses (4), as well as very recent reports showing the induction
of humoral and cell-mediated immune responses in humans
immunized with plasmids encoding human immunodeficiency
virus proteins (6, 25), provide tangible evidence that DNA
immunization represents a viable approach for vaccination of
humans against retroviruses.

ACKNOWLEDGMENTS

We thank S. Mandruzzato, G. Biasi, and B. Macino for critical
reading of manuscript; V. Barbieri for technical assistance; and D. M.
D’Agostino for editing the manuscript.

This study was supported by grants from the Italian Association for
Cancer Research (AIRC), ISS Italy-USA Program on “Therapy of
Tumors,” Italian Ministry of Public Education. G. Milan is supported
by a fellowship from the Italian Foundation for Cancer Research
(FIRC).

REFERENCES

1. Bennett, S. R. M., F. R. Carbone, F. Karamalis, R. A. Flavell, J. F. A. P.
Miller, and W. R. Heath. 1998. Help for cytotoxic-T-cell responses is medi-
ated by CD40 signalling. Nature (London) 393:478-480.

2. Biasi, G., A. Facchinetti, M. Panozzo, P. Zanovello, L. Chieco-Bianchi, and
D. Collavo. 1991. Moloney murine leukemia virus tolerance in anti-CD4
monoclonal antibody-treated adult mice. J. Immunol. 147:2284-2289.

3. Bloom, M. B., D. Perry-Lalley, P. F. Robbins, Y. Li, M. El-Gamil, S. A.
Rosenberg, and J. C. Yang. 1997. Identification of tyrosinase-related protein
2 as a tumor rejection antigen for the B16 melanoma. J. Exp. Med. 185:453—
459.

4. Boyer, J. D., K. E. Ugen, B. Wang, M. Agadjanyan, L. Gilbert, M. L.
Bagarazzi, M. Chattergoon, P. Frost, A. Javadian, W. V. Williams, Y. Re-
faeli, R. B. Ciccarelli, D. McCallus, L. Coney, and D. B. Weiner. 1997.
Protection of chimpanzees from high-dose heterologous HIV-1 challenge by
DNA vaccination. Nat. Med. 3:526-532.

5. Brawand, P., G. Biasi, C. Horvath, J.-C. Cerottini, and H. R. MacDonald.
1998. Flow-microfluorimetric monitoring of oligoclonal CD8" T cell re-
sponses to an immunodominant Moloney leukemia virus-encoded epitope in
vivo. J. Immunol. 160:1659-1665.

6. Calarota, S., G. Bratt, S. Nordlund, J. Hinkula, A.-C. Leandersson, E.
Sandstrém, and B. Wahren. 1998. Cellular cytotoxic response induced by
DNA vaccination in HIV-1-infected patients. The Lancet 351:1320-1325.

7. Casares, S., K. Inaba, T.-D. Br R. M. Stei and C. A. Bona.
1997. Antigen presentation by dendritic cells after immunization with DNA
encoding a major histocompatibility complex class II-restricted viral epitope.
J. Exp. Med. 186:1481-1486.

8. Chattergoon, M., J. Boyer, and D. B. Weiner. 1997. Genetic immunization:
a new era in vaccines and immune therapeutics. FASEB J. 11:753-763.

9. Cheever, M. A., and W. Chen. 1997. Therapy with cultured T cells: principles

revisited. Immunol. Rev. 157:177-194.

Chen, W., H. Qin, B. Chesebro, and M. A. Cheever. 1996. Identification of a

gag-encoded cytotoxic T-lymphocyte epitope from FBL-3 leukemia shared by

Friend, Moloney, and Rauscher murine leukemia virus-induced tumors.

J. Virol. 70:7773-7782.

11. Chesebro, B., M. Miyazawa, and W. J. Britt. 1990. Host genetic control of

10.

8002 ‘G 1snbny uo Ag B0 wse' 1Al woiy papeojumod


http://jvi.asm.org

VoL. 73, 1999

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

spontaneous and induced immunity to Friend murine retrovirus infection.
Annu. Rev. Immunol. 8:477-499.

Chieco-Bianchi, L., D. Collavo, and G. Biasi. 1988. Immunologic unrespon-
siveness to murine leukemia virus antigens: mechanisms and role in tumor
development. Adv. Cancer Res. 51:277-306.

Collavo, D., A. Colombatti, G. Biasi, L. Chieco-Bianchi, and A. J. S. Davies.
1976. Immune reactivity in the Moloney strain of murine sarcoma virus
oncogenesis: requirement of thymus-derived lymphocytes for in vivo protec-
tion. J. Natl. Cancer Inst. 56:603-608.

Collavo, D., A. Colombatti, L. Chieco-Bianchi, and A. J. S. Davies. 1974. T
lymphocyte requirement for MSV tumour prevention or regression. Nature
(London) 249:169-170.

Collavo, D., F. Ronchese, P. Zanovello, G. Biasi, and L. Chieco-Bianchi.
1982. T cell tolerance in Moloney-murine leukemia virus (M-MuLV) carrier
mice: low cytotoxic T lymphocyte precursor frequency and absence of sup-
pressor T cells in carrier mice with Moloney-murine sarcoma (M-MSV)-
induced tumors. J. Immunol. 128:774-779.

Curtis, A. H., K. Osorio, and F. Lilly. 1986. Friend virus-specific cytotoxic T
lymphocytes recognize both gag and env gene-encoded specificities. J. Exp.
Med. 164:211-226.

Delves, P. J., T. Lund, and I. M. Roitt. 1997. Can epitope-focused vaccines
select advantageous immune responses? Mol. Med. Today 3:55-60.

. Donnelly, J. J., J. B. Ulmer, J. W. Shiver, and M. A. Liu. 1997. DNA vaccines.

Annu. Rev. Immunol. 15:617-648.

Flyer, D. C., S. J. Burakoff, and D. V. Faller. 1983. Cytotoxic T lymphocyte
recognition of transfected cells expressing a cloned retroviral gene. Nature
(London) 305:815-818.

Greenberg, P. D. 1991. Adoptive T cell therapy of tumors: mechanisms
operative in the recognition and elimination of tumor cells. Adv. Immunol.
49:281-355.

Hasenkrug, K. J., and B. Chesebro. 1997. Immunity to retroviral infection:
the Friend virus model. Proc. Natl. Acad. Sci. USA 94:7811-7816.
Hasenkrug, K. J., D. M. Brooks, J. Nishio, and B. Chesebro. 1996. Differing
T-cell requirements for recombinant retrovirus vaccines. J. Virol. 70:368—
372.

Klarnet, J. P., D. E. Kern, K. Okuno, C. Holt, F. Lilly, and P. D. Greenberg.
1989. FBL-reactive CD8™ cytotoxic and CD4™ helper T lymphocytes recog-
nize distinct Friend murine leukemia virus-encoded antigens. J. Exp. Med.
169:457-467.

DNA VACCINATION AGAINST M-MSV/M-MuLV-INDUCED TUMORS

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

2287

Krieg, A. M., A.-K. Yi, J. Schorr, and H. Davis. 1998. The role of CpG
dinucleotides in DNA vaccines. Trends Microbiol. 6:23-27.

MacGregor, R. R., J. D. Boyer, K. E. Ugen, K. E. Lacy, S. J. Gluckman, M. L.
Bagarazzi, M. A. Chattergoon, Y. Baine, T. J. Higgins, R. B. Ciccarelli, L. R.
Coney, R. S. Ginsberg, and D. B. Weiner. 1998. First human trial of a
DNA-based vaccine for treatment of human immunodeficiency virus type 1
infection: safety and host response. J. Infect. Dis. 178:92-100.

Miyazawa, M., J. Nishio, and B. Chesebro. 1992. Protection against Friend
retrovirus-induced leukemia by recombinant vaccinia viruses expressing the
gag gene. J. Virol. 66:4497-4507.

O dorp, F., E. Mengedé, M. Camps, R. Filius, and C. J. M. Melief. 1998.
Specific T helper cell requirement for optimal induction of cytotoxic T
lymphocytes against major histocompatibility complex class II negative tu-
mors. J. Exp. Med. 187:693-702.

Riddell, S. R., and P. D. Greenberg. 1995. Principles for adoptive T cell
therapy of human viral diseases. Annu. Rev. Immunol. 13:545-586.

Ridge, J. P., F. Di Rosa, and P. Matzinger. 1998. A conditioned dendritic cell
can be a temporal bridge between a CD4" T-helper and a T-killer cell.
Nature (London) 393:474-478.

Rosato, A., A. Zambon, G. Milan, V. Ciminale, D. M. D’Agostino, B. Macino,
P. Zanovello, and D. Collave. 1997. CTL response and protection against
P815 tumor challenge in mice immunized with DNA expressing the tumor-
specific antigen P815A. Hum. Gene Ther. 8:1451-1458.

Schoenberger, S. P., R. E. M. Toes, E. I. H. van der Voort, R. Offringa, and
C. J. M. Melief. 1998. T-cell help for cytotoxic T lymphocytes is mediated by
CD40-CD40L interactions. Nature (London) 393:480—-483.

Sijts, A. J. A. M., M. L. H. De Bruijn, M. E. Ressing, J. D. Nieland, E. A. M.
Mengedé, C. J. P. Boog, F. Ossendorp, W. M. Kast, and C. J. M. Melief.
1994, Tdentification of an H-2K”-presented Moloney murine leukemia virus
cytotoxic T-lymphocyte epitope that displays enhanced recognition in H-2D"
mutant bm13 mice. J. Virol. 68:6038-6046.

Sparwasser, T., E.-S. Koch, R. M. Vabulas, K. Heeg, G. B. Lipford, J. W.
Ellwart, and H. Wagner. 1998. Bacterial DNA and immunostimulatory CpG
oligonucleotides trigger maturation and activation of murine dendritic cells.
Eur. J. Immunol. 28:2045-2054.

Tighe, H., M. Corr, M. Roman, and E. Raz. 1998. Gene vaccination: plasmid
DNA is more than just a blueprint. Immunol. Today 19:89-97.

Workman, P., and J. Wallace. 1988. UKCCCR guidelines for the welfare of
animals in experimental neoplasia. Br. J. Cancer 58:109-113.

8002 ‘G 1snbny uo Ag B0 wse' 1Al woiy papeojumod


http://jvi.asm.org

