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We demonstrated that peripheral T cell tolerance toward murine
melanoma self-antigens gp100 and TRP-2 can be broken by an
autologous oral DNA vaccine containing the murine ubiquitin gene
fused to minigenes encoding peptide epitopes gp10025–33 and
TRP-2181–188. These epitopes contain dominant anchor residues for
MHC class I antigen alleles H-2Db and H-2Kb, respectively. The DNA
vaccine was delivered by oral gavage by using an attenuated strain
of Salmonella typhimurium as carrier. Tumor-protective immunity
was mediated by MHC class I antigen-restricted CD81 T cells that
secreted TH1 cytokine IFN-g and induced tumor rejection and
growth suppression after a lethal challenge with B16G3.26 murine
melanoma cells. Importantly, the protective immunity induced by
this autologous DNA vaccine against murine melanoma cells was at
least equal to that achieved through xenoimmunization with the
human gp10025–33 peptide, which differs in its three NH2-terminal
amino acid residues from its murine counterpart and was previ-
ously reported to be clearly superior to an autologous vaccine in
inducing protective immunity. The presence of ubiquitin upstream
of the minigene proved to be essential for achieving this tumor-
protective immunity, suggesting that effective antigen processing
and presentation may make it possible to break peripheral T cell
tolerance to a self-antigen. This vaccine design might prove useful
for future rational designs of other recombinant DNA vaccines
targeting tissue differentiation antigens expressed by tumors.

The development of antigen-specific cancer vaccines was
stimulated by the recent identification and cloning of several

unaltered melanoma self-antigens that can be recognized by T
cells isolated from mice or human cancer patients (1–3). Such
autoreactive T cells apparently escape thymic deletion and reach
the periphery, where they can be activated to induce effective
antitumor immune responses (4, 5). Among melanoma-
associated antigens recognized by T cells are gp100 and tyrosi-
nase-related proteins TRP-1 and TRP-2, which are lineage-
specific differentiation antigens expressed by both melanocytes
and melanoma cells of humans and mice (6–10). In an attempt
to determine the requirements for breaking peripheral T cell
tolerance to such naturally expressed antigens, cytotoxic T
lymphocytes (CTLs) against gp100 were elicited by immuniza-
tion of mice with a recombinant vaccinia virus encoding human
gp100, which fortuitously generated a heteroclitic response
against the corresponding murine gp100 epitope. These T cells,
once cloned, substantially reduced established pulmonary
B16WT melanoma metastases in C57BLy6J mice. Importantly,
an autologous vaccine encoding murine gp100 failed to generate
tumor-protective immunity in this model system. The mecha-
nism responsible for the greater immunogenicity of the human
version of gp100 became apparent when mice were immunized
with recombinant vaccinia virus containing minigenes encoding
either human gp10025–33 or murine gp10025–33 peptide epitopes.
Although the human and murine gp10025–33 epitopes were
homologous and conformed to the predicted H-2Db antigen
binding motif, differences in three NH2-terminal amino acids
resulted in a 2-log increase in the ability of the human peptide
to stabilize ‘‘empty’’ H-2Db antigens on RMA-S cells and a 3-log

increase in triggering IFN-g release by T cells compared with the
murine peptide (10).

TRP-2181–188, a peptide that shares the same amino acid
sequence in humans and mice and conforms to a predicted
H-2Kb antigen binding motif, 5(F) and 8(L), was identified as the
major reactive epitope within the TRP-2 antigen recognized by
anti-B16 CTLs. A CTL line raised from normal mouse spleno-
cytes by repeated stimulation with the TRP-2181–188 peptide was
therapeutic against 3-day-old established murine B16 melanoma
lung metastases when low-dose systemic IL-2 was given with
adoptive cell transfer (9). Recently, a recombinant vaccinia virus
encoding the murine melanoma self-antigen TRP-1 was reported
to induce autoimmune vitiligo and tumor cell destruction in mice
that required CD41 T lymphocytes to protect C57BLy6J mice
completely against s.c. B16 murine melanoma cell challenge
(11). However, immunizations with DNA vaccines containing
minigenes encoding mouse gp10025–33 combined with TRP-2181–
188 epitopes have not reported thus far to induce antitumor
immunity capable of rejecting s.c. challenges of wild-type B16
murine melanoma cells.

The induction of a most effective antigen-specific immunity by
DNA vaccines involves optimization of the vaccine design,
including different approaches for vaccine delivery and effective
antigen processing. This modality includes the use of an oral
delivery system with an attenuated strain of Salmonella typhi-
murium (12). Oral immunization with S. typhimurium harboring
plasmid DNA vaccines proved effective in DNA delivery and
subsequent induction of immunity against antigens encoded by
the plasmid (12). DNA immunization can be enhanced signifi-
cantly by exploiting the natural pathways of antigen presentation.
Thus, most peptides presented by MHC class I antigens that
induce CTL are derived from cytosolic proteins degraded by the
proteasome. Proteins are targeted to this organelle by ubiquiti-
nation, a process in which many copies of the cellular protein
ubiquitin are covalently attached to the target protein. Reason-
ing that covalent attachment of ubiquitin to the target protein
might enhance its degradation by the proteasome, a DNA
vaccine was prepared in which the lymphocytic choriomeningitis
virus nucleoprotein was cotranslationally expressed with a mod-
ified ubiquitin (13). The ubiquitinated nucleoprotein was more
rapidly degraded by the proteasome, and this DNA vaccine
conferred significantly better antiviral immunity than did a
vaccine lacking ubiquitin. These findings were confirmed and
extended by analyses of ubiquitin attached to minigenes encod-
ing lymphocytic choriomeningitis virus CTL epitopes; again,
protective immunity was greatly enhanced, and a 6-fold increase
in CTL precursor frequency was observed (14).

Abbreviations: CTL, cytotoxic T lymphocyte; EGFP, enhanced green fluorescent protein.
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Herein, we applied an alternative mode of DNA delivery in an
attempt to break peripheral T cell tolerance to murine mela-
noma self-antigens with an attenuated strain of S. typhimurium
serving as a carrier for eukaryotic expression vectors encoding
for ubiquitinated gp10025–33 and TRP-2181–188 peptide epitopes.
An autologous, oral vaccine encoding these ubiquitinated mu-
rine melanoma peptide epitopes induced an effective tumor-
protective immunity that was mediated by CD81 T cells in an
MHC class I-restricted manner. This immunity was achieved in
a prophylactic setting against an s.c. challenge with highly
tumorigenic but poorly immunogenic B16G3.26 melanoma cells.

Materials and Methods
Animals, Bacterial Strains, and Cell Lines. C57BLy6J mice and
C57BLy6J scidyscid mice 6–8 weeks of age were purchased from
The Jackson Laboratory or from the breeding colony at the
Scripps Research Institute. The attenuated S. typhimurium
AroA2 strain SL7207 {S. typhimurium 2337-65 derivative his
G46.DEL407 [aroA::Tn10 (Tc-S)]} was kindly provided by
B. A. D. Stocker (Stanford University, Stanford, CA). Bacterial
strains DH5a and JM101 were purchased from Invitrogen.
Bacteria were grown routinely at 37°C in LB broth or on agar
plates (Sigma) supplemented, when required, with 50 mgyml
ampicillin. The B16G3.26 melanoma cell line was obtained
originally from C. Stackpole (New York Medical College, Val-
halla, NY) and cultured in RPMI medium 1640 supplemented
with 10% (volyvol) FBS as reported (15). The TRAMP-C1
(pTC1) prostate tumor cell line was kindly provided by N. M.
Greenberg (Baylor College of Medicine, Houston, TX). This line
is an early passage murine prostate cancer cell line derived from
TRAMP mice that spontaneously developed prostate cancer
because of prostate-specific simian virus 40 large tumor antigen
(Tag) expression (16). The murine macrophage cell line RAW
was obtained from the American Type Culture Collection.

Construction of Expression Vectors. The following three expression
vectors were constructed: pUb-M and pUb-H containing ubi-
quitinated murine and human melanoma gp10025–33 and TRP-
2181–188 peptide epitopes, respectively. p-Mini is an expression
vector including the nonubiquitinated murine peptide epitopes,
and pUb-V contains ubiquitin only (13) and serves as an empty
vector control. Specifically, mouse gp10025–33 (EGSRNQDWL)
and TRP-2 181–188 (VYDFFVWL) peptide epitopes containing
dominant H-2Db 5(N), 9(L), H-2Kb 5(F), and 8(L) anchor
residues were amplified by PCR with oligonucleotides with a
20-bp overlap. The PCR-amplified DNA fragments were then
cloned into the TOPO-TA cloning vector (Invitrogen). To
generate the pUb-M expression vector, the fragment containing
the ubiquitinated murine peptide epitope was excised by BglII
and cloned into the same site of the pCMV-Ub vector (13). The
pUb-H expression vector was constructed by using the same
strategy, except that the epitopes were changed to human
gp10025–33 (KVPRNQDWL) and TRP-2 181–188 (VYDFFVWL)
CTL peptide epitopes with dominant H-2Db 5(N), 9(L), H-2Kb

5(F), and 8(L) anchor residues, respectively. The third expres-
sion vector, p-Mini, was generated by removing the ubiquitin
sequence from pUb-M or pUb-H. Vector construction is illus-
trated schematically in Fig. 1.

Transduction of S. typhimurium with DNA Vaccine Plasmids. Atten-
uated S. typhimurium bacteria were transduced with DNA
vaccine plasmids by electroporation according to the following
protocol. A single colony of bacteria was inoculated into 3 ml of
LB medium, and the bacteria were harvested during mid-log
phase after washing them twice with ice-cold water. Freshly
prepared bacteria (1 3 108) were then admixed with 10 pg to
0.1 mg of plasmid DNA on ice in a 0.2-cm cuvette and electro-
porated with a Bio-Rad Gene Pulser at 2.5 kV, 25 mF, and 200

V. The bacteria were removed subsequently from the cuvette
into a sterile culture tube containing 1 ml of LB broth medium
and incubated with moderate shaking for 30 min at 37°C. The
transformed culture (100 ml) was then plated onto LB plates with
50 mgyml ampicillin. Resistant colonies harboring the DNA
vaccine minigene were cultured and stored after confirmation of
the coding sequence. For mammalian expression, 5 mg of
enhanced green fluorescent protein (EGFP)-N plasmid was
added to 1 3 105 RAW cells in a 0.4-cm cuvette and electro-
porated at 300 V, 200 V, and 25 mF.

Assessment of Gene Transfer from S. typhimurium to Phagocytes.
Gene transfer from S. typhimurium to murine peritoneal mac-
rophages and the RAW macrophage cell line was determined by
using plasmid DNA encoding the EGFP as a tracer. Briefly, 1 ml
of 3% (volyvol) Brewer’s thioglycolate medium was injected into
the peritoneal cavities of C57BLy6J mice to produce inflamma-
tory exudate-derived macrophages, which were harvested 7 days
after this initial stimulation. Isolated macrophages were allowed
to adhere for 2 h at 37°C, at which time the nonadherent cells
were removed by two washes with antibiotic-free medium. An
attenuated strain of S. typhimurium bearing the EGFP-N plas-
mid was added and incubated for 30 min. Cells were washed
again with a medium containing 50 mgyml of gentamycin to kill
extracellular bacteria. After another 4 h incubation, 10 mgyml
tetracycline was added to the cell culture to block intracellular
bacterial multiplication, and thereafter incubation was contin-
ued for another 30–48 h in DMEM [10% (vol/vol) FCSy2 mM
L-glutamine]. The medium was then removed, and the cells were
washed three times with PBS (pH 7.4) before evaluation of
EGFP by fluorescence microscopy.

Oral Immunization and Tumor Cell Challenge. Groups of eight female
C57BLy6J mice were fed by oral gavage with 100 ml of PBS

Fig. 1. Schematic map of vector construction. Minigenes encoding for
human or mouse gp10025–33 and TRP-2181–188 were assembled by PCR with
overlapping oligonucleotides as templates. The PCR fragments generated
were cloned into pCMV-Ub (13) by using a unique BglII restriction site down-
stream of the coding sequence for mouse ubiquitin. SV40, simian virus 40.
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containing 1 3 108 recombinant S. typhimurium harboring one
of the expression plasmids (pUb-V, pUb-M, pUb-H, or p-Mini)
at 2-week intervals (three times). At 1 week after the last oral
immunization, mice were challenged with 1 3 105 B16G3.26
melanoma cells by s.c. injection in the right front flank. Animals
were examined daily until the tumor became palpable, and
thereafter, its diameter was measured every other day with
microcalipers in two dimensions.

Cytokine Release Assay. CD81 T cells isolated from splenocytes of
C57BLy6J mice that were immunized three times with a DNA
vaccine and that had been challenged 1 week after the last oral
immunization were collected from the pUb-M, pUb-H, and
p-Mini experimental groups of mice, as well as from control
groups injected with PBS or immunized with S. typhimurium
carrying only the empty ubiquitin vector. After splenectomy,
lymphocytes were collected on FicollyHypaque (Amersham
Pharmacia), and CD81 T cells were isolated by using the CD81

T cells Subset Enrichment Column according to the manufac-
turer’s directions (R & D Systems). To determine cytokine
release, purified CD81 T cells were cultured in T cell medium
[DMEMy10% (vol/vol) FCSy2 mM L-glutaminey5 3 1024 M
b-mercaptoethanoly100 units/ml penicilliny100 mg/ml strepto-
myciny1:25 T-STIM (BDB Bioscience, Bedford, MA)] with 5 3
104 irradiated B16G3.26 syngeneic melanoma cells. Superna-
tants were harvested from each group of mice after 48 h and
assayed for IFN-g release with a commercially available cytokine
detection kit by using a solid-phase sandwich ELISA (BioSource
International, Camarillo, CA).

Cytotoxicity Assay. Cytotoxicity was measured by a standard
51Cr-release assay (17). CD81 T cells were isolated from spleens
of syngeneic C57BLy6J mice 1 week after challenge with 1 3 105

B16G3.26 melanoma cells and subsequently cultured for 3 days
at 37°C in T cell medium. B16G3.26 melanoma target cells (3 3
106) were labeled with 0.5 mCi of 51Cr for 2 h at 37°C, washed
three times, and suspended in the T cell medium. Target cells
were added to each well of a U-bottomed microtiter plate and
incubated with effector cells at various effector-to-target cell
ratios at 37°C for 4 h. The percentage of specific target cell lysis
was calculated with the formula [(E 2 S)y(T 2 S)] 3 100, where
E is the average experimental release, S is the average sponta-
neous release, and T is the average total release.

Adoptive Transfer of CD81 CTLs. Mice that were previously immu-
nized three times with either the pUb-V empty vector control or
the pUb-M vaccine served as donors of tumor-specific CD81 T
cells for adoptive transfer experiments. These animals were
killed 1 week after challenge with B16G3.26 melanoma cells, and
CD81 T cells were isolated as described above. Thereafter,
syngeneic C57BLy6J scidyscid mice were injected i.v. with a total
of 4.5 3 107 CD81 T cells in three separate injections of 1.5 3
107 T cells each on days 23, 21, and 13. On day 0, mice were
challenged with an s.c. injection of 1 3 105 wild-type B16G3.26
melanoma cells. Animals were examined daily, and two diame-
ters of each tumor were measured with microcalipers until
day 35.

Statistical Analysis. The statistical significance of differential
findings between experimental groups was determined by Stu-
dent’s t test. Findings were regarded as significant, if two-tailed
P values were ,0.05.

Results
DNA Is Transferred from S. typhimurium to Mammalian Host Cells in
Vitro. To test the hypothesis that the attenuated S. typhimurium
is a suitable carrier for DNA vaccines, we analyzed the effective
DNA transfer from S. typhimurium AroA to mammalian host

cells. The transfer was accomplished by demonstrating direct
transfer of DNA from the S. typhimurium carrier to mouse
primary peritoneal macrophages by infecting such cells with
Salmonellae harboring the EGFP expression vector. The data
depicted in Fig. 2 A and B show that approximately one-fourth
of the adherent macrophageydendritic-like cells expressed
EGFP, indicating the attenuated bacteria to be a suitable carrier
for the oral DNA vaccine. The mouse macrophage cell line
RAW transduced with the eukaryotic expression vector EGFP
by electroporation was used as a positive control. At least half of
the RAW cells expressed green fluorescence after 36 h, indi-
cating functional integrity of the EGFP vector (Fig. 2 C and D).

Protection Against Lethal Challenge with B16 Melanoma Cells. The
working hypothesis was tested that an oral DNA vaccine could
induce tumor-protective immunity against a lethal challenge of
C57BLy6J mice with wild-type B16G3.26 melanoma cells. Thus,
C57BLy6J mice (n 5 8) were immunized by oral gavage three
times at 2-week intervals with 1 3 108 S. typhimurium AroA,
harboring the expression plasmid pUb-H and encoding ubiquitin
and the human gp10025–33 and TRP-2181–188 peptide epitopes; the
mice were challenged 1 week thereafter by s.c. injection of 1 3
105 B16G3.26 murine melanoma cells. These mice showed
tumor-protective immunity; two of them rejected the tumor cell
challenge completely, and the remaining six animals had a
marked suppression in tumor growth (Fig. 3). An even better
tumor-protective immunity (P , 0.05) was achieved by vacci-
nation with the ubiquitinated expression plasmid pUb-M encod-
ing the autologous murine gp10025–33 and TRP-2181–188 peptide
epitopes (Fig. 3). These vaccination effects were in contrast to
control animals that received either PBS or the empty ubiquitin
vector (pUb-V) instead of the vaccine, because all mice in these
experimental groups had tumors that were three times as large.
Ubiquitination seemed to be absolutely essential to achieve
tumor-protective immunity, because immunization with the
autologous minigene (p-Mini) lacking the coding sequence for
murine ubiquitin resulted in large tumor growth in all mice equal
to that of controls (Fig. 3). Similar results were obtained with
p-Mini encoding the human peptide epitopes (data not shown).

Fig. 2. Gene transfer from S. typhimurium into mouse macrophages: Effec-
tive gene transfer from S. typhimurium into primary mouse macrophages was
determined by using an EGFP-encoding plasmid. For this purpose, inflamma-
tory exudate macrophages were cultured with S. typhimurium harboring the
EGFP plasmid, and green fluorescence was analyzed after 36–48 h by UV
microscopy at 488 nm (A and C). Arrowheads indicate location of macro-
phages. A macrophage cell line (RAW) transfected with the same EGFP plas-
mid by electroporation and green fluorescence was analyzed after 36 h (C and
D). Identical microscopic fields were analyzed in the presence and absence of
UV light (A corresponds to B; C corresponds to D). Photographs were taken at
3100 magnification.
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Adoptive Transfer of CD81 T Cells from Immunized Mice Results in
Suppression of Tumor Growth. To test whether the DNA vaccines
would elicit a CD81 T cell response that could limit tumor
growth, CD81 T cells were isolated from splenocytes of mice
immunized three times with either the control vaccine contain-
ing the empty ubiquitin vector (pUb-V) or the pUb-M vector
encoding the murine gp10025–33 and TRP-2181–188 T cell epitopes.
These CD81 T cells were then adoptively transferred to synge-
neic scidyscid mice. After subsequent challenge of these mice
with 1 3 105 wild-type B16G3.26 melanoma cells, all animals
that received CD81 T cells isolated from mice vaccinated with
either pUb-M or pUb-H showed .60% reduction in tumor
growth compared with control animals that received CD81 T
cells from mice vaccinated with only the empty ubiquitin vector
(Fig. 4). These data imply that the autologous pUb-M DNA
vaccine can induce a functional CD81 T cell-mediated immune
response in vivo, because such T cells, when adoptively trans-
ferred to scidyscid mice, retained sufficient memory to recognize
tumor-specific T cell epitopes initially presented to them by
antigen-presenting cells.

Immunization with DNA Vaccines Induces MHC Class I-Restricted
CTL-Mediated Killing of B16G3.26 Melanoma Cells in Vitro. To dem-
onstrate that immunization with DNA vaccines induces tumor-
specific CTLs capable of killing B16 melanoma cells in vitro in
an MHC class I antigen-restricted manner, we isolated CD81 T
cells from splenocytes of various groups of C57BLy6J mice, each
of which had been immunized with the autologous pUb-M
vaccine, the xenogeneic pUb-H vaccine, or the pUb-V control
vaccine. The data depicted in Fig. 5A indicate that CD81 T cells
isolated from splenocytes of mice immunized with either the
pUb-M or pUb-H DNA vaccines were equally effective in killing
B16G3.26 melanoma cells in vitro at different effector-to-target
cell ratios. In contrast, controls such as CD81 T cells isolated
from naı̈ve mice or from mice immunized with a vaccine carrying
the empty vector produced only background levels of tumor cell
lysis (Fig. 5A). The CD81 T cell-mediated killing of B16G3.26
melanoma cells was specific, because syngeneic but unrelated

prostate carcinoma target cells (TRAMP-C1) were not lysed
(Fig. 5B). Importantly, the CD81 T cell-mediated tumor cell
lysis was MHC class I antigen-restricted, because addition of
10 mgyml anti-H2KbyH-2Db antibody (clone 28-8-6; PharMin-
gen) specifically inhibited melanoma cell lysis (Fig. 5B).

TH1 Cytokine Release by CD81 T Cells Isolated from Mice Immunized
with DNA Vaccines. To determine whether T cells activated by DNA
vaccines will secrete inflammatory TH1 cytokines, CD81 T cells
were isolated from splenocytes of mice that were successfully
immunized three times with either the pUb-M or pUb-H DNA
vaccines and then challenged 1 week thereafter with 1 3 105 B16
melanoma cells. When purified CD81 T cells were isolated from
splenocytes of these mice 1 week after tumor cell challenge and
cultured in T cell medium with 5 3 104 irradiated B16G3.26
melanoma cells, increasing amounts of IFN-g (Fig. 6) were detected
in the supernatants of these cultures when compared with controls.
There was no release of IL-4 (data not shown). These data suggest
that the DNA vaccine-activated CD81 T cells secreted the TH1
inflammatory cytokine IFN-g.

Discussion
We tested the hypothesis that peripheral T cell tolerance to
melanoma self-antigens can be broken by oral DNA vaccines
that were optimized for antigen processing and presentation of
encoded peptide epitopes derived from these antigens. Proof for
this hypothesis was established by the induction of a tumor-
protective immune response after a lethal challenge of vacci-
nated C57BLy6J mice with murine B16G3.26 melanoma cells
resulting in rejection of tumors and suppression of growth. Three
lines of evidence indicated that the cells responsible for this
tumor-protective immunity were primarily activated CD81 T
cells. First, CD81 T cells isolated from splenocytes of success-
fully vaccinated mice specifically killed B16G3.26 melanoma
target cells in an in vitro cytotoxicity assay in an MHC class
I-restricted manner. Second, CD81 T cells were clearly respon-
sible for this protective immunity, because such cells isolated
from splenocytes of successfully vaccinated C57BLy6J mice
could be adoptively transferred to syngeneic scidyscid mice and

Fig. 3. Induction of tumor-protective immunity. C57BLy6J mice (n 5 8) received
three vaccinations of 108 attenuated S. typhimurium (SL7207) harboring DNA
vaccines by oral gavage at 2-week intervals. Experimental groups were immu-
nized with vaccines encoding ubiquitinated murine gp10025–33 and TRP-2181–188

peptide epitopes (pUb-M), ubiquitinated human gp10025–33 and TRP-2181–188

epitopes (pUb-H), or the murine peptide epitopes without ubiquitin (p-Mini).
Control groups of mice (n 5 8) included those treated with PBS or a vaccine
containing only the empty vector (pUb-V). Mice were challenged with 1 3 105

B16G3.26 murine melanoma cells 1 week after the final vaccination. Bars repre-
sentmeansandstandarddeviationsofeightmicepergroup.Differences intumor
volume between experimental groups treated with either pUb-M or pUb-H and
all control groups were statistically significant (P , 0.01).

Fig. 4. Horizontal transfer of tumor immunity by adoptive transfer of T
lymphocytes. CD81 T cells were isolated from C57BLy6J mice successfully
immunized with pUb-M DNA vaccine or pUb-V empty vector control. All donor
animals were killed 1 week after tumor cell challenge, and their CD81 T cells
were isolated from their pooled splenocyte suspensions. At 48 h before i.v.
challenge with 1 3 105 wild-type B16G3.26 cells, naı̈ve syngeneic SCID mice
were reconstituted with a total of 4.5 3 107 CD81 T cells by i.v. injection of
1.5 3 107 T cells on days 23, 21, and 13. Tumor growth was analyzed in mice
receiving CD81 T cells either from animals vaccinated with pUb-M (m) or pUb-H
(Œ) or from mice vaccinated with the empty vector control (F). Tumor growth
was determined by microcaliper measurements, and tumor volume was cal-
culated according to 0.5 3 width2 3 length.
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had sufficient memory to suppress markedly the growth of a
lethal challenge of wild-type B16G3.26 melanoma cells. Third,
the DNA vaccines did indeed activate CD81 T cells, because
such cells isolated from splenocytes of successfully vaccinated
mice secreted the TH1 inflammatory cytokine IFN-g.

The most important consequence of the immunization
achieved with the DNA vaccines in a prophylactic setting is the
protective immunity achieved against a lethal challenge with
B16G3.26 murine melanoma cells. Immunity was accomplished
by using an attenuated strain of S. typhimurium as carrier for
eukaryotic expression vectors encoding minigenes consisting of
ubiquitinated gp10025–33 (H-2Db) and TRP-2181–188 (H-2Kb)
peptide epitopes. Importantly, a completely autologous DNA
vaccine encoding the ubiquitinated murine gp10025–33 and TRP-
2181–188 peptide epitopes elicited an MHC class I-restricted
CD81 T cell response capable of inducing tumor-protective
immunity against a challenge of B16G3.26 murine melanoma

cells. Interestingly, the extent of this tumor-protective immunity
was better (P value was ,0.05) than that achieved by xenoim-
munization (P value was ,0.05), i.e., by replacing the murine
gp10025–33 epitope with the human gp10025–33 peptide epitope.
There was no difference in the MHC class I-restricted CD81 T
cell responses induced by these two DNA vaccines or in the
release of TH1 cytokine IFN-g from these T cells when stimu-
lated by irradiated B16 melanoma cells. The CD81 T cell
responses were directed specifically against these melanoma
cells, because syngeneic prostate carcinoma cells TRAMP-C1
were not lysed by the CD81 effector T cells in vitro.

Our success in eliciting an effective CD81 T cell-mediated
tumor-protective immunity with a completely autologous oral
DNA vaccine is most likely due to our efforts in optimizing
antigen processing and presentation by ubiquitination. Support
for this contention comes from our findings indicating that the
DNA vaccines (p-Mini) encoding either the murine gp10025–33
and TRP-2181–188 peptide epitopes or their human counterparts
and lacking in ubiquitination were equally ineffective in inducing
tumor-protective immunity as the controls, i.e., mice immunized
with only PBS or the empty vector (pUb-V). In contrast, both
ubiquitinated DNA vaccines, pUb-H and pUb-M, were clearly
capable of inducing tumor-protective immunity against a lethal
challenge of B16G3.26 murine melanoma cells.

Our findings clearly show the beneficial effects of ubiquitina-
tion in inducing stronger CD81 T cell responses and protective
immunity. These results are in agreement with previous studies
that used a modified ubiquitin in a viral model system (13, 14).
Although ubiquitination does not invariably enhance CD81 T
cell responses (18), the present work and studies by other
investigators (13, 14, 19–22) confirm the important role of
ubiquitination in the MHC class I antigen presentation pathway.

In summary, we demonstrated that an autologous, oral DNA
vaccine encoding ubiquitinated murine gp10025–33 and TRP-2181–
188 peptide epitopes carried by an attenuated strain of S. typhi-
murium protected C57BLy6J mice against a lethal challenge of
murine B16G3.26 melanoma cells and that optimization of
antigen processing and presentation by ubiquitination played a
major role in achieving this successful vaccination.

This work was supported by an Outstanding Investigator Award
CA42508 (to R.A.R.) and by Grant AI-37186 (to J.L.W.) from the
National Institutes of Health. J.M.R. is a fellow of the Deutsche
Forschungsgemeinschaft. This article is the Scripps Research Institute’s
manuscript no. 12935-IMM.

Fig. 5. Cytotoxicity induced by CD81 T cells of C57BLy6J mice against murine B16G3.26 melanoma cells after immunization with DNA vaccines encoding ubiquitinated
melanoma-specific epitopes. Splenocytes were isolated 1 week after the third vaccination, and CD81 T cells were analyzed for their lytic activity in a 4-h 51Cr-release
assay at different effector-to-target cell ratios (E:T) ratios. (A) Specific lysis mediated by CD81 T cells from different experimental groups of mice: pUb-H (E), pUb-M (l),
empty vector pUb-V (‚), and PBS (*). (B) Lysis mediated by CD81 T cells was blocked by anti-MHC class I antibody (H-2KbyDb) after immunization with the pUb-M (l)
and pUb-H (E) DNA vaccines. Nonspecific syngeneic prostate cancer target cells (TRAMP-C1) were not lysed by pUb-M-specific CD81 T cells (ƒ).

Fig. 6. Cytokine release by CD81 T cells isolated from splenocytes of
C57BLy6J mice treated with DNA vaccines. Release of IFN-g by CD81 T cells
isolated from splenocytes of C57BLy6J mice was measured by solid-phase
sandwich ELISA. Splenocytes were obtained from mice immunized with either
pUb-H or pUb-M DNA vaccines and from control mice treated with either PBS
or the empty ubiquitin vector (pUb-V). Bars represent means and standard
deviations of eight mice per group. Differences in IFN-g release observed
between experimental groups treated with either pUb-M or pUb-H and all
control groups were statistically significant (P , 0.01).
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