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A lack of relevant animal models has hampered preclinical screening and critical evaluation of the efficacy 
of human vaccines in vivo. Carcinoembryonic antigen–A2Kb (CEA–A2Kb) double transgenic mice provide a 
biologically relevant model for preclinical screening and critical evaluation of human CEA vaccine efficacy 
in vivo, particularly because such animals are peripherally tolerant of CEA. We established the utility of this 
model by demonstrating that an oral DNA minigene vaccine induces effective HLA-A2–restricted, CEA-spe-
cific antitumor CTL responses. This finding is supported by three lines of evidence: (a) an effective HLA-A2–
restricted, CEA691-specific CTL response; (b) specific in vitro killing of CEA-A2Kb transduced MC-38 colon 
carcinoma cells; and (c) protective immunity induced in vaccinated mice against challenges of these tumor 
cells. Importantly, peripheral T cell tolerance against CEA in CEA-A2Kb double transgenic mice was bro-
ken by the CEA691 (IMIGVLVGV) minigene vaccine. In conclusion, CEA-A2Kb double transgenic mice were 
demonstrated to be good candidates for in vivo testing of human CEA–based vaccines. This result suggests a 
potential for these vaccines in future human vaccine development. The feasibility of using nonmutated self-
antigens as targets for therapeutic vaccinations was indicated, provided that such antigens are presented in 
an immunogenic context; that is, as a DNA minigene in a bacterial carrier system.

Introduction
CD8+ CTLs have the ability to specifically recognize and kill tumor 
cells. They recognize antigens (Ag’s) in the form of short peptides, 
generally 8 to 10 amino acids long, presented on the cell surface 
by MHC class I molecules. These peptides, usually referred to as 
CTL epitopes, are generated in the cytosol of cells after proteolytic 
processing of antigens by the proteasome (1). The primary aim 
of tumor vaccines is to induce antitumor CD8+ CTL responses 
that can eradicate tumors and prevent their relapse. DNA vaccines 
provide an attractive approach to this goal, particularly because 
vaccines against tumor self-antigens, consisting of either killed 
tumor cells or recombinant proteins, proved to be inefficient for 
delivery of antigen into the MHC class I Ag–processing pathway 
(2). Consequently, the induction of a more effective antigen-spe-
cific immune response by DNA vaccines requires new strategies 
for optimization of the vaccine design, including novel approach-
es for vaccine delivery and effective antigen processing. Such strat-
egies include the use of an oral carrier system with an attenuated 
strain of Salmonella typhimurium (dam–; AroA–),which delivers the 
DNA to secondary lymphoid organs (3, 4).

The use of minigene vaccines is an attractive approach because 
of the ease of synthesis and manipulation of these vaccines. 
Moreover, in contrast to whole-gene vaccines, minigene vac-
cines can induce immune responses against specific Ag epitopes 
while avoiding the interference of nonrelevant Ag epitopes. Con-
sequently, such vaccines lend themselves to in-depth studies of 
immunological mechanisms far more readily than do DNA vac-
cines encoding entire genes. The minigene strategy was reported 
to induce effective antitumor responses by an HLA-A2–restricted 
Melan-A peptide analog epitope (5) or by murine MHC class I 
molecule H-2Db/Kb–restricted melanoma Ag epitopes (4).

Carcinoembryonic antigen (CEA), an oncofetal protein with a 
relative molecular mass of 180,000, is considered to be an effec-
tive target for a DNA vaccine because it is overexpressed by most 
colorectal, gastric, and pancreatic carcinomas (6), by 50% of 
breast cancers, and by 70% of non–small cell lung carcinomas; it 
is expressed to a far lesser extent on normal epithelium and also 
on some fetal tissues (7). This increased expression of CEA also 
promotes an increase in intercellular adhesions that may contrib-
ute to metastasis (8). Circulating CEA can also be detected in the 
blood of most patients with CEA-positive tumors and has been 
used to monitor responses to therapy and disease progression. 
Because of the overexpession of CEA on a large number of epi-
thelial tumor cells, a variety of whole CEA gene– or CEA peptide–
based vaccines have been the research focus of several laboratories 
(9–12) and used in clinical trials (13, 14).

Moreover, short peptides corresponding to HLA-A2–restricted 
CTL epitopes derived from CEA have been identified and were 
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shown to contribute to the cytotoxicity against tumor cells in vitro 
(9, 15, 16). These observations prompted us to adopt a minigene 
approach to developing CEA-specific DNA vaccines designed for 
optimal antitumor activity and to avoid the induction of immune 
responses that are cross-reactive with normal cells.

To this end, two different HLA-A2–restricted epitopes were 
selected: carcinoembryonic antigen peptide 1–6D (CAP1-6D) 
(YLSGADLNL) and CEA691 (IMIGVLVGV). CAP1-6D was selected 
because it is an agonist peptide for CAP-1 (9) and was shown to be 
more antigenic than CAP-1 (17). CEA691 was chosen because it was 
reported to be presented by HLA-A2–expressing tumor cells (15).

Results
A CEA minigene encoded by expression vectors is expressed in mamma-
lian cells. To achieve optimal vaccine efficacy, three expression vec-
tors were constructed based on the backbone of pCMV/ER/Myc 
(Figure 1A). To check gene expression, 293T cells were transfected 
with either pHI-myc, pHI-CAP1-6D-myc, or pHI-691-myc using 
Lipofectamine 2000 (Invitrogen). Protein expression was assessed 
by Western blotting of cell lysates with monoclonal anti–myc Ab 
(Invitrogen), and single bands with the expected molecular weight 
of 15 kDa or 16 kDa were detected (Figure 1B). A lysate from cells 
transfected with pHI-CAP1-6D-myc revealed patterns identical to 
those of pHI-691-myc (data not shown). The vaccine vectors pHI, 
pHI-CAP1-6D, and pHI-691 were generated by introducing a stop 
codon immediately downstream from the peptide coding sequenc-
es, so that mature peptides did not contain the myc epitope. Struc-
tures were confirmed by DNA sequencing, and empty pCMV vec-
tors were also included for control purposes.

CEA691-specific, HLA-A2–restricted immunity is induced by a DNA vaccine 
encoding the pHI-691 CEA minigene. To verify that a specific immune 
response was induced by the minigene vaccines, vaccination vec-
tors were transfected into doubly attenuated S. typhimurium (dam–; 
AroA–) by electroporation and used to vaccinate C57-CEA-A2Kb 
double transgenic mice three times at 2-week intervals. To this end, 
ELISPOT assays were performed 2 weeks after the last immuniza-
tion with splenocytes isolated from immunized mice; synthetic 
peptides (10 μg/ml) were applied as stimulators. All experimental 
groups revealed an increased number of spots when splenocytes were 
stimulated with the CEA691 peptide, compared with unstimulated 
splenocytes. Although this increase is minimal in the groups of mice 
immunized with either the pCMV, pHI, or pHI-CAP1-6D DNA vac-
cines, it is quite dramatic in the mice vaccinated with pHI-691 (Figure 
2A), which suggests the existence of CEA691-specific cells that can be 
induced to secrete IFN-γ in C57-CEA-A2Kb double transgenic mice.

However, in all experimental groups, stimulation of splenocytes 
with the CAP1-6D peptide failed to significantly increase the 
number of spots compared with unstimulated splenocytes; that 
is, CAP1-6D–specific, IFN-γ–secreting cells could not be detect-
ed. This finding suggests that CAP1 may not be a dominant Ag 
epitope in CEA-A2Kb double transgenic C57BL/6J mice, despite 
the fact that it is one of the more dominant HLA-A2–restricted, 
CEA-specific epitopes in humans (9, 17). This notion is further 
supported by the finding that no CAP1-6D–specific, IFN-γ–secret-
ing cells were detected in mice immunized with a vector encoding 
the full-length CEA gene (data not shown).

To confirm that the CEA691-specific immune response induced 
was indeed HLA-A2 restricted, splenocytes from vaccinated mice 
were also cultured in vitro in the presence of irradiated (1,000 Gy) 
MC-38-CEA-A2Kb cells for 5 days and thereafter used in ELISPOT 

assays. HLA-A2+ human T2 cells deficient in transporter associ-
ated with antigen processing (TAP) were used as stimulators. Such 
cells were used either unloaded or loaded overnight with 10 μg/ml 
CAP1-6D or CEA691 peptides and irradiated (1,000 Gy). In mice 
immunized with the pHI-691 DNA minigene vaccine, an increased 
number of IFN-γ–secreting cells was detected when splenocytes 
from such mice were stimulated with CEA691-loaded T2 cells. This 
increase was particularly evident when compared with splenocytes 
that were stimulated with either unloaded or CAP1-loaded T2 
cells (Figure 2B). Similar results were obtained by substituting T2 
cells with another HLA-A2+ cell line, B3 (data not shown). B3 is 
an EBV-transformed human B cell line established in our labora-
tory from a normal individual, which maintained high levels of 
HLA-A2 expression (Figure 2C). Because HLA-A2 is the only MHC 
molecule in common among the stimulating T2 or B3 cells of 
human origin and the responding CEA-A2Kb transgenic mouse 
splenocytes, these data suggest that the CEA691-specific reaction 
observed is indeed HLA-A2 restricted.

When compared with those with no stimulation added to the 
splenocytes, the addition of irradiated T2 cells by themselves induced 
more splenocytes to secrete IFN-γ in every experimental group tested. 
However, this finding is not surprising because of the human origin 
of T2 cells. This reaction was stronger in the pHI group than in the 
pCMV vaccine group of mice, which suggests that pHI is an effective 
immune stimulator. Moreover, stimulation with CEA691-loaded T2 
cells failed to induce more cells to secrete IFN-γ in the pCMV, pHI, 
and pHI-CAP1-6D experimental groups of mice. This failure may be 

Figure 1
Expression vectors are constructed and verified. (A) Schematic map of 
vector constructs. Minigenes encoding HIVtat translocation peptide, a 
spacer, and human CEA epitopes CAP1-6D or CEA691 were assembled 
by PCR with overlapping oligonucleotides as templates. The PCR frag-
ments generated were cloned into a pCMV vector by using BssHII 
and XhoI restriction sites. (B) Proteins encoded by minigenes were 
expressed in mammalian cells. This expression was indicated when 
293T cells were transfected with either pHI-myc or pHI-691-myc for 24 
hours, harvested, lysed, and analyzed by Western blotting with mono-
clonal antibody against myc.



research article

1794 The Journal of Clinical Investigation   http://www.jci.org   Volume 113   Number 12   June 2004

caused by the dominance of the responses induced against T2 cells, 
which are xenogeneic, except for their HLA-A2 expression.

HLA-A2–restricted, CEA691-specific responder cells are cytotoxic. The 
fact that the HLA-A2–restricted, CEA691-specific responder cells 
are cytotoxic was confirmed with standard 51Cr-release assays per-
formed with splenocytes isolated from immunized mice. Target cells 
included CAP1-6D–loaded or CEA691-loaded T2 cells. CAP1-6D– 
loaded T2 cells were used as a control because CAP1-6D–spe-
cific cells could not be detected in ELISPOT assays. Splenocytes 
obtained from the pHI-691 experimental group of mice exhibited 
significantly higher killing of CEA691-loaded T2 cells than did 
splenocytes from pCMV, pHI, and pHI-CAP1-6D control groups 
(P < 0.0005, P < 0.0005, and P < 0.005 at an effector/target [E/T] 
ratio of 100:1, respectively [Figure 3A]). However, when T2 cells 
loaded with CAP1-6D were used as targets, the cytotoxic activity of 
splenocytes isolated from the pHI-691–immunized group was less 
significant compared with that of mice vaccinated with either pHI 
or pHI-CAP1-6D (P < 0.05 and P > 0.05 at an E/T ratio of 100:1, 
respectively [Figure 3B]), which indicates the specificity of this 
cytotoxic activity. As previously mentioned, because both effector 

mouse splenocytes and human T2 target cells only share HLA-A2, 
this specific cytotoxicity might be HLA-A2 restricted as well.

CD8+ T cells mediate HLA-A2–restricted cytotoxic killing. To verify 
that the induced HLA-A2–restricted, CEA691-specific killing was 
mediated by CD8+ T cells, freshly isolated splenocytes were frac-
tionated into CD8+ and CD8– subpopulations by magnetic-acti-
vated cell sorting (MACS). The purity of the cell fractions is shown 
in Figure 4A. These fractionated cells were stimulated with irradi-
ated MC-38-CEA-A2Kb in the presence of IL-2 for 5 days, and then 
standard 51Cr-release assays were performed using CEA691-loaded 
T2 cells as targets. Killing of target cells was only observed with 
the CD8+ population, whereas the CD8– population showed hard-
ly any killing at all (Figure 4B). The CD8+ population from the 
pHI-691 experimental group of mice showed higher cytotoxicity 
than that of the pHI-CAP1-6D group, which was used as a control 
group in this experiment (P < 0.005, P < 0.005, and P < 0.05 at E/T 
ratios of 20:1, 10:1, and 5:1, respectively [Figure 4C]).

When CD8+ cells were enriched by MACS, the percentage of 
CD8+ T cells increased from approximately 30% in the unfrac-
tionated culture to more then 90% in the CD8+ cell culture. How-
ever, the CD8+ fraction did not show higher killing rates (Figure 
4C) when compared with unfractionated splenocytes (Figure 3A), 
presumably because of the requirement of CD8– T cells for opti-
mal proliferation in cell culture. One line of evidence support-
ing this notion is that culture of the CD8+ fraction resulted in 
lower CD8 expression when compared with the unfractionated 
cultured splenocytes (data not shown).

Figure 2
An HLA-A2–restricted, CEA691-specific response is induced by the 
pHI-691 DNA minigene vaccine. Groups of C57BL/6-CEA-A2Kb mice 
(n = 4) were immunized three times at 2-week intervals with attenu-
ated S. typhimurium harboring the vectors indicated. Two weeks after 
the last immunization, mice were sacrificed and ELISPOT assays per-
formed on splenocytes isolated by using synthetic peptides (10 μg/ml) 
as stimulators (A). The remaining splenocytes were stimulated with 
irradiated MC-38-CEA-A2Kb cells for 5 days, and ELISPOT assays 
were then performed using either irradiated unloaded or peptide-load-
ed T2 cells as stimulators (B). (C) HLA-A2 expression of T2 (left) and 
B3 (right) cells. B3 is an EBV-transformed cell line generated from a 
healthy HLA-A2+ individual as described in Methods. Cells were treated 
with control antibody (thin dashed lines) or anti–HLA-A2 antibody (thick 
solid lines) and then stained with PE-conjugated goat anti–mouse Ig.

Figure 3
HLA-A2–restricted, CEA691-specific T cells induced by the pHI-691 
minigene vaccine are cytotoxic. Groups of C57BL/6-CEA-A2Kb mice 
(n = 4) were immunized three times at 2-week intervals with attenu-
ated S. typhimurium harboring the vectors indicated. Mice were sac-
rificed 2 weeks after the last immunization, and isolated splenocytes 
were stimulated with irradiated MC-38-CEA-A2Kb cells for 5 days. 
Cytotoxicity assays were performed with (A) CEA691-loaded T2 cells 
or (B) CAP1-6D–loaded T2 cells as targets.
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Taken together, these data indicate that the pHI-CEA691 minige-
ne vaccine can effectively induce an HLA-A2–restricted, CEA691-
specific CTL response in CEA-A2Kb double transgenic mice.

Protective immunity against CEA-A2Kb–transduced colon carcinoma cells. 
HLA-A2–restricted, CEA691-specific CTLs, induced by the pHI-691 
minigene DNA vaccine, recognized and killed CEA-A2Kb doubly 
transduced MC-38 murine colon carcinoma cells, that is, MC-38-
CEA-A2Kb cells, whose surface expression of HLA-A2 and CEA is 
depicted in Figure 5A (left). This process was demonstrated by iso-
lating splenocytes from mice 2 weeks after the last immunization 
and stimulating them in vitro with irradiated MC-38-CEA-A2Kb 
cells for 5 days and then testing them in a standard 51Cr-release 
assays. As expected, splenocytes from the group of mice immunized 
with the pHI-691 vaccine showed the most effective cytotoxic kill-
ing of MC-38-CEA-A2Kb target cells when compared with pCMV, 
pHI, and pHI-CAP1-6D control groups (P < 0.0005, P < 0.001, and 
P < 0.005 at an E/T ratio of 100:1, respectively [Figure 5B]). This 
enhanced killing ability appeared to be HLA-A2 restricted because 
the killing percentage of the HLA-A2– MC-38-CEA cells (HLA-A2 

and CEA expression shown in Figure 5A [right]) or parental MC-
38 target cells did not differ significantly among the experimental 
groups (P > 0.05 at an E/T ratio of 100:1 [Figure 5C and data not 
shown]). Taken together, these data suggest that those immune cells 
that presumably are HLA-A2 restricted and CEA691-specific CTLs, 
induced by the pHI-691 vaccine, are indeed capable of recognizing 
and killing CEA-A2Kb doubly transfected MC-38 cells in vitro.

To test the specificity of this immune response, splenocytes iso-
lated from pHI-691 vaccinated group of mice were stimulated week-
ly with irradiated MC-38-CEA-A2Kb cells. These cells, after being 
restimulated four times, were more than 86% CD8+ as demonstrated 
by flow cytometry (Figure 6A). These stimulated cells were then har-
vested and analyzed by 51Cr-release assays against either unloaded or 
peptide-loaded HLA-A2+ B3 cells. In 51Cr-release assays, the cytotoxic 
killing efficacy of CEA691-loaded B3 cells was greatly enhanced; that 
is, a much higher killing percentage was observed at lower E/T ratios, 
with the specificity still being maintained as indicated by the lower 
percentage of specific killing of unloaded B3 cells (Figure 6B).

The presence of T cells able to kill tumor cells in the circulation 
of vaccinated animals suggests that this T cell response may also be 
effective in vivo, that is, protecting mice from a tumor challenge. 
To test this hypothesis, mice were challenged subcutaneously in 
the right flank with 5 × 105 MC-38-CEA-A2Kb cells 2 weeks after 
the last immunization. These animals were sacrificed 28 days later, 
and tumor weights were assessed. In all groups of experimental 
animals, tumor size varied considerably within each group. This 

Figure 4
DNA minigene–induced cytotoxicity is mediated by CD8+ T cells. 
Groups of C57BL/6-CEA-A2Kb mice (n = 4) were immunized three 
times at 2-week intervals with attenuated S. typhimurium harboring 
either pHI-CAP1-6D or pHI-691 vectors. Mice were sacrificed 2 weeks 
after the last immunization, and isolated splenocytes were fraction-
ated into CD8+ or CD8– populations. Each cell population was stim-
ulated with irradiated MC-38-CEA-A2Kb cells for 5 days. Thereafter, 
cytotoxicity assays were performed with CEA691-loaded T2 cells as 
targets. (A) Purity of each subpopulation after MACS. (B) Cytotoxicity 
of each cell population at E/T ratio of 20:1. (C) Cytotoxicity of CD8+ 
populations is shown at different E/T ratios.

Figure 5
The DNA minigene vaccine pHI-691 induces HLA-A2–restricted kill-
ing of MC-38-CEA-A2Kb cells. (A) Surface expression of HLA-A2 and 
CEA by MC-38-CEA-A2Kb (left) and MC-38-CEA (right). Tumor cells 
were washed and incubated with isotype control Ab (thin dashed lines), 
anti–HLA-A2 (thin solid lines), or anti-CEA (heavy solid lines) and 
stained with PE-conjugated (Fab′)2 of goat anti–mouse Ig Ab. Groups 
of C57BL/6-CEA-A2Kb mice (n = 4) were immunized three times at 
2-week intervals with attenuated S. typhimurium harboring the vectors 
indicated. Mice were sacrificed 2 weeks after the last immunization, and 
isolated splenocytes were stimulated with irradiated MC-38-CEA-A2Kb 
cells for 5 days. Thereafter, cytotoxicity assays were performed with (B) 
MC-38-CEA-A2Kb or (C) MC-38-CEA as target cells. max, maximum.
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finding is not too surprising because of the complex genetic back-
ground of the doubly transgenic mice and tumor cell lines. How-
ever, the average tumor size was still reduced in the pHI-691 group, 
and the difference reached significance when compared with the 
pCMV group (P < 0.02 [Figure 7A]). Importantly, 3 of 10 mice 
rejected the tumor challenge completely, whereas all mice in the 
pCMV, pHI, and pHI-CAP1-6D experimental groups uniformly 
developed tumors (Figure 7A). This experiment was repeated with 
similar results (data not shown). The protection by the minigene 
vaccine is specific for MC-38-CEA-A2Kb tumor cells as well as 
HLA-A2 restricted because no protection was observed against 
parental MC-38-CEA and MC-38 tumor cells (Figure 7B).

Discussion
The availability of CEA transgenic mice expressing CEA as a self-anti-
gen with a tissue distribution similar to that of humans (18–20) pro-
vides a particularly relevant model for critically evaluating the poten-
tial efficacy of a human CEA–based vaccine because these animals 
developed peripheral tolerance to CEA. This finding is particularly 
evident from the lack of detectable, CEA-specific serum antibodies 
and the inability to prime an in vitro splenic T cell response to CEA. 
These transgenic mice already proved valuable for thorough evalu-
ation of DNA vaccines encoding the entire CEA gene or for CEA-
peptide vaccines per se (10, 21, 22). However, because human MHC 
class I alleles are distinct from those of mice, animals transgenic for 
only CEA were inadequate for testing HLA-A2–restricted minigene 

vaccines, and HLA-A2Kb transgenic mice were required. Such mice 
express α1 and α2 domains of the human HLA-A2.1 molecule, as well 
as the α3 domain from the mouse H-2Kb molecule (23). Indeed, mice 
transgenic for HLA-A2 were shown to be useful for studying human 
antigens per se and the immune response directed against them (12, 
23–25). However, mice transgenic only for HLA-A2 are unsuitable 
for in vivo studies of HLA-A2–restricted, CEA-specific responses 
because such animals still recognize CEA as a foreign antigen and 
lack peripheral T cell tolerance against CEA. Consequently, for the 
studies reported here, CEA-A2Kb double transgenic mice were gen-
erated by breeding transgenic mice homozygous for CEA and HLA-
A2Kb. Because such animals express human CEA antigen presented 
by human HLA-A2 molecules, they represent a most relevant in vivo 
animal model to study human immune responses to DNA-based 
CEA minigene vaccines and can be used for in vivo preclinical evalu-
ations of the vaccines for specificity and therapeutic efficacy. Impor-
tantly, as predicted, the CEA-A2Kb–transduced colon carcinoma cell 
line MC-38 is tumorigenic in these CEA-A2Kb double transgenic 
mice; thus, it was possible to test the effectiveness of the applied vac-
cination in vivo. To our knowledge, our study is the first to utilize 
CEA-A2Kb double transgenic mice for such in vivo studies.

Figure 6
Repetitive stimulation with MC-38-CEA-A2Kb cells results in enriched 
HLA-A2–restricted, CEA691-specific CTLs. C57BL/6-CEA-A2Kb mice 
(n = 4) were immunized three times at 2-week intervals with attenuat-
ed S. typhimurium harboring the pHI-691 vector. Mice were sacrificed 
2 weeks after the last immunization, and isolated splenocytes were 
stimulated weekly with irradiated MC-38-CEA-A2Kb cells. After four 
stimulations, cells were harvested and cytotoxicity assays performed. 
(A) Expression of CD8 on stimulated cells. Stimulated splenocytes 
were stained with PE-conjugated isotype control antibody (thin dashed 
line) or anti-CD8 Ab (thick solid line). (B) Cytotoxicity assays performed 
with either unloaded or CEA691-loaded B3 cells as targets.

Figure 7
DNA minigene vaccine pHI-691 exhibits HLA-A2–restricted antitumor 
effects in CEA-A2Kb double transgenic mice. Groups of mice (n = 
7–10) were immunized three times at 2-week intervals with attenuated 
S. typhimurium harboring the vectors indicated. Mice were challenged 
2 weeks after the last immunization subcutaneously with 5 × 105 
MC-38-CEA-A2Kb, MC-38, or MC-38-CEA cells. Mice were sacrificed 28 
days later and tumor weights assessed. (A) MC-38-CEA-A2Kb tumor 
weight, the horizontal bar showed the average. (B) Average tumor 
weight of each group of mice (n = 8) challenged with different tumor 
cells. Top shows MC-38 tumor size; bottom shows average MC-38-
CEA tumor weight. *P < 0.02 compared with pCMV group. 
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We tested two different HLA-A2–restricted CEA epitopes with 
our DNA minigene vaccines: CAP1-6D (YLSGADLNL) (9, 17) and 
CEA691 (IMIGVLVGV) (15). The DNA minigene vaccine pHI-691 
clearly induced a relevant HLA-A2–restricted, CEA691-specific CTL 
response similar to the response to this same CEA-peptide reported 
in humans (15). The biological relevance of this animal model was 
confirmed, because in CEA-A2Kb double transgenic mice, these 
CTLs specifically killed CEA-A2Kb–transduced MC-38 cells in vitro 
and protected mice from a challenge of these tumor cells in vivo.

It should be noted that the CEA-A2Kb transgenic mice still 
harbor a murine T cell receptor repertoire. In this regard, Theo-
bald et al. (26) have demonstrated that a correlation between 
an immune response to some Ag epitopes observed in HLA-A2 
transgenic mice and in vitro immune responses in humans does 
not necessarily exist. Consequently, whether this phenomenon is 
responsible for the failure of the pHI-CAP1-6D DNA minigene 
vaccine to induce a CAP1-6D–specific CTL response or whether 
the pHI-CAP1-6D DNA minigene vaccine itself is insufficient to 
induce such response deserves further investigation.

The rationale for using the HIVtat peptide, which is derived from 
the HIVtat Ag, in our minigene vaccine is based on the fact that it is 
one of the commonly used membrane-translocating peptides. These 
peptides are able to transport other peptides into the endoplasmic 
reticulum (ER) in a TAP-independent manner, where they can be 
processed and trimmed to CTL epitopes (27–29). Such peptides can 
be internalized in a receptor-independent and energy-independent 
fashion; however the exact mechanism by which they can translocate 
across the plasma membrane into the cytoplasm remains unknown 
(29). In our vaccine, CEA691 was cloned downstream from the 
HIVtat peptide to ensure its proper delivery and processing in the 
proteasome. In this regard, Lu et al. (29) demonstrated that by link-
ing to the HIVtat peptide, Ag epitope peptide can be transported 
into the cell to form complexes with MHC class I molecules in 
the ER and the trans-Golgi region. In addition, an orally delivered 
DNA minigene vaccine against murine melanoma (i.e., a plasmid 
encoding only peptides) was shown to be ineffective in inducing 
an epitope-specific response (4). When attenuated S. typhimurium, 
harboring vector encoding solely the CEA691 peptide, were used to 
immunize mice, they induced a CEA691-specific response detected by 
ELISPOT assays; however, this immune response was not as effective 
as that obtained with the pHI-691 vaccine (data not shown).

In summary, our data demonstrate that peripheral T cell toler-
ance against the CEA self-antigen could be broken by our pHI-
691 DNA minigene vaccine in CEA-A2Kb double transgenic mice. 
This ability is indicated by an effective HLA-A2–restricted, CEA691-
specific CTL response, which can specifically kill CEA-A2Kb 
transduced MC-38 colon carcinoma cells in vitro and protect mice 
from a challenge by these tumor cells in vivo. This DNA minigene 
vaccine, thus, provides an interesting alternative design of CEA-
based DNA vaccines for potential clinical use.

Methods
Animals, bacterial stains, and cell lines. C57BL/6J-CEA and C57BL/6J-
A2Kb homozygous transgenic breeder mice were generated as previ-
ously described (18, 30). C57BL/6J-CEA-A2Kb double transgenic mice 
were generated in the animal facility of The Scripps Research Institute 
by crossing male C57BL/6J-CEA with female C57BL/6J-A2Kb mice. 
The genotype of such mice was confirmed by PCR and flow cytometry, 
respectively. All animal experiments were performed according to the 
NIH Guides for the Care and Use of Laboratory Animals.

The doubly attenuated S. typhimurium AroA– and dam– strain RE88 
was kindly provided by Remedyne Corporation (Santa Barbara, 
California, USA). The murine colon carcinoma cell line MC-38-CEA 
was obtained as described before (18). MC-38-CEA-A2Kb cells were 
generated by transfecting MC-38-CEA cells with a plasmid encoding 
A2Kb. All cell lines were cultured in DMEM (Gibco; Invitrogen Corp., 
Grand Island, New York, USA) supplemented with 10% (vol/vol) FBS. 
MC-38-CEA cells were cultured in the presence of 1 mg/ml G418 
(Sigma-Aldrich, St. Louis, Missouri, USA), and MC-38-CEA-A2Kb 
cells were cultured with G418 and 0.5 mg/ml Zeocin (Invitrogen, 
Carlsbad, California, USA). T2, a human HLA-A2+ cell line, was origi-
nally obtained from P. Cresswell (Yale University, New Haven, Con-
necticut, USA) and kindly provided by L.A. Sherman (The Scripps 
Research Institute). Another HLA-A2+ cell line, B3, was established by 
transforming PBMCs from a healthy HLA-A2+ individual with EBV.

Construction of expression vectors. The expression vector pCMV/
ER/Myc was purchased from Invitrogen. Vector construction is 
illustrated schematically in Figure 1A. The following expression 
vectors were constructed: pHI-myc, pHI-CAP1-6D-myc, and pHI-
691-myc, where HIVtat peptide represents RKKRRQRRR, CAP1-
6D peptide represents YLSGADLNL (17), and CEA691 peptide 
represents IMIGVLVGV (15). All peptides were engineered to be 
in-frame with the myc epitope. Constructs were confirmed by DNA 
sequencing at The Scripps Research Institute’s Core Facility (La 
Jolla, California, USA). Peptide expression was demonstrated by 
Western blotting with monoclonal anti–myc antibody (Invitrogen). 
Once peptide expression was verified, a stop codon was introduced 
immediately in front of the myc epitope sequences. The resulting 
vectors, namely pHI, pHI-CAP1-6D, and pHI-691, were verified by 
sequencing and used to transform doubly attenuated S. typhimuri-
um (dam–; AroA–) for immunization. The pCMV empty vector was 
also included in the experiments as a control.

Transformation of S. typhimurium. Doubly attenuated S. typhimuri-
um (dam–; AroA–) were transformed with DNA vaccine plasmids by 
electroporation. Briefly, freshly prepared bacteria (1 × 108), at mid-
log growth phase, were mixed with plasmid DNA (1 to 2 μg) on ice 
in a 0.1-cm cuvette and electroporated at 2.0 kV, 25 μF, and 100 Ω.

Peptide synthesis. The CAP1-6D peptide, with greater than 95% 
purity by HPLC, was a gift from J. Schlom (National Cancer Insti-
tute, Bethesda, Maryland, USA). The CEA691 peptide was synthe-
sized by Multiple Peptide System (San Diego, California, USA) 
with greater than 93% purity by HPLC.

Oral immunization and tumor cell challenge. Groups of C57BL/6J-
CEA-A2Kb mice (n = 7–10) were immunized three times at 2-week 
intervals by gavage with 100 μl PBS that contained approximately 
5 × 108 doubly mutated S. typhimurium harboring either pCMV, 
pHI, pHI-CAP1-6D, or pHI-691. Mice were challenged subcuta-
neously in the right flank with 5 × 105 MC-38-CEA-A2Kb colon 
carcinoma cells 2 weeks after the last immunization. The subcuta-
neous tumors were monitored daily. Mice were sacrificed 28 days 
after tumor challenge, and tumor weights were determined and 
compared with those of control subjects.

Cytotoxicity assay. Cytotoxicity was measured by a standard chro-
mium-51 (51Cr) release assay as previously described, with some 
modification (31). Briefly, splenocytes were harvested 2 weeks after 
the last immunization and stimulated in vitro by irradiated (1,000 
Gy) MC-38-CEA-A2Kb cells at 37°C for 5 days in RPMI 1640 sup-
plemented with 10% FBS, L-glutamine, 15 mM HEPES, nonessen-
tial amino acids, sodium pyruvate, 2-ME, and recombinant IL-2 
at 20 U/ml (PeproTech, Rocky Hill, New Jersey, USA). Splenocytes 
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were harvested and separated with Lympholyte-M cell separation 
media (Cedarlane Laboratories Ltd., Hornby, Ontario, Canada). 
Target cells were labeled with 51Cr for 1.5 hours at room tempera-
ture and incubated with effector cells at various effector-to-target 
cell ratios at 37°C for 4 hours. The percentage of specific target 
cell lysis was calculated with the formula [(E-S)/(T-S)] × 100, where 
E is the average experimental release, S is the average spontaneous 
release, and T is the average total release.

ELISPOT assays. ELISPOT assays were performed with an 
ELISPOT kit (BD Biosciences Pharmingen, La Jolla, California, 
USA) according to the instructions provided by the manufacturer. 
Briefly, splenocytes were isolated 2 weeks after the last immuniza-
tion. After lysis of the red blood cells with ACK lysis buffer (Cam-
brex Bio Science, Walkersville, Maryland, USA), splenocytes were 
resuspended at a final concentration of 2 × 107, and 100 μl of this 
suspension was then incubated with 100 μl medium with or with-
out the peptides or irradiated stimulator cells overnight at 37°C in 
ELISPOT plates coated with anti–IFN-γ. In some cases, splenocytes 
were stimulated with irradiated (1,000 Gy) MC-38-CEA-A2Kb cells 
for 5 days, and ELISPOT assays were performed thereafter.

MACS and flow cytometry. MACS was performed with anti–mouse 
CD8 Ab conjugated magnetic beads (Miltenyi Biotec, Sunnyvale, 
California, USA) according to the manufacturer’s instructions. 
The purity of fractionated cell populations was checked by flow 
cytometry using phycoerythrin-conjugated (PE-conjugated) anti–
mouse CD8 Ab. Flow cytometry was performed with 1 × 106 cells 
on a FACSCalibur (Becton Dickinson, San Jose, California, USA) 
equipped with a CellQuest program. Analyses were performed with 
FlowJo software (Tree Star Inc., Ashland, Oregon, USA). Other 

antibodies used in such analyses included purified anti–HLA-A2 
Ab (BD Biosciences Pharmingen), purified anti-CEA Ab (ICN Bio-
medicals Inc., Aurora, Ohio, USA), and PE-conjugated F(ab′)2 of 
goat anti–mouse Ig Ab (Southern Biotechnology Associates Inc., 
Birmingham, Alabama, USA).

Statistical analysis. The statistical significance of differential find-
ings between experimental groups and control groups was deter-
mined by Student’s t test. Findings were regarded as significant if 
two-tailed P values were less than 0.05.
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