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Previously, we identified human papillomavirus type 16 (HPV-16) ES as a tumor rejection antigen that can
induce cytotoxic T lymphocytes (CTLs) to protect against tumor growth (D. W. Liu et al., J. Virol. 74:9083—
9089, 2000). In the present study, we further mapped the CTL epitope of E5 protein by analyzing ES-specific
CD8* gamma interferon-positive (IFN-y*) double-positive cells in C57BL/6 mice with flow cytometry. The
results showed the region spanning amino acids 25 to 33 (VCLLIRPLL) contained the potential D"-restricted
CTL epitope. Subsequently, to determine whether peptide ES 25-33-based vaccination could induce E5-specific
CTL activity, syngeneic animals received ES 25-33 emulsified with either CpG oligodeoxynucleotide (CpG ODN
1826) or Freund’s adjuvant, and the growth of the tumors was monitored. The results showed that although
both adjuvants induced ES5-specific CD8* IFN-y* T cells and eradicated E5-containing tumor growth, CpG
ODN was found to stimulate stronger CTL response than Freund’s adjuvant. We also compared the immune
response of the effector/memory/recall phase induced by E5 25-33 peptide or by E5 protein that was synthesized
in vivo by adenovirus-based ES gene delivery. ES 25-33 peptide plus CpG ODN was shown to be a superior
vaccine compared to the adenovirus-based E5 gene. Interestingly, their chronological patterns of immune

response were similar, suggesting that E5S 25-33 is a major CTL peptide of ES protein.

Carcinoma of the cervix uteri is the second most common
cancer in women worldwide, and the vast majority of cases
occur in developing countries (26, 66). Human papillomavi-
ruses (HPVs) are naturally occurring DNA tumor viruses that
cause epithelial cell proliferation during the course of infec-
tion. HPV type 16 (HPV-16) is the predominant type of virus
identified in cervical cancers. It encodes three transforming
oncogenes: ES, E6, and E7 (26, 66). ES, E6, and E7 are unique
tumor antigens and may serve as ideal materials to be used as
a tumor vaccine. Most evidence for HPV antigen-directed im-
munotherapy against cervical cancer comes from the experi-
mental and natural papillomavirus-associated tumors that can
be controlled by immunization with E6/E7 antigen (5-6, 8-9,
15, 17-18, 21, 32-33, 37-40, 49, 63). Our recent study of E5
protein explored its potential as a tumor antigen to induce
E5-specific CD8™ T cells to eradicate tumor growth (37).

HPV-16 ES5 consists of 83 amino acids of hydrophobic pro-
tein (4, 23) found in the endoplasmic reticulum (ER), Golgi
apparatus, endosomal compartment, and cell membrane (12).
HPV-16 ES associates with the epidermal growth factor recep-
tor (EGFR) (27), increasing the ligand-dependent activation
of EGFR in HaCaT cells (13), and in primary human keratin-
ocytes (55). The effect of ES on EGFR activation in the pres-
ence of ligand may be due to its binding to the 16-kDa protein
subunit of the vacuolar proton ATPase that is responsible for
acidification of the endosomal milieu and consequently for
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ligand receptor degradation. HPV-16 ES binds the 16-kDa
subunit of vacuolar proton-ATPase (13) and perturbs its activ-
ity, leading to blockage of the acidification of endosomes in
human keratinocytes (54, 56). The alkalization of endosomes
may be responsible for increased recycling of EGFR to the cell
surface, resulting in enhancement of EGFR-mediated biolog-
ical activity in the presence of EGF (55, 56). EGFRs, along
with other tyrosine kinase growth factor receptors, initiate
diverse biochemical events and ultimately result in the tran-
scription of a variety of genes, including c-jun, c-fos, and junB
(10, 11). In vivo studies demonstrate that E5 is expressed soon
after infection, with both mRNA and protein detectable in
low-grade squamous intraepithelial lesions (3, 7, 29, 59); the
prevalence of E5-containing mRNA increases with advancing
severity of the disease (3). Therefore, when ES is expressed in
earlier stages of neoplastic transformation of the cervical epi-
thelium during viral infection, the early lesions usually contain
fewer tumor cells. The immune response cells in premalignant
lesions may eradicate tumor more efficiently than in the inva-
sive cervical cancers. Our previous study demonstrated that a
single muscle injection of the recombinant adenovirus encod-
ing HPV-16 ES (i.e., rAd-ES) into syngeneic animals could
reduce tumor growth in lesions that contain the E5 gene ex-
pression and that ES vaccine-induced tumor inhibition occurs
via CD8" T cells (37).

Although viral oncoproteins such as HPV-16 E5, E6, and E7
are experimentally identified as target antigens in immune
intervention protocols against cervical cancer, the use of vac-
cines encoding entire oncoproteins for the induction of T-cell
immunity poses the risk of transformed healthy cells. To avoid
this risk, vaccination with subunit vaccines limited to the T-cell
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FIG. 1. Sixteen sets of 9-mer peptides covering the entire ES pro-
tein. A complete set of 16 overlapping synthetic peptides, each nine
amino acids long and overlapping each other sequences by five amino
acids, covering the entire HPV-16 ES protein was synthesized by using
an automated peptide synthesizer (Abimed AMS 422) by using Fmoc
chemistry. Peptides were analyzed by reverse-phase high-pressure lig-
uid chromatography, dissolved in dimethyl sulfoxide at 1 to 5 mg/ml,
and stored at —70°C. The peptides were divided into four groups: pool
1, including peptides 1-9, 5-13, 10-18, and 15-23; pool II, including
peptides 20-28, 25-33, 30-38, and 35-43; pool III, including peptides
40-48, 45-53, 50-58, and 55-63; and pool IV, including peptides 60-68,
65-73, 70-78, and 75-83.

epitopes of oncogenic proteins is preferable. Subunit vaccines
that contain small synthetic peptides corresponding to minimal
cytotoxic-T-lymphocyte (CTL) epitopes have been shown to be
highly effective for the induction of strong, protective CTL-
mediated immunity against infectious virus and tumor growth
in murine models (17). Recently, several groups have mapped
major histocompatibility complex class I (MHC-I) and
MHC-II epitopes of HPV E6 and E7 proteins in murine and
human systems (17, 28, 45, 48, 52, 58, 60, 67). Hence, in the
present study, we mapped the CTL epitope of ES protein by
analyzing E5-specific CD8" gamma interferon-positive (IFN-
v™) double-positive cells in H-2 C57BL/6 mice by using flow
cytometry. Amino acids 25 to 33 (VCLLIRPLL) of the ES5
protein were identified as a DP-restricted CTL epitope in
C57BL/6 mice. The E5 25-33 peptide was then further tested
for its ability to elicit anti-tumor immunity in C57BL/6 mice.

MATERIALS AND METHODS

Peptide synthesis. To determine potential vaccine candidates, we generated a
complete set of 16 overlapping synthetic peptides of 9 amino acids in length with
S-amino-acid overlap covering the entire HPV-16 E5 protein that contains 83
amino acids (Fig. 1). Moreover, five potential K- and eight DP-binding peptides
were synthesized (see Table 1). These peptides were synthesized by solid-phase
strategies on an automated peptide synthesizer (Abimed AMS 422) by using
Fmoc (9-fluorenylmethoxy carbonyl) chemistry. Peptides were analyzed by re-
verse-phase high-performance liquid chromatography; they were dissolved in
dimethyl sulfoxide at 1 to 5 mg/ml and stored at —70°C.

Cells. TC-1 is an E6/E7-expressing tumorigenic cell line from primary lung
epithelial cells of C57BL/6 mice immortalized by HPV-16 E6 and E7 and then

J. VIROL.

transformed with an activated ras oncogene (62). To establish a C57BL/6 syn-
geneic mice tumor model containing the E5 gene, TC-1 cells were transfected by
using the liposome method with HPV-16E5/pHOOK plasmid containing the
HPV-16 ES5 gene with a 5’ tagged HA1 epitope in the plasmid vector pHOOKs
(Invitrogen, Carlsbad, Calif.) (37). E5 gene expression was driven by a minimal
hCMV early promoter. At 3 or 4 weeks after transfection at least 80 to 100
zeocin-resistant colonies were selected, pooled, and named TC-1/ES. TC-1 and
TC-1/ES cells were maintained in RPMI 1640 medium supplemented with 10%
fetal calf serum, penicillin-streptomycin (50 U/ml), L-glutamine (2 mM), sodium
pyruvate (1 mM), nonessential amino acids (2 mM), G418 (0.4 mg/ml), and
hygromycin (0.2 mg/ml). They were grown at 37°C in 5% CO,.

Intracytoplasmic cytokine staining and flow cytometry analysis. Splenocytes
from rAd-ES- or peptide-vaccinated mice or controls were incubated for 12 h
with stimulator (E5 synthetic peptides) for the detection of E5 peptide-specific
CD8"-T-cell precursors. Golgistop (Pharmingen, San Diego, Calif.) was added
6 h before the cells were harvested. Cells were then washed twice in FACScan
buffer and stained with fluorescein isothiocyanate-conjugated rat anti-mouse
CD8b.2 (Ly-3.2) monoclonal antibody (Pharmingen). Cells were subjected to
intracellular cytokine staining by using the Cytofix/Cytoperm kit according to the
manufacturer’s instructions (Pharmingen). Phycoerythrin-conjugated rat anti-
mouse IFN-y monoclonal antibody was purchased from Pharmingen. Fluores-
cence-activated cell sorting analysis was performed on a Becton Dickinson FAC-
Scan with CellQuest software (Becton Dickinson Immunocytometry Systems,
Mountain View, Calif.).

Animals. C57BL/6 (H-2") mice were obtained from the National Laboratory
Animal Breed and Research Center (Taipei, Taiwan) and maintained in our
institute under specific-pathogen-free conditions. The mice were used at 4 to 6
weeks of age. Knockout I (KO I) mice are B,-microglobulin (82m)~/~ mutants
that fail to express MHC-I molecules on the cell surface and thus are virtually
devoid of functional CD8™" T cells (30, 64). KO II mice are H-2-IAB ™/~ mutants
that lack surface expressed MHC-1I molecules (22) and thus are virtually devoid
of functional CD4™ T lymphocytes.

In vivo tumor prevention and elimination experiments. To assay tumor pre-
vention experiments, 100 ng of E5 peptide 25-33 was extensively mixed with 0.2
pmol of CpG ODN 1826 (bioactive) or complete Freund’s adjuvant (CFA) (1,
14, 46). The mixtures were intramuscularly or intraperitoneally (i.p.) injected in
C57BL/6 mice and, 1 week later, these vaccinated mice were boosted with the
same regimens as previously. Mice from control groups received either peptide
with CpG ODN 1982 (nonbioactive) or CFA only or 100 wl of phosphate-
buffered saline (PBS). At 1 week after the first immunization, 5 X 10* tumor cells
were injected subcutaneously (s.c.) into the left flank of C57BL/6 mice, and
secondary vaccines were boosted simultaneously; mice were then monitored
once a week for tumor growth. To assay tumor elimination experiments, 5 X 10*
tumor cells were injected s.c. into the left flank of C57BL/6 mice. After 1 week,
mice were immunized and boosted with vaccines as described above at a 1-week
interval. Mice were then monitored once a week for tumor growth.

RESULTS

The E5 CTL epitope was mapped by analyzing double-stain-
ing CD8* IFN-y™ cells with flow cytometry. We have previ-
ously demonstrated that vaccination with rAd-ES eradicates
tumor growth in C57BL/6 mice through CD8-dependent CTL
(37). In order to identify the CTL epitope here, we performed
intracellular cytokine staining, a sensitive functional assay for
examining IFN-y production at the single-cell level (32). First,
we synthesized a series of peptides, each of which contains 9
amino acids overlapping by 5 amino acids with its sequential
neighbor; since ES contains 83 amino acids in all, amino acids
1t0 9,5 to 13, 10 to 18, 15 to 23, 20 to 28, 25 to 33, 30 to 38,
35 to 43, 40 to 48, 45 to 53, 50 to 58, 55 to 63, 60 to 68, 65 to
73,70 to 78, and 75 to 83 were therefore synthesized according
to the method of Gill et al. (20). These 16 sets of 9-mer
peptides were divided into four groups, with each group con-
taining four peptides, designated pools I (containing amino
acids 1 to 9, 5 to 13, 10 to 18, and 15 to 23), II (containing
amino acids 20 to 28, 25-33, 30 to 38, and 35 to 43), III
(containing amino acids 40 to 48, 45 to 43, 50 to 58, and 55 to
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FIG. 2. Mapping HPV-16 E5-specific CTL peptide epitope in C57BL/6 mice. Four- to six-week-old C57BL/6 mice were vaccinated and boosted
7 days later with rAd-E5. Two weeks after the first vaccination, splenocytes were harvested and stimulated with each group of peptides.
Tintracellular cytokine staining with flow cytometry was then performed to determine the number of CD8" IFN-y" double-positive cells.
(A) Splenocytes from vaccinated mice were stimulated in vitro with each pool of peptides and stained for both CD8" and IFN-y* antibodies.
“Whole peptides” refers to all of the 16 synthesized peptides. The result of one representative assay from five similar independent experiments
is shown. (B) Summary of the five independent experiments. The data represent the means and standard errors of five experiments. The y axis
shows the percent positive cells, i.e., (the number of E5-specific CD8" IFN-y™ T cells/the total number of tested lymphocytes) X 100%.

63), and I'V (containing amino acids 60 to 68, 65 to 73, 70 to 78,
and 75 to 83) (Fig. 1). Mice were vaccinated with the rAd-ES
gene twice at a 1-week interval. Two weeks after vaccination,
splenocytes were harvested and stimulated with each group
peptide (pools I, IT, IIT and IV separately), CTL was assayed by
CD8" IFN-y* double staining with flow cytometry. It is well
recognized that the increase in CD8" IFN-y™ T cells is a
phenotype consistent with CTL activity (43). As shown in Fig.
2, the peptides in pool II (including peptides 20-28, 25-33,
30-38, and 35-43) stimulated an approximately 7.4-fold in-
crease (0.14 to 1.03%) in E5-specific CD8" IFN-y* T cells
compared to the control group (irrelevant peptide), implying
that pool II contained CTL peptide epitope that could induce
an ES-specific CTL response. Consequently, the CTL activity
of these four peptides was measured further. As shown in Fig.
3, the epitope data clearly showed that peptide 25-33 (VC
LLIRPLL) could stimulate an ~8-fold increase (0.12 to
0.96%) in E5-specific CD8" IFN-y™ T cells compared to the
control group (irrelevant peptide), implying that peptide E5
25-33 contained the E5 CTL epitope.

Moreover, we screened the primary structure of ES for se-

quences fitting the allele-specific motifs of the C57BL/6
MHC-I molecules K” and DP. Using the HLA peptide binding
prediction offered by the National Institutes of Health (http:
//www.bimas.dcrt.nih.gov/cgi-bin/molbio/hla-bind/), the poten-
tial CTL epitopes were scored by estimating their dissociation
half-lives from MHC-I molecules. Five potential K- and eight
DP-binding peptides were synthesized (Table 1) and were then
used as a stimulator to monitor CTL activity in rAd-ES vacci-
nated mice as described in Fig. 2 and 3. As shown in Fig. 4,
DP-restricted peptide 25-33 was the highest ES-specific CTL
activity, corroborating the result shown in Fig. 3. The second
highest CTL activity was associated with the K"-restricted pep-
tide 37-45.

In the subsequent immunization experiments, we chose the
highest CTL epitope (DP-restricted peptide 25-33) to deter-
mine whether peptide ES-based vaccination could induce ES5-
specific CTL activity. We chose two adjuvants for vaccination;
one was Freund’s adjuvant, and the other CpG phosphorethio-
ate oligodeoxynucleotide (CpG ODN). CpG ODN, found in
bacterial DNA but not vertebrate DNA, contains unmethyl-
ated CpG dinucleotides within specific sequence contexts
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FIG. 3. The ES peptide 25-33 (VCLLIRPLL) is the CTL epitope in C57BL/6 mice. CTL activity among these four peptides of pool II (peptides
20-28, 25-33, 30-38, and 35-43) was measured by analyzing CD8" IFN-y* double-positive cells from rAd-E5-vaccinated mice as described in
Materials and Methods. (A) Splenocytes from vaccinated mice were stimulated in vitro with each peptide and stained for both CD8" and IFN-y™*
antibodies. The result of one representative assay from five similar independent experiments is shown. (B) Summary of the five independent
experiments. The data represent the means and standard errors of five experiments. The y axis shows (the number of E5-specific CD8" IFN-y*

T cells/the total number of tested lymphocytes) X 100%.

(CpG motifs) (1, 19, 24-25, 41, 53, 57). DNA containing these
CpG motifs can cause dendritic cells (DC) to mature and
stimulate macrophages and B cells. It has been reported that
CpG ODN acts as a powerful stimulator of leukocyte function
in vitro and in vivo (19, 24-25, 41, 53, 57). Moreover, ODN
1826 containing two optimal murine CpG motifs (5'-GACGT
T-3") has strong immunostimulatory activities, such as natural
killer lytic activity, B-cell proliferation, induction of tumor
necrosis factor alpha, interleukin-6 (IL-6), IFN-y, and IL-12 in
murine spleen cells (25); ODN 1982 is negative or weak com-
pared to CpG ODN 1826. Hence, in the present study, we used
CpG ODN 1826 as an adjuvant rather than the conventional
Freund’s adjuvant to test the immunostimulating capability.
One group of C57BL/6 mice (n = 5) were i.p. injected with
peptide ES 25-33 emulsified with CFA. One week later, these
vaccinated mice were boosted i.p. with peptide 25-33 with
incomplete Freund’s adjuvant. The other groups of mice were
vaccinated (two immunizations, given 1 week apart) with pep-
tide E5 25-33 with CpG ODN 1826 (bioactive) (19) or with a
control nucleotide (ODN 1982, nonbioactive) as described in
Materials and Methods. One week after the booster immuni-
zation, the splenocytes of all tested mice were explanted, and

ES5-specific CD8* IFN-y™ double-positive cells were measured
by using flow cytometry. Figure 5A shows that mice vaccinated
with peptide E5 25-33, together with either Freund’s adjuvant
or CpG ODN 1826, demonstrated ES-specific CTL activity.
The increases in CTL activity induced by ES 25-33 with CpG
ODN 1826 and ES5 25-33 with Freund’s adjuvant were 9.5- and
3.8-fold, respectively, compared to the control group (Fig. 5B),
indicating that CpG ODN is superior to Freund’s adjuvant in
terms of immunostimulatory effects in conjunction with ES
25-33.

To analyze and compare the kinetics of E5-specific CD8"
IFN-y* T cells by intramuscularly vaccinating them with rAd-
ES, peptide 25-33 with CpG ODN 1826 or i.p. immunizing
peptide ES 25-33 with Freund’s adjuvant as shown in Fig. 6A,
the peak of immune response in all of these three vaccinations
occurred at 21 days postvaccination. At 28 days postvaccina-
tion, the splenic response had declined to memory levels. At 49
days postinjection, mice were again injected with the same
antigen via the same route in each group. At 7 days after
secondary immunization of primed mice, E5-specific CD8™
IFN-y* T cells in mice immunized with E5 25-33 plus CpG
ODN 1826 greatly increased in number (Fig. 6B), the second-
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TABLE 1. ES peptides

MHC-I

molecule Peptide Sequence Score”
D® ES5 9-17 TTLLACFLL 12.773
ES5 20-28 CVLLCVCLL 95.880

ES 24-32 CVCLLIRPL 26.633

E5 25-33 VCLLIRPLL 9.275

ES 34-42 LSVSTYTSL 33.748

ES5 40-48 TSLIILVLL 123.742

ES 41-49 SLIILVLLL 15.807

ES5 53-61 AASAFRCFI 12.524

K* ES5 14-22 CFLLCFCVL 10.000
ES 34-42 LSVSTYTSL 22.000

ES5 37-45 STYTSLIIL 6.600

ES5 61-69 IVYIIFVYI 16.500

E5 63-71 YIIFVYIPL 24.000

“ That is, the estimate of the half-time of dissociation of a molecule containing
this sequence with MHC-I molecules.

ary effector cell activity being fourfold greater than the primary
effector cell activity (Fig. 6C). In mice injected with ES 25-33
plus Freund’s adjuvant, a twofold increase in the second effec-
tor cell activity compared to the primary effector activity was
observed (Fig. 6C). However, in the rAd-E5-vaccinated mice,
there was decrease of secondary effector cell activity (0.63-
fold) compared to its primary effector activity, implying that
the inducing neutralization antibody to adenovirus from the
primary rAd-ES vaccination reduced the delivery efficiency of
antigen by the secondary adenovirus infection. Thus, ES pep-
tide 25-33, along with either CpG ODN 1826 or Freund’s
adjuvant, generated E5-specific memory T cells able to mount
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FIG. 4. Screening the CTL activity of the potential K°- and D"-
binding peptides of HPV-16 ES5. The splenocytes from rAd-ES vacci-
nated C57BL/6 mice were harvested and stimulated with each ES
peptide, and then intracellular cytokine staining with flow cytometry
was performed to determine the number of CD8" IFN-y* double-
positive cells as described for Fig. 2. The data represent the means and
standard error of five experiments. The x axis denotes the fold increase
of E5-specific splenocytes, calculated as follows: (the number of vac-
cinated splenocytes stimulated with peptide 25-33/the number of vac-
cinated splenocytes stimulated with irrelevant peptide) X 100%.
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a more rapid and effective secondary immune response than
the primary response.

Peptide ES 25-33-based vaccination can induce tumor elim-
ination. ES is a transforming oncogene; therefore, use of the
full-length ES protein as a tumor vaccine has the potential risk
of transforming healthy cells. To alleviate safety concerns, pep-
tide vaccines are the best choice. In addition to the lack of E5
gene expression in invasive cancers, vaccination with ES may
target premalignant cells in which ES genes are highly ex-
pressed (3, 7, 29, 59). In the present study, we chose TC-1/E5
cells as a tumor cell model (37) that contained ES, E6, and E7
proteins as described in Materials and Methods. Hence, we
investigated the vaccine efficacy of E5 CTL peptide, along with
CpG ODN 1826, in tumor prevention and elimination assays.
The positive control was performed by vaccination with
rAd-E5 that had been reported to induce CD8" CTLs to
eradicate tumor growth previously (37). To assess the degree
of prevention of tumor cell growth, 10 C5S7BL/6 mice of each
group were intramuscularly immunized and boosted with ES
25-33 plus CpG ODN 1826, i.p. immunized with ES 25-33 plus
Freund’s adjuvant, or intramuscularly immunized with rAd-ES.
One week after the first vaccination, the mice were s.c. injected
with 5 X 10* TC-1/E5 cells. The tumor volume was measured
once a week. As shown in Fig. 7A, mice vaccinated with ES
25-33 plus CpG ODN 1826 showed significant retardation of
TC-1/E5 cell-induced tumor development, as did rAd-E5-vac-
cinated mice. Mice vaccinated with ES 25-33 plus Freund’s
adjuvant also prevented E5-containing tumor growth, but this
combination was less effective than E5 25-33 plus CpG ODN
and rAd-ES; inoculations with ES 25-33 plus the nonbioactive
nucleotide ODN 1982 or with Mock (i.e., CFA or PBS alone)
had no effect.

To assess the effect of the E5 25-33 on an established tumor,
10 C57BL/6 mice from each group were s.c. injected in their
left flank with 5 X 10* TC-1/ES cells. Based on previous studies
(33, 37), the tumor size at 7 days after tumor cell inoculation
should have been ~9 mm?. Therefore, 1 week after tumor cell
injection, we immunized and boosted these small tumor-bear-
ing mice with peptide E5 25-33 with CpG ODN 1826 intra-
muscularly or immunized them i.p. with E5 25-33 with
Freund’s adjuvant or i.m. with rAd-E5. Tumor volume was
measured once a week thereafter. As shown in Fig. 7B, vacci-
nation of ES 25-33 with CpG ODN 1826 significantly regressed
the tumor growth induced by E5 expression cells (TC-1/E5).
Vaccinations with ES 25-33 plus Freund’s adjuvant and with
rAd-E5 had a similar effect on tumor regression but were
inferior to the treatment with ES 25-33 plus CpG ODN 1826,
although vaccinations with E5 25-33 plus nonbioactive ODN
1982 or Mock had no effect on tumor elimination. In summary,
ES 25-33 peptide vaccination with either Freund’s adjuvant or
CpG ODN 1826 prevented and eradicated E5-containing tu-
mor growth, but CpG ODN 1826 as an adjuvant was superior
to Freund’s adjuvant.

Vaccination-induced tumor protection is CD8 T cell depen-
dent. To determine the relative roles of CD4" and CD8" T
cells in ES peptide-based vaccine protection against tumors,
mice deficient in CD4" and CD8™" T cells as a result of tar-
geted gene disruption at B2m and MHC-II, respectively, were
studied. The sources of CD8"- and CD4"-T-cell-deficient
mice were B2m /" and MHC-II"/~ C57BL/6 mice, respec-
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FIG. 5. ES 25-33 peptide-based vaccination can induce ES5-specific CTL activity. Four- to six-week-old C57BL/6 mice were intramuscularly
vaccinated with E5 peptide 25-33 (VCLLIRPLL) plus CpG ODN 1826 (bioactive) or peptide 25-33 plus control nucleotide (ODN 1928;
nonbioactive), or peptide 25-33 plus Freund’s adjuvant, or irrelevant peptide with Freund’s adjuvant twice at 1-week intervals. One week after
boosting, splenocytes were isolated and stimulated with peptide 25-33 (VCLLIRPLL), and then CD8* IFN-y* double-positive cells were analyzed
by flow cytometry as described in Materials and Methods. (A) Splenocytes from vaccinated mice were stimulated in vitro with ES peptide 25-33
and stained for both CD8" and IFN-y" antibodies. The result of one representative assay from five mice is shown. (B) Summary of the data for
five mice in each group. The data represents the means and the standard errors of five experiments. The y axis shows the fold increase of HPV-16
ES specific splenocytes. Superscripts: a, (the number of E5-specific CD8" IFN-y* T cells from vaccinated mice with E5 25-33 plus Freund’s
adjuvant/the number of E5-specific CD8" IFN-y™ T cells of mice vaccinated with irrelevant peptide plus Freund’s adjuvant) X 100; b, (the number
of E5-specific CD8" IFN-y™ T cells from vaccinated mice with E5 25-33 plus CpG ODN 1826/the number of E5-specific CD8" IFN-y™ T cells

of mice vaccinated with E5 25-33 plus ODN 1982) X 100%.

tively (22, 30, 64). Breeders for 32m~/'~ and MHC-II"/~ mice
were kindly provided by John Kung (Academia Sinica, Taipei,
Taiwan) and were bred under specific-pathogen-free condi-
tions. Groups (n = 5) of CD4"-T-cell-deficient mice (KO 1)
and CD8"-T-cell-deficient mice (KO I) were injected with 5 X
10* TC-1/E5 cells, followed 1 week later by vaccination with
peptide ES 25-33 with CpG ODN 1826 or nonbioactive ODN
1982 or Mock twice at a 1-week interval. Figure 8 shows clearly
evident tumor growth in CD8"-T-cell-deficient groups but not
in CD4"-T-cell-deficient mice.

DISCUSSION

In this study, we identified amino acids 25 to 33 (VC
LLIRPLL) of ES as a potential D"-restricted CTL epitope in
H-2" C57BL/6 mice. The ES5 peptide was determined as a CTL
epitope from rAd-ES vaccinated splenocytes by measuring E5-
specific CD8" IFN-y™* double-positive cells via flow cytometry.
Previously, mapping MHC-I and -II epitopes of HPV E6 and
E7 protein in murine and human systems has been well studied

by various assay systems. For example, Tindle et al. (58) used
a T-cell proliferation assay to determine HPV-16 E7 amino
acids 44 to 60 as a T-cell proliferation epitope that can stim-
ulate lymphocytes isolated from the lymph nodes of immu-
nized C57BL/6 mice with mixtures of different peptides that
cover the whole E7 protein (58). Another method used
RMA-S cells to identify an H-2-specific peptide that binds to
MHC-I molecules (52). RMA-S cells, from the H-2"-derived
mutant thyoma cell line, express small amounts of “empty” K"
and DP molecules at the cell surface that are devoid of peptide.
Hence, MHC-I molecule expression on RMA-S cells is low but
increased when K" binding peptides were added to the culture
medium. Based on this method, HPV-16 E6 peptide 41-50 was
identified as a CTL epitope. When vaccinated with peptide E6,
41-50 can elicit CTL activity (52). Likewise, the HPV-16 E7
CTL peptide epitope in H-2° C57BL/6 mice was identified as
E7 49-57 (17). Immunization with peptide HPV-16 E7 amino
acids 49 to 57 renders mice immune from subsequent challenge
with HPV-16-transformed tumor cells in vivo and induces a
CTL response that lyses the tumor cells in vitro. In addition, a



VoL. 78, 2004

A.

A LAd-ES
B E525-33 + ODN1826
4@ E525-33 + Freund’s adjuvant

} = vaccination

8

\

\

—
o
T

o
T

Fold increase of HPV-16 ES5 specific splenocytes 2

0 A A A A A A ' A

CTL HPV-16 ES PEPTIDE VACCINATION IN C57BL/6 MICE 1339

Secondary effector phase

First effector phase

=

W W o A Un
whh O i O e O

w

Fold increase of HPV-16
ES5- specific splenocytes
waox85

<<

e

w
al

o~
T

w
T

S}
T

—_

4.04
2.03
. 0.63

(=1

2 21 8 33 42 4§ A

Days after vaccination

- ~3

Ratio of the secondary effector phase

over the first effector phase

ES 25-33+ODN1826  ES 25-33+Freund's rAd-E5
adjuvant
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peptide competitive binding assay has been used to determine
the peptide epitope of five human HLA-A alleles: HLA-A1
(A%0101), A2.1 (A%0201), A3 (A=0301), A1l (A*1101), and
A24 (A%2401) (28). Moreover, the CTL peptide has also been
analyzed in vivo in HLA-A*0201K" transgenic mice (45). Mice
transgenic for a chimeric HLA-A*0201/K" molecule have been
used successfully by many researchers to identify HLA-
A#0201-restricted CTL epitopes derived from tumor antigens
(60). It has been reported that if a peptide is immunogenic in
HLA-A#0201/K" transgenic mice, it is also highly immuno-
genic in CTL induction with peripheral blood mononuclear
cells of HLA-A#0201" healthy donors (60). Based on this
method, HPV-16 E7-derived peptides (11-20, YMLDLQPETT
;82-90, LLMGTLGIV; 86-93, TLGIVCPI), were identified as
human CTL epitopes of HPV-16. In the present study, we
provide another method for determining the CTL peptide
epitope of HPV-16 E5 gene in H-2° C57BL/6 mice.

When vaccinated with peptide E5 25-33 emulsified with

Freund’s adjuvant via i.p. injection or with peptide ES 25-33
plus CpG ODN via intramuscular injection into H-2" C57BL/6
mice, both preparations induced E5-specific CD8" IFN-y*™ T
cells capable of reducing the growth of tumors expressing ES5.
This indicates that the segment of ES from amino acid 25-33 is
indeed a CTL peptide epitope of the HPV-16 ES gene in H-2"
C57BL/6 mice. In addition, the immune response of the effec-
tor/memory/recall phase in the vaccination with rAd-ES or
peptide ES 25-33 with Freund’s adjuvant or peptide ES 25-33
with CpG presented similar patterns but reactions of different
strengths. The peak of effector phase among all of these three
vaccines occurred 3 weeks after the first immunization and
then simultaneously dropped after 4 weeks. Therefore, we
infer that ES protein antigen might be digested by the proteo-
some to generate various peptides. Antigenic peptides are then
transported across the membrane of the ER by transporters
associated with antigen presentation. In the ER, newly synthe-
sized MHC-I heavy chain, B,-microglobulin, and peptide form
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The data represent the means and standard errors of each group.

a trimolecular complex that is then transported to the cell
surface (44). Based on the similar patterns of immune response
to ES peptide 25-33 and ES protein, ES peptide 25-33 is at least
a naturally processed DP-restricted CTL peptide that can bind
to MHC-I molecule present on the surface of antigen-present-
ing cells. Recently, the molecular details of the peptide—
MHC-I interaction have been established by the solution of the
three-dimensional structure of the peptide-binding groove oc-
cupied either by heterogeneous mixtures of naturally pro-
cessed peptides or by a single peptide epitope. Therefore, the
crystal structure of ES protein is interesting to investigate.

In the present study, we compared two different adjuvants,
along with ES 25-33, for use in vaccination. Both the primary
and the secondary effector cell activities induced by peptide
with CpG ODN were higher than that induced by peptide with
Freund’s adjuvant, suggesting that CpG ODN as an adjuvant is
superior to CFA in inducing peptide-specific effector and
memory cells (Fig. 6B and C). In addition, although ES 25-33
plus either Freund’s adjuvant or CpG ODN 1826 can protect
against ES containing tumor growth, the adjuvant CpG ODN

1826 was more efficient in helping to eradicate tumor growth
than was the Freund’s adjuvant. In summary, CpG ODN 1826
as an adjuvant is more efficient than Freund’s adjuvant in terms
of CTL activity and tumor protection. We cannot rule out the
possibility that the difference in the route of vaccination may
account for the differences in the intensity of the response.
However, similar reports have demonstrated that the adjuvant
activity of CpG ODN exceeds that achieved by Freund’s adju-
vant (1-2, 35-36, 41-42, 47, 50, 57). For example, immuniza-
tion peptide H11.1 of T-cell lymphoma with CpG ODN in-
duced a 2.5-fold-higher frequency of peptide-specific memory
cells than it did with Freund’s adjuvant (53). The strong im-
munogenic activity of the CpG ODN-peptide combination is
due to the fact that CpG ODN stimulates macrophages and
DC to synthesize various cytokines, including IL-12, IL-18,
tumor necrosis factor alpha, IFN-«, IFN-B, and IFN-vy, and
upregulates costimulatory molecules such as CD40 and
MHC-II (14, 16, 24, 31, 34, 51, 61). The range and level of
cytokine production vary according to each ODN sequence
and its particular modifications. Therefore, the production of
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FIG. 8. The CTL response is CD8" dependent. KO I mice (CD8" deficient) and KO II mice (CD4" deficient) were injected s.c. with 5 X 10*
TC-1/ES tumor cells that contained the ES gene. One week later, the animals were divided into three groups of five mice each for intramuscular
vaccination with 100 pg of E5 25-33 peptide plus CpG ODN 1826 (bioactive), ODN 1982 (nonbioactive), or Mock. Booster peptide injections were
administered 1 week after the first vaccination. The tumor volume was monitored once a week. (A) KO I mice (CD8™ deficient); (B) KO II (CD4*

deficient) mice.

1L-12, IL-18, and other soluble mediators from activated DC
induced by CpG ODN causes a more physiologic cognate in-
teraction between the DC and T cells in lymphoid tissues,
resulting in both a qualitatively and quantitatively different
type of CD4"- and CD8"-T-cell response (14, 19, 53, 65, 67).
Because Freund’s adjuvant utilizes mycobacterial extracts as a
major constituent in the adjuvant formula and because com-
ponents involving paraffin oil and Mycobacterium cell wall
product cause a severe inflammatory response at the injection
site, the Freund’s adjuvant is not suited for human vaccination.
CpG ODN has minimal toxicity and is a powerful adjuvant
(47). Thus, CpG ODN might be a promising adjuvant for the
future human subunit vaccination approach.

We show here that E5 25-33 is a mouse DP-specific peptide
of HPV-16 ES. Like the HPV-16 E7 peptide 49-57, identified
as a D® CTL epitope (17), this E5 25-33 peptide can induce
CTL activity that efficiently protects against ES-containing tu-
mor growth in a mouse tumor model. Based on the E7 49-57
peptide, numerous strategies of E7 vaccination were estab-
lished in C57BL/6 mice. These studies paved the way for the
later development of candidate peptides of human vaccine.
The E7 peptides 11-20, 82-90, and 86-93 have been determined
to be human HLA-A2-specific CTL epitopes and are currently
being investigated for their efficacy in human vaccinations.
Although we have only identified the peptide of HPV-16 ES,
which is immunogenic for mouse CTLs in the present study,
this established animal model can provide us with the tool to
comprehensively investigate the mechanisms of immunoregu-
lation of peptide stimulation, to develop different ES vaccina-
tion strategies, and to evaluate the efficacy of immunotherapy
by a single or combined peptide(s) of ES and/or E7 immuni-

zation at the various stages of cancer for the future human
vaccination. It is indeed our goal to identify candidate ES
peptide(s) for human vaccine. Experiments are with HLA-A2
transgenic mice are under way to identify human HLA-A2-
specific peptide(s) of HPV-16 ES.
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