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A new and very promising approach in vaccine development is the application of naked DNA. In comparison to conventional vaccines it offers
everal advantages, especially if there is a need for the development of low cost vaccines. Infection with high-risk human papillomaviruses
hr-HPVs) is the major risk factor for the development of cervical cancer (cc), the third most common cancer in women worldwide. The HPV
7 oncogene is constitutively expressed in HPV-infected cells and represents an excellent target for immune therapy of HPV-related disease.
herefore, we chose the HPV-16 E7 as model antigen in the development of a therapeutic DNA vaccine candidate. For safety reasons the use
f a transforming gene like the HPV-16 E7 for DNA vaccination is not feasible in humans. In consequence we have generated an artificial
“shuffled”) HPV-16 E7-gene (HPV-16 E7SH), containing all putative cytotoxic T-lymphocyte (CTLs) epitopes and exhibiting high safety
eatures. Here, we show the induction of a strong E7-wildtype (E7WT) directed cellular and humoral immune response including tumor
rotection and regression after in vivo immunization in the murine system. Moreover, the vaccine candidate demonstrated immunogenicity in
umans, demonstrated by priming of antigen-specific T cells in vitro. Importantly, the artificial HPV-gene has completely lost its transforming
roperties as measured in soft agar transformation assays. These results may be of importance for the development of vaccines based on
ncogenes or oncoproteins.

2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A naked DNA vaccine provides remarkable advantages
in comparison to protein- or peptide-based vaccines mak-
ing it of potential interest also for the use in Third World
countries [1]. Its production costs are relatively low and pre-
dictable (M. Schleef, PlasmidFactory, Bielefeld, Germany,
personal communication). Furthermore, DNA is stable, does
not require refrigeration for storage and can easily be modi-
fied. With respect to prime-boost regimen naked DNA lacks
unwanted immune reactions against other components of
the vaccine as is observed in case of vector based-vaccines
[2].

264-410X/$ – see front matter © 2006 Elsevier Ltd. All rights reserved.
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In this study, we have selected cc as a model for the
development of a safe therapeutic DNA vaccine candi-
date. Worldwide approximately 370,000 cases of cc are
being diagnosed each year and almost 200,000 deaths are
attributed to this disease [3]. In Third World countries cc
is one of the major cause of cancer-related deaths. About
80% of women dying from this disease originate from
low-budget countries where screening programs for early
detection and the medical infrastructure for treatment are
not available. In contrast in the more developed world the
mortality was reduced (by 70% in the US) during the last
50 years as a consequence of cytological screening pro-
grams [4]. Treatment of cc patients by surgery, radiotherapy
or chemotherapy results in a significant loss of quality of
life. Even when optimal treatment is available about 40%
of all cc patients die of this disease [5]. Therefore, the
development of an effective and save therapeutic vaccine is
needed.

A necessary event for the development of premalignancies
like cervical intraepithelial neoplasia (CIN) and cc is infec-
tion by hr-HPVs [6]. So far over 120 HPV types are identified
[7], 18 of which were found to be associated with cc [8]. HPV-
16 is responsible for about 50% of the cases [9]. Due to the
fact, that the oncoprotein E7 of the hr-HPVs is exclusively
and consistently expressed by HPV-infected tumor cells [10]
it represents a specific target for an immune therapy directed
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response in mice [20]. In order to translate the therapeutic
DNA vaccine candidate into a clinical trial we decided to
further improve its safety features. For this reason we did not
fuse any heterologous genes. We enhanced immunogenic-
ity by placing a Kozak-sequence [21] in front of the gene
[22] and chose the plasmid-vector pTH [23] applicable to
humans [26]. More importantly we redesigned the E7 itself.
The sequence was taken apart at exactly at the positions
that are critical for transforming properties of the protein
(pRB-binding site, C-X-X-C motifs) and reassembled in a
“shuffled” order as “core” gene. This sequence was codon
optimized to humans (almost identical to mice). The origi-
nal junctions destroyed by the dissection were added as an
“appendix” with non-codon optimized sequence to minimize
recombination events reconstituting the wildtype sequences
(see also Fig. 1).

Tumor protection and regression experiments will give a
first impression on immunogenicity and effectivity of tumor
vaccines. They do not fully reflect, however, the responses
induced in humans. “In vitro immunization” of human lym-
phocytes by antigen-loaded dendritic cells (DCs) may be
used as a model [24]. Loading of DCs by DNA transfec-
tion is a suitable technique [25] and specific T cell priming
verifies the potential immunogenicity of the DNA vaccine
candidate.

Here, we show that the HPV-16 E7SH DNA vaccine can-
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gainst cc and its premalignant dysplasia. The E7, however, is
n oncoprotein with transforming activity by interfering with
he cell cycle control. The E7 alters cell growth regulation
y inactivating the pRB (retinoblastoma) tumor suppressor
rotein [11,12] and contains two metal-binding motifs (C-X-
-C) [13,14].
For safety reasons a functional oncogene cannot be applied

o humans. Therefore, efforts were made to inactivate the
ncogenic properties of the HPV-16 E7. Some investiga-
ors have introduced point mutations into the sites of the
7-oncogene that are associated with transforming potential

15,16], whereas others have used HLA- (human leukocyte
ntigen) restricted singular epitopes [17,18].

These approaches, however, may lead to an unwanted loss
f naturally occurring epitopes that is potentially associated
ith a decrease in vaccine efficacy. Our aim was to supply

ll potential naturally occurring T cell epitopes, covering
he broad range of MHC restriction. In consequence, prior
nowledge of the patient’s HLA-haplotype is not required.
his is especially important in the outbred human popula-

ion. In addition, a more potent immune response may be
nduced, involving all occurring HLA-restriction elements
n the vaccine. We had generated in a “proof-of-principle”
tudy an artificial HPV-16 E7 gene (HPV-16 E7SH) of the
rst generation [19]. In this study we showed that an onco-
rotein with a rearranged primary sequence still induces
7WT-specific CTLs in mice but is devoid of transform-

ng properties. We had taken advantage of the earlier find-
ng in our laboratory that fusion with the VP22 gene of
erpes Simplex Virus Type 1 strongly enhances the CTL
idate of the second generation induces specific immunity in
ivo in mice and after in vitro immunization of human lym-
hocytes and, therefore, holds promise for a safe therapeutic
PV-vaccine.

ig. 1. Map of the artificial HPV-16 E7SH gene. The HPV-16 E7 wild-
ype gene (E7WT, above) was dissected at the positions corresponding to
he pRB binding site (nt 72/37) and between the two C-X-X-C motifs (nt
77/178 and nt 276/277). The resulting four fragments a, b, c and d were
earranged (“shuffled”) forming the core element with the sequence a, d, c,
. To avoid loss of putative CTL epitopes at the junctions a-b, b-c and c-d,
hese sequences (3 × 27 nt = 3 × 9 amino acids) were added as an appendix
orming the complete HPV-16 E7SH gene. To minimize the potential risk
f “back-to-wildtype recombination” the codons of the core element were
ptimized for expression in humans according to the Kazusa codon usage
atabase (www.kazusa.or.jp/codon/). A Kozak sequence was added in front
f the gene to enhance translation.

http://www.kazusa.or.jp/codon/
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2. Materials and methods

2.1. Generation of the recombinant vectors

The HPV-16 E7SH gene was engineered by three con-
secutive PCR reactions as described earlier [22]. The fol-
lowing overlapping primers were used: 1st PCR reaction
(the Kozak sequence is underlined): 5‘GC GGC CGC GGA
TCC CCC GGG AAG CTT CCC GCC GCC ACC ATG CAC
GGC GAC ACC CCC ACC CTG CAC GAG TAC ATG
(16E7SH/1), 5′GCA CTT GGG TTT CTG GCT GCA GAT
GCA GTA CAG GTC GGT GGT CTC GGG CTG CAG GTC
CAG CAT GTA CTC GTG CAG GGT GGG (16E7SH/2),
5′TGC AGC CAG AAA CCC AAG TGC GAC AGC ACC
CTG CGG CTG TGC GTG CAG AGC ACC CAC GTG
GAC ATC CGG ACC CTG GAG GAC (16E7SH/3), 5′CTC
GCT GCT GTC GTT CAG CTG CTC GTA GGG GCA
CAC GAT GCC CAG GGT GCC CAT CAG CAG GTC CTC
CAG GGT CCG GAT GTC (16E7SH/4); 2nd PCR reaction:
5‘CAG CTG AAC GAC AGC AGC GAG GAG GAG GAT
GAG ATC GAC GGC CCC GCC GGC CAG GCT GAG CCC
GAC CGG GCC CAC TAC AAC (16E7SH/5), 5′ATT TAA
TTG CTC ATA ACA GTA GAG ATC AGT TGT CTC TGG
TTG GCA GCA GAA GGT CAC GAT GTT GTA GTG GGC
CCG GTC GGG (16E7SH/6), 5′TAC TGT TAT GAG CAA
TTA AAT GAC AGC TCA GAG CAT TAC AAT ATT GTA
A
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2.2. Northern blot and RT-PCR analysis

RNA from transfected dendritic cells (DCs) was isolated
by Trizol (Invitogen, Carlsbad, California, USA) according to
the user manual. Northern hybridisation was performed with
the gene of HPV-16 E7WT. The probe was labeled with the
random primed labeling kit (Roche, Mannheim, Germany).
Hybridisation was done at 42 ◦C for 48 h and afterwards
washed 3 times at 68 ◦C for 30 min with 2 × SSC, 0.1%
SDS.

Primers for RT-PCR were: reverse transcription: 5′AAG
CAG TGG TAA CAA CGC AGA GTA CTT TTT TTT TTT
TTT TTT TTT TTT TTT TTT TAG CAG CT, PCR forward
primer WT: 5′CC AAG CTT TTA GGG TTT CTG GCT
GCA, forward primer SH: CGG GAT CCC CAC GGC GAC
ACC CCC ACC and reverse primer: 5′CG GGA TCC CAC
GGC GAC ACC CCC ACC. AmpliTaq Gold polymerase
(Applied Biosystems, Foster City, Canada) was used and
DNA amplified by 10 min 95 ◦C (1 cycle), 15 s 95 ◦C, 30 s
55 ◦C (25 cycles), 1 min 72 ◦C.

2.3. Western blot analysis

E7 protein expression in nucleofected DCs was detected
by Western blot. DCs (5 × 105) were lysed 24 h after trans-
fection of pTHamp-E7WT or pTHamp-E7SH by boiling for
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CC TTT TGT TGC AAG TGT GAC TCT ACG CTT CGG
16E7SH/7), 5′GAA TTC CTC GAG TCT AGA CTG CAG
TA TGG TTT CTG AGA ACA GAT GGG GCA CAC AAT
CC TAG TGT GCC CAT GCA CAA CCG AAG CGT AGA
TC ACA CTT (16E7SH/8); 3rd PCR reaction: the result-

ng fragments A (1st PCR reaction) and B (2nd PCR reaction)
ere fused in a further PCR step using the primers 16E7SH/1

nd 16E7SH/8.
The resulting gene product was cloned via 5′HindIII and

′XbaI into the immunization vector pTHamp [23], which
as already been used in a version without any antibiotic
esistance gene (pTHr) in humans [26].

The pTHamp-E7SH construct was sequenced by
edigenomix (Martinsried, Germany) using the follow-

ng primers: 5′CAT GGG TCT TTT CTG CAG TC
forward), 5′CAG CGA GCT CTA GCA TTT AG
reverse).

Generation of the HPV-16 E7SH-recombinant pBabe-
uro plasmid: the E7SH gene was excised via HindIII/XbaI
ndonucleases from the pTHamp-E7SH construct (see
bove). The gene was cloned after mung bean enzyme
reatment (resulting in blunt ends) into the EcoRI digested
nd mung bean enzyme prepared retroviral expression vec-
or pBabe-puro [27]. The pBabe-puro E7SH construct was
equenced by Medigenomix (Martinsried, Germany) using
he following primers: 5′GCC TCG ATC CTC CCT TTA
CC (forward), 5′CCC TAA CTG ACA CAC ATT CCA
AG GGT CGA (reverse). The pBabe-puro E6 and pBabe-
uro E7WT constructs were a kind gift of Dr. M. Tommasino
IARC, Lyon, France).
0 min in SDS sample buffer and directly separated by SDS-
AGE. Lysed CaSki cells were used as a positive control. The
roteins were transferred to Immobilon-P transfer-membrane
Millipore, Bedford, USA) by a Trans-blot semi-dry transfer
ell (BioRad, München, Germany). To detect E7 proteins
n anti-HPV-16 E7WT polyclonal goat antiserum (gift from
. Zwerschke, Innsbruck, Austria) was used followed by an

nti-goat-HRP secondary antibody (Dianova, Hamburg, Ger-
any).

.4. Retroviral expression of the HPV-16 gene

BOSC23 cells (5 × 106) were transfected with 10 �g
ecombinant pBabe-puro vector by CaCl2 precipitation
ethod (including the addition of 25 �M Chloroquine

n order to enhance transfection efficacy) and retrovirus-
ontaining supernatant was harvested 48 h later. NIH3T3
ells (5 × 105) were infected with 5 ml freshly harvested
etroviral supernatant (+5 �g/�l Polybrene, in order to
nhance infection efficacy) and selection was started two
ays later by adding 2 �g/ml puromycin (Sigma, Deisen-
ofen, Germany).

.5. Soft agar transformation assays

NIH3T3 cells infected with recombinant pBabe-puro
etrovirus were selected with 2 �g/ml puromycin for 2
ays and 2.5 × 104 cells were subsequently resuspended
n 10 ml warm (40 ◦C) DMEM/10% calf serum (CS) con-
aining 1% melted agar and 1 �g/ml puromycin. Of this
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suspension 2 ml (5 × 103 cells) were poured onto a pre-
cast base layer consisting of 5 ml DMEM/10% CS with
1% soft agar and 1 �g/ml puromycin in 50 mm Petri dishes
preparing three soft agar cultures in parallel for each
infection. Soft agar cultures were incubated at 37 ◦C/5%
CO2 adding 0.5 ml complete DMEM/10% CS without
puromycin once per week. After four weeks all foci
located within a 9 cm2 field of the soft agar plate were
counted.

2.6. DNA vaccination

Female C57BL/6 mice (WiGa-Charles River, Hamburg,
Germany) were kept under SPF isolation conditions and
standard diet at the animal facilities of the German Cancer
Research Center Heidelberg, Germany. Six- to eight-week-
old mice were pretreated as indicated by injection of 50 �l of
10 �M cardiotoxin (CT) (Latoxan, Rosans, France) into each
musculus tibialis anterior 5–6 days prior to DNA vaccination.
For vaccination, 50 �l of plasmid DNA (1 �g/�l in PBS)
was injected into each muscle (100 �g DNA per animal).
Ten to twelve days after vaccination animals were sacrificed
and spleens were isolated. All manipulations on live ani-
mals were performed under Isofluran anesthesia (CuraMed
Pharma, Karlsruhe, Germany).
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2.8. Generation of human DCs

Human monocyte-derived DCs were generated from
buffy coats of HLA-A2-positive healthy donors basically
as described by Romani et al. [32]. PBMCs were isolated
by Ficoll-Hypaque density-gradient centrifugation. PBMCs
were washed four times with PBS and resuspended in Cell-
Gro DCs medium (Cell Genix, Freiburg, Germany). PBMC
(5 × 107) were transferred into 75 cm2 culture dishes and
incubated for 2 h. Non-adherent PBMCs were removed by
gently washing the culture dishes with PBS. Adherent mono-
cytes were cultured in 5 ml of CellGro medium contain-
ing IL-4 (Immunotools, Friesoythe, Germany) and GM-CSF
(Immunex, Seattle, USA) each at 1000 U/ml for 6 or 7 days.
Afterwards DCs were harvested and stored frozen or matured
with a cocktail of cytokines: 10 ng/ml IL-1� (R&D Sys-
tems, Minneapolis, MN, USA), 1000 U/ml IL-6 (Promocell,
Heidelberg, Germany), 10 ng/ml TNF-� (R&D Systems),
1 �g/ml PGE2 (Pharmacia, Erlangen, Germany) for 24 h [33].

2.9. Antigen loading of human DCs

Mature DCs were nucleofected by Amaxa Nucleofector
technology and the Amaxa Nucleofection Kit for human DCs
(Amaxa, Köln, Germany, Cat. No. VPA-1004, the composi-
tion of the kit is not disclosed by the company) using an
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.7. Cell lines and culture conditions

All cell lines used in the murine part were of C57BL/6
rigin (H2b context). RMA cells [28], RMA-E7 transfectants
29], C3 tumor cells [30] and splenocytes were cultured as
ublished elsewhere [22].

The packaging cell line BOSC23 [31] was cultured in
MEM with 10% FCS, 2 mM of glutamine, 100 U/ml of
enicillin and 100 �g/ml of streptomycin. NIH3T3 cells were
btained from ATCC and were cultured in the same medium
xcept that 10% CS was added.

Human T cells were isolated from non-plastic adherent
eripheral blood mononuclear cells (PBMC) by binding to
heep red blood cells and density gradient centrifugation.

cells were cultured in RPMI 1640 supplemented with
0% heat-inactivated pooled human AB plasma in U-bottom
6-well plates at a density of 1–2 × 105/well. T cells were
timulated three times once per week with plasmid DNA-
ucleofected or peptide pulsed autologous irradiated DCs at a
atio from 10:1 to 20:1. With the second stimulation 100 U/ml
L-2 (Boehringer, Mannheim, Germany) and IL-7 (Promo
ell, Heidelberg, Germany) were added. B-LCLs used were
utologous EBV-immortalized cell lines of each donor inves-
igated. The cell lines were individually generated by incu-
ating donor B cells with infectious EBV-containing culture
upernatant of B95-8 cells (ATCC No. CRL-1612). T2 cells
ATCC No. CRL-1992) are defective in endogenous antigen
resentation. T2 cells display only empty HLA-A2 molecules
n their cell surface that can exogenously be loaded with pep-
ides.
ptimized protocol.
Briefly, DNA (5 �g) was applied for nucleofection

f 2 × 106 DCs in 100 �l of reagent and program U-
was used. For peptide pulsing immature DCs were

ashed two times and resuspended in serumfree RPMI
640 (Invitrogen, Paisley, UK) and 10 �g/ml peptide was
dded. After 4 h the peptide pulsed DCs were washed
wo times. After loading DCs were cultured for 24 h
n 1 ml of CellGro medium containing IL-4, GM-CSF,
nd maturation cytokine cocktail. DCs were irradiated
60 Gy) and washed 3 times before stimulation of autolo-
ous T cell cultures. Peptides used for restimulation were
ools of either HLA-A 0201 restricted minimal epitopes
711–20 (YMLDLQPETT) E782–90 (LLMGTLGIV), E786–93

TLGIVCPI) or peptides of about 35 aa in length spanning the
omplete E7 sequence: (p1) MHGDTPLHEYMLDLQPETT
LYCYEQLNDSSEEE; (p2) LCYEQLNDSSEEEDEIDG-

AGQAEPDRAHNIVT; p3) GQAEPDRAHNIVTFCCK-
DSTLRLCVQSTHVDIR; (p4) TLRLCVQSTHVDIR-
LEDLL MGTLGIVCPICSOKP. Control peptide was HPV-
6 E628–36 (TIHDILECV).

.10. In vitro restimulation of murine CTL lines

1–2 × 107 spleen cells (pretreated with ACT lysis buffer
17 mM Tris/HCl, 160 mM NH4Cl, pH 7.2] to deplete ery-
hrocytes) were co-cultured with 2 × 106 irradiated (100 Gy)
MA (controls) or RMA-E7 cells in 25 cm2 culture flasks in
MEM. First in vitro restimulations were performed at the
ay of the spleenectomy and were weekly repeated up to four
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times. Four to five days after the first in vitro restimulation
the spleen cell cultures were seeded in a serial dilution into
24-well plates (6 wells per flask) in 2 ml of �MEM + medium
per well.

Starting with the second in vitro restimulation additionally
to the RMA/RMA-E7 cells (1 × 105 per well) or T helper (Th)
epitope E748–54 [34], freshly isolated (ACT lysis buffer pre-
treated) splenocytes (5 × 106 per well) were added as feeder
cells (irradiated by 100 Gy) as a source of the co-stimulating
B.7 molecule. Cultures were incubated at 37 ◦C and 7.5%
CO2 in a humidified incubator.

2.11. IFN-γ Elispot assays

Murine IFN-γ Elispot assays were performed ex vivo and
5 or 6 days after each in vitro restimulation as described
elsewhere [22].

Spots were quantitated with an Elispot reader (Autoim-
mune Diagnostics AID, Strassberg, Germany). Spots of the
negative-control wells were substracted from spots of the
test samples (E749–57 peptide stimulated). An animal was
scored positive when the number of IFN-� secreting cells
was at least 100% above the highest number of IFN-�
secreting cells of the control animal (empty vector recipi-
ents).
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2.13. Flowcytometric cytotoxicity assay

T cell lines stimulated with human DCs were restimu-
lated twice with specific HPV-16 E7WT 9mer peptide-pulsed
autologous irradiated B-lymphoblastic cell lines (B-LCLs).
The assay was performed as published earlier [35]. Briefly,
T2 cells were labeled with CFSE (2.5 �M in 2 ml PBS for
8 min), washed two times and loaded overnight with 9mer
peptide pools (10 �g/ml) and �2-microglobulin (3 �g/ml)
in serum free medium and used as target cells. Cold target
inhibition was done with K562 cells to block NK activity.
Effector: target: cold target ratio was 10:1:10. First, T cells
(2 × 105/well) were incubated in a 96-well V-bottom plate
with the same number of “cold target” unlabeled K562 for
30 min. Afterwards 2 × 104 target cells were added followed
by incubation for 4 h at 37 ◦C. Cells were stained with propid-
ium iodide (1 �g/ml) and lysed target cells were determined
by counting FL1/FL3 double positive cells on a FACS Cal-
ibur (Becton Dickinson, Heidelberg, Germany). Basal lysis
was determined by counting propidium iodide positive tar-
get cells in samples without effector cells. Specific lysis was
calculated according to the formula: specific lysis (%) = dead
cells in sample (%) − dead cells in control (%).

2.14. Tumor protection studies
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Human IFN-γ Elispot assays were performed 3 weeks
fter the last restimulation. A 96-well plate (MultiScreen HA,
illipore Eschborn, Germany) was coated over night with
onoclonal anti-human IFN-� antibody 1D1k (10 �g/ml) in
BS (Mabtech, Hamburg, Germany) and blocked with RPMI,
.4% human serum albumin (DRK Blutspendedienst, Ger-
any). T cells (5 × 104) were pre-incubated for 4 h with
Cs (5 × 103) in a V-bottom 96-well plate and afterwards

eeded onto MultiScreen plates. After 20 h cells were washed
ff with PBS/Tween 20 (0.05%). The plate was treated
or 2 h with monoclonal antibody 7-B6-biotin (Mabtech) at
�g/ml in PBS/BSA (0.5%) followed by six washes with
BS/Tween 20. Streptavidin-alkaline phosphatase antibody
Sigma–Aldrich, Deisenhofen, Germany) was incubated at
0 ng/ml in PBS for 2 h. The plate was washed three times
ith PBS/Tween 20 and three times with PBS alone. The

taining reaction was developed with BCIP/NBT (Sigma) for
0–20 min and plates rinsed in tap water. Counting of Elispot
lates was done with an Elispot Reader equipped with KS
lispot Software version 4.3.56 (Zeiss, Halbergmoos, Ger-
any).

.12. 51Cr release assays

51Cr release assays was performed 5–6 days after an
n vitro restimulation of murine spleen cells as described
lsewhere [22]. An animal was scored positive when the
pecific lysis of the specific target (RMA-E7 cells) was
t least 10% above the lysis of the control target (RMA
ells).
Six- to eight-week-old C57BL/6 mice were immunized
wice (days 0, 14) under isofluran anesthesia with 50 �g DNA
n PBS in each musculus tibialis anterior after pretreatment
ith CT, respectively (100 �g DNA per animal, see DNA
accination). Sixteen days after the boost-vaccination the
nimals were challenged subcutaneously in the shaved right
ank with 5 × 105 C3 cells (in 100 �l PBS). The tumor size
as measured every 2–4 days with the aid of a ruler. The

xperimental endpoint was 35 days after the first appearance
f the tumor, when the animal was sacrificed. Tumor sizes
n the animals within a group were calculated as arithmetic
eans with standard error of the means (S.E.Ms.). In the

umor protection experiment an individual was indicated as
protected”, if the tumor area at the endpoint of the experi-
ent was within the “0–25 mm2” field.

.15. Tumor regression studies

C57BL/6 mice received 5 × 105 C3 cells in 100 �l of
BS subcutaneously in the right shaved flank. When small

umors were palpable in all animals (days 5–18) the first
NA-injection (recombinant or empty plasmid) was applied

ntramuscularly (i.m.) in both musculus tibialis anterior five
ays after CT-pretreatment (see tumor protection studies).
he boost-vaccination was performed 12–15 days later, again
fter CT-pretreatment. Tumor sizes (measured with a ruler)
ere determined every 2–4 days until mice had to be sacri-
ced. Tumor sizes of the mice within a group were calcu-

ated as arithmetic means with standard error of the means
S.E.Ms.). In the tumor regression experiments an individ-
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ual was indicated as a “regressor”, when the tumor area at
the endpoint of each experiment was within the “0–25 mm2”
field.

2.16. ELISA

Murine E7-specific serum antibodies were detected with
a capture ELISA essentially as described earlier [22,36]. The
absorbance in wells with GST as antigen defined the back-
ground reactivity of a serum, which was then subtracted from
the absorbance with the GST HPV-16 E7WT proteins to cal-
culate the specific reactivity of a serum against the antigen
HPV-16 E7. All measurements were performed in duplicates
including a positive control serum on each 96-well plate. An
animal was scored positive when the OD450 was at least 100%
above the OD450 mean in the control group.

3. Results

The aim of this study was to generate a therapeutic HPV-
16 E7 DNA-vaccine candidate, which is safe for the use in
humans. To this end, we constructed a rearranged HPV-16 E7
gene of the second generation (designated HPV-16 E7SH),
which was – in comparison to the first generation – modified
in a more educated way resulting in higher safety features.
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b, a-b, b-c, c-d is shown in Fig. 1. The gene was gener-
ated by PCR using 8 overlapping long primers covering
the whole 16 E7SH sequence in 3 reactions (see mate-
rials and methods). In addition the Kozak-sequence was
placed in front of the gene to enhance mRNA translation
[21,22].

3.2. The E7SH gene induces E7WT-specific CTL
responses and E7-specific antibody induction in vivo

To address whether the rearranged E7SH gene is able to
induce a cellular immune response directed against the E7WT
antigen, we immunized in 5 independently performed exper-
iments C57BL/6 mice once with 100 �g of the pTHamp-
E7WT or with the corresponding pTHamp-E7SH vector. Ten
of the twelve E7WT-injected and all 22 mice that received
E7SH reacted to peptide E749–57 stimulation and scored posi-
tive in IFN-� Elispot assays. Control animals received empty
vector in PBS (n = 20, all scored negative). Fig. 2a shows
one experiment where already ex vivo a strong activation
of E749–57-WT specific splenocytes was shown by IFN-�
Elispot assay. Both the E7WT (0.09 ± 0.01) and the E7SH
(0.11 ± 0.03) group reacted, whereas the control animals
(empty vector) showed about 10fold less INF-� secretion
(0.01 ± 0.004). To determine, if the specifically activated
splenocytes had cytolytic activity, we performed 51Cr-release
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ere, we have investigated the potential of the new artifi-
ial gene to induce an immune response, which is directed
gainst the E7WT antigen in vivo (in the murine model) and in
itro (transfection of human DCs). Furthermore, we wanted
o verify our hypothesis that the 16 E7SH gene of the sec-
nd generation has lost the transforming properties of the 16
7WT oncogene.

.1. Generation of the HPV-16 E7SH gene

In order to rearrange (“shuffle” = SH) the HPV-16 E7 gene
nd, thereby knock out the transforming properties, we dis-
ected the E7WT gene within the three transformation-related
egions (between nt 72/73, 177/178, 276/277). The first is
ssociated with pRB-binding [37]; the other two (contain-
ng C-X-X-C motifs) are associated with protein stability
13,14]. The four resulting fragments a, b, c, and d were
earranged into the so-called “core element” with the frag-
ent sequence a, d, c, b. In order to maintain all potential

aturally occurring CTL-epitopes located at the junctions (9
a [=27 nt] in each direction, per junction 2 × 27 = 54 nt)
etween the fragments a, b, c and d, were fused as an
appendix” to the core element. The H2b-restricted CTL-
pitope 49RAHYNIVTF57 [30] was retained within the core
lement as well as the HLA-A2 restricted epitopes [38]
1YMLDLQPETT20 and 82LLMGTLGIV90, whereas the
hird known HLA-A2 restricted epitope (86TLGIVCPI93)
as been destroyed in the core element by the dissection
t nt 276/277, but was rescued and is now located within
he appendix. The structure of the E7SH gene: a, d, c,
ssays. After two rounds of in vitro restimulation strong spe-
ific cytolytic activity against the E7WT-expressing RMA-E7
ransfectants was shown in two independent experiments. In
hese experiments all E7WT (n = 8) and E7SH (n = 8) vac-
inated animals displayed strong E7WT-specific lysis of the
MA-E7 target cells (Fig. 2b shows one representative exper-

ment). The mean of specific lysis of the RMA-E7 cells in the
wo experiments was comparable in the E7SH-group (41 and
5%) and the E7WT immunized animals (32 and 40%). The
plenocytes of the control mice (empty vector) did not show
ny E7-specific lysis, demonstrating that the E7-specificity
hown in vitro was actually primed in vivo by the DNA vac-
ine candidate.

Some investigators found a stronger immune response
fter a second DNA application [39]. Therefore, we immu-
ized in two experiments a total of 10 mice twice (prime:
ay 0, boost: day 13 or 21) with the pTHamp-E7SH con-
truct, from which all scored positive in IFN-� Elispot assay
CTL epitope E749–57), whereas none of the control animals
n = 10) reacted positively (Table 1). In contrast to McShane
t al. [39], we were not able to show an enhancement of
he cellular immune response (portion of IFN-� secreting
plenocytes) after a second DNA injection (data not shown)
n comparison to mice immunized once (Fig. 2). Moreover,
n one of the two prime-boost experiments, we immunized
he mice (n = 5) without CT pretreatment (see also tumor
egression experiments). Neither difference in the percentage
f IFN-� secreting cells nor in the positively evaluated ani-
als was observed between the plus versus minus CT groups

Table 1).
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Fig. 2. CTL responses in C57BL/6 mice after DNA immunization. Four mice per group were immunized once i.m. with 50 �g empty plasmid or with pTHamp
vector encoding E7WT or E7SH in each musculus tibialis anterior. (a) ex vivo IFN-� Elispot assay. Each bar represents the number of activated T cells from an
individual animal. (b) 51Cr-release assay after two rounds of in vitro restimulations using either syngeneic parental RMA (black circles) or E7WT-expressing
RMA-E7 tranfectants (2F11 cells, white circles). One representative of two assays is shown.

Because there is evidence that particularly the CD4+ cells
are critical to mount a successful immune response against
tumor tissue [40], we divided the splenocyte cultures of one
prime-boost experiment (no CT-pretreatment) and restimu-
lated them either with a CTL epitope (RMA-E7) or with a
Th epitope (soluble). Indeed, 5/5 animals reacted positively
by IFN-� Elispot assay (Th epitope E748–54) after the first in
vitro restimulation, suggesting that CD4+ Th cells are also
primed after E7SH DNA vaccination (Table 1).

In the context of the prime-boost immunized mice an
E7WT reactive humoral immune response was found by
ELISA in 10/10 animals (data not shown in detail, for sum-
mary see Table 1).

Together, these results show, that the E7SH gene of
the second generation has per se – without the fused
VP22 gene – the potential to induce an E7WT directed
humoral immune response and a strong in vivo CTL response
directed against the E7-specific immunodominant CTL epi-
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Table 1
Summary of 5 independently performed immunization experiments in C57BL/6 mice

E7-DNA immunization IFN-� Elispot assay 51Chrom-release-assay Tumor-protection Tumor-regression Serum IgG

E7WT 10/12 (E749–57) 8/8 n.d. n.d. n.d.
E7SH 22/22 (E749–57) 8/8 n.d. n.d. n.d.
E7SH/E7SH (prime-boost) E749–57 E748–54 n.d. 7/9 31/40b 10/10c

10/10a 5/5a

The table gives the numbers of positively evaluated animals in all performed IFN-� Elispot assays, 51Cr-release assays, tumor-experiments (protection and
regression) and the serum IgG ELISA. The endpoint of the tumor protection experiment (n = 1) was 35 days after the first appearance of tumors, the animals
of the regression experiments (n = 4) was sacrificed 32–48 days after the application of the C3 tumor cells, before first tumors reached sizes of 400 mm2; n.d.,
not done.

a 5 individuals in the E749–57 restimulated group and all in the E748–54 restimulated group were CT-untreated.
b 20 mice were CT-untreated, of which 15 were scored as “regressors”.
c 5 animals were CT-untreated.

tope E749–57 (Elispot assay). Induced T cells are cytolytic
towards E7WT-expressing target cells (51Cr-release assay)
and react to the E7-specific Th epitope (E748–54, Elispot
assay). Moreover, the potential of the E7SH gene to induce a
cellular immune response in vivo is comparable to the origi-
nal wildtype-gene.

3.3. E7SH-DNA immunization mediates tumor
protection

Next we wanted to determine whether the E7SH gene was
able to protect animals from an outgrowth of E7-expressing
syngeneic tumors. Nine animals received twice (days 1 and
11) E7SH DNA, whereas the controls (n = 10) received the
empty vector. Sixteen days after the boost-vaccination the
animals were challenged with a tumorigenic dose of syn-
geneic E7WT-expressing C3 cells. After 35 days all ani-
mals of the control group had developed tumors with a size
range of 100–400 mm2. In the E7SH-treated group 7 animals
had tumors between 0 and 25 mm2 and therefore showed a
clear protection from tumor growth (Table 1). The remaining
two had tumors of 100–199 and 300–400 mm2, respectively
(mean of the treated group: 69 ± 44 mm2), whereas the aver-
age tumor size within the control group was significantly
higher (202 ± 21 mm2, data not shown in detail).
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reached 400 mm2. The therapeutic effect was comparable
in all 4 tumor regression experiments. Taken together, at
days 32–48, 31/40 animals of the E7SH immunized group
were classified as tumor-regressors (tumor sizes 0–25 mm2)
and in only 1/40 individuals a large tumor (300–400 mm2)
was detected. In contrast 31/40 mice of the control group
had developed a tumor size between 26 and 400 mm2

(300–400 mm2: 20/40) (Fig. 3 shows one representative
experiment of 4 performed; for summary see Table 1).
These data clearly indicate that the E7SH gene of the second
generation induces an effective cellular immune response
that is able to control even established tumors.

Taking into consideration that our aim is the application
of the therapeutic DNA-vaccine candidate in human beings,
we also immunized the animals in two tumor regression
experiments (n = 20 E7SH-encoding vector, n = 20 empty
vector) omitting CT pretreatment. Within the E7SH vacci-
nated mice in the CT-treated cohort 16/20 animals and in
the CT-untreated cohort 15/20 mice were defined as “tumor-
regressors” (0–25 mm2 tumor-size at the endpoint of the
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.4. The E7SH gene induces tumor regression

The aim of a therapeutic tumor vaccine is the induction
f an effective immune response eradicating established
umors. Therefore, we next investigated if vaccination with
he E7SH gene induces a cellular immune response able to
ontrol established E7-expressing tumor cells in vivo. In
tumor regression experiments a total of 80 animals were

ransplanted with a tumorigenic dose of syngeneic C3-tumor
ells (day 0). When the tumors had reached a mean size of
5 mm2 at days 5–18, 40 animals were primed with 100 �g
f the E7SH-encoding plasmid, while control mice (n = 40)
eceived empty pTHamp vector. About two weeks after the
rst immunization a booster vaccination (days 13–34) was
iven and further 12–27 days later the experiments were
erminated when the tumor size in the first control mice
ig. 3. Growth of C3 tumors in C57BL/6 mice after i.m. immunization with
he E7SH gene. Mice received tumor cells and were immunized twice at days

and 21 with empty vector (black triangles) or with the E7SH-encoding
THamp construct (white triangles). Data gives the surface tumor size at
ays 5 (first immunization) and 35. The mean ± S.E.M. at days 5 and 35 is
hown. Because of the tumor size in the control group the experiment was
erminated at day 35.
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experiments). From these data we conclude that a CT pre-
treatment is not necessary to induce tumor-regression in this
mouse model. Moreover, due to the fact that CT probably will
never be allowed for use in humans, this finding has important
implications in view of a clinical trial.

To understand if the E7SH-immunization is able to induce
long lasting protective effects we re-challenged tumor free
mice that had eradicated the tumors after E7SH DNA vacci-
nation. Eight tumor regressors (tumor size = 0 mm2) from two
experiments (with CT pretreatment) were re-challenged with
C3 tumor cells into the left flank (days 70 or 90, respectively,
after first application of tumor cells). Forty-one or thirty-four
days post re-challenge the two naive control animals of each
re-challenge experiment had developed a tumor of 100 mm2

in size. Six of eight of the tumor regressors remained with-
out any palpable tumors. Two animals of the re-challenged
groups, however, developed tumors with a size of 100 mm2.
Taken together, these findings indicate the induction of a
HPV-16 E7-specific memory in some of the tumor regressors.

3.5. HPV-16 E7SH transduced human DCs induce
specific CTL responses to E7WT in vitro

As a first approach to transfer the E7SH gene of the second
generation to the human system, we used an in vitro immu-
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Fig. 4. Transcription and translation of nucleofected genes in human DCs.
(a) RT-PCR analysis of nucleofected dendritic cells. Transfection of: (1)
pCMV-EGFP amplified with E7WT primers; (2) pTHamp-E7WT ampli-
fied with E7WT primers; (3) Standard; (4) pTHamp-E7SH amplified with
E7SH primers; (5) pCMV-EGFP probed with E7SH primers). (b) Northern
blot hybridisation of nucleofected DCs. (1) pCMV-EGFP; (2) pTHamp-
E7WT; (3) pTHamp-16 E7SH. (c) Western blot analysis of (1) CaSki cells,
and nucleofected DCs (2) pCMV-EGFP; (3) pTHamp-E7WT; (4) pTHamp-
E7SH. Representative results of one of two independent experiments are
shown.

generated T cell lines specific for the E7WT antigen by three
stimulations with 35mer peptide-pulsed autologous DCs. The
T cell lines (n = 4) were then restimulated once with DNA
vaccine-nucleofected autologous DCs. Specific IFN-� secre-
tion was detected by Elispot in 3 of 4 independently generated
T cell lines (Table 2). To show that DNA vaccine-transduced
DCs can also prime resting naive T cells the experiment was
repeated inversely. T cells were three times stimulated with
DNA-transduced DCs and the resulting T cell lines tested by
restimulation with peptide-pulsed DCs. In parallel priming
with peptide-loaded DCs was performed as a positive control.
E7-specific T cells were induced by peptide-loaded DCs from
all 4 donors. DNA-nucleofected DCs primed 3 of 4 donors.
As shown in Fig. 5a the frequency of specific T cells was
between 0.25 and 0.4% as calculated from Elispot analysis

T
S h E7SH nucleofected DCs

d DC Restimulation with pTHamp-E7SH transfected DC

Number of spots/5 × 104 T cells p

Control Specific reaction

D .01 198 (±155) 353 (±30) <0.12
D .01 275 (±2) 427 (±6) <0.01
D .01 386 (±9) 445 (±0.7) <0.01
D .01 91 (±4) >600a <0.01

T de pool
p contro
N ated by
p

ization protocol. Human monocyte-derived DCs of 4 donors
ere nucleofected with the plasmids pTHamp-E7WT and
THamp-E7SH, respectively, or a control plasmid pCMV-
GFP. Blood donors were overall healthy individuals and
uffy coats were anonymously obtained from the blood bank
uhl, Germany. For ethical and regulatory reasons, there was
o information available on sex or previous or current HPV
nfection. However, given the high rate of infection with HPV,
t cannot be excluded that they have had contact with the virus
efore.

Expression of the target antigen was verified by Northern
lot analysis, RT-PCR, and Western blot analysis of trans-
uced DCs. In all assays specific expression of the E7WT
nd E7SH was detected (Fig. 4a–c). In order to prove efficient
rocessing and presentation of the recombinant antigen, we

able 2
pecific INF-� release of E7WT-specific T cell lines upon restimulation wit

Restimulation with HPV-16 E7WT 35 mer peptides pulse

Number of spots/5 × 104 T cells p

Control Specific reaction

onor 1 301 (±9) >600a <0
onor 2 402 (±27) >600a <0
onor 3 319 (±14) >600a <0
onor 4 247 (±40) >600a <0

cell lines were stimulated three times with HPV-16 E7WT 35 mer pepti
ulsed with 35 mer peptide pool or nucleofected with pTHamp-E7SH. As
umber of spots (mean of duplicates) are shown and p-values were calcul
< 0.05.
a Spot number was above resolution of the Elispot reader.
. For Elispot assay cell lines were restimulated once with autologous DCs
ls DCs were pulsed with control peptide or transfected with CMV-EGFP.
Student’s t-test. Reactions were regarded as statistically significant when
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Fig. 5. CTL response of human T cells against HPV-16 E7 after priming
with pTHamp-E7SH transduced or 35mer peptides-loaded DCs. Human T
cells were stimulated three times with pTHamp-E7SH or HPV-16 E7WT 35
mer peptides. (a) INF� Elispot was performed three weeks after the third res-
timulation. Percent of INF�-secreting T cells of individual donors is shown.
HPV-16 E7WT 35 mer peptide or pTHamp-E7SH primed T cell lines were
restimulated with control peptide (HPV-16 E628–36) or with HPV-16 E7WT
35 mer peptides. (b) Flow-cytometric cytotoxicity assay of a representative
donor after two additional restimulation rounds with 9 mer peptides. T2 cells
were used as target cells and were pulsed with HPV-16 E628–36 9 mer control
peptide or HPV-16 E7WT 9 mer peptide pool before they were added to the
peptide primed T cell line (light bars) or DNA primed T cell line (dark bars).
The p-value were calculated by Student’s t-test (*P < 0.02).

and was comparable between peptide and DNA induced T cell
lines. Interestingly, T cell lines primed with peptide-loaded
DCs had 60–80% of CD4 cells whereas DNA-loaded DCs
induced 50–70% CD8 T cells (p = 0.035, data not shown).

To enhance the proportion of specific CTL in the T cell
lines for a functional cytotoxicity assay, we restimulated the
responding T cell lines twice with autologous B-LCL pulsed
with HLA-A2 restricted 9mer epitopes of the E7WT. To
exclude de novo priming antigen inexperienced T cell lines of
the same donors were restimulated in parallel (not shown). All
T cell lines generated with 35 mer peptide-pool or with DNA-
transduced DCs had significant and specific lytic capacity
(Fig. 5b). These data demonstrate that the pTHamp-E7SH
DNA-loaded DCs, as expected, do prime T cells recognizing
epitopes derived from the E7WT antigen.

3.6. The synthetic E7SH gene has lost measurable
oncogenic properties in soft agar transformation assays

It was shown that E7-transformed cells are capable of
growing in an anchorage independent manner in soft agar
resulting in the formation of foci [41]. To verify our hypoth-
esis that the rearranged oncogene has lost its transforma-
tion properties we infected murine fibroblasts (NIH3T3)
with recombinant ecotropic retroviruses encoding the E7WT
gene or the E7SH gene. Indeed, the HPV-16 E7WT gene
alone is sufficient to induce “transformation” in immor-
talized rodent fibroblast [42], whereas the co-transfection
of the HPV-16 E6 and E7WT genes leads to a more
effective transformation [37,43]. To take advantage of this
enhancement in assay sensitivity we decided to co-infect the
cells with a corresponding HPV-16 E6 recombinant retro-
virus. A set of triplicates/transfection were performed and
the following transfections were performed: E7WT ± E6,
E7SH ± E6. Infections with empty vector served as nega-
tive controls (see Table 2). Foci (>8 cells) were counted after
4 weeks.

As a result of two experiments we found that the E7WT
gene transforms NIH3T3 cells very efficiently (17.7 and
13.6% transformed cells, respectively). The co-transfection
together with the E6 gene enhanced the transformation
capacity as expected (21.6 and 17.9%). In contrast, in
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oth E7SH and E6/E7SH infected cultures, the percent-
ge of transformed cells was low (0.4 and 0.6% or 0.2
nd 0.8%) and comparable to the negative controls (empty
ector: 0.3 and 0.2%). In summary, the synthetic E7SH
ene of the second generation failed to induce an anchor-
ge independent growth in mouse fibroblasts after retro-
iral infection, indicating the loss of its transforming
roperties, while the E7WT gene induces foci formation (see
able 3).

able 3
oft-agar-transformation assays: results of two independent infection sets

xperiment Plasmid-combination Average foci
±S.E.D.

Transformed
cells (%)

E6 E7WT E7SH

− − − 7 ± 4 0.3
− + − 407 ± 109 17.7
− − + 9 ± 3 0.4
+ + − 497 ± 127 21.6
+ − + 5 ± 5 0.2

− − − 4 ± 4 0.2
− + − 312 ± 64 13.6
− − + 13 ± 2 0.6
+ + − 412 ± 160 17.9
+ − + 9 ± 4 0.8

riplicates of each transfection (empty vector, E7WT, E7SH, E7SH + E6,
7WT + E6) were performed in each experiment (A, B), respectively. After
weeks all foci located within a 9 cm2 field of the soft agar plate were

ounted. Data given are the mean of foci numbers of the triplicates ± standard
eviation. The transformation efficiency was calculated as the percentage of
oci number (right panel).
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4. Discussion

In this study we have demonstrated that a rearranged
oncogene is able to induce a cellular immune response
directed against the wildtype antigen in mice and potentially
in humans, but lacks measurable transforming properties as
shown by soft agar transformation assays after retroviral
infection of murine fibroblasts. For our DNA-immunization
experiments we selected the HPV-16 E7 oncogene that is a
candidate for a therapeutic vaccine. It is permanently and
exclusively expressed in cc as well as in its precursors (CIN)
and represents, therefore, a specific target for immune ther-
apy. In fact, the Human Papillomavirus Type 16 alone causes
about 50% of all cc on a global scale. An attractive approach
for adjuvant therapy may be the development of a HPV-
specific vaccine.

Vaccines for HPV therapy in clinical trials were mostly
peptide and protein- or vector-based (for review see 1). These
vaccination strategies show potential disadvantages, e.g. the
HLA-restriction in the case of peptide application or the
fact that immunization with soluble protein induces a Th2-
biased response lacking efficient anti-tumor efficacy. When
viral or bacterial vectors are used, the induction of neutraliz-
ing antibodies hampers potentially the clinical efficacy and,
moreover, the use of these vectors bears the risk of potential
pathogenicity, especially in immunocompromised patients
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Because the HPV gene of the proof-of-principle study
has induced only a moderate CTL-response, we enhanced its
immunogenicity by the fusion to the Herpes Simplex Virus
Type 1 derived VP22 gene [20]. With regard to our aim to
transfer the therapeutic DNA vaccine candidate to clinical
trials we renounced of fusing any virally derived gene in our
current approach. Indeed, by the use of the pTHamp immu-
nization vector and the Kozak-sequence in front of the gene,
the HPV-16 E7SH gene of the second generation is highly
immunogenic in mice and man. More importantly, the syn-
thetic gene of this study was modified in a more educated
way than the previously published shuffled gene where we
dissected the segments without considering biologically rele-
vant functions. Here, we selectively dissected the E7WT-gene
within the three sites associated with transforming proper-
ties (pRB-binding site, Cys-X-X-Cys motifs). To face the
potential concern that shuffled oncogenes could revert to the
wildtype by recombination between the core and the repeti-
tive sequences in the appendix, we used codon-optimization
within the core element only, producing different nucleotide
sequences in both regions.

In view of clinical application, our aim was also to avoid
CT in the in vivo immunization experiments [49]. CT is
obtained from the snake Naja nigricollis and causes inflam-
mation within the muscle [50,51], which should recruit
immune cells. Attracted antigen presenting cells (APC) are
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2]. In contrast, the application of naked DNA combines
dvantages like low costs (predictable production cost, no
eed of cold chain) and safety in patients. In contrast to
eptide vaccination no prior knowledge of the patients HLA-
ake-up is necessary, because the complete coding sequence

f the gene is applied.
Indeed, the application of DNA was shown to induce both

ntigen-specific cellular and humoral immune responses by
everal investigators [44]. Following injection of plasmids,
xpression of the encoded antigen was reported to last for up
o 19 months [45]. Professional APCs are either transfected
irectly and express the antigen themselves [46] or they take
p the protein-antigen by phagocytosis after expression and
ecretion or lysis by other cells, e.g. myoblasts [47].

Because the HPV-16 E7WT gene shows transforming
ctivity it is not applicable as vaccine in humans. Differ-
nt efforts were undertaken to knock out these properties
15–18], but all of them are potentially associated with the
oss of naturally occurring epitopes and consequently, they

ay compromise broad effectiveness in the population.
In a first approach we showed in a “proof-of-

rinciple“study that vaccination with a rearranged HPV-16
7WT gene (first generation E7SH) was able to induce
7WT-specific CTLs without the loss of naturally occurring
TL epitopes [19]. In this construct the immunodominant
2b-restricted epitope 49RAHNIVTF57 was unaltered. How-

ver, one of the three known HLA-A2 restricted epitopes,
6TLGIVCPI93, had been lost in the core element by the dis-
ection process. It was only rescued by the addition of the
ppendix underlining the potential benefit of our construct.
xpected to present the DNA-encoded antigen. Due to its
otential toxic effects CT will probably never be allowed for
se in humans. Therefore, we decided to inject the HPV-16
7SH gene without any adjuvants in the murine model. Here,
e show, that CT pretreatment is neither necessary for CTL-

nduction nor for tumor-regression.
Different routes of DNA administration have been inves-

igated, e.g. intradermal (i.d.) and i.m. applications. It is well
nown that the route of application has a great impact on the
uality of the immune response, whereby the i.m. applica-
ion favours a cellular immune response [48], with obvious
dvantages for cancer therapy. Since we intend to develop
ur vaccine candidate for clinical application we decided to
nvestigate the i.m. vaccination route in the animal model
nly.

A critical point in DNA immunization studies is the choice
f the vector backbone in the pre-clinical phase. Most vectors
re only available with the ampicilline-resistance gene and
re therefore obsolete for use in humans. Since only traces
f residual �-lactam antibiotic could trigger an anaphylactic
hock syndrome in predisposed patients [52]. Furthermore,
he ampicilline-resistance gene could be taken up by physio-
ogically occurring bacteria after plasmid-application [52].

The vector used in our study is also available in a version,
hich is propagated without any antibiotic resistance gene

52] and has already been applied to humans [26]. One further
dvantage is the presence of unmethylated cytidine phosphate
uanosine motifs (CpG-motifs), capable of inducing both
aturation and acitvation of professional APCs [53]. It was

lso shown, that unmethylated CpG motifs within the plas-
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mid backbone are critical to induce cytolytic T cells to secrete
IFN-� [54] and stimulate professional APCs to induce Th1
cytokines [55]. Therefore, immunestimulating DNA should
be very useful in the design of an antitumor vaccine.

Another concern regarding the safety of DNA vaccines, is
integration of plasmid DNA leading to an induction of onco-
genes or inactivation of tumor suppressor genes. In mouse
experiments, however, it was shown that even under the most
unfavourable conditions the mutation rate is undetectable, i.e.
at least 3000 times below the frequency of spontaneous muta-
tions [56]. In clinical trials mostly HIV genes are being tested
as antigens. No severe side effects or induction of DNA-
specific antibodies were reported [57]. In contrast, a humoral
immune response after DNA immunization was found in a
mouse model [58]. The number of anti-DNA IgG secreting
B cells increased by two to three fold shortly after vac-
cination but no symptoms of autoimmunity were detected
[58]. Thereby, the risk of autoimmune reactions following
the application of a HPV-16 E7 DNA vaccine candidate is
considered to be very low since no homology between the
viral and cellular proteins is known.

DNA vaccination is well tolerated in practice as is shown
by the first HPV-directed therapeutic DNA vaccine trial:
Zycos announced the completion of a phase 2b clinical
trial. The vaccine (“ZYC101a”) consists of several minigenes
encapsidated into Zycos’ proprietary microparticles that code
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The efficiency of an immune response induced in humans
upon passive uptake of the DNA by DCs ex vivo remains to
be investigated. Also the potential alteration of the cellular
physiology by the artificial protein needs further attention.
It is interesting to note, that priming by peptide-loaded DCs
induced a bias for CD4 T cells, while DNA-transfected DCs
rather supported outgrowth of CD8 T cells. This might be
explained by the route of antigen presentation favouring the
exogenous MHC class II pathway in the case of long pep-
tides, or the cytosolic MHC class I pathway by the DNA
vaccine. Another explanation would be the twist towards a
Th1 response by an adjuvant effect of CpG motifs in the DNA
construct and consequently preferential outgrowth of CTLs.
These CD8 T cells had lytic activity and a high frequency in
the T cell lines.

Taken together, our newly developed vaccine candidate
combines several advantages, i.e. the preservation of all puta-
tive CTL-epitopes and therefore applicability to all patients
independently of their HLA-make-up. Additionally several
safety features were introduced like: (i) no need of addi-
tional genes to enhance immunity; (ii) specific dissection
of function-associated sites of the wildtype gene; and (iii)
codon-optimization of the core element only. Indeed, the con-
struct is ready for a first clinical trial in the near future and is
considered for further development of an HPV-specific vac-
cine in humans.
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or HPV-specific peptides. The packaging is assumed to facil-
tate the transport of the DNA to the APCs and lymphoid
issues. One hundred and sixty-one patients with biopsy-
roven high-grade cervical dysplasia were included into this
andomized, double blind, and placebo-controlled trial. The
accine was reported to be safe and well tolerated, but regres-
ion of the lesions was statistically significant only in women
elow 25 years of age with 70% versus 23% in the placebo
roup [59].

In a first attempt to test for immunogenicity of the E7SH
ene in the human system, we have used DNA-transduced
utologous DCs as immunogens in “in vitro immunization”
rotocols. Expression in DCs was verified and processing and
resentation tested by functional T cell stimulation assays.
ince priming of naive T cells was found the vaccine can-
idate holds promise for induction of an active immune
esponse also in humans.

Cytolytic T cells were induced reacting to HLA-A 0201
estricted E7 epitopes. We have not analyzed in detail the
pitope-specific response in the human T cell lines. A broadly
pplicable vaccine should not be HLA-restricted to a single
ransplantation antigen. We have, therefore, tested the T cell
esponse in human T cell lines to the complete antigen by
timulation with transfected or long peptide pool-pulsed DCs
epresenting all possible epitopes. This is important, because
LA types other than A 0201 will contribute to rejection
f HPV-positive cells. We found significant Th1 responses
lso in HLA-A 0201 negative blood donors and in cervical
ancer patients after induction with autologous DC pulsed
ith recombinant E7 protein [24].
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P. Öhlschläger et al. / Vaccine 24 (2006) 2880–2893 2893

[43] Song S, Liem A, Miller JA, Lambert PF. Human papillomavirus
types 16 E6 and E7 contribute differently to carcinogenesis. Virology
2000;267(2):141–50.

[44] Donnelly JJ, Ulmer JB, Shiver JW, Liu MA. DNA vaccines. Annu
Rev Immunol 1997;15:617–48.

[45] Wolff JA, Ludtke JJ, Acsadi G, Williams P, Jani A. Long-term per-
sistence of plasmid DNA and foreign gene expression in mouse
muscle. Hum Mol Genet 1992;1(6):363–9.

[46] Casares S, Inaba K, Brumeanu TD, Steinman RM, Bona CA. Anti-
gen presentation by dendritic cells after immunization with DNA
encoding a major histocompatibility complex class II-restricted viral
epitope. J Exp Med 1997;186(9):1481–6.

[47] Doe B, Selby M, Barnett S, Baenziger J, Walker CM. Induction of
cytotoxic T lymphocytes by intramuscular immunization with plas-
mid DNA is facilitated by bone marrow-derived cells. Proc Natl
Acad Sci USA 1996;93(16):8578–83.

[48] Feltquate DM, Heaney S, Webster RG, Robinson HL. Different T
helper cell types and antibody isotypes generated by saline and gene
gun DNA immunization. J Immunol 1997;158(5):2278–84.

[49] Fomsgaard A, Nielsen HV, Nielsen C, Johansson K, Machuca R,
Bruun L, et al. Comparisons of DNA-mediated immunization proce-
dures directed against surface glycoproteins of human immunodefi-
ciency virus type-1 and hepatitis B virus. Apmis 1998;106(6):
636–46.

[50] Davis HL, Michel ML, Whalen RG. DNA-based immunization
induces continuous secretion of hepatitis B surface antigen and high
levels of circulating antibody. Hum Mol Genet 1993;2(11):1847–51.

[51] Davis HL, Michel ML, Whalen RG. Use of plasmid DNA for direct
gene transfer and immunization. Ann NY Acad Sci 1995;772:21–9.

[52] Williams SG, Cranenburgh RM, Weiss AM, Wrighton CJ, Sher-
ratt DJ, Hanak JA. Repressor titration: a novel system for selection
and stable maintenance of recombinant plasmids. Nucleic Acids Res
1998;26(9):2120–4.

[53] Sparwasser T, Koch ES, Vabulas RM, Heeg K, Lipford GB, Ellwart
JW, et al. Bacterial DNA and immunostimulatory CpG oligonu-
cleotides trigger maturation and activation of murine dendritic cells.
Eur J Immunol 1998;28(6):2045–54.

[54] Yamamoto S, Yamamoto T, Shimada S, Kuramoto E, Yano O,
Kataoka T, et al. DNA from bacteria, but not from vertebrates,
induces interferons, activates natural killer cells and inhibits tumor
growth. Microbiol Immunol 1992;36(9):983–97.

[55] Stacey KJ, Sweet MJ, Hume DA. Macrophages ingest and are acti-
vated by bacterial DNA. J Immunol 1996;157(5):2116–22.

[56] Nichols WW, Ledwith BJ, Manam SV, Troilo PJ. Potential DNA
vaccine integration into host cell genome. Ann N Y Acad Sci
1995;772:30–9.

[57] MacGregor RR, Boyer JD, Ugen KE, Lacy KE, Gluckman SJ,
Bagarazzi ML, et al. First human trial of a DNA-based vaccine for
treatment of human immunodeficiency virus type 1 infection: safety
and host response. J Infect Dis 1998;178(1):92–100.

[58] Mor G, Singla M, Steinberg AD, Hoffman SL, Okuda K, Klinman
DM. Do DNA vaccines induce autoimmune disease? Hum Gene
Ther 1997;8(3):293–300.

[59] Garcia F, Petry KU, Muderspach L, Gold MA, Braly P, Crum
CP, et al. ZYC101a for treatment of high-grade cervical intraep-
ithelial neoplasia: a randomized controlled trial. Obstet Gynecol
2004;103(2):317–26.


	An improved rearranged Human Papillomavirus Type 16 E7 DNA vaccine candidate (HPV-16 E7SH) induces an E7 wildtype-specific T cell response
	Introduction
	Materials and methods
	Generation of the recombinant vectors
	Northern blot and RT-PCR analysis
	Western blot analysis
	Retroviral expression of the HPV-16 gene
	Soft agar transformation assays
	DNA vaccination
	Cell lines and culture conditions
	Generation of human DCs
	Antigen loading of human DCs
	In vitro restimulation of murine CTL lines
	IFN-gamma Elispot assays
	51Cr release assays
	Flowcytometric cytotoxicity assay
	Tumor protection studies
	Tumor regression studies
	ELISA

	Results
	Generation of the HPV-16 E7SH gene
	The E7SH gene induces E7WT-specific CTL responses and E7-specific antibody induction in vivo
	E7SH-DNA immunization mediates tumor protection
	The E7SH gene induces tumor regression
	HPV-16 E7SH transduced human DCs induce specific CTL responses to E7WT in vitro
	The synthetic E7SH gene has lost measurable oncogenic properties in soft agar transformation assays

	Discussion
	Acknowledgements
	References


