
Both antigen optimization and lysosomal targeting are required
for enhanced anti-tumour protective immunity in a human

papillomavirus E7-expressing animal tumour model

Introduction

Human papillomavirus (HPV) 16 infection is a major

cause of cervical cancer world-wide.1 The expression of

the HPV oncogenic proteins E6 and E7 is required for

tumorigenesis and for maintenance of the tumour state.2–4

Furthermore, E7-specific immune responses are detected

in cervical cancer patients,5 suggesting that E7 could be a

specific target for immunotherapy against HPV-derived

cervical cancers. In this regard, E7-specific prophylactic

and therapeutic vaccine strategies have been evaluated

in animal model systems. These include direct uses of

recombinant E7 proteins plus adjuvants,6–8 DNA vaccines

encoding E7,9 bacterial/viral vectors expressing E7 or E7

epitope10–13 and E7-primed dendritic cells,14–16 as well as

E7 cytotoxic T lymphocyte (CTL) epitopes.17

In DNA vaccination studies, conjugation of HPV 16 E7

genes with two parts (signal sequence components and

endosomal/lysosomal components) of lysosome-associated

membrane protein-1 (LAMP-1) resulted in enhanced

E7-specific protective immunity against TC-1 tumour

cells.18,19 In the case of HSV-2 gD antigens, their cellular

locations (secreted, cytosolic, or transmembrane types)

have also been observed to play a critical role in the

induction of immune responses as well as in protection

from herpes simplex virus type 2 (HSV-2) challenge.20,21

In the studies, a cytosolic form of gD antigens delivered

in a DNA form failed to show any protective immunity
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Summary

DNA immunization is a new approach for cancer immune therapy. In this

study, we constructed human papillomavirus (HPV) 16 E7 expression vec-

tor cassettes and then compared the abilities of these constructs to induce

antitumour protection. Lysosome-targeted E7 antigens, and to a lesser

degree signal sequence-conjugated and transmembrane region sequence-

conjugated E7 antigens in a DNA form, displayed tumour protection

significantly higher than wild-type E7 antigens. This enhanced tumour

protection was mediated by CD8+ cytotoxic T lymphocytes (CTL), as

determined by in vivo T-cell depletion and in vitro interferon-c (IFN-c)
production. Subsequent co-injection with interleukin-12-expressing cDNA

showed insignificantly enhanced antitumour protection. However, E7

codon optimization plus lysosomal targeting resulted in a dramatic

enhancement in antitumour protection both prophylactically and thera-

peutically through augmentation of the E7-specific CTL population,

compared to either one of them alone. However, wild-type or codon-

optimized E7 antigens without intracellular targeting displayed no protec-

tion against tumour challenge. Thus, these data suggest that antigen

codon optimization plus lysosomal targeting strategy could be important

in crafting more efficacious E7 DNA vaccines for tumour protection.

Keywords: codon optimization; DNA vaccine; human papillomavirus;

lysosomal targeting; tumour immunity; cervical cancer

Abbreviations: ELISA, enzyme-linked immunosorbent assay; HPV, human papillomavirus; HRP, horseradish peroxidase;
HSV, herpes simplex virus; IFN, interferon; IL, interleukin; i.m., intramuscularly; i.p., intraperitoneally; LAMP, lysosome-
associated membrane proteins; OD, optical density; RT-PCR, reverse transcription–polymerase chain reaction;
s.c., subcutaneously; Sig, signal; TMR, transmembrane region.
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against HSV-2 challenge, as compared to secreted and

transmembrane gD types. Furthermore, HPV 16 E7 anti-

gen is known to be a cytosolic protein, highlighting the

importance of modulating the cellular location of E7 anti-

gens in vivo. Recently, ligation of E7 with the bacterial

toxin, calreticulin, viral protein 22 and heat-shock protein

70 has been reported to enhance E7 DNA vaccine potency

against TC-1 tumour challenge.9,22–24 Dr Wu and his

groups also reported that antitumour potency is enhanced

by co-injecting E7 DNA vaccines with genes coding for

antiapoptotic proteins or serine protease inhibitor.25,26 In

particular, the lysosomal targeting strategy has been fur-

ther tested in many other antigen systems.27–31 More

recently, E7 codon optimization has been reported to

increase E7 protein expression in vitro.32 Furthermore,

conjugation of codon-optimized E7 genes with HPV L1

genes has been shown to induce antitumour protective

immunity in vivo.33 However, no effects have been repor-

ted for E7 codon optimization plus lysosomal targeting

strategy on antitumour protection.

In this study, we constructed different E7 DNA vaccine

cassettes and then tested for their abilities to induce pro-

tective immunity against TC-1 tumour cells. We

observed that lysosome-targeted E7 antigens when used as

a DNA vaccine induced significantly greater protection

from tumour challenge than either signal sequence- or

transmembrane region sequence-conjugated E7 antigens.

Furthermore, replacement of wild-type E7 genes with

codon-optimized E7 genes in the lysosomal targeting vec-

tor resulted in dramatic enhancement in antitumour pro-

tection through augmentation of CD8+ CTL populations.

In contrast, wild-type or codon-optimized E7 antigens

without intracellular targeting displayed no protection

against tumour challenge. Taken together, these data sug-

gest that the use of antigen codon optimization together

with lysosomal targeting could be important in crafting

more efficacious prophylactic and therapeutic DNA vac-

cines for tumour protection.

Materials and methods

Construction of various E7 DNA vaccine types

In the following descriptions the introduced restriction

endonuclease recognition sequences are underlined.

For construction of an E7 expression vector, the E7

gene was cloned from pET-E77 using two primers: for-

ward primer 50-CGGGATCCCCAGGAGGTATGCATGGA-30

(BamHI); reverse primer 50-GAGCTCGAGGAATTCTTAT

GGTTTCTG-30 (XhoI, EcoRI). The resulting E7 genes

were digested with BamHI and XhoI, and then cloned

into a pcDNA3 backbone (Invitrogen, Carlsbad, CA).

For construction of a Sig/E7 expression vector, the sig-

nal (Sig) sequence of HSV-2 gB genes was cloned from

pTV2-gB (a kind gift from Dr K. L. Jang, Pusan National

University, Korea) using two primers: forward primer

50-TTGGGATCCATGTCCCCGTTTTACGGCTACCG-30

(BamHI); reverse primer 50-GAAGATCTCTGCAGGG

CCGCCGACGCCACCGC-30 (PstI). The E7 gene was

cloned using two primers, forward primer 50-GA

AGATCTCTGCAGATGCATGGAGATACACCT-30 (PstI);

reverse primer 50-CTCGAGGAATTCTTATGGTTTCTG-30

(XhoI, EcoRI). These were digested with BamHI, PstI and

XhoI. The resulting BamHI–PstI fragment of gB signal

sequences and the PstI–XhoI fragment of E7 genes were

cloned into a pcDNA3 backbone.

For construction of the Sig/E7/TMR expression vector,

the E7 gene was cloned using two primers: forward

primer 50-GAAGATCTCTGCAGATGCATGGAGATACA

CCT-30 (PstI); reverse primer 50-CGGAATTCTGGTTT

CTGAGAACAGAT-30 (EcoRI). The transmembrane region

(TMR) sequence of the HSV-2 gD genes was cloned from

pAPL-gD34 using two primers: forward primer 50-CG

GAATTCGGTATTGCGTTTTGGGTA-30 (EcoRI); reverse

primer 50-TTTCTAGAGCTAGTAAAACAATGGCTG-30

(XbaI). These were digested with PstI, EcoRI and XbaI.

The resulting PstI–EcoRI fragments of E7 genes and the

EcoRI–XbaI fragment of the TMR genes along with the

BamHI–PstI fragment of gB signal sequences were then

cloned into a pcDNA3 backbone.

For construction of the Sig/E7/LAMP-1 expression vec-

tor, a lysosomal targeting sequence was cloned from

pcDNA3.1-mouse LAMP-135 using two primers: forward

primer 50-CGGAATTCAACAACATGTTGATCCCCA-30

(EcoRI) and reverse primer 50-TTTCTAGACTAGATGGT

CTGATAGCC-30 (XbaI). These were digested with EcoRI

and XbaI. The resulting EcoRI–XbaI LAMP fragments

were substituted for the EcoRI–XbaI TMR fragment of

pcDNA3-Sig/E7/TMR. For construction of pcDNA3-Sig/

sE7/LAMP, wild-type E7 genes of pcDNA3-Sig/E7/LAMP

were replaced with codon-optimized E7 DNA sequences

(sE7) of pIn2-eE7,32 which were generated by polymerase

chain reaction (PCR) using two primers: forward primer

50-GAAGATCTCTGCAGATGGGCGACACCCCCACC-30

(PstI) and reverse primer 50-CGGAATTCGGGCTTCTGG

GAGCAGATG-30 (EcoRI), and then digested with PstI

and EcoRI. All plasmids used in the present study were

verified by DNA sequencing analysis.

Confirmation of E7 protein expression in vitro by
Western blot assay

Renal carcinoma cells (Caki cells; 5 · 105) grown in

60-mm dish plates were transfected with plasmid DNAs

using Lipofectamine according to the manufacturer’s pro-

tocol (Invitrogen). Two days post transfection, cells were

collected in 50 ll lysis buffer (10 mm Tris–HCl, 130 mm

NaCl, 5 mm ethylenediaminetetraacetic acid, 1% Tri-

ton X-100) containing protease inhibitors. The protein

concentration of each sample was measured using
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Bradford reagents (Sigma, St Louis, MO). Either 20 or

40 lg of cell lysates was analysed by 12% sodium dodecyl

sulphate–polyacrylamide gel electrophoresis and then

electrophoretically transferred to nitrocellulose mem-

branes (Amersham, Piscataway, NJ). The membrane was

pre-equilibrated with TBST solution [10 mm Tris–HCl

(pH 8�0), 150 mm NaCl, 0�1% Tween-20] containing 5%

skim milk and then reacted overnight at 4� with anti-

HPV 16 E7-specific polyclonal sera raised in mice.7 After

three washes with TBST, the membrane was incubated

with anti-mouse immunoglobulin G–horseradish peroxi-

dase (IgG-HRP; Sigma) for 1 hr at room temperature.

The immunoreactive protein bands were visualized using

the enhanced chemiluminescence detection reagents

(Amersham).

Immunization of mice

Female 4- to 6-week-old C57BL/6 mice were purchased

from Daehan Biolink, Korea. Mice were injected intra-

muscularly (i.m.) with 50 lg E7 DNA vaccine cassettes in

a final volume of 100 ll 0�25% bupivacaine-containing

phosphate-buffered saline (PBS) using a 28-gauge needle

(Becton Dickinson, Franklin Lakes, NJ). Fifty micrograms

of pcDNA3-interleukin-12 (IL-12)34,36 was used for

co-injection with E7 DNA vaccine. Plasmid DNA was

produced in bacteria and purified by endotoxin-free

Qiagen kits according to the manufacturer’s protocol

(Qiagen, Valencia, CA).

Tumour protection assay

Either 1 · 104 to 5 · 104 or 2 · 105 TC-1 cells were

injected subcutaneously (s.c.) into the right flank of

C57BL/6 mice for prophylactic and therapeutic vaccine

studies. TC-1 tumour cells (a kind gift from T.-C. Wu,

Johns Hopkins Medical Institutions) were grown in

cRPMI-1640 supplemented with 400 lg/ml of G418. The

tumour cells were washed twice with PBS and injected

into mice. For therapeutic studies, animals were chal-

lenged s.c. with TC-1 tumour cells and injected i.m. with

E7 DNA vaccine cassettes the next day. DNA was injected

on two further occasions at 1-week intervals. Mice were

monitored twice per week for tumour growth, which was

measured in cm using a caliper, and was recorded as

mean diameter [longest surface length (a) and width (b);

(a + b)/2]. Mice were killed when tumour size reached

more than 2 cm in mean diameter.

ELISA

Enzyme linked immunosorbent assay (ELISA) was per-

formed as previously described.7,8,16 In particular, recom-

binant E7 protein (1 lg/ml in PBS) was used as a

coating antigen. For the determination of relative levels of

E7-specific IgG subclasses, anti-murine IgG1, IgG2a,

IgG2b, or IgG3 conjugated with HRP (Zymed, San

Francisco, CA) were substituted for anti-murine IgG-

HRP. To determine IgG isotype levels, sera pooled in an

equal volume from 10 mice per group were diluted to

1 : 50 and then reacted with E7 proteins.

Interferon-c (IFN-c) assay

A 1-ml aliquot containing 6 · 106 splenocytes was added

to the wells of 24-well plates. Then, cells were stimulated

with 1 lg recombinant E7 proteins7,8 or E7 CTL peptides

(amino acids 49–57) containing major histocompatibility

complex (MHC) class I epitope17 per ml. The E7 CTL

peptide (RAHYNIVTF) was purchased from Peptron,

Korea. After 3 days incubation at 37� in 5% CO2, cell

supernatants were secured and then used for detecting

levels of IFN-c using commercial cytokine kits (Bio-

source, Intl., Camarillo, CA) by adding the extracellular

fluids to the IFN-c-specific ELISA plates.

In vivo depletion of CD4+ and CD8+ T cells

Depletion studies were performed as previously des-

cribed.7,8,16 For in vivo cell depletion, anti-CD4 (clone

GK1.5) and anti-CD8 (clone 2.43) ascites fluids were gen-

erated by injecting hybridoma cells (American Type Cul-

ture Collection, Manassas, VA) into pristane-primed nude

mice intraperitoneally (i.p). One hundred microlitres of

ascites fluids was administered i.p. on days )3, 0 and 3 of

tumour challenge. Antibody treatment resulted in more

than 98% depletion of specific CD4+ and CD8+ T-cell

subsets of representative animals over a 3-week period.

Depleted mice were subsequently challenged with tumour

on day 0.

Statistical analysis

Statistical analysis was carried out using the paired Stu-

dent’s t-test and Chi-square test. Values of E7 DNA vac-

cination alone were compared with values of other E7

DNA vaccine cassettes (Sig/E7, Sig/E7/TMR, Sig/E7/

LAMP, Sig/sE7/LAMP). The P-values < 0�05 were consid-

ered significant.

Results

Construction of E7 DNA vaccine cassettes and
their expression

Different E7 DNA vaccine cassettes coding for signal-,

TMR-, and LAMP-sequence-conjugated E7 antigens were

constructed (Fig. 1a). To confirm whether these DNA

vaccines can express their corresponding proteins in vitro,

cells were transfected with plasmid DNA constructs and
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then tested for protein expression using Western blot

analysis. As shown in Fig. 1(b), each specific E7 protein

band was detected in Western blot assay, suggesting that

these E7 DNA constructs can express their own proteins

in vitro.

Anti-tumour effects of E7 DNA vaccine cassettes

To examine which types of E7 DNA vaccines (signal-,

TMR-, and LAMP-sequence-conjugated E7 antigens) can

induce more potent antitumour protection, animals were

immunized with E7 DNA vaccine cassettes at 0, 2 and

6 weeks, followed by challenge with 1 · 104 TC-1 tumour

cells per mouse. As shown in Table 1, both signal

sequence-conjugated E7 DNA cassettes (pcDNA3-Sig/E7)

and lysosomal targeting sequence-conjugated E7 DNA

cassettes (pcDNA3-Sig/E7/LAMP) showed 100% protec-

tion from TC-1 tumour challenge. However, TMR

sequence-conjugated E7 DNA cassettes (pcDNA3-Sig/E7/

TMR) showed 70% tumour protection. In contrast,

wild-type E7 DNA cassettes (pcDNA3-E7) displayed no

protection from tumour challenge in a manner similar to

negative controls. Taken together, this suggests that alter-

ation of the intracellular targeting of E7 protein expres-

sion can impact on the potency of DNA vaccines against

tumour challenge.

Comparison of antitumour functions obtained after
tumour cell challenge between pcDNA3-Sig/E7- and
pcDNA3-Sig/E7/LAMP-immunized groups

To reaffirm the findings above, we tested two immuniza-

tion groups (pcDNA3-Sig/E7 and pcDNA3-Sig/E7/LAMP)

as these two groups showed 100% tumour protec-

tion from 104 TC-1 challenge (Table 1). These animals

were re-challenged with 2 · 105 tumour cells per mouse

(20 time more cells than 1 · 104 cells/mouse). As shown

in Fig. 2(a), the pcDNA3-Sig/E7-immunized animals

showed similar tumour formation to the negative control

groups. However, tumour sizes were far smaller than the

control group. In contrast, the pcDNA3-Sig/E7/LAMP-

immunized animal group showed no tumour formation

13 days after tumour re-challenge. In particular, a small

tumour mass was detectable in some animals from 3 to

13 days following tumour re-challenge, but all of these

then regressed. This suggests that lysosomal targeting of

an antigen is more useful for inducing antitumour pro-

tective immunity against tumour challenge.

CD8+ T cells were responsible for antitumour
protection

It has been reported that CD8+ T cells are responsible for

antitumour immunity against TC-1 tumour challenge in

E7 DNA vaccination. We next evaluated whether CD8+

T cells are responsible for the antitumour protective
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Figure 1. Construction of E7 DNA vaccine cassettes and their

expression in vitro. (a) HPV 16 E7 genes were conjugated to the sig-

nal sequence of HSV-2 gB genes. E7 genes were further conjugated

to the transmembrane region (TMR)-targeting sequence of HSV-2

gD genes. Finally, E7 genes were conjugated to the lysosomal target-

ing sequence (LAMP). (b) Renal carcinoma cells were transfected

with E7 DNA cassettes. After 2 days incubation, 40 lg of cell lysates

were run on 12% sodium dodecyl sulphate–polyacrylamide gel

electrophoresis, followed by Western blot assay. Expression of size-

corresponding E7 fusion proteins was confirmed.

Table 1. Anti-tumour effects of E7 DNA vaccine cassettes

Plasmids

Days post tumour challenge1

8 15 20 34 42 50

Neg. control (pLacZ) 7 8 8 9 9 –

pcDNA3-E7 6 8 8 9 9 –

pcDNA3-Sig/E7 0 0 0 0 02 0

pcDNA3-Sig/E7/TMR 2 2 3 3 32 3

pcDNA3-Sig/E7/LAMP 0 0 0 0 02 0

Each group of mice (n ¼ 10) was immunized i.m. with 50 lg of E7

plasmid DNA cassettes at 0, 2 and 6 weeks and then challenged s.c.

with 1 · 104 TC-1 tumour cells per mouse at 8 weeks. Mice were

counted for tumour formation over time. This was repeated with

similar results.
1The values represent the number of animals with tumour; the num-

ber of animals challenged each time being 10.
2Statistically significant using Chi-square test at P < 0�05 compared

to negative controls.
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abilities obtained after tumour challenge. pcDNA3-Sig/E7/

LAMP-immunized animals (n ¼ 10) showing 100% pro-

tection from tumour re-challenge (see Fig. 2a) were divi-

ded into two groups and then animals from one group

(n ¼ 5) were depleted in vivo of CD8+ T cells. These mice

were re-challenged with TC-1 tumour cells. As shown in

Fig. 2(b), animal groups depleted of CD8+ T cells showed

tumour formation in a manner exactly similar to age-

matched negative control animals. However, the animal

group without T-cell depletion showed no tumour

formation over time. This confirms that only CD8+ T-cell

subsets are responsible for antitumour protective immu-

nity. Figure 2(c) shows the induction levels of IFN-c in

five animals showing complete protection against tumour

re-challenge. The pcDNA3-Sig/E7/LAMP-immunized ani-

mals free from tumour formation (Fig. 2b) were

killed and their spleen cells were obtained for stimulation

in vitro with recombinant E7 proteins or E7 CTL

epitopes. As shown in Fig. 2(c), stimulation with E7

proteins resulted in no production of IFN-c in these
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Figure 2. CD8+ T-cell (CTL)-mediated antitumour protective immunity by lysosomal targeting of E7 antigens. (a) Two animal groups (n ¼ 10,

Sig/E7 and Sig/E7/LAMP) showing complete tumour protection for 50 days after tumour challenge (Table 1) were re-challenged s.c. with 20 times

more tumour cells (2 · 105 cells/mouse). Tumour size was measured using a caliper twice a week. The mean tumour size [(length + width)/2] in

cm was recorded. Values and bars represent mean tumour size and SD, respectively. (b) An animal group (n ¼ 10, Sig/E7/LAMP) showing com-

plete tumour protection for 30 days after tumour re-challenge as shown in (a) was divided into two groups and then one group of animals

(n ¼ 5) was depleted in vivo of CD8+ T cells. Animals with or without CD8+ T-cell depletion were re-challenged s.c. with tumour cells

(4 · 105 cells/mouse). Values and bars represent mean tumour size and SD, respectively. (c) pcDNA3-Sig/E7/LAMP-immunized mice showing no

tumour in (b) and age-matched control mice were killed for collection of splenocytes. Immune cells were stimulated in vitro with 1 lg E7 pro-

teins or CTL peptides per ml for 3 days. Cell supernatants were obtained to measure IFN-c production levels. Values and bars represent mean

IFN-c levels and SD, respectively. (d) Comparison of primary antitumour protection induced by E7 DNA vaccines (Sig/E7 and Sig/E7/LAMP).

Each group of animals (n ¼ 5) was immunized i.m. with 50 lg of pcDNA-Sig/E7 and pcDNA-Sig/E7/LAMP at 0 and 2 weeks. Two weeks after

the last DNA immunization, animals were challenged s.c. with TC-1 tumour cells (1 · 104 cells/mouse). Values and bars represent mean tumour

size and SD, respectively. This was repeated with similar results. *Statistically significant at P < 0�05 using the paired Student’s t-test compared to

pcDNA3-Sig/E7 or control.
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animals in a manner similar to the naive control group.

However, stimulation of immune cells with E7 CTL

epitopes resulted in induction of IFN-c production. In

contrast, negative control groups induced no production

of IFN-c. This further illustrates a major role of CD8+

CTL for antitumour protective immunity.

Comparison of antitumour functions between
pcDNA3-Sig/E7 and pcDNA3-Sig/E7/LAMP

We were next interested in comparing the antitumour

protective functions of two DNA constructs, pcDNA3-

Sig/E7 and pcDNA3-Sig/E7/LAMP. This time, we immun-

ized animals with pcDNA3-Sig/E7 and pcDNA3-Sig/E7/

LAMP twice and then challenged them with 1 · 104 TC-1

tumour cells per mouse. As shown in Fig. 2(d), some

of pcDNA3-Sig/E7/LAMP-immunized animals displayed

tumour formation within 15 days post tumour challenge,

but all tumors then regressed. In contrast, animals

immunized with pcDNA3-Sig/E7 showed tumour forma-

tion in all animals in a manner similar to the negative

control group. In particular, the tumour size was smaller

in pcDNA3-Sig/E7-immunized animals, as compared with

negative controls. This supports the notion that lysosomal

targeting of E7 is a more effective approach for inducing

E7-specific antitumour protective immunity.

Enhancement of E7 DNA vaccine potency by
E7 codon optimization

To increase the E7 DNA vaccine potency, E7 genes of

pcDNA3-Sig/E7/LAMP were replaced with codon-opti-

mized E7 genes, and then used for immunization at 0, 2

and 6 weeks, followed by challenges with 5 · 104 TC-1

tumour cells per mouse. As shown in Table 2, pcDNA3-

Sig/E7/LAMP showed 30–40% tumour protection from

this tumour challenge dose over time, whereas codon

optimization of E7 genes (pcDNA3-Sig/sE7/LAMP) resul-

ted in complete protection from tumour challenge, which

is a more than two-fold increase in protection. In con-

trast, negative controls displayed tumour formation in all

animals. We also tested this enhancement of antitumour

protection at a higher challenge dose of 2 · 105 TC-1

cells/mouse (Fig. 3a). At this challenge dose, pcDNA3-

Sig/E7/LAMP displayed 0% tumour protection. However,

pcDNA3-Sig/sE7/LAMP exhibited 100% tumour protec-

tion with some tumours formed but then quickly

regressed. This is again a dramatic enhancement (0 versus

Table 2. Comparison of antitumour protection between wild-type

and codon-optimized E7 genes delivered in the lysosome-targeting

vector

Plasmids

Days post tumour challenge1

8 12 15 19 22 25 30 35

Neg. control (pLacZ) 10 10 10 10 10 10 10 10

Sig/E7/LAMP 7 7 7 6 6 6 6 6

Sig/sE7/LAMP 6 0 0 0 0 0 0 02

Each group of mice (n ¼ 10) was immunized i.m. with 50 lg

pcDNA3-Sig/E7/LAMP and pcDNA3-Sig/sE7/LAMP at 0, 2 and

6 weeks and then challenged s.c. with 5 · 104 TC-1 tumour cells per

mouse at 8 weeks. Mice were counted for tumour formation over

time.
1The values represent the number of animals with tumour; the num-

ber of animals challenged each time being 10.
2Statistically significant using Chi-square test at P < 0�05 compared

to pcDNA3-Sig/E7/LAMP.
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Figure 3. Anti-tumour prophylactic efficacy of pcDNA3-Sig/E7/

LAMP and pcDNA3-Sig/sE7/LAMP at a higher tumour challenge

dose (a) and evaluation of E7 protein expression levels in vitro (b).

(a) Animals were immunized i.m. with 50 lg E7 DNA vaccines

(pcDNA3-Sig/E7/LAMP and pcDNA3-Sig/sE7/LAMP) at 0 and

2 weeks. At 4 weeks, animals were challenged s.c. with 2 · 105 TC-1

cells/mouse. Animals were checked for tumour formation twice a

week. (b) Renal carcinoma cells were transfected with pcDNA3-LacZ,

pcDNA3-Sig/E7/LAMP and pcDNA3-Sig/sE7/LAMP as shown in the

Materials and method sections; 20 lg of cell lysates were run on

12% sodium dodecyl sulphate–polyacrylamide gel electrophoresis for

Western blot analysis. The filter was re-hybridized with anti-actin

antibodies to show that equal amounts of proteins were loaded.

Arrow and arrowhead show E7 fusion proteins and actin proteins,

respectively. A representative blot is shown.
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100%) in antitumour protection by E7 codon optimiza-

tion plus lysosomal targeting strategy. Figure 3(b) shows

expression levels of E7 proteins in Western blot analysis.

When cells were transfected in vitro with pcDNA3-

Sig/E7/LAMP and pcDNA3-Sig/sE7/LAMP, a significant

increase in the E7 protein expression was detected by

pcDNA3-Sig/sE7/LAMP, as compared to pcDNA3-Sig/E7/

LAMP showing only low expression of E7 proteins, sug-

gesting that increased E7 protein expression levels might

be correlated directly to enhanced antitumour protection.

We further evaluated therapeutic efficacy of E7 codon

optimization. Figure 4 shows the antitumour therapeutic

efficacy of codon-optimized E7 genes delivered in the

lysosome-targeted form. Animals were inoculated with

1 · 104 TC-1 cells/mouse and then injected i.m. with

pcDNA3-Sig/E7/LAMP or pcDNA3-Sig/sE7/LAMP. There

was a significant regression of tumour growth in animals

injected with pcDNA3-Sig/sE7/LAMP, as compared to

those given pcDNA3-Sig/E7/LAMP. Overall regression

rate was 0% (none of 10) in vector controls, 30% (three

of 10) in pcDNA3-Sig/E7/LAMP and 70% (seven of 10)

in pcDNA3-Sig/sE7/LAMP. These data further support

the notion that E7 codon optimization plus lysosomal

targeting exert a critical function in enhancing anti-

tumour protective immunity both in prophylaxis and

therapeutically.

Lysosomal targeting is required for enhanced
antitumour protection

To determine whether both E7 lysosomal targeting and

codon optimization are required for enhanced antitumour

protection, animals were immunized with pcDNA3-Sig/

sE7/LAMP and pIn2-eE7 (a kind gift of Dr Cid-Arregui),

and then challenged with 2 · 104 and 2 · 105 TC-1

tumour cells per mouse. As shown in Fig. 5, no tumour

was formed in any animal (100% protection) when

immunized with pcDNA3-Sig/sE7/LAMP. However,

tumours were detected in all animals immunized with

codon-optimized E7 genes without intracellular targeting,

i.e. pIn2-eE7 (0% protection) over two tumour challenge

doses in a manner similar to negative controls. This

underscores the importance of both E7 lysosomal target-

ing and codon optimization for enhanced antitumour

protection.

Enhancement of antibody and cellular immune
responses by E7 codon optimization

To investigate the levels of E7-specific immune induc-

tion by E7 codon optimization, animals were immunized

with pcDNA3-Sig/E7/LAMP or pcDNA3-Sig/sE7/LAMP,

and then either bled for detection of antibody levels

or killed for cellular immune studies. As shown in

Fig. 6(a), pcDNA3-Sig/sE7/LAMP induced a detectable

amount of E7-specific antibodies, as compared to

pcDNA3-Sig/E7/LAMP. In particular, E7 codon optimi-

zation resulted in induction of only IgG2b isotypes to a

significant level (Fig. 6b). In contrast, other IgG isotypes,

such as IgG1, IgG2a and IgG3, were not induced at this
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Figure 4. Enhancement of therapeutic efficacy of E7 DNA vaccines

by E7 codon optimization. Each group of animals (n ¼ 5) was

inoculated s.c. with 1 · 104 TC-1 tumour cells per mouse. Next day,

animals were immunized i.m. with 50 lg of control DNA vector (a),

pcDNA3-Sig/E7/LAMP (b) and pcDNA3-Sig/sE7/LAMP (c), followed

by two more injections at 1-week intervals. Tumour size was meas-

ured using a caliper twice a week. The mean tumour size [(length +

width)/2)] in cm was recorded. This was repeated with similar

results. (d) Tumour protection rates (%) of mice treated with E7

DNA vaccines. Numbers in (/) represent the number of animals

showing complete tumour regression/the total number of animals

treated with E7 DNA vaccines.
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Figure 5. Requirement of lysosomal targeting of codon-optimized

E7 genes for enhanced tumour protection. Each group of animals

(n ¼ 5) was immunized i.m. with 50 lg of control DNA vector,

pcDNA3-Sig/sE7/LAMP, and pIn2-eE7 at 0 and 2 weeks. After

4 weeks, animals were challenged s.c. with 2 · 104 (a) and 2 · 105

(b) TC-1 tumour cells per mouse. Tumour size was measured using

a caliper twice a week. The values and bars represent mean tumour

size and SD, respectively.
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injection dose. Figure 6(c) shows IFN-c production lev-

els of immune cells from animals immunized with

pcDNA3-Sig/E7/LAMP and pcDNA3-Sig/sE7/LAMP. In

the presence of E7 protein stimulation, IFN-c produc-

tion was not detected in immune cells from animals

immunized with either of these two types of DNA vac-

cines. However, IFN-c production was detected when

immune cells from animals immunized with pcDNA3-

Sig/E7/LAMP were stimulated in vitro with E7 CTL pep-

tides. In particular, IFN-c production was enhanced to a

more significant level by immunization with pcDNA3-

Sig/sE7/LAMP, as compared to pcDNA3-Sig/E7/LAMP.

However, little IFN-c production was detectable in

negative controls. These data illustrate that an increase

in antigen-specific humoral and cellular (CTL) immune

responses can be achieved by replacing wild-type E7

genes with codon-optimized E7 genes in the lysosomal

targeting vector.

Tumour protection was mediated by CD8+ T cells
in vivo

We next focused on the possible roles of CD4+ or CD8+ T

cells in protective immunity enhanced by E7 codon opti-

mization against challenge with TC-1 tumour cells. As

shown in Fig. 6(d), following vaccination with pcDNA3-

Sig/sE7/LAMP, animals were depleted in vivo of CD4+ or

CD8+ T cells and then the effects of specific cell popula-

tions on tumour protection were tested. When animals

previously immunized with pcDNA3-Sig/sE7/LAMP were

challenged with tumour cells, complete protection from

tumour formation was observed in the absence of immune

cell depletion. However, animals depleted of CD8+ T cells

failed to control tumour formation (0% protection) in a

manner similar to negative control animals (0% protec-

tion). In contrast, animals depleted of CD4+ T cells were

protected from tumour growth (in 100% of animals) in a

manner similar to the animals without T-cell subset deple-

tion (100% protection). This suggests that CD8+ T cells

are responsible for enhanced protection against tumour

formation. Taken together, these data support the notion

that codon-optimized E7 genes in the lysosomal targeting

form can enhance protection from tumour growth

through effects on CD8+ CTL cells in vivo.

Discussion

In the present study, we observed that when delivered in

a DNA form signal sequence-conjugated, and to a lesser

degree TMR sequence-conjugated, E7 antigens induced

significantly greater protection from challenge with

E7-expressing tumour cells than a native form of E7 anti-

gens. In this case, wild-type E7 antigen failed to show any

protection from tumour challenge. Our observation is in

line with previous findings in the HSV-2 gD and HCV E2

DNA vaccination model systems.20,21,37 In HSV-2 gD

studies, deletion of the TMR sequence from gD antigens

resulted in enhanced protective immunity against HSV-2

challenge, as opposed to wild-type gD antigens (mem-

brane-targeted form) while deletion of both signal and
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Figure 6. Induction of E7-specific antibody and cellular immune

responses by codon optimized E7 DNA vaccines (a, b, c), and effects

of T-cell subsets on tumour growth (d). Each group of animals

(n ¼ 10) was immunized i.m. with 50 lg of pcDNA3-Sig/E7/LAMP

and pcDNA3-Sig/sE7/LAMP at 0, 2 and 6 weeks. Eight weeks after

the first DNA injection, animals were bled and sera were diluted to

1 : 50 for ELISA (a). The values and bars represent optical density

(OD) values of each serum and the mean, respectively. (b) Equally

pooled sera per group were diluted to 1 : 50 for determination of

IgG isotype patterns. The values and bars represent means of OD

values of equally pooled sera and the SD, respectively. (c) Eight

weeks following the first DNA injection, animals were killed and

spleen cells were pooled. Splenocytes were stimulated in vitro for

3 days with 1 lg HPV 16 E7 proteins or E7 CTL peptides per ml.

Cell supernatants were tested for IFN-c. The values and bars repre-

sent means of released IFN-c concentrations and the SD, respect-

ively. This was repeated with similar results. (d) Animals were

immunized i.m. with 50 lg of pcDNA3-Sig/sE7/LAMP at 0, 2 and

6 weeks. After 2 weeks following the third injection, each group of

animals (n ¼ 5) was depleted in vivo of CD4+ or CD8+ T cells as

described in the Materials and methods. Animals were challenged s.c.

with 5 · 104 TC-1 cells per mouse and then observed for tumour

formation at 20 days following tumour challenge. The values repre-

sent the percentage of the number of animals showing no tumour/the

total number of animals challenged with TC-1 tumour cells. *Statisti-

cally significant at P < 0�05 using the paired Student’s t-test com-

pared to negative control. **Statistically significant at P < 0�05 using

the paired Student’s t-test compared to pcDNA3-Sig/E7/LAMP.
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TMR sequences generating a cytosolic gD form showed

little protective immunity. Similarly, Dr Sung’s group37

reported that addition of the TMR sequence to HCV E2

DNA can enhance antigen-specific T-cell responses. These

data and ours support the notion that intracellular target-

ing of antigens can influence the functions of DNA vac-

cines for immune induction.

It has been reported that conjugation of E7 genes to

the lysosomal targeting part of LAMP-1 genes enhances

protective immunity against TC-1 tumour cell chal-

lenge.18,19,38 Effectiveness of lysosomal targeting for the

augmentation of antigen-specific immune responses has

also been reported in other antigen types.27–31 We also

observed that LAMP sequence-conjugated E7 antigens

enhance antitumour protective immunity significantly

more than signal or TMR sequence-conjugated E7 anti-

gens, suggesting that lysosomal targeting of an antigen is

one of the most effective strategies for induction of anti-

tumour protective immunity. This difference in anti-

tumour protective abilities between DNA constructs is

probably the result of different levels of antitumour

immune responses induced by each DNA construct. In

the case of antitumour protection, CD8+ T cells appear to

be only an effector T-cell population. This is supported

by our observation that when tumour-controllable animals

were depleted in vivo of CD8+ T cells, tumour growth was

observed in a manner similar to negative control animals.

This is compatible with previous findings that CD8+ effec-

tor T cells play a major role in protecting animals from

challenge with TC-1 tumour cells.9–12,39 This is also in

parallel with our observation that only upon stimulation

in vitro with E7 CTL epitopes was IFN-c production

detected from immune cells of tumour-controllable ani-

mals previously immunized with lysosome-targeted E7

antigens. Moreover, in vitro CD4+ and CD8+ T-cell subset

depletion assay proved that CD8+ T cells alone are respon-

sible for E7 CTL epitope-mediated IFN-c production (data

not shown). However, little production of IFN-c was

detectable when immune cells of these animals were

stimulated in vitro with E7 proteins, suggesting that anti-

gen-specific T helper type 1 (Th1) type CD4+ T cells are

not induced in vivo by E7 DNA vaccines. This is based

upon our previous finding that upon stimulation in vitro

with E7 proteins IFN-c production is derived from CD4+

T cells.7 These data confirm that CD8+ T cells (CTL) but

not CD4+ T cells are responsible for antitumour protective

immunity induced by lysosomal targeting of E7 genes.

We previously reported that IL-12 as a vaccine adjuvant

has a critical role in inducing antiviral and antitumour

effects in vivo.8,34,36 In the present study, however, we

failed to see any significant enhancement of antitumour

immunity by co-injecting pcDNA3-Sig/E7/LAMP plus

pcDNA3-IL-12 (data not shown). This unexpected result

might be the result of a lack in E7 protein expression by

E7 DNA vaccines in vivo. It has been reported that E7

protein expression is hardly detectable by immunoprecipi-

tation methods and Western blot assay, while E7 mRNA

expression is detectable to a significant level.40–42 It is also

known that E7 protein expression is low and sensitive to

degradation in cells.43

We next replaced the E7 gene of pcDNA3-Sig/E7/

LAMP with codon-optimized synthetic E7 genes (sE7),

and then tested whether E7 codon optimization might

impact on antitumour protection against tumour chal-

lenge. In our observation, 100% tumour protection was

achieved by E7 codon optimization at a higher tumour

challenge dose. In contrast, wild-type E7 genes showed

40% protection. This is a more than two-fold increase in

tumour protection by E7 codon optimization plus lyso-

somal targeting strategy. When animals were challenged

with more TC-1 cells, E7 codon optimization displayed

100% tumour protection, compared with the wild-type

E7 genes showing 0% tumour protection, which is again

a dramatic increase in tumour protection. Furthermore,

E7 codon optimization resulted in regression of tumours

from animals significantly more than wild-type E7 genes

in the lysosomal targeting form. Overall regression rate

was 0% in vector controls, 30% in pcDNA3-Sig/E7/LAMP

and 70% in pcDNA3-Sig/sE7/LAMP, respectively. These

suggest that E7 codon optimization plus lysosomal target-

ing can lead to a significant increase in therapeutic effic-

acy against tumour growth. This increase in tumour

protection appears to be directly related to increased E7

protein expression as we observed higher E7 protein

expression by E7 codon optimization in vitro. This is

also supported by the previous report that E7 codon opti-

mization results in an increase in E7 protein expression

in vitro.32,33 In this case, however, a lack of therapeutic

efficacy as compared to prophylactic efficacy might be

because tumour cells overgrow before antitumour pro-

tective immunity is raised by DNA vaccination in therapy

studies. Furthermore, E7 codon optimization resulted in

induction of a detectable amount of E7-specific antibod-

ies. Without E7 codon optimization, E7-specific antibod-

ies were hardly detected. This further suggests that the

level of antigen expression is a critical factor for inducing

antigen-specific antibody production in this model. In

particular, E7 codon optimization at the tested vaccine

dose resulted in induction of IgG2b isotypes alone. In our

previous reports and in other literature, DNA vaccines

primarily induce the production of IgG1 and IgG2a iso-

types. For instance, HSV-2 gD,36 encephalomyocarditis

virus protein 1,44 and b-gal-expressing DNA vectors45 pri-

marily induce IgG1, IgG2a, and to a lesser degree IgG2b,

isotypes. This unique property of IgG2b induction needs

to be further investigated. We also observed that upon

in vitro stimulation with E7 proteins there was little

induction of IFN-c production from CD4+ T cells in

animals immunized with codon-optimized E7 genes, sug-

gesting that E7-specific Th1-type CD4+ T cells cannot be
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induced by immunization with codon-optimized E7

genes in vivo. This is compatible with the lack of IgG2a

production we observed. It has been known that IgG2a

formation is dependent on IFN-c as an IgM-to-

IgG2a switch factor and is believed to be typical for

Th1-type responses.46 This is in contrast to previous

reports that targeting E7 expression into the lysosomal

compartments is responsible for enhancement of presen-

tation of the E7 antigen by MHC class II molecules.47 In

our unpublished data, however, lysosomal targeting of

E7 antigens induced Th2-type CD4+ T-cell responses

instead of Th1-type CD4+ T-cell responses. However, it

is unclear how targeting of an antigen to MHC II path-

way results in induction of CD8+ T cells. This needs to

be further investigated.

Furthermore, gene gun delivery of Sig/E7/LAMP DNA

constructs induced E7-specific antibody responses.38 How-

ever, we failed to see any induction of E7-specific antibod-

ies by injecting animals i.m. with wild-type E7 genes in the

lysosomal targeting form. This discrepancy might be

ascribed to a difference in the DNA delivery routes tested.

However, there was a consistency between previous studies

and ours. We observed a significant induction of IFN-c
production from CD8+ T cells by immunization with wild-

type E7 genes in the lysosomal targeting form. Further-

more, CTL responses were enhanced more significantly by

codon-optimized E7 genes in the lysosomal targeting vector

cassettes, as compared to wild-type E7 genes in the lyso-

somal targeting form. This suggests that augmentation of

E7-specific CTL responses can be achieved by E7 codon

optimization. Thus, these data support that CTL is respon-

sible for enhanced antitumour protection driven by E7

codon optimization plus lysosomal targeting. This is fur-

ther supported by in vivo T-cell subset depletion studies.

When CD8+ T cells were depleted in vivo, no protection

from tumour challenge was observed. However, when

CD4+ T cells were depleted in vivo, animals displayed

tumour protection in all animals. We also observed that

codon-optimized E7 antigens without intracellular target-

ing delivered in a DNA form fail to induce any protection

from TC-1 tumour challenge. This highlights an import-

ance of both E7 codon optimization and lysosomal target-

ing for enhanced antitumour protection.

In conclusion, we observe that when delivered in a

DNA form a lysosome-targeted form of E7 antigens could

be a more potent vaccine type for induction of antitu-

mour protective immunity against tumour challenge, as

compared to signal or transmembrane sequence-conju-

gated E7 antigens. Furthermore, E7 codon optimization

in the lysosome targeting system could be more useful for

enhancing antitumour protective immunity against TC-1

tumour cells both in prophylaxis and therapeutically

through augmentation of antigen-specific CD8+ T-cell

(CTL) responses. Table 3 summarizes levels of immune

responses and antitumour protection by E7 expression

DNA cassettes tested in this study. Taken together, this

study suggests that in DNA vaccination antigen codon

optimization plus intracellular targeting strategy provides

an additional option for enhancing E7-specific CTL-medi-

ated antitumour prophylactic and therapeutic immunity

against HPV-associated cervical cancer.
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