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Abstract. As cancer stem cells (CSCs) are resistant to 
chemotherapy, radiotherapy and targeted molecular therapy, 
immunotherapy of tumors could be aimed at their elimina-
tion. Markers specific for CSCs have not been identified to 
date, but microarray analyses have shown that CSCs and 
embryonic stem cells use similar transcriptional programs, 
thus suggesting the production of shared transcription factors. 
In this study, we developed an experimental DNA vaccine 
against the transcription factor Sox2 that is important for 
self-renewal of stem cells and is overexpressed in numerous 
human cancers. The Sox2 gene was codon optimized for 
the expression in human cells, its sequences encoding two 
nuclear localization signals (NLSs) were mutagenized, and 
the sequence coding for the PADRE helper epitope was 
fused with its 5' terminus. While codon optimization did 
not increase Sox2 production and mutagenesis in NLSs only 
partially reduced nuclear localization of Sox2, the addition 
of the PADRE epitope was crucial for the enhancement of 
Sox2 immunogenicity. The antitumor effect was shown 
after immunization against mouse oncogenic TC-1/B7 cells 
derived from the lung cancer cell line TC-1 and character-
ized by high Sox2 production. Sox2-specific reactivity in an 
ELISPOT assay was further augmented by the depletion of 
regulatory T (Treg) cells, but this depletion did not enhance 
the antitumor effect. These data demonstrated the induction 
of immune responses against the Sox2 self-antigen, but did 
not confirm the usefulness of Treg depletion when combined 
with antitumor vaccination.

Introduction

Cancer stem cells (CSCs) have been identified in numerous 
human cancers including both hematological malignancies 
and solid tumors. These pluripotent cells with unlimited 
proliferative potential, which are characterized by the ability to 
self-renew and differentiate, constitute a subset of cells within 

a tumor capable to initiate and propagate tumor growth (1). 
Therefore, to cure patients with malignant diseases, CSCs need 
to be eradicated. Unfortunately, CSCs are resistant to chemo-
therapy, radiotherapy, and targeted molecular therapy due to 
slow proliferation and production of membrane transporter 
proteins and detoxifying enzymes. As CSCs can express high 
level of MHC class I molecules and tumor antigens (2), immu-
nization against CSC markers might be an important method 
of CSC elimination. To identify CSCs, cell surface markers 
are usually utilized, but unique CSC-specific markers are still 
missing.

Gene expression profiling of human stem cells has identi-
fied different expression programs for adult and embryonic 
stem cells (ESC) (3,4). It has also shown a shared transcrip-
tional program of ESCs and CSCs (3). Moreover, ESC-like 
expression has been found in aggressive human tumors (5). 
These observations suggest that the regulatory network 
controlling the function of ESCs may also be active in CSCs. 
The key regulators of ESC identity including self-renewal 
are the transcription factors OCT4, SOX2, and NANOG that 
co-operate in the regulation of transcription of large sets of 
genes (6). Production of these transcription factors has also 
been shown in various human tumors. For instance, SOX2 
overexpression was proved in small cell lung cancer (7), 
monoclonal gammopathy, multiple myeloma (8), glioblas-
toma (2,9), Merkel cell carcinoma, melanoma (10), gastric 
carcinoma (11), and breast carcinoma (12). Amplification of 
the SOX2 gene was found in a proportion of squamous cell 
carcinomas (SCC) of various organ locations including the 
esophagus, lung (13-15), oral cavity (16), uterine cervix, skin 
and penis (17). In SCC of the lung, SOX2 was identified as 
a lineage survival oncogene (13,15) and its overexpression 
was associated with favorable prognosis (18) while in most 
other cancers, high SOX2 expression was predictive of poor 
prognosis.

SOX2 is a high mobility group (HMG) domain protein that 
contains two nuclear localization signals (NLS), a bipartite 
NLS motif and a basic cluster NLS motif, that are conserved 
in the HMG domain of transcription factors (19). This protein 
is highly immunogenic, both humoral and cell-mediated 
immune reactions were demonstrated in patients with prema-
lignant and malignant diseases (7,8). Moreover, the activation 
of SOX2-specific CD8+ T lymphocytes was shown after 
immunization with dendritic cells primed with apoptotic 
CSCs (2). SOX2 plays a pivotal role in the maintenance of 
stemness and tumorigenicity of CSCs and is also involved in 
cell proliferation, growth, migration, and chemoresistance 

Antitumor DNA vaccination against the Sox2 transcription factor
INGRID POLAKOVA,  MARTINA DUSKOVA  and  MICHAL SMAHEL

Department of Experimental Virology, Institute of Hematology and Blood Transfusion, 128 20 Prague 2, Czech Republic

Received January 22, 2014;  Accepted March 17, 2014

DOI: 10.3892/ijo.2014.2402

Correspondence to: Dr Michal Smahel, Department of 
Experimental Virology, Institute of Hematology and Blood 
Transfusion, U Nemocnice 1, 128 20 Prague 2, Czech Republic
E-mail: smahel@uhkt.cz

Key words: Sox2, DNA vaccine, helper epitope, Treg depletion



POLAKOVA et al:  DNA VACCINE AGAINST Sox2140

(reviewed in ref. 20). Consequently, the SOX2 protein may be 
an appropriate target for tumor therapy (9,21).

In this study, we modified the Sox2 gene and constructed 
DNA vaccines against the Sox2 protein, determined the 
immunogenicity of these vaccines, and utilized the depletion 
of regulatory T lymphocytes (Treg) for the enhancement of 
vaccine efficiency. We also characterized Sox2 expression in 
the mouse oncogenic TC-1 cell line and its clones and demon-
strated the antitumor effect against TC-1/B7 cells that was not 
augmented by Treg depletion.

Materials and methods

Plasmids. The wild-type (wt) Sox2 gene was isolated from the 
F9 mouse testicular teratoma cell line (obtained from CLC, 
Eppelheim, Germany). Total RNA was extracted from these 
cells by the RNeasy kit (Qiagen, Hilden, Germany) and after the 
treatment with DNase (Promega, Madison, WI, USA), a reverse 
transcription was performed with the M-MLV reverse tran-
scriptase (Promega). The Sox2 cDNA was amplified by PCR 
using the Phusion High-Fidelity DNA Polymerase (Finnzymes, 
Espoo, Finland) and the Sox2-derived primers 5'-GTCTCGA 
GCCGCCATGTATAACATGATGGAGA-3' (forward) and 
5'-GTCTCGAGTCACATGTGCGACAGGGGCA-3' (reverse) 
with the Kozak sequence and XhoI restriction sites added. 
Subsequently, the PCR product was cloned into the XhoI site 
of the pBSC plasmid (22). The Sox2opt gene with codons 
optimized for expression in human cells and the Kozak 
sequence added was designed and synthesized by GeneArt 
(Regensburg, Germany) and cloned into the EcoRI site of 
the pBSC plasmid. Then, the Sox2opt gene was mutated with 
the GeneEditor in vitro Site-Directed Mutagenesis system 
(Promega). To abolish the two NLSs present in Sox2 (19), 
altogether six nucleotides were changed in one reaction using 
three mutagenic oligonucleotides (Fig. 1). This mutagenesis 
resulted in six substitutions in the amino acid sequence. The 
substitutions K43T together with R44G and R57L together 
with R58G in the first NLS (NLS1) were created using the 
oligonucleotides 5'-ATCGGGTGACAGGGCCTATG-3' and 
5'-AGGCCAGCTAGGAAAAATGG-3' (the mutated nucleo-
tides are underlined), respectively, and the substitutions R114L 
and R115G in the second NLS (NLS2) were introduced using 
the 5'-ACCGACCTCTAGGGAAAACC-3' mutagenic oligo-
nucleotide. The resultant gene Sox2opt-cyt was amplified with 
primers 5'-TCGTCTCGAGTACAATATGATGGAAACCG-3' 
(forward) and 5'-TCGTCTCGAGTTAGCTAGCCATGTGAG 
ACAGAGGCAG-3' (reverse) and cloned into the XhoI site of 
the pBSC/Kozak+ATG plasmid that contains the Kozak 
sequence, NsiI site, XhoI site, and STOP codon inserted in the 
EcoRI site of pBSC. Into the NsiI site, the Pan DR epitope 
(PADRE) (23) was cloned using annealed oligonucleotides 
5'-TGCCAAGTTCGT GGCTGCCTGGACCCTGAAGGCTG 
CCGCTATGCA-3' and 5'-TAGCGGCAGCCTTCAGGGTCC 
AGGCAGCCACGAACTTGGCATGCA-3', thus generating 
the PADRE.Sox2opt-cyt gene.

The sequence of all constructed genes was verified by DNA 
sequencing. Plasmids were propagated in E. coli XL1-blue 
strain cultured in Luria Broth medium with 100 µg/ml of 
ampicillin added and purified with the Qiagen Plasmid Maxi 
kit (Qiagen).

Peptides. The PADRE peptide (AKFVAAWTLKAAA; >90% 
pure) was custom synthesized by GenScript (Piscataway, NJ, 
USA). The PepMix Human SOX2 (JPT Peptide Technologies, 
Berlin, Germany) is a mixture of 77 peptides covering 
the SOX2 protein (>70% pure; 15-mers with an overlap of 
11 amino acids).

Cell lines. NIH/3T3 fibroblasts established from mouse 
embryo culture (24) were obtained from the German National 
Resource Centre for Biological Material. TC-1 cells (provided 
by T.-C. Wu, Johns Hopkins University, Baltimore, MD, USA) 
were prepared by transformation of primary C57BL/6 mouse 
lung cells with the activated H-ras and human papillomavirus 
type 16 (HPV16) E6/E7 oncogenes (25). TC-1/B7 cell line 
was derived from a TC-1-induced tumor formed in a mouse 
immunized against the E7 oncoprotein (26). All cells were 
grown in Dulbecco's modified Eagle's medium (DMEM; PAA 
Laboratories, Linz, Austria) supplemented with 10% fetal calf 
serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml 
streptomycin (PAA Laboratories).

Mice. Seven- to eight-week-old female C57BL/6 mice (Charles 
River, Sulzfeld, Germany) were used in immunization experi-
ments. Animals were maintained under standard conditions and 
in accordance with the guidelines for the proper treatment of 
laboratory animals at the Center for Experimental Biomodels, 
Charles University, Prague. Animal protocols were approved 
by the First Faculty of Medicine Animal Use Committee.

Immunoblot staining. To verify the expression of the prepared 
genes, NIH/3T3 cells seeded in 4-cm dishes were transfected 
with 2.5 µg of plasmid DNA using the Lipofectamine 2000 
Transfection Reagent (Invitrogen, Carlsbad, CA, USA). 
Cotransfection with 0.5 µg of the β-galactosidase encoding 
plasmid that served as an internal control of the transfection 
efficacy was conducted. After two days, the cells were collected 
and lysed in a modified Laemmli lysis buffer (4% sodium 
dodecyl sulfate, 20% glycerol, 10% mercaptoethanol, 2 mM 
EDTA, 100 mM Tris, pH 8.0) (27). Proteins from cell lysates 
were separated by 10% sodium dodecyl sulfate/polyacryl-
amide gel electrophoresis (SDS-PAGE) and electroblotted 
onto a polyvinylidene difluoride (PVDF) membrane (GE 
Healthcare, Little Chalfont, UK). The membrane was blocked 
with 10% non-fat milk in PBS and incubated with Sox2 (clone 
L1D6A2; Cell Signaling Technology, Danvers, MA, USA) 
and β-galactosidase (Promega) mouse monoclonal antibodies. 
Subsequently, the membrane was stained with horseradish-
peroxidase-conjugated anti-mouse IgG secondary antibody 
(GE Healthcare). The blots were stained using the ECL Prime 
Western Blotting Detection reagent (GE Healthcare) and 
scanned by the UVP EC3 Imaging System (UVP, Upland, CA, 
USA).

For the determination of the Sox2 production in cell 
lines, proteins corresponding to 2x105 cells were analyzed by 
SDS-PAGE and stained as described above. β-tubulin was also 
stained with rabbit antibodies (Sigma-Aldrich, St. Louis, MO, 
USA) for comparison of protein load.

Immunofluorescence staining. The NIH/3T3 cells grown on 
8-well Lab-Tek II Chamber Slides (Thermo Fisher Scientific, 
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Waltham, MA, USA) were transfected with 0.4 µg of plas-
mids using Lipofectamine 2000 (Invitrogen). Two days 
after transfection, cells were fixed and permeabilized with 
methanol at -20˚C for 10 min. The Sox2 protein was stained 
with mouse monoclonal antibody (clone L1D6A2) followed by 
Alexa Fluor 488-conjugated goat anti-mouse IgG antibodies 
(Invitrogen). The nuclei of the cells were labeled with DAPI. 
The slides were examined by an Eclipse E600 microscope 
(Nikon, Tokyo, Japan).

Preparation of cartridges for the gene gun. Plasmid DNA 
was coated onto 1-µm gold particles (Bio-Rad, Hercules, CA, 
USA) by the procedure recommended by the manufacturer. 
Each cartridge contained 1 µg DNA coated onto 0.5 mg of 
gold particles.

Immunization experiments. Mice were immunized with three 
2-µg doses of plasmid DNA at 1-week intervals by the gene 
gun (Bio-Rad). Vaccines were delivered into the shaven skin of 
the abdomen at a discharge pressure of 400 psi. One week after 
the last vaccination, pools of mononuclear cells were isolated 
from splenocytes (3 mice per group) using Ficoll-Paque 
(GE Healthcare) and analyzed by an ELISPOT assay or mice 
were s.c. inoculated with 3x104 TC-1/B7 cells into the back 
under anesthesia with intraperitoneal (i.p.) etomidate (0.5 mg/
mouse; Janssen Pharmaceutica, Beerse, Belgium). The tumor 
growth in the challenged animals was monitored twice a week 
and the tumor size was calculated from three perpendicular 
measurements using the formula (π/6)(a x b x c). In some 
experiments, 200 µg of anti-CD25 antibody (clone PC61; Bio X 
Cell, West Lebanon, NH, USA) was i.p. inoculated four days 
before the first immunization.

ELISPOT assay. For detection of IFN-γ, multiScreen 96-well 
filtration plates with a PVDF membrane (Millipore, Billerica, 
MA, USA) were coated with 10 µg/ml of rat anti-mouse IFN-γ 
antibody (BD Biosciences Pharmingen, San Diego, CA, USA) 
in 50 µl of PBS and incubated overnight at 4˚C. Mononuclear 
cells resuspended in serum-free CTL-Test medium (Cellular 
Technology Ltd., Shaker Heights, OH, USA) were added to the 

plate (8x105/well) and incubated at 37˚C in 5% CO2 for 20 h 
either with or without 1 µg/ml of SOX2-derived pool of peptides 
(PepMix Human SOX2) or 1 µg/ml of the PADRE peptide. The 
cells were removed by three washes with PBS and three washes 
with PBS-0.05% Tween-20. Then, 4 µg/ml of biotinylated rat 
anti-mouse IFN-γ antibody (BD Biosciences Pharmingen) in 
50 µl PBS were added per well and cultured at 4˚C overnight. 
The wells were washed four times with PBS-0.05% Tween-20 
and incubated for 30 min with 50 µl of 1:100 dilution of strep-
tavidin-horseradish peroxidase (BD Biosciences Pharmingen) 
in PBS at room temperature. After washing three times with 
PBS-0.05% Tween-20, followed by three washing steps with 
PBS alone, the spots were developed using the AEC Substrate 
Set (BD Biosciences Pharmingen). The induced spots were 
counted by a CTL-ImmunoSpot S5 UV Analyzer (Cellular 
Technology Ltd.).

Statistical analysis. The specific activation of mononuclear 
cells in ELISPOT was determined by Student's t-test. 
Tumor growth after DNA immunization was evaluated by 
the two-way analysis of variance and Bonferroni post-tests. 
A difference between groups was considered significant if 
P<0.05. Calculations were performed using the Prism software, 
version 5.02 (Graph-Pad Software, San Diego, CA, USA).

Results

Construction of DNA vaccines. To increase potentially the 
production of the Sox2 protein, we ordered a codon-optimized 
Sox2 gene (Sox2opt) from the GeneArt Co. and cloned it 
into the pBSC plasmid. The expression of the optimized 
gene was evaluated by immunoblotting after transfection of 
NIH/3T3 cells. The steady-state level of the Sox2 protein from 
the codon-optimized gene was comparable with that of the 
wt Sox2 gene (Fig. 2).

As another step in the modification of the Sox2 gene, we 
attempted to prevent the transcriptional activity of the Sox2 
protein by the abolition of its two NLSs. This alteration should 
increase the safety of a DNA vaccine against Sox2. In previous 
studies, only mutational inactivation of both NLS motifs in 

Figure 1. Mutagenesis in the NLSs of the Sox2opt gene. The modified positions are underlined. N, N-terminal domain, C, C-terminal domain.
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the HMG domain led to complete cytoplasmic localization of 
the SRY and SOX9 proteins (28) and analogous mutations in 
the Sox2 transcription factor substantially reduced its nuclear 
localization (19). The site-directed mutagenesis of the Sox2opt 
gene substituting six nucleotides in the sequences corre-
sponding to the two NLSs of the Sox2 protein resulted in the 
Sox2opt-cyt gene (Fig. 1).

The expression of the Sox2opt-cyt gene was verified after 
transfection of NIH/3T3 cells by immunoblot (Fig. 2) and 
immunofluorescence analyses (Fig. 3). Immunofluorescence 
staining of transfected cells showed that the mutations in the 
NLS motifs reduced the ability of the Sox2 protein to translo-
cate to the nucleus, but besides localization in the cytoplasm, 
the Sox2 protein was still present in the nuclei of most cells.

Finally, to support the immunogenicity of the DNA 
vaccine by the activation of T helper (Th) cells, we fused the 
sequence encoding the strong PADRE helper epitope with the 
5' terminus of the Sox2opt-cyt gene. The production (Fig. 2) 
of the fusion protein was comparable with that of the parental 
Sox2opt-cyt protein. The addition of PADRE did not change 
the mobility of the protein in SDS-PAGE, but the induction 
of the PADRE-specific response (see below) proves that the 
fusion protein was really synthesized. We also observed this 
phenomenon after the fusion of PADRE with the modified 
E7 oncoprotein (E7GGG). After immunofluorescent staining 
of the transfected cells, we found nuclei with highly variable 
intensity of labeling. The cytoplasm of the positive cells was 
uniformly stained (Fig. 3).

The PADRE epitope enhanced the immunogenicity of the DNA 
vaccine. The immunogenicity of the modified Sox2 genes was 
examined after gene gun immunization of C57BL/6 mice with 
plasmid DNA. The IFN-γ-producing cells were detected by an 
ELISPOT assay after incubation with a pool of SOX2 peptides 
(PepMix SOX2). While no response was found after vaccina-
tion with the Sox2opt-cyt gene, the PADRE.Sox2opt-cyt gene 
induced a weak Sox2-specific immunity (Fig. 4A). The high 
response shown after the stimulation with the PADRE peptide 
(Fig. 4B) suggests that activation of Th cells enhanced immu-
nity against Sox2.

Depletion of Treg cells enhanced the efficacy of DNA vaccina-
tion. To further augment the weak Sox2-specific immunity, we 
depleted Treg lymphocytes with anti-CD25 antibody delivered 
four days before the first immunization. The stimulation of 
mononuclear cells with the PepMix SOX2 showed higher 
response after the application of anti-CD25 when compared 
to animals that did not receive the antibody (Fig. 5A). This 
effect was observed for both the PADRE.Sox2opt-cyt and 
Sox2opt-cyt plasmids. Furthermore, an enhanced PADRE-

Figure 2. Production of the Sox2 proteins. Two days after co-transfection 
of NIH/3T3 cells, Sox2 production was analyzed by immunoblotting. To 
monitor transfection efficiency, β-galactosidase was also stained.

Figure 3. Cellular localization of the Sox2 proteins. In transfected NIH/3T3 cells, Sox2 localization was detected by immunofluorescence staining.
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specific immune response was found after depletion of Treg 
cells in mice immunized with the PADRE.Sox2opt-cyt 
construct (Fig. 5B).

The antitumor effect of DNA vaccination. Our screening of 
mouse tumor cell lines (B16-F10, NIH/3T3, TRAMP-C2, 
MK16/ABC, TC-1, A20, 12B1, and B210) by RT-PCR revealed 
that only TC-1 cells expressed the Sox2 gene (data not shown). 
The production of the Sox2 protein was confirmed by immu-
noblot (Fig. 6A) and immunofluorescence analyses (Fig. 6B). 
However, immunofluorescence staining found Sox2 in nuclei 
of only ~15% of TC-1 cells. Therefore, the production of the 
Sox2 protein was also detected in seven clones derived from 
tumors induced by TC-1 cells in mice immunized against 
the HPV16 E7 oncoprotein (26,29). In five of them, including 

TC-1/B7 clone (Fig. 6B), the Sox2 production was substan-
tially higher than in TC-1 cells and this protein was stained 
in all nuclei. In subsequent immunization experiments, 
TC-1/B7 cells were used to challenge mice, because these 
cells were highly sensitive to immunization against the E7 
antigen (26).

The antitumor effect of immunization against Sox2 was 
examined with the PADRE.Sox2opt-cyt plasmid. Simulta-
neously, the impact of Treg depletion with anti-CD25 delivered 
before immunization was tested. The PADRE.Sox2opt-cyt 
vaccine significantly inhibited the growth of TC-1/B7 tumors 
(Fig. 7). This effect was also recorded after the depletion 
of Treg cells (even at a higher level) but the combination of 
immunization and Treg depletion did not further enhance the 
antitumor response.

Figure 4. Immunogenicity of Sox2 genes. Mice were immunized three times by DNA vaccines. Mononuclear cells were prepared from pooled splenocytes of 
immunized mice and incubated with PepMix SOX2 (A) or the PADRE peptide (B). Control cells were cultured without peptides. IFN-γ producing cells were 
detected by an ELISPOT assay. Columns, mean of triplicate samples; bars, ± SD; *P<0.05; ***P<0.0001.

Figure 5. Efficacy of DNA vaccines after depletion of Treg cells. Mice were immunized three times by DNA vaccines. Anti-CD25 antibody was injected into 
some mice before the first immunization. Mononuclear cells were prepared from pooled splenocytes of immunized mice and incubated with PepMix SOX2 (A) 
or the PADRE peptide (B). Control cells were cultured without peptides. IFN-γ producing cells were detected by an ELISPOT assay. Columns, mean of 
triplicate samples; bars, ± SD; **P<0.01; ***P<0.001.
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Discussion

The immunization against cancer cells could be a supportive 
treatment to synergize with other anticancer therapies. It 
can play a role especially in the elimination of CSCs, thus 
preventing recurrences and curing minimal residual disease. 
To target CSCs by vaccination, suitable antigens need to be 
identified. However, seeking for markers specific for CSCs 
suggested the difficulty of such efforts. The similarity of 
transcriptional profiles between ESCs and CSCs pointed to 
pluripotency transcription factors as candidate antigens.

In this study, we chose one of them, the Sox2 protein, for 
the development of an experimental DNA vaccine. To enhance 

vaccine efficacy, we first ordered the synthesis of a codon-opti-
mized gene which usually results in increased production of a 
protein. However, the steady-state level of the optimized Sox2 
(Sox2opt) was similar to that of the wt Sox2. Such result is not 
exceptional as of 50 proteins analyzed for codon optimization 
in a study using the GeneOptimizer expert software, seven 
(14%) did not exhibit augmented synthesis (30). Nevertheless, 
we used the Sox2opt gene for further construction of the DNA 
vaccine, because the modification of codons could prevent a 
potential homologous recombination into the host genome. 
Next, as Sox2 has oncogenic potential (20), we mutated both 
NLSs in Sox2 to abolish its transcriptional activity. In accor-
dance with the previous study (19), these mutations did not 
completely inhibit nuclear localization. However, the mutagen-
esis of NLSs not only affected Sox2 cellular localization, but 
also directly reduced its transcriptional activity and inhibited 
its cooperation with Oct4 and wt Sox2 (19). Both our altera-
tions of Sox2, the codon optimization at the level of the DNA 
sequence, and the NLS abolition at the level of the protein 
sequence, enhance the safety of the DNA vaccine. Finally, 
we added the sequence encoding the PADRE helper epitope 
to the 5' terminus of the Sox2opt-cyt gene. In our previous 
study (31), this epitope was more potent than the universal 
p30 helper epitope from the tetanus toxin and induced strong 
Th1 immunity that markedly enhanced activation of CD8+ 
T lymphocytes.

To detect the immune response against mouse Sox2 in an 
ELISPOT assay, we first performed computational prediction 
of H-2b and H-2d epitopes and tested the reactivity of five 
synthetic nonapeptides representing the predicted epitopes 
(aa 42-50, 75-83, 91-99, 111-119 and 125-133) with spleno-
cytes obtained after immunization of C57BL/6 and BALB/c 
mice. However, none of these peptides was active in these 
examinations (data not shown). Therefore, we also tested the 
stimulation of lymphocytes with PepMix SOX2 containing 
77 peptides derived from the human SOX2 protein. As 
homology between mouse and human proteins is ~97%, most 
mouse epitopes should be preserved in PepMix SOX2. Indeed, 
we found significant Sox2-specific activation of lymphocytes 

Figure 6. Sox2 production in mouse TC-1 and TC-1/B7 tumor cell lines. (A) Cells analyzed by immunoblot staining. β-tubulin was stained to monitor protein 
load. (B) Cells analyzed by immunofluorescence staining. Cell nuclei were visualized using DAPI.

Figure 7. Antitumor effect of DNA vaccination. Mice were immunized three 
times with DNA vaccines. Some animals were injected with anti-CD25 before 
the first immunization. One week after the last immunization, TC-1/B7 cells 
were s.c. inoculated. Tumor growth was monitored twice a week. Bars, ± SD; 
*P<0.05; **P<0.01; ***P<0.001.
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with PepMix SOX2, but only after immunization of C57BL/6 
mice with the PADRE.Sox2opt-cyt. This result suggests that 
the Th1 immunity induced by the PADRE epitope was neces-
sary for breaking tolerance to the Sox2 self-antigen.

The depletion of Treg cells enhanced the efficacy of DNA 
vaccination against various antigens (32-34) and resulted in 
broken tolerance (34). Therefore, we used antibody against 
CD25 for Treg depletion and showed the augmentation of 
both PADRE- and Sox2-specific responses. In our analogous 
study with a DNA vaccine against legumain overexpressed 
in tumor macrophages, we found enhanced immunity against 
legumain only after vaccination with the fusion gene carrying 
the sequence encoding the p30 helper epitope (Smahel et al, 
unpublished data). However, the response against Sox2 was 
also increased after immunization with the Sox2opt-cyt gene 
without PADRE. These results propose that the induction of Th 
immunity was necessary for the effect of Treg depletion and 
that Sox2 contains a strong helper epitope. The latter conclu-
sion is supported by studies detecting SOX2-specific immunity 
in patients with premalignant or malignant diseases, because 
both CD8+ and CD4+ reactive T cells were demonstrated (8,35).

Of eight mouse oncogenic cell lines of various origins, Sox2 
expression was only found in TC-1 cells derived from the lung. 
When clones isolated from a tumor induced with TC-1 cells 
in immunized mice were examined, five out of seven clones 
produced a markedly higher amount of the Sox2 protein. Noh 
et al (36) have also demonstrated Sox2 expression in TC-1 
cells, but they found the same expression in immunoresistant 
TC-1 P3 cells derived from tumors after 3 serial passages in 
immunized mice.

For the examination of the antitumor effect of DNA vacci-
nation against Sox2, we used TC-1/B7 cells that were highly 
sensitive to immunization against the HPV16 E7 oncoprotein 
(26). However, despite strong production of Sox2, DNA 
vaccination against this self-antigen did not prevent tumor 
development. Otherwise, it significantly reduced tumor growth, 
but this impact was low. Tumor growth of TC-1/B7 cells was 
also significantly inhibited by the depletion of Treg cells, but 
the combination of immunization and depletion did not further 
strengthen the antitumor effect. We obtained a similar result 
after immunization against legumain. Treg lymphocytes usually 
support tumor growth by their immunosupressive activities, but 
in tumors with intense inflammation that is useful for tumor 
progression, they can reduce this inflammation and thus inhibit 
tumor development (37). It could also be the case of tumors in 
immunized mice with a high Th1 response.

In conclusion, we constructed an experimental DNA 
vaccine against Sox2 and demonstrated in vitro the enhance-
ment of the Sox2-specific response by the addition of the 
PADRE helper epitope and depletion of Treg cells. However, 
this depletion did not augment the antitumor effect. Our results 
support the notion (37) that the elimination of Treg cells, e.g. 
by antibodies against PD-1 or PD-L1 in clinical trials, may 
not always be beneficial in combination with other types of 
immunotherapy.
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