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Abstract. The innovation of a peptide vaccine strategy may 
contribute to the development of efficacious and convenient 
cancer vaccines. Recently, we formulated an efficacious 
peptide vaccine without carriers using the natural phospho-
diester bond CpG-DNA and a special liposome complex 
[Lipoplex(O)]. The peptide vaccine targeting a tumor antigen, 
transmembrane 4 superfamily member 5 protein (TM4SF5), 
was confirmed to have preventive and therapeutic effects in 
a mouse hepatocellular carcinoma (HCC) model. In this 
study, we demonstrated that the isotype-switched (IgM-IgD-) 
B cell population increased after immunization and that the 
functional memory response persisted for at least 70 days 
after the final immunization of mice. Delayed implantation 
of BNL-HCC cells significantly induced the peptide-specific 
IgG2a production in the immunized mice. Accordingly, tumor 
growth was inhibited and the survival rate increased. These 
results suggest that our peptide vaccine induces memory 
response, which is essential for cancer vaccine application.

Introduction

Although cancer is currently one of the most leading causes 
of mortality, prevention and therapy remains inadequate. 
Traditional antitumor approaches including surgery, radio-
therapy and chemotherapy have various adverse effects 
derived from a lack of specificity; they also induce severe 

damage or dysfunction of normal cells (1). Immunotherapy 
including cancer vaccines, which is designed to modulate 
immune responses of patients to induce specific removal of 
cancer cells has gained increasing attention (2). For efficacious 
function of cancer vaccines without side effects, the selection 
of proper tumor-specific antigens or tumor-associated antigens 
as a target is important (3,4). To stimulate immune responses 
to selected tumor antigens, antigenic sources such as peptides, 
proteins, inactivated tumor cells and DNAs may be used (5). 
Among the antigens, peptides are the easiest to produce and 
to monitor immune responses. Therefore, the innovation of a 
peptide vaccine strategy with enhanced immunostimulatory 
efficacy may greatly contribute to the development of cancer 
vaccines (6).

CpG-DNA, a sequence containing unmethylated CpG 
dinucleotides f lanked by specific base sequences, has 
immunostimulatory activities (7-9): activation of antigen-
presenting cells, induction of Th1-biased immune responses 
and immunoglobulin (Ig) isotype switching (10-12). Although 
a number of researchers use phosphorothioate-modified 
CpG-DNA (PS-ODN) due to its nuclease resistance and effi-
cient uptake into cells, PS-ODN induces PS-ODN-specific 
IgM production and backbone-related side effects such as 
transient lymphadenopathy, lymphoid follicle destruction 
and arthritis (13-16). Therefore, we isolated the natural phos-
phodiester bond CpG-DNA [PO-ODN, MB-ODN 4531(O)] 
from Mycobacterium bovis genomic DNA and confirmed 
its stimulating activity to induce optimal innate immune 
responses (17). The activities of CpG-DNA as a potent adju-
vant are enhanced through encapsulation in liposomes (18,19). 
When the effect of the lipid composition on the activity of 
the phosphodiester bond CpG-ODN was investigated in 
human and mouse immune cells in vitro, DOPE:CHEMS 
(1:1 ratio) proved to have a superior effect (20). Furthermore, 
encapsulation of the phosphodiester bond CpG-DNA in a 
DOPE:CHEMS (1:1 ratio) complex [Lipoplex(O)] enhanced 
adjuvant activity in mice when proteins were used as anti-
gens (21). Therefore, we applied this formulation to peptides 
and discovered that complexes of the B cell epitope peptide 
and Lipoplex(O) significantly induced peptide-specific IgG 
production (20,22).
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To validate the application of our novel strategy to cancer 
vaccines, we used the peptide TM4SF5R2-3 targeting the 
transmembrane 4 superfamily member 5 protein (TM4SF5) 
as a tumor-specific antigen. TM4SF5 has been implicated in 
hepatocellular carcinoma (HCC) (23). Immunization with the 
peptide vaccine composed of TM4SF5R2-3 and Lipoplex(O) 
induced functional antitumor effects in vivo; preventive and 
therapeutic effects against tumor formation of implanted HCC 
cells in mice (24).

In the development of a cancer vaccine, induction of a 
memory response by the vaccination is an essential prerequisite 
for practical application (2). In this study, we examined tumor 
formation in the mice immunized with the TM4SF5R2-3 
peptide vaccine after delayed challenge of HCC cells and 
discovered that the peptide vaccine induced a functional 
memory response.

Materials and methods

Synthesis of CpG-DNA and a B cell epitope peptide. MB-ODN 
4531(O), a natural phosphodiester bond CpG-DNA, consists 
of 20  bases containing three CpG motifs (underlined): 
AGCAGCGTTCGTGTCGGCCT (17). The B cell epitope peptide 
of human TM4SF5 (TM4SF5R2-3, 138NRTLWDRCEAPPRV151) 
was selected and produced as previously described (24).

Preparation of B cell epitope and CpG-DNA co-encapsulated 
in DOPE:CHEMS complexes. Liposome complexes consisting 
of B  cell epitope and CpG-DNA [MB-ODN 4531(O)] 
co-encapsulated with DOPE:CHEMS were prepared as previ-
ously reported (20). Briefly, DOPE and CHEMS were mixed 
in 10% ethanol at a molar ratio of 1:1, evaporated with nitrogen 
gas to produce a solvent-free lipid film and resuspended in a 
mixture containing equal volumes of water-soluble MB-ODN 
4531(O) (50 µg) and peptide (50 µg), followed by vigorous stir-
ring at room temperature for 30 min. After adjusting the pH to 
7.0, the peptide and Lipoplex(O) complex was sonicated lightly 
for 30 sec with a sonicator (Sonifier 450; Branson Ultrasonics). 
After the complex was filtered with a 0.22 µm filter, it was 
freeze-thawed 3 times with liquid nitrogen.

Antigen-specific Ig ELISA assay. Mouse sera were achieved by 
orbital bleeding. To determine the amounts and titers of total 
IgG, 96-well immunoplates (Nalge Nunc International) were 
coated with 5 µg/ml of each peptide and then blocked with 
0.05% of Tween-20 in PBS (PBST) containing 1% BSA. Total 
IgG levels were measured as previously described (20).

FACS analysis. The mice were immunized on 3 occasions at 
10-day intervals and their splenocytes were obtained 10 days 
after the last immunization. The expression of IgM, IgD, 
B220 and/or CD138 was analyzed with a FACS Aria II flow 
cytometer (BD Biosciences). Splenocytes were washed with 
PBS containing 0.1% bovine serum albumin and incubated 
for 20 min at 4˚C with 10 µg/ml of anti-FcγRII/III antibody 
(BD Biosciences) to block Fc receptors. After blocking, the 
cells were incubated with the indicated antibodies (IgM-FITC, 
IgD-PE, B220-Pacific Blue and CD138-APC; BD Biosciences) 
for 1  h at 4˚C. FACS data were analyzed with the aid of 
WinMDI 2.8 FACS software.

Cell culture. The mouse hepatoma cell line BNL-HCC was 
obtained from ATCC. BNL-HCC is a chemically transformed 
mouse liver cell line derived from the normal BALB/c embry-
onic liver cell line BNL CL2 (25). The cells were cultured 
in a DMEM medium containing 10% FBS, 25 mM HEPES, 
100 U/ml of penicillin and 100 µg/ml of streptomycin at 37˚C 
in an atmosphere of 95% air and 5% CO2.

Hepatocellular carcinoma mouse model. We purchased 
four-week-old male BALB/c (H-2b) mice from Central Lab. 
Animal, Inc. Mice were maintained under specific-pathogen-
free conditions in a controlled environment (20-25˚C, 32-37% 
humidity). All animal procedures performed in this study 
were in accordance with the recommendations in the Guide 
for the Care and Use of Laboratory Animals of the National 
Veterinary Research and Quarantine Service of Korea. The 
protocol was approved by the Institutional Animal Care and 
Use Committee of Hallym University (permit no. Hallym 
2010-82). On 3 occasions at 10-day intervals, the mice were 
injected intraperitoneally with 50 µg of TM4SF5R2-3 peptide 
supplemented with 50 µg of MB-ODN4531(O) encapsulated 
in the DOPE:CHEMS complex (200 µl/mouse). As a control, 
mice were injected with PBS or 50 µg of TM4SF5R2-3 
peptide encapsulated in the DOPE:CHEMS complex. Seventy 
days after the third immunization, the mice were inoculated 
subcutaneously in the right dorsal flank with PBS or 5x106 
of BNL-HCC cells in a 50% Matrigel solution (HBSS/
Matrigel, 1:1 v/v; BD Biosciences) as previously described 
(26). The size of the tumor was measured at 5-day intervals 
with calipers in 3 dimensions, and tumor volumes were 
calculated as width2 x length/2. The mice were sacrificed on 
the indicated days after the tumor cell implantation and the 
tumors were surgically excised and weighed. The survival rate 
was recorded for 90 days after tumor cell implantation. The 
mice were sacrificed under Zoletil 50 + Rompun anesthesia 
and all efforts were made to minimize suffering. Mice were 
sacrificed when the tumor size reached 2,000 mm3 or the mice 
lost >20% of initial body weight to minimize suffering from a 
large tumor burden.

Statistics. Results are expressed as the means ±  standard 
deviation. Statistical significance between the 2 samples was 
performed using the Student's t-test. A P-value of <0.05 was 
considered to indicate a statistically significant difference. 
A survival analysis was performed using the Kaplan-Meier 
method and compared with a log-rank test.

Results

Increase in the putative memory B cell population in the 
mice immunized with a complex of the TM4SF5R2-3 peptide 
and Lipoplex(O). We previously confirmed the prophylactic 
effect of a peptide vaccine composed of the TM4SF5R2-3 
peptide and Lipoplex(O) complex in an HCC model (23). 
In this study, we immunized mice with the peptide vaccine 
3 times at 10-day intervals and directly challenged the mice 
with hTM4SF5-expressing BNL-HCC cells on Day  30. 
Immunological memory is a critical feature of the adaptive 
immune response and memory function of humoral immunity 
involves the development of memory B cells. As memory 
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B cells are considered a subpopulation of isotype-switched 
B  cells (B220+IgD-IgM-CD138-) (27-29), we analyzed the 
surface marker expression of spleen cells from 3 different 
experimental groups of mice (8 mice/group) 10 days after the 
last immunization. The population of IgD-IgM- cells was larger 
in the splenocytes from the mice immunized with a complex 
of TM4SF5R2-3 peptide and Lipoplex(O) compared with the 
other 2 control groups (57.91 vs. 47.81 or 50.10) (Fig. 1A). For a 
detailed analysis, we gated a B220+CD138- cell population and 
then analyzed the expression of IgD and IgM (Fig. 1B). The 
B220+CD138-IgD-IgM- cell population was larger in the mice 
immunized with the TM4SF5R2-3 peptide and Lipoplex(O) 
complex compared to the control mouse group immunized 
with PBS or the TM4SF5R2-3 peptide and DOPE:CHEMS 
(5.98 vs. 4.54 and 5.58). Therefore, we predicted a memory 
response of our vaccine and performed further experiments 
to confirm whether the long-lasting memory response protects 
mice from delayed challenge of cancer cells.

Production of IgG by delayed implantation of cancer cells 
in the mice immunized with the TM4SF5R2-3 peptide and 
Lipoplex(O) complex. The entire experimental schedule is 
depicted in Fig. 2A. To determine whether the state of memory 
is induced by a re-encounter of the antigens, we challenged the 
immunized mice with BNL-HCC cells 70 days after the third 
immunization (on Day 90) and checked IgG production and 
tumor formation (Fig. 2A). As a negative control, two groups 
of mice were immunized with PBS or TM4SF5R2-3 peptide 
encapsulated in DOPE:CHEMS and then implanted with 
BNL-HCC cells. The highest amount of TM4SF5R2-3-specific 
IgG in the vaccinated mice was detected on Day 30 (Fig. 2B). 
The amount of IgG decreased thereafter but remained signifi-
cantly higher until Day 90 in the immunized mice compared 
to the control mouse group. A significant amount of antibodies 
was also observed in the mice immunized with TM4SF5R2-3 
peptide encapsulated in DOPE:CHEMS. However, when we 
implanted BNL-HCC cells into the mice, the amount of IgG 
significantly increased again only in the mice immunized with 
the TM4SF5R2-3 peptide and Lipoplex(O) complex (Fig. 2B). 
This implies that CpG-DNA may be essential for the induction 
of a memory response.

Prophylactic efficacy of the vaccine against tumor formation 
of HCC cells implanted in mice. We examined the physical 
phonotype of mice after challenging them with BNL-HCC 
cells for 60 days. Based on tumor size (Fig. 3A), tumor volume 
(Fig. 3B) and tumor weight (Fig. 3C), tumor formation was 

Figure 2. Production of IgG by immunization with the TM4SF5R2-3 pep-
tide and Lipoplex(O) complex. (A) Experimental schedule and parameters 
used to analyze the mouse phenotypes. BALB/c mice were immunized with 
the TM4SF5R2-3 peptide and Lipoplex(O) complex with a 10-day interval 
(n=8/group). On Day 90, the mice were challenged with BNL-HCC cells 
and the properties of the mice were monitored. (B) Amount of IgG during 
the experimental periods. The sera were collected and titers of the peptide-
specific total IgG were assayed with an ELISA kit. These experiments were 
performed 2 times with similar results. *P<0.05, **P<0.01 (vs. PBS control).

Figure 1. Increase in the isotype-switched B cell population by immunization 
with the TM4SF5R2-3 peptide and Lipoplex(O) complex. The BALB/c mice 
(n=3) were immunized on 3 occasions at 10-day intervals and their splenocytes 
were obtained 10 days after the last immunization. The expression of IgM, 
IgD, B220 and/or CD138 was analyzed by flow cytometry. (A) Splenocytes 
were labeled with IgM-FITC and IgD-PE. (B) Splenocytes were 4 color-
stained with IgM-FITC, IgD-PE, B220-Pacific Blue and CD138-APC. B220+/
CD138- population was first gated and the expression of IgM and IgD was 
then monitored. FACS data were analyzed with the aid of WinMDI 2.8 FACS 
software. These are representative data from 3 mice/group.
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greatly inhibited in the mice immunized with the TM4SF5R2-3 
peptide and Lipoplex(O) complex. Immunization did not 
affect the body weight of the mice during the experiment, 
suggesting that there was no significant side effects (Fig. 3D). 
Slight decreases in the tumor volume and tumor weight were 
detected in the mice immunized with the TM4SF5R2-3 
peptide encapsulated in DOPE:CHEMS without CpG-DNA 
suggesting a partial tumor suppressive effect.

Enhanced survival of the immunized mice in response to 
delayed challenge of HCC cells. To further evaluate the 
prophylactic efficacy of the vaccine, we assessed the survival 
rate of the mice challenged with BNL-HCC cells until Day 180 

(3 months after implantation). The unimmunized control mice 
challenged with BNL-HCC cells were sacrificed by Day 170 
(Fig.  4). In contrast, ~75% of the mice immunized with 
TM4SF5R2-3 peptide and Lipoplex(O) survived until Day 180. 
Survival of the mice immunized with TM4SF5R2-3 peptide 
encapsulated with DOPE:CHEMS was also enhanced, which 
is in accordance with the lower tumor growth compared to 
the PBS control mice (Fig. 3); however all of the mice were 
sacrificed by day 180. Therefore, only the vaccine composed 
of TM4SF5R2-3 peptide and Lipoplex(O) demonstrated a 
prominent long-lasting prophylactic effect when we performed 
a cancer cell challenge experiment ~2 months after the final 
immunization.

Figure 3. Memory response of the vaccine containing the TM4SF5R2-3 peptide and Lipoplex(O) complex in HCC implanted mice. BALB/c mice were 
immunized with a complex of TM4SF5R2-3 peptide and Lipoplex(O) or indicated combinations. The immunized mice were implanted with BNL-HCC cells 
(n=8/group) on the 90th day after the first immunization. Tumor formation in mice implanted with BNL-HCC cells was inhibited by vaccination with the 
TM4SF5R2-3 peptide and Lipoplex(O) complex. (A) Macroscopic appearance of HCC tumor tissues. (B) Tumor volumes were calculated as (length x width2)/2. 
(C) Tumor growth was measured by tumor weight. **P<0.01. (D) Body weight was measured at the indicated time intervals. 
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Discussion

The immune system in our body recognizes antigens and 
coordinates specific immune responses against them through 
multi-cellular cooperation mainly involving antigen-presenting, 
B and T cells (1). When the antigens are proteins, usage of 
synthetic peptides rather than the whole proteins offers several 
advantages: They are easy to produce promptly and their cost is 
much lower. Peptides bind the B cell receptor and major histo-
compatibility (MHC) molecules as B- and T-cell epitopes, by 
which they induce and regulate immune responses. Therefore, 
peptide vaccines have the potential to be widely used in 
cancers and other infectious diseases (6,30,31). However, the 
weak immunogenicity of peptides limits their application as a 
vaccine. Therefore, it is necessary to maximize the efficacy of 
peptide-driven immune responses. Recently, we developed a 
powerful strategy to induce the production of epitope-specific 
antibodies using peptides as an antigen (20,21). To magnify 
the immune responses, we utilized Lipoplex(O), comprised 
of natural CpG-DNA and a specific liposome complex as 
an adjuvant. We previously applied this strategy as a cancer 
vaccine (24) and we further evaluated the peptide vaccine in 
the context of the memory function.

Cancer vaccines require the induction of active tumor-
specific immune responses without harming normal cells. The 
tumor-specific immune responses may prevent tumor forma-
tion (prophylactic vaccine) and/or treat established tumors in 
patients (therapeutic vaccine). The expression of TM4SF5 at 
the mRNA level has been reported in several types of human 
cancers including pancreatic cancer, soft tissue sarcoma, 
gastric cancer, carcinoma of the papilla vateri and colon cancer 
(32). The overexpression of TM4SF5 at the protein level was 
found by immunohistochemical staining in 7 out of 9 HCC 
tissues, whereas normal liver tissues did not express TM4SF5 
(23). Therefore, TM4SF5 may be an effective target for an 
HCC vaccine as a tumor specific antigen (33,34). Previously, 
we confirmed that the monoclonal antibody produced using 
our strategy had a growth-inhibitory effect on human and 

mouse HCC cell lines (Huh-7 and BNL-HCC) expressing the 
antigen and that the monoclonal antibody may detect TM4SF5 
in tumor tissues derived from an HCC mouse model (20,23). 
Furthermore, the peptide vaccine composed of TM4SF5R2-3 
peptide and Lipoplex(O) induced prophylactic and therapeutic 
effects against tumor formation of implanted HCC cells in 
mice without prominent side effects (24).

 In addition to the specificity of immune responses against 
tumors, cancer vaccines should induce immunological 
memory to suppress the recurrence of cancers (2). A number 
of vaccine approaches have revealed efficacy in murine cancer 
models; however they are ineffective or have limited efficacy in 
patients (2). In this study, we investigated whether our peptide 
vaccine induces memory response in mice. While it is difficult 
to define the exact events in vivo leading to the enhancement 
of immune responses, the effect of vaccine-induced protection 
against infection and disease appears to be correlated with the 
ability to induce long-term memory B cells and the production 
of specific antibodies (35). Therefore, we first performed a 
population analysis on splenocytes from the mice and discov-
ered a slight increase in the isotype-switched B cell population 
(B220+CD138-IgD-IgM-), which presumably includes memory 
B cells (Fig. 1). We then analyzed the amounts of epitope-
specific antibodies for 150 days and observed that a significant 
amount of epitope-specific antibodies remained on Day 90 
(70 days after the last immunization) and the level increased 
after the implantation of the HCC cells in the vaccinated mice 
(Fig. 2). To further evaluate the memory function, we exam-
ined the phenotypes of HCC-implanted mice and observed 
that the tumor growth was inhibited in the vaccinated mice, 
based on the tumor volume, tumor weight and survival of mice 
(Figs. 3 and 4). Taken together, these results indicate that our 
vaccine has an immunological memory response lasting at 
least 70 days after the last immunization. To further investi-
gate the long-term memory response induced by this vaccine, 
the examination period must be extended in future studies.

The mechanisms involved in the induction of a memory 
response remain unclear. According to a recent influenza 
vaccine study, early CD4+ T cells appear to be required for long-
term memory (36). However, there are controversial reports 
suggesting that memory B cells persist in mice deprived of a 
T cell population and that a unique IgG memory B cell niche is 
important for memory (37,38). Previously, we confirmed that 
specific CD4 T cells and MHC molecules are necessary for 
antibody production induced by our strategy despite that we 
used only B cell epitope without any carrier (20). Therefore, 
it is possible that our system requires T cells for the memory 
response. Contribution of toll-like receptor (TLR) agonists to 
memory B cell function has also been documented (27,39). 
CpG-DNA, a TLR agonist, was recently reported as an effec-
tive adjuvant for cancer vaccines inducing long-term antitumor 
activity using irradiated tumor cells and proteins as an antigen 
(40,41). Liposomes are known to enhance antibody produc-
tion and cytotoxic T lymphocyte (CTL) responses (42-44). 
Furthermore, the activities of CpG-DNA are reportedly 
enhanced by the encapsulation in liposomes (18,19). Therefore, 
the cancer vaccine composed of the TM4SF5R2-3 peptide and 
Lipoplex(O) used in this study may be powerful in inducing a 
short-term immune response as well as a long-lasting memory 
response.

Figure 4. Survival rate of tumor-bearing mice. BALB/c mice were immunized 
with the TM4SF5R2-3 peptide and Lipoplex(O) complex or indicated com-
binations (n=8/group). BNL-HCC cells were implanted in mice 70 days after 
the third vaccination (Day 90) and the survival rate was recorded for another 
90 days.
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