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a b s t r a c t

Peptide vaccines are a clinically applicable therapy shown to be effective in tumor control. In this study,
Trp2 peptides plus CpG-oligodeoxynucleotide treatment was found to induce Ag-specific IFN-c and
CD8+ CTL responses, and antitumor activity against large established melanoma (tumor size, 7 mm). A
combination of anti-4.1BB antibodies with Trp2 peptides + CpG-oligodeoxynucleotide increased the anti-
tumor cure rate from 0% to 75%. This effect was concomitant with greater induction of Ag-specific
CD8+ CTLs and their infiltration into the tumor sites, highlighting the importance of combined stimula-
tion of TLR9 and 4.1BB for achieving tumor eradication. These findings may have implications for design-
ing peptide-based therapeutic vaccines for cancer-patients.

� 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Melanoma is a malignant cancer of the melanocyte, which is
found mainly in the skin. The incidence of this malignancy has
been increasing yearly, and the prognosis for metastatic melanoma
is still quite poor. Furthermore, therapy for this disease is compli-
cated by its higher rates of metastasis and resistance to many che-
motherapeutic drugs [1,2]. However, numerous preclinical and
clinical studies have shown that immune-based therapies might
be beneficial for treating melanoma. For example, tumor infiltrat-
ing lymphocytes (TILs) expanded ex vivo and then delivered to pa-
tients with melanoma are effective at removing tumor masses
[3,4].

The proteins involved in the synthesis of melanin, such as tyros-
inase-related protein (Trp) 1, Trp2 and glycoprotein (gp) 100, can
be recognized as melanoma antigens by human and mouse T cells
[5–9]. In B16 mice, the MHC-I binding peptides, Trp2180–188 and
gp10025–33 have been extensively studied and are considered to
function as immunodominant CD8+ T cell epitopes [7,8]. In pre-
clinical trials, enhanced antitumor immunity was demonstrated

by combining these peptides with toll-like receptor (TLR) agonists
[poly (I:C) and CpG-oligodeoxynucleotide (ODN)] as adjuvants and
using antibodies, such as anti-CD25 Abs and anti-CD40 Abs [10–
12]. Intravenous delivery of Trp2 peptides, poly (I:C) and anti-
CD40 Abs augmented Ag-specific CD8+ CTL responses and B16
melanoma tumor control [12]. A combination of subcutaneous
injection of Trp2 peptides with intramuscular injection of poly
(I:C) also increased Ag-specific CTL responses and improved sur-
vival in B16 tumor-bearing mice [13]. These collective studies
highlight the importance of targeting immune stimulatory
molecules in conjunction with using peptide vaccines to induce
Ag-specific immune responses for tumor control.

4.1BB (CD137) is a member of the tumor necrosis factor (TNF)
receptor superfamily, and is an inducible protein expressed on
the surface of activated T cells, but not resting T cells [14,15].
4.1BB activation provides a potent costimulatory signal to CD8+ T
cells and, to a lesser extent, CD4+ T cells [16]. In immunotherapy
studies, agonistic anti-4-1BB Abs can enhance tumor rejection, in-
crease tumor-specific cytotoxicity, and may render effector T-cells
resistant to Treg suppression [17–21]. Moreover, administration of
anti-4-1BB Abs results in regression of established subcutaneous
and pulmonary P815 mastocytoma and AG104A sarcoma [21],
but not for poorly immunogenic tumors, such as B16 melanoma
[17,18]. Recently, intratumoral administration of an oncolytic virus
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combined with systemic delivery of anti-4.1BB Abs resulted in in-
creased antitumor therapeutic activity through possible involve-
ment of CD8+ T cells, NK cells, neutrophils, and IFN-c [22]. Based
upon these previous studies, it can be speculated that combined
activation of TLR and 4.1BB might break immunologic tolerance
to certain self-peptides and lead to activation of self Ag-specific
CD8+ T cells, thus resulting in better tumor control in the B16
model.

2. Materials and methods

2.1. Mice and tumors

Female 6 week old C57BL/6 mice were purchased from Daehan Biolink Co.,
Chungbuk, Korea. The mice were cared for under the guidelines of the Institutional
Animal Care and Use Committee-approved protocols. B16 BL6 cells (C57BL/6 back-
ground) were purchased from the Korean Cell Line Bank (Seoul, Korea), and grown
in complete DMEM medium (10% FBS, 1% L-glutamine, 1% penicillin/streptomycin).
The tumor cells were washed 2 times with phosphate-buffered saline (PBS) and in-
jected into the mice.

2.2. Reagents, DNA construction and immunization

To produce pB16 and pSig/B16/LAMP, a codon-optimized DNA sequence coding
for three peptides (AGCGTGTACGACTTCTTCGTGTGGCTG for Trp2180–188, ACCTGG
CACCGCTACCACCTGCTG for Trp1222–229 and GAGGGCAGCCGCAACCAGGACTGGCTG
for gp10025–33) with four amino acids between each peptide, as well as Xho I and
Pst I digestion site sequences upstream of the peptide DNA sequence and EcoR I
and Bam HI digestion site sequences downstream of the peptide DNA sequences
was synthesized by Bioneer (Taejon, Korea). Specifically, one initiation codon
(ATG) was introduced into the sites in between the Xho I and Pst I sites, while
one termination codon (UAG) was introduced into the sites in between the Eco RI
and Bam HI sites. To generate pB16, the above synthetic DNA sequence was di-
gested with Xho I and Bam HI, and then the resulting Xho I and Bam HI DNA frag-
ments were cloned into the Xho I and Bam HI DNA fragments of pcDNA3.1(�)
(Fig. 1). To generate pSig/B16/LAMP, the above synthetic DNA sequence was di-
gested with Pst I and Eco RI, and then the resulting Pst I and Eco RI DNA fragments
were substituted for the Pst I and Eco RI DNA fragments of pcDNA3-Sig/sE7/LAMP
[23] (Fig. 1). The plasmids used in this study were verified by DNA sequencing anal-
ysis. The plasmid DNA was produced in bacteria and purified by endotoxin-free Qia-
gen kits according to the manufacturer’s protocol (Qiagen, Valencia, CA). For DNA
immunization, animals were injected intramuscularly (i.m.) at 0 and 2 weeks. The
parameters of the injections were as follows: 50 lg per mouse of pB16 or pSig/
B16/LAMP coding for the Trp2180–188, Trp1222–229 and gp10025–33 peptides; with
or without 10 lg of IL-12 cDNA [24]; final volume of 50 ll in PBS; 31-gauge needle
(BD, Franklin Lakes, NJ). The injections were followed by intramuscular (IM)-elec-
troporation (EP) using Cellectra� in accordance with the manufacturer’s protocol
(VGX International Inc., Seoul, Korea). For peptide vaccination, the animals were
immunized subcutaneously (s.c.) at 0 and 2 weeks. The parameters of these immu-
nizations were as follows: 20 lg of each peptide (Trp2180–188, Trp1222–229, gp10025–

33) per mouse; with or without 20 lg of CpG-ODN; final volume of 100 ll in PBS;
31-gauge needle (BD). Trp1, gp100, Trp2 and HPV 16 E7 peptides were purchased
from Peptron (Taejon, Korea). The CpG-ODN [unmethylated form] designated as
1826 (50-TCCATGACGTTCCTGACGTT-30) was purchased from GenoTech, Taejon,
Korea. It was synthesized with a nuclease-resistant phosphorothioate backbone,
dissolved in water and then confirmed to have an undetectable endotoxin level.
Poly (I:C) was purchased from Sigma–Aldrich (St. Louis, MO) and dissolved in water.

Gardiquimod was purchased from Enzo Life Sciences (Plymouth Meeting, PA). Prior
to use, it was dissolved first in dimethyl sulfoxide and then water at the volume ra-
tio of 1:10.

2.3. Anti-4.1BB Abs and animal treatment

When the tumors reached approximately 7 mm in mean diameter, the animals
were injected intraperitoneally (i.p.) with 100 lg of anti-4.1BB Abs, generated from
hybridoma cells (3H3), which were a kind gift of R. Mittler (Emory University,
Atlanta, GA). Specifically, pristane-primed nude mice were injected with 3H3 cells
for ascites fluid production from which anti-4.1BB Abs were purified using a protein
G column (Sigma–Aldrich). Control rat immunoglobulin G (IgG) was purchased
from Sigma–Aldrich.

2.4. IFN-c assay

A 1 ml aliquot containing 6 � 106 splenocytes was added to each well of 24-well
plates containing 1 or 5 lg of B16 melanoma-associated MHC class I peptides or
HPV16 E7 CTL peptides as a control. After 3 days of incubation at 37 �C in 5% CO2,
the cell supernatants were isolated and used to analyze IFN-c levels using commer-
cial cytokine kits (BD) by adding the extracellular fluids to IFN-c-specific ELISA
plates.

2.5. In vivo CTL lytic activity assay

Spleen cells from naïve mice were treated with red blood cell lysis buffer (Sig-
ma). One fraction of the splenocytes was then pulsed with 5 lg of Trp2180–188 in
cRPMI for 60 min at 37 �C, while the other fraction was left un-pulsed. To generate
peptide-pulsed cells with high CFSE, the peptide-pulsed splenocytes were
incubated with 20 lM CFSE in RPMI (2.5% FBS) for 15 min. The un-pulsed cells were
instead incubated with 2.5 lM CFSE in RPMI (2.5% FBS) for 15 min to generate non-
peptide-pulsed cells with low CFSE. The cells were then washed 3 times with PBS to
remove unbound CFSE. Finally, an equal number of pulsed and un-pulsed cells (a
total of 2 � 107 cells/0.4 ml/mouse) were injected intravenously (i.v.) into the
tested mice. After 18 h, the mice were sacrificed and the spleens were collected.
After lysing the red blood cells, the splenocytes were analyzed directly for the
two cell populations with CFSE staining (CFSE low versus CFSE high) using a flow
cytometer (BD). The percentage of lysed cells (%lysis) was calculated as
100 � [1 � (runprimed/rprimed)]. The ratio (r) was calculated as %CFSElow/%CFSEhigh.

2.6. Tetramer staining and flow cytometry

To test the levels of Ag-specific CD8+ T cells present in the tumor tissues, im-
mune cells were isolated from the tumor tissues. Each tumor was put into 2 ml
of cRMPI and cut into small pieces, which were subsequently broken using needle
tips and then treated with collagenase (1.5 mg/ml) and DNase I (0.5 lg/ml) for
30 min. Ficoll-Hypaque separation was used to obtain the immune cell fraction.
For the tetramer assay, the immune cells were incubated with FITC-labeled anti-
CD8 Ab (BD) and PE-labeled tetramer/Trp2 peptides. PE-labeled tetramer/Trp2 pep-
tides were kindly provided by E. Celis (Moffitt Cancer Research Center, Tampa).
After washing three times with FACS buffer, the cells were analyzed to determine
the percentage of tetramer and CD8 double positive T cells using a flow cytometer
(BD). To analyze CD44 and CD8 double positive cell populations, the tumor-cured
mice were sacrificed and the inguinal lymph nodes were removed for immune
cell isolation. The isolated cells were incubated with APC-labeled anti-CD44 and
PE-labeled anti-CD8 Abs (BD) for FACS analysis.

Fig. 1. Construction of pB16 and pSig/B16/LAMP coding for three B16 melanoma peptides (Trp2180–188, Trp1222–229, and gp10025–33).
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2.7. Immunohistofluorescence analysis

Tumor-bearing animals were sacrificed and the tumors were excised. The tu-
mor mass was placed and frozen in Tissue-Tek OCT compound (Sakura Finetech,
Torrance, CA). The embedded tumor tissues were cut into 4–5 lm sections and
incubated with FITC-conjugated anti-mouse CD3 Abs (BD) and PE-conjugated
anti-mouse CD8 Abs (BD). Fluorescence microscopy was used to identify the status
of CD8+ T cell infiltration in the tumor tissues. Specially, the photos from each slide
were aligned with the next slide to detect CD3 and CD8 double positive cells.

2.8. Tumor cell challenge

For the antitumor therapeutic studies, 5 � 105 B16 cells were injected s.c. into
the right flank of C57BL/6 mice. When the mean tumor size was approximately
7 mm, the animals were injected s.c. with 20 lg of Trp2 peptides and 20 lg of
CpG-ODN per mouse in a final volume of 100 ll PBS. The animals were also injected
i.p. with 100 lg of anti-4.1BB Abs. The tumors required approximately 14 days to
grow to 7 mm in size. For tumor re-challenge studies, 1 � 106 B16 cells per mouse
were injected s.c. into the flank of C57BL/6 mice. The mice were monitored twice
per week for tumor growth. The tumor size was measured in mm using a caliper,
and was recorded as the mean diameter [longest surface length (a) and width (b),
(a + b)/2]. The mice were euthanized when the mean diameter of the tumor ex-
ceeded 20 mm.

2.9. Statistical analysis

Statistical analysis was performed by one-way ANOVA using the SPSS 17.0 soft-
ware program. The values of the experimental groups were compared with the val-
ues of the control group. Any p values < 0.05 were considered to be significant.

3. Results

3.1. Construction of Trp2, Trp1 and gp100 peptide-encoding plasmid
DNAs, and comparison with peptide vaccines (Trp2, Trp1, gp100)
adjuvanted with CpG-ODN for Ag-specific IFN-c responses

To test whether the three B16 melanoma peptides (Trp2180–188,
Trp1222–229 and gp10025–33) or the DNAs coding for the three pep-
tides were immunogenic when co-injected with CpG-ODN or IL-12
plasmid DNAs (pIL-12), we immunized animals with 50 lg of
either pB16 or pSig/B16/LAMP (Fig. 1) per mouse with or without
10 lg pIL-12 by IM-EP or s.c. with the three peptides (20 lg each
peptide/mouse) with or without CpG-ODN (20 lg/mouse). As seen
in Fig. 2, peptide-specific IFN-c responses were not detected in im-
mune cells from animals immunized with the three peptides in the
absence of CpG-ODN when they were stimulated in vitro with each
of the three peptides. When immune cells from animals immu-
nized with the three peptides in the presence of CpG-ODN were
stimulated in vitro with the Trp1222–229 and gp10025–33 peptides,
they also failed to induce IFN-c. However, when the same immune
cells were stimulated in vitro with the Trp2180–188 peptides, they
displayed Ag-specific IFN-c production in an antigen dose-
dependent manner, suggesting that only the Trp2180–188 peptide
is immunogenic (in terms of IFN-c responses) when co-injected
with CpG-ODN (TLR9 agonist). In the case of DNA vaccines coding
for the three peptides or targeting the 3 peptides into the lyso-
somal compartment, however, no IFN-c response to the three pep-
tides was observed. Similar results were also found when the DNA
vaccines were co-injected with IL-12 cDNA. Overall, these data
show that, among the tested peptides, the Trp2180–188 peptide is
immunogenic when co-injected with the TLR9 agonist, CpG-ODN.

3.2. Comparison of immunogenicity of Trp2180–188 peptides by
co-injecting with poly (I:C), gardiquimod and CpG-ODN

TLRs are mainly expressed on antigen presenting cells (APCs).
When APCs are stimulated with TLR agonists, they activate both
the innate and adaptive immune system [25,26]. To investigate
whether co-injection of Trp2 peptides with TLR ligands, such as
poly (I:C) (for TLR3) and guadiquimod (for TLR7), might also induce

Ag-specific IFN-c responses, the animals were immunized s.c. with
Trp2180–188 peptides in conjunction with increasing doses of TLR li-
gands. As shown in Fig. 3A, immune cells from the animals immu-
nized with Trp2 peptides plus poly (I:C) (20, 50 or 100 lg/mouse)
showed little IFN-c induction when they were stimulated in vitro
with Trp2 peptides. A similar finding was also observed when the
animals were immunized with Trp2 peptides plus gardiquimod
(20, 50 or 100 lg/mouse) (Fig. 3B). However, immune cells from
the animals immunized with Trp2 peptides plus CpG-ODN (20, 50
or 100 lg/mouse) produced IFN-c in a CpG-ODN dose-dependent
manner when they were stimulated in vitro with Trp2 peptides
(Fig. 3C), suggesting that Trp2180–188 is only immunogenic when
administered in combination with CpG-ODN but not with poly
(I:C) or gardiquimod in this subcutaneous immunization model.

3.3. A TLR9 agonist, CpG-ODN, is effective at inducing Trp2-specific CTL
lytic and antitumor therapeutic activity

We were next interested in testing whether immunization with
Trp2180–188 peptides plus CpG-ODN might lead to the induction of
Ag-specific CTL responses in vivo. As shown in Fig. 4A–D, animals
immunized with Trp2 peptides plus CpG-ODN induced Ag-specific
CTL lytic activity in vivo. However, no such effects were observed
when the animals were immunized with either Trp2 peptides or
CpG-ODN alone. These data indicate that TLR9 stimulation by
CpG-ODN is essential for the induction of Trp2-specific CTL re-
sponses in the B16 model. Fig. 4E shows the antitumor therapeutic
activity of treatments using Trp2 peptides and CpG-ODN. In this
study, melanoma (7 mm in mean tumor size)-bearing animals
showed a significant level of tumor growth inhibition over the time
points measured following treatment with Trp2 peptides + CpG-
ODN, compared to mice treated with either Trp2 peptides or
CpG-ODN alone. Despite this antitumor effect, however, none of
the mice displayed complete tumor regression. Taken together,
these data clearly show that stimulation of TLR9 with CpG-ODN
is critical for inducing Ag-specific CTL responses in the Trp2 pep-
tide vaccine model, leading to antitumor therapeutic activity
against large established melanoma.

3.4. Additional stimulation of 4.1BB with anti-4.1BB Abs is essential for
improving antitumor therapeutic effectiveness induced by Trp2
peptide vaccines

Previously, we observed that both Trp2 peptides and CpG-ODN
were required for inducing both Ag-specific CD8+ CTL responses
and antitumor therapeutic activity. 4.1BB stimulation has been re-
ported to activate CD8+ T cells and prolong their life span [27,28].
In this context, we speculated that additional stimulation of 4.1BB
with anti-4.1BB antibodies might augment the Ag-specific
CD8+ CTL response that had been induced by Trp2 peptides plus
CpG-ODN, thereby leading to increased antitumor therapeutic
activity against large established melanomas. To test this hypoth-
esis, we treated melanoma (7 mm)-bearing animals s.c. with
Trp2 peptides+ CpG-ODN (henceforth called Trp2 peptide vac-
cines), and i.p. with anti-4.1BB Abs simultaneously. Of the six mice
treated with Trp2 peptide vaccines plus anti-4.1BB Abs, five
showed complete tumor regression (Fig. 5A). However, no mice
treated with either Trp2 peptide vaccines or anti-4.1BB Abs alone
showed such full tumor regression. Moreover, some of these mice
also died 14 days post-treatment. However, animals treated with
Trp2 peptide vaccines alone displayed significantly greater tumor
growth inhibition over time than control groups, as we previously
observed. In this case, however, a difference in tumor growth
curves between Figs. 4E and 5A might be due to tumor sizes (6 ver-
sus 7 mm in mean diameter) when therapy was initiated. Another
possibility is that this difference might be ascribed to the tumor
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cell passage number. For example, B16 cells at passage 2 were used
for the Fig. 4E study, while B16 cells at passage 6 were used for the
Fig. 5A study. However, the former is supported by our previous
finding [29]. Overall, 9 of 12 (75%) tumor-bearing mice showed
complete tumor regression after treatment with Trp2 peptide vac-
cines plus anti-4.1BB Abs, whereas none of the tumor-bearing mice
(0%) displayed complete tumor regression after treatment with
either Trp2 peptide vaccines or anti-4.1BB Abs alone (Fig. 5B). Fur-
thermore, tumor-bearing mice treated with either Trp2 peptides or

CpG-ODN in the presence of anti-4.1BB Abs failed to control tumor
growth to the levels of animals treated with Trp2 peptides plus
CpG-ODN in the presence of anti-4.1BB Abs (Fig. 5C). These data
suggest that both Trp2 peptides and CpG-ODN are required for
B16 melanoma control by anti-4.1BB Abs. To further evaluate
immunological memory, some of the mice that rejected their tu-
mors after treatment with Trp2 peptide vaccines plus anti-4.1BB
Abs were re-challenged with B16 cells (68 days after the first treat-
ment). As shown in Fig. 5D, the average rate of tumor growth in the

Fig. 2. Peptide-specific IFN-c responses in animals immunized with the three B16 peptides, pB16 and pSig/B16/LAMP in combination with CpG-ODN or IL-12 cDNA. Each
group (n = 5) of animals was either immunized s.c. with the three B16 peptides, Trp2180–188, Trp1222–229, and gp10025–33 (20 lg each peptide/mouse), with or without CpG-
ODN (20 lg/mouse) at 0 and 2 weeks or injected i.m. with 50 lg of pB16 and pSig/B16/LAMP with or without pIL-12 (10 lg/mouse) at 0 and 2 weeks, followed by IM-EP. The
animals were sacrificed at 4 weeks, and their splenocytes were isolated. The splenocytes were then stimulated in vitro with each of the three peptides. After 3 days of
stimulation, the cell supernatants were collected and measured for IFN-c levels. ⁄p < 0.05 compared to negative control.

Fig. 3. TLR3, 7 and 9 ligands and their effects with Trp2 peptides on induction of Ag-specific IFN-c responses. Each group (n = 5) of animals was immunized s.c. with 20 lg of
Trp2180-188 per mouse in the presence of increasing doses (20, 50 and 100 lg/mouse) of poly (I:C), gardiquimod and CpG-ODN at 0 and 2 weeks in a final volume of 100 ll. The
animals were sacrificed at 4 weeks, and their splenocytes were isolated. The splenocytes were then stimulated in vitro with Trp2180-188 or E7 control peptides. After 3 days of
stimulation, the cell supernatants were collected and the IFN-c levels were measured. ⁄p < 0.05 compared to negative control. ⁄⁄p < 0.05 compared to Trp2 + CpG-ODN (20 lg).
⁄⁄⁄p < 0.05 compared to Trp2 + CpG-ODN (50 lg).
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previously treated mice was significantly lower than that observed
in the control naïve mice. Moreover, four-fifths (4/5) of the
mice that had rejected tumors did not develop tumors after the
re-challenge, indicating that some degree of immunological
memory was generated by treatment with Trp2 peptide vaccines
plus anti-4.1BB Abs. In another set of antitumor therapeutic stud-
ies, 4 of 6 tumor-bearing mice showed complete tumor regression
after combined treatment with Trp2 peptides, CpG-ODN and anti-
4.1BB Abs. Prior to B16 cell re-challenge, however, one mouse died
for unknown reasons. The three remaining tumor-cured mice were
re-challenged with B16 cells at 105 days following the first tumor
cell challenge, along with age-matched naïve mice (Fig. 5E). As
seen in Fig. 5E, the previously tumor-cured mice formed signifi-
cantly smaller tumors over time than naïve control mice. Thus,
the data presented in Fig. 5D and E demonstrates that the com-
bined administration of Trp2 peptide vaccines plus anti-4.1BB
Abs can induce long-term antitumor memory responses to paren-
tal B16 melanoma cells. Moreover, these tumor-cured mice
showed significantly higher percentages (25%) of CD44highCD8+ T
cells (as memory phenotypes), compared to naïve control mice
(14%) (Fig. 5F). Taken together, these data collectively suggest that
additional stimulation of 4.1BB with anti-4.1BB Abs is capable of
augmenting both anti-melanoma therapeutic activity and long-
term antitumor memory responses in this Trp2 peptide vaccine
model.

3.5. Stimulation of 4.1BB with anti-4.1BB Abs is critical for augmenting
Ag-specific CTL activity induced by Trp2 peptide vaccines

We were next interested in testing whether additional stimula-
tion of 4.1BB with anti-4.1BB Abs might be able to augment Ag-
specific CTL activity. To investigate this issue, we injected animals
with Trp2 peptide vaccines (Trp2 peptides plus CpG-ODN) in com-
bination with anti-4.1BB Abs and then evaluated the level of Ag-
specific CTL activity in vivo. At this point, we reduced the number
of immunizations to two, as three immunizations of Trp2 peptide

vaccines resulted in an 82% induction of CTL lytic activity
(Fig. 4D). As shown in Fig. 6A–E, animals injected with Trp2 pep-
tide vaccines showed 44% CTL activity while those with Trp2 pep-
tide vaccines plus anti-4.1BB Abs showed 76% CTL activity, almost
1.5-fold increase in CTL activity following the addition of anti-
4.1BB Abs. In contrast, control mice and mice treated with anti-
4.1BB Abs alone exhibited a background level of CTL activity
in vivo. Thus, these data show that additional stimulation of
4.1BB with anti-4.1BB Abs augments Ag-specific CTL activity to a
dramatic degree in the Trp2 peptide vaccine model.

3.6. Additional stimulation of 4.1BB with anti-4.1BB Abs is important
for increasing the infiltration of Ag-specific CD8+ T cells into the tumor
sites

To determine whether additional stimulation of 4.1BB with
anti-4.1BB Abs might be able to increase the levels of Ag-specific
CD8+ T cell infiltration into the tumor sites, tumor-bearing animals
were treated with Trp2 peptide vaccines (Trp2 peptides + CpG-
ODN) plus anti-4.1BB Abs, after which tumors were excised for
FACS analysis. Fig. 7 shows the infiltration levels of Ag-specific
CD8+ T cells in each tumor, as determined by tetramer staining.
Tumor-bearing animals treated with anti-4.1BB Abs alone showed
a higher degree of Ag-specific CD8+ T cell infiltration into the tu-
mor tissues than negative controls. However, tumor-bearing ani-
mals treated with Trp2 peptide vaccines displayed significantly
more infiltration of Ag-specific CD8+ T cells into the tumor
sites than those treated with anti-4.1BB Abs alone, whereas
tumor-bearing animals treated with Trp2 peptide vaccine plus
anti-4.1BB Abs exhibited significantly more Ag-specific CD8+ T cell
infiltration into the tumor tissues. Immunohistofluorescence stain-
ing further demonstrated that significantly more CD8+ T cells were
present in the tumor tissues of animals treated with Trp2 peptides
vaccines plus anti-4.1BB Abs than those with Trp2 peptides vac-
cines plus control Abs (Fig. 8). Thus, these data demonstrate that

Fig. 4. The effect of Trp2 peptides and CpG-ODN on the induction of Ag-specific CTL activity in vivo and overall antitumor therapeutic activity against large-established
melanomas. (A–D) Each group (n = 5) of animals was immunized s.c. with 20 lg of Trp2 peptides and/or 20 lg of CpG-ODN per mouse in 100 ll of PBS at 0, 1 and 2 weeks. The
animals were tested for in vivo CTL activity at 4 weeks. For this testing, Trp2 peptide-pulsed (CFSE high) and un-pulsed (CFSE low) splenocytes were injected i.v. into the
immunized mice, as described in Section 2. The next day, the mice were sacrificed and the splenocytes were analyzed by FACS to measure the levels of CFSE labeled cells in
each subset. M1, un-pulsed CFSE low population; M2, Trp2-pulsed CFSE high population. A) PBS, B) Trp2 peptides, C) CpG-ODN, D) Trp2 peptide + CpG-ODN. The numbers
inside each figure denote the mean CTL activity and SD. (E) Each group (n = 6–7) of mice was challenged s.c. with 5 � 105 B16 cells per mouse. When tumor sizes reached
approximately 6 mm, the animals were injected s.c. with 100 ll of PBS containing 20 lg of Trp2 peptides per mouse and/or 20 lg of CpG-ODN per mouse at 0,1 and 2 weeks.
Tumor sizes were measured over the entire time course, and mean tumor sizes were recorded. Values and bars represent the mean tumor sizes and the SD, respectively.
⁄p < 0.05 compared to negative control (PBS).
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additional stimulation of 4.1BB with anti-4.1BB Abs allows for
more infiltration of Ag-specific CD8+ T cells into the tumor sites.

4. Discussion

In this study, we observed that, among the tested melanoma
peptides, Trp2180–188 peptides were immunogenic only when co-
injected with the TLR9 ligand, CpG-ODN. This is compatible with
our recent finding that intratumoral treatment of melanoma with
IL-12 cDNA induced Trp2180–188-specific CTL responses, which
eradicated the tumor [30]. This is also consistent with a previous
finding that delivery of liposome-encapsulated Trp2 peptides plus
CpG-ODN allows for better anti-melanoma responses through the
induction of Ag-specific CTL responses [31]. Davila et al. also re-
ported that separate subcutaneous injections of Trp2 peptides
and CpG-ODN are capable of inducing Ag-specific CTL responses
capable of controlling melanoma in a B16 model [32]. In these
models, CpG-ODN likely helps break immune tolerance to self-
Trp2 peptides. CpG-ODN has been known to stimulate dendritic
cells (DCs), causing their activation and maturation to professional
APCs [33]. It also induces DCs to produce IL-12 and enhances their
activation of CTLs [34,35]. Consistent with this, the adjuvant

effects of CpG-ODN on Ag-specific CTL induction have also been
demonstrated in the human papillomavirus 16 E7 protein vaccine
models [36–38]. Despite this positive effect of CpG-ODN, however,
poly (I:C) (TLR5 agonist) and gardiquimod (TLR7 agonist) treat-
ment failed to show any significant effect on Trp2-specific IFN-c
induction in our study. Gardiquimod has been reported to activate
both the innate and adaptive arms of the immune response, and
improve the antitumor effects of tumor lysate-loaded DCs in B16
melanoma [39]. The lack of Trp2-specific immune induction by
gardiquimod in this study was unexpected, but might be explained
by a recent finding that TLR7 stimulation might activate regulatory
T cells, enhancing immune suppression [40]. In our study, Trp2
peptides injected subcutaneously in combination with poly (I:C)
at concentrations as high as 100 lg per mouse failed to show any
effects on the induction of Trp2-specific IFN-c responses. These
data are in contrast with the previous finding that poly (I:C) co-
delivered intravenously with Trp2 peptides and anti-CD40 Abs
can induce potent Trp2-specific CD8+ T cell responses [12]. In view
of this and previous other data, it is highly likely that the delivery
route (e.g., intravenous versus subcutaneous), and the usage of an
antibody might cause the observed differences in the ability of poly
(I:C) to regulate Ag-specific immune responses. However, the exact
reasons for these differences are not yet understood. Furthermore,

Fig. 5. Augmentation of antitumor therapeutic activity and induction of long-term memory antitumor responses by concurrent treatment with Trp2 peptides + CpG-
ODN + anti-4.1BB Abs. (A) Each group (n = 5–6) of mice was challenged s.c. with 5 � 105 B16 cells per mouse. When the tumor sizes reached approximately 7 mm, the animals
were injected s.c. with 20 lg of Trp2 peptide vaccines + 20 lg of CpG-ODN per mouse in a final volume of 100 ll at 0,1 and 2 weeks. The animals were also injected i.p. with
100 lg of anti-4.1BB and control rat Abs at 0, 1 and 2 weeks. The tumor sizes were measured over the entire time course, and mean tumor sizes were recorded. Values and
bars represent mean tumor sizes and the SD, respectively. The numbers in (/) denote the number of mice showing complete tumor regression at 65 days post-treatment/the
number of mice tested. ⁄p < 0.05 compared to Trp2 + CpG-ODN + control Abs. (B) Percentage of mice showing complete tumor regression at 65 days following the first
treatment. The numbers in (/) denote the number of mice showing complete tumor regression at 65 days post-treatment/the total number of mice tested in two separate
studies. (C) Each group (n = 5) of mice was challenged and then tested as shown in Fig. 5A except that either 20 lg of Trp2 peptides or 20 lg of CpG-ODN per mouse were s.c.
injected in a final volume of 100 ll at 0,1 and 2 weeks. The animals were also injected i.p. with 100 lg of anti-4.1BB Abs at 0, 1 and 2 weeks. ⁄p < 0.05 compared to negative
control. (D) Five tumor-cured animals from Fig. 5A were re-challenged s.c. with 1 � 106 B16 cells per mouse at 68 days post-first treatment, along with age-matched naïve
mice (n = 5). Tumor sizes were measured over the time points, and mean tumor sizes were recorded. Values and bars represent mean tumor sizes and the SD, respectively. (E)
In another set of antitumor therapeutic experiments, 4 out of 6 tumor-bearing mice showed complete tumor regression after concurrent treatment with Trp2 peptide + CpG-
ODN + anti-4.1BB Abs. Prior to tumor cell re-challenge, one of the 4 mice died for unknown reasons. Therefore, the remaining 3 tumor-cured mice were re-challenged s.c. with
1 � 106 B16 cells per mouse at 105 days after the first treatment, along with 5 age-matched naïve mice. The numbers in (/) denote the number of mice with tumors at 21–
25 days post-tumor re-challenge/the number of mice tested. ⁄p < 0.05 compared to naive mice. (F) Each group (n = 5) of mice was challenged and then treated as shown in
Fig. 5A. The three animals showing complete tumor regression at 2 months post-treatment were sacrificed, and the inguinal lymph nodes were removed for immune cell
isolation. The isolated cells were analyzed for the levels of CD44highCD8+ T cells using flow cytometry, compared to naïve control animals. The numbers at the top right
indicate the percentage of CD44highCD8+ T cells and the SD, respectively. a, naïve control; b, tumor-cured mice.
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in the present study, animals injected with wild type and lysosomal
targeting DNA vaccines coding for Trp2180–188, Trp1222–229 and
gp10025–33 showed no IFN-c response when their splenocytes were

stimulated in vitro with each of the peptides, even in the presence
of IL-12 cDNA, suggesting that the immune system is still tolerant
of these melanoma self-peptides, in particular Trp2 peptides

Fig. 6. Augmentation of Trp2-specific CTL activity in vivo by concurrent treatment with Trp2 peptides, CpG-ODN and anti-4.1BB Abs. Each group (n = 5) of mice was
immunized s.c. with 100 ll of Trp2 peptide vaccines (20 lg of Trp2 peptide + 20 lg of CpG-ODN) per mouse at 0 and 1 weeks. Animals were also injected i.p. with 100 lg of
anti-4.1BB Abs or control rat Abs at 0 and 1 weeks. After 4 days following the second injection, Trp2 peptide-pulsed (CFSE high) and un-pulsed (CFSE low) spleen cells were
injected i.v. into the treated mice to determine CTL activity, as described in Section 2. On the following day, the mice were sacrificed and the spleen cells were analyzed by
FACS to determine the levels of CFSE labeled cells in each subset. M1, un-pulsed CFSE low population; M2, Trp2-pulsed CFSE high population. (A) negative control, (B) anti-
4.1BB Abs, (C) Trp2 + CpG-ODN + control Abs, (D) Trp2 + CpG-ODN + anti-4.1BB Abs, (E) denotes mean %CTL lytic activity of each test group, and the SD. ⁄p < 0.05 compared to
negative control. ⁄⁄p < 0.05 compared to Trp2 + CpG-ODN + control Abs.

Fig. 7. Increased Infiltration of Trp2-specific CD8+ T cells into the melanoma tissues of tumor-bearing mice following treatment with Trp2 peptide, CpG-ODN and anti-4.1BB
Abs. Each group (n = 5) of mice was challenged s.c. with 5 � 105 B16 cells per mouse. When tumor sizes reached 6-7 mm, the animals were injected with s.c. with 100 ll of
Trp2 peptide vaccines (20 lg of Trp2 peptides + 20 lg of CpG-ODN) per mouse at 0 and 1 weeks. The animals were also treated i.p. with 100 lg of anti-4.1BB Abs and control
Abs at 0 and 1 weeks. After 5 days following the second injection, the animals were sacrificed and the tumors were removed for immune cell isolation, as described in
Section 2. The isolated cells were stained using anti-CD8 and Trp2-tetramer and subsequently analyzed by FACS. (A) Negative control, (B) anti-4.1BB Abs, (C) Trp2 + CpG-
ODN + control Abs, (D) Trp2 + CpG-ODN + anti-4.1BB Abs, (E) denotes %tetramer + CD8+ T cells among total leukocytes in tumor, and the SD. ⁄p < 0.05 compared to negative
control. ⁄⁄p < 0.05 compared to Trp2 + CpG-ODN + control Abs.

196 J.-I. Sin et al. / Cancer Letters 330 (2013) 190–199



Author's personal copy

delivered in a DNA form that maintains immune tolerance and that
additional stimulatory signals might be necessary for immune
induction.

4.1BB stimulation can activate CD8+ T cells and prolong their
life span by inducing the expression of anti-apoptotic molecules,
such as bcl-Xl and Bfl-1 [27,28]. Anti-CD40 Abs and anti-CTLA4
Abs have been previously reported to be effective at modulating
Trp2 peptide vaccine-mediated antitumor immunity in B16 mela-
noma models [12,32]. B16 melanoma tumors are also known to be
eradicated by Ag-specific CD8+ T cells through the perforin/gran-
zyme-mediated tumor cell killing pathway [12,30]. IFN-c is re-
quired for the induction of MHC class I expression, which is
essential for melanoma cell killing by Ag-specific CD8+ CTL
[30,41]. In the present study, we observed that concurrent admin-
istration of anti-4.1BB Abs and Trp2 peptide vaccines (Trp2 pep-
tides plus CpG-ODN) resulted in a 75% complete tumor
regression rate against large established melanoma tumors
(7 mm). However, such an effect was not observed without the
addition of anti-4.1BB Abs. Even with this, we observed that Trp2
peptide plus CpG-ODN were more effective at inhibiting tumor
growth over the time points than either treatment alone. We also
observed that subcutaneous delivery of either Trp2 peptides or
CpG-ODN alone, even in the presence of systemic delivery of
anti-4.1BB Abs, induced no significant tumor growth suppression
in this model, highlighting that the induction of Ag-specific

CD8+ T cells is likely a prerequisite for the observed positive effect
of anti-4.1BB Abs. These findings underscore the notion that, in the
Trp2 peptide model, both combined stimulation of TLR9 with CpG-
ODN and 4.1BB with anti-4.1BB Abs are critical for eliciting a level
of Ag-specific CD8+ CTL activity that can eradicate large estab-
lished tumors. Along with the antitumor effectiveness, we also ob-
served a degree of long-term antitumor memory against parental
B16 melanoma cells in the tumor-cured mice. In parallel with this
antitumor activity, mice injected with Trp2 peptides + CpG-OD-
N + anti-4.1BB Abs displayed dramatically more Ag-specific CTL
activity in vivo than those not treated with anti-4.1BB Abs. Simi-
larly, tumor-bearing animals treated with Trp2 peptides + CpG-
ODN + anti-4.1BB Abs displayed dramatically more infiltration by
Ag-specific CD8+ T cells into the tumor sites than those not treated
with anti-4.1BB Abs. Therefore, it is likely that animals can break
immune tolerance to a self-antigen, Trp2, when co-injected with
Trp2 peptides plus CpG-ODN through TLR9 stimulation of APCs
and can then induce Trp2-specific CD8+ T cells. These Trp2-specific
CD8+ T cells are then likely further activated by the addition of
agonistic anti-4.1BB Abs through 4.1BB signaling. This notion is
further supported by our in vitro data, which show that when im-
mune cells from animals immunized with Trp2 peptides plus
CpG-ODN were stimulated in vitro with Trp2 peptides, but not with
control E7 peptides, they induced IFN-c production in an anti-
4.1BB antibody dose-dependent fashion (data not shown). It is also

Fig. 8. Increased infiltration of CD8+ T cells into the melanoma tissues of tumor-bearing mice following treatment with Trp2 peptide, CpG-ODN and anti-4.1BB Abs. Each
group (n = 5) of mice was challenged with B16 cells and treated as shown in Fig. 7. After 5 days following the second injection, the animals were sacrificed and the tumors
were removed for immunohistofluorescence staining (200�), as described in Section 2. Asterisks indicate CD3 and CD8 double positive T cells. (A) Negative control, (B) anti-
4.1BB Abs, (C) Trp2 + CpG-ODN + control Abs, (D) Trp2 + CpG-ODN + anti-4.1BB Abs.
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possible that the augmentation of antitumor therapeutic activity
by anti-4.1BB Abs might be associated with the suppressive func-
tions of regulatory T cells by anti-4.1BB Abs. This notion is sup-
ported by the recent finding [42].

In summary, our data showed that combined stimulation of
TLR9 with CpG-ODN and 4.1BB with anti-4.1BB Abs is essential
for achieving Trp2 peptide vaccine-mediated melanoma eradica-
tion. This effect appeared to be mediated by the increased induc-
tion of Ag-specific CTLs and their subsequent infiltration into the
tumor sites. Therefore, these results indicate that peptide vaccina-
tion of tumor-bearing mice, in combination with a strong adjuvant
and 4.1BB stimulation, is capable of eliciting potent antitumor CTL
responses that lead to tumor regression. These findings could have
clinical implications with regard to designing peptide-based ther-
apeutic vaccines for patients with cancer.
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