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Human telomerase reverse transcriptase (hTERT) represents an
attractive target for cancer immunotherapy because hTERT is
reactivated in most human tumors. In an attempt to develop an
effective vaccine against most human cancers, we constructed che-
motactic-hTERT vaccine. Two hTERT fragments encoding multi-
ple cytotoxic T lymphocyte and T helper cell epitopes were fused
as a tumor antigen (named Te). The plasmid based DNA vaccine
(pCCL21-Te-Fc) was constructed by linking human CCL21 and
IgG Fc gene sequences to each end of Te. In poorly immunogenic
B16F10 mouse melanoma model, DNA (pCCL21-Te-Fc) vaccina-
tion significantly inhibited tumor growth and all of the mice were
dead by day 52. The immunization with pCCL21-Te-Fc-modified
tumor cells (B16/CCL21-Te-Fc) resulted in a higher antitumor
effect than DNA vaccination and 25% of tumor-bearing mice
achieved long-term survival (>120 days). The combined therapy
of B16/CCL21-Te-Fc plus anti-4-1BB MAbs further enhanced the
immune response, resulting in 75% of tumor-bearing mice
achieved long-term survival (>120 days) in subcutaneous model
and few lung nodules in pulmonary metastasis model. Rechallenge
experiment showed that a persistent memory response was success-
fully induced by the combined therapy. In vivo depletion of lym-
phocytes indicated that CD81 T cells were essential in the antitu-
mor activity induced by B16/CCL21-Te-Fc plus anti-4-1BB MAbs,
whereas NK cells and CD41 T cells played substantial roles. The
CTL activity induced by pCCL21-Te-Fc-transfected PBMCs spe-
cifically lysed a variety of human leukocyte antigen-matched and
hTERT-positive human tumor cells, suggesting pCCL21-Te-Fc
could serve as a vaccine against most human cancers.
' 2006 Wiley-Liss, Inc.
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Tumor associated antigens (TAAs) are candidate targets for T-
cell mediated destruction of tumor cells.1 Although the discovery
of human TAAs has revitalized efforts to develop antigen-specific
vaccines and adoptive T-cell immunotherapy, most antigens (Ags)
display tissue-specific expression and thus can be used only
against defined malignancies. Human telomerase reverse tran-
scriptase (hTERT) is highly expressed in >85% of human cancers
derived from various histological origins, whereas its expression
in normal adult tissues is extremely limited.2 In addition, the risk
of Ag escape by genetically instable tumors may be reduced when
targeting hTERT Ag in a vaccination setting because hTERT ac-
tivity is essential for maintaining the proliferation capacity of tu-
mor cells.3 Therefore, hTERT may represent a better target against
a broad range of tumors than other self-Ags such as MART-1,
NY-ESO-1, gp100 and proteins of the MAGE family.4 Recent
analyses on the immunogenicity of hTERT have convincingly
shown its capability to activate tumor-specific T cells in healthy
donors and cancer patients.3,5,6 Dendritic cells (DCs) pulsed with
the human leukocyte antigen (HLA)-A2-restricted hTERT peptide
540–548 stimulated specific CTL responses in advanced cancer
patients, but the antitumor effect was limited.6 Several ways have
been proposed to improve the potency of hTERT-based vaccine,
such as the utilization of major histocompatibility complex

(MHC) class I restricted hTERT peptides in combination with T
helper cell (Th) epitopes to activate both CD41 and CD81 lym-
phocytes,7 DCs transfected with chimeric hTERT transcripts con-
taining the lysosomal targeting signal of lysosome-associated
membrane protein-1 to direct hTERT Ag processing into the class
II pathway.3

Evidences are accumulating that chemokines play an integral
role in the initiation of a specific immune response, so one of the
strategies to improve the hTERT-based vaccine potency is to link
hTERT with chemokine. The secondary lymphoid tissue chemo-
kine/CC chemokine ligand 21 (CCL21) found on high endothelial
venules and within the T-cell zones of both spleen and lymph
nodes is a chemotactic factor for DCs, naive T cells, B cells as
well as NK cells.8–11 Thus it may increase the probability of the
colocalization of an antigen presenting DC with its cognate T
cells, and facilitate activation and priming of immune responses.
Moreover, it has the function of costimulating expansion of CD41

and CD81 T cells and inducing Th1 polarization.12 Investigations
have shown that CCL21 could increase the number of infiltrating
T cells and mediate delayed tumor growth in animal models.10,12

Another promising strategy to improve the vaccine potency is to
link hTERT with IgG Fc. DCs express the receptors for the Fc por-
tion of IgG (FcgRs), which mediate internalization of Ag–IgG com-
plexes and promote efficient MHC-restricted Ag presentation. This
process is 1,000–10,000-fold more efficient than pinocytosis.13,14

The interaction of Fc with FcgRs also activates DCs by upregulat-
ing surface molecules and cytokines involved in Ag presentation.13–
15 Our previous study suggested the incorporation of the IgG Fc
fragment into the tumor vaccine enhanced the immunogenicity.16

In adoptive immunotherapy, the outcome of therapy is related
not only to the number of effector T cells transferred but also to
the length of time the transferred T cells survive in vivo. There-
fore, any conjunctional regimen of treatment that will promote
in vivo expansion and survival of the specific T cells will likely
improve therapeutic efficacy. As a member of the tumor necrosis
factor receptor superfamily, 4-1BB is expressed on the surface of
activated T cells,17 NK cells,18 monocytes19 and DCs.20 Anti-4-
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1BB monoclonal antibodies (MAbs) can stimulate the prolifera-
tion of antigen-activated CD81 T lymphocytes, and increase the
CTL activity and production of the cytokines of the Th1 type.17

Most important is that 4-1BB signaling can inhibit activation-
induced T-cell death.21 It is apparent that anti-4-1BB administra-
tion could provide potent in vivo costimulation of cellular immune
responses and might be a useful immune adjuvant to costimulate
T-cell mediated antitumor immune response.

In this study, we investigated whether CCL21 and IgG Fc could
cooperatively enhance the potency of hTERT-based vaccine and
evaluated the immune responses induced by DNA vaccine and
modified tumor cell vaccine. Given the potential benefit of anti-4-
1BB MAbs in enhancing the immune response, we also tested the
effect of this costimulatory signal in combination with the modi-
fied tumor cell vaccine. Our results demonstrated that CCL21 and
Fc synergistically enhanced the immunogenicity of hTERT-based
vaccine. The immune response induced by the modified tumor
cells immunization was more effective than that induced by DNA
vaccination. Moreover, there was an additive effect from combin-
ing modified tumor cell vaccine with anti-4-1BB MAbs, which
resulted in significant tumor delay in animal model.

Material and methods

Cell lines

Mouse melanoma cell line B16F10 (B16) was kindly provided by
Dr. L.P. Chen (The Johns Hopkins University School of Medicine,
Baltimore, MD). Among the human tumor cell lines used, MCF-7
(breast cancer, HLA-A*02011 hTERT1) was provided by Dr. X.Y.
Qiu (Peking University, Beijing, People’s Republic of China); SK-
BR3 (breast cancer, HLA-A*02012 hTERT1), SK-OV-3 (ovarian
cancer, HLA-A*02011 hTERT1), LNCap (prostate cancer’HLA-
A*02011 hTERT1) and PC-3M (prostate cancer, HLA-A*02012

hTERT1) were also kindly provided by Dr. L.P. Chen; U2OS (os-
teosarcoma, HLA-A*02011 hTERT2) was obtained from the type
culture collection of Chinese Academy of Medical Sciences; and
the TAP1/2 mutant T2 cell was a gift from Dr. W.F. Chen (Peking
University, Beijing, People’s Republic of China). All cell lines were
cultured in RPMI 1640 medium (Gibco-BRL) supplemented with
10% FCS (heat-inactivated, complete medium).

Plasmid constructs

pcDNA3f was derived from pcDNA3.1 (Invitrogen Life Tech-
nologies, Carlsbad, CA), in which the multiple cloning sites were
altered. pcDNA3f-sig and pcDNA3f-sig-Fc containing the signal
sequence of human CCL21 (abbreviated as sig) were constructed
as previously described.16 pcDNA3f-CCL21 and pcDNA3f-
CCL21-Fc were provided by Dr. H.J. Qin (Chinese Academy of
Medical Sciences, Beijing, People’s Republic of China), which
were constructed by inserting the sequence of human CCL21 or
CCL21-Fc into pcDNA3f, respectively.

The fragments of hTERT were synthesized by successive PCR
with the following primers.

primer S1-GAATTCCGTTCCCTGCTTCGGAGCCACTAC-
CGCGAGGTGCTC

primer S2-CACTACCGCGAGGTGCTCCCGCTGGCCACG-
TTCGTGCGGCGCCTGGGTCCTCAAGGCTG

primer S3-GCCTGGGTCCTCAAGGCTGGCGGCTGGTTC-
AGCGTGGCGATCCGGCGGCTTTCCGT

primer S4-CGATCCGGCGGCTTTCCGTGCGCTGGTGGC-
CCAGGAACTGCTCGGGTCTTTC

primer S5-GGAACTGCTCGGGTCTTTCTTTTATGTCAC-
GGAGACCACGTTTCAAAAGAACAGGCTC

primer S6-GAATTCGCACAATGACCCGTTCCCTGCTTC-
GGAGCCAC

primer A1-GCTTTGCAGCTTGCTCCAGACACTCTTCCG-
GTAGAAAAAGAGCCTGTTCTTTTGAAAC

primer A2-CCGCAGTTGCACCCTCTTCAAGTGCTGTCT-
GATTCCAATGCTTTGCAGCTTGCTCCAG

primer A3-GGCTTCCCGATGCTGCCTGACCTCTGCTTC-
CGACAGTTCCCGCAGTTGCACCCTCTTC

primer A4-GATGAAGCGGAGTCTGGACGTCAGCAGGGC-
GGGCCTGGCTTCCCGATGCTGCCTG

primer A5-GATATCAATCGGCCGCAGCCCGTCAGGCTT-
GGGGATGAAGCGGAGTCTGGAC

primer A6-GATATCTCAAATCGGCCGCAGCCCGTC

Primers were assembled by successive PCR using 10 ng of inner
primers (S2–S5, A1–A4) and 200 ng of external primers (S1 and
A5), which contained suitable restriction cleavage sites for cloning.
The condition of PCR for hTERT synthesis was described as the
following: first 94�C 30 sec, 65�C 40 sec, 72�C 90 sec; 5 cycles and
then 94�C 30 sec, 70�C 40 sec, 72�C 60 sec; 25 cycles. The product
of the successive PCR was 378bp. A stop codon was added to 3-
end of the 378bp hTERT fragment with the primers S1 and A6. The
hTERT fragment with a stop codon (381bp) was digested with
EcoRI and EcoRV restriction enzymes, and then cloned into the
corresponding sites of pcDNA3f-sig (pC) and pcDNA3f-CCL21
(pCCL21) to generate pcDNA3f-sig-Te (psTe) and pcDNA3f-
CCL21-Te (pCCL21-Te), respectively (Fig. 1). The hTERT frag-
ment without a stop codon (378bp) was also digested with EcoRI
and EcoRV and inserted into pcDNA3f-sig-Fc (pFc) and pcDNA3f-
CCL21-Fc (pCCL21-Fc) to generate pcDNA3f-sig-Te-Fc (pTe-Fc)
and pcDNA3f-CCL21-Te-Fc (pCCL21-Te-Fc), respectively (Fig. 1).
An initiation codon was added to the 381 bp hTERT fragment with
the primers S6 and A6. After digestion with EcoRI and EcoRV, the
DNA product was cloned into the corresponding sites of pcDNA3f
to generate pcDNA3f-Te (pTe) (Fig. 1). All recombinant constructs
were confirmed on a DNA sequencer (ABI3730, PE Applied Bio
Systems, Beijing, P.R. China) to ensure the integrity of the reading
frame in these fusion constructs.

Cell transfection

Tumor cells were transfected with plasmid DNA by lipofection
using Lipofectamine Plus reagent (Invitrogen Life Technologies)
according to the manufacturer’s protocol and grown in the pres-
ence of selective antibiotics G418 (800lg/ml, Invitrogen Life
Technologies). The positive clones were selected by limiting dilu-
tions in 96-well plates. B16/CCL21, B16/Fc, B16/sTe, B16/
CCL21-Te, B16/CCL21-Fc, B16/Te-Fc and B16/CCL21-Te-Fc
which could express secreted fusion proteins were obtained by sta-
bly transfecting B16 tumor cells with pCCL21, pFc, psTe,
pCCL21-Te, pCCL21-Fc, pTe-Fc and pCCL21-Te-Fc, respec-
tively. B16 and U2OS were transfected with pTe, respectively to
get B16/Te and U2OS/Te. As a control, B16 was transfected with
empty vector (pC) to create B16/C. Reverse transcription PCR

FIGURE 1 – Construction of the recombinant vectors. The hTERT
fragment with a stop codon was digested with EcoRI and EcoRV
restriction enzymes, and then cloned into the corresponding sites of
pcDNA3f-sig and pcDNA3f-CCL21 to generated psTe and pCCL21-
Te, respectively. The hTERT fragment without a stop codon was
digested by EcoRI and EcoRV and inserted into pcDNA3f-sig-Fc and
pcDNA3f-CCL21-Fc to generate pTe-Fc and pCCL21-Te-Fc, respec-
tively. The hTERT fragment with the initiation codon and stop codon
was inserted into pcDNA3f to generate pTe. CMV, the promoter of
pcDNA3f. n, the signal sequence of human CCL21.
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and western blots were used to confirm the expression of the trans-
genes in these positive clones.

Chemotaxis assays

Human PBMCs were isolated from heparinized blood of HLA-
A*02011 healthy donor by Ficoll-Hypaque density gradient cen-
trifugation. The chemotactic responses of CCL21 to human
PBMCs and mouse splenocytes were examined by using a chemo-
taxis microchamber technique (48-well Boyden microchamber;
Neuro Probe, Beijing, P.R. China). The transfected tumor cells
were cultured in RPMI 1640 with 10% FCS for 48 hr, and then the
culture supernatants were harvested and added to the lower wells
of the microchemotaxis chamber. Human PBMCs or mouse sple-
nocytes were applied to the upper wells of the chamber at
106 cells/well in 50 ll RPMI 1640 containing 10% FCS, with a
standard 5-lm pore polyvinylpyrrolidone-free polycarbonate filter
separating it from the lower wells. After incubation for 4 hr at
37�C, nonmigrated cells were removed from the upper well and
the upper membrane was wiped, then the membrane was fixed in
70% methanol and stained with Giemsa. The number of cells that
had migrated was counted in 10 random high-power fields (2003
magnification). The results were expressed as the fold increases in
cells migrating in response to chemoattractant versus the negative
control (chemotaxis index). All samples were pretreated in tripli-
cate and the experiments were repeated a minimum of 3 times.

Therapeutic study with DNA vaccination or gene-modified
tumor cells vaccination

Female C57BL/6 mice, 6–8 weeks of age were purchased from
the Experimental Animal Institute of Peking Union Medical Col-
lege. All animal procedures were done according to the approved
protocols and in accordance with recommendations for the proper
use and care of laboratory animals. To establish local tumor, 5 3
104 B16/Te cells expressing hTERT in 100 ll PBS were s.c. ino-
culated at the right flank back of recipient mice on day 0. The
DNA vaccination or gene-modified tumor cells vaccination were
done on days 5, 10 and 15. Tumor growth was monitored every
2–3 days by palpation, and tumor size was measured in 2 perpen-
dicular tumor diameters as described previously.16 For DNA vac-
cination, the Helios gene gun system (Bio-Rad, Hercules, CA)
was used for intradermal gene delivery. Bullets containing 1.25 lg
of DNA/shot were generated according to the manufacturer’s pro-
tocols. For genetically modified tumor cells vaccination, the modi-
fied tumor cells (106 cells/ml) were pretreated with mitomycin-C
(80 lg/ml) for 45 min and then washed with PBS for 3 times. The
mice were s.c. vaccinated at the left flank back with 1.5 to 2 3 106

the pretreated tumor cells.

To study the therapeutic effects of the combination treatment,
mice were s.c. inoculated with 5 3 104 B16/Te tumor cells at the
right flank on day 0, then immunized s.c. with 1.5 to 2.0 3 106 the
modified tumor cells pretreated with mitomycin-C on days 7 and
11. On days 8, 11 and 14, 100 lg of anti-4-1BB (clone 2A, kindly
provided by Dr. L.P. Chen) or control rat Ig was given intraperito-
neally (i.p.) in 500 ll of PBS. In the pulmonary metastasis model,
mice were infused 1 3 105 B16/Te cells in 100 ll of PBS via tail
vein on day 0, and then treated as mentioned earlier. On day 23,
all mice were sacrificed and tumor nodules more than 0.5 mm in
diameter were counted on the lung surface.

In vitro cytotoxicity assay
Female C57BL/6 mice were s.c. challenged with 5 3 104 B16/

Te cells in the right flank back on day 0, then s.c. immunized with
the gene-modified tumor cells pretreated with mitomycin-C. Ten
days after the last booster, splenocytes from the immunized mice
were prepared as effector cells. Cytotoxicity assays were per-
formed using a CytoTox 961 NonRadioactive Cytotoxicity Assay
kit (Promega, Madison, WI) according to the manufacturer’s
instructions. The ratio of effector cells to target cells were 10:1,
20:1 and 40:1 (tested in triplicate).

In vivo depletion of lymphocytes by MAbs
CD41 T cells and CD81 T cells depletion in vivo were per-

formed by administering anti-CD4 (GK1.5) and anti-CD8 (2.43)
ascites fluids, which were generated by injection of hybridoma
cells into pristane-primed nude mice i.p. The ascites fluids
(100 ll) were administered i.p. every other day for 3 times prior to
the first vaccination, then the administration continued twice per
week until sacrifice. For depletion of NK cells, polyclonal rabbit
antiasialo GM1 antibody (200 lg/mouse) (Wako, Tokyo, Japan)
was i.p. injected into the mice every day for 5 consecutive days
before the first vaccination, then the administration continued in
3-day intervals until sacrifice. Control Ig was used in the same
way. Antibody treatment resulted in >97% depletion of specific
lymphocytes subsets of representative animals by flow cytometry
(Becton Dickinson, Mountain View, CA).

Generation of HLA-A*0201-restricted and hTERT-specific
CTL from human PBMCs

Human PBMCs, isolated from heparinized blood of HLA-
A*02011 healthy donor by Ficoll-Hypaque density gradient cen-
trifugation, were stimulated at 1 3 106 cells/ml with 10 lg/ml
LPS for 24 hr. The activated PBMCs were washed twice with se-
rum-free RPMI 1640 and transfected with pCCL21-Te-Fc and pC,
respectively. Nontansfected PBMCs were cocultured with trans-
fected PBMCs in the presence of human recombinant IL-2 (hrIL-2)
(25 U/ml). Cultures and cytokines were refreshed on days 3 and 6.
On day 7, PBMCs were restimulated under the same conditions as
the initial stimulation. The stimulated HLA-A*02011 PBMCs
were harvested on day 14 and used as effector cells in cytotoxicity
assay. Cytotoxicity assays were performed using a CytoTox 961

NonRadioactive Cytotoxicity Assay kit (Promega, Madison, WI)
according to the manufacturer’s instructions. T2, MCF-7, SK-OV-

FIGURE 2 – Chemotactic attraction of lymphocytes from (a) human
PBMCs and (b) mouse spleen by culture supernatants of the geneti-
cally modified tumor cell. Chemotactic activity of the culture superna-
tants from B16 cells transfected with pCCL21-Te-Fc, pCCL21-Te,
pCCL21-Fc, pCCL21, psTe, pTe-Fc, pFc and pC, respectively were
measured as the fold increases in lymphocytes migrating in response
to chemoattractant versus negative control (chemotaxis index). *p <
0.05 relative to B16/C by Students paired t-test.
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3, SK-BR3, PC-3M, LNCap, U2OS/Te and U2OS cells were used

as target cells and cocultured with effector cells at a ratio of 1:15,

1:30 and 1:60 (tested in triplicate).

Statistical analysis

Statistical significance of difference between the 2 groups was
determined by applying Student’s paired t-test. The Kaplan-Meier

FIGURE 3 – Induction of the therapeutic anti-tumor immunity by DNA vaccination. C57BL/6 mice were s.c. challenged with 5 3 104 B16/Te
or B16 on day 0 (n 5 8). Then the mice were s.c. vaccinated with DNA vaccine by gene gun inoculation on days 5, 10 and 15. The vaccination
of pCCL21 1 psTe 1 pFc was pCCL21, psTe and pFc simultaneously injected by gene gun at the same site. (a) Tumorigenic growth was moni-
tored every 2 days by palpation, and the size of tumor was measured with calipers. The values represent mean 6 SE of tumor volume (mm3) of
8 mice. (b) Survival was monitored over time after tumor inoculation, and the median survival time (MST; in days) was determined. *p < 0.05
for pCCL21-Te-Fc(vs. B16/Te)vaccination versus all other groups by log-rank test.
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plot for survivals was assessed for significance using the log-rank
test (SPSS 12.0). A value of p < 0.05 was considered significant.

Results

Construction of DNA plasmids and characterization
of the genetically modified tumor cells

The cDNA of hTERT (GenBank accession no. AB085628) was
analyzed by peptide-motif scoring system (http://bimas.dcrt.nih.
gov/molbio/hla_bind/ or http://www.syfpeithi.de/) to select epi-
topes that could potentially bind to HLA class I or class II mole-
cules. Two fragments encoding multiple CTL and Th epitopes
were selected. One locates from 31bp to 159bp and the other is
from 1663bp to 1899bp. The 2 fragments were synthesized into 1
by successive PCR. To avoid generating new epitope when the 2
fragments fused, the fourth amino acid (R) in the second fragment
was mutated to G according to the peptide-motif scoring system
mentioned above. The PCR product with a stop codon (381bp) was
inserted into pcDNA3f-sig (pC) and pcDNA3f-CCL21 (pCCL21) to
generate pcDNA-sig-Te (psTe) and pcDNA3f-CCL21-Te (pCCL21-

Te), respectively (Fig. 1). The recombined plasmids pcDNA3f-sig-
Te-Fc (pTe-Fc) and pcDNA3f-CCL21-Te-Fc (pCCL21-Te-Fc) were
constructed by inserting the hTERT fragment without a stop codon
(378bp) into pcDNA3f-sig-Fc (pFc) and pcDNA3f-CCL21-Fc
(pCCL21-Fc), respectively (Fig. 1). The plasmid pcDNA3f-Te
(pTe) was constructed by inserting the hTERT fragment with the
initiation condon and stop condon into pcDNA3f (Fig. 1). B16 tu-
mor cells were transfected with plasmids of pC, psTe, pCCL21,
pFc, pCCL21-Te, pCCL21-Fc, pTe-Fc and pCCL21-Te-Fc to cre-
ate the following stable cell lines of B16/C, B16/sTe, B16/CCL21,
B16/Fc, B16/CCL21-Te, B16/CCL21-Fc, B16/Te-Fc and B16/
CCL21-Te-Fc, respectively. U2OS/Te and B16/Te were created
by stably transfecting pTe into U2OS and B16, respectively,
which expressed the nonsecreted hTERT. The gene-modified tu-
mor cells and their parental cells had similar cell proliferation in
vitro and the tumorigenicity of B16/Te was identical with that of
B16 (data not shown).

The expression of recombinant fusion proteins in the transfected
cells was confirmed by RT-PCR and western blots analysis (data

FIGURE 4 – Induction of the
therapeutic antitumor immunity by
vaccination with modified tumor
cells. C57BL/6 mice were s.c.
challenged with 5 3 104 B16/Te
on the right flank back on day 0,
then the mice were s.c. vaccinated
with modified tumor cells pre-
treated by mitomycin-C on the left
flank back on days 5, 10 and 15
(n 5 8). (a) Tumorigenic growth
was monitored twice per week by
palpation, and the size of tumor
was measured with calipers. The
values represent mean 6 SE of tu-
mor volume (mm3) of 8 mice. (b)
Survival of mice per treatment
group. *p < 0.001 relative to a
group vaccinated with B16/C by
log-rank test.
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not shown). To test whether the expressed human CCL21 were
functional for human and mouse lymphocytes, the culture super-
natants of the modified tumor cells were harvested 48 hr later and
assessed for their ability to induce lymphocytes migration in vitro.
As shown in Figure 2, supernatants from B16/CCL21, B16/
CCL21-Te, B16/CCL21-Fc and B16/CCL21-Te-Fc attracted both
mouse lymphocytes and human PBMCs at a similar level. How-
ever, the supernatants from B16/sTe, B16/Te-Fc, B16/Fc and B16/
C had no significant chemotactic response either to human PBMCs
(Fig. 2a) or to mouse lymphocytes (Fig. 2b). These results demon-
strated that the human CCL21 in all of our constructs was func-
tional and had the similar ability to attract human and mouse lym-
phocytes. Moreover, the chemotactic activity of the secreted pro-
tein CCL21-Te-Fc was same to that of CCL21 in the animal
model (data not shown).

Antitumor activity induced by DNA vaccination

To assess whether CCL21 and Fc could cooperatively enhance
the therapeutic effect of the hTERT-based vaccine, C57BL/6 mice
were vaccinated with pC, psTe, pCCL21, pFc, pCCL21-Te,
pCCL21-Fc, pTe-Fc, pCCL21-Te-Fc and pCCL21 1 psTe 1 pFc,
respectively by gene gun inoculation on days 5, 10 and 15 after tu-
mor challenge. Measurements of tumor growth indicated that the
antitumor effects induced by DNA vaccination with pCCL21, psTe,
pFc, pCCL21-Fc and pCCL21-Te, respectively were limited and all
of the mice were dead within 34 days (Fig. 3). The mice vaccinated
with pTe-Fc had partially reduced tumor growth (Fig. 3a) and sur-
vived until day 42, the median survival time (MST) was 37 days
(Fig. 3b). This result was in agreement with our previous study that
vaccination with antigen conjugated to the Fc increased the antitu-
mor effect.16 The mice vaccinated with pCCL21-Te-Fc had the
lowest average tumor volumes compared with those treated with
the other DNA vaccines. The mice survived 52 days and the MST
was 43 days (Fig. 3b). These results indicated that vaccination with
pCCL21-Te-Fc could induce the strongest antitumor effect. Addi-
tionally, the antitumor effect induced by pCCL21 1 psTe 1 pFc
was similar to that induced by psTe (p 5 0.7344, by log rank test;
Fig. 3b), implying that the expression of CCL21 and Fc with Te as
a fusion protein is necessary to generate optimal immunity. To test
whether hTERT was the main contributor to the antitumor response,
we treated mice with B16 tumor cells. As shown in Figure 3,
pCCL21-Te-Fc vaccination had no effect on the tumor growth and
the mice survival in B16 tumor mode, suggesting that the antitumor
immune response induced by pCCL21-Te-Fc vaccination might be
specifically against hTERT.

Antitumor activity induced by genetically modified tumor cells

Although CCL21 and Fc synergistically enhanced the immuno-
genicity of hTERT-based DNA vaccine, no mice had a complete
tumor regression. To achieve more effective antitumor response,
the tumor-bearing mice were s.c. vaccinated with gene-modified
tumor cells pretreated with mitomycin C on days 5, 10 and 15. As
shown in Figure 4a, tumor growth was significantly inhibited in
mice vaccinated with B16/CCL21-Te-Fc, whereas tumors grew
progressively in other groups. On day 60, 50% of mice in the B16/
CCL21-Te-Fc-treated group survived, while mice in the other
groups were dead. On day 120, there were 25% of mice in this
group (2/8 animals) achieved long-term survival with complete tu-
mor regression (Fig. 4b). As shown in Figure 5, the CTL activity
induced by B16/CCL21-Te-Fc was higher than others, which was
consistent with the antitumor activity shown in B16/Te bearing
mice (Fig. 4). Collectively, the chemotactic-hTERT modified tu-
mor cell vaccine (B16/CCL21-Te-Fc) induced a stronger antitu-
mor response than other vaccines.

Antitumor activity induced by the combined action of
chemotactic-hTERT modified tumor cell vaccine
with anti-4-1BB costimulation

The earlier studies stated that the administration of anti-4-1BB
MAbs could promote the effective immune responses by priming

and expanding CD81 T cell repertoire.17,21 Our preliminary study
confirmed the synergism between anti-4-1BB and DNA vaccines
in generating antitumor effects. Although pCCL21-Te-Fc plus
anti-4-1BB induced the stronger immune response than other con-
trols, the response was not sufficient to retard tumor growth and
no mice achieved long-term survival with completed tumor
regression (data not shown). So we decided to evaluate whether
the modified tumor cell vaccine plus anti-4-1BB MAbs would
result in a more effective antitumor response. Mice were s.c. ino-
culated with tumor cells on day 0, then vaccinated s.c. with modi-
fied tumor cells pretreated with mitomycin-C on days 7 and 11,
and anti-4-1BB MAbs or control rat Ig was administrated i.p. on
days 8, 11 and 14. As illustrated in Figure 6a, the combination of
B16/CCL21-Te-Fc and anti-4-1BB MAbs resulted in the greatest
reduction of tumor growth and significant improvement of the
mice survival as shown in Figure 6b. On day 120, 75% of mice in
this group (6/8 animals) achieved long-term survival with com-
plete tumor regression. In addition, we also compared the immune
responses induced by B16/CCL21-Te-Fc plus anti-4-1BB with
that induced by B16/Te-Fc plus anti-4-1BB to further make sure
the potency of CCL21 in the antitumor immune response. Data in
Figure 6c showed that the treatment with B16/Te-Fc plus anti-4-
1BB delayed tumor growth less effectively compared with B16/
CCL21-Te-Fc alone or B16/CCL21-Te-Fc plus anti-4-1BB, and
all mice dead within 64 days (Fig. 6d). This result suggested that
CCL21 was necessary to be included into the modified tumor vac-
cine to induce a long-term antitumor response.

We further evaluated the antitumor effect of B16/CCL21-Te-Fc
plus anti-4-1BB in cytotoxicity assay and pulmonary metastasis
model, respectively. Tumor-bearing mice were treated as men-
tioned in Figure 6a, and 10 days after the last booster, splenocytes
from the immunized mice were prepared as effector cells. As

FIGURE 5 – The CTL activities induced by modified tumor cells
vaccination in the therapeutic study against B16/Te targets. C57BL/6
mice were treated as Figure 4 described (n 5 3). Ten days after the
last immunization, splenocytes were prepared as effector cells.
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shown in Figure 6e, significantly higher CTL activity was ob-
served in mice treated with B16/CCL21-Te-Fc plus anti-4-1BB
MAbs compared with the use of either reagent alone. In pulmo-
nary metastasis model, mice were inoculated with 1 3 105 B16/Te
cells via tail vein on day 0 and then treated as described in Figure
6a. All mice were sacrificed to enumerate the number of lung tu-
mor nodules on day 23. As is evident in Figure 6f, the B16/
CCL21-Te-Fc vaccination dramatically reduced the tumor
nodules in the lung, and the combination with anti-4-1BB treat-
ment further reduced lung metastasis. All of these results sug-
gested that there was an additive effect from combining B16/
CCL21-Te-Fc vaccination and anti-4-1BB, resulting in significant
antitumor response.

To evaluate the persistent protective effect of the combined ther-
apy, the survivors with complete tumor regression in Figure 6a
and the na€ıve control mice were s.c. rechallenged with 105 B16/Te
tumor cells on day 120 after the initial tumor inoculation. No mice
from the group treated with B16/CCL21-Te-Fc and anti-4-1BB
developed tumors after an additional 60 days. In contrast, 50%
of the mice from the group treated with B16/CCL21-Te-Fc plus con-
trol Ig developed tumor (Fig. 7). The observation of long-term
immunity implies that B16/CCL21-Te-Fc plus anti-4-1BB may
successfully mediate the development of persistent memory immune
response.

Involvement of CD81, CD41 T cells and NK cells in tumor
regression in vivo
We next sought to identify the effector cells involved in the tu-

mor rejection response associated with the combination therapy
by depleting NK cells, CD41 T cells and CD81 T cells, respec-
tively. We carried out in vivo depletion of leukocyte subsets on
day 2 after tumor challenge in subcutaneous tumor model. As
shown in Figure 8a, the CTL activity induced by the treatment of
B16/CCL21-Te-Fc plus anti-4-1BB was completely abrogated by

FIGURE 7 – Evaluation of persistent antitumor response. The tumor-
free mice from B16/CCL21-Te-Fc 1 Ig-treated group (n 5 2) or B16/
CCL21-Te-Fc 1 anti-4-1BB-treated group (n 5 5) were s.c. rechal-
lenged with 105 B16/Te cells on day 120 after the initial tumor inocu-
lation. As a control, na€ıve mice were treated in the same way (n 5 5).
Tumor incidence was monitored over time after tumor inoculation.

FIGURE 8 – Assessment of involvement of NK cells, CD41 and
CD81 T cells in antitumor effect. Animals were s.c. challenged with
5 3 104 B16/Te cells on day 0, then treated with B16/CCL21-Te-Fc
or B16/C plus anti-4-1BB (n 5 4) as Figure 6a described. Cell subsets
were depleted by the injection of GK1.5 (for CD41 T cells), 2.43 (for
CD81 T cells) ascites fluids (100 ll/mouse) on days 2, 4 and 6, then
twice a week before killing. For NK cells depletion, asialo-GM1 anti-
bodies (200 lg/mouse) were injected for 5 consecutive days beginning
on day 2, then twice a week before killing. The control Ig was injected
in the same way. (a) Abrogation of CTL-mediated cytotoxicity. (b)
The s.c. tumor size was measured twice per week.

FIGURE 6 – Evaluation of the combination therapeutic effect on established tumor. C57BL/6 mice were inoculated s.c. with 5 3 104 B16/Te
tumor cells on day 0 and were treated with modified tumor cells immunization on days 7 and 11 followed by either rat Ig or anti-4-1BB MAbs
administration (i.p.) on days 8, 11 and 14. (a) Data were reported as the average tumor volumes 6SE of 8 mice per group that vaccinated with
B16/CCL21-Te-Fc or B16/C followed by either Ig or anti-4-1BB treatment. (b) Survival of mice per group treated as Figure 6a. *p < 0.001
versus B16/C 1 Ig and B16/C 1 anti-4-1BB; **p < 0.05 versus B16/CCL21-T-Fc 1 Ig by log-rank test. (c) The average tumor volumes 6 SE
of 6 mice per group that vaccinated with B16/CCL21-Te-Fc or B16/Te-Fc followed by either Ig or anti-4-1BB treatment. (d) Survival of mouse
per group treated as Figure 6c. (e) CTL induced by the combination therapy stated as Figure 6a in the s.c. implanted tumor model. (f) Evaluation
of therapeutic effect on established pulmonary metastases. C57BL/6 mice were challenged via tail vein with 1 3 105 B16/Te tumor cells on day
0 (n 5 5), and vaccinated as Figure 6a described. The lung metastatic nodules were counted on day 23. *p < 0.001 versus B16/C 1 Ig and B16/
C 1 anti-4-1BB by Student paired t-test; **p < 0.05 versus B16/CCL21-Te-Fc 1 Ig by Student paired t-test.
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the depletion of CD81 T cells (p < 0.0001, by Student paired t-
test). Partial abrogation was observed by the depletion of CD41 T
cells (p 5 0.0065, by Student paired t-test) or NK cells (p 5
0.0027, by Student paired t-test). Similar results were obtained in
the analysis of local tumor size development (Fig. 8b). These
results indicated that CD81 T cells were essential in the antitumor
activity induced by B16/CCL21-Te-Fc plus anti-4-1BB MAbs,
whereas NK cells and CD41 T cells played substantial roles.

HLA-A*0201-restricted and hTERT-specific CTLs lysed
human cancer cells

The preceding results provided strong information that the
hTERT fragment could be efficiently presented in animal model.
Next, we tested whether the epitopes of hTERT could be effi-
ciently presented by human antigen-presenting cells and induced
hTERT-specific CTL. HLA-A*02011 PBMCs transfeced with
pCCL21-Te-Fc were used to stimulate autologous lymphocytes
in vitro, and the cytotoxicity of the induced CTL was evaluated
against a panel of tumor cells with diverse histological origins.
Data in Figure 9 showed that the cytotoxicity was dependent on
the expression of HLA-A*0201 molecule because tumor-matched
cell lines with different HLA type were not lysed (cell lines SK-
BR3 and PC-3M). At the same time the CTL only lysed the
hTERT-positive cell line but not the hTERT-negative cell line
(U2OS cell line), further demonstrating antigen specificity of the
cytotoxic response. Taken together, these data indicated that the
selected hTERT might be naturally processed by human antigen-
presenting cells and induced hTERT-specific CTL against
hTERT-positive human tumor cells.

Discussion

As a potential molecular therapeutic target for cancer, hTERT
has been intensively scrutinized due to its universal expression in
human cancers and its critical functional role in tumor growth and
development. At the present time, tumor vaccination targeting
hTERT has been mainly directed to pulse DCs with single peptide
or transfect DCs with hTERT mRNA.3,6 In this study, we demon-

strated the feasibility of constructing chemotactic-hTERT vaccine
by sandwiching hTERT polyepitopes between CCL21 and IgG Fc
fragment. Our data indicated that the chemotactic-hTERT vacci-
nation could induce a remarkable antitumor effect against hTERT-
expressing tumor.

The stringent procedures to facilitate the preferential generation
of higher antitumor efficacy were made. One of the strategies was
to modify tumor cells with chemotactic-hTERT. Analysis of the
antitumor response confirmed our hypothesis that higher effect
was induced by the modified tumor cells vaccination (Fig. 4). The
difference between the responses induced by DNA vaccination
and the modified tumor cells vaccination might be attributed to
several reasons. First, the antitumor response elicited by the modi-
fied tumor cells was directed against a mixture of tumor antigens
encoded by the tumor cells and the corresponding oligo-or poly-
clonal responses could be more potent than a monoclonal re-
sponse. Second, chemotactic-hTERT gene modification increased
the immunogenicity of the tumor cells (data not shown). This
modification might offer the possibility to trigger the recruitment
of initiators or effectors of the immune response within the tumor,
providing a microenvironment that favors innate and/or acquired
immune mechanisms to prevent or reverse tumor development.
Based on these results, future development of this approach may
lead to practical use in treating tumors. For example, tumor
removed from patients by surgery could be gene-modified with
the chemotactic-hTERT in vitro, then used as autologous cellular
vaccine.

Another strategy to improve the immunotherapeutic efficacy of
chemotactic-hTERT vaccine was focused on the combination with
anti-4-1BB MAbs. The anti-tumor effect induced by DNA vaccine
or modified tumor cells vaccine plus anti-4-1BB was evaluated,
respectively. Both the combined therapies prolonged the survival
of tumor-bearing mice. The treatment of B16/C plus anti-4-1BB
had no significant effect against B16/Te tumor (Figs. 6a, 6b and
6f), suggesting the immunological ignorance of specific CTLs pre-
vented costimulation of anti-4-1BB MAbs. Breaking CTL igno-
rance by immunization with a specific tumor antigen was neces-
sary for anti-4-1BB MAbs to induce a specific CTL response
against poorly immunogenic tumors. Similar results were also
observed in other poorly immunogenic tumors, such as B16/D5,
C3 and TC-1.22,23

It was reported that murine CCL21 alone delivered in vivo ei-
ther by chemokine-transfected tumors or by naked plasmid could
enhance the antitumor immunity in established tumor mod-
els.10,12,24 Unfortunately, the data presented here showed that the
human CCL21 alone failed to induce the immune responses
against tumors in the mouse model either by pCCL21 or by
pCCL21-transfected tumor cells (B16/CCL21) (p 5 0.0947 and
p 5 0.4213 by log rank test in Figs. 3b and 4b, respectively). A
possible explanation for this discrepancy might be (1) human
CCL21, unlike murine CCL21, does not bind CXC chemokine re-
ceptor 3 (CXCR3) to block angiogenesis in vivo, even though it
has similar chemotactic activity for human and mouse lympho-
cytes.12,24,25 (2) no hTERT-specific CTL was induced by vaccina-
tion with CCL21 alone. When vaccinated with B16/CCL21, there
were no significant tumor-specific CTLs against B16/Te or the
regression of established B16/Te tumors (Figs. 4 and 5). In con-
trast, it was significantly different when vaccinated with B16/
CCL21-Te (p 5 0.0021, by log rank test; Fig. 4b). Similar result
was also observed when vaccinated with pCCL21-Te (p 5
0.0162, by log rank test; Fig. 3b). It suggests that CCL21 work
synergistically with specific tumor antigen, which may activate spe-
cific CTLs. However, the antitumor effect induced by pCCL21 1
psTe 1 pFc or B16/CCL21 1 B16/sTe 1 B16/Fc was similar to
that induced by psTe or B16/sTe, respectively. This suggested the
expression of CCL21 and Fc with specific antigen as a fusion
protein might exert a more improved adjuvant activity than coad-
ministration. The fusion expression of chemokine gene with an
antigen in a plasmid might increase the concentration of the che-
mokine and recruit a large number of DCs and T cells in the vicin-

FIGURE 9 – HLA-A*0201-restricted and hTERT-specific CTLs
lysed human cancer cells. Human PBMCs were stimulated with LPS
(10 lg/ml) for 24 hr in complete medium, and then transfected with
pCCL21-Te-Fc and pC, respectively. Nontansfected PBMCs were
cocultured with the transfected PBMCs in the presence of human
recombinant IL-2 (hrIL-2) (25U/ml). Cultures and cytokines were
refreshed on days 3 and 6. On day 7, PBMCs were restimulated under
the same conditions as the initial stimulation. The stimulated HLA-
A*02011 PBMCs were harvested on day 14 and tested for cytolytic
activity against human cancer cells MCF-7, SK-BR3, U2OS/Te,
U2OS, LNCap, PC-3M, SK-OV-3 and T2.
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ity of cells that express the antigen, promoting the cell-mediated
immune response against tumor. The fusion expression of IgG Fc
fragment with antigen could mediate internalization of antigen–
IgG complex and allow DCs to present antigen via MHC class II
and MHC class I pathways in a cognate manner, which could fur-
ther augment antigen-specific immunity.13–15 Therefore, another
implication of our study is the expression of chemokine and IgG
Fc fragment with specific antigen as a fusion protein would facili-
tate the generation of optimal immunity.

We studied the involvement of CD81, CD41 T cells and NK
cells in the antitumor reactivity of the combined therapy with
B16/CCL21-Te-Fc plus anti-4-1BB. Among these cells, CD81 T
cells were more crucial for the tumor eradication compared with
CD41 T cells and NK cells (Fig. 8). The major role of CD81 cells
as effectors might be related to the relatively higher expression of
4-1BB on CD81 cells compared with CD41 cells after T-cell re-
ceptor engagement.26,27 The depletion of NK cells partially abro-
gated the antitumor response of therapy, which was consisted with
the recent reports that anti-4-1BB could stimulate NK cells to pro-
mote the expansion of CD81 T cells thus providing another form
of help to CTL.28,29 This dependency on the participation of NK
cells for the development of tumor specific T cells illuminates a
link between innate and acquired immune responses in our combi-
nation therapy. Whether CD41 T cells play a beneficial role in
antitumor immunity remains controversial. Different tumor mod-
els and different treatment modalities have yielded different
results.29–33 Data herein was in sharp contrast to some investiga-
tors who claimed that 4-1BB signaling enable CTL priming in the
absence of CD41 T cells,29–31 but consistent with others who sug-
gested that CD41 T cells were required to provide a help to CD81

response.32,33

With clinical applications in mind, we further analyzed whether
pCCL21-Te-Fc could stimulate CTL that specifically recognized
and lysed hTERT-expressing human tumor cells in vitro. We
focused on HLA-A*02011 individuals because the population fre-
quency of HLA-A*0201 is nearly 50% in several different ethnic
groups allowing for the future treatment of a significant proportion
of the patient population.34 The CTL induced by pCCL21-Te-Fc-
transfected HLA-A*02011 PBMCs mediated efficient lysis of a
variety of HLA-A*02011 and hTERT1 human cancer cells such
as prostate, breast and ovarian cancers (Fig. 9), underscoring the
potential advantage of hTERT immunization in a large variety of
human cancers. In view of the fact that hTERT is reactivated in
proliferating tissues such as activated T and B cells, hematopoietic
progenitors, germ cells and cells within intestinal and liver tissue,
it is essential to determine whether immunization against hTERT
could result in autoimmune damage of normal cells. Presently, we
do not have evidence of autoimmunity in mice vaccinated with the
chemotactic-hTERT vaccine. Additional studies on the safety of
our regime also remain to be addressed.

Taken together, several features of our experimental system
described here have important implications for the future study: (1)
The chimeric construct of CCL21 and IgG Fc fragment with spe-
cific antigen dramatically improved the antitumor effect, providing
a novel approach to design tumor vaccine. (2) The CTL induced by
pCCL21-Te-Fc-transfected PBMCs specifically lysed a variety of
HLA-matched and hTERT-positive cancer cells, suggesting the
possibility for the future clinical trial against most human cancers.
(3) The combined therapy of hTERT-based vaccines with anti-4-
1BB significantly improved the antitumor effect; such findings are
very encouraging for subsequent clinical development.
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