Cancer Immunol Immunother (2010) 59:747-757
DOI 10.1007/s00262-009-0795-3

ORIGINAL PAPER

Topoisomerase II alpha as a universal tumor antigen:
antitumor immunity in murine tumor models

and H-2K"-restricted T cell epitope

Jung-Sun Park - Hye-Sung Kim - Mi-Young Park -
Chang-Hyun Kim - Yeun-Jun Chung -
Yong-Kil Hong - Tai-Gyu Kim

Received: 1 June 2009 / Accepted: 31 October 2009 / Published online: 20 November 2009

© Springer-Verlag 2009

Abstract Topoisomerase II alpha (Top2«) is an attractive
candidate to be used as a tumor antigen for cancer immuno-
therapy, because it is abundantly expressed in various
tumors and serves as a target for a number of chemothera-
peutic agents. In this study, we demonstrated the immuno-
genicity of Top2o, using dendritic cells (DC) electroporated
with RNA encoding the Top2« C-terminus (Top2aCRNA/
DC). Top2aCRNA/DC were able to demonstrate in vitro
stimulation of T cells from mice that were previously vacci-
nated with Top2a-expressing tumor lysate-pulsed DC. Vac-
cination with Top2«CRNA/DC induced Top2a-specific T
cell responses in vivo as well as antitumor effects in various
murine tumor models including MC-38, B16F10, and
GL26. DC pulsed with p1327 (DSDEDFSGL.), defined as
an epitope presented by H-2K®, also induced Top2a-spe-
cific immune responses and antitumor effects. Based on
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these data, Top2« is suggested to be a universal target for
cancer immunotherapy.
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Introduction

For successful cancer immunotherapy, it is essential to
identify tumor antigens that can be recognized by cytotoxic
T lymphocytes (CTL). Over the past two decades, many
tumor antigens have been identified using various strategies
and methods, such as T cell epitope cloning, serological
identification of antigens by recombinant expression clon-
ing (SEREX), DNA microarray analysis, and bioinformat-
ics [13, 23, 26]. However, the number of tumor antigens
that are available for immunotherapy is still limited.

Topoisomerase II alpha (Top2w) is an important DNA-
binding enzyme that makes transient breaks in one segment
of double-strand DNA and places an intact duplex into the
broken DNA before resealing the break, thus altering DNA
topology [27]. Top2« is preferentially expressed in prolifer-
ating cells [2, 33] and is over-expressed in a wide range of
tumors [3, 28, 32, 35]. The copy number of the Top2« gene
is also amplified in various tumors [16, 19]. Recently, sev-
eral studies showed that Top2« could be used as a prognos-
tic biomarker in tumors including prostate cancer and
hepatocellular carcinoma [17, 34]. Top2« is a target of che-
motherapeutic agents, such as etoposide and doxorubicin
[11]. It has been reported that Top2o was recognized by
serum antibodies in ovarian cancer patients, using the
SEREX method [29].

It has been demonstrated that dendritic cells (DC)
transfected with RNA encoding human telomerase reverse
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transcriptase (hTERT) are effective in inducing CTL
responses and antitumor effects in human and murine sys-
tems [22]. Primary CTL responses can also be stimulated in
vitro by human monocyte-derived DC transfected with
RNA corresponding to carcinoembryonic antigen (CEA) or
human papillomavirus E6 protein [7, 21]. Furthermore, DC
transfected with RNA by electroporation have more effec-
tively induced both MHC class I- and class II-mediated
immune responses [20, 30]. These reports suggest that the
use of DC electroporated with RNA is an efficient strategy
for the identification of novel tumor antigens.

Topoisomerase II has two isoforms, Top2o and Top2p,
which exhibit a similar structure and function. Top2a is
essential for cell proliferation, whereas Top2f is constitu-
tively present in most cells [1, 14, 18]. Among the three
domains of these molecules, the N-terminal and central
region have 81% identity between the two isoforms,
whereas the C-terminal region shows low homology, bear-
ing only 32% identical amino acid residues. Therefore, the
C-terminal region could be a more specific target for
Top2a. In the present study, we demonstrated Top2o-spe-
cific immune responses and antitumor effects in murine
tumor models by vaccination with Top2« C-terminal RNA-
electroporated DC (Top2aCRNA/DC).

Materials and methods
Animals and tumor cell culture

Female C57BL/6 mice (H-2b, 6-8 weeks old) were pur-
chased from Orient Bio (Kapung, Gyeonggido, Korea). The
mice were maintained and treated according to the guide-
lines of the Local Council for Animal Care.

GL26 (H-2° glioma), MC-38 and MC-38-cea2 (H-2°
colon cancer), B16F10 (H-Zb; melanoma) and CT26 (H-2d;
colon cancer) were cultured in complete Dulbecco’s
Modified Eagle Medium (DMEM; Cambrex, Walkerville,
MD, USA) supplemented with 10% heat-inactivated fetal
bovine serum (Gibco, Grand Island, NY, USA), 2 mM
glutamine, 100 U/ml penicillin, and 100 pg/ml streptomy-
cin. EL4 (H-2° lymphoma) and YAC-1 (H-2% lym-
phoma) were cultured in complete RPMI-1640 (Cambrex)
supplemented with 10% heat-inactivated fetal bovine
serum, 2 mM glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin. GL26 was kindly provided by Dr. John
S. Yu (Cedars Sinai Medical Center, Los Angeles, CA,
USA). MC-38-cea2 expressing human CEA was kindly
provided by Dr. J. Schlom (Division of Tumor Immunol-
ogy and Biology, NIH, Bethesda, MD, USA). MC-38,
EL4, B16F10, CT26, and YAC-1 were purchased from
the American Type Culture Collection (ATCC, Manassas,
VA, USA).
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Cloning of the Top2« C-terminal region

The C-terminal region of Top2o was used in this study and
consisted of amino acid residues 1263-1528 (Top2«C).
Reverse-transcribed mRNA for mouse Top2uaC isolated
from GL26 served as a template for polymerase chain reac-
tion (PCR) amplification. PCR conditions were as follows:
2 min at 94°C; followed by 30 cycles of 15 s at 94°C, 30 s
at 60°C, and 1 min at 72°C; ending with 10 min at 72°C.
The respective primers for Top2«C were 5'-CTGAGGAT
GGTGCAGAAGAAAGAGCCGGT-3" (forward primer)
and 5-TGCCTCAGAAGAGGTCGTCATCGTCATCGA
A-3' (reverse primer). The PCR product was inserted into
the pcDNA3.1 TOPO vector (Invitrogen, Grand island,
NY, USA). The cloned gene was confirmed by nucleotide
sequencing.

Western blotting

Mouse tissue extracts were prepared by first mincing the
tissue with a scalpel to yield small fragments. Tissue frag-
ments were then suspended in RIPA buffer containing
1 mM DTT, 1 mM phenylmethanesulfonyl fluoride, 10 pg/ml
aporotinin, and 5 pg/ml leupeptin. The suspension was
then homogenized using the Precellys24 lyser (Bertin
Technologies, Cedex, France). Tumor cells were lysed in
the same buffer as above. Protein concentration was deter-
mined using a bicinchoninic acid assay (Pierce, Rockford,
IL, USA). Total protein (50 pg) was separated on an 8%
polyacrylamide gel, blotted onto nitrocellulose membranes
(Schleicher & Schuell, Dassel, Germany), and incubated
with an anti-Top2« antibody (Epitomics, Burlingame, CA,
USA). Bands were visualized by enhanced chemilumines-
cence (ECL) staining (Amersham Pharmacia, Freiburg,
Germany).

Generation of bone marrow-derived DC

Generation of DC from mouse bone marrow was performed
as described previously [12]. Briefly, the bone marrow was
flushed from the tibias and femurs of C57BL/6 mice, and
the red cells were lysed with hypotonic buffer (9.84 g/l
NH,CI, 1 g/l KHCO;, and 0.1 mM EDTA). The cells were
washed twice in serum-free RPMI-1640 medium and cultured
to 5 x 10° cells/well in complete RPMI-1640 containing
20 ng/ml murine granulocyte—macrophage colony-stimulat-
ing factor (GM-CSF, R&D Systems, Minneapolis, MN,
USA) and 20 ng/ml recombinant murine interleukin-4
(IL-4, R&D Systems). After 48 h, non-adherent cells were
gently removed, and complete medium containing GM-CSF
and IL-4 was replenished. On day 6 of culture, non-adherent
and loosely adherent cells were collected as the DC and
used for RNA electroporation.
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Electroporation of RNA into DC

The Top20C/pcDNA3.1 TOPO plasmid was linearized
with Sma I and in vitro transcription (IVT) was performed
with T7 RNA polymerase according to the manufacturer’s
instructions (Ambion mMESSAGE mMACHINE T7 Ultra
kit, Austin, TX, USA). The production of IVT RNA was
confirmed by agarose gel electrophoresis, and the RNA
concentration was measured spectrophotometrically. RNA
samples were stored in small aliquots at —70°C.

After 6 days in culture, DC were resuspended in Opti-
MEM medium at a concentration of 2.5 x 107 cells/ml. The
cell suspension (200 pl) was placed in a 2-mm cuvette, and
20 pg of RNA was added. The cell suspension was then
placed in the electroporator (ElectroSquarePorator, ECM
830, BTX, San Diego, CA, USA), and a 300 V current was
delivered for 500 ps. The cells were immediately removed
from the cuvette and placed in complete medium contain-
ing GM-CSF, IL-4, and LPS (1 pg/ml: Sigma, Saint Louis,
MO, USA) to allow the DC to fully mature for 24 h. The
electroporation transfection efficiency was determined with
GFP RNA by FACS analysis.

Production of tumor lysate

In brief, MC-38, MC-38-cea2, or B16F10 cells were resus-
pended at a density of 1 x 107 cells/ml in PBS. The cell
suspension was frozen in liquid nitrogen, and then thawed
in a 37°C water bath. The freeze/thaw cycle was repeated
four times in rapid succession. The larger particles were
removed by centrifugation at 600 rpm for 10 min. The
supernatant was passed through a 0.2 pm filter and an ali-
quot was stored at —70°C. The protein concentration of the
lysate was determined using a bicinchoninic acid assay
(Pierce). DC were incubated with the MC-38 tumor lysate
(100 pg/ml) for 16-18 h to pulse the MC-38 tumor lysate.

Isolation of CD4* and CD8* T cells

To determine the immune responses of CD4* and CD8* T
cells, splenocytes were incubated with magnetic beads con-
jugated to CD4* or CD8* specific monoclonal antibodies
(magnetic antibody cell sorter (MACS); Miltenyi Biotec,
Bergisch Gladbach, Germany) for 15 min at 4°C. Follow-
ing incubation, the cells were washed with PBS containing
2mM EDTA and processed through a MACS magnetic
separation column. The purity of each T cell population
after sorting was >90%, as determined by FACS analysis.

Enzyme-linked immunospot assay

An enzyme-linked immunospot (ELISPOT) kit purchased
from BD Bioscience (Qume Drive, San Jose, CA, USA),

was used according to the manufacturer’s instructions.
Briefly, splenocytes (5 x 10* cells/well) were seeded into a
96-well plate coated with the anti-mouse IFN-y antibody.
Top2aCRNA/DC, MC-38TL/DC, SuvRNA/DC, and DC
were added as target cells. The plates were incubated for
20 h at 37°C. The cells were then removed, and the plate
was washed three times with PBS containing 0.05%
Tween-20 PBS. Next, biotinylated anti-mouse IFN-7y anti-
body was added to the wells, and the plates were then incu-
bated for 2h at room temperature. After washing three
times, streptavidin-horseradish peroxidase was added to
each well, followed by incubation for 1 h at room tempera-
ture. After washing, a chromogenic substrate [3-amino-9-
ethyl carbazole (AEC)] was added to each well, the reaction
was quenched with distilled water, and the plates were
inverted and allowed to dry overnight in the dark. The num-
ber of spots corresponding to the IFN-y-secreting cells was
determined using an automatic AID-ELISPOT-Reader
(Strassberg, Germany).

Cytotoxicity assay

The standard °!Cr-release assay was performed as
described previously [24]. Splenocytes were harvested
from each mouse. The harvested cells were restimulated in
vitro with 4% paraformaldehyde-fixed MC-38 cells for
5 days and used as effectors. MC-38, GL26, Top2aCRNA/
DC, DC, YAC-1, and CT26 labeled with 100 mCi [*'Cr]-
sodium chromate/1 x 10° cells for 1 h at 37°C in 5% CO,
were used as target cells. >'Cr-labeled target cells were
incubated with effectors for 4 h at 37°C. Supernatant from
each well (100 pl) was harvested, and the radioactivity was
counted with a gamma counter. Percentage of specific
lysis was calculated as 100 x [(experimental release —
spontaneous  release)/(maximal release — spontaneous
release)]. Spontaneous and maximal release was deter-
mined in the presence of medium and 2% triton-X100,
respectively.

Tumor models and DC vaccination

For the MC-38 tumor model, C57BL/6 mice (6-8 weeks
old) were injected subcutaneously with 2 x 10° MC-38
cells. On day 2 after MC-38 inoculation, the mice were
subcutaneously vaccinated with 1 x 10° Top2aCRNA/DC,
MC38TL/DC, pl1327/DC, or DC once per week for
3 weeks. For the MC-38-cea2 tumor model, C57BL/6 mice
(6-8 weeks old) were injected subcutaneously with 1 x 10°
MC-38-cea2 cells. On day 10, 17, 24 after MC-38-cea2
inoculation, the mice were subcutaneously vaccinated with
1 x 10° Top2aCRNA/DC, MC-38-cea2TL/DC, or DC. For
the B16F10 tumor model, C57BL/6 mice (6—8 weeks old)
were injected subcutaneously with 2 x 10° MC-38 cells.
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On day 1 after B16F10 inoculation, the mice were subcuta-
neously vaccinated with 1 x 106 Top2aCRNA/DC,
B16F10TL/DC, or DC once per week for 3 weeks. For the
GL26 tumor model, C57BL/6 mice (6—8 weeks old) were
injected subcutaneously with 1 x 10% GL26 cells. On day
—14 and —7 before GL26 inoculation, the mice were sub-
cutaneously vaccinated with 1 x 10° Top2aCRNA/DC,
SuvRNA/DC, GFPRNA/DC, or DC. For the intracranial
implantation of GL26 glioma cells, C57BL/6 mice (6—
8 weeks old) were anesthetized with ketamine/xylazine.
The head was shaved, and the skull was exposed. The ani-
mal was positioned into a stereotactic frame with small ani-
mal earbars. A burr hole was made using a Dremel drill
approximately 2 mm lateral and 1 mm posterior to the
intersection of the coronal and sagittal sutures (bregma).
GL26 cells (1 x 10% were injected using a Hamilton
syringe at a depth of 3 mm in a volume of 4 pl. Mice were
subcutaneously vaccinated with 1 x 10° Top2aCRNA/DC
or DC on days 4, 11, and 18 after GL26 implantation. DC
that went through the transfection procedure without
Top2aCRNA were used as a negative control. Reduction of
tumor growth and survival was compared with the negative
control.

In vivo depletion of the T cell subset

To clarify the role of CD4" and CD8" T cells in the antitu-
mor effect of the MC-38 tumor model, an anti-CD4 mono-
clonal antibody (GK1.5; eBioscience, San Diego, USA)
and an anti-CD8 monoclonal antibody (2.43; a gift from
Prof. Byoung S. Kwon at Ulsan University, Ulsan, Korea)
were used for depletion of CD4* and CD8* T cell, respec-
tively. C57BL/6 mice were injected intraperitoneally with
200 pg of purified anti-mouse CD4 or CD8 antibody or IgG
at 0, 7, 14 days in the MC-38 tumor model and vaccinated
at 2, 9, 16 days with Top2«CRNA/DC. CD4 and CD8
depletion (>95%) was verified during the treatment by
FACS analysis using antibodies specific for CD4 and CDS.
DC without tumor antigen were vaccinated as a control for
normal tumor growth.

Peptide epitopes

The Top2aC sequence was analyzed for peptides that could
potentially bind to H-2K®, using a peptide motif scoring
system (Bioinformatics and Molecular Analysis Section
(BIMAS) of NIH, http://www-bismas.cit.nih.gov; SYFPEI-
THI, http://www.syfpeithi.de). Five peptides with high pre-
diction scores in two programs were selected for further
analysis (Table 1). Synthetic peptides were purified by
high-performance liquid chromatography at a minimum
purity of 90%. The CEA526 (526-533: EAQNTTYL) pep-
tide was used as a negative control.
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Table 1 TopoaC-derived peptides predicted for binding to MHC class
I molecules (H-2K)

Peptide Peptide Peptide SYFPEITHI
name position sequence score

pl327 1327-1355 DSDEDFSGL 16

pl339 1339-1447 DEDEDFLPL 13

pl470 1470-1478 SDSDFERAI 13

pl490 1490-1498 EEQDFPVDL 11

p1509 1509-1518 RARKPIKYI 14

These peptides were searched using BIMAS (http://www-bimas.
dt.nih.gov/cgi-bin/molbio) and SYFPEITHI (http://www.sytpeithi.de)
software

Enzyme-linked immunosorbent assay (ELISA)

Splenocytes (2 x 10° cells/200 pl) from mice vaccinated
with Top2aCRNA/DC were incubated with peptide 1 pg/ml
in round-bottomed 96-well plate. After 3 days, the plates
were centrifuged and 100 pl of supernatant was removed
from each well. The level of IFN-y production was deter-
mined by ELISA (eBioscience).

Statistical analysis

The results are shown as the mean £ SD or SE. Statistical
analysis was performed using a Student’s ¢ test, with the
exception of the survival data. Survival data were analyzed
using the Kaplan—Meier test, and the difference between the
groups was compared using a log-rank test. A P value <0.05
was considered to reflect a statistically significant difference.

Results

Expression of Top2« in murine tumor cell lines and normal
murine tissues

We evaluated the expression of Top2« in murine tumor cell
lines by Western blot analysis using an anti-Top2a« antibody.
Figure 1a shows that the Top2« protein was expressed in var-
ious murine tumor cell lines, including MC-38 and GL26.

Top2u« expression in normal murine tissues was exam-
ined in bone marrow, brain, spleen, lymph node, lung, kid-
ney, liver, and colon. As shown in Fig. 1b, the spleen
expressed Top2a, but other tissues including the brain and
colon, did not.

Detection of T cell responses specific for Top2a
and survivin

To investigate whether mice vaccinated with MC-38 tumor
lysate-pulsed DC (MC-38TL/DC) induce an immune
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Fig. 1 Expression of Top2« in murine tumor cell lines and normal
murine tissues by Western blot analysis. Western blotting was per-
formed using an anti-Top2o antibody against protein from cultured
tumor cell lines, including GL26 (glioma), MC-38, MC-38-cea2 and

response against Top2c, we determined the number of IFN-
y-secreting cells by ELISPOT assay. The C-terminal region
of Top2a was used in this study, and consisted of amino
acid residues 1263-1528. Because MC-38 has been shown
to express several tumor antigens, including survivin and
Top2a (data not shown), C57BL/6 mice were vaccinated
with MC-38TL/DC. One week after the second vaccina-
tion, splenocytes were harvested and activated with various
target cells. The number of IFN-y-secreting cells stimulated
by Top2azCRNA/DC was significantly higher than that
stimulated by unpulsed DC. A high number of IFN-y-
secreting cells was also detected in splenocytes stimulated
by MC-38TL/DC and DC transfected with RNA encoding
survivin (SuvRNA/DC) (Fig. 2). DC pulsed with CEA, an
irrelevant tumor antigen, and unpulsed DC were used as
Top2a-negative cells.

These results indicate that immune responses to several
tumor antigens were induced in mice vaccinated with MC-
38TL/DC, and that Top2aCRNA/DC were capable of pre-
senting Top2a epitopes.

Induction of Top2a-specific immune responses
by Top2aCRNA/DC vaccination

To examine the immune responses induced by
Top2aCRNA/DC in vivo, the IFN y-secreting T cells spe-
cific for Top2a were quantified by ELISPOT assay after the
third vaccination with Top2a«CRNA/DC. When stimulated
by Top2aCRNA/DC, the frequencies of IFN 7-secreting
cells in splenocytes, CD4*, and CD8" T cells were signifi-
cantly higher in mice vaccinated with Top2aCRNA/DC
than those vaccinated with DC (Fig. 3). The frequency of
Top2uC-specific CD4" T cells was higher than that of
CD8* T cells. When stimulated by DC pulsed with MC-38
tumor lysate, a tumor cell line that expresses Top2o endog-

CT26 (colon cancer), EL4 (leukemia), B16F10 (melanoma), and
YAC-1(lymphoma) (a) and tissues of normal mice (b). BM bone mar-
row, LN lymph node. The data are representative of three independent
experiments

80 - : *
%*
70 - | =
~ 60
°
-y
>-'="5°'
z 8
w
- & 40
0 el
5 &
2 ™ 30-
E
=]
= 20
m'i
o_

CEARNA/DC Top2aCRNA/DC SuvRNA/DC  MC-38TL/DC

Target

Fig. 2 Detection of T cell responses specific for Top2« and survivin
in mice vaccinated with DC pulsed with MC-38 tumor lysate.
Top2a-specific immune responses were measured with the ELISPOT
assay using DC, CEARNA/DC, Top2aCRNA/DC, survivinRNA/DC
(SuvRNA/DC), or MC-38 tumor lysate/DC (MC38TL/DC) as the tar-
get cells. Results are given as the mean number of IFN-y spots per
5 x 10* splenocytes from individually tested mice +=SE. The statistical
significance was evaluated with a 7 test of the pooled results of two
experiments. *P < 0.05 (DC vs. each group)

enously, high frequencies of IFN y-secreting cells in
splenocytes were also observed (Fig. 3a). The cytotoxicity
of Top2aC-reactive CTL was assessed on several target
cells. T cells from C57BL/6 mice vaccinated with
Top2aCRNA/DC showed killing activity against MC-38
(H-2%, GL26 (H-2°), and Top2xCRNA/DC (H-2%), as
Top2a-expressing cells with a E/T ratio of 40, but there was
very low lysis against unpulsed DC, as Top2a-non-express-
ing cells (Fig. 4a—d). Targeting YAC-1 (H-2%) showed low
lysis, indicating that the killing activity against target cells
was not affected by NK cells (Fig. 4e). CT26, Top2a-
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Fig. 3 Induction of Top2a-specific immune responses by
Top2aCRNA/DC vaccination. a IFN-y-secreting T cells specific for
Top2« in splenocytes from mice vaccinated with Top2aCRNA/DC.
Splenocytes stimulated with Top2aCRNA/DC and MC-38TL/DC as
Top2a-expressing cells. IFN-y-secreting T cells were measured by
ELISPOT assay. b IFN-y-secreting T cells specific for Top2o in CD4*
or CD8" T cells sorted from splenocytes of mice vaccinated with

Fig. 4 Cytotoxic T cell activity
against Top2a«-expressing cells.
Cytotoxic activity was assessed
with the 3'Cr release assay
against several target cells
[Top2a-expressing target: MC-
38 (a), GL26 (b), Top2aCRNA/
DC (c), CT26 (f); Top2a-non-
expressing target: unpulsed DC
(d); NK cell-sensitive target:
YAC-1 (e)] at a 40:1 E/T ratio. pC
The percentage of specific lysis
was calculated from triplicate
wells. The results are given as
mean + SD. The statistical
significance was evaluated using
attest. *P < 0.05 (DC vs.
Top2a«CRNA/DC). The data are
representative of three indepen-
dent experiments
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expressing cells with a H-24 haplotype, were not able to be
lysed because the Top2a-specific T cells from C57BL/6
mice were restricted to H-2® MHC class I molecules
(Fig. 4f). These results demonstrate that Top2a«-specific
immune responses were successfully induced in vivo by
vaccination with Top2aCRNA/DC.
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Top2aCRNA/DC. CD4* and CD8* T cells were stimulated by
Top2a«CRNA/DC. Results are given as the mean number of IFN-y
spots per 5 x 10 cells from individually tested mice +-SD. The statis-
tical significance was evaluated using a ¢ test. *P <0.05 (DC vs.
Top2a«CRNA/DC). The data are representative of three independent
experiments
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Antitumor effect by Top2aCRNA/DC vaccination
in murine tumor models

We investigated the antitumor effect of Top2aCRNA/DC
in a MC-38, MC-38-cea2, and B16F10 subcutaneous
tumor models and an established GL26 intracranial and
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Fig. 5 Antitumor effects of
Top2a«CRNA/DC vaccination in
murine tumor models. a Tumor
growth of mice vaccinated with
Top2«CRNA/DC in the MC-38
subcutaneous tumor model. The
time schedule for the experiment
is shown in the upper panel. The
results are given as mean + SD.
The statistical significance was
evaluated using a 7 test.

*P < 0.05. The data are repre-
sentative of three independent
experiments, consisting of seven
mice per group. b Tumor growth
of mice vaccinated with
Top2a«CRNA/DC in the MC-38-
cea? subcutaneous tumor model.
The time schedule for the exper-
iment is shown in the upper
panel. The results are given as
mean =+ SD. The statistical sig-
nificance was evaluated using a #
test. ¥*P < 0.05. Each group con-
sisted of ten mice. ¢ Tumor
growth of mice vaccinated with
Top2aCRNA/DC in the B16F10
subcutaneous tumor model. The
time schedule for the experiment
is shown in the upper panel. The
results are given as mean + SD.
The statistical significance was
evaluated using a ¢ test.

*P < 0.05. Each group consisted
of eight mice. d Survival by
Top2aCRNA/DC in the GL26
intracranial tumor model. The
time schedule for the experiment
is shown in the upper panel. Sur-
vival data were analyzed using
the Kaplan—Meier method. The
difference between the groups
was compared using a log-rank
test. *P < 0.05 (DC vs.
Top2aCRNA/DC). Each group
consisted of five mice. e Tumor
free mice after vaccination with
Top2aCRNA/DC in the GL26
subcutaneous tumor model. The
time schedule for the experiment
is shown in the upper panel. The
statistical significance was eval-
uated using a 7 test. ¥*P < 0.05
(DC vs. Top2aCRNA/DC).
Each group consisted of seven
mice
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Fig. 6 Depletion of CD4" and CD8" T cells in the MC-38 tumor mod-
el vaccinated with Top2aCRNA/DC. a The time schedule for the
experiment is shown. b Treatment with the anti-CD4* and anti-CD8*
antibodies was completed on days 0, 7, and 14 in the MC-38 tumor
model vaccinated with Top2aCRNA/DC. DC without tumor antigen
was vaccinated as a control for normal tumor growth. The results are
given as mean £ SD. The statistical significance was evaluated using
attest. *P < 0.05 (no depletion vs. CD8* T cell depletion). Each group
consisted of eight mice

subcutaneous tumor model because Top2a was expressed
in several different tumor cell lines including MC-38,
MC-38-cea2, B16F10, and GL26. Mice vaccinated with
Top2aCRNA/DC in MC-38, MC-38-cea2, and B16F10
tumor models showed significant inhibition of tumor
growth during progression through the chosen end point of
these experiments, compared with mice vaccinated with
DC (P<0.05, Fig.5a—c). After 4 days inoculation of
GL26, mice vaccinated with Top2aCRNA/DC showed sig-
nificantly longer survival compared with mice vaccinated
with DC (P <0.05), with 20% of mice vaccinated with
Top2aCRNA/DC surviving beyond 85 days after tumor
implantation (Fig. 5d). In the GL26 subcutaneous tumor
model, the generation of tumors was inhibited in five of
seven mice by vaccination with Top2aCRNA/DC, whereas
the generation of tumors was not inhibited by vaccination
with DC (Fig. Se).

Depletion of CD4* and CD8* T cells in the MC-38 tumor
model

To investigate which type of T cells are involved in the

antitumor effect in the MC-38 tumor model vaccinated with
Top2aCRNA/DC, we treated with anti-CD4 and anti-CD8

@ Springer

antibody 0, 7, and 14 days after MC-38 inoculation to
remove CD4* and CD8* T cells, respectively. When CD8*
T cells were depleted, the inhibition of tumor growth by
Top2aCRNA/DC vaccination almost completely disap-
peared (Fig. 6). However, depletion of CD4* T cells did
not affect the antitumor effect of vaccination with
Top2aCRNA/DC. These results suggest that the CD8* T
cells are the population responsible for the inhibition of
tumor growth in vivo by Top2«CRNA/DC vaccination.

Peptide epitopes of Top2aC

Five Top2aC-derived peptides were selected that bind
MHC class I molecules (H-2K®) with a high score using
BIMAS and SYFPEITHI program (Table 1). To identify
the T cell epitopes in Top2aC, splenocytes from mice vac-
cinated with Top2aCRNA/DC were stimulated with
Top2aC-derived peptides and production of IFN-y was
measured by ELISA. Splenocytes stimulated with p1327
(DSDEDFSGL) produced a high level of IFN-y as com-
pared to those stimulated with other peptides (Fig. 7a).
Vaccination with DC pulsed with p1327 (p1327/DC) sig-
nificantly inhibited the tumor growth of MC-38 as com-
pared to mice vaccinated with unpulsed DC (Fig. 7b). To
investigate the immune responses induced by p1327/DC in
vivo, the IFN y-secreting T cells specific for Top2o were
quantified by ELISPOT assay after the third vaccination
with p1327/DC. The frequencies of IFN y-secreting cells
were significantly higher when stimulated by Top2aCRNA/
DC and p1327/DC than when stimulated by unpulsed DC
or CEA526 peptide-pulsed DC (CEA526/DC) (Fig. 7c).
Splenocytes from mice vaccinated with p1327/DC showed
cytotoxic activity to MC-38 tumor cells (Fig. 7d). These
results suggest that p1327 may be one of the T cell epitopes
located in the Top2aC region.

Discussion

The identification of antigens processed and presented by
tumors of various histologic origins is an interesting
research subject for the development of antitumor vaccines
with broad applications. Over the past years, some tumor
antigens with these characteristics have been described as
“universal tumor antigens”, such as hTERT, survivin, and
NY-ESO-1 [4, 6, 10, 31]. Over-expression of Top2a has
been reported in various tumors including lymphoma, gli-
oma and colon cancer [3, 28, 32, 35]. We also confirmed
the expression of Top2« in the murine tumor cell lines used
in this study (Fig. la). Top2a-specific T cells from mice
vaccinated with Top2aCRNA/DC killed different types of
tumors that expressed Top2a endogenously, including MC-
38 (colon cancer) and GL26 (glioma), in vitro (Fig. 4a, b).
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Fig. 7 Production of IFN-y by the indicated peptides in mice vacci-
nated with Top2«CRNA/DC, and the antitumor effect of p1327 pep-
tide-pulsed DC. a Production of IFN-y by peptide epitopes derived
from Top2aC. Five Top2aC-derived peptides were selected that bind
MHC class I molecules (H-2K®) with a high score using the BIMAS
and SYFPEITHI programs. Splenocytes from mice vaccinated with
Top2aCRNA/DC were incubated with individual peptides (1 pg/ml)
for 3 days. The level of IFN-y production was measured by ELISA.
The statistical significance was evaluated using a 7 test. *P < 0.05 (T
cell only vs. p1327). The data are representative of three independent
experiments. b Tumor growth by p1327-pulsed DC (p1327/DC) in the
MC-38 subcutaneous tumor model. Two days after MC-38 tumor cell
inoculation, mice were vaccinated with p1327/DC once per week for
3 weeks, and tumor volume was measured every 5 days. The statistical
significance was evaluated using a ¢ test. *P < 0.05 (DC vs. p1327/

As depicted in Fig. 5, Top2aCRNA/DC showed antitumor
effects in terms of inhibition of tumor volume and pro-
longed survival in MC-38, B16F10, and GL26 murine
tumor models. Splenocytes from mice vaccinated with MC-
38TL/DC were stimulated by Top2aCRNA/DC as well as
by SuvRNA/DC in vitro (Fig. 2). These results suggest that
Top2u is a candidate for universal tumor antigens.

Top2a was also detected in normal spleen tissues
although its level is lower in spleen than in the GL26 tumor
cell line (Fig. 1b). Our immunoblotting showed a general
agreement with Top2o expression in the spleen [8, 15].
Top2u is expressed in proliferating cells with levels varying
throughout the cell cycle, and its expression is transient in
normal cells [2, 33]. Expression of Top2« in normal spleen
tissue may induce tolerance. However, we could effectively

DC). Each group consisted of seven mice. ¢ Induction of Top2a-spe-
cific immune responses by p1327/DC vaccination. IFN-y-secreting T
cells specific for Top2« in splenocytes from mice vaccinated with
p1327/DC were measured with the ELISPOT assay. Splenocytes stim-
ulated with Top2aCRNA/DC and p1327/DC as positive targets, and
DC and CEAS526/DC as negative targets. The results are given as
mean £ SE. The statistical significance was evaluated using a ¢ test of
the pooled results of two experiments. *P <0.05 (DC vs.
Top2aCRNA/DC or p1327/DC). d Cytotoxic activity specific for
Top2a. Cytotoxic activity was assessed with the >'Cr release assay
against MC-38 as Top2a-expressing target at a 40:1 and 20:1 E/T ratio.
The statistical significance was evaluated using a ¢ test. *P < 0.05 (DC
vs. p1327/DC). The data are representative of two independent exper-
iments

induce Top2a-specific T cell responses because the most
potent antigen-presenting cells, DC, were used as a cellular
adjuvant. Topoisomerase II has two distinct isoforms, des-
ignated Top2o and Top2f. The amino acid sequence of
Top2a showed considerable homology with that of Top2p,
except in the C-terminal domain [18]. Therefore, vaccina-
tion with full-length Top2¢ may induce autoimmune
responses because Top2f is constantly present in most
cells. In this study, we focused on the Top2a C-terminus,
which shares low homology with Top2p.

DC transfected with RNA encoding whole tumor antigen
have been known to effectively induce both CD4* and
CD8* T cell responses [20, 30]. In this study, both CD4*
and CD8" T cells were induced by this method (Fig. 3b).
Different frequencies of CD4* and CD8"* T cell responses
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may be associated with structural and functional differences
that depend on tumor antigens. From our in vivo depletion
model, CD8* T cells were found to be effector cells of the
antitumor effect of Top2aCRNA/DC vaccination (Fig. 6).
However, the depletion of CD4* T cells did not affect the
antitumor effect of Top2«CRNA/DC vaccination. The com-
bination of the two antibodies, agonistic anti-4-1BB and
depleting anti-CD4, resulted in an enhanced production of
efficient tumor-killing CTLs, facilitation of their infiltra-
tion, and production of a susceptible tumor microenviron-
ment [9]. Elimination of CD4* T cells in mice bearing an
advanced sarcoma augments the antitumor action of inter-
leukin-2 therapy by releasing CD8" T cell-mediated immu-
nity from T cell-mediated suppression [25]. Treating the
spleen cells of the tumor-bearing mice with an anti-CD4
antibody completely eliminated their ability to block adop-
tive immunotherapy [5]. The immune system may contain
various CD4" cell-mediated regulatory mechanisms against
CD8* T cell-mediated antitumor immunity.

We selected five potential CTL epitopes from the
Top2aC sequence using the BIMAS and SYFPEITHI pro-
grams. Only p1327 (DSDEDFSGL), which gave the high-
est score in the prediction program, successfully stimulated
T cells from mice vaccinated with Top2aCRNA/DC. The
antitumor effects resulting from vaccination with p1327/DC
indicate that p1327 is a T cell epitope presented by tumor
cells that could be used only within tumors with the same
haplotype. To demonstrate the universality with other hap-
lotypes, full-length Top2a should be used, rather than a
peptide, in order to overcome MHC restriction. To define
whether p1327 is immunogenic in other haplotypes, further
studies should be performed using mice with different H-2
haplotypes. Additional control experiments, as well as
studies in additional tumor models and in a more rigorous
setting of established tumors are needed to confirm the
efficacy of this peptide as a therapeutic reagent.

Conclusion

We provide the first evidence that Top2a could be used as a
universal tumor antigen for cancer immunotherapy.
Because 89% of the amino acid residues of Top2o were
identical between mice and humans [1], Top2o may also be
a potential target for immunotherapy in the human system.
Further studies are needed to demonstrate the presence of
specific T cells in cancer patients, the generation of CTL
specific for Top2a in vitro, and the antitumor effect in xeno-
genic tumor models.
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