Cancer Immunol Immunother (2010) 59:1041-1047
DOI 10.1007/s00262-010-0829-x

ORIGINAL ARTICLE

Cytotoxic T lymphocyte epitopes from human heparanase can
elicit a potent anti-tumor immune response in mice
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Abstract Heparanase is expressed in almost all advanced
tumors, and therefore it may serve as a potential target for
tumor therapy. Our previous study has shown that heparan-
ase can serve as a potential universal tumor-associated
antigen (TAA) for the immunotherapy of advanced tumors.
Further study demonstrated that the HLA-A*0201-restricted
Cytotoxic T lymphocytes (CTL) epitopes Hpa525
(PAFSYSFFV), Hpa277 (KMLKSFLKA) and Hpa405
(WLSLLFKKL) from human heparanase could induce a
potent anti-tumor immune response in vitro. The present
study was designed to investigate whether the above peptides
could induce immune responses in mice. Our results
demonstrated that the effectors from heparanase peptide-
immunized mice could effectively lyse various tumor cells
that were heparanase positive and HLA-A*0201 matched.
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We also found that these peptide-specific CTLs did not lyse
autologous lymphocytes that had low heparanase activity.
Further study revealed that Hpa525, Hpa277, and Hpa405
peptides increased the frequency of IFN-y-producing T cells
as compared to a negative peptide. These results suggest that
Hpa525, Hpa277, and Hpad405 peptides are novel HLA-
A*0201-restricted CTL epitopes capable of inducing hepa-
ranase-specific CTLs in mice. Because heparanase is
expressed in most advanced malignant tumors, Hpa525,
Hpa277, and Hpa405 peptide-based vaccines may be useful
for the immunotherapy of patients with advanced tumors.
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Abbreviations

Hpa Heparanase

TAA  Tumor-associated antigen
DC Dendritic cell

CTLs Cytotoxic T lymphocytes
E/T Effector-to-target

Introduction

Overexpression of heparanase in tumor cells confers an
invasive phenotype in experimental animals [1]. The
enzyme also releases angiogenic factors from the ECM and
thereby induces an angiogenic response in vivo [2]. Hep-
aranase up-regulation correlates with increased tumor
vascularity and poor prognosis of patients with cancers [3].
These results suggest that the heparanase enzyme is a
promising target for anti-cancer drug development.
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Cytotoxic T lymphocytes (CTLs) specific for various
tumor antigens play a potent role in the antitumor immune
response [4—6]. CTLs recognize antigens on both their
target and on APCs as epitope fragments, composed of
8—12 amino acids that are complexed with MHC molecules
[7-9]. Tumor cells expressing epitopes derived from tumor
associated antigen (TAA) can be recognized and lysed by
CTLs. Several TAAs have been identified, and the specific
immune responses that can be generated by targeting these
antigens are being studied in both human and mouse
models of malignant disease [10, 11]. Moreover, immuni-
zation with epitopes derived from TAA-pulsed dendritic
cells (DC) vaccines, as a modality of specific immuno-
therapy, has been applied to patients with malignancies and
proven to have some clinical effectiveness [12].

Our previous study indicated that DC loading of full-
length heparanase cDNA could induce heparanase-specific
CTLs, which showed potent lysis of human gastric cancer
cells in a MHC-restricted manner [13]. Recently, Som-
merfeldt [14] predicted three epitopes derived from the
human heparanase protein that could elicit heparanase-
specific CTLs which lysed breast cancer cells in vitro. We
also predicted and identified two H-2K" -restricted epitopes
from murine heparanase. Effectors induced by peptides of
mouse heparanase at these residue positions 398-405
(LSLLFKKL, mHpa398) and 519-526 (FSYGFFVI,
mHpa519) lysed three kinds of carcinoma cells expressing
both heparanase and H-2K" (B16 melanoma cell line, EL-4
leukoma cell line and Lewis lung cancer cell line). In vivo
experiments indicated that mHpa398 and mHpa519 pep-
tides offered the possibility not only to immunize against
tumors but also to treat tumor-bearing hosts successfully
[15]. Moreover, we successfully identified another three
HLA-A*0201-restricted heparanase epitopes: Hpa525
(PAFSYSFFV), Hpa277 (KMLKSFLKA), and Hpa405
(WLSLLFKKL). Our results demonstrated that these three
heparanase epitopes can induce heparanase-specific CTLs
that lyse various tumor cells in an HLA-A*0201-restricted
manner in vitro [16].

However, the presentation of antigen in vivo is a more
complicated process, and many in vitro experiments cannot
be repeated in vivo. Transgenic mice expressing unmodi-
fied HLA class I molecules have been used in many lab-
oratories as a suitable animal model for the study of HLA
class I-restricted CTL responses [17]. HLA-A*0201
transgenic mice represent a powerful model for the
induction and examination of HLA-A*0201-restricted
CTLs responses in vivo [18]. In order to investigate the
immune response elicited by naturally processing of the
heparanase-specific CTL epitope in vivo and to provide
evidence for the clinical use of heparanase epitopes to treat
patients with advanced tumors, DCs derived from HLA-
A*0201 transgenic C57BL/6 mice were pulsed with the

@ Springer

above three epitope peptides and then used to immunize
HLA-A*0201 syngenic mice by three subcutaneous injec-
tions. The splenic lymphocytes were used as effectors to
investigate the specific lysis of various tumor cells from
different tissues. The results showed that the peptides
Hpa525, Hpa277, and Hpa405 can be presented naturally in
vivo and elicit the heparanase-specific lysis of various
tumor cells expressing both heparanase and HLA-A*0201.
Our results suggest that the Hpa525, Hpa277, and Hpa405
peptides are new HLA-A*0201-restricted CTL epitopes
capable of inducing heparanase-specific CTLs in mice.
Because heparanase is expressed in most advanced
malignant tumors, Hpa525, Hpa277, and Hpa405 peptide-
based vaccines may be useful for the immunotherapy of
patients with advanced tumors.

Materials and methods
Mice and cell lines

C57BL/6 transgenic mice, which express a chimeric heavy
chain of the MHC-I molecule (HLA-A*0201 «1 and «2 and
H—2Kb, transmembrane and intracytoplasmic domains),
were kindly provided by Prof. Ni B from Institute of
Immunology of PLA, Third Military Medical University,
Chongqing, P. R. China.

The human colon carcinoma cell line SW480 (Hpa™,
HLA-A*02017), human gastric carcinoma cell line KATO-
11 (Hpa*, HLA-A*0201+), human osteogenic sarcoma cell
line U-2 OS (Hpa*, HLA-A*OZOI*), human breast cancer
cell line MCF-7 (Hpa™, HLA-A*02017), and hepatoma
carcinoma cell line HepG2 (Hpa™, HLA-A*0201") were
obtained from our laboratory. In addition, HepG2/HLA-A2
cells (Hpa+, HLA-A*02017), which were transfected with
a plasmid vector encoding the chimeric heavy chain of the
MHC class I molecule (HLA-A*0201) and MCF-7/Hpa
cells (Hpa+, HLA-A*O201+), which were transfected with
a plasmid containing heparanase, were constructed and
stored in our laboratory. U-2 OS cells were cultured in
Dulbecco’s Modified Eagle Media (DMEM, HyClone)
supplemented with 10% fetal bovine serum (FBS), 100 U/
ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glu-
tamine. KATO-III, HepG2, MCF-7, and SW480 cells were
all cultured in RPMI-1640 medium containing 10% FCS,
penicillin (100 U/ml), and streptomycin (100 pg/ml). All
cells mentioned above were kept at 37°C in a humidified
atmosphere containing 5% CO,.

Synthetic peptides

Three nonapeptides derived from the human heparanase
(Hpa) amino acid sequence [16] and one nonapeptide from
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HIV virus sequence [HIV,(476—484) (ILLEPVHGV)],
which served as a negative control in inducing heparanase-
specific CTL reactions, were synthesized by the Beijing
Scilight Biotechnology Ltd. Co. (Beijing, China) with a
purity >90% as determined by HPLC (Delta 600 Wasters
Company). The molecular weight of the peptides was
validated by mass spectrometry (API2000, PE). Lyophi-
lized peptides were dissolved in DMSO (Sigma) and stored
at —20°C.

DC generation from mouse bone marrow

The DCs from mouse bone marrow (mDCs) were gener-
ated as described previously [15, 16, 19]. In brief, bone
marrow was flushed from the tibia and femur of C57BL/
6-Tg mice and depleted of erythrocytes with commercial
lysis buffer (Sigma, St. Louis, MO, USA). The cells were
washed twice in serum-free RPMI-1640 medium and cul-
tured in a six-well plate at 5 x 10° cells/well with RPMI-
1640 medium containing 500 U/ml recombinant murine
GM-CSF (mGM-CSF, R&D System, Inc., USA) and 1000
U/ml recombinant murine IL-4 (mIL-4, R&D System, Inc.,
USA). On days 3, 5, and 7, half of the media was refreshed
without discarding any cells and fresh cytokine-containing
(mGM-CSF and mIL-4) media was added. On day 8 of
culture, mTNF-o (R&D System, Inc., USA) was added to
the media. On day 9, non-adherent cells obtained from
these cultures were considered mature bone marrow-
derived DC.

Flow cytometric analysis of cell populations

The DCs were collected and resuspended in cold FACS
buffer (phosphate-buffered saline with 0.2% BSA and
0.09% sodium azide). Cells were immunostained with
fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse CDllc, H-2K’, MHC-II and CD86 antibodies
(eBioscience, USA). Corresponding FITC immunoglobulin
G (IgG) isotype control antibody (eBioscience, USA) was
used. A total of 1 x 10° cells were incubated overnight at
4°C with antibodies. The cells were then washed once with
FACS buffer, resuspended, and tested on a FACScan
(Becton—Dickinson, USA).

Generation of CTLs in transgenic mice with synthetic
Hpa peptides

We generated Hpa-specific CTLs according to procedures
previously described [19, 20]. Briefly, transgenic mice,
8—12-week-old, were immunized by subcutaneous injec-
tion once a week in the back with 2 x 10° syngenic mature
dendritic cells pulsed with the above epitope peptides. One
week after the final immunization, the mice were killed,

and the splenocytes were collected and re-stimulated with
the vaccination peptides. On day 1 after re-stimulation,
IL-2 (R&D System, USA) 50 U/ml was added. After
5 days the splenocytes were harvested as effectors.

Cytotoxicity assay

Target cells, SW480, KATO-III, U-2 OS, HepG2,
HepG2/HLA-A2, MCF-7/Hpa, were labeled with
Na’'CrO, (100 uCi Na’'CrO per 1 x 10° cells) in 1 ml
of RPMI-1640 containing 10% FCS for 2 h at 37°C in
5% CO,. The labeled target cells were washed three
times by RPMI-1640 medium without serum. Then the
target cells were plated in triplicate at a final concen-
tration of 1 x 10* cells/well in 96-well V-bottom
microtiter plates. The >'Cr-labeled target cells (100 pl)
were then mixed with effector cells at effector-to-target
ratios (E:T) of 10:1, 20:1, 40:1, and 80:1. After incu-
bation for 4 h at 37°C in 5% CO,, the release of the
>ICr label was measured by collecting 100 pl of the
supernatant followed by quantitation in an automated
gamma counter (Beijing Nuclear Instrument Factory,
China). The percentage of specific lysis was calculated
as the percentage of specific >'Cr release using the fol-
lowing formula:

experimentalrelease — spontaneousrelease

maximal release — spontaneous release
x 100%.

Specific Lysis =

IFN-y ELISPOT assay

The generated CTLs mentioned above were assayed in 24-h
ELISPOT cultures (96-well coated microtiter plates,
Dakewe Biotech Company Limited, China) for IFN-y
production. Briefly, effector cells were plated in triplicate
at a final concentration of 2 x 10°, 4 x 10°, and 8 x 10°
cells/well in 96-well nitrocellulose plates. Effector cells
were stimulated by candidate peptides at the final con-
centration of 30 uM. The plate was incubated in 37°C, 5%
CO, for 24 h. The plate was processed using biotin labeled
anti-mouse IFN-y, enzyme labeling marker, and anti-
marker. Then, freshly prepared developer was added and
incubated in the dark at 37°C for 8 min (Quick Spot Mouse
IFN-y Precoated ELISPOT kit, DAKEWE, Shenzheng,
China). Spots were quantified using the ELISPOT reader
(BioReader 4000 Pro-X, BIOSYS, Germany).

Statistics
All experiments were run in triplicate, and the results are

given as the mean + SD of triplicate determinations. Sta-
tistical analysis was performed using Student’s ¢ test.
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Differences were considered statistically significant when
the P value was less than 0.05. All statistical analyses were
carried out with SPSS 11.5 software.

Results
Identification of mDC from murine bone marrow

For phenotypic analyses, mDCs were incubated with the
labeled antibodies for 45 min at 4°C before flow
cytometry analysis. The results demonstrated a strong
upregulation of the expression of H-2K® (98.5%), CD86
(94%), CD11c (97%), and MHC-II (92%) in the den-
dritic cells on day 9. These data indicated that these
dendritic cells have phenotypically and functionally
maturated.

Generation of CTLs specific to heparanase by synthetic
peptides

To analyze CD8' T cell responses against heparanase,
HLA-A*0201/H-2K" transgenic mice were immunized
three times at 1-week intervals with synthetic peptides. One
week after the last immunization, splenocytes were har-
vested and restimulated with peptides (30 pmol/L). Five
days later, they were analyzed for their ability to lyse
human target cells. The results demonstrated that peptide
Hpa277, Hpa405, and Hpa525 were able to elicit hepa-
ranase-specific CTLs, which could lyse SW480, KATO III,
and U-2 OS cells expressing both heparanase and HLA-
A*0201 [16] (Fig. 1). In contrast, the effectors could not
lyse HepG2 (Hpa™*, HLA-A*0201") or MCF-7 cells (HLA-
A*02017, Hpa™) [16], even at the highest E:T ratios.
However, when we transfected HepG2 cells with an HLA-
A*0201 cDNA plasmid or MCF-7 cells with heparanase
cDNA, the specific lysis rate rose to 74% and 52%,
respectively (Fig. 2). These results are consistent to our
previous study in vitro [16].

Effect of heparanase-specific CTLs on autologous
lymphocytes

Heparanase can also be detected in some normal tissues
and cells at a lower degree. Previous studies have shown
that heparanase can be expressed in immunologically
competent cells, NK cells, and inflammatory cells such as
neutrophils, granulocytes, activated T cells, and B cells
[16]. In order to investigate the capacity of effectors to lyse
autologous lymphocytes and mDCs, the >'Cr release test
was employed to detect the specific killing rate again. The
results indicate that heparanase vaccination has no detect-
able lysis effect on these cells (Fig. 3).
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Fig. 1 Specific lysis of effectors induced by Hpa525 (a), Hpa277 (b),
and Hpa405 (c) peptides against different cancer cell lines expressing
both Hpa and HLA-A*0201. Effector-to-target ratios are presented on
the X-axis, while the Y-axis represents the percent of specific lysis.
Cytotoxic T lymphocytes generated from HIV virus [HIV (476
484)] served as a negative peptide (NP). Results are given as the
mean £ SD. *Statistically significant values at P < 0.05 using a
paired Student’s ¢ test compared with the corresponding controls

Enzyme-linked immunospot (ELISPOT) assay
for IFN-y

Since CTLs are known to produce the Th1l cytokine IFN-y,
peptide-specific T cells were enumerated by measuring
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Fig. 2 Study of the specificity and restriction of CTLs generated
from Hpa525, Hpa277, and Hpa405 epitopes. Effector-to-target ratios
are presented on the X-axis, while the Y-axis represents the percent of
specific lysis. Cytotoxic T lymphocytes generated from HIV virus
[HIV,(476-484)] served as a negative control (NP). a, b Study of
heparanase specificity of CTLs generated from different heparanase
epitopes. MCF-7 breast cancer cells were Hpa negative but HLA-
A*0201 positive. The effectors derived from Hpa525, Hpa277, and
Hpad405 did not lyse the cells (a), but when we transduced MCEF-7
cells with full-length cDNA of heparanase by the lipofection method,
cytotoxic activity of CTLs induced by Hpa525, Hpa277, and Hpa405

IFN-y-producing cells by ELISPOT assay. As shown in
Fig. 4, Hpa525, Hpa277, and Hpa405 peptides were found
to generate a strong peptide-specific T cell response by
virtue of their ability to induce increased frequencies of
IFN-y-producing T cells, as compared to the negative
peptide control (P < 0.01). These results suggest that
heparanase peptide vaccines can increase IFN-y secretion
by effectors and enhance the Thl immune response.

Discussion

The identification of tumor-associated antigens (TAAs)
opened new opportunities for the treatment of patients with
cancer [21, 22]. By targeting these TAAs, the treatment is
tumor specific, less toxic, and can have a long-lasting
effect. Great progress has been made in the discovery of
CTLs recognizing tumor-associated antigens [23, 24].
Although the results of immunotherapeutic cancer
treatments have been promising in experimental models, as
yet, the overall success in human trials has been modest
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was detected at various E/T ratios (b). ¢, d Study of the HLA-A*0201
restriction of CTLs generated from Hpa525, Hpa277, and Hpa405
epitopes. HepG2 liver cancer cells were HLA-A*0201-negative but
Hpa positive. The CTLs induced by Hpa525, Hpa277, and Hpa405
did not lyse HepG2 cells (c). However, when we transduced the cells
with a plasmid containing full-length of cDNA of HLA-A*0201 by
the DOTAP method, cytotoxic activity of CTLs induced by Hpa525,
Hpa277, and Hpa405 was detected at various E/T ratios (d). Results
are given as the mean + SD. *Statistically significant values at
P <0.05 using a paired Student’s ¢ test compared with the
corresponding controls

[25]. Therefore, the identification of more tumor-associated
antigens is very important to expanding the repertoire of
antitumor immunotherapies and providing more powerful
clinical effectiveness. We previously identified immuno-
genic CTL epitopes restricted by HLA-A*0201 from
heparanase. A potential disadvantage to targeting hepa-
ranase-derived antigens for immunotherapy is that they
may be subject to self-tolerance. Nevertheless, in this study
we observed that the epitopes we identified were able to
generate heparanase peptide-specific CTL responses in
HLA-A*0201 transgenic mice, proving that the T cell
repertoire for heparanase exists in vivo. By establishing
CD8" CTL lines specific for these peptides, our result
show that the three epitopes Hpa525, Hpa277, and Hpa405
can be recognized on various tumor cells, suggesting that
they are naturally processed and expressed.

In our previous investigation, the heparanase-specific
CTL lines used for tumor recognition were generated from
healthy donors in vitro [16]. In the present study, hepa-
ranase-specific CTLs from transgenic mice were shown to
have the ability to kill tumor cell lines. All three peptides
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Fig. 3 Study of the side effect of Hpa525, Hpa277, and Hpa405
epitopes. Cytotoxic T lymphocytes generated from HIV virus
[HIV,(476-484)] served as a negative control (NP). a Specific lysis
of CTLs induced by heparanase epitopes on autologous lymphocytes.
b Specific lysis of CTLs induced by heparanase epitopes on
autologous mDCs. Results are given as the mean + SD
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Fig. 4 IFN-y-producing cells were enumerated by the ELISPOT
method. Phosphate buffered solution (PBS) served as a negative
control. Phytohemagglutinin (PHA) served as a positive control.
Columns indicate mean, bars, and SEM. **Statistically significant
values at P<0.01 by a paired Student’s ¢ test compared with the
negative peptide group

were able to induce specific CTLs in vivo, indicating that
the HLA-A*0201 transgenic mice possessed an adequate
T-cell repertoire that allowed for the recognition of the
heparanase-derived epitopes. Here, we found a general
correlation of CTL responses with peptide affinity for the
HLA-A*0201 molecule, supporting our previous investi-
gation. Interestingly, mouse peptide-specific CD8" T cells
can recognize endogenous peptides on human tumor cells,
indicating that T cells educated in these mice are able to
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recognize peptide bound to the native HLA-A*0201 mol-
ecule. Furthermore, we showed that all the candidate
peptides are processed and elicit effective immune
response in vivo.

Heparanase expression is mainly restricted to tumor
cells. Rare normal cells, including progenitor and activated
lymphocytes, as well as dendritic cells, are known to
express heparanase. Consequently, any heparanase-based
vaccine therapy may result in autoimmunity and destruc-
tion of normal cells that express this antigen. In the present
study, the heparanase-specific CD8" CTLs generated from
transgenic mice were not reactive against autologous
lympholeukocytes and mDCs after peptide pulsing. This
result is similar to J. Vieweg’s [26] study and supports our
previous data that heparanase-specific CTLs failed to lyse
autologous lymphocytes and DCs [16].

In conclusion, our results suggest that Hpa525, Hpa277,
and Hpa405 peptides derived from heparanase can induce
HLA-A*0201-restricted CD8" CTLs in vivo, which can
lyse various tumor cells expressing heparanase and HLA-
A*0201. These novel CTL epitopes may therefore serve as
an attractive component of peptide-based vaccines to treat
cancer patients. We are going to evaluate the Hpa525,
Hpa277, and Hpa405 peptide-pulsed dendritic cell vaccine
in Hpa*/HLA-A*0201" patients with cancer.
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