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Abstract Aurora kinase A (Aurora-A) is a cell cycle-

associated serine–threonine kinase that is overexpressed by

various types of cancer and is highly associated with poor

prognosis. Since the expression of Aurora-A in normal tis-

sues has been shown to be significantly lower as compared to

tumor cells, this protein is being considered as a potential

tumor-associated antigen for developing immunotherapies.

The goal in the present study was to identify CD4 helper

T lymphocyte (HTL) epitopes for Aurora-A for the design of

T cell-based immunotherapies against Aurora-A-expressing

tumors. Synthetic peptides corresponding to potential HTL

epitopes were identified from Aurora-A and used to stimu-

late CD4 T lymphocytes in vitro to generate antigen-specific

HTL clones that were evaluated for antigen specificity, MHC

restriction and for their ability to interact with Aurora-A-

expressing tumor cells. The results show that two peptides

(Aurora-A161–175 and Aurora-A233–247) were effective in

generating HTL responses that were restricted by more than

one MHC class II allele (i.e., promiscuous responses). The

CD4 HTL clones were able to directly recognize Aurora-A-

expressing tumor cells in an antigen-specific and MHC class

II-restricted manner and some of the clones displayed cyto-

lytic activity toward Aurora-A ? tumor cells. Both of these

peptides were capable of stimulating in vitro T cell responses

in patients with bladder cancer.
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Abbreviations

APC Antigen-presenting cell(s)

Aurora-A Aurora kinase A

DC Dendritic cell(s)

HTL Helper T lymphocyte(s)

TAA Tumor-associated antigen(s)

Introduction

Effective anti-tumor immune responses require the active

collaboration between CD8 cytotoxic T lymphocytes

(CTLs) and CD4 helper T lymphocytes (HTLs). CTLs and

HTLs recognize peptide epitopes derived from tumor-

associated antigens (TAAs) which are processed and pre-

sented on tumor cell surface in association with major

histocompatibility complex (MHC) molecules [29]. These

TAAs can be either cell surface molecules or intracellular
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proteins that, due to protein turnover, generate peptides that

associate with MHC molecules that are transported to the

cell surface for presentation to the T cell receptor. Among

the numerous potential TAAs, those that are involved in

tumorigenesis and are only expressed at low levels in

normal tissues could serve as ideal targets for developing

effective cancer immunotherapy. Transformation events

leading to alterations in the regulation of the cell cycle are

considered critical events of cancer development and per-

sistence [21]. Considerable research has focused on gene

products that are intimately involved in the regulation of

the cell cycle such as cell cycle-associated kinases with the

goal of developing new anti-cancer therapies. Because

overexpression of these kinases is frequently observed in

many tumor types, it is expected that these therapies will

mostly affect malignant cells and not normal proliferating

cells [5, 6, 19].

Aurora kinase A (Aurora-A, aka STK15 or BTAK) is a

serine–threonine kinase that regulates the progression of

mitosis during the late G2 to M cell cycle phase [23]. The

Aurora-A gene is frequently amplified and overexpressed

in various malignancies such as breast, colon, bladder,

ovarian, pancreatic, prostate and renal cell carcinomas [2,

16, 18–20, 30, 31]. Aurora-A overexpression is associated

with genetic instability [7] and poor histological differen-

tiation [35], leading to poor prognosis and outcome [17].

Transfection and overexpression of Aurora-A in fibroblasts

induces malignant transformation, indicating that this

kinase can behave as a classical oncogene product [2, 36].

Although high expression of Aurora-A occurs in a broad

range of cancer types, it is also found to be expressed, but

at much lower levels, in normal dividing cells [9, 12, 26].

Thus, it is possible that this protein could be utilized as a

therapeutic target. Indeed, several small molecule Aurora-

A inhibitors that block the ATP-binding site have been

developed and are currently being tested in the clinic [22,

32, 33]. Due to its controlled expression pattern, Aurora-A

has been recently examined as a target for developing

T cell-based anti-tumor immunotherapy. A recent study

described that Aurora-A-specific MHC class I-restricted

CTLs were able to recognize and kill leukemic cells

overexpressing Aurora-A [26]. Although CD8 CTLs are

considered to be the most effective components of the

adaptive immune system capable of eradicating tumor

cells, increasing evidence from both human and murine

studies indicates that CD4 HTLs are required for full

induction, activation and persistence of CTLs [13]. More-

over, in some instances, HTLs are known to exhibit anti-

tumor effector function and are capable of eliminating

tumors on their own without the participation of CTLs [25,

27]. In view of this, we believe that only those vaccines

capable of stimulating both TAA-reactive CTLs and HTLs

will be effective in generating immune responses that will

provide clinical benefit. In the present study, we describe

novel peptide epitopes capable of inducing HTL responses

against Aurora-A in an MHC-II-restricted manner. Most

notably, the Aurora-A-specific CD4 T cells exhibited high

immunological activity against MHC-II positive, Aurora-

A-expressing tumors cells and little, if any, against non-

transformed lymphoid cells. These results have important

implications for the development of new immunological

therapies against cancer.

Materials and methods

Cell lines

Epstein-Barr virus (EBV)-transformed lymphoblastoid

cells (EBV-LCL) were produced from peripheral blood

mononuclear cells (PBMCs) of HLA-typed volunteers

using culture supernatant from the EBV-producing B95-8

cell line, obtained from the American Type Culture Col-

lection (ATCC, Manassas, VA). Mouse fibroblasts cell

lines (L-cells) transfected and expressing individual human

MHC-II molecules were kindly provided by Dr. Robert W.

Karr (Karr Pharma, St. Louis, MO) and Dr. Takehiko

Sasazuki (International Medical Center of Japan, Tokyo,

Japan). The following tumor cell lines were purchased

from the ATCC: LNCaP and PC3 (prostate); MCF7 and

SKBR3 (breast); UMUC3 (bladder) and Jurkat (T cell

lymphoma). MT2 is an HTLV-1-transformed T cell line

[24]. The bladder cancer cell lines 5637 and renal cell

carcinoma cell lines SW839 and Caki-1 were supplied by

the Cell Resource Center for Biomedical Research Institute

of Development, Aging and Cancer (Tohoku University,

Sendai, Japan). All cell lines were maintained in tissue

culture as recommended by the supplier.

Synthetic peptides

Potential HLA-DR-restricted CD4? T cell epitopes were

selected from the amino acid sequence of Aurora-A using

the peptide/MHC binding predictions for four common

HLA-DR alleles (DRB1*0101, DRB1*0401, DRB1*0701

and DRB1*0901) using the computer-based algorithms

found in the Immune Epitope Database Analysis Resource

(http://tools.immuneepitope.org/main/index.html) [4]. The

predicted peptide epitopes were synthesized by solid phase

organic chemistry and purified by high-performance liquid

chromatography (HPLC). The purity ([80%) and identity

of peptides were assessed by HPLC and mass spectrome-

try, respectively. The following synthetic peptides were

used throughout this work: Aurora-A161–175 (LKVLFKA

QLEKAGVE), Aurora-A204–218 (TRVYLILEYAPLGTV),

Aurora-A233–248 (TATYITELANALSYCH), WT1124–138
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(QARMFPNAPYLPSCL), and the Pan DR Epitope [1]

‘‘PADRE’’ (aKXVAAWTLKAAa, where is a D-alanine,

and X is L-cyclohexylalanine).

In vitro induction of antigen-specific HTLs

with synthetic peptides

The procedure utilized for the generation of Aurora-A-

reactive HTL lines using peptide-stimulated lymphocytes

from PBMCs of normal human volunteers has been

described in detail [15]. Briefly, dendritic cells (DCs) were

produced from purified CD14 monocytes (using antibody-

coated magnetic microbeads from Miltenyi Biotech,

Auburn CA) that were cultured for 7 days at 37�C in a

humidified CO2 (5%) incubator in the presence of 50 ng/ml

GM-CSF and 1,000 IU/ml IL-4. Peptide-pulsed DCs (3 lg/

ml for 2 h at room temperature) were irradiated (4,200 rad)

and co-cultured with autologous purified CD4 T cells

(Miltenyi Biotech Inc, Auburn, CA) in 96-flat-bottomed

well culture plates. One week after peptide stimulation, the

CD4 T cells were restimulated in individual microcultures

with peptide-pulsed irradiated autologous PBMC and

2 days later, recombinant human IL-2 was added at a final

concentration of 10 IU/ml. One week later, the T cells were

tested for antigen reactivity using a cytokine-release assay

as described below. Those microcultures exhibiting a sig-

nificant response of cytokine-release to peptide (at least

2.5-fold over background) were cloned by limiting dilution

and expanded in 24-well plates by weekly restimulation

with peptides and irradiated autologous PBMCs. Complete

culture medium for all procedures consisted of AIM-V

medium (Invitrogen/GIBCO, Carlsbad, CA) supplemented

with 3% human male AB serum. All blood samples were

obtained after the appropriate informed consent.

Measurement of antigen-specific responses

with HTL clones

CD4 T cells (3 9 104 per well) were mixed with irradiated

antigen-presenting cells (APCs) in the presence of various

concentrations of antigen in 96-well culture plates. APCs

consisted of either autologous PBMC (1 9 105 per well),

HLA-DR-expressing L-cells (3 9 104 per well), MHC

typed EBV-LCL, CD40-stimulated B cells, Jurkat T cell

lymphoma, prostate, bladder, renal cell or breast tumor cell

lines (3 9 104 per well). Prostate, bladder, renal cell and

breast tumor cell lines were previously treated with IFN-c
at 500 units/ml for 48 h to enhance MHC class II expres-

sion. To generate CD40-stimulated B cells, purified CD19?

cells (using antibody-coated magnetic microbeads

from Miltenyi Biotech) were cultured for 7–10 days with

10 lg/ml of an anti-human CD40 mAb (BD Pharmingen)

in the presence of 1,000 IU/ml IL-4 in complete medium

consisting of Iscove’s Modified Dulbecco’s medium

(Invitrogen) supplemented with 10% FCS. The expression

of HLA-DR molecules on tumor cells was evaluated

by flow cytometry using anti-HLA class II monoclonal

antibody (mAb) TU39 conjugated with fluorescein iso-

thiocyanate (BD Biosciences, San Jose, CA). Culture

supernatants of the T cell activation assays were collected

after 48 h for measuring antigen-induced lymphokine

(IFN-c or GM-CSF) production by the HTL using ELISA

kits (BD Pharmingen, San Diego, CA). To demonstrate

antigen specificity and MHC restriction, blocking of anti-

gen-induced responses was assessed by adding anti-HLA-

DR mAb L243 (IgG2a, prepared from supernatants of the

hybridoma HB-55 obtained from the ATCC), anti-HLA-

DQ mAb SPV-L3 (IgG2a, Beckman Coulter Inc, Fullerton,

CA) or anti-HLA-A/B/C mAb W6/32 (IgG2a, ATCC) at

10 lg/ml throughout the 48-h antigen-stimulation period.

All ELISA determinations were carried out in triplicates

and results correspond to the mean values with the standard

deviation (SD) of the means.

Western blot analyses

One million cells (tumor or non-transformed) were washed

in PBS and lysed in NuPAGE LDS sample buffer (Invit-

rogen). The cell lysate was subjected to electrophoresis in a

4–12% NuPAGE bis–Tris SDS–PAGE gel (Invitrogen)

under reducing condition and then transferred to Immobi-

lon-P (Millipore, Bedford, MA) membrane. The membrane

was then blocked in PBS containing 0.01% Tween 20 and

5% nonfat dry milk for 1 h at room temperature and

incubated with rabbit anti-human Aurora-A mAb (1:2,000

in blocker; Epitomics, Burlingame, CA) or anti-b-actin

(C4, Santa Cruz Biotechnology, Santa Cruz, CA), as the

control, for 18 h at 4�C. After washing, the membrane was

incubated with horseradish peroxidase-labeled sheep anti-

rabbit IgG and subjected to the enhanced chemilumines-

cence assay using the ECL detection system (Amersham,

Buckinghamshire, UK).

Cell-mediated cytotoxicity assays

Cytotoxic activity of HTLs was measured using a colori-

metric CytoTox 96 assay (Promega, Madison, WI). This

system quantifies the release of lactate dehydrogenase

(LDH) from target cells. T cells were mixed with 2 9 104

targets at different effectors to target (E:T) ratios in

96-round-bottomed-well plates. After 6–9 h incubation at

37�C, a 50 ll sample of supernatant was collected from

each well to measure LDH content. To correct for sponta-

neous LDH release from effector cells, LDH levels were

measured for each individual effector cell concentration

used in the experimental setup (effector spontaneous). All
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measured values were assayed in triplicate and corrected for

the culture medium LDH background. The percentage of

specific LDH release was determined as % cytotoxicity =

[(experimental - effector spontaneous - target spontaneous)/

(target maximum - target spontaneous)] 9 100.

Measurement of peptide-specific responses in bladder

cancer patients

Peripheral blood mononuclear cells were isolated from

fresh heparinized blood by Ficoll-Hypaque centrifugation

and washed twice with RPMI 1640. PBMCs were resus-

pended in complete medium and placed at 1.5 9 105 cells

per well and cultured in triplicate in 96-well round-bot-

tomed plates in the presence of 10 lg/ml peptide. Negative

controls, in the absence of peptide, were done in six rep-

licate samples. One week later, the cultures were restimu-

lated with peptide-pulsed (10 lg/ml) irradiated autologous

PBMCs (5 9 104 cells per well). After 7 days of restim-

ulation, supernatants were harvested for examining the

ability of peptide-induced lymphokine production by the

patient’s PBMCs. The institutional Ethics Committee had

approved the study protocol and the appropriate informed

consent for blood donation was obtained from all patients

before blood sampling.

Results

Induction of Aurora-A peptide-specific CD4 HTL

clones

Candidate HTL epitopes predicted to bind to several HLA

class II alleles (promiscuous MHC-II binders) from Aur-

ora-A were identified using in silico algorithms for four

common HLA class II molecules, HLA-DR1, DR4, DR7

and DR9 [4]. Based on these predictions, we selected

three peptide sequences, Aurora-A161–175 (LKVLFKAQ

LEKAGVE), Aurora-A204–218 (TRVYLILEYAPLGTV)

and Aurora-A233–248 (TATYITELANALSYCH) as poten-

tial promiscuous CD4 HTL epitopes against Aurora-

A-expressing tumor cells. Purified CD4 T lymphocytes

from four MHC-II typed healthy volunteers (HLA-DR1/

15, DQ5/6; HLA-DR4/15, DQ1/4; HLA-DR4/9, DQ7/8

and HLA-DR9/14, DQ7/9) were stimulated with peptide-

pulsed autologous DCs as described in ‘‘Materials and

methods’’. After three rounds of stimulation with peptide-

pulsed autologous APCs, the CD4? T cell cultures were

tested for their ability to respond to the peptide antigenic

challenge. In these experiments, two of three peptides

(Aurora-A161–175 and Aurora-A233–247) were able to elicit

HTL responses (data not presented). T cell clones were

isolated from those cultures containing peptide-reactive

T cells for further characterization (antigen specificity,

MHC restriction and ability to recognize tumors

expressing Aurora-A). Three Aurora-A161–175-reactive

clones (MT16 from the DR9/14, DQ7/9 donor; 4E from

the DR4/9, DQ7/8 donor; Sa11 from the HLA-DR4/15,

DQ1/4 donor) and three Aurora-A233–247-reactive clones

(K22 from the DR1/15, DQ5/6 donor; clone 5 from the

DR4/9, DQ7/8 donor; Sa24 from the DR4/15, DQ1/4

donor) were isolated and expanded for further analyses.

As shown in Fig. 1, all six HTL clones responded well to

the Aurora-A peptide that was originally used to select

them and did not react with irrelevant peptides (the other

Aurora-A epitope or a peptide from the WT1 antigen).

Furthermore, peptide titration curves showed that the

antigen-induced lymphokine production (IFN-c or GM-

CSF) in these HTL clones was dependent on the peptide

concentration (Fig. 2). In some instances, as with clones

MT16, Sa11, K22 and clone 5, significant production of

cytokine was observed with low amounts of peptide

(0.01 lg/ml) indicating that these HTLs exhibit high

avidity for antigen, which is critical for the recognition of

tumor cell-derived antigen.

Peptides Aurora-A161–175 and Aurora-A233–247 function

as promiscuous HTL epitopes

Next, we performed HLA class II restriction analysis of the

Aurora-A peptide-specific HTL clones. When antibody-

blocking experiments using mAbs specific for either HLA

class I (W6/32) or HLA class II molecules, HLA-DR

(L243) or HLA-DQ (SPV-L3), were carried out, it was

apparent that all three Aurora-A161–175-specific HTL clones

recognized antigen in the context of HLA-DR (Fig. 3a, b).

In case of the Aurora-A233–247-reactive HTL clones, pep-

tide recognition by HTL clones 5 and Sa24 was inhibited

by the anti-HLA-DR mAb but not by the anti-HLA-DQ

mAb demonstrating that these clones were also restricted

by HLA-DR (Fig. 3c). On the other hand, the recognition

of antigen by HTL clone K22 was inhibited by addition of

the anti-HLA-DQ mAb indicating that this clone recog-

nizes antigen in the context of an HLA-DQ molecule

(Fig. 3c). To specifically identify the MHC class II

restriction elements presenting the Aurora-A peptides to

the HTLs, the responses to antigen were evaluated using a

panel of HLA-DR-transfected mouse fibroblasts (L-cells)

and EBV-LCLs (homozygous for HLA-DQ). The results

presented in Fig. 4a and b demonstrate that HTL clones

MT16 and Sa11 recognized Aurora-A161–175 presented by

HLA-DR53, while clone 4E recognized the same peptide in

the context of HLA-DR9. HTL clone 5 recognized Aurora-

A233–247 presented by HLA-DR53 and HTL clone Sa24

recognized the same peptide in the context of HLA-DR15

(Fig. 4c). Lastly, the HLA-DQ-restricted HTL clone K22
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Fig. 1 Antigen specificity of Aurora-A-reactive HTL clones. The

specificity of the T cell clones was determined by their capacity to

produce cytokine (GM-CSF or IFN-c) using autologous irradiated

PBMCs as APCs in the presence of various synthetic peptides (used at

10 lg/ml). HTL clones MT16, Sa11 and 4E (top panels) responded

only to the Aurora-A161–175 peptide (Aur-A161) and clones 5, Sa24

and K22 (bottom row) only recognized peptide Aurora-A233–247

(Aur-A233). None of the clones displayed a significant response to the

irrelevant aurora-A peptide or to an irrelevant peptide from the WT1

antigen (WT1124–138). Columns means of triplicate determinations,

bars SD. Columns without bars had SD \ 10% the values of the

mean
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Fig. 2 CD4 T cell responses against predicted peptide epitopes

derived from Aurora-A. a Production of GM-CSF by HTL clone

MT16 (from a DR9/14, DQ7/9 donor) when stimulated with various

doses of peptide Aurora-A161–175 (this clone did not produce IFN-c
when stimulated with antigen). b Peptide Aurora-A161–175 induces

production of IFN-c by HTL clones Sa11 (DR4/15, DQ1/4 donor) and

4E (DR4/9, DQ7/8 donor). c Production of IFN-c by HTL clones K22

(DR1/15, DQ5/6 donor), clone 5 (DR4/9, DQ7/8 donor) and Sa24

(DR4/15, DQ1/4 donor) as the result of stimulation with peptide

Aurora-A233–247. In all instances, autologous irradiated PBMCs were

used as APCs. Points means of triplicate determinations, bars SD.

Points without bars had SD \ 10% the value of the mean. Results are

representative of two experiments that were done with the same

samples
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Fig. 3 The presentation of Aurora-A peptides to CD4 T cells is in the

context of HLA-DR or HLA-DQ molecules. MHC class II restriction

molecules were identified using antibody-blocking assays: anti-HLA-

DR (clone L243), anti-HLA-DQ (clone SPV-L3) or anti-HLA-A, -B,

-C (clone W6/32 used as negative control) were all used at 10 lg/ml.

Experiments were done using irradiated peptide-pulsed autologous

PBMCs as APCs. Columns means of triplicate determinations, bars
SD. Columns without bars had SD \ 10% the values of the mean.

Results are representative of two similar experiments that were done

under the same conditions
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recognized peptide Aurora-A233–247 in the context of

HLA-DQ6 (Fig. 4d). These results indicate that peptides

Aurora-A161–175 and Aurora-A233–247 behave as classic

promiscuous CD4 HTL epitopes because they can be pre-

sented to T cells by more than one MHC class II allele.

Assessment of recognition of naturally processed

antigen by Aurora-A-specific HTL clones

The next step was to assess whether the Aurora-A-specific

HTLs were capable of recognizing the naturally processed

0

200

400

600

800

1000 L-DR9 + Pep.

L-DR14 + Pep.

L-DR53 + Pep.

MT16 Aurora-A 161-175 -Reactive HTL
4E Sa11

0

500

1000

1500
L-DR4 + Pep.
L-DR9 + Pep.

L-DR53 + Pep.

Aurora-A 161-175 -Reactive HTL Clones

5 Sa24
0

250

500

750

1000
L-DR4 + Pep.
L-DR15 + Pep.
L-DR53 + Pep.

Aurora-A 233-247 -Reactive HTL Clones

0

400

800

1200
DQ5EBV-LCL + Pep.
DQ6EBV-LCL + Pep.

K22 Aurora-A 233-247 -Reactive HTL

a b

c d

G
M

-C
S

F
, p

g
/m

l

IF
N

-g
,p

g
/m

l
IF

N
-g

,p
g

/m
l

IF
N

-g
,p

g
/m

l

Fig. 4 Definition of restricting

MHC class II alleles of the

Aurora-A-specific HTL clones.

Lymphokine production of the

Aurora-A161–175-reactive HTL

clones (a, b) and Aurora-

A233–247-reactive HTL clones

(c, d) was evaluated using

L-cells transfected with

individual HLA-DR molecules

or semi-allogenic EBV-LCLs

homozygous for HLA-DQ

molecules as APCs.

No significant responses

(\20 pg/ml) were observed

in the absence of peptide

(not shown, for simplicity).

Columns means of triplicate

determinations, bars SD.

Columns without bars had

SD \ 10% the values of the

mean. Results are representative

of two experiments

-actin

PC3 PBMC

LN
CaP

M
CF7

UM
UC3

SW
83

9

56
37 Cak

i1
SK-B

R3

a

Aurora-A

JURKAT

b

MHC Class II Expression

PC3: HLA-DR7/13, DR53 5637: HLA-DR1/9, DR53
Caki-1: HLA-DR7/11, DR53

SW839: HLA-DR1/9, DR53 MCF7: HLA-DR3/15, DQ2/6

Fig. 5 Evaluation of the
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molecules by various human

tumor cell lines. a Western blot
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control as described in

‘‘Materials and methods’’. The
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epitopes on MHC class II molecules expressed by tumor

cells. First, we assessed the expression of Aurora-A and

MHC class II molecules on several tumor cell lines that

would be used for these studies. As shown in Fig. 5a, the

Aurora-A protein was detected by Western blot analysis in

various tumor lines from different histological origins such

as PC3, LNCaP (prostate), 5637, UMUC-3 (bladder),

SW839, Caki-1 (renal), MCF7 and SK-BR3 (breast). On

the other hand, Aurora-A was undetectable in normal (non-

proliferating) PBMCs. Based on these results and using the

information gathered by the MHC restriction analysis of

the HTL clones, we selected several tumor cell lines

(previously typed for their MHC alleles) to examine the

expression of cell surface MHC class II molecules. As

shown in Fig. 5b, all five of the selected Aurora-A positive

tumor cells (PC3, 5637, Caki-1, SW839 and MCF7)

expressed significant levels of cell surface MHC class II

after treatment with IFN-c. We then proceeded to test the

capacity of the MHC-II ? Aurora-A ? tumor cells to

stimulate the responses of the peptide-reactive HTL clones.

As shown in Fig. 6a, clone 4E (DR9-restricted, Aurora-

A161–175-reactive) recognized two Aurora-A?/DR9 tumors

(5637 and SW839). HTL clones Sa11 and MT6 (DR53-

restricted, Aurora-A161–175-reactive) recognized several
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Fig. 6 Direct recognition of Aurora-A-expressing tumor cells by

Aurora-A161–175-reactive HTL clones. DR9-restricted HTL clone 4E

(a) and DR53-restricted HTL clones Sa11 (b) and MT16 (c) were

tested for their capacity to recognize antigen directly on Aurora-A?

tumor cells that are either matched or mismatched for the restricting

MHC class II alleles. The MHC class II-negative Jurkat T cell

lymphoma cells were also used as negative controls. The antigen

specificity of these responses was demonstrated by blocking tumor

recognition with anti-HLA-DR mAb (L243). Columns without bars
had SD \ 10% the values of the mean. Results are representative of

two separate experiments
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Fig. 7 Direct recognition of Aurora-A-expressing tumor cells by

Aurora-A233–247-reactive HTL clones. DQ6-restricted HTL clone K22

(a) and DR53-restricted HTL clone 5 (b) were tested for their

capacity to recognize antigen directly on Aurora-A? tumor cells that

are either matched or mismatched for the restricting MHC class II

alleles. The antigen specificity of these responses was demonstrated

by blocking tumor recognition with anti-HLA-DR mAb (L243) or

anti-HLA-DQ (SPV-L3) mAbs. Columns means of triplicate deter-

minations, bars SD. Columns without bars had SD \ 10% the values

of the mean. Results are representative of two separate experiments
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Aurora-A?/DR53 tumors (PC3, 5637, SW839 and Caki-1)

in an antigen-specific manner (Fig. 6b, c). Similarly, clone

K22 (DQ6-restricted, Aurora-A233–247-reactive) recognized

the Aurora-A?/DQ6-expressing MCF7 breast tumor cells

(Fig. 7a). Lastly, as shown in Fig. 7b, clone 5 (DR53-

restricted, Aurora-A233–247-reactive) recognized several

Aurora-A?/DR53 tumors (PC3, 5637, Caki-1 and SW839).

On the other hand, the DR15-restricted, Aurora-A233–247-

reactive HTL clone Sa24 was unable to react with any

Aurora-A-expressing tumor (data not shown). Direct tumor

recognition in all cases was antigen-specific and MHC-

restricted since tumor cell lines not expressing either

Aurora-A or the appropriate MHC allele failed to stimulate

the responses of the HTL clones. Moreover, the capacity of

the Aurora-A-expressing tumor cells to activate the HTL

clones was significantly inhibited by the addition of either

anti-MHC class II mAbs confirming that the peptide epi-

topes were presented through MHC class II molecules.

HTL epitopes Aurora-A161–175 and Aurora-A233–247

are naturally processed and presented by transformed

cells but not by normal proliferating cells

We have showed that Aurora-A-specific HTL clones can

directly recognize Aurora-A-expressing tumor cells in an

MHC-II-dependent manner. It is known that Aurora-A is

ubiquitously expressed in normal dividing cells and that it

regulates mitotic cell division. Nevertheless, the expres-

sion level of Aurora-A in normal proliferating cells is

significantly lower as compared with malignant prolifer-

ating cells [9, 26]. In agreement, we observed that Aur-

ora-A is expressed in much higher amounts in aberrant

mitotic cells such as T cell lymphoma (Jurkat, MT2) and

EBV-LCLs as compared to normal proliferating lympho-

cytes such as phytohemagglutinin (PHA)-stimulated

PBMCs and CD40-activated B cells (Fig. 8a). Notwith-

standing these results, we assessed whether the Aurora-A-

reactive HTLs were capable of responding to normal

dividing cells that express low levels of Aurora-A. As

shown in Fig. 8b, HTL clones (4E, 5 and Sa11) did not

react significantly to either autologous PHA blasts or

CD40-activated B cells unless exogenous peptide was

added. On the other hand, the HTL clones were able to

respond to autologous EBV-LCLs, which express higher

amounts of Aurora-A as compared to normal proliferating

cells, and as expected the addition of peptide increased

these responses. Thus, it appears that the Aurora-A-spe-

cific HTLs are able to discriminate between malignant

cells and normal proliferating cells, perhaps on the basis

of the amount of antigen that is being produced.
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Cytotoxic activity of Aurora-A-specific HTLs

It has been observed that MHC class II-restricted CD4?

T lymphocytes can function as effector cells, sometimes

capable of killing virus-infected or tumor cells [14, 27].

Therefore, we examined whether some of the Aurora-A-

specific HTL clones would be able to kill Aurora-A-

expressing tumor cells. As shown in Fig. 9, two of the

HTL clones, 4E (DR9-restricted/Aurora-A161–175-specific)

and clone 5 (DR53-restricted/Aurora-A233–247-specific),

exhibited high specific cytotoxicity against Aurora-A-

expressing tumors expressing the appropriate MHC-II

molecule (5637 and SW839) but not toward Aurora-A

positive tumor cells that express an irrelevant MHC class

II allele (MCF7). On the other hand, clones MT16, Sa11

and K22 were unable to kill Aurora-A-expressing tumor

cells (data not shown), although as previously shown

these HTLs were fully capable of producing cytokines as

the result of directly recognizing Aurora-A ? tumor

cells.

Recognition of the Aurora-A161–175

and Aurora-A233–247 HTL epitopes by PBMCs

from bladder cancer patients

Lastly, we determined whether T cell responses to the

Aurora-A peptides Aurora-A161–175 and Aurora-A233–247

could be detected in cancer patients. Because only small

blood samples (25 ml) from these patients were available,

we were unable to establish long-term T cell lines and to

perform HLA typing of the patients. Direct T cell responses

to these peptides were studied by culturing the patients’

PBMCs with peptide, and 1 week later, they were

restimulated one more time using irradiated autologous

PBMCs as APCs. Seven days after the second antigen

stimulation, culture supernatants were collected for mea-

suring lymphokines secreted (IFN-c) as the response to

antigen. The data presented in Fig. 10 show that significant

T cell responses to at least one of the Aurora-A peptides

and to the positive control peptide PADRE [1] were evi-

dent in all five bladder cancer patients and that 4/5 patients

recognized both Aurora-A peptides. Moreover, the ability

of anti-HLA-DR mAbs to inhibit the response was an

indication that the T cells recognized these peptides in the

context of MHC class II. These results indicate that T cell

precursors reactive with the Aurora-A epitopes exist in the

peripheral blood of both normal individuals and cancer

patients.

Discussion

In the present study, we were able to demonstrate for the

first time that Aurora-A can function as a TAA to induce

tumor-reactive CD4 T cell responses both in normal indi-

viduals and bladder cancer patients. Using an MHC-II

binding prediction algorithm, we were successful in iden-

tifying two Aurora-A promiscuous MHC class II-restricted

T cell epitopes. Our results show that epitope Aurora-

A161–175 can be presented to HTL by either HLA-DR9 or

DR53 and that epitope Aurora-A233–247 is presented in the

context of either DR15, DR53 or DQ6 (Fig. 4). The HTL

clones that were restricted by DR9, DR53 and DQ6 were

able to recognize antigen directly by tumor cells (Figs. 6,

7), indicating that these epitopes are endogenously pro-

cessed and can be presented by the tumor’s own MHC

class II molecules. However, clone Sa24, which recognized

Aurora-A233–247 in the context of DR15, failed to react

directly with tumor cells (data not presented), possibly

due to the low affinity that these T cells exhibit with

their peptide, as compared to the other clones (Fig. 2).

From these results, we cannot determine whether peptide

Aurora-A233–247 binds weakly to HLA-DR15 or if the

TCR of clone Sa24 has an intrinsic low affinity for the
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Fig. 9 Assessment of cytolytic activity of Aurora-A161–175 and

Aurora-A233–247-specific HTL clones. The DR9-restricted, Aurora-

A161–175-specific HTL clone 4E (a) and the Aurora-A233–247-specific,

DR53-restricted HTL clone 5 (b) were evaluated for their capacity to

kill Aurora-A expressing, DR9? and DR53? tumor cells (5637 and

SW839) or Aurora-A expressing, DR9 negative, DR53 negative

tumor cells (MCF7, negative control). Points means of triplicate

determinations, bars SD. Points without bars had SD \ 10% the

value of the mean
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Aurora-A233–247/DR15 complex. Additional Aurora-

A233–247-reactive HTL restricted by DR15 would have to

be selected and tested against DR15-expressing tumors

before it can be concluded whether this epitope can or

cannot induce anti-tumor responses in the context of DR15.

Regardless of this, it is clear that Aurora-A233–247 repre-

sents a potent tumor-reactive HTL epitope when presented

in the context of either DR53 or DQ6.

In addition to our findings, it was recently reported that

Aurora-A can also be a source of MHC class I-restricted T

cell epitopes, capable of inducing CD8 CTLs that effec-

tively killed Aurora-A-expressing leukemia cells [26]. In

our hands, we observed a high cytotoxic activity of CD4 T

cells against tumors that expressed Aurora-A and the cor-

responding restricting MHC class II molecules, indicating

that CD4 T cells can also exert potent anti-tumor effector

function. Furthermore, it has been observed that IFN-c-

secreting CD4 Th1 cells play an important role in orches-

trating and sustaining the effector function of cytotoxic

CD8? CTLs and in recruiting eosinophils and macrophages

further facilitating tumor rejection [10, 11]. Moreover,

lymphokines produced by CD4 T cells (IFN-c, TNF-a)

have direct pro-apoptotic and anti-angiogenic effects and

can up-regulate expression of MHC molecules on tumors,

increasing their susceptibility to both CD4 and CD8 T cells

[3, 28]. Our group has previously advocated the important

role that CD4 T cells play enhancing the function of CD8 T

cells at the tumor site by providing direct costimulation

through CD70/CD27, 4-1BB/4-1BBL interactions [8]. In

agreement with this, it has been observed in human colo-

rectal cancer that the presence of IFN-c producing tumor

antigen (p53)-specific CD4 T cells was associated with a

stronger CD8 T cell infiltration of the tumor [34], sug-

gesting that the induction tumor-specific Th1 responses

may enhance the efficacy of the overall anti-tumor

response.

The utilization of Aurora-A as a TAA for the devel-

opment of T cell-based immunotherapy offers several

potential advantages. First, an Aurora-A therapeutic vac-

cine would be applicable to a large variety of malignant

diseases, since this TAA is commonly overexpressed in

many types of tumors including breast, colon, bladder,

ovarian, renal, pancreatic cancers and in some hemato-

logical malignancies. Second, because Aurora-A is

expressed at low levels in normal tissues, there is a

suggestion that immune tolerance may not be a major

hurdle to inducing effective immune responses and that

the generation of autoimmune pathology will not be a

major cause for concern. Third, targeting a TAA that is

directly involved in the malignant function of the tumor

cell could decrease the appearance and outgrowth of

antigen-loss variants.
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Fig. 10 Assessment of T cell responses to the Aurora-A161–175 and

Aurora-A233–247 epitopes in bladder cancer patients. PBMCs were

isolated from five bladder cancer (UC 1–5) patients and were

stimulated with peptides as described in ‘‘Materials and methods’’.

The peptide-stimulated PBMCs derived from patients produced

IFN-c, which could be inhibited by adding anti-HLA-DR mAb
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values of the mean. Results are representative of at least two separate
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