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Abstract MYCN is a potential target for cancer immuno-
therapy by virtue of its overexpression in numerous human
malignancies and its functional role in tumour progression.
Here we show limited expression of MYCN in normal
human tissues indicating that anti-MYCN immune
responses are unlikely to cross react with self tissues. An
HLA-A2 restricted ten amino acid peptide epitope from
MYCN, VILKKATEYV, was used to stimulate cytotoxic T
cell lines from the peripheral blood of normal blood donors,
and from a patient with MYCN amplified neuroblastoma.
Strong and specific activity was seen against each MYCN
overexpressing cell line and against autologous tumour
cells. We generated two CTL clones capable of killing cells
pulsed with as low as 0.5 nM of VIL peptide. Therefore
strong and specific immune responses against MYCN
expressing tumours are possible in patients with the most
common HLA class 1 type in the Caucasian population.
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Introduction

The rationale of cancer immunotherapy is the manipulation
of the host immune system to develop potent, specific and
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sustained anti-tumour immune responses with minimal tox-
icity. In melanoma, successful elimination of established
tumours has been reported following adoptive transfer of ex
vivo expanded tumour infiltrating lymphocytes (TIL), iden-
tifying autologous T cells as a powerful potential therapeu-
tic tool for metastatic and chemoresistant disease [1, 2].
Analysis of TIL in immunogenic tumours such as mela-
noma has led to the identification of natural tumour specific
antigens. However, in most cancers naturally occurring TIL
either do not exist or have not been studied in detail and
alternative methods of identifying tumour antigens are
required, especially for poor prognosis tumours unrespon-
sive to conventional therapy. One approach is the theoreti-
cal determination of putative tumour antigens, which will
have the following three characteristics: high expression in
the tumour, low expression in normal tissues, and a role in
oncogenesis that implies that the tumour will not be able to
escape immune detection through downregulation of
expression of the antigen. This “candidate antigen”
approach has been used successfully for a number of poten-
tial immunotherapy targets that lack evidence for natural
immunogenicity for example, PSA [3], WT1 [4], CD45 [5],
CD19 [6]. All these targets have limitations however
because they are not required for oncogenesis and/or are
also expressed in some normal tissues.

MYCN has previously been recognised as an attractive
target for immunotherapy because it meets all the three
above criteria [7, 8]. The normal tissue expression of
MYCN in murine development is seen in multiple tissues
including heart, limb buds and neural tube [9]. At birth it is
expressed in heart, lung, intestine, kidney and brain but this
expression becomes downregulated over the first weeks of
life [10-12]. This limited expression might also theoreti-
cally decrease the likelihood of immunological tolerance.
MYCN is overexpressed, frequently as a consequence of
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genomic amplification, in a large number of malignancies
including neuroblastoma, thabdomyosarcoma, Wilms, reti-
noblastoma, astrocytoma, medulloblastoma and small cell
lung cancer [13-18]. MYCN shares a high level of
sequence and functional similarity with the product of the
ubiquitously expressed c-myc oncogene [19]. Experimen-
tally induced downregulation of MYC protein expression in
tumour cells results in tumour regression in animal models
highlighting the attractiveness of MYCN as a therapeutic
target in cancer [20].

In this study we have confirmed the absence of MYCN
expression in normal human adult tissue and have identified
an immunogenic epitope of MYCN restricted to HLA-A2,
the most common class 1 allele in the Caucassian popula-
tion. Using this peptide epitope it is possible to expand T
cell lines and clones with specific cytotoxicity against
MYCN expressing tumours. This proof of principle will
allow the further evaluation of anti-MYCN T cell responses
generated using alternate techniques for the treatment of
MYCN dependent malignancies.

Materials and methods
T2 binding assays

Peptides were synthesised by Zinsser Analytic, UK. T2
cells were incubated overnight at 3 x 10° cells per well in a
96-well plate in RPMI media supplemented with 5% boiled
FCS and serial dilutions of peptides, in the presence of
2 pg/ml -2 microglobulin (SIGMA). Cells were washed in
PBS and stained with FITC conjugated antibody specific
for HLA-A2 (2 pg/ml; Becton Dickinson, UK). After two
wash steps with PBS, cells were analysed by flow cytome-

try.
PBMC from blood donors and patients

Fresh peripheral blood from healthy donors, were centri-
fuged over Ficoll-Hypaque to obtain peripheral blood
mononuclear cells (PBMC) following Institutional Ethics
Review Board approval. PBMCs and tumour samples were
available from a patient with a relapsed MYCN expressing
neuroblastoma who had been treated with autologous
monocyte derived dendritic cells pulsed with autologous
tumour lysate.

Generation of human T cell lines and cloning
Unless indicated all cytokines and GM-CSF were pur-
chased from PeproTech. Dendritic cells and CTL lines

were generated as previously described [21]. Briefly,
adherent cells (1.5 x 10%well of six-well plate) were cul-
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tured in 10% AB serum, IL-4 (30 ng/ml), and GM-CSF
(100 ng/ml) for 7 days, with replenishment on days 3 and
5. On day 6, DCs were matured with 10 pg/ml Keyhole
Limpet Hemacyanin, (KLH, Calbiochem, Darmstadt, Ger-
many), CD40L at 500 ng/ml (Biosource, UK), and prosta-
glandin E2 (Cambridge Laboratories, UK, 500 ng/ml).
CD8 T cells were stimulated two times at weekly intervals
by autologous peptide (10 uM) pulsed DCs, and a further
two stimulations using autologous CD40-L activated B
cells as an alternative source of highly efficient antigen
presenting cells [22].

On day 7 mature DCs were pulsed with 10 uM of pep-
tide for 4 h, y-irradiated and cocultured with autologous
CD8+ T cells positively selected from PBMC using MACS
technology (Miltenyi, Bergisch Gladbach, Germany).
1 x 10° CD8+ T cells were incubated with autologous
mature, peptide pulsed DCs in the presence of IL-12 (20 U/
ml) and IL-7 (10 ng/ml) with a ratio of T cells:DCs of 10:1.
T cells were restimulated for a second week with autolo-
gous mature peptide pulsed DC in the presence of IL-12,
IL-7 and IL-2. Two further weekly stimulations using
autologous peptide-loaded (10 pM) CD40-activated B cells
were carried out to maintain the specific T cell line. Autolo-
gous CD40-activated B cells were generated as previously
described [22]. Briefly, CD40L stably transfected mouse
fibroblast cells (t-CD40L-cells, from Dr. John Gordon)
were y-irradiated at 100 Gy, plated at 3.5 x 10° cells/well
in six-well plates in basal iscove’s medium + 10% FCS and
incubated overnight. CD8 T cell depleted PBMC were
added at 1-2 x 10%cells/ml in the presence of
5.5 x 1077 M Cyclosporin A (Sandoz Pharmaceutical) for
4 days. Fresh irradiated t-CD40L-cells were added every
4 days. B cells generated were 75% CD19 positive. T cells
were harvested after four rounds of stimulation. T cells
staining with both CD8 and a VIL; A2 specific pentamer
were FACS sorted and were further cloned by the limiting
dilution method (at 0.4 and 1 cell/well) using y-irradiated
(25 Gy) allogeneic peripheral-blood leukocytes at
1 x 107 cells/well and irradiated B-LCL (75 Gy) at
1 x 10%well, in RPMI medium, containing 250 IU IL-2
and 1 pg/ml PHA. After 12 days, growing T cell clones
were screened by °'Cr cytotoxic killing and IFN-y ELI-
SPOT assay and subsequently expanded in RPMI medium.

Interferon-y ELISPOT and chromium release

For ELISPOT assay, effector T cell line or clones were
plated at 1 x 10° cells/well of a 96-well plate. Cells were
co-cultured with target cells for 72 h in the presence of IL-2
(5 U/ml). T2 target cells were pulsed with peptides. Target
cells were pulsed T2 cells, 293T transfected with empty
vector or MYCN expressing plasmid, or tumour target
cells. Background level was determined in wells containing
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effector cells in the presence of an irrelevant peptide or an
irrelevant tumour lysate, or effector cells only.

In chromium release assays, CTL lines or clones were
used as effector cells. Target cells were labelled with
100 uCi Na,’'CrO, in cell culture medium containing 10%
FCS for 60 min at 37°C. The cells were washed twice in
culture medium. Targets were next pulsed with the specific
or non-specific control peptides (0.03 nM-10 pM/ml) for
1 h, washed once in culture medium and re-suspended at
5 x 10* cells/ml. When IMR32 and SKNAS neuroblastoma
tumour cell lines were used as targets, they were pre-
incubated in the presence of IFN-y (800 IU/ml) for 48 h
followed by FACS analysis to confirm upregulation of
HLA-A2 antigen expression prior to the chromium assay.
Effector cells were added at different E:T ratios. After 4 h,
25 pl of the assay supernatant was placed into a 96-well
Lumaplate (Packard). The plates were dried and radioactiv-
ity counted using a Microbeta scintillation counter (Perkin-
Elmer). Percentage specific lysis was calculated as
(Experimental release — spontaneous release/total release
— spontaneous release) x 100.

Transient transfection, quantitative RT-PCR, immunoblot
and cell lines

293T cells were transiently co-transfected with pBK-CMV
or with pPBK-CMV-MYCN in the presence of GFP express-
ing vector and orthinine decarboxylase promoter—luciferase
reporter. Five micrograms of plasmid DNA was co-trans-
fected into 107 293T cells in a 100-mm petri dish using
Lipofectamine 2000 (Invitrogen, UK) in accordance with
the manufacturer’s instructions. The transient transfection
efficiency was more than 90%. Gene-specific primers/
probes for the N terminus region of GAPDH and MYCN
were purchased from Applied Biosystems. Relative quanti-
tation was determined by the 27°P° method (Applied Bio-
systems Users Bulletin 2). Neuroblastoma cell lines IMR32
and SKNAS were purchased from ATCC, rhabdomyosar-
coma cells lines RH18, RH30 were originally a gift from
Peter Houghton. Anti-MYCN antibody has been described
previously [14].

Antibodies and pentamer staining

For blocking assays, cells were incubated for 1 h at room
temperature with human anti-CD8 mAb (clone G42-8, BD
Bioscience Pharmingen), or with human anti-MHC-Class-I
A, B and C mAb (clone W6/32). Tumour cell lines were
stained with HLA-A2 mAb (BB.7.1, BD Bioscience
Pharmingen). The PE-labelled Pentamer (Proimmune,
Oxford, UK) was titred and used at the optimal concentra-
tion (5-10 pg/ml) to assay the VIL specific CD8+ T cells.
For staining, 1 x 10° T cells were washed and re-sus-

pended in pentamer staining buffer consisting of D-PBS,
0.1% NaN; and 0.1% BSA. The cells were stained with
10 pl pentamer-PE for 20 min at RT, washed and then
stained in buffer with 5 pl anti-human CD8-FITC (BD Bio-
sciences) for 20 min at RT. The cells were washed in buffer
and fixed in D-PBS and 1% paraformaldehyde (PFA), and
were analysed using a Cyan flow cytometer (DAKO, Glost-
rup, Denmark). The pentamer-positive cells were analysed
on a two-colour plot with Summit (DAKO, Glostrup,
Denmark).

Results

MYCN is a suitable target for immunotherapy in cancer
patients

We investigated the relative expression of MYCN in
human tumour cells and normal tissues. Quantitative RT-
PCR indicated that MYCN is almost undetectable in a
panel of normal adult human tissues. In contrast expression
in MYCN amplified (IMR32) and non-amplified (SKNAS)
neuroblastoma cells was 800- and 5,000-fold higher,
respectively, than the levels seen in skeletal muscle
(Fig. 1a). RH30 rhabdomyosarcoma cells with low level
MYCN amplification expressed MYCN about 700-fold
higher than skeletal muscle (Fig. 1a). Only fetal brain of the
normal tissues showed levels comparable with the deregu-
lated tumour cells. We confirmed that RT-PCR data corre-
sponded with protein expression in the cell lines IMR32,
SKNAS, RH30 and RH18, which were subsequently used
as target cells in cytotoxicity assays (Fig. 1b). Our aim was
to generate HLA-A2 restricted CTL responses directed
against MYCN, and so we measured the presence of this
common MHC class 1 molecule on the surface of this panel
of potential target cells (Fig. 1c). Neuroblastoma cells
IMR32 and SKNAS have low surface class I expression
and these cells needed to be pre-incubated with IFN-y to
observe any HLA-A2 positive staining (data not shown).

A novel HLA-A?2 restricted peptide epitope
from MYCN is immunogenic

Because there is a several order of magnitude degree of
upregulation of MYCN in tumours compared with normal
tissues we reasoned that the cellular immune responses
directed against tumours are unlikely to cross react with
normal tissues to cause autoimmunity. Using two computa-
tional algorithms (SYTHPETHI and BIMAS) we identified
the VILKKATEYV (VIL) sequence from human MYCN,
predicted to bind HLA-A2. In T2 binding assays the VIL
peptide showed favourable binding avidity compared with
the immunodominant Flu matrix control peptide (Fig. 2a).
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Fig. 1 Differential MYCN
expression in normal and cancer
tissues. a MYCN expression at
the RNA level measured by
quantitative RT-PCR in a panel
of normal human tissues and
some rhabdomyosarcoma and
neuroblastoma cell lines.

b Immunoblot analysis of
MYCN expression in cells lines
used in cytotoxicity assays.
IMR32 lysate was derived
separately from nuclear and
cytoplasmic extracts and each
IMR32 sample reflects an equiv-
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A BLAST search revealed that the VIL epitope was not
found in any other human protein sequence, including
C-MYC.

We next successfully generated CTL lines directed
against VIL from two out of four normal HLA-A2 positive
blood donors. In two of the donors, there was failure of T
cell expansion. The protocol for CTL generation involved
four stimulations at weekly intervals. The first two stimula-
tions were with autologous DCs pulsed with VIL, and the
last two with pulsed autologous B cells and irradiated allo-
geneic feeder cells. IL2 and IL7 were added for the first
2 weeks and IL2 and IL12 for the second 2 weeks. The VIL
primed CTL lines from both normal donors showed high
specific IFN-y release following exposure to T2 cells
pulsed with 10 uM of VIL peptide, but negligible IFN-y
release in the absence of peptide (Fig.2b). To assess
whether the T cell lines were also capable of recognising
the VIL epitope following endogenous processing and pre-
sentation of MYCN on MHC class 1 molecules, we trans-
fected 293T cells (HLA-A2 positive MYCN low) with
MYCN, and observed a fivefold increase in MYCN protein
function (Fig. 2c). The VIL CTL line from donor 1 showed
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specific IFN-y release when co-cultured with these MYCN
transfected 293T cells but not with vector transfected cells.
Similar levels of IFN-y release were observed following
incubation of this T cell line with SKNAS neuroblastoma
cells (HLA-A2 positive, MYCN expressing) but not with
RH18 (HLA-A2 positive MYCN negative) (Fig.2d).
Therefore anti-VIL T cell lines are capable of a specific rec-
ognition of the VIL/HLA-A2 complex on the surface of
MYCN expressing cells.

T cell lines and clones derived from normal blood donors
are capable of killing MYCN expressing cells

To determine whether T cell lines were capable of killing
cancer cells expressing MYCN at physiological levels, we
performed standard chromium release assays. T cell lines
derived from both normal donors specifically killed HLA-
A2+ (Fig. 1c) SKNAS neuroblastoma cells endogenously
expressing MYCN, as well as killing 293T cell transfec-
ted with MYCN, and killing T2 cells pulsed with VIL
peptide, whereas limited background killing activity was
observed against unpulsed T2, untransfected 293 and
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Fig. 2 T cell lines from two separate donors directed against the VIL
epitope are capable of the specific recognition of MYCN expressing
cells. a T2 binding assay in which duplicate VIL peptides were tested
against positive (Flu marix) and negative (irrelevant mouse peptide)
controls. b Anti-VIL T cell lines from two separate HLA-A2 positive
donors are equally specifically reactive against VIL pulsed T2 cells in
IFN-y ELISPOT assay. Error bars reflect standard error of the mean of

against HLA-A2 positive but MYCN negative RH18 cells
(Fig. 3a). The killing was mediated by cytotoxic T cells
recognising peptide bound to MHC because killing of
peptide pulsed T2 cells was blocked by both anti-MHC
class 1 and anti-CD8 neutralising antibodies (Fig. 3b).
Therefore CTL that can specifically recognise endoge-
nously expressed and processed deregulated MYCN in
tumour cells can be generated from the autologous reper-
toire of normal donors and will specifically lyse MYCN
expressing tumour cells.

An anti-MYCN CTL line can be generated from
a patient with advanced neuroblastoma

The childhood solid tumour neuroblastoma is a disease
with high incidence of MYCN amplification, which is an
adverse prognostic factor in this disease. To investigate
whether MYCN directed effective killer cells can be gener-
ated from the autologous repertoire of patients with MYCN
amplified neuroblastoma, we made use of blood and viable
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triplicate assays. ¢ Transient transfection assay in which A2 positive
293T cells were cotransfected with MYCN and ornithine carboxylase
promoter—luciferase reporter. MYCN activity in lysates is quantified in
terms of relative light units following normalisation of the luciferase
assay. Error bars are SEM of triplicates. d IFN-y release following
coculture of anti-VIL T cell lines with 293T target cells depicted in ¢
or with MYCN positive SKNAS cells or MYCN negative RH18 cells

purified tumour cells from an HLA-A2 positive patient with
metastatic neuroblastoma who had been pre-treated with
intensive chemotherapy. A CTL line was generated from
PBMC by stimulation with VIL pulsed autologous den-
dritic cells and B cells using the same protocol used for the
normal blood donors. The resulting T cell line was tested
for cytotoxicity. Specific lysis was observed against autolo-
gous tumour cells and IMR32 and RH30 tumour cell lines
that were MYCN expressing and HLA-A?2 positive (Fig. 1c
for HLA-A2 expression), whereas no lysis was observed
against HLA-A2 positive but MYCN negative RH18 cells
(Fig. 4a). This patient from whom this CTL line had been
generated had been previously treated on a dendritic cell
vaccine phase 1 study in which autologous dendritic cells
were pulsed will autologous tumour lysate and injected as
an intradermal vaccination. We had available two blood
samples from this patient taken at before vaccination and
after just one DC vaccine. Stimulation of PBMC from this
patient with autologous tumour lysate or with autologous
DCs loaded with autologous tumour lysate induces a sig-
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mium release assay at the E:T ratios indicated. b Specific killing of VIL
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nificant increase of IFN-y secreting T cells following the
vaccine administration indicating in vitro evidence of a suc-
cessful anti-tumour immune response (Fig. 4b). We there-
fore addressed the hypothesis that anti-VIL response were a
component of an anti-tumour response in this particular
patient undergoing immunotherapy. PBMC pre- and post-
vaccination were co-cultured with VIL alone or with VIL
pulsed DCs in an ELISPOT assay, and showed a significant
and specific induction of IFN-y secreting T cells (Fig. 4c).
This indicates that anti-VIL activity is a component of the
anti-tumour immune response in this patient.

Anti-MYCN CTL clones can kill MYCN expressing
tumour cells in a HLA restricted manner

With the aim of generating specific clones, we FACS sorted
an anti-VIL CTL line stained with specific VIL pentamer
and CD8 (Fig. 5a) and cloned T cells by limiting dilution.
We screened clones for killing following addition of T2
cells pulsed with VIL peptide at concentrations of 10 uM,
by chromium release assay. Two clones (VIL/C1 and VIL/
C2) from a total of 12 clones screened were found to exhibit
specific killing at effector:target ratio as low as 5:1 and no
killing of an irrelevant peptide pulsed T2 cells (Fig. 5b), and
so these were further characterised by INF-y ELISPOT
assay to determine the avidity of the interaction with the
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Fig. 4 Anti-VIL is a component of an anti-tumour response in one pa-
tient with a MYCN expressing neuroblastoma. a CTL line derived
from the peripheral blood of an HLA-A2 positive MYCN amplified
neuroblastoma patient is capable of the specific lysis of autologous and
MYCN positive tumour cell lines RH30 and IMR32. Error bars indi-
cate standard error of the mean. b PBMC from this patient before and
after DC/autologous lysate vaccination, were co-cultured with 20 pg/
ml of autologous tumour lysate (TL) or irrelevant tumour lysate (irr'TL,
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prepared from TC32, Ewing sarcoma HLA-A2+ tumour cell line)
pulsed or not onto autologous DCs for 48 h. ¢ 1 x 10° PBMC taken
pre-vaccination, or post vaccination, were co-cultured with 10 uM VIL
or an irrelevant peptide (KLTEARVQYV peptide, a HLA-A2 restricted
epitope derived from human PAX3 protein, Irr peptide), or co-cultured
with 10* peptide pulsed DC. Data are means of triplicate estimations
and error bars are SEM
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Fig. 5 Specific CTL clones were raised against MYCN derived pep-
tide; clone VIL/C1 is shown at the fop and VIL/C2 is shown at the bot-
tom. a Pentamer staining of CTL clone VIL/C1 and VIL/C2. b Killing
of T2 cell pulsed with 10 uM of VIL peptide by specific clones VIL/
C1 top and VIL/C2 bottom. ¢ VIL peptide titration, T2 target cells were
pulsed with different concentration of VIL epitope and co-culture with

VIL:A2 complex. The highest avidity clone (Clone VIL/C2)
specifically induce IFN-y secreting T cells when co-cultured
with DCs pulsed with as little as 0.125-0.5 nM peptide
(Fig. 5c¢) suggesting the possibility of generating high avid-
ity TCR clones from VIL CTL lines. These could potentially
be used for TCR gene cloning with a view to generating
therapeutic immunotherapy vectors against MYCN.

Discussion

We reasoned that MYCN is an excellent potential target for
immunotherapy because we showed it to be virtually unde-
tectable in normal tissues whereas MYCN over expression
is seen in numerous adult cancers and childhood cancers
including neuroblastoma and rhabdomyosarcoma. Most
importantly, its oncogenic function and association with

IMR32

effector clones VIL/C1 top and VIL/C2 bottom at effector to target ratio
of 10:1. Data are means of triplicate estimations and error bars are
SEM. d Killing of IMR32 cell line by clone VIL/C2. IMR32 cells were
pre-cultured for 48 h with IFN-y prior to the assay, E:T ratio shown is
50:1

high-risk disease in neuroblastoma and rhabdomyosarcoma
limit the likelihood of immune escape variants with down-
regulated MYCN. We hypothesised that its limited devel-
opmental expression might reduce the likelihood of
tolerance in the T cell repertoire. We chose to start a search
for epitopes from MYCN by looking for sequences pre-
dicted to have high affinity for HLA-A2 because it is the
most common HLA type in Caucasians. Previous workers
have identified an HLA-AT1 derived MYCN peptide capable
of inducing an anti-tumour immune response but HLA-A1
is a significantly less common allele [8]. Of the peptides we
tested, only one was found to have affinity for HLA-A2 and
so it was selected for CTL line generation from autologous
T cells. Although CTL lines generated following stimula-
tion with peptide pulsed antigen presenting cells are poly-
clonal there was still a high degree of specific killing
observed indicating the possible presence of T cells within
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the line with high avidity. Short-term stimulation to gener-
ate T cell lines with specific killing activity is of interest for
cancer immunotherapy because of three potential applica-
tions. Firstly expanded autologous T cells can be used in
adoptive transfer in clinical protocols, and the successful
generation of a T cell line from a heavily pre-treated patient
is suggestive of potential feasibility of this approach. Sec-
ondly, ex vivo expanded pools of T cells can be used as a
source of T cell clones expressing high avidity T cell recep-
tors for gene therapy. Thirdly, peptides from MYCN could
be used as cancer vaccines with or without pulsing onto
dendritic cells.

Neuroblastoma is widely regarded to be a tumour with
downregulated MHC class 1. However despite low levels
of classl, the killing of both neuroblastoma cell lines and
autologous tumour cells was comparable to that seen with
transfected 293 cells. Moreover the killing activity of the T
cell lines and clones was inhibited by anti-MHC class 1 and
anti-CD8 molecules indicating a MHC restricted CTL
activity. This suggests that MYCN over expressing neuro-
blastoma cells could be good targets for CTL mediated
therapy despite being MHC low. The reason for this could
be the obligate very high levels of MYCN typically seen in
neuroblastoma cells and the upregulation of MHC to
improve specific killing of those cells in the presence of
IFN-y. MYCN expression is observed additionally in a
range of paediatric and adult cancers where its deregulation
is thought to be a critical oncogenic event. The elucidation
of its potential immunogenicity should stimulate interest in
assessing anti-MYCN immune responses in a number of
other cancer types.
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