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Abstract The cancer testis antigen Preferentially

Expressed Antigen of Melanoma (PRAME) is overex-

pressed in many solid tumours and haematological malig-

nancies whilst showing minimal expression in normal

tissues and is therefore a promising target for immuno-

therapy. HLA-A0201-restricted peptide epitopes from

PRAME have previously been identified as potential

immunogens to drive antigen-specific autologous CTL

responses, capable of lysing PRAME expressing tumour

cells. CTL lines, from 13 normal donors and 10 melanoma

patients, all of whom were HLA-A0201 positive, were

generated against the PRAME peptide epitope PRA100-108.

Specific killing activity against PRA100-108 peptide-pulsed

targets was weak compared with CTL lines directed against

known immunodominant peptides. Moreover, limiting

dilution cloning from selected PRAME-specific CTL lines

resulted in the generation of a clone of only low to inter-

mediate avidity. Addition of the demethylating agent

5-aza-20-Deoxycytidine (DAC) increased PRAME expres-

sion in 7 out of 11 malignant cell lines including several B

lineage leukaemia lines and also increased class I expres-

sion. Pre-treatment of target cells was associated with

increased sensitivity to antigen-specific killing by the low

avidity CTL. When CTL, as well as of the target cells, were

treated, the antigen-specific killing was further augmented.

Interestingly, one HLA-A0201-negative DAC-treated line

(RAJI) showed increased sensitivity to killing by clones

despite a failure of expression of PRAME or HLA-A0201.

Together these data point to a general increased augmen-

tation of cancer immunogenocity by DAC involving both

antigen-specific and non-specific mechanisms.

Keywords PRAME � 5-Aza-20-Deoxycytidine �
Decitabine � CTL � Leukaemia � Cancer

Introduction

Preferentially expressed antigen of melanoma (PRAME)

was initially isolated from melanoma-reactive cytotoxic T

cells (CTL) [1] but has become a human tumour antigen of

broader interest because of its wide expression in haema-

tological malignancies and other solid tumours [1–10].

Furthermore, PRAME fulfils the criteria of a prototypic

tumour antigen because it has a functional role in cancer

progression involving its inhibition of retinoic acid induced

differentiation and apoptosis, through binding to the reti-

noic acid receptor alpha [11, 12]. Previously, Melief and

co-workers have identified HLA-A0201 binding peptide
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epitopes from PRAME and generated CTL against these

epitopes in vitro [13, 14]. Subsequently, the applicability of

these peptides as immunogens for cancer immunotherapy

has been tested in patients with myeloid and lymphocytic

leukaemias, and reactivity against cancer target cells or

peptide-pulsed targets has been assessed by interferon

gamma or granzyme B release assays, or cytotoxicity

assays [15–17].

Previous work has identified a potential use of the

demethylating agent 5-aza-20-deoxycytidine (DAC, deci-

tabine) to upregulate members of the cancer testis antigen

family in cell lines derived from melanoma [18], Ovarian

cancer [19] and acute myeloid leukaemia (AML) [20]. In

most cases, DAC treatment has also upregulated surface

MHC class I expression [19] and some studies have dem-

onstrated enhanced sensitivity to lysis by CTL lines asso-

ciated with this enhanced antigen expression [21]. DAC

and other epigenetic modifiers designed to hypomethylate

promoters to activate transcription of epigenetically

silenced genes, has also been shown to have activity as a

cytotoxic anticancer agent in its own right. A number of

preclinical and clinical studies have identified a potentially

useful role of DAC in the management of B cell leukaemias

and lymphomas [22–24]. Therefore, there is a rationale for

combining DAC with immunotherapy or pro-immunogenic

chemotherapy in cancer.

In the current study, we have further investigated

PRAME as a target for cancer immunotherapy by aiming to

assess the strength and specificity of PRAME-specific CTL

in the autologous repertoire of normal donors and patients

with melanoma and by testing cytotoxicity against a range

of leukaemia and solid tumour cell lines. We show evidence

that PRAME-specific CTL in the autologous repertoire are

limited to those of low avidity. A study of the use of DAC

treatment in cancer cell lines shows upregulation of PRAME

expression, which is associated with enhanced sensitivity to

killing by low avidity PRAME-specific CTL. Surprisingly,

prolonged exposure of PRAME-specific CTL to DAC also

increases their antigen-specific killing. Moreover, DAC is

also able to induce antigen-independent killing by the same

CTL. Taken together, the data suggest the potential useful

combination of DAC treatment and PRAME-directed

immunotherapy for a range of cancer types.

Materials and methods

Peptides

Peptides were synthesised by Zinsser UK or Proimmune

(UK), purified to more than 95% by reverse-phase high-

performance liquid chromatography (HPLC), as confirmed

by mass spectrometry. PRAME peptides have been

described previously [13]. An immunodominant HLA-

A0201-restricted peptide from Flu matrix (FLWGPRALV)

was used as a positive control for HLA-A * 0201–binding

ability. Irrelevant peptides were TLPGYPPHV (amino

acids 311–320) from human PAX5, SLLMWITQV (amino

acids 157–163) from NY-ESO-1 and TLGSCRERQPEFV

from HA the minor histocompatibility antigen.

Cell lines

T2 (TAP-deficient lymphoblastoid cell line), K562

(chronic myelogenous leukaemia), HL60 (Acute promye-

locytic leukaemia), Mott4 (acute T-cell leukaemia), REH,

BV173, BJAB and Jekka (Pre-B leukaemia), Raji and

Daudi (Burkitt’s lymphoma), U937 (histiocytic lym-

phoma), LAN-1, SKNAS and SH-SY5Y (neuroblastoma),

SW116, colo205, SK-col-1, SW403 and SW480 (colon

carcinoma), MDA-MB231, ZR-1-75-1 and MCF-7 (breast

carcinoma), and TC32 (Ewing’s sarcoma) were all from

American Type Culture Collection (ATCC); NALM1,

NALM6, NALM-17, NALM-20 and NALM27 (Pre-B

leukaemia) were kindly provided by Dr. Akira Harashima

(Okayama, Japan). RH18 (rhabdomyosarcoma) and RH1

(Ewing family) were originally from Peter Houghton (St.

Jude Children’s Research Hospital, Memphis, TN).

Autologous B lymphoblastoid cell lines were established

by incubation of peripheral blood mononuclear cells

(PBMC) with supernatant from the EBV-producing mar-

moset cell line B95.8 (ATCC) as described [25]. G-7 is

primary pre-B leukaemia cells isolated and cultured in vitro

from pre-B leukaemia patient. Cell lines were maintained

in RPMI 1640 or DMEM, supplemented with 10% foetal

bovine serum (v/v), L-glutamine, nonessential amino acids,

sodium pyruvate and gentamicin (complete medium). All

culture materials were purchased from Life Technologies.

Transient transfection and quantitative RT-PCR

A Nucleofector� Device (Lonza, Wokingham, UK) was

used to transfect HLA-A0201-positive PRAME-negative

SW480 cells and HLA-A0201 negative, PRAME negative

cell line Raji with a 1:10 ratio of a plasmid expressing GFP

and a plasmid containing full-length PRAME coding

sequence (1,529 bp) cloned into mammalian expression

vector pcDNA3.1/Hygro(?) (Invitrogen, UK; kindly pro-

vided by Pierre Coulie Ludwig Institute for Cancer

Research, Brussels, Belgium) according to manufacturer’s

instruction. The transfection efficiency was between 75

and 95% (eGFP by flow cytometry). cDNA was generated

using Trizol reagent and Superscript II (Invitrogen).

Real-time PCR for PRAME was normalized to GAPDH

using Applied Biosystems ‘‘Primers on demand’’ primer

and probe sets, and data were collected using ABI 7900
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PCR analyser. Relative quantitation was performed by the

2-ddCT method.

Human CTL line generation

Fresh peripheral blood was centrifuged over Ficoll-Hyp-

aque to obtain peripheral blood mononuclear cells (PBMC).

Adherent cells (1.5 9 106/well of 6-well plate) were cul-

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 LPS (200nM/mL),

CD40L at 500 ng/ml (Biosource, UK) and IFN-c at 500U/

ml (Peprotech). T cells were stimulated two times at weekly

intervals by autologous peptide (10 lM)-pulsed DCs, and a

further two stimulations using autologous CD40-activated

B cells as an alternative source of highly efficient antigen-

presenting cells. Briefly, on day 7, mature DCs were pulsed

with 10 lM of peptide for 4 h, c-irradiated and cocultured

with autologous T cells. 1 9 106 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 autologous mature peptide-pulsed DC in the

presence of IL-12, IL-7 and IL-2. Two further weekly

stimulations using autologous peptide-loaded (10 lM)

CD40-activated B cells were used to maintain the specific

T-cell line. T cells were harvested after four rounds of

stimulation and were further cloned by limiting dilution

methods (at 0.4 and 1 cell/well) using c-irradiated alloge-

neic peripheral blood leukocytes (PBLs) at 1 9 105 cells/

well (25 Gy) and B-LCL at 1x103/well (75 Gy) as feeder

cells in RPMI medium, containing 250 IU IL-2 and 1 lg/ml

PHA. Different types of starter T-cell populations were used

in different expansions; these were CD3 positively selected,

CD8 positively selected or CD8 with 10% add back of the

CD8 negative population. All T-cell populations were

obtained by immunomagnetic positive selection (MIltenyi,

Bergisch Gladbach, Germany). After 12 days, growing

T-cell clones were tested by 51Cr cytotoxic assay and sub-

sequently expanded in RPMI medium.

Generating human autologous B cells as APC

Autologous CD40-activated B cells were generated as

previously described [26]. Briefly, CD40L stably transfec-

ted mouse fibroblast cells (t-CD40L- cells, from Dr John

Gordon) were c-irradiated at 100 Gy, plated at 3.5 9 105

cells/well in six-well plates in basal iscove’s med-

ium ? 10% FCS and incubated overnight. CD8 T cells

depleted PBMC were added at 1–2 9 106 cells/mL in the

presence of 0.55 lM Cyclosporin A (Sandoz Pharmaceu-

tical) for 4 days. Fresh irradiated t-CD40L cells were added

every 4 days. B cells generated were 75% CD19 positive.

Peptide-binding assay

T2 cells were used to determine binding of peptides to

HLA-A0201 as described previously [27]. Briefly, 2 9 105

T2 cells/well in 96-well plates were incubated for 18 h

with 0–100 lM of each synthetic peptide, washed twice in

PBS, and stained in the dark at 4�C for 30 min with 2 lg/

ml PE-conjugated anti-HLA-A0201 (BB7.2, BD PharM-

ingen) or PE-conjugated mouse IgG2 isotype control (BD

PharMingen). Fluorescence index (FI) was calculated as

the mean fluorescence intensity (MFI).

Treatment of cell lines and CTL with 5-aza-20-
Deoxycytidine

DAC was added to 5 9 105 cells in a 25 cm2 flask. After

72 h, the cells were harvested and used for experiments.

We determined an optimal concentration of DAC by

investigating its IC-50 for four representative malignant B

cell lines by 72 h MTS assay (Promega) according to

manufacturer’s instructions.

Cytotoxicity assays

CTL lines or clones were used as effector cells. Target cells

were labelled with 100 lCi Na2
51CrO4 in cell culture

medium containing 10% FCS for 60 min at 37�C. The cells

were washed twice in culture medium. When required, the

targets were pulsed with the specific or non-specific control

peptides (0.0001–10 lM) for 1 h, washed once in culture

medium and re-suspended at 50,000 cells/ml. After 4–18 h

incubation, 25 ll of the assay supernatant was placed into a

96-well Lumaplate (Packard). Scintillant (100 ll) was

added and radioactivity was counted using a Microbeta

scintillation counter (PerkinElmer). The results are

expressed as % specific lysis calculated as (Experimental

release - Spontaneous release/Total release-Spontaneous

release) 9 100. For blocking assays, target cells were

incubated for 1 h at room temperature with human anti-

HLA-A0201 monoclonal antibody (clone BB7.2, purified

from hybridoma, ATCC) or isotype control prior to

coculture with effector cells.

Results

The cancer testis antigen PRAME is expressed

in a broad range of human cancers

The cancer testis antigen PRAME has been identified as an

excellent potential target for tumour immunotherapy by

virtue of its overexpression and oncogenic role in human

cancers [11], and low expression in normal tissues [1]. We
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analysed PRAME mRNA levels in a panel of human nor-

mal tissues. In contrast with the high level of transcript

expression of the K562 leukaemia cell line, PRAME was

virtually undetectable in 15 normal human tissues with the

exception of low-level expression seen in kidney and testis

(Table 1). In contrast, and in keeping with published

results, of 29 human cancer cell lines, high-level expres-

sion (defined as 5 9 the level seen in testis) was measured

in 11 lines including the previously described targets leu-

kaemia, breast cancer, colon cancer and neuroblastoma [1,

5] as well as the paediatric cancer lines rhabdomyosarcoma

and Ewing sarcoma (Table 1).

CTL lines against PRAME can be readily generated

from normal donors or melanoma patients, but have

low specific killing activity

Previous authors have identified 4 immunogenic HLA-

A0201-restricted peptide epitopes from PRAME

(PRA100-108, PRA142-151, PRA300-309, PRA425-433) [13].

We tested the ability of these peptides to stabilise HLA-

A0201 expression on TAP-deficient T2 cells, as a surrogate

for HLA-A0201 binding avidity. Of the four peptides,

PRA100-108 showed comparable HLA-A0201 stabilisation

compared with the immunodominant HLA-A0201-restric-

ted flu matrix peptide (Fig. 1a). We therefore selected

PRA100-108 peptide to generate anti-PRAME CTL lines in

vitro from HLA-A0201-positive blood donors and HLA-

A0201-positive patients with melanoma (known to express

PRAME in over 90% of cases [1]). CTL lines against

PRA100-108 were generated from the peripheral blood of 13

independent blood donors and 10 melanoma patients using

a common stimulation protocol but with three different

starting cell populations (CD8 purified, CD3 purified or

CD8 purified with 10% add back of CD8 negative cells to

provide additional T cell help; Table 2). Although it was

possible to generate PRA100-108-specific CTL lines from

all donors tested, the degree of target killing was only

modest (range of 0–40% specific killing at E:T ratio of

30:1, Table 2) and background killing or irrelevant pep-

tide-pulsed targets was relatively high (range 25–60% at

E:T ratio 30:1) (representative data shown in Supplemen-

tary Figure 1A). Because melanoma is an immunogenic

PRAME-expressing tumour, we reasoned that there might

be higher precursor frequency in PRAME-specific CTL in

peripheral blood of melanoma patients with active disease.

However, using the same CTL expansion strategy,

PRA100-108-specific CTL with killing activity more than

5% above background were only observed in 5 out of 10

patients, and the percent-specific killing was similar to that

in normal blood donors (representative data showed in

Supplementary Figure 1A and Table 2). In contrast, in

parallel expansions from the same donors, higher killing

activity was seen in T-cell lines generated against two other

HLA-A0201-restricted peptide epitopes; the immunogenic

flu matrix peptide (Supplementary Figure 1B) and an

immunodominant peptide from the PAX5 transcription

factor [28] (Supplementary Figure 1C). We also generated

CTL lines against the epitopes PRA142-151, PRA300-309

and PRA425-433 using the same T-cell expansion method-

ology from the same donors and melanoma patients.

Similar low levels of specific killing of PRAME peptide-

pulsed targets were observed (data not shown). Taken

together these data are suggestive of tolerance against

PRAME epitopes in T cells derived from peripheral blood

of normal donors and cancer patients.

CTL clones against PRA100-108 peptide

from the autologous repertoire are of low avidity

Attempts to generate clones from PRA142-151, PRA300-309

and PRA425-433 by limiting dilution of CTL lines were

unsuccessful (approximately 50,000 clones screened; data

not shown). Moreover, we were able to generate only one

CTL clone (termed 10D from normal donor BC23) that

specifically recognised PRA100-108 (the epitope with the

best HLA-A0201 binding profile) from approximately

6,000 clones screened. By way of contrast, using the same

CTL generation and cloning technique in parallel, we

successfully generated 6 high-avidity clones from a single

blood donor against a novel epitope of PAX5, as we have

recently reported [28]. The clonal nature of 10D was val-

idated by demonstrating its homogeneous staining with

CD3 and absence of NK markers and by showing a single

V beta specificity by TCR spectrotyping (supplementary

Figure 2A). Clone 10D had very high specific killing of

peptide-pulsed T2 cells (Fig. 1b) but the avidity of the

clone was only moderate (between 10 and 100 nM; Fig. 1c.

To demonstrate that clone PRA100-108 10D could kill

cells that naturally processed PRA100-108, we showed

killing of RH18 rhabdomyosarcoma and MCF7 breast

cancer cells known to express both HLA-A0201 and

PRAME (Table 1), and the killing was blocked by an

HLA-A0201-specific antibody, but Clone 10D showed no

killing of PRAME negative or HLA-A0201 negative can-

cer cell lines (Fig. 1d, Supplementary Figure 3). To dem-

onstrate further that the CTL clone was capable of killing

endogenously expressed PRAME in tumour cells, we

transiently transfected the PRAME negative lines Raji

(HLA-A0201 negative) and SW480 (HLA-A0201 positive)

with PRAME cDNA or empty vector. Transfection effi-

ciency was shown to be 80-90% by co-transfection of

eGFP (data not shown). SW480, but not Raji, cells

acquired new sensitivity to clone PRA100-108 10D killing,

which was inhibited by an HLA-A0201 blocking antibody

(Fig. 1e).
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Table 1 Expression of

PRAME mRNA in human

cancer cell lines and normal

tissues, and HLA-A0201 protein

expression by flow cytometry in

cell lines used in this study

Percentage PRAME expression is

relative to RH18

Tissues and

tumour cell line

% of PRAME mRNA

expression (Standard deviation)

relative to RH18

Type of

cell line

HLA-A0201

expression

Cancer cell lines

BV173 1.5 (0.6) Pre-B leukaemia ??

BJAB 99 (3) Pre-B leukaemia ??

Jekka 20 (0.8) Pre-B leukaemia ??

NALM-1 0.1 (0.001) Pre-B leukaemia ?

NALM-6 0.2 (0.001) Pre-B leukaemia ?

NALM-17 2 (0.2) Pre-B leukaemia ?

NALM-20 3 (0.3) Pre-B leukaemia ?

NALM-27 1.2 (0.3) Pre-B leukaemia ?

REH 32 (0.2) Pre-B leukaemia -

K562 312000 (20) Chronic myelogenous leukaemia -

Mott 4 132 (3.6) Acute T-cell leukaemia, -

HL60 110 (6) Acute promyelocytic leukaemia -

Daudi 14.9 (1) Burkitt’s lymphoma -

Raji 0.3 (0.1) Burkitt lymphoma -

U937 70.8 (0.2) Histiocytic lymphoma -

MDA-MB-231 1.9 (0.1) Breast adenocarcinoma ???

ZR-1-75-1 1.4 (0.1) Breast adenocarcinoma -

MCF-7 145 (5.6) Breast adenocarcinoma ??

SHSY5Y 241 (5) Neuroblastoma -

LAN-1 110 (6) Neuroblastoma -

SK-N-AS 0.1 (0.1) Neuroblastoma -

TC32 21 (2.1) Ewing sarcoma ??

RH1 26 (1.5) Ewing sarcoma ?

RH18 100 (1) Rhabdomyosarcoma ??

SW480 1.2 (0.2) Colon adenocarcinoma ??

SW1116 8.9 (0.5) Colon adenocarcinoma -

Colo205 1.3 (0.1) Colon adenocarcinoma ?

SK-col-1 107 (3) Colon adenocarcinoma -

SW403 184 (7.9) Colon adenocarcinoma ??

Non-malignant cell line

T2 0.2 (0.01) TAP-deficient Lymphoblastoid cell ??

Primary cells

G-7 2 (0.4) Acute lymphoblastic leukaemia ??

Normal tissue

Testis 17.20 (0.01)

Kidney 13.4 (0.031)

Bone marrow 5.95 (0.025)

Liver 2.35 (0.001)

Salivary gland 2.35 (0.001)

Prostate 2.3 (0.013)

Spleen 2.3 (0.1)

Brain 1.2 (0.01)

Skeletal muscle 1.2 (0.01)

Small intestinal 1.18 (0.012)

Stomach 0.7 (0.021)

Colon 0.66 (0.001)

Lung 0.6 (0.022)

Heart 0.1 (0.011)

Placenta 0 (0.001)
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Therefore, clonal CTL with specificity for PRAME-

expressing cells can be generated and might be of use in

cancer immunotherapy, but the precursor frequency in the

autologous repertoire is very low suggesting that vaccine

approaches or short-term bulk culture stimulation approa-

ches are unlikely to be successful.

5-Aza-20 Deoxycytidine treatment of B leukaemia cells

increases PRAME expression and sensitises to specific

killing by a low avidity CTL clone

We speculated that the relatively poor in vitro killing could

be improved by use of epigenetic modifying drugs to

improve antigen presentation by the tumour targets. We

made use of the demethylating agent 5 aza-20-DeoxyCyti-

dine (DAC) which has previously been reported to increase

expression of cancer testis antigens including PRAME [20,

29]. We first determined an optimal concentration of DAC

by investigating its IC50 for four representative malignant

B cell lines by 72 h MTS assay. BJAB and NALM16 were

relatively sensitive with IC50 at approximately 2 lM,

whereas Raji and Jekka were resistant up to 10 lM.

1–4 lM of DAC has been previously used to induce pro-

moter hypomethylation [19, 20, 30, 31] and is not signifi-

cantly greater than the lowest IC50 values. We therefore

reasoned that 3 lM would be minimally cytotoxic to the

majority of cell lines but effective at demethylation, and we

therefore used 3 lM in all subsequent experiments.

Using quantitative RT-PCR, we found that PRAME

mRNA expression was increased by more than 2-fold

(range 2.5–12,500) following 3 lM DAC treatment for

72 h in 7 out of 11 cell lines, including 5 lines which had

almost complete silencing of PRAME in the absence of

DAC (Fig. 2a). We next analysed CTL clone killing of

DAC-treated tumour cell lines. Because of the minimal

direct cytotoxic effects of DAC on tumour cells, back-

ground chromium release (in the absence of added T cells)

was subtracted from all cytotoxicity results (range of

background killing 5–30%). We selected three cell lines

known to be HLA-A0201 positive (BV173, BJAB and

Jekka) in which DAC pre-treatment resulted in high-level

expression of PRAME. In all three lines, specific killing by

Fig. 1 A PRAME100-108 CTL clone effectively lyses PRAME

expressing target cells. a T2 cell binding assay to demonstrate

stabilisation of HLA-A0201 on surface of T2 cells by named peptides

with immunodominant Flu matrix peptide as positive control.

b PRA100-108-specific clone 10D shows high specific killing of

peptide-pulsed T2 cells. E:T ratio 10:1. c CTL clone 10D shows

relatively low avidity as determined by killing of T2 cells pulsed with

increasing concentrations of PRA100-108 peptide. d Killing by clone

10D as determined by chromium release assay, of cell lines pulsed

with indicated peptides or pretreated with HLA-A0201 blocking

antibody (A2). Ig denotes isotype control. T2 cells pulsed with

PRA100-108 as positive control. e 18 h chromium release killing of

SW480 and Raji cells lines transfected with PRAME or empty vector

in presence of specific HLA-A0201 blocking antibody (A2) or isotype

control (Ig). Error bars denote mean ± SEM. All chromium assays

were performed over 4 h
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clone 10D was increased approximately 2 fold and was

HLA-A0201 restricted (Fig. 2b). In contrast, in NALM-27

cells, DAC treatment did not induce PRAME gene

expression and did not induce any sensitivity to CTL clone-

induced killing (Fig. 2b). Moreover, we repeated the

experiments pre-treating BV173 and NALM-27 cells with

3 lM DAC but using a different PRA100-108-specific

T-cell line-termed CTL Line 7 and provided by Professor

Melief, Leiden. CTL Line 7 stained homogeneously with

CD3 and CD8 and was negative for NK markers (supple-

mentary Figure 2) but showed evidence of polyclonality on

TCR spectrotyping (data not shown). CTL Line 7 showed

the same pattern of enhanced killing of BV173, which was

specifically inhibited by an HLA-A2 blocking antibody

(Fig. 2c upper panel) and, in an independent experiment,

with BJAB and Jekka (Fig. 2c lower panel). To provide

further evidence that the increased killing induced by DAC

was due to enhanced antigen presentation, we analysed the

effects of the drug on TAP-deficient T2 cells which have

no endogenous class I antigen presentation function. DAC

did not increase killing of T2 cells pulsed with an irrelevant

peptide, whereas pulsing of 10 lM of PRA100-108 peptide

to produce high level of PRA100-108 antigen presentation

resulted in a high-level killing which was not increased

further by addition of DAC to the targets (Fig. 2d). Taken

together these data suggest a role of DAC in enhancing

antigen presentation and, in T2 cells, there is no evidence

that addition of DAC increases sensitivity to CTL clone

killing by non-antigen-specific mechanisms.

5-aza-20-deoxycytidine treatment can upregulate class I

MHC expression on tumour cells but does not increase

costimulation

We speculated whether the increased sensitivity to CTL

killing after treatment with DAC might also be associated

with increased antigen presentation and/or co-stimulation

of CTL by tumour targets. BV173, BJAB and Jekka cells

were all rendered more sensitive to MHC-restricted anti-

gen-specific killing following 3 lM DAC and this was

associated with upregulation of MHC class I in all 3 cell

lines. In contrast, NALM-27 cells, which remained resis-

tant to antigen-specific killing, did not upregulate class I

(Fig. 3a). A titration of DAC indeed showed a dose-

dependent upregulation of class I in BV173 cells (Fig. 3b).

To test whether DAC was also increasing co-stimulation by

Table 2 Summary of killing

activity of CTL lines directed

against the PRA100-108 peptide

antigen

Several independent CTL lines

were generated from each donor

and the range of specific killing

activities from each donor is

indicated. Specific killing was

defined as killing of

PRA100-108-pulsed T2 cells

minus killing of unpulsed T2

cells

Normal donors Starting responder cell

population for generating

CTL lines against PRA100-108

% Specific killing

(30:1) (T2 ? Peptide)

BC1 PBMC 5–10

BC6 CD8 15–25

BC7 PBMC 10–20

BC17 CD8 20–40

BC21 CD8?10% non-CD8 fraction 5–20

BC23 CD8 5–30

BC24 CD8 ? 10% non-CD8 fraction 10–20

BC26 CD3 0–10

BC38 CD8 10–20

BC42 CD8 ? 10% non-CD8 fraction 0–5

BC48 CD8 ? 10% non-CD8 fraction 5–10

BC49 CD8 ? 10% non-CD8 fraction 0–5

BC52 CD8 ? 10% non-CD8 fraction 15–25

Melanoma patients

Patient 1 CD8 20–30

Patient 2 CD8 0–5

Patient 3 CD8 0–5

Patient 4 CD8 5–10

Patient 5 CD8 5–10

Patient 6 CD8 0–5

Patient 7 CD8 10–20

Patient 8 CD8 0–5

Patient 9 CD8 10–20

Patient 10 CD8 0–5
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tumour cells or altering expression of death receptors or

inhibitory receptors, we also measured CD86, HLA-DR,

CD95, CD40 and PD1 following treatment of BV173 with

increasing dosages of DAC but expression of none of these

was significantly altered by DAC (Fig. 3c). Therefore,

DAC can increase sensitivity to CTL killing by improving

antigen presentation on class I MHC.

We next analysed 4 cell lines, which were HLA-A0201

negative, to determine the frequency by which DAC might

also increase non-specific killing by CTL. Although there

was no effect of DAC on the killing of K562, Daudi and

SH-SY5Y (data not shown), Raji cells were rendered more

sensitive to killing by the anti-PRA100-108 CTL line 7. The

enhanced sensitivity was most dramatic with Raji cells

(range from 25 to 95%) but was observed only following

pre-treatment of the Raji cells, and not following treatment

of the CTL (Fig. 4a). We could find no evidence of HLA-

A0201 expression on Raji but confirmed that the killing of

Raji was not due to presentation of the PRA100-108 peptide

on low-level HLA-A0201 because pulsing of the cells with

peptide did not render them sensitive to killing (Fig. 4b).

Moreover, the enhanced killing following DAC treatment

of Raji was not inhibited to any extent by an HLA-A0201

blocking antibody (Fig. 4c). Contaminating feeder cells,

including NK cells, in the CTL clone population could not

be held attributable for the killing by CTL line 7 because

co-culture of feeder cells with DAC-treated Raji did not

induce any significant killing (Supplementary Figure 4).

Moreover, the CTL Line 7 stained negatively for NK

markers. Therefore, with certain target cancer cell lines,

DAC can beneficially enhance CTL killing by mechanisms

independent of enhanced antigen presentation.

5-aza-20-deoxycytidine increases antigen-specific

killing activity of CTL clones independent of its effects

on target cells

It follows from these initial observations that there is a

rationale for combining DAC treatment with immuno-

therapies such as adoptively transferred CTL. It was

important therefore also to determine the effect of pro-

longed DAC administration on CTL in terms of their

killing ability. To this end, we treated PRAME CTL line 7

directed against PRA100-108 with DAC for 72 h prior to

assessing specific killing activity against BV173 cells

treated or not with 3 lM DAC. Exposure of the CTL clone

to DAC further increased specific killing of BV173 cells

and the maximal killing was seen when both CTL and

Fig. 2 Treatment of cancer cell

lines with 5-Aza -20-
Deoxycytidine enhances CTL

killing, which correlates with

upregulation of PRAME target

antigen. a Expression of

PRAME mRNA as determined

by q-RT-PCR following

treatment of indicated cell lines

with 3 lM DAC for 72 h.

b, c and d Specific killing by

PRA100-108-specific CTL

clones 10D (b and d) and CTL

Line 7 (c) of indicated cell lines

pretreated with 3 lM DAC for

72 h. In some experiments, the

indicated blocking monoclonal

antibodies were added to the

chromium assay where A2

indicates HLA-A0201 blocking

antibody and ISO is isotype

control. In all panels, error bars
denote SEM of triplicate

estimates of a single

experiment. All chromium

assays were performed over 4 h
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target cell were pre-treated. In contrast, the DAC-treated

CTL did not acquire non-specific killing activity against T2

cells pulsed with irrelevant peptide, and killing of T2 cells

saturated with 10 lM PRA100-108 was not further

increased by the DAC (Fig. 4d). This enhanced killing by

the DAC-treated CTL line 7 was inhibited by an HLA-

A0201 blocking antibody for three independent target cells

BV173, Jekka and BJAB (Fig. 4e). Moreover, identical

results were obtained with an independent PRA100-108-

specific clone 10D (supplementary figure 5).

Discussion

The human cancer testis antigen PRAME has been con-

sidered a promising target for immunotherapy for several

years but so far no PRAME-directed immunotherapy

approaches have been introduced into clinical trials. We

confirm the results of other workers, that PRAME gene

expression at the RNA level is minimal in normal adult

human tissues, confirming it as a promising specific target

for immunotherapy. Although PRAME has been shown to

have growth-promoting functions in cancer cell lines, the

relative lack of expression in normal tissues suggests that

its normal function might be restricted to a developmental

role. Gene targeting studies would be of interest in

defining such a role. It is also of note that the level of

expression at the RNA level in the tissues where it can be

detected (for example, testis and kidney) is about an order

of magnitude lower than in the expressing cancer cell

lines (Table 1). A detailed study of PRAME protein

expression in tumour and normal tissue sections could be

very informative in determining whether transcript levels

correlate with protein. However, there are no published

immunohistochemical studies on PRAME expression and

our own experiments with formalin-fixed PRAME-trans-

fected cells have shown lack of specificity of staining

(data not shown).

Fig. 3 Treatment of cancer cell lines with 5-Aza -20-Deoxycytidine

increases expression of MHC class I but not costimulatory molecules.

a MHC class I expression in the presence (dark line) and absence

(dotted line) of 3 lM DAC. Cell lines were treated for 72 h and the

filled histogram denotes an isotype control antibody. b Dose

dependency of DAC treatment in BV173 cells. At 5 lM, the agent

was cytotoxic and MHC I was not upregulated. c Failure of

upregulation of the indicated surface molecules following 72 h

treatment with 3 lM DAC. Data are representative of 3 independent

experiments
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The list of cancer types in which PRAME is overex-

pressed and/or plays an oncogenic role has also increased

since its initial description in melanoma [1], leukaemia [2,

9, 10, 15] and other cancers [1]. It has more recently been

reported as expressed in medulloblastoma [4], renal cell

carcinoma [7] and Wilms tumour [8], and is expressed and

associated with poor prognosis in neuroblastoma [5] and

breast cancer [3, 6]. We have now shown evidence of

expression in cell lines derived from rhabdomyosarcoma

and Ewing sarcoma. Despite the strong clinical justification

for targeting PRAME in immunotherapy in terms of its

wide and specific expression profile, no clinical immuno-

therapy trials attempting to harness natural immunity

against PRAME through a vaccine approach have been

published.

From the existing literature, it is unclear as to the

strength of natural immunity against PRAME. Whereas

several groups have shown convincing evidence for cir-

culating PRAME-specific CTL by tetramer staining, there

was little evidence that tetramer-positive cells were sig-

nificantly more abundant or activated in patients with

PRAME expressing cancers compared with normal donors

[14, 16, 17]. Our findings of relatively weak PRAME CTL

avidity in patients and normal donors would be consistent

with a high degree of tolerance. The reason for the

restriction of the PRAME CTL repertoire to low to inter-

mediate avidity cells is not known; the possibility of killing

of high avidity peptide-specific CTL by neighbouring CTL

at the tumour immune synapse is an unexplored possibility

[32]. We therefore investigated whether an epigenetic

modifying drug 5-Aza 20-deoxycytidine could significantly

improve killing by naturally occurring PRAME-specific

CTL. This approach is therapeutically attractive because

DAC is FDA approved for the treatment of myelodys-

plastic syndromes (MDS) [33] following its evaluation in

phase III studies [34, 35] and has been evaluated in

numerous phase 2 clinical studies in leukaemia and other

malignancies [36–38]. Its mechanisms of action as a

cytotoxic agent have been widely reviewed but are thought

to derive in part from reactivation of epigenetically

silenced tumour suppressor genes, specifically as a result of

demethylation of hypermethylated DNA regions associated

with transcriptional repression. Another documented

function of hypermethylation in cancer is suppression of

antigen presentation and suppression of MHC expression

has been shown to be reversible by DAC in a number of

cancer models [31, 39]. For the purposes of combination

therapy, it has recently been reported that the use of DAC

Fig. 4 Effects of pretreatment of CTL clones with DAC on antigen-

specific killing. a–e Chromium release cytotoxicity assays in which

target cells and/or PRA100-108-specific CTL Line 7 were pretreated

with DAC for 72 h. Cell lines were pulsed with peptides (HA1, PAX5

or PRA100-108) HA1 and PAX5 are non-specific HLA-A0201 binding

peptides, class I denotes pretreatment of target cells with a pan-class-I

blocking antibody, whereas Ig denotes its isotype control. All

chromium assays performed over 4 h apart from a) (18 h)
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prior to allogeneic transplantation is safe and feasible [40,

41].

We have shown that DAC, at a physiologically attainable

concentration, can increase sensitivity of pre-B leukaemia

cell lines to MHC-I-restricted killing by a PRAME-specific

CTL clone and that the increased sensitivity correlates with

upregulation of both PRAME mRNA expression and MHC

Class I surface staining. This observation is consistent with

a number of other reports in the literature in other disease

types. For example, Adair and Hogan have demonstrated

that DAC can upregulate cancer testis antigens in ovarian

cancer cell lines [19] whilst Weber et al. [30] have shown

upregulation of MAGE, and Natsume and coworkers have

shown a similar pattern of upregulation of NY-ESO in

glioma [31]. Specific upregulation of PRAME by DAC in

AML has been reported, leading to the speculation that

epigenetic mechanisms largely control silencing of PRAME

in the majority of normal tissues [20]. This conclusion has

been supported in other cell lines, and a hypermethylated

region of the PRAME promoter associated with gene

silencing has been identified [42].

We investigated the effect of DAC on CTL clone killing

assays because we were interested in combination cancer

therapy involving antigen-specific CTL and epigenetic

modifiers, and because most previous studies have inves-

tigated killing by CTL lines where the antigen specificity

and MHC restriction of killing is harder to demonstrate.

Use of a CTL clone enabled us to differentiate antigen-

specific and non-specific mechanisms. Similar results to

ours demonstrating increased antigen-specific killing

induced by DAC have recently been described in an NY-

ESO TCR gene transfer model [43].

Interestingly, although the DAC increased sensitivity to

a number of cell lines through a mechanism that was lar-

gely reversible by blocking MHC class I, we additionally

identified 1 out of 4 cell lines where the DAC sensitising of

target cells was antigen independent. The implication of

this finding is that the CTL clone has antigen-independent

killing pathways and that DAC increases target cell sen-

sitivity to those pathways. We speculate that mechanisms

such as death receptors or downregulation of inhibitory

receptors on target cells could account for this antigen-

independent pathway but further studies will be required to

dissect the key mechanisms. It is of note that DAC pre-

treatment of the CTL clone increased antigen-specific

killing but had no effect on antigen-independent killing.

The mechanism by which the CTL is modified by DAC to

enhance antigen-specific killing is unknown but one pos-

sibility is increased perforin expression induced by

demethylation of the perforin promoter [44]. Our results

must also be balanced against other workers using primary

T cells who have shown an inhibitory effect of DAC on

proliferation and activation [45, 46].

The additive effect of DAC treating both CTL and

tumour target is supportive of exploratory studies of

combination therapy in which tumour-specific CTL are

infused into DAC-treated patients. However, the effect of

DAC on induction of primary or memory immune

responses against cancer antigens would be need to be

carefully evaluated to provide a rationale for combining

DAC with vaccine-based immunotherapy. One encourag-

ing study has shown an increased expression of tumour

antigen from a DNA vaccine administered following pre-

treatment of mice with DAC [47].

In conclusion, PRAME remains a highly attractive

potential target for cancer immunotherapy. However, low

precursor frequency of PRAME-reactive CTL in the

autologous repertoire of both normal donors and melanoma

patients suggests tolerance and limits the likely clinical

benefit of vaccine approaches. Harnessing high avidity T

cells from allogeneic sources as a source of T-cell receptors

for gene transfer is promising approach for PRAME-

directed immunotherapy.
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