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Abstract EBV-transformed lymphoblastoid cell lines
(LCL) are potent antigen-presenting cells. To investigate
their potential use as cancer testis antigen (CTA) vaccines,
we studied the expression of 12 cancer testis (CT) genes in
20 LCL by RT-PCR. The most frequently expressed CT
genes were SSX4 (50 %), followed by GAGE (45 %),
SSX1 (40 %), MAGE-A3 and SSX2 (25 %), SCP1, HOM-
TES-85, MAGE-C1, and MAGE-C2 (15 %). NY-ESO-1
and MAGE-A4 were found in 1/20 LCL and BORIS was
not detected at all. Fifteen of 20 LCL expressed at least one
antigen, 9 LCL expressed >2 CT genes, and 7 of the 20
LCL expressed >4 CT genes. The expression of CT genes
did not correlate with the length of in vitro culture, telo-
merase activity, aneuploidy, or proliferation state. While
spontaneous expression of CT genes determined by real-
time PCR and Western blot was rather weak in most LCL,
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treatment with DNA methyltransferase 1 inhibitor alone or
in combination with histone deacetylase inhibitors
increased CTA expression considerably thus enabling LCL
to induce CTA-specific T cell responses. The stability of
the CT gene expression over prolonged culture periods
makes LCL attractive candidates for CT vaccines both in
hematological neoplasias and solid tumors.
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Introduction

A prerequisite for the development of tumor-specific
immunotherapeutic strategies is the existence and identi-
fication of tumor antigens, that is, genes that are either
exclusively or preferentially expressed in malignant tissues
compared with normal tissues. One of the most attractive
groups of tumor-associated antigens are the so-called
‘shared’ tumor antigens which are only expressed by a
variety of malignant tumors, but not by normal tissues,
except for the germ cells in testis. Due to this peculiar
expression profile, the term cancer testis (CT) antigens [1]
or cancer germline (CG) antigens has been coined. The
group of CT antigens comprises more than 40 distinct CT
antigen families [2], the most prominent among them are
MAGE [3], BAGE [4], and GAGE [5] families, as well as
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HOM-MEL-40/SSX2 and other SSX family members [6],
NY-ESO-1 [7], HOM-TES-14/SCP1 [1, 8], HOM-TES-85/
CT-28 [9], and CT-10 [10]. Most of them have been defined
using SEREX [11]. Recently, it has become evident that they
are also frequently expressed in hematological neoplasias
such as multiple myeloma [12], acute leukemias [13, 14],
Hodgkin, and non-Hodgkin lymphomas [15, 16].

Resting human B lymphocytes from peripheral blood
are easily transformed by Epstein-Barr virus (EBV) into
actively proliferating B-lymphoblastoid cell lines (LCL)
[17]. These LCL with normal karyotypes have been
reported to be ‘immortal’ without becoming tumorigenic.
We therefore investigated whether LCL express cancer
testis genes, and whether cancer testis antigen expression
can be correlated with certain biological characteristics.

Of the large number of peptide epitopes derived from
different CTA, most have been shown to elicit either CD8"
cytotoxic T lymphocyte [18] [19] [20] or CD4" T-helper
cell responses [21]. Only two peptide epitopes so far, one
derived from NY-ESO-1 and another from SSX2, have
been shown to simultaneously elicit CTL as well and
T-helper cell activity together with the production of epi-
tope-specific antibodies [22] [23]. Another problem of
tumor antigen-derived peptides is their HLA restriction, for
example, CD8™ stimulation capacity has rarely been shown
for HLA haplotypes other than HLA-A*0201. The same
applies for most of the known MHC-II-restricted CD4"
T-helper cell epitopes. One possibility to overcome these
problems is the use of the complete CTA-derived protein.
However, the costs to produce full-length CTA for clinical
trials has precluded their widespread use [24, 25]. CTA-
expressing LCL would offer a new perspective for cancer-
specific vaccines. LCL are easy to generate in unlimited
amounts, and if used as autologous vaccines, they provide a
full-house HLA-consensus, and LCL as professional APC
stimulate different components of the immune system.

Materials and methods

The study had been approved of by the local ethical review
board. Recombinant DNA work was done with the official
permission and according to the rules of the State Gov-
ernment of Saarland. All donors gave written informed
consent.

Establishment of lymphoblastoid cell lines (LCL)

B cells either were transfected with EBV propagated in the
marmoset cell B95-8 as described by Miller et al. [26] or
had been growing out spontaneously ex vivo. The LCL
‘MGAR’ and ‘JY’ were obtained from S. Stevanovic
(Institute for Immunology, University of Tiibingen) and
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‘LG2’ from P. van der Bruggen (Ludwig Institute for
Cancer Research (LICR), Brussels, Belgium).

Tumor cell lines

Me275 (Melanoma) was kindly provided by D. Valmori
(LICR, Lausanne, Switzerland). ESTAB was provided by
A. Wadle (University Hospital Ziirich, Switzerland). SK-
MEL-37, U118 (Glioma), and U266 (Myeloma) were
purchased from ATCC (LGC Standards GmbH, Wesel,
Germany). Cell lines were cultured in RPMI/10 % FCS/
2 mM L-glutamine/l1 % penicillin/streptomycin  (PAA
Laboratories GmbH).

Determination of proliferation rate and cells in S-phase

Ki-67 was stained using antibody clone MIB-1 followed by
cell fixation and permeabilization according to the manual
(IntraStain kit, DakoCytomation, Glostrup, Denmark). The
proliferating cell nuclear antigen (PCNA) as a marker for
cells in S-phase was detected using the mouse anti-human
PCNA kit according to the manual (Becton—Dickinson
Biosciences, Heidelberg, Germany). Cells were counter-
stained with antiCD23. For flow cytometric analysis,
CD23% LCL were gated and the proportion of PCNA™
cells was calculated using a FACSCalibur and Cellquest
software (Becton—-Dickinson Biosciences).

Ploidy analysis

DNA content of the cells was determined by propidium
iodide staining (50 pg/ml, 15 min, 4 °C, in the dark) fol-
lowed fixation (70 % ethanol, 2 h, 4 °C), RNA digest
(RNase A 50 pg/ml, 45 min, 4 °C) as described before [27]
and finally analyzed by flow cytometry.

Telomere length analysis

Telomere length was determined by the FlowFish method
as described previously [28].

Telomerase activity

Telomerase activity was quantified under real-time PCR
conditions using a LightCycler system (Roche, Mannheim,
Germany) as described before [29]. In brief, protein extracts
of 10° cells were incubated with primers and SYBR Green
PCR Master Mix at 30 °C for 30 min to allow template
elongation by telomerase activity and amplified by 36 PCR
cycles carried out with 20 s at 95 °C, 30 s at 60 °C, and 50 s
at 72 °C. Telomerase activity was displayed relatively to a
standard of 10> HEK 293 cells (Gibco, Karlsruhe, Germany).
Positive and negative controls were run in every experiment.
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Reverse transcriptase PCR

Total RNA was extracted from 10° LCL using Trizol
reagent according to the manufacturer’s details (Invitrogen
GmbH, Karlsruhe, Germany), primed with an oligo(dT);g
and reverse transcribed with Superscript II (Life Technol-
ogies, Inc., Eggenstein, Germany). cDNA obtained was
tested for integrity by amplification of p53 transcripts as
described elsewhere [11, 30]. For PCR analysis of the
expression of individual CT gene transcripts, first-strand
cDNA was amplified with transcript-specific oligonucleo-
tides (10 umol) using 1 unit of AmpliTaq Gold (Perkin
Elmer, Weiterstadt, Germany), 10 nmol of each deoxynu-
cleotide triphosphate (dATP, dTTP, dCTP, and dGTP), and
1.67 mM MgCl, in a 30-pl reaction. The primers (MWG
Biotech, Ebersberg, Germany) for the respective CT genes
have been reported previously [31-33] and are summarized
in the supplemental Table 1.

Real-time RT-PCR

Total RNA from 3 x 10° LCL cells was extracted and
reversely transcribed as described above. 1 ng of cDNA
was applied for quantitative PCR analysis. Expression was
classified negative if the crossing point (Cp) of the run with
cDNA template was higher than the Cp of the run without
the corresponding template. The quote indicating the
increase of the CTA expression after LCL treatment
compared to the native LCL was normalized to GAPDH

. CTA untreated __ (~_ CTA treated
and calculated with: n= (2(Cp “-Cp )> /

GAPDH untreated GAPDH treated . . .
(2(CP —Cp )) [34]. Quantitative real-time

PCR was run on a LightCycler instrument (Roche Diag-
nostics GmbH, Mannheim, Germany) using FastStart DNA
Master SYBR Green I kit (Roche Diagnostics) referred to
the manual.

Western blot

Analysis of CTA protein expression was done by Western
blot (WB). Total cellular protein extracts were run on
standard 12 % SDS polyacrylamide gels. Antigens of the
SSX family (30 pg protein/sample) were detected using

supernatant (1:1,000) of the E3AS clone, kindly provided
by Diederik de Bruijn (Radboud University, Nijmegen
Medical Centre, Department of Human Genetics, Nether-
lands). MAGE-A antigens (10-pg protein/sample) were
detected by antibodies (1:400) of clone 6C1 (Santa Cruz
Biotechnologies, Heidelberg, Germany), and NY-ESO-1
antigen (10 pg protein/sample) was detected by antibodies
(1:300) of clone E978 (Santa Cruz Biotechnologies).

LCL treatment with 5-azacytidine and HDAC inhibitors

To increase CTA expression, LCL were cultivated in
medium supplemented with 5-azacytidine (Aza) alone or in
combination either with suberoylanilide hydroxyamic acid
(SAHA) or Trichostatin A (TSA) or valproic acid (Val),
respectively, (inhibitors from Sigma-Aldrich, Taufkirchen,
Germany) according to the scheme given in Table 1. Due
to the fact that LCL reach maximal proliferation 24-30 h
after splitting, LCL were splitted 24 h before treatment and
settled in fresh medium.

Generation of SSX2-derived epitope-specific CD8* T
cell clones

PBMC obtained from a patient with a SSX2-expressing
breast cancer were isolated by Ficoll-Paque PLUS sepa-
ration (GE Healthcare Bio-Sciences AB). For in vitro
priming, CD8" T cells were separated by MACS tech-
nology (Miltenyi, Bergisch Gladbach, Germany) and cells
of the CD8" fraction were pulsed with the nonamer SSX2
peptide pl01-111 and used as antigen-presenting cells
(APC). Pulsing, cultivation, and stimulation were per-
formed as described [23]. Responding T cells were isolated
from the bulk population by interferon-y (IFN-y-based
magnetic cell enrichment using a cytokine secretion assay
(Miltenyi Biotec Inc.) and cloned by limiting-dilution
culture as described [35]. Specifically reacting clones were
expanded.

IFN-y ELISPOT and TNF-a ELISA

IFN-y release of CD8" T cells of the SSX2/p101-111-
specific clone #30 in response to different batches of LCL

Table 1 Scheme of LCL treatment with DNMT1 inhibitor 5-azacytidin alone or in combination with one respective HDAC inhibitor

Day 1 Day 2 Day 3 Day 4
Oh 12 h 24 h 36 h 48 h 60 h 72 h
5-Azacytidin 1 M 1 M 1 M 1 pM 1 M 1 pM Yield
Valproate - - 750 xM - 750 M -
SAHA - - 5nM - 5nM -
TSA - - - - 65 nM -
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‘JY’ was assessed by ELISPOT assay as described before
[23]. As APC 3 x 10* JY cells/well (irradiated with
120 Gy) were co-incubated for 20 h with CD8* cells of
clone #30. T cell responses were scored positive if the
number of IFN-y spots induced by untreated and unloaded
LCL ‘JY’ was significantly less (p < 0.05) compared to the
different treated batches. Spots were counted using a
Bioreader-3000 Pro (Biosys, Karben, Germany). TNF-«
secretion of clone #30 cells was assessed by ELISA
according to the manual (DTAOOC, R&DSystems, Wie-
sbaden, Germany) under the same conditions used for IFN-
y ELISPOT. All tests were run in triplicates, and mean
values and standard deviations were determined.

Assessment of cytotoxicity

Lactate dehydrogenase (LDH) release from targets was
determined as extent of the cytotoxicity caused by CD8" T
cells of clone #30 in response to different batches of LCL
‘JY’ using the Cytotoxicity Kit™™ according to the manual
(Roche Diagnostics).

Results

Study population and validity of the experimental
approach

The expression of 12 CT genes (MAGE-A3, MAGE-A4,
GAGE, NY-ESO-1, MAGE-C1, MAGE-C2, HOM-TES-
85, SSX1, SSX2, SSX4, SCP1, and BORIS) and p53 as
positive control was analyzed in 20 LCL by RT-PCR.
Intensities of CT gene PCR products were found to be
heterogeneous, and some specimens yielded only faint
amplicon bands. These were scored positive only, if the
result could be reproduced by a repeated RNA extraction
and specific PCR from the same LCL resulting in clear
bands. Cases with very low transcript levels in two
experiments were not regarded as positive. The character-
istics of the 20 LCL are shown in Table 2. The time in
culture of the established LCL at first analysis of CT gene
expression ranged from 10 months to >5 years. All data
presented in this study are representative results derived
from at least three independent experiments.

Expression of Individual CT Gene mRNA by LCL

None of the 12 CT antigens studied was expressed in
normal peripheral blood mononuclear cells (n > 20) or
other normal tissues. In contrast, except for 5 LCL, most
LCL expressed one or more CT gene mRNA. The most
frequent was SSX4 in 10/20 LCL (50 %) followed by
GAGE in 9/20 LCL. SSX1 was expressed in 8/20, MAGE-
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A3 and SSX2 in 5/20 of the LCL. SCP1, HOM-TES-85,
MAGE-CI1, and MAGE-C2 were expressed in 3/20 LCL.
NY-ESO-1 and MAGE-A4 were found in 1/20. BORIS
was not detected in any of the 20 LCL tested (Fig. 1a). The
expression of CT genes by the respective LCL in culture
was stable during the study period of >4 years.

Co-expression of multiple CT gene mRNAs in LCL

Among the CT gene-expressing LCL, co-expression of
multiple CT genes was the rule, with a median expression
of five CT genes. The expression of at least one antigen
was observed in 15/20 LCL, 9 LCL expressed at least 2 CT
genes, 7 LCL at least 3 CT genes, 5 LCL at least 4 CT
genes, 4 LCL at least 7 CT genes, 3 LCL expressed >8 CT
genes, and 2 LCL expressed 9 CT genes simultaneously
(Fig. 1b). More than 9 CTA were not detected in any of the
LCL. There was no obvious coordination of CT gene
expression. However, except for three, all 15 LCL-
expressing >1 CT gene of the CT 5 family expressed SSX1
or SSX2 only in the presence of SSX4.

Correlation of CT gene expression with LCL
characteristics

As can be seen from Table 2, the expression of CT genes
did not correlate with the length of in vitro culture. The 5
LCL without any CT gene expression (G506, G497, G468,
G418, and MGAR) had been kept in culture for 18, 21, 26,
and >60 months, respectively. On the other hand, the other
LCL kept in culture for more than 5 years (GS90, JY, and
LG2) co-expressed 3, 8, and 9 CT genes, respectively.
Similarly, CT gene expression did not correlate with pro-
liferation rate as determined by Ki-67 staining (data not
shown), nor with ploidy of the LCL. The three hyperdip-
loid LCL (G399, GS90, and JY) expressed 2, 3, and 8 CT
genes, respectively, and the numbers of CT genes expres-
sed by the diploid cell lines were within the same range
(Table 2). There was also no correlation between CT gene
expression and telomerase activity, which, as expected,
showed a tendency to be higher in long-term cultures
(Table 2) and stronger proliferating cell lines. Telomere
length ranged from 3.9 to 7.8 kb (median 5.3 kb) and,
again, was not correlated with CT gene expression. Con-
cerning the CTA expression pattern, there was no differ-
ence between spontaneous outgrowing LCL and those
derived from in vitro EBV-transformed B cells.

Strength of expression of individual CT genes
Besides the high frequency of the expression of different

CT genes in LCL, it was interesting to compare the
strength of their expression with cell lines derived from
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Fig. 1 Expression of CT genes in EBV-transformed lymphoblastoid
cell lines (LCL) and quantitative expression of CT genes in LCL.
a Frequency of the expression of 12 CT genes in 20 LCL.
b Simultaneous co-expression of the 12 CT genes in 20 LCL. All
results assessed by RT-PCR in multiply repeated tests. ¢ Comparison
of the strength of CT gene mRNA expression in 16 LCL with 10
tumor cell lines of different origin. The mRNA expression of 6/6 CT
gene was higher in the tumor cell lines. d The expression of the
different CT gene increased significantly after treatment of the LCL

different tumors. For this purpose, we quantified the
mRNA content of 6 CT genes (MAGE-A3, MAGE-A4,
SSX1, SSX2, SSX4, and NY-ESO-1) in 16 LCL and 10
tumor cell lines by LightCycler-based PCR. In each cell
line, only those CT genes were analyzed by LightCycler
PCR which were known to be expressed according to the
previous RT-PCR results. The mean crossing points for
each of the 6 CT gene were determined by LightCycler
PCR in two independent experiments (starting with new
mRNA isolation) and the difference between the mean
crossing points of tumor cell lines and LCL was calculated.
As can be seen in Fig. 1c, CT mRNA contents in tumor cell
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with the DNMT1 inhibitor 5-azacytidine alone or in combination with
the HDAC inhibitors SAHA, TSA, or valproic acid. Y-axis
(logarithmic scale!) shows the times of increase of CT gene
expression in LCL ‘JY’ after treatment compared to the untreated
cells with a base line expression factor of 1. Factor variations are
caused by the variable efficiency of the 4 different ways of treatment
(4 columns per CTA). All results were assessed by LightCycler PCR
in multiple repeated tests and normalized to the expression of
GAPDH

lines were in the mean 19 x higher compared to those
expressed in LCL. The biggest difference referred to the
SSX1 expression, which was about 50 times stronger in
SSX1+4 tumor cell lines. However, there were also 3
strongly CT gene-expressing LCL: GS133 expressed SSX
mRNAs stronger than the SSX-expressing tumor cell lines.
LG2 expressed 3/6 CT genes slightly stronger than the
average of the corresponding tumor lines, and cells derived
from the LCL ‘JY’ also reached the SSX4 mRNA level of
the SSX4+ tumor lines (data not shown). In summary,
LCL did indeed express a considerable number of different
CT genes, but most of them rather weakly.
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Fig. 2 Expression of CT antigens at the protein level. Protein
expression of the corresponding CT genes was analyzed by Western
blot using f-actin as loading control. a With MGAR as CTA-negative
control, all others LCL expressed MAGE-A3 and/or MAGE-A4 as
assessed by RT-PCR. However, only cells from JY and LG2 also had
these antigens at detectable protein levels. These levels were lower
compared to those of the MAGE-A3/A4+ tumor cell lines. Antibody
clone 6C1, which was used for detection, allowed no differentiation
between MAGE-A3 and MAGE-A4. Blots of the different cell lines
were analyzed in different runs and mounted to this slide. b LG2 was

Strength of expression of individual CTA at the protein
level

To determine the level of protein expression of three
selected CTA by LCL in comparison with tumor cell lines,
we used SDS-PAGE-based separation and Western blots

the only LCL of the 20 lines in this study which expressed NY-ESO-1
as assessed by RT-PCR. MGAR was used as NY-ESO-1-negative
control LCL. ¢ After treatment with 5-azacytidine to inhibit DNMT1
and different HDAC inhibitors, the expression of CTA was amplified
in 3/3 LCL. Antibody of clone E3AS was used to detect SSX (a. o.
SSX1, SSX2, and SSX4) as an example to demonstrate that the gene
amplification leads to increased levels of the protein. In all LCL, the
combined use of 5-azacytidine and valproic acid showed the strongest
effect. For this analysis, PBMC were used as a CTA-negative control.
All experiments were run twice and achieved the same results

(WB) for the detection of specific CTA. Due to the fact that
reliable specific antibodies are available only for a few
CTA, we restricted these analyses to SSX, MAGE-A, and
NY-ESO-1. With the exception of MGAR which was used
as a CT gene-negative control, all cell lines used for these
analyses were known to express the respective CT genes on
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the basis of PCR results. As can be seen in Fig. 2a, only
LCL ‘JY’ and ‘LG2’ which had a strong MAGE-A RNA
message had a MAGE-A protein expression detectable by
Western blot. In particular, in LG2 cells, MAGE-A protein
expression was strong and comparable to the expression of
this protein by tumor cells. The analysis of NY-ESO-1
protein expression showed a similar pattern (Fig. 2b). A
very weak SSX antigen was detected in cells of the LCL
‘GS 89, G355, JY, GS133, and LG2’ (data not shown).
Thus, Western blot analyses paralleled the results of the
quantitative PCR in a way that only those LCL with low
crossing points expressed detectable levels of the corre-
sponding protein.

Induction of CTA expression by 5-azacytidine
and HDAC inhibitors

CTA expression can be influenced either by DNMT1
inhibition alone or in combination with HDAC inhibition.
S-azacytidine (Aza) is mostly used to reduce DNMTI1
activity. Because there are 3 different classes of HDAC it is
necessary to use also different inhibitors to address the
complete spectrum of their activity. Therefore, we used
SAHA, TSA, and valproic acid in combination with
5-azacytidin for the induction of CTA in 4 LCL (G355, JY,
LG2, and MGAR). The induction of the expression of 5
CTA (MAGE-A3, MAGE-A4, SSX2, SSX4, and BORIS)
was determined by RT-PCR, LightCycler PCR and Wes-
tern blot after culture with Aza only, with Aza + SAHA,
Aza + TSA, and Aza + Val. As proof of principle we
included the LCL ‘MGAR’ because this line did not
express any of the CT genes under native conditions and
the CTA ‘BORIS,” which was never expressed natively.
However, after treating cells of this LCL either with Aza
alone or in combination with any of the HDAC inhibitors
all 5 CT genes were expressed simultaneously as assessed
by RT-PCR (data not shown). In the other cell lines (G355,
JY, LG2) we found the following inhibitor-induced
expression enhancement (Table 3): MAGE-A3 and
MAGE-A4 protein expression was only slightly increased
and MAGE-A4 was not induced at all in LCL G355.
BORIS showed a consistently increased and strong
expression with the smallest variability. The induction of
the SSX4 gene varied from weak (LG2) over moderate
(G355) to strong (JY). SSX2 expression increased most
after treatment. After 4 days under Aza and Val, SSX2-
mRNA copies in G355 increased more than 1,000-times.
The strongest CTA induction was observed in JY (Table 3;
Fig. 1d). Although the differences between the different
ways of LCL treatment were mostly non-significant
(p = 0.05) the strongest effect on CTA expression was
achieved by the combined use of 5-azacytidine and Val. In
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Table 3 Increased CT gene expression by LCL after treatment with
5-azacytidine and different HDAC inhibitors amplification factors of
CT gene expression after treatment compared to the untreated LCL
with a stated expression factor of 1

BORIS MAGE-A3 MAGE-A4 SSX2 SSX4
LCL G355 132-280 1.8-6.3 Negative 525-1,032 34-81
LCLJY 250-320 10-16 21-32 411-756  241-406
LCLLG2 215-360 5.2-11.3 3.6-7.8 28-70 7.5-44

Factor variations are caused by the variable efficiency of the different
ways of treatment

most cases, the use of the DNMT1 inhibitor 5-azacytidine
was enough to increase the CT expression, and combina-
tions of 5-azacytidin with any of the three HDAC inhibitors
did not result in an additional significant gain. A typical
example of the effects of the various treatments on CT gene
expression is shown for the LCL ‘JY’ in Fig. 1d. To test,
whether an increase of CT gene mRNA was paralleled by
an increased protein expression, SSX, MAGE-A, and NY-
ESO-1 expression in 3 LCL was analyzed by Western blot
after DNMT1/HDAC inhibition. Figure 2c¢ shows that the
SSX protein expression in untreated cells from all 3 LCL
increased considerably after DNMT1 inhibition alone as
well as after combined inhibition by DNMT1 and HDAC.
Similar results were obtained for NY-ESO-1 and MAGE-A
(data not shown).

Induction of CTL responses by LCL

To test whether CTA-expressing LCL are suitable antigen-
presenting cells (APC), we used differently treated batches
of the SSX2+ and HLA-A*0201+4 JY cells as APC in
cytokine secretion assays against the CD8" T cell clone
#30. This clone has been established and characterized in a
former study as specific for the SSX2-derived peptide
epitope pl01-111 in the context of HLA-A*0201. As
shown in Fig. 3a, clone #30 did not respond to native LCL
‘JY’. However, after treatment with the DNMT1 inhibitor
Aza alone or in combination with one of the three HDAC
inhibitors CD8™ T cells of clone #30 secreted IFN-y as well
as TNF-a during incubation with these targets demon-
strating that after treatment enough SSX2 peptide was
processed and presented in the context of HLA-A*0201 on
the cell surface of the LCL. The strength of the T cell
response increased after treatment with Aza alone and was
strongest after treatment with Aza/Val. Clone #30
responded also by killing the corresponding JY targets as
shown in Fig. 3b exemplarily after combined Aza/Val
treatment compared to native JY. External loading with
peptide p101-111 was required to increase cytotoxicity of
the native LCL to a level after treatment.
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Fig. 3 Induction of T cell responses using LCL as CTA-expressing
APC. a CD8" T-cell clone #30, specific for the SSX2 epitope p101-
111 in the context of HLA-A*0201, did not respond to untreated LCL
‘JY’ (HLA-A*0201 +) used as APC. However, after treatment with
the DNMT1 inhibitor, Aza alone or in combination with one of the
three HDAC inhibitors as described, T cells of clone #30, responded
to these targets by secreting IFN-y (unfilled bars) as well as TNF-o
(black bars). Results were assessed by IFN-y ELISPOT and TNF-o
ELISA, respectively. b T cells of the same clone were induced to lyse
native JY cells used as targets only after additional external loading
with 2 uM peptide p101-111 (*p = 0.005). The difference between
peptide-loaded or unloaded LCL disappeared after these LCL had
been treated with a combination of Aza and Val (**p > 0.05)

Expression of MHC and costimulatory molecules
after DNMT1/HDAC inhibition

Expression of MHC and costimulatory molecules under
DNMT/HDAC inhibition was analyzed by flow cytometry.
As shown in Fig. 3c, combined treatment of LCL ‘JY’ with
Aza and Val caused a slightly reduced expression of MHC-
I molecules. Nevertheless, the expression remains on a
very high level. Same results were obtained analyzing
MHC-II expression (data not shown). In contrast, expres-
sion of CD86, the most important T cell costimulatory
molecule, increased when JY LCL had been cultured with
Aza/Val (Fig. 3d). Similar could be seen for the expression
of CD40 (data not shown).

(p values determined by F test followed by 2-sided Student’s ¢ test).
Cytotoxicity was assessed by LDH release and calculated relatively
compared to maximum lysis induced by lysing solution. Two
different effector/target ratios, 4/1 (black bars) and 2/1 (unfilled
bars), were applied. ¢ The expression of MHC-I molecules under
DNMT1/HDAC inhibition was analyzed by flow cytometry exempl-
arily for HLA-A2 (BB7.2 antibody). A small but significantly
(AGMean p = 0.00002) reduced expression of HLA-A2 molecules
on LCL after treatment with valproic acid was detected (dotted
line = isotype control, wide line = native JY, and gray-filled
graph = Val-treated JY). d The expression of costimulatory CD86
molecules increased significantly (AGMean p = 0.003) after Aza/Val
treatment also assessed by flow cytometry (FUN-1 antibody)

Discussion

Cancer testis antigens are normally expressed by gametes
and trophoblasts and are aberrantly expressed in a range of
human tumors [36, 37]. An important point concerning the
therapeutic use of CT antigens is that vaccines targeting CT
antigens will not affect germ cells, because they lack the
expression of MHC molecules that are necessary for the
presentation of the respective antigenic peptides. There-
fore, CT antigens are considered to be ideal candidates for
vaccine approaches. A range of vaccine formulations
containing one ore more CT antigens has been demon-
strated to induce cellular and antibody responses in clinical
trials [38], but to date with only rare clinical responses [37,
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38]. Dendritic cells (DC) loaded with CT proteins or pep-
tides are among the vaccine formulations which showed
the strongest immune responses in vitro and in vivo.
However, the preparation and maturation of DC is
demanding and costly. Investigating the antigen-presenting
capacity of the more easily available autologous LCL [39],
we demonstrated that autologous LCL transfected with
mutated ras induce strong T cell responses in patients with
pancreatic cancer carrying the respective mutant of the ras
oncogene. In a study of 7 patients using autologous LCL
transfected with mutated ras, a strong delayed-type
hypersensitivity reaction and the induction of both CD8™"-
and CD4"-mediated specific anti-mutated ras immune
response has been observed [40]. Hence, autologous LCL-
expressing CT genes also expressed by the malignant cells
of patients with cancer would represent a simple source for
cellular vaccine approaches. To test whether LCL can be
used as CT antigen-presenting cells, we investigated the
expression of CT genes in 20 LCL. We selected those CT
genes which have been previously shown to be frequently
expressed in human cancers and hence are prime candi-
dates for vaccine approaches. To the best of our knowl-
edge, the expression of CT antigens in LCL has not been
described before. Our results show that 75 % of established
LCL expressed at least one of the CT genes investigated,
and the majority of the LCL co-expressed several CT
antigens. The spectrum and frequency of the CT genes
expressed by LCL is similar to what has been observed in
human malignant tumors such as bladder cancer, ovarian
cancer, hepatocellular carcinoma [32], lung cancer, breast
cancer [33], pancreatic cancer [31], melanoma, and mul-
tiple myeloma [12], suggesting that similar mechanisms are
operative in malignant tumors and B cells after EBV
transformation. For example, global DNA hypomethyla-
tion, gene-specific hypomethylation, and regional hy-
pomethylation occur during tumorigenesis, and global
hypomethylation has been correlated with the expression of
many [41-43], but not all CT genes [42]. Nevertheless,
hypomethylation alone is obviously not sufficient for the
induction of CT gene expression, as DNA in colon cancer
is universally hypomethylated, even though CT gene
expression is rare in this type of tumor. Recently, the role
of HDAC inhibitors for the induction of CTA expression
has been demonstrated [44—46].

We could not find a correlation between the expression
of CTA and specific characteristics of the LCL such as
duration in culture, telomerase activity, aneuploidy, or
proliferation. The lack of correlation of CT gene expression
with any of the biological characteristics of the individual
LCL studied here suggests that the mechanisms underlying
CT gene expression in malignant transformation are com-
plex. However, the fact that CTA expression starts in the
course of EBV transformation of B cells (always CTA-
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negative) to LCL provides a new model to investigate the
epigenetic basis of CTA expression.

The most important finding of our study is that stable
expression of many CTA by LCL is obtained after DNMT1
inhibition alone and in combination with HDAC inhibition
and that this induced expression is strong enough to elicit
CT antigen-specific responses by CD8% T lymphocytes,
demonstrating the feasibility of using autologous LCL as a
source for CT gene—specific vaccine strategies without
HLA restrictions. Moreover, EBV-transformed LCL are
highly immunogenic and can be established and main-
tained with simple logistics [39]. In this study, only 4 LCL
had been included in the DNMTI1/HDAC inhibition
experiments. This may be the reason why not the complete
CTA spectrum could be induced or amplified. In our
clinical trial [40], it was easy to establish a lot of different
spontaneous LCL from each EBV+ patient. Treating all
these LCL with additional/different DNMTI/HDAC
inhibitors, it should be possible to close this gap of
expression. Application of spontaneous LCL after high-
dose irradiation should exclude the risk of lymphoprolif-
erative disorders.

With regards to the therapy of diseases such as Acute
Myeloid Leukemia or Myelodysplastic Syndrome, where
combinations of 5-azacytidine and HDAC inhibitors are
already used [47], equally pretreated LCL could provide an
interesting 2" line therapy supplement. In the context of
these malignancies, Goodyear et al. [48] observed an
increase of CTA-specific CTL under therapy with Aza/Na-
valproate. Although many of the CTA-responding patients
achieved clinical responses, both drugs finally were not
curative. Complementary vaccination with pretreated
autologous LCL could enhance the therapy-induced T cell
responses. In contrast to previous clinical vaccination
studies using single tumor-associated antigens (TAA)
combined with different adjuvants, recent vaccination
strategies against TAA were reported to achieve stronger
anti-tumor responses by using (recombinant) immunogenic
vectors derived from viruses such as vaccinia or fowlpox
[49], parasites such as trypanosomas [50], or mixed bac-
terial vaccine (Coley’s toxin) [51]. Since LCL are also
highly immunogenic CTA-expressing targets equipped
with professional antigen-presenting properties, they are
attractive candidates for the use as efficient and inexpen-
sive cellular anti-cancer vaccines.
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