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Abstract Cytotoxic T lymphocytes (CTL) can kill
Hodgkin’s lymphoma (HL) cells, and CTL have been used
for the treatment of Epstein-Barr virus (EBV)-positive HL.
For patients with EBV-negative HL, this strategy cannot be
employed and alternative target structures have to be
defined. In order to establish a system for the stimulation of
HL-reactive T cells, we used dendritic cells (DC) as anti-
gen-presenting cells for autologous T cells and transfected
these DC with RNA from established HL cell lines. After
stimulation of peripheral blood mononuclear cells (PBMC)
with RNA-transfected DC, we analyzed the reactivity of
primed PBMC by interferon gamma enzyme-linked im-
munospot. Our results suggest the presence of antigens
with expression in HL cell lines and recognition of these
antigens in combination with DC-derived human leukocyte
antigen molecules. By the analysis of Gene Expression
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Omnibus microarray data sets from HL cell lines and pri-
mary HL samples in comparison with testis and other
normal tissues, we identified HL-associated cancer testis
antigens (CTA) including the preferentially expressed
antigen in melanoma (PRAME). After stimulation of
PBMC with RNA-transfected DC, we detected PRAME-
reactive T cells. PRAME and other HL-associated CTA
might be targets for HL-specific immune therapy or for the
monitoring of HL-directed immune responses.
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Introduction

Hodgkin’s lymphoma (HL) is a lymphoproliferative dis-
order of unknown etiology. In most cases, a B-cell origin of
the tumor cells has been suggested by molecular markers,
but cases with expression of T-cell markers have as well
been described [1]. In addition, HL cells exhibit the
phenotype of professional antigen-presenting cells [2].
Regardless of the phenotype, HL cell lines have a char-
acteristic gene expression profile that allows to discrimi-
nate these cells from other hematopoietic cells [3] Today
more than 90% of HL patients are cured by a combination
of radiotherapy and chemotherapy [4]. However, a signif-
icant number of patients cannot be cured with current
therapy regimes. Even allogeneic stem cell transplantation
has not led to satisfying results, because a significant pro-
portion of the patients relapsed or died as a consequence of
toxicity. It was suggested that reduced-intensity condi-
tioning might improve the prognosis [5]. In addition, a
remarkable graft-versus-lymphoma effect was demon-
strated [5]. However, a high proportion of patients who had
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been treated with donor lymphocyte infusion after alloge-
neic transplantation developed severe graft-versus-host
disease, and some patients died as a consequence of this
complication. Taken together, these and other data suggest
that HL cells can be targeted by immunocompetent cells,
but that the specificity of this strategy is not sufficiently
high. Therefore, the induction of T cells with specificity for
HL-associated antigens might be an interesting strategy. In
the case of Epstein-Barr virus (EBV)-positive HL, EBV-
encoded antigens can be used as target structures for such T
cells [6]. For patients with EBV-negative HL, alternative
target structures have to be defined. In general, two strat-
egies can be used for the induction of tumor-specific T
cells. Firstly, peptides derived from known tumor antigens
can be used for the stimulation of T cells. For this strategy,
it is necessary to know which antigens are expressed in the
tumor cells and which peptides can be presented by
the major histocompatibility complex (MHC) antigens of
the individual patient. Alternatively, proteins or ribonucleic
acids (RNA) can be isolated from tumor cells and used for
the stimulation of T cells. For the stimulation of T cells
with specificity for pre-selected peptides as well as for the
induction of tumor-specific T cells by the use of RNA-
transfected antigen-presenting cells, dendritic cells (DC)
are highly potent, because DC are able to stimulate naive T
cells [7]. The number of tumor cells in affected lymph
nodes from HL patients is very low, and the establishment
of cell lines is difficult. Therefore, it is not possible to
prepare fully autologous vaccines for each HL patient. In
other tumor models, the use of allogeneic vaccines based
on permanently growing allogeneic tumor cell lines has
been suggested [8—10]. In this context, clinical trials have
demonstrated safety and immunogenicity of such vaccines
[9, 10]. In addition to genetically modified allogeneic
tumor cells, DC-based vaccination strategies have been
used. These strategies include DC after transfection with
RNA from allogeneic tumor cells [10]. Even after trans-
fection of RNA from autologous tumor cells, DC-stimu-
lated T cells are not always specific for antigens encoded
by the transfected RNAs [11]. Nevertheless, in clinical
studies, neither the induction of autoimmunity nor other
severe side effects have been observed.

In a previous study, we have characterized gene
expression and chemotherapy resistance of established HL
cell lines [12]. For all tested cytostatic drugs, HL. cell line
L-540 showed the highest sensitivity, whereas L-1236-cells
showed the lowest sensitivity. We identified several genes
that are differentially expressed between resistant and
sensitive cells. Resistant cells showed an increased
expression of genes with known association to apoptosis
inhibition (e.g., CD40) or chemotherapy resistance (e.g.,
MARCKS). In addition, we observed high expression of
co-stimulatory molecules (e.g., CD80) on the surface of
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resistant cells. The expression of co-stimulatory molecules
suggests that immunological targeting of tumor cells might
be an interesting option for patients with resistant HL.
Therefore, we established a system for the stimulation of
HL-reactive T cells.

Materials and methods
Cells and cell culture

Sarcoma cell lines SK-N-MC [13] and TE-671 [14] as well
as HL cell lines L-1236 [15], L-540 [16], L-428 [17],
HDLM-2 [17] and KM-H2 [18] were obtained from the
Deutsche Sammlung fiir Mikroorganismen und Zellkultu-
ren (Braunschweig, Germany). Ewing tumor cell line A673
[19] was obtained from the American Type Culture Col-
lection (Manassas, VA, USA). T2 cells [20] were a kind
gift from Dr. A. B. Reske-Kunz (Mainz, Germany). All
cells were cultured in RPMI1640 medium (Invitrogen,
Karlsruhe, Germany) supplemented with 10% fetal calf
serum and penicillin/streptomycin. In some experiments,
cells were treated with 5 uM 5'-azacytidine (Sigma, Hei-
delberg, Germany) for 2 weeks. Peripheral blood mono-
nuclear cells (PBMC), CD3-, CD4-, CD8-, CD14-, CD15-,
CD16,- CD19-, and CDS56-positive cells from healthy
donors were isolated as described [21] with informed
consent and approval by the ethics committee of the
Medical Faculty of the Martin-Luther-University Halle-
Wittenberg. Dendritic cells were generated from CD14-
positive PBMC or the plastic adherent fraction of PBMC
using standard methods [22]. Human leukocyte antigen
(HLA) haplotypes from tumor cell lines and PBMC donors
were determined by molecular HLA typing. In addition,
serological typing was used for the analysis of HLA class I
from PBMC donors. HLA haplotypes of the used cell lines
are summarized in Table 1.

Reverse transcription polymerase chain reaction
and sequence analysis

RNA from cultured cells and PBMC was isolated by using
Trizol reagent (Invitrogen) following the manufacturer’s
protocol. In addition, RNA from spleen, kidney and testis
was obtained from Becton—Dickinson (Heidelberg, Ger-
many). After reverse transcription of 2 pg of RNA, con-
ventional and quantitative polymerase chain reaction
(PCR) was performed as described elsewhere [12, 23]. The
following primer combinations have been used: actin beta
(ACTB): 5'-ggc atc gtg atg gac tcc g-3’ and 5'-gct gga agg
tgg aca geg a-3'; glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH): 5'-cca tgg aga agg ctg ggg-3’ and 5'-caa
agt tgt cat gga tga cc-3'; PRAME: 5'-gct gtg ctt gat gga ctt
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Table 1 HLA types of the used cell lines and PBMC donors

Cells Cell type HLA-A HLA-B HLA-Cw HLA-DRBI HLA-DQBI
L-428 HL 03 35 04 12 03

L-540 HL 03, 11 51 02, 15 04, 11 03

L-1236 HL 02 51 02 14 05

KM-H2 HL 11, 24 15, 52 04, 12 04, 11 03
HDLM-2 HL 01, 02 08, 44 05, 07 13, 15 06

TE-671 RMS 01 37 06 03 02

A673 EFT 01, 02 07 07 04, 15 03, 06
SK-N-MC EFT 01, 25 08 07 03, 15 02, 06
Donor 1 PBMC 02, 24 15 03, 07 04, 11 03

Donor 7 PBMC 01, 02 08, 15 04, 07 01, 11 03, 05
Donor 8 PBMC 01, 03 08, 35 04, 07 03, 11 03

Presented are HLA types of the tumor cell lines used in this study (HL Hodgkin’s lymphoma cell lines, RMS cell line from rhabdomyosarcoma,
EFT Ewing family tumor cell lines). In addition, HLA types from three PBMC donors are presented

ga-3' and 5'-aag gtg ggt age ttc cag gt-3'; and zinc finger
and BTB (bric-a-brac, tramtrack, broad-complex) domain
containing 32 (ZBTB32): 5'-aga tgt tgc aca agc act cg-3’
and 5'-tgg ggg tgc tat ggt aga ag-3’. Sequencing of PRAME
was performed as described [24] by using primers: 5'-aaa
ctc gag cgt gge aac aag tga-3' and 5'-aaa ctc gag tge aca tee
tgg ctt-3’. Sequence analysis was performed with BLAST
[25].

DNA microarray analysis and identification
of HL-associated CTA

DNA microarray analysis of HL cell lines using Affymetrix
HG-U133A microarrays was performed as described [8, 12].
For the identification of CTA, data sets from HL cell lines
(GEO data set GSE26325) [12] were analyzed together with
data from normal tissues (GEO data set GSE2361) [26].
Additional Affymetrix HG-U133Plus2.0 microarray data files
from HL samples, testis and other normal tissues were
obtained from the GEO database [27]. Primary data analysis
was performed with Expression Console (Affymetrix, Santa
Clara, USA) applying the Microarray Suite 5 algorithm. All
microarray data sets were scaled to the same target intensity of
500. Data visualization and cluster analysis were performed
with Genesis [28]. For the identification of putative cancer/
testis antigens, we developed a short analysis program
“MAFilter.” This program allows the filtering of tab-sepa-
rated text files (e.g., exported from the Affymetrix Expression
Console) on the basis of programmable statistical criteria. The
program is available online from the homepage of the authors
(http://steingrube-home.de/software_ M AFilter.html). For the
identification of HL-associated CTA, an algorithm based on
Wilks’ lambda score (WLS) [29] was applied. The microarray
database used for the identification of HL-associated CTA
was constructed using the following data sets: 37 data sets

from naive B cells, memory B cells, centrocytes, centroblasts,
plasma cells and micro-dissected classical HL (GSE12453);
164 data sets from different normal tissues, selected from
GSE7307 and GSE3526; 4 data sets from micro-dissected
classical HL. (GSE14879); and additional data sets from
established HL cell lines from data sets GSE20011,
GSE25986 and GSE12427 [30-35].

T-cell stimulation

Mature DC (2 x 106) were transfected with RNA (50 pg/ml)
from tumor cell lines by electroporation (square wave,
500 V, 0.5 ms, 0.2 ml cuvette) using a GenePulser Xcell
(Bio-Rad, Munich, Germany). Transfected DC were used for
the stimulation of PBMC or isolated CD8-positive T cells
from the same donor. Alternatively, PBMC were stimulated
with mitomycin C (50 pg/ml)-treated T2 cells that had
been pulsed with HLA-A2-binding peptides from CTA.
Peptides corresponding to PRAME100-108 (VLDGLD
VLL: = VLD), PRAME300-309 (ALYVDSLFFL: = ALY),
PRAME142-151 (SLYSFPEPEA: = SLY) and membrane-
associated phosphatidic acid-selective phospholipase Al-beta
(LIPI) (LDYTDAKFV : = LDY) were synthesized by WITA
(Telto, Germany). Successful stimulation of PBMC was
monitored by pentamer staining, interferon gamma enzyme-
linked immunospot (ELISPOT) or lactate dehydrogenase
assay (Roche, Mannheim, Germany), according to manufac-
turer’s instructions. Spots from ELISPOT analysis were enu-
merated automatically using the KS Elispot system (Carl Zeiss,
Jena, Germany). VLD/HLA-A2-pentamers and ALY/HLA-
A2-pentamers were purchased from Prolmmune (Oxford,
UK). Additional antibodies and ELISPOT reagents were
purchased from Becton-Dickinson (Heidelberg, Germany).
Multicolor flow cytometry was performed by using BD On-
comark (T-cell receptor (TCR)a/S-fluorescein isothiocyanate
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(FITC)/TCRy/d-phycoerythrin (PE)/CD3-PerCP-Cy5.3) or
TriTEST (CD4-FITC, CD8-PE and CD3-PerCP) reagents
(Becton—Dickinson). Flow cytometry was performed essen-
tially as described [36].

Results
T-cell stimulation by HL-RNA-loaded DC

In order to establish a system for the stimulation of
HL-reactive T cells, we used DC as antigen-presenting
cells for autologous T cells and transfected these DC with
RNA from established HL cell lines. After stimulation of
PBMC with HL-RNA-transfected DC, we observed reac-
tivity of primed PBMC against different HL cell lines
(supplementary Table 1). As was expected in the presence
of different HLA haplotypes, reactivity against different
HL cell lines and cross-reactivity with unrelated tumor cell
lines varied from donor to donor. Most donors exhibit an
increased reactivity against HL cell lines with a more
pronounced B-cell phenotype (L-1236 and KM-H2), but
other cell lines were also recognized. After transfection of
RNA from L-540 cells, one donor did not react with L-540
cells but showed some reactivity against other HL cell
lines. When we transfected DC (HLA-A*02,24; B*15;
Cw*03,07; DRB1*04,11; DQB1*03) with RNA from HL
cell line HDLM-2 (HLA-A*01,02; B*08,44; Cw*05,07;
DRB1*#13,15; DQB1*06) and used these DC for priming of
the PBMC from the same DC-donor, we observed that the
stimulated cells reacted with HDLM-2 cells but not with
irrelevant tumor cells (TE-671 sarcoma cells; HLA-A*01;
B*37; Cw*06; DRB1*03; DQB1*02) or autologous PBMC
(Fig. 1). Interestingly, these HDLM-2-primed cells also
reacted with HL cell line KM-H2 (HLA-A*11,24;
B*52,15; Cw*04,12; DRB1*04,11; DQB1*03) but not
with HL cell lines L-1236 (HLA-A*02; B*51; Cw*02;
DRB1*14; DQB1*#05) nor with L-540 (HLA-A*03,11;
B*51; Cw*02,15; DRB1*%04,11; DQB1%¥03). Because
HDLM-2 cells and KM-H2 cells have completely different
MHC haplotypes, and KM-H2 cells share 6/10 MHC
molecules with the used PBMC, these observations suggest
that HL-specific antigens, expressed in both HL cell lines
and presented in the context of the MHC molecules of both
HL cell lines, led to the T-cell response. Similar results
were obtained with other donors with different HLA hap-
lotypes (supplementary Table 1).

Identification of putative HL-associated antigens
In order to identify possible candidates for antigens that are

recognized by HL-reactive T cells, we analyzed microarray
data from established HL cell lines in comparison with a
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Fig. 1 ELISPOT analysis of PBMC after stimulation with HDLM-2
RNA-transfected dendritic cells. Dendritic cells were transfected with
total RNA from HL cell line HDLM-2 and used as antigen-presenting
cells for PBMC from the same donor. On day 7, primed PBMC were
re-stimulated with RNA-transfected DC. Six days after re-stimula-
tion, the reactivity of stimulated cells against indicated cell lines was
assessed by interferon gamma ELISPOT. Stimulatory cells were
incubated in the absence (open bars) or presence (closed bars) of
primed PBMC (50.000 cells per well). Fresh autologous PBMC
(aPBMC) and medium without stimulatory cells (-) served as
controls. Spots were automatically detected by a KS Elispot system
(Carl Zeiss). Presented are means and standard deviations from
triplicates

panel of normal tissues. We used the same database that
was used previously for the identification of chemotherapy
resistance factors [12]. Due to cancer/testis antigens (CTA)
are an important group of antigens, we focused our analysis
on the identification of CTA in HL cells. By using the
MAFilter program, we used the following algorithm for the
identification of CTA: the data sets in the microarray
database were grouped into (a) data sets from HL cell lines,
(b) data sets from testis and (c¢) data sets from other normal
tissues. Firstly, the database was filtered for a high quotient
03,/ of the variance o7 . in the merged group b and ¢
2 in group c alone. The 2,228 probe sets
(10% of all probe sets) with highest quotient were used for
further analysis. These probe sets were filtered for a high

. 2 2 . 2 .
quotient g7, ,./o; of the variance ¢7 . in group a and c and

and the variance o

the variance 2. The 223 probe sets (1% of all probe sets)
with highest quotient were further filtered for significant
(p < 0.01) differences between HL samples and normal
tissues by applying Student’s ¢ test. 115 probe sets passed
the filter (supplementary Table 2). Among these probe sets,
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we found few known CTA, for example, the outer dense
fiber of sperm protein 2 (ODF2) [37]. In addition, we found
new genes with CTA-like expression pattern. The probe
set with highest WLS in the comparison of HL and nor-
mal tissues corresponds to the zinc finger and BTB (bric-
a-brac, tramtrack, broad-complex) domain containing 32
(ZBTB32) protein (supplementary Table 2). RT-PCR
proved expression of ZBTB32 in HL cell lines and testis
but not other normal tissues (Fig. 2a). Quantitative PCR
indicated expression of ZBTB32 in isolated B cells but not
in other hematopoietic cells (supplementary Figure 2).
We extended our analysis by using a second microarray
database. This database was constructed on the basis of
Affymetrix HG_U133Plus2.0 microarray data sets (see
“Materials and methods” section) and has several advan-
tages: the number of probe sets on this array platform is
higher and covers a higher percentage of the human gen-
ome, the database contains more samples from normal
testis, the database contains samples from normal B cells,
and finally, the database contains not only data sets from
HL cell lines but also data sets from primary micro-dis-
sected HL cells. For the identification of CTA in this
database, we followed a similar strategy as described
above. In a first step, the data sets in the database were
grouped into (al) data sets from micro-dissected HL cells,
(a2) data sets from established HL cell lines, (b) data sets
from testis and (c) data sets from other normal tissues. The
database was filtered for a high quotient o7 /02 of the
variance J,ZJUC in the merged group b and ¢ and the variance
o2 in group c alone. The 5,468 probe sets (10%) with
highest quotient were used for further analysis. Among
these probe sets, we selected those with a high quotient
02,../ 0> of the variance 62, . in group al and c and the
variance 2. The 547 (1%) probe sets with highest quotient
were then filtered for a high quotient 2, /6> of the var-
iance 62, in group a2 and ¢ and the variance ¢?. Finally,
the 273 probe sets with highest signal intensities in testis
and HL samples were filtered for significant (p < 0.01)
differences between HL samples (group al and a2) and
data sets from normal B cells in the database by applying
Student’s ¢ test. All calculations and variance filtering were
performed with the MAFilter program. A total of 198 probe
sets passed the filtering procedure (supplementary
Table 3). We found CTA with known expression in HL, for
example, cancer/testis antigen 45 (CT45) [38] or prefer-
entially expressed antigen in melanoma (PRAME) [12, 39].
Quantitative RT-PCR proved high expression of PRAME
in HL cell lines (Fig. 2b). The expression of PRAME in
cells with relatively low expression (L-540) was increased
after treatment with 5’-azacytidine (Fig. 2c and supple-
mentary Figure 3). Other examples for HL-associated
antigens are illustrated in Fig. 3. In addition to new genes
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Fig. 2 Detection of CTA in HL cell lines by PCR. a Expression of
7ZBTB32 was analyzed by RT-PCR in HL cell lines (L-1236, L-540,
KM-H2 and HDLM-2), irrelevant tumor cell lines (A673 and SK-N-
MC) and a panel of normal tissues. Actin beta (ACTB) was used as
housekeeping control. b quantitative RT-PCR was used for the
quantification of PRAME transcripts in HL cell lines. For the calculation
of relative expression values, ACTB was used as housekeeping control
and expression in L-540 cells was set as 1. Presented are means and
standard deviations from triplicates (HL cell lines). PBMCs were used as
control. Presented are means and standard deviations from 8 experi-
ments (PBMC samples from 4 independent donors were analyzed in
duplicates). ¢ quantitative RT-PCR was used for the quantification of
PRAME transcripts in HL cells. L-540 cells were cultured for 2 weeks in
the presence or in the absence of 5 pM 5'-azacytidine. For calculation of
relative expression values, glyceraldehyde-3-phosphate dehydrogenase
was used as housekeeping control and expression in untreated L-540
cells was set as 1. Presented are means and standard deviation from three
independent experiments

with CTA-like expression pattern (e.g., the histone
H2AFB1), some antigens showed high expression in HL
samples and testis but also expression in a restricted panel
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Fig. 3 Expression patterns of putative HL-associated CTA. Presented
are examples of signal intensities from probe sets of identified HL-
associated CTA in normal tissues (open bars), testis (gray bars) and
HL samples (black bars). The following GEO data sets have been
used: GSE12453, GSE7307, GSE3526, GSE14879, GSE20011,
GSE25986 and GSE12427. PRAME, CT54 and H2AFB1 are
expressed nearly exclusively in testis and HL samples, whereas
ZBTB32 shows high signal intensities in memory B cells

of other normal tissues. An example for this class of anti-
gens was ZBTB32 that shows high signal intensities in
normal memory B cells (Fig. 3). In cluster analyses with
these probe sets as data points, HL and testis clustered
together (Fig. 4). Similar results were obtained by using
the probe sets from the HG_U133A analysis as data points
(supplementary Figure 1). Among the micro-dissected HL
cells, a subgroup with a higher similarity with testis and
established HL cell lines was present (Fig. 4). We sequenced
the cDNA of PRAME from HL cell lines L-1236, L-428,
L-540, KM-H2 and HDLM-2. Sequences have been sub-
mitted to GenBank (accession numbers JQ511981,
JQ511982, JQ511983, JQ511984 and JQ511985). All cell
lines contained the wild-type sequence. The PRAME
sequence from cell line HDLM-2 differed from the other cell
lines at positions 7 and 47 (supplementary Figure 4). Both
differences are known single-nucleotide polymorphisms
(rs41310248 and 1rs2266988). For the polymorphism
rs41310248 (L47M), frequency data are not available.
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Frequencies of the polymorphism rs2266988 (W7R) in HL
cell lines were not significantly different from the frequen-
cies (for Utah residents with ancestry from northern
and western Europe) of the HAPMAP database [40] judged
by a y° test (p > 0.06). Known immunodominant epitopes
[41-44] were not affected by these polymorphisms
(supplementary Figure 4).

HL-RNA-transfected DC prime T cells for recognition
of cancer/testis antigens

We asked whether PBMC after stimulation with RNA-
transfected DC might recognize HL-associated CTA. Flow
cytometric analysis of PBMC after stimulation with
transfected DC showed the presence of variable numbers of
TCRaf-positive, CD8-positive and CD4-positive T cells
and very low numbers of NK cells and TCRyd-positive T
cells (supplementary Figure 5). Increased expression of
activation markers HLA-DR (data not shown) and CD69
(supplementary Figure 5) was observed on the surface of
both CD4-positive and CD8-positive cells. By using two
PRAME/HLA-A2 pentamers (corresponding to PRAME
peptides ALY and VLD), we found increased frequencies
of T cells binding these pentamers after in vitro stimulation
of HLA-A2-positive donors with HL-RNA-transfected DC
compared to cells stimulated with mock-transfected DC
(supplementary Table 4; Fig. 5). Vice versa, PBMC that
had been stimulated previously with PRAME peptide-
pulsed HLA-A2-positive T2 cells showed, in addition to
variable alloreactivity, a response not only against these
cells but also against HLA-A2-positive L-1236 cells
(Table 2). In all experiments, the number of cells reacting
against PRAME peptide-pulsed T2 cells increased after
stimulation with PRAME peptide-pulsed T2 cells, whereas
the reactivity was low without primary stimulation or after
primary stimulation with un-pulsed T2 cells. Similarly,
reactivity against L-1236 cells increased in 4/5 donors after
stimulation with PRAME peptide-pulsed T2 cells. Three of
these donors had also a higher reactivity against PRAME
peptide-pulsed T2 cells than against T2 cells without
peptide pulse, suggesting peptide specificity (Table 1).
Similar results were obtained in cytotoxicity assay (sup-
plementary Figure 6). After priming with PRAME pep-
tides, the PBMC showed PRAME specificity. No such
specificity was observed after priming with an irrelevant
peptide with similar HLA-A2 stabilization activity.

Discussion
Tumor antigens have been identified as targets for naturally

occurring CTL responses in patients with varying malig-
nancies. Tumor specificity of such antigens seems to be the
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Fig. 4 Expression of putative
CTA in HL cells
(HG_U133Plus2.0 analysis).
Putative HL-associated CTA
were identified by using
MAFilter software as described
in the text. The following GEO
data sets have been used:
GSE12453, GSE7307,
GSE3526, GSE14879,
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GSE20011, GSE25986 and
GSE12427. Presented is a
cluster analysis with the
identified probe sets (log2-
transformed and median-
centered signal intensities,
absolute Manhattan distance
and complete linkage
clustering). Cluster analysis was
performed with Genesis. The
positions from samples from HL
cell lines, micro-dissected HL
cells (cHL), testes and other
normal samples (NBA) are
indicated

rule [45]. However, the majority of known tumor antigens
are not specific for tumor cells but are additionally
expressed at least in subsets of normal cells. Cancer/testis
antigens are one important group of these tumor-associated
antigens. Not all CTA can be detected by DNA microarray
analysis [23]. Nevertheless, comparative microarray anal-
ysis can be used for the identification of genes with CTA-
like expression pattern. Interestingly, the algorithm pre-
sented in the present manuscript did not only allow the

NBA HL/
Testis

identification of genes with a conventional CTA expression
pattern (e.g., PRAME or CT45) but also the identification
of genes with a mixed CTA/differentiation antigen pattern,
for example, ZBTB32. Differentiation antigens serve as
targets for CTL responses. Differentiation antigens with
exclusive expression in hematopoietic cells are particularly
promising for the development of passive or adoptive
immunotherapy in combination with allogeneic hemato-
poietic stem cell transplantation (aHSC). Tolerance to such
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Fig. 5 Characterization of T cells after DC stimulation in vitro.
PBMC (5 x 10°) from an HLA-A2-positive donor were primed with
DC (1 x 106) that had been transfected with total RNA from cell line
L-1236. After one re-stimulation, PRAME-specific cells were
analyzed by pentamer staining with VLD/HLA-A2 pentamers. PBMC
after stimulation with mock-transfected DC (H,O) were used as
control

Table 2 PRAME-stimulated PBMC react with L-1236 HL cells

antigens can be circumvented by the use of T cells with
restriction to nonself MHC molecules [46]. In agreement
with our microarray and PCR results, Northern blot anal-
ysis of ZBTB32 showed nearly exclusive expression in
testis [47]. It has been recently shown that the transcrip-
tional repressor function of ZBTB32 was partially inhibited
by interaction of ZBTB32 with the Rec protein from the
human endogenous retrovirus (HERV) HERV-K [48].
Interestingly, HERV activity has been observed not only in
testicular cancer but also in HL cells [49]. Further inves-
tigations are necessary to elucidate which genes are
repressed in memory B cells and/or HL cell lines by
ZBTB32 and whether HERV activity in HL cells interfere
with the transcriptional repression by ZBTB32.

Antigens that would be optimally suited for immuno-
therapy should be those involved in proliferation, survival
or abnormal differentiation of the tumor cells, because loss
of such antigens by immunoselection [50] is unlikely.
PRAME promises to be a good candidate for such an
antigen, because this antigen inhibits differentiation of
hematopoietic cells [51]. Recently, a method for the

Primary stimulation Stimulatory cells in ELISPOT Donor 1 Donor 2 Donor 3 Donor 4 Donor 5
None None 0 0 0 24 -
None T2 26 31 27 34 -
None T2-SLY (PRAME) 46 66 26 33 -
None L-1236 80 31 16 38 -
T2 None 0 0 - - 24
T2 T2 0 36 - - 110
T2 T2-SLY (PRAME) 0 119 - - -
T2 L-1236 0 22 - - 137
T2-SLY None 39 0 23 222 60
T2-SLY T2 288 344 278 290 -
T2-SLY T2-LDY (LIPI) - - - - 150
T2-SLY T2-SLY (PRAME) 283 538 390 362 160
T2-SLY L-1236 190 294 237 295 107
T2-ALY None - - - - 46
T2-ALY T2-LDY (LIPI) - - - - 190
T2-ALY T2-ALY (PRAME) - - - - 248
T2-ALY L-1236 - - - - 246
T2-VLD None - - - - 62
T2-VLD T2-LDY (LIPI) - - - - 222
T2-VLD T2-VLD (PRAME) - - - - 203
T2-VLD L-1236 - - - - 215

HLA-A2-positive PBMC were primed with T2 cells or with T2 cells that had been pulsed with 100 pg/ml of PRAME-derived peptides SLY,
ALY and VLD, respectively (primary stimulation). Reactivity of stimulated cells with T2 cells and L-1236 cells was assessed by interferon
gamma ELISPOT. For this end, T2 cells had been pulsed with PRAME-derived peptides (T2-SLY, T2-ALY and T2-VLD), peptides derived by
the irrelevant antigen LIPI (T2-LDY) or left un-pulsed (T2). Presented are means from triplicates after background subtraction. — not done
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efficient generation of PRAME-specific T cells from tumor
patients and healthy donors has been described [43].
Importantly, the investigators describe the successful gen-
eration of PRAME-specific T cells from patients with HL
[43].

Our observation of increased expression of PRAME
after treatment of HL cells with 5’-azacytidine is in
agreement with epigenetic regulation of PRAME. Such
regulation has been seen in other malignant cells [52]. Re-
expression of PRAME in tumor cells after treatment with
methylation-blocking agents might increase recognition by
PRAME-specific cells. In our in vitro model, we found no
increased recognition of 5’-azacytidine-treated L-540 cells
(supplementary Table 1). However, it is unclear whether
the HLA molecules expressed on L-540 cells are able to
present PRAME peptides. The low reactivity with this cell
line that we observed for most donors might reflect the low
expression of co-stimulatory molecules on this HL cell line
with a T-cell phenotype [12].

In addition to peptide vaccination strategies, tumor-
derived material can be used for the preparation of tumor
antigen-loaded professional antigen-presenting cells. The
advantage of such strategies is that they can be employed
irrespective of the patient’s HLA haplotype. In addition,
the simultaneous presence of multiple tumor-derived anti-
gens in such vaccines renders immune escape by loss of
antigen expression unlikely. The low number of tumor cells
together with the difficulty to establish tumor cell lines
hampers the adaptation of this strategy for the treatment of
HL. Established allogeneic cell lines might allow over-
coming these problems. As seen in other tumor models, the
gene expression profile of HL cell lines and primary HL
cells is not identical. However, microarray analysis indi-
cates a high similarity of cell lines and micro-dissected
cells with regard to expression of putative CTA. Our data
suggest that DC after loading with RNA from established
HL cell lines are able to stimulate T-cell responses against
HL-associated tumor antigens, for example, PRAME.
Similar responses against PRAME have been observed in
an RNA-DC vaccine model for neuro-ectodermal tumors
[53]. Antigens recognized on allogeneic tumor cells consist
of a mixture of tumor-specific antigens and alloantigens.
As transfected tumor RNA can also encode HLA molecules
from the tumor cells, these molecules might prime T cells
against alloantigens in an allo-HLA restricted manner.
Therefore, the response against HL cells after priming with
HL-RNA-transfected DC might include a strong alloreac-
tive component. The optimal antigen sources and prepa-
ration (RNA from one cell line, assemblages from different
cell lines; addition of adjuvant; RNA isolation and stabil-
ization procedure) have to be determined. T cells with
specificity for antigens with known presence in the vaccine
(e.g., PRAME) might be useful for monitoring tumor-

specific immune responses after vaccination with such
antigen composition.
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