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Abstract In the last few years, serological identification
of tumour-associated antigens (TAAs) by recombinant
cDNA expression cloning (SEREX) has enabled the
mapping of humoral immune responses against TAAs in
various types of cancer. The present paper describes the
application of SEREX to Burkitt’s lymphoma (BL), a
malignancy not previously characterized by SEREX. By
using a cDNA library from a BL cell line that does not
express IgG, technical difficulties related to background
immunoglobulin clones were overcome. Screening with
sera from three BL patients revealed immunoreactivity
against seven different gene products, six of which rep-
resent known human genes. Five proteins had previously
been characterized by SEREX in other malignancies or
identified as targets of autoantibodies in autoimmune
disease. Seroreactivity against ATF-2, a member of the
AP-1 transcription factor family, was validated by en-
zyme-linked immunosorbent assay (ELISA) and Wes-
tern blot analysis using recombinant ATF-2 protein.
Autoantibody responses against ATF-2 were detected by
ELISA in 6 of 8 BL patients, compared with 6 of 13
patients with T-cell non-Hodgkin’s lymphoma (T-
NHL), 5 of 23 patients with follicular lymphoma and 2
of 27 diffuse large B-cell lymphoma patients. In contrast,
reactivity was found in only 1 of 50 healthy volunteers.
Next, we showed by immunohistochemistry that the
activated form of ATF2 (ATF-2pp) was highly expressed
in six different BL samples. We conclude that the SE-
REX approach with a B-cell cDNA source is applicable
in NHL. Furthermore, we identified genes with possible
involvement in the pathogenesis of BL using this tech-
nique.
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Introduction

Development of immunotherapeutic strategies for cancer
is greatly aided by the identification of TAAs, capable of
eliciting long-lasting immune response in patients. While
most immunotherapies for cancer have focused on gen-
erating tumour-specific CD8+ cytotoxic T lymphocytes,
a mounting body of evidence suggests that stimulation of
antitumour CD4+ T cells may be required for highly
effective therapy [37]. In that respect, there is a growing
recognition that some tumour antigens elicit a strong
integrated immune response involving both cellular and
humoral immunity. Of particular interest are the cancer
germline antigens (CGAs), a family of proteins expressed
in a variable subset of patients with a given tumour entity
and in testicular germ cells, but not, or at low levels, in
other normal tissue [30, 45]. Humoral immune responses
against TAAs have been mapped with the help of sero-
logical cDNA expression cloning (SEREX) in various
types of cancer [11, 14, 31, 43, 44] including haemato-
logical neoplastic conditions such as leukaemia, Hodg-
kin’s lymphoma and non-Hodgkin’s lymphoma (NHL)
[12, 21, 28, 40]. Some previous studies have reported
technical difficulties applying SEREX to B-cell NHL [28].
Most B-NHL cells synthesize immunoglobulins, regu-
larly of the IgG class, and together with antibodies from
tumour-infiltrating normal B cells, this results in a high
background of immunoglobulin clones during screening.

The present paper describes the application of SEREX
to Burkitt’s lymphoma (BL), a malignancy not previ-
ously characterized by SEREX. BL is a highly aggressive
B-NHL entity that includes endemic, sporadic and hu-
man immunodeficiency virus (HIV)–associated subtypes
[4]. All subtypes are characterized by chromosomal
rearrangements involving the c-myc proto-oncogene,
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leading to its deregulated overexpression. In endemic BL,
tumour cells are latently infected with Epstein-Barr virus
(EBV). In contrast, only a subset of sporadic and HIV-
associated BLs are EBV-associated [22]. BL was chosen
for SEREX analysis, since BL is quite common in im-
munosuppressed patients, and therefore immunosur-
veillance possibly plays a role in the pathogenesis of this
disease. Furthermore, by using a cDNA library from a
BL cell line that does not express IgG, but IgM, the de-
scribed technical difficulties related to background
immunoglobulin clones should be reduced.

By screening this library with pooled sera from three
BL patients, seven different antigens were identified.
Seroreactivity against the transcription factor ATF-2
was further validated, and its serological profile in pa-
tients with different NHL entities, as well as immuno-
histochemical studies, indicated a possibly important
pathophysiological role in BL. EBV and v-myc are
known to activate ATF-2 and the present study indicates
a high expression of the activated ATF-2 in BL and
demonstrates frequent autoantibody responses against
this molecule in BL.

Material and methods

Sera, peripheral blood leukocytes, tumour and tonsil
tissue and cell lines

Tumour biopsy samples, tonsil tissue and sera were
obtained during routine clinical procedures with formal
agreement by the patients and with approval by the re-
gional ethics committee. Sera from three patients with
histologically and cytogenetically verified BL were
available for screening. Sera from 68 other patients with
different NHL entities and 50 healthy volunteers were
provided by the Central Laboratory, the Norwegian
Radium Hospital (NRH), Oslo, Norway, and by the
Blood Bank, Ullevål University Hospital. Formalin-
fixed paraffin-embedded biopsy samples of six BL were
obtained from the Department of Pathology, NRH. In
all patients, the lymphoma diagnosis was established
according to the WHO classification. The following cell
lines from human lymphoid malignancies were used and
maintained in RPMI 1640 supplemented with 10%
foetal bovine serum, 100 U/ml penicillin G, and 100 U/
ml of streptomycin sulphate: pre-B cell line Reh (ATCC
CRL 8286), pro-B cell lines BV173 (DSZM ACC20) and
Tom-1 [38], EBV-negative BL cell lines Ramos (ECACC
85030802) and Bjab (Dr G. Moldenhauer, University of
Heidelberg, Heidelberg, Germany), EBV-positive BL
cell lines Rael [27] and Namalva (ECACC 87060801)
and human B-cell lymphoma U-698 (DSZM ACC 4).

cDNA library construction and immunoscreening

Total RNA was extracted from the cell line Ramos using
the acid guanidine thiocyanate method and mRNA

isolated with oligo-dT-Dynabeads (Dynal, Oslo, Nor-
way) [15]. The cDNA library was constructed in the
kZAP expression vector (Stratagene, LaJolla, CA, USA)
with 1.5·106 primary recombinant clones amplified once
before screening. Sera from three BL patients were used
for immunoscreening as described previously [15]. In
brief, sera were diluted 1:20 and extensively absorbed
against Escherichia coli XL-1MRF’Blue cells transfected
with wild-type kZAP phage and further diluted to a final
titre of each serum of 1:200. Recombinant plaques
(5·105) were screened with this dilution. After washing,
filters were incubated with alkaline phosphatase–conju-
gated goat antihuman IgG, and immunoreactive plaques
were visualised by incubation with 5-bromo-4-chloro-3-
indolyl-phosphate and nitroblue tetrazolium. Positive
plaques were subcloned until homogeneity, converted to
plasmid clones in pBluescript using the Ex-Assist helper
phage (Stratagene) and sequenced by means of BigDye
Terminator Cycle Sequencing (Perkin Elmer Applied
Biosystems, Warrington, UK) on an ABI Prism 310
Genetic Analyser (Perkin Elmer). DNA and deduced
protein sequences were analysed using DNASIS for
Windows 2.1 (Hitachi Software Engineering America,
San Bruno, CA, USA) and compared with sequences in
GeneBank and other public databases using BLAST,
and with entries of the SEREX database (http://
www.licr.org/SEREX.html). Searches within the SE-
REX database were done both for identical sequences
and functionally related genes.

Expression analysis of ATF-2 in tissues and cell lines

Immunohistochemistry

Five-micrometre sections of formalin-fixed, paraffin-
embedded tissue from six BL and five normal tonsils were
analysed for ATF-2 expression. The deparaffinized sec-
tions were microwaved eight times in 0.01-M sodium
citrate, pH 6.0, for 5 min to unmask epitopes. Immuno-
staining was performed using the EnVision+Kit
(DAKO, Glostrup, Denmark), according to the manu-
facturer’s protocol. Antibodies anti-ATF-2 (reactingwith
ATF-2 protein irrespective of the level of phosphoryla-
tion) and anti-phospho-ATF-2 (Thr69/71) (reacting only
with ATF-2 phosphorylated at Thr69 and Thr71) (all,
Cell Signalling Technology, Beverly, MA, USA) were
diluted 1:25 and incubated overnight at 4�C. Dilutions of
antibodies weremade in phosphate-buffered saline (PBS),
pH 7.4, 10 mg/ml BSA containing 1 mg/ml NaN3. Sec-
tions were counterstained with hematoxylin, dehydrated
and mounted in Eukitt (Kindler, Freiburg, Germany).

Immunoblotting

Cells (3–5·106) from cell lines were lysed in sample buffer
(glycerol 10%, b-mercaptoethanol 5%, 0.0625 M-Tris-
HCl [pH 6.8], sodium dodecyl sulphate [SDS] 2.5% w/
vol). Total protein (30 lg) from each sample was run
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through SDS/polyacrylamide gel electrophoresis (SDS/
PAGE) and blotted onto nitrocellulose filters. Blocking,
washing and incubation of the filters with antibodies
anti-ATF-2 (Cell Signalling Technology) and anti-actin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) were
done according to the manufacturers’ protocols. After
washing with PBS / 1 mg / ml Tween 20 (PBS-T), the
filters were incubated with horseradish peroxidase (HRP)
coupled to goat antirabbit IgG (DAKO) for 60 min at
room temperature (RT). Enzyme activity was visualised
by the enhanced chemiluminescence system ECL+ Plus
(Amersham, Buckinghamshire, UK).

Northern analysis

Total RNA was isolated from cell lines as above. For
Northern analysis of ATF-2 mRNA, 4-lg total RNA
was separated by formaldehyde/agarose gel electropho-
resis and transferred to nitrocellulose membranes. Hy-
bridisation was performed with a 32P-labelled fragment
covering the complete open reading frame (ORF) of the
ATF-2 gene. The quality of RNA was confirmed by
hybridisation to a 32P-labelled fragment of b-actin
cDNA [15]. Quantification was performed on a Storm
840 Phosphorimager using ImageQuant 5.0 (Molecular
Dynamics, Krefeld, Germany).

Serological analysis for anti-ATF-2 antibodies

An enzyme-linked immunosorbent assay (ELISA) was
established to quantify IgG reactivity in serum against
recombinant ATF-2. A PCR fragment equipped with
appropriate restriction sites at the 5¢ and 3¢ ends and
covering the complete ATF-2 ORF was cloned into the
pQE30 vector (Qiagen, Hildesheim, Germany). The
protein was produced in E.coli M15 cells (Qiagen) and
purified using 8-M urea as the denaturing agent
according to the manufacturer’s protocol, followed by
dialysis in PBS. MaxiSorp plates (Nunc, Rochester,
MN, USA) were coated overnight at 4�C with 50-ll
ATF-2 protein in PBS (lg/ml). Plates were washed (Scan
washer 400; Skatron Instruments, Norway) and blocked
with PBS-T/50 mg/ml milk powder (MP). Sera were
preincubated at 1:100 in PBS/10 mg/ml MP supple-
mented with 0.25 lg/ll E.coli M15 lysate for 2 h at RT,
and 50 ll was subsequently added to each well for 2 h
incubation at RT. Plates were washed again and incu-
bated 1 h at RT with HRP-conjugated goat antihuman
IgG (Sigma-Aldrich, Steinheim, Germany) diluted
1:5,000 in PBS-T/10 mg/ml MP. After washing, HRP
reactivity was visualised using 1,2-phenylenediamine
dihydrochloride (OPD) tablets (DAKO), and absorp-
tion at 492 nm read using a MultiscanEX photometer
(Labsystems, Helsinki, Finland). All sera were tested in
duplicate. Selected sera were retested in a competition
assay, with preincubation of serum as above, but with
addition of soluble recombinant ATF-2 or a similarly
produced irrelevant protein (p352) [14].

Reduction of OD492 reading by 30% or more for
ATF-2 competition compared with irrelevant protein
was considered significant. Selected sera were tested by
Western blot analysis, performed essentially as described
above, but applying 0.2-lg recombinant ATF-2 and
0.2-lg p352 per lane in SDS/PAGE. Sera were diluted
1:100, and HRP-conjugated goat antihuman IgG (Sig-
ma-Aldrich) diluted 1:5,000 in PBS-T/1% w/vol MP was
used as secondary antibody.

Results

Immunoscreening of the Ramos cDNA library

Approximately 5·105 clones of the Ramos cDNA library
were screened with pooled sera from three BL patients.
Twelve independent cloneswere identified and sequenced.
Sequence analysis and BLAST searches in publicly
available databases revealed that these 12 clones were
transcribed from seven different genomic loci, of which six
are functionally characterized human genes (Table 1).
Four different clones encoded the activation transcription
factor ATF-2. All four clones covered at least 90% of the
ORF of the ATF-2 gene, and the sequence of all clones
was identical to that previously reported for ATF-2 (data
not shown).ATF-2 is amember of the basic region leucine
zipper (bZIP) transcription factor family, and is a com-
ponent of the AP-1 complex [49].

Three independent clones encoded nonmetastatic
protein 23-H2 (Nm23-H2), a multifunctional protein
with aberrant, and partly augmented expression, in hu-
man tumours [18, 32]. Furthermore, Nm23-H2 has been
shown to be involved in the deregulation of the trans-
located c-myc allele in BL cells [24]. Proteins encoded by
one clone each included a component of the small nu-
clear ribonucleoprotein (snRNP) U2, ribosomal protein
S2, triosephosphate isomerase (TPI) and S-adenosine-
homocysteine hydrolase (AHCY). TPI is a ubiquitously
expressed enzyme of the glycolytic pathway, shown to be
overexpressed in bladder, colon and lung carcinomas [6,
10, 35]. AHCY is a key enzyme of transmethylation, a
mechanism also involved in controlling the replication
of several viruses such as EBV [7, 16, 46]. The clone
identical to EST AA195197 encoded a putative protein
with significant homology to retroviral reverse tran-
scriptases. The human genome contains a high number
of elements with identical or near identical nucleotide
sequences to this clone. This suggests that the clone is
derived from a transcribed endogenous retroviral
sequence within the human genome.

Searches for identical clones in the public part
of the SEREX database

A search of SEREX (http://www.licr.org/SEREX.html)
revealed that five of the identified antigens have been
previously identified. Of note, most of the SEREX-de-
fined antigens do not serve exclusively as TAAs. Many
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of these antigens frequently elicit antibody responses in
autoimmune diseases or in apparently healthy humans.
These antigens therefore also classify as autoantigens
and their possible role in human malignancies remains
to be clarified [37].

For Nm23-H2, the occurrence of autoantibodies has
been described both in cancer patients and healthy vol-
unteers [47]. Ribosomal protein S2 has been detected as
an autoantigen in prostate cancer. TPI has been identi-
fied by SEREX in breast cancer and also as a mutated
antigen recognized by CD4+ T cells in a patient with
malignant melanoma [41]. In addition to these identical
entries, molecules related to the snRNP U2 have been
isolated by SEREX, and snRNPS, including compo-
nents of U2, are frequently recognised by autoantibodies
in patients with autoimmune disease [8, 29, 50]. AHCY
is a key enzyme of transmethylation, a mechanism also
involved in controlling the replication of several viruses
such as EBV [7, 46]. Although no entries identical to the
ATF-2 gene were found in the SEREX database, the
related family member ATF-3 has been identified as an
antigen eliciting humoral immune response in breast
cancer patients.

Detection of anti-ATF-2 antibodies in sera

We chose to focus on ATF-2 in our further studies, be-
cause it has not been previously described as a SEREX
antigen. Furthermore, ATF-2 may be linked to the
development of BL, since it has previously been impli-
cated to be involved in oncogenesis and to interact with c-
myc and EBV [24, 34]. We performed an ELISA to reveal
the occurrence of IgG autoantibodies against ATF-2.
Sera from 50 healthy volunteers, 8 patients with BL
(including the 3 patients used for screening) and 63

patients with other NHL entities were tested. Using an
arbitrary OD492 of 0.2 as cutoff, 22 of 71 (31%) of patient
sera displayed anti-ATF-2 reactivity, in contrast to 1 of 50
(2%) healthy volunteers (Fig. 1A). All serawith reactivity
in ELISA and several negative cases were subjected to
competition ELISA, where sera were preincubated with
purified ATF-2 or irrelevant recombinant protein. Sera
from 19 NHL patients and 1 healthy volunteer were
confirmed as positive (Fig. 1B), whereas three patient
sera could not be confirmed. Ten positive sera were fur-
ther tested by Western blot analysis using purified re-
combinant ATF-2 as antigen and four sera with highly
positive ELISA results showed reactivity against ATF-2
in immunoblotting (Fig. D). Sera with negative ELISA
results were also negative by Western blot analysis.

The frequency of anti-ATF-2 antibodies in patients
with different NHL entities is shown in Table 2. Six of
eight BL patients tested (75%) showed seroreactivity
against ATF-2, as did 6 of 13 patients with T-NHL
(46%). The frequency of ATF-2 autoantibodies ap-
peared lower in DLBCL and FL, with 7 and 22% po-
sitive sera identified, respectively.

Analysis of ATF-2 expression

Earlier reports have revealed ubiquitous expression of
ATF-2 mRNA-transcripts in normal human tissues,
with highest levels in brain, testis and thymus [52], and
to our knowledge, no evidence for ATF-2 mRNA
overexpression in B-cell lymphomas as compared to
normal tissues has been reported [2]. Our own analysis
of different lymphoma cell lines could not detect signif-
icant differences in ATF-2 mRNA levels or total ATF-2
protein in different NHL cell lines. In particular, we
were unable to detect different expression levels when

Table 1 Identity of clones isolated by serological screening

Gene identified/
accession no.

Positive
clones (n)

Functional significance Expression pattern Identical and related entries
in the SEREX database

Activation transcription
factor 2/X15875

4 Oncogenic AP1- transcription
factor, interacts with c-myc
and EBV

Ubiquitously expressed One entry for ATF-3/NM_001674
(breast cancer)

Nm23-H2/NM_002512 3 Nucleoside diphosphate
kinase/transcription
factor for c-myc

Overexpressed in
tumours

Two entries for Nm23-H2 (glioma
and colon cancer), two further entries
for Nm23-H1(NM_000269)

S-adenosylhomocysteine
hydrolase/M61831

1 Hydrolase involved in
transmethylation

Ubiquitously expressed One entry for AHCYNM_000687
(cDNA from testis, unclassifiable
patient)

Triosephosphate
isomerase
1/NM_000365

1 Enzyme of the glycolytic
pathway

Overexpressed in
tumours

Three entries for TPI1 (unclassifiable
patient and breast cancer)

U2 snRNP-specific A¢
protein/X13482

1 Role in hnRNA splicing/
known autoantigen

Ubiquitously expressed Four entries for U2 small nuclear
ribonucleo-protein auxiliary factor/
NM_005089 (renal cancer, breast
cancer, stomach cancer, and
Hodgkin’s disease)

Ribosomal protein S2/
NM_002952

1 Ribosomal protein Ubiquitously expressed Two entries for ribosomal protein
S2 (rps2) in prostate cancer

Unknown/AA195197 1 Endogenous retroviral
sequence?

No entry with similarity
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comparing cell lines form BL with other cell lines (data
not shown).

ATF-2 is regulated at the post-translational level by
phosphorylation of the amino acid residues threonine-69
and threonine-71, mainly mediated by stress-activated
protein kinases (SAPKs) including Jun-NH2-terminal
kinase (JNK) [19]. Therefore, to determine the level of
activation of ATF-2 in BL, paraffin-embedded tissue
from six patients with BL was analysed by immunohis-
tochemistry for expression of total ATF-2 protein and
the doubly phosphorylated isoform ATF-2pp (Thr69/
71). All lymphomas expressed ATF-2pp in nearly 100%

of viable tumour cells and at high levels, comparable to
a subset of centroblasts in the normal germinal centre of
tonsils. Most B cells in normal tonsils except for the
subset of centroblasts expressed low levels of ATF-2pp
(Fig. 2). In contrast, the total ATF-2 protein levels ap-
peared similar in BL cells and most normal germinal
centre B cells (data not shown).

Discussion

The present paper describes the use of the SEREX
technology for identification of TAAs in BL. By
screening a Ramos cDNA library with pooled sera of
three BL patients, we detected humoral responses
against seven antigens, showing that humoral immune
responses to nonidiotypic antigens take place in BL.

The use of a IgM-expressing B cell line as a cDNA
source reduced problems with false positive Ig clones, a
problem frequently encountered when using SEREX in
B-cell malignancies [28].To identify CGAs and to over-
come the mentioned technical obstacles, others have
used testis tissue as a cDNA source for SEREX, but no
clear candidates for a possible NHL vaccination proto-
col were identified [23]. Since the routinely used immu-
notherapies for haematological malignancies use
common lineage–specific haematological antigens [5]
and since expression of CGAs in B-NHL has been
shown to be limited [36], the appropriate cDNA source

Fig. 1A–D Analysis of anti-ATF-2 antibodies in sera from healthy
volunteers and patients with non-Hodgkin’s lymphoma (NHL). A
Results of enzyme-linked immunosorbent assay (ELISA) using
recombinant ATF-2 as target antigen. Arrow depicts mean of
duplicate experiments for each serum from healthy volunteers (Vol)
and patients (NHL). OD492, optical density at 492 nm. B, C Results
of competition ELISA shown for individual positive (B) and
negative (C) sera. Bars denote results in ELISA (black), after
preincubation of serum with recombinant ATF-2 (light grey) or
irrelevant protein p352 (dark grey) with error bars representing
standard error of the mean of duplicate experiments. BL Burkitt’s
lymphoma, T-NHL T-cell lymphoma, DLBCL diffuse large B-cell
lymphoma. D Western blot analysis of individual sera from B and
C. Expected protein bands corresponding to recombinant ATF-2
are indicated at 70 and 50 kDa. No reactivity to p352 (arrow) is
seen. Lane titled ‘‘+’’ represents experiment using anti-ATF-2
primary antibody and appropriate secondary antibody (see text).
Lane titled ‘‘)’’ shows reactivity of BL1 serum toward a lysate of
E. coli M15 cells prepared in parallel with lane BL1

Table 2 ATF-2 antibodies in sera from patients with NHL and healthy volunteers. ND not done

DLBCL Follicular lymphoma Burkitt’s lymphoma T-cell lymphoma Normal volunteers

ELISA 2/27 5/23 6/8 6/13 1/50
Immunoblotting ND ND 1/4 2/5 1/1
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for identification of TAAs by SEREX in NHL appears
to be lymphoma tissue [23]. We were not able to identify
CGAs or haematological antigens in this study, which is
in line with the findings of others [23].

Most of the previously identified SEREX-defined
antigens are ubiquitously expressed [37]. This is consis-
tent with our findings, where, except of the EST clone
with unknown function from chromosome 6, all the
detected antigens are known to be ubiquitously
expressed in normal human tissues. Therefore none of
these antigens appear to be obvious vaccine candidates
for immunotherapy of cancer. However, it has been
shown that coimmunisation with SEREX antigens and
tumour antigens results in heightened resistance to tu-
mour growth in mice [37]. Therefore, the repeated
detection by SEREX of some of the antigens mentioned
here might strengthen them as candidates for coimmu-

nisation protocols in human [51]. It remains to be clar-
ified, whether these coimmunisation antigens should be
exclusive TAAs, which do not elicit humoral responses
in healthy volunteers, or if it is possible to use autoan-
tigens, as described [37]. It is in that respect of great
interest that five of the seven antigens identified here,
have been identified by the means of SEREX before.

To our knowledge, ATF-2 has not previously been
detected by SEREX. It is a member of the basic region
leucine zipper family of transcription factors, and to-
gether with the jun, fos and ATF subfamilies, it consti-
tutes a component of the AP-1 complex [49, 53]. This
transcription factor regulates gene expression in re-
sponse to cell stress, growth factors [39], viral infections
and inflammatory signals. Interestingly v-myc has been
shown to activate and stabilize the phosphorylation of
ATF-2 [34]. Despite of the known oncogenic potential of
AP-1 transcription factors [53] and the known interac-
tion of ATF-2 with both c-myc and EBV [1], little is
known about the expression and phosphorylation of
ATF-2 in NHL and leukaemia [33]. We therefore
explored the expression pattern of ATF-2 and its acti-
vated, doubly phosphorylated isoform at the protein
level in paraffin-embedded sections of six different BLs.
Interestingly, most BL cells expressed high levels of the
active isoform, with similar levels found only in subsets
of centroblasts in reactive germinal centres. The total
ATF-2 protein level was similar in BL cells and the
majority of germinal centre B cells. The reason for en-
hanced phosphorylation of ATF-2 in BL cells and the
possible effects of such changes remain to be determined.
Recently, overexpression of c-jun and junB, to major
components of AP-1, was found in Hodgkin’s disease
and shown to contribute to proliferation of HD cell lines
[33]. Similar overexpression was not seen in other B-
NHL entities, and ATF-2 expression was not analysed.
The fact that oncogenic viruses such as HTLV-1 and
EBV exert some of their effects through activation of
ATF-2, and ATF-2 contributes to c-jun–mediated
transformation in experimental systems, may warrant
further studies as to the contribution of ATF-2 to on-
cogenisis in BL [1, 13, 53, 54]. Interestingly, humoral
immune responses against ATF-2 could be detected in
patients with BL and T-NHL. The occurrence of anti-
ATF-2 antibodies in six out of eight sera from patients
with BL, but only in 1 out of 50 sera from the healthy
controls in this analysis, underlines the potential path-
ophysiological relevance of this transcription factor,
since only a fraction of the serologically defined TAAs
do not elicit serological responses in apparently healthy
humans. Others have argued that a cancer-related
serological profile of an autoantigen might result from
tumour-associated post-translational modifications [40].
The reason for autoantibody production in these pa-
tients is not known. The high level of ATF-2 phos-
phorylation in BL cells points to a post-translational
change that possibly enhances immunogenicity of the
protein. Three patient sera elicited high signals in
ELISA, but the immunoreactivity failed to be verified in

Fig. 2A, B Immunohistochemical staining for doubly phosphory-
lated ATF-2pp (Thr69/71) in a tonsil biopsy sample (A) and a case
of BL (B). A subpopulation of large centroblasts in germinal
centres of tonsils (black arrows) expresses high levels of ATF-2pp in
contrast to most of the other germinal centre cells that express only
low levels of the protein. In BL, most of the tumour cells express
high levels of ATF-2pp, with the exception of the apoptotic tumour
cells
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competition ELISA with the recombinant (unphos-
phorylated) ATF-2. Patient antibodies, which are spe-
cific against ATF-2pp, might be the reason for this.
However, one of these patients elicited many apparently
unspecific bands in Western analysis, and we conclude
that we did not succeed in removing all anti-E. coli
antibodies for this patient, despite intensive preabsorp-
tion, as indicated, and parallel treatment of the sera.
This emphasises the need for eukaryotic expression
cloning systems which would make the identification of
post-translationally modified antigens more likely [23,
30] and specific.

In this respect, it is tempting to speculate that
phosporylation itself may have created a new epitope
recognized by phosphopeptide-specific T cells in the
patients. Such T cells have been described to be a con-
stituent of the normal T-cell repertoire [3, 25]. If this was
found to be the case, the high level of expression of such
an epitope in lymphomas compared with normal tissues,
might provide a window of opportunity for a vaccina-
tion strategy. The high degree of apoptotic cells associ-
ated with BL may also contribute to immunogenicity,
since apoptotic tumour cells have been shown to trigger
autoantibody production, including autoantibodies to
snRNP components, antigens identified along with
ATF-2 in the present screening [17, 20].

Given the important pathophysiological role of c-myc
in BL, it is remarkable that in addition to ATF-2 we
identified two further molecules, which are related to c-
myc, i.e. Nm23-H2 and AHCY. NM23-H2 has, besides
activating transcription of c-myc [42], been shown to be
a downstream target of c-myc itself [48]. Inhibitors of
AHCY have been tested in vitro for their possible util-
isation as an antiviral drug [9] and as a drug in the
treatment of leukaemia and lymphoma. In these exper-
iments, AHCY inhibitors were shown to induce apop-
tosis, by possibly down-regulating AP-1, nm23-H2 and
c-myc [26].

In conclusion, we analysed the autoantibody reper-
toire of BL patients and revealed an intriguing serolog-
ical profile against ATF-2 in patients with BL compared
with healthy controls. Our findings indicate that SE-
REX, besides identifying potential tumour vaccine
candidates, has the ability of detecting antigens of
pathophysiological interest.
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