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IMMUNOBIOLOGY

Fibromodulin as a novel tumor-associated antigen (TAA) in chronic lymphocytic
leukemia (CLL), which allows expansion of specific CD8*

autologous T lymphocytes

Christine Mayr, Dagmar Bund, Martin Schlee, Andreas Moosmann, David M. Kofler, Michael Hallek, and Clemens-Martin Wendtner

Fibromodulin (FMOD) was shown to be
highly overexpressed in chronic lympho-
cytic leukemia (CLL) cells compared with
normal B lymphocytes by gene expres-
sion profiling. Therefore FMOD might
serve as potential tumor-associated anti-
gen (TAA) in CLL, enabling expansion of
FMOD-specific T cells. In CLL samples
derived from 16 different patients, high
expression of FMOD by real-time reverse
transcriptase—polymerase chain reaction
(RT-PCR) was detectable in contrast to
normal B lymphocytes. We used un-

pulsed native CLL cells and CD40 ligand
(CD40L)-stimulated CLL cells as antigen-
presenting cells (APCs) to expand autolo-
gous T cells from 13 patients. The num-
ber of T cells during 4 weeks of in vitro
culture increased 2- to 3.5-fold and the
number of T cells recognizing FMOD pep-
tides bound to HLA-A2 dimers increased
10-fold. The expanded T cells also were
able to secrete interferon-y (IFN-y) upon
recognition of the antigen demonstrated
by IFN-y ELISPOT assays. T cells not only
recognized HLA-A2-binding FMOD pep-

tides presented by transporter-associated
with antigen-processing (TAP)-deficient T2
cells, but also FMOD overexpressing autolo-
gous CLL cells in an HLA-A2-restricted man-
ner. In summary, FMOD was shown for the
first time to be naturally processed and
presented as TAA in primary CLL cells,
enabling the expansion of autologous tumor-
specific T cells. (Blood. 2005;105:1566-1573)

© 2005 by The American Society of Hematology

Introduction

It is well established that T lymphocytes are able to specifically
recognize tumor cells, which is the principle of antigen-specific
immunotherapy.!? It is suggested that most if not all tumors express
antigens that cytotoxic T lymphocytes (CTLs) can potentially attack.
According to Vonderheide et al, the requirements for a tumor-associated
antigen (TAA) are to be overexpressed or de novo expressed in tumor
cells compared to normal cells, to include peptide sequences that bind to
major histocompatibility (MHC) molecules, to be processed by tumor
cells such that antigen-derived peptides are available for binding to
MHC molecules, to be recognized by the T-cell repertoire in an
MHC-restricted fashion, and to permit the expansion of naive CTL
precursors bearing specific T-cell receptors.’

Fibromodulin (FMOD) is one of the members of the leucine-
rich repeat protein family, first described as a 59-kDa collagen
binding protein.* FMOD exhibits a wide tissue distribution, with
the highest abundance observed in articular cartilage, tendon, and
ligament. FMOD is involved in the assembly of the extracellular
matrix by virtue of its ability to interact with type I and type II
collagen fibrils.’ Furthermore, interactions of FMOD with the
transforming growth factor TGF-3 were described, and FMOD
may be a biologically relevant modulator of TGF- activity.>’

FMOD was identified as the gene with the highest fold
difference in expression in CLL cells compared with normal B
lymphocytes in 3 independent gene expression profiling analy-

ses.810 The gene expression of CLL cells was compared with the
expression of memory B cells, germinal center B cells, and naive B
cells and with peripheral blood B lymphocytes of age-matched
healthy donors.®® The overexpression also was demonstrated by
RT-PCR.? Recently, in a large series comprising 60 patients with
CLL and 7 patients with mantle cell lymphoma, overexpression of
FMOD was observed for all leukemic samples on the mRNA level,
while expression of FMOD was not detected in 13 chronic myeloid
leukemia (CML) patients, 11 acute lymphoblastic leukemia (ALL)
patients, and in peripheral blood mononuclear cells (PBMCs) of 70
healthy donors tested. Overexpression of FMOD was also confirmed
on the protein level by flow cytometric and Western blot analyses.!!

Based on these findings suggesting that FMOD might serve as a
unique tumor-associated antigen expressed in B-CLL, we wanted
to investigate whether T cells from CLL patients are able to
specifically recognize and respond to naturally processed and
presented HLA-A0201 binding peptides of FMOD.

Patients, materials, and methods

Patients and B-CLL samples

After informed consent, peripheral blood was obtained from patients
satisfying diagnostic criteria for B-CLL.'> Mononuclear cells were isolated
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on a Ficoll/Hypaque (Seromed, Berlin, Germany) density gradient by
centrifugation, depleted of monocytes by adherence to plastic tissue-culture
flasks, and cryopreserved in liquid nitrogen in the presence of 10% dimethyl
sulfoxide (DMSO; Sigma-Aldrich, Steinheim, Germany). More than 90%
of isolated cells coexpressed CD5 and CDI19, as assessed by flow
cytometry. Patients were either untreated or had not received cytoreductive
treatment for a period of at least 3 months before investigation. The study
included 16 HLA-A0201—positive patients (4 women and 12 men; 44 to 82
years of age, Binet A, 1; Binet B, 4; Binet C, 11).

Real-time polymerase chain reaction (PCR) analysis

Total RNA was extracted from cells using the Trifast reagent (PEQLAB,
Erlangen, Germany) according to the manufacturer’s protocol. cDNA
synthesis and real-time PCR were performed with some modifications as
previously described.!? For detection of FMOD-specific cDNA the follow-
ing primer pairs were used: 5'-CAACACCTTCAATTCCAGCA-3' and
5'-ACCTGCAGCTGGGAGAAGT-3', resulting in a product size of 186 bp
with a melting point of 86°C. Samples were normalized for GAPDH RNA
expression with the following primer pairs: 5'-GCACCACCAACTGCT-
TAGCACC-3', 5'-GTCTGAGTGTGGCAGGGACTC-3" (product size:
637 bp) and for CD19 RNA expression with the following primer pairs:
5'-CTCCTTCTCCAACGCTGAGT-3', 5'-TGGAAGTGTCACTGGCATGT-3'.

Cell lines and peptides

Mec-1 cells were obtained from the American Type Culture Collection
(ATCC, Rockville, MD). T2 cells, a hybridoma of T- and B-lymphoblastoid
cells with a deficient TAP transporter, were a generous gift from Dr Elfriede
Nossner, Institute of Molecular Immunology, GSF, in Munich.

HLA-A0201-binding peptides from the sequence of FMOD were
identified using 2 different publicly available data bases: http://syfpeithi.
bmi-heidelberg.com/ and http://bimas.dcrt.nih.gov/molbio/hla_bind/.!* The
following 4 peptides were used: F1 (7-17): LLLAGLFSL, F2 (206-215):
YLQHNEIQEYV, F3 (250-259): YMEHNNVYTV and F4 (226-235):
YLLDLSYNHL. As controls, the MAGE-3-derived, HLA-A0201-
binding peptide MAGE-3 (271-279): FLWGPRALYV and as a peptide not
binding to HLA-A0201, the immunoglobulin-derived peptide A98-1d
(AHTKDGFNF)were used.>!> All peptides were synthesized and puri-
fied by high-performance liquid chromatography (HPLC) by Dr G. J.
Arnold at the Gene Center, Ludwig-Maximilians-University, in Munich.
The peptides were dissolved in DMSO. All 4 FMOD peptides were
shown to bind HLA-A0201 in a binding assay using the TAP-deficient
cell line T2 (data not shown).

Immunophenotyping

Immunophenotyping was performed with the following monoclonal antibod-
ies (mAbs) conjugated with fluorescein isothiocyanate (FITC), phyco-
erythrin (PE), or phycoerythrin cyanine 5 (PE-Cy5): CD3, CD4, CDS5, CDS8,
CD19, CD30, CD54, CD58, CD80, HLA-DR (Immunotech/Coulter, Mar-
seille, France), CD38, CD86, HLA-ABC (PharMingen, Hamburg, Ger-
many). Fluorescence was measured using a FACScan (Coulter Electronics,
Miami, FL).

B-CLL stimulation with CD40 ligand (CD40L)

For CD40L-induced activation, B-CLL cells were cultured with some
modifications as previously described.! Briefly, CD40L stably transfected
mouse fibroblast L cells (CD40L-L cells) were vy-irradiated at 100 Gy,
plated at 3.5 X 10° cells per well in 6-well plates in basal Iscove medium
(Biochrome, Berlin, Germany), supplemented with 10% heat-inactivated
fetal calf serum (FCS), 2 mM L-glutamine, 100 U/mL penicillin, and 100
pg/mL streptomycin and incubated overnight at 37°C in a 5% CO,
humidified atmosphere.!” B-CLL cells were cultured at 1 to 2 X 10°
cells/mL in basal Iscove medium for 72 hours.

Generation of effector T cells

At least 2 X 10° CD3-positive T cells from CLL patients were incubated
with native or CD40L-stimulated autologous CLL cells in the presence of
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interleukin-2 (IL-2: 40 U/mL, Cellconcepts, Umkirch, Germany) and
interleukin-7 (IL-7; 10 ng/mL, Cellconcepts). Stimulation was performed
on days 0, 7, 14, and 21. As indicated, native or stimulated CLL cells were
incubated with either F1 plus F2 peptide (termed F1/2) or F3 plus F4
peptide (F3/4) (40 pg/mL) in the presence of B,-microglobulin (1.5 pwg/mL)
(Sigma-Aldrich, Steinheim, Germany) in basal Iscove medium for 4 to 6
hours prior to coincubation with T cells.

ELISPOT assay

The ELISPOT assay used to quantify peptide epitope-specific, IFN-y—
releasing effector cells was performed as described previously.'® Briefly,
nitrocellulose-bottomed 96-well plates (MultiScreen MAHA; Millipore,
Bedford, CA) were coated with anti-IFN-y antibody (1-D1K; Mabtech,
Sweden) overnight at 4°C. Cells were added in duplicates together with the
peptides (10 pg/mL) and, as indicated, with the anti-MHC class 1
monoclonal antibody (mAb) (W6/32; Acris, Germany) and incubated
overnight at 37°C. The biotinylated secondary antibody 7-B6-1-Biotin
(Mabtech), streptavidin-alkaline phosphatase (Mabtech), and the alkaline
phosphatase substrate pNPP (Bio-Rad, Hercules, CA) were used. Spots
were counted in a blinded manner. As negative controls, stimulator and
effector cells were incubated in the presence of a CLL-unrelated, HLA-
A0201 binding peptide derived from MAGE-3; or with a peptide (A98-Id),
which does not bind to HLA-A0201; or with DMSO. The background,
which was the number of spots detected by coincubation of T cells and T2
cells in the presence of DMSO or the number of spots detected by
coincubation of the T cells with native or CD40L-stimulated CLL cells in
the presence of DMSO, respectively, was substracted from the experimental
values to obtain the number of FMOD-specific spots. The ELISPOT assays
were performed on days 14 and 21 of stimulation. To obtain the precursor
frequency of FMOD-specific T cells in the peripheral blood of CLL
patients, the ELISPOT assay was performed on day 0.

T-cell staining by HLA-A2—dimerX technology

DimerX staining was performed according to the manufacturer’s instruc-
tions. DimerX HLA-A2:Ig fusion protein (1 pL/3 X 10° cells; Becton
Dickinson, Heidelberg, Germany) was incubated with peptide (600 wg/mL)
in phosphate-buffered saline overnight at 37°C. T cells were stained with
the HLA-A0201-dimer/peptide complexes for 1 hour at 4°C. As a negative
control, DimerX was treated overnight with DMSO in phosphate-buffered
saline at the same concentration used for peptide incubation. The secondary
rabbit anti-mouse immunoglobulin/R-phycoerythrin (RPE) F(ab’), anti-
body (DakoCytomation, Copenhagen, Denmark) was used. In addition, T
cells were stained with anti-CD8-PE-Cy5 (Immunotech/Coulter, Marseille,
France) and analyzed by flow cytometry. HLA-A2-dimer/peptide staining
was performed on day 28. To obtain the precursor frequency of FMOD-
specific T cells in the peripheral blood of CLL patients, HLA-A2-dimer/
peptide staining was performed on day 0 without further enrichment of the
T cells.

Statistics

Because of non-normality, statistical associations between dependent
subgroups were carried out by the Wilcoxon test, and for independent
subgroups the Mann-Whitney U test was applied. Correlations were
calculated using Spearman correlation coefficient. A statistical significance
was accepted for P < .05. The statistical calculations were performed using
SPSS Version 11.5 (SPSS, Chicago, IL).

Results
mRNA overexpression of FMOD in CLL cells

Using real-time RT-PCR we detected FMOD expression in all 16
CLL samples tested and in the prolymphocytic leukemia cell line
Mec-1. Normal B lymphocytes, that is, PBMCs derived from 3
different healthy donors and tonsillar B cells did not express
FMOD mRNA. CLL samples were tested for FMOD expression
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before and after 72 hours of CD40 activation by CD40 ligand
(CD40L) expressing mouse fibroblast L cells. There was no
significant difference (Wilcoxon test: — 0.535; P = .593) in the
number of cycles needed for detection of FMOD-specific tran-
scripts of native CLL cells and CD40L-stimulated CLL cells (Table 1).
Thus, CD40L stimulation did not alter FMOD RNA expression.

Native CLL cells are able to specifically expand autologous
T cells

We wanted to find out whether FMOD RNA overexpression results
in enhanced presentation of FMOD-derived peptides on the surface
of CLL cells, which then could be recognized by autologous T cells
in an HLA-A0201-restricted manner. We first used native CLL
cells as APCs, which were not pulsed with FMOD peptides to
expand autologous T cells from CLL patients. In this setting, we
successfully expanded T cells in 7 of 14 cases tested (Figure 1A). In
the first 2 weeks we observed a decrease in the number of T cells,
but then the surviving T cells proliferated, resulting in a 2-fold
increase in the absolute numbers after 4 weeks of in vitro culture.

When T cells were obtained, we performed an IFN-y—ELISPOT
assay after 14 to 21 days of in vitro culture. In the ELISPOT assay,
we used as stimulator cells T2 cells pulsed with the HLA-A0201—
binding, FMOD-derived peptides F1, F2, F3, and F4. T2 cells
pulsed with DMSO or an HLA-A0201-binding peptide derived
from the CLL-unrelated antigen MAGE-3 served as negative
controls. To test the antigen specificity, blocking experiments were
performed with an MHC class I-specific monoclonal antibody
(W6/32) (Table 2; Figure 2). Using T2 cells as APCs in the
ELISPOT assay, we detected O to 1140 of 100 000 (median: 113 of
100 000) CD3-positive FMOD-specific T cells after 2 to 3 weeks of
in vitro culture. In all the patients tested (7 of §), HLA-A0201
restriction was shown by blocking with an MHC class I-specific
monoclonal antibody (W6/32) (Wilcoxon test: — 4.542; P < .001).
The rate of unspecific spots detected by adding the unrelated
MAGE-3 peptide was low (median, 30; range, 0-54 spots per
100 000 T cells). This experiment proves that T cells from different
CLL patients recognize all 4 tested FMOD-derived peptides in an
HLA-A0201-restricted manner.

Next, we wanted to investigate if the expanded T cells also
recognize tumor cells overexpressing FMOD. Therefore we used
autologous, native CLL cells as APCs in the ELISPOT assay. In the
assay, CLL cells were pulsed with a mix of all 4 FMOD peptides.

Table 1. Real-time RT-PCR for detection of fiboromodulin-specific mMRNA

Sample Product at Tm = 86°C Cycles
CLL-1 + 29.2
CD40L-CLL-1 + 30.1
CLL-2 aF 24.7
CLL-3 + 34.7
CLL-4 + 31.0
CD40L-CLL-4 + 29.6
CLL-5 + 26.6
CLL-6 + 30.3
CLL-9 aF 31.7
CD40L-CLL-9 + 30.9
D-1 = 44.3
D-2 - 47.0
D-3 = 42.0
T-1 - 47.0
Mec-1 F 28.3

Given are the numbers of cycles needed for detection of fibromodulin-specific
mRNA of unstimulated CLL samples, CD40L-stimulated CLL samples (CD40L-CLL),
PBMCs of healthy donors (D), tonsillar B cells (T), and Mec-1 cells.
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Figure 1. Proliferation of autologous T cells derived from 8 CLL patients upon
stimulation with native unpulsed CLL cells in the presence of IL-2 and IL-7.
Shown are T-cell numbers (X 100 000) using native unpulsed CLL cells (A) and
CD40L-stimulated, FMOD peptide—pulsed CLL cells (B) as APCs.

We detected 0 to 2717 spots (median, 73) per 100 000 T cells,
which were FMOD specific. Again, the background value, ob-
tained by adding DMSO to the APC, was subtracted from the
experimental values. With one exception, the number of FMOD-
specific spots detected was lower than observed with T2 cells.
HLA-A0201-negative, but FMOD-overexpressing CLL cells from
2 different patients and HLA-A0201—positive nonmalignant cells
from 5 different donors, like PBMC and tonsillar B cells, were
recognized by the patients’ T cells only in the range of background
level (Table 3).

HLA-A2-dimer/peptide staining specific for FMOD of expanded
T cells

To further validate the data obtained by ELISPOT analysis, the
expanded T cells were stained with HLA-A2-dimer/peptide
complexes specific for FMOD and MAGE-3 on day 28, which is
another method to identify specific T cells. Background values
were obtained by staining cells with the HLA-A2-dimeric
complex “loaded” with solvent only, and they were subtracted
from the experimental values. Staining with HLA-A2—-dimeric
complexes carrying an unrelated peptide from MAGE-3 was
low (median, 1.1%; range, 0%-5.0%). In contrast, the FMOD
peptides were recognized by up to 26.1% (median, 5.1%) of all
the CD8-positive T cells that were viable on day 28 (Table 4;
Figure 3; Figure 4).

Because of the high frequency of T cells detected that
recognized specifically FMOD peptides after 4 weeks of in vitro
culture, we wanted to define the precursor frequency of T cells
in CLL patients recognizing FMOD peptides. We performed an
HLA-A2-dimer/peptide staining with PBMCs of CLL patients
without stimulation. The frequency of CD8-positive T cells
being able to recognize FMOD was between 0% and 7.1%
(median, 0.5%) (Table 4). Taken together, the relative amount of
FMOD-recognizing T cells increased 10-fold by stimulation of
the T cells with autologous native CLL cells during 4 weeks of
in vitro culture.
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Table 2. Specific recognition of fibromodulin-derived peptides
presented on T2 cells by expanded T cells from CLL patients

T2 + peptide +

Patient Peptide T2 + peptide anti-MHC-1 mAb
CLL-2
F1 110 35
F2 55 0
F3 35 30
F4 0 0
MAGE-3 30 ND
CLL-5
F1 35 0
F2 20 0
F3 10 0
F4 30 0
MAGE-3 0 ND
CLL-6
F1 25 0
F2 60 0
F3 115 0
F4 75 0
MAGE-3 50 ND
CLL-10
F1 45 0
F2 75 0
F3 130 0
F4 65 0
MAGE-3 ND ND
CLL-11
F1 375 40
F2 305 55
F3 235 15
F4 50 0
MAGE-3 0 ND
CLL-12
F1 1140 140
F2 1060 0
F3 640 20
F4 800 200
MAGE-3 0 ND
CLL-13
F1 129 ND
F2 54 ND
F3 139 ND
F4 169 ND
MAGE-3 54 ND
CLL-14
F1 820 243
F2 456 304
F3 1033 91
F4 395 243
MAGE-3 30 ND

ND indicates not done.

T cells from CLL patients were expanded using autologous, native, unpulsed CLL
cells as APCs. IFN-y—ELISPOT assays were performed on days 14 or 21 with T2
cells as APCs. The T2 cells were pulsed with HLA-A0201 binding fibromodulin-
derived peptides (F1-F4) or with a CLL unrelated control peptide derived from
MAGE-3. HLA-A0201 restriction of the T cells was shown by adding an anti-MHC
class 1 mAb (W6/32). Coincubation of T2 cells with DMSO and the patients’ T cells
served as negative controls, and the number of spots detected were subtracted from
the experimental values. Given are the numbers of fibromodulin-specific spots per
100 000 T cells.

Relationship between FMOD-specific T cells detected by
HLA-A2-dimer/peptide staining and ELISPOT analysis

In 2 patients (CLL-12, CLL-14) the number of HLA-A2-dimer/
peptide—positive T cells recognizing all 4 FMOD peptides corre-
sponded very well with the number of specific spots detected by the
IFN-y—ELISPOT assay with T2 cells as APCs. The ratio between
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spots in the ELISPOT assay and dots in the HLA-A2-dimer/peptide
staining was 1:2 to 1:3. In 4 other patients (CLL-2, CLL-6,
CLL-10, and CLL-11) some FMOD peptides were recognized in
both assays with comparable frequency (1:3 to 1:10) and other
FMOD peptides with a much lower frequency in the ELISPOT
(1:11-1:83). In another 2 patients (CLL-5, CLL-13) only 1:50 to
1:300 of the T cells recognizing the HLA-A2-dimer/peptide reacted
by IFN-v secretion in the ELISPOT assay.

Despite the high frequency of FMOD-specific T cells from CLL
patients that we observed in the HLA-A2-dimer/peptide staining
without prior stimulation, no reactivity was seen using these T cells
in the IFN-y—ELISPOT assay. No specific spots were generated
using T2 cells or native CLL cells as APCs in the assay (Table 3).

CD40L-stimulated CLL cells as antigen-presenting cells (APCs)
during T-cell expansion

In 7 of 14 CLL patients we were not able to expand T cells using native
CLL cells as APCs. We detected the expression of adhesion molecules
(ICAM-1 [CD58], LFA-3 [CD54]), costimulatory molecules (B7-1
[CD80], B7-2 [CD86]), and activation markers (MHC-I and MHC-II)
on native and CD40L-stimulated CLL cells. The only significant
difference between samples that allowed expansion of T cells using
native CLL cells compared with samples that showed poor APC
characteristics was the amount of MHC class II-positive CLL cells
before stimulation. The median percentage of MHC class II-positive
high-quality unmanipulated stimulator cells was 34.0% (0.3%-88.4%)
compared with 2.7% (1.3%-9.8%) of MHC class II-positive cells within
the poor quality stimulator CLL cells (P = .042). All other examined
parameters were comparable between the 2 groups.

The poor quality unmanipulated stimulator CLL cells were then
activated upon stimulation with CD40L to increase the expression
of adhesion and costimulatory molecules. Stimulation with CD40L
increased significantly (Wilcoxon test: each, — 2.023; P = .043)
the expression of adhesion and costimulatory molecules on CLL

1200,
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0 T2+peptide
1000
[_|T2+peptide
900 +anti-MHC I-Ab
800
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6001
500;
400y

0 'FLI i,

300y
200
1001
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Figure 2. HLA-A0201-restricted recognition of fibromodulin-derived peptides
presented on T2 cells by expanded T cells from 8 CLL patients. The numbers of
spots detected and presented in Table 2 were pooled to show the immunogenicity of
the 4 fibromodulin-derived peptides and the HLA-A0201 restriction of the T cells by
blockade with an anti-MHC class | mAb (W6/32).

specific spots per 100000 T cells in ELISPOT assay
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Table 3. Specific recognition of HLA-A0201-binding fibromodulin-
derived peptides present on native CLL cells by autologous T cells

HLA-A0201-positive
healthy donors

HLA-A0201-

Native Native CLL  negative, FMOD-
autologous cells pulsed overexpressing Tonsillar
Patient T cells with F1-F4 CLL cells PBMCs B cells
CLL-2 0 0 0 0 ND
0
CLL-5 0 ND 0 0 ND
ND
CLL-6 0 20 3 ND ND
0
CLL-10 0 73 25 0 0
0
CLL-11 0 15 0 0 0
0
CLL-12 0 2717 0 143 0
0
CLL-13 0 300 31 15 0
0
CLL-14 0 200 24 0 0
ND

T cells from CLL patients were expanded using autologous, native, unpulsed CLL
cells as APCs. IFN-y—ELISPOT assays were performed on days 14 or 21 with
autologous, native CLL cells as APCs. HLA-A0201 binding fibromodulin-derived
peptides (mix of all 4 peptides: F1-4) were added to obtain the number of
fibromodulin-specific spots. Coincubation of native CLL cells with DMSO and
autologous T cells served as negative controls, and the number of spots detected
were subtracted from the experimental values. Given are the numbers of fibromodulin-
specific spots per 100 000 T cells. HLA-A0201-negative CLL cells (n = 2) overex-
pressing fibromodulin and nonmalignant cells, for instance, PBMCs (n = 3), or
tonsillar B cells (n = 2) from HLA-A0201—positive healthy donors were not recog-
nized specifically. The precursor T-cell frequency was investigated by coincubation of
native CLL cells and unstimulated autologous T cells together with the individual
fibromodulin-derived peptides.

cells. Interestingly, also the expression of MHC class II molecules
was significantly augmented by CD40L stimulation (P = .043).

We then used these activated CLL cells, without further pulsing
with FMOD peptides, as APCs to expand autologous T cells. In all
the cases investigated (5 of 6) we were able to expand 20 to 884 of
100 000 (median, 60) FMOD-specific T cells, as detected in the
ELISPOT assay on day 14 or day 21 (Table 5). As APCs in the
ELISPOT assay we used CD40L-stimulated CLL cells. To further
increase the number of expanded FMOD-specific T cells, we also
pulsed CD40L-stimulated CLL cells with FMOD peptides prior to
coincubation with the T cells. We achieved a 3.5-fold expansion of
T cells during 4 weeks of in vitro culture (Figure 1B). We then
detected 4 to 1303 of 100 000 (median, 124 of 100 000) FMOD-
specific T cells in the ELISPOT assay after 2 to 3 weeks of in vitro
culture. The number of specific spots detected in the IFN-y—
ELISPOT assay was significantly higher using peptide-pulsed
compared with unpulsed CD40L-stimulated CLL cells as APCs in
the T-cell expansion (Wilcoxon test: Z = — 2.366; P < .018).

If enough T lymphocytes could be expanded after 14 to 21
days of in vitro culture (CLL-1, CLL-2, CLL-4, CLL-8), we
tested which FMOD-derived peptide was responsible for the
reactivity observed in the ELISPOT assay (Table 5). There was
specific recognition of each of the 4 tested peptides with
interindividual differences.

In 2 of 8§ patients (CLL-4, CLL-8) the antigen specificity was
tested by blocking experiments with an MHC class I-specific
monoclonal antibody (W6/32) (data not shown). Adding W6/32
resulted in a reduction (median, 78.5%) of the number of spots
detected by ELISPOT. Tonsillar or peripheral B cells from
HLA-A0201-positive healthy donors were not specifically recog-
nized by the T cells expanded (data not shown).
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The number of FMOD-reactive T cells was further validated
and quantified by HLA-A2-dimer/peptide staining in 4 of the CLL
samples that were expanded by peptide-pulsed CD40L-stimulated
APCs (CLL-1, CLL-2, CLL-4, CLL-8). We detected FMOD-
reactive CD8" T lymphocytes at a frequency of 6.1% to 30.4%
(median, 13.9%) (Table 5).

To determine the frequency of FMOD-specific CTL from CLL
patients without prior stimulation, we performed an IFN-y—
ELISPOT assay with native CLL cells and CD40L-stimulated CLL
cells as APCs. With native CLL cells there was no specific
reactivity observed. But with CD40L-stimulated CLL cells we
detected O to 414 of 100 000 T cells reacting specifically against
FMOD-derived peptides.

Table 4. HLA-A2-dimer/peptide staining of CD8* T cells from CLL
patients before and after 28 days of in vitro culture

Percentage of specific Percentage of specific

Patient Peptide T cells, day 0 T cells, day 28
CLL-2
F1 0.46 1.30
F2 0 6.70
F3 0.50 0.80
F4 0.11 2.40
MAGE-3 0.99 1.00
CLL-5
F1 1.31 2.90
F2 0.33 24.30
F3 0.49 15.70
F4 3.00 0
MAGE-3 0.90 1.10
CLL-6
F1 0.99 0
F2 0 26.10
F3 1.77 7.10
F4 0.96 0.50
MAGE-3 0.50 0
CLL-10
F1 0.88 1.00
F2 0.21 4.00
F3 3.95 6.00
F4 1.47 10.00
MAGE-3 0.40 1.60
CLL-11
F1 0.11 5.10
F2 0.40 10.20
F3 3.03 10.10
F4 1.81 12.70
MAGE-3 0.15 3.40
CLL-12
F1 0 8.80
F2 0.52 7.00
F3 1.54 7.20
F4 1.04 0.10
MAGE-3 0 0
CLL-13
F1 0 6.40
F2 2.81 10.40
F3 7.08 11.60
F4 1.26 12.70
MAGE-3 0.33 5.00
CLL-14
F1 0 1.00
F2 0 3.50
F3 0.40 8.40
F4 0.02 9.00
MAGE-3 0 0.90
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Figure 3. HLA-A2-dimer/peptide staining of T cells from a representative CLL
patient (CLL-14) before and after 28 days of in vitro culture recognizing
FMOD-derived peptides and MAGE-3-derived peptide. T cells were expanded
using native CLL cells as APCs without the addition of exogenous peptide. The
numbers given are the percentage of CD8-positive T cells reacting with the
FMOD(F1-F4)— or MAGE-3—specific HLA-A2-dimer/peptide.

Discussion

In the present study we provide evidence that autologous FMOD-
specific T lymphocytes derived from CLL patients can be ex-
panded. Furthermore the relative amount of T cells recognizing
FMOD peptides bound to HLA-A2-dimers increases by stimula-
tion using autologous unpulsed native CLL cells as APCs. The
expanded T cells are able to recognize 4 different HLA-A0201—
binding FMOD-derived peptides, which is shown both by ELISPOT
analysis and HLA-A2-dimer/peptide staining. Importantly, there is
no response against nonmalignant cells, that is, PBMC-derived
from HLA-A0201-positive healthy donors or tonsillar B cells.
Also, HLA-A0201-negative CLL cells, overexpressing FMOD are
not recognized. Therefore, we conclude that FMOD serves as a
novel tumor-associated antigen (TAA) in CLL.

In our setting we use unmodified CLL cells as APCs, which
induce T-cell proliferation. Since the CLL cells used for T-cell
cultivation were not treated with exogenous antigenic peptide or
protein, the only available source of FMOD epitopes was FMOD
protein endogenously processed and presented by the native CLL
cells themselves. After in vitro stimulation, up to 26.1% of the expanded
CD8-positive T cells specifically recognize FMOD-derived peptides by
HLA-A2-dimer/peptide staining and up to 1.14% of all T cells expanded
react specifically against an FMOD-derived peptide in the IFN-y—
ELISPOT assay. Peptide/MHC class I multimer staining is known to be
exquisitely epitope specific.!® We think that cross-staining of T cells
recognizing similar but different epitopes from a different origin than
FMOD is highly improbable, more so because HLA/peptide dimer
staining demonstrated the expansion of T cells specific for more than
one FMOD epitope, but no expansion of T cells specific for CLL-
unrelated epitopes like MAGE-3 in the context of HLA-A2. This
provides evidence that CLL cells do not only express FMOD mRNA,
but also endogenously process and present FMOD-derived peptides in
an HLA-A0201-restricted fashion in sufficient amounts. Furthermore,
this reveals that autologous T cells are able to recognize and to respond
specifically to the antigenic stimulus provided by unpulsed native CLL
cells, shown by proliferation of CD8" T cells.

Interestingly, we are able to expand autologous CD8* T cells
from CLL patients using native CLL cells as APCs in half of the
cases investigated, despite a low expression of ICAM-1 (CDS58),
LFA-3 (CD54), B7-1 (CD80), and B7-2 (CD86). Therefore, we
suggest that there must be other than the CD28/B7 costimulatory
pathway involved in CLL, like ICOS/LICOS, 4-1BB/4-1BBL,
CD27/CD70, and CD26, which seem to play important roles in
tumor rejection and immunity.?0-2% In our cohort, the expression of
MHC class II molecules on the surface of CLL cells is significantly
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higher in the cases in which unmanipulated CLL cells could be
used as APCs for an effective expansion of T cells. It is well known
that IFN-y is able to up-regulate MHC class II expression in
APCs.?” One could hypothesize that CLL cells with a higher
fraction of MHC class Il-positive cells are surrounded by a T
helper-1 milieu, which results in an up-regulated IFN-y concentra-
tion, thus increasing the expression of MHC class II molecules on
the surface of a subset of CLL samples and allowing expansion of
autologous T cells. Another hint for a relatively well-preserved
antigen-presenting capacity of a subset of CLL samples is the
observation that also native CLL cells, which are pulsed with
FMOD peptides and are used as APCs in the ELISPOT assays, are
recognized by specific T cells, although in most cases to a lesser
extent compared with T2 cells.

By HLA-A2-dimer/peptide staining we detect up to 7% of all
CDS8-positive T cells reacting specifically with the FMOD peptides
without prior stimulation, which is an unexpected high number of T
cells. We can detect FMOD-specific T cells in all the CLL samples
tested. But in the ELISPOT assay we did not observe any reactivity
against T2 cells or native CLL cells if the patients’ T cells were not
prestimulated in vitro. This suggests that antigen-specific T cells
are present in the peripheral blood of CLL patients, but they are
not able to secrete IFN-y upon contact with the antigen. We
hypothesize that these T cells are not naive precursor T cells and
might have been already primed in vivo, being in a dormant state
that is overcome by stimulation under in vitro conditions.

We observed that up to 26.1% of all CD8-positive T cells after
in vitro culture specifically recognized FMOD-derived peptides
bound to the HLA-A2-dimer. After in vitro expansion, T cells also
secreted IFN-y in the ELISPOT in an antigen-specific manner,
although numbers of T cells reacting in the ELISPOT were lower
than numbers of cells stained by HLA-A2-dimer/peptide com-
plexes. This observation is in accordance with results of other
groups.'®2 This suggests that after appropriate stimulation or
preactivation, T cells from CLL patients should be able to
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HLA-A2-dimer[DMSO
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HLA-A2-dimer/F1
3.5%

HLA-AZ 2
8.4%
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Figure 4. HLA-A2-dimer/peptide staining of precursor T cells and T cell being
stimulated for 28 days of in vitro culture recognizing FMOD-derived peptides
and the MAGE-3—derived peptide. A representative CLL patient (CLL-14) is shown.
The precursor T-cell frequency of fibromodulin recognizing autologous T cells was
tested without stimulation of the T cells. Then T cells were stimulated weekly for 28
days using autologous, native unpulsed CLL cells as APCs. The numbers given are
the percentage of CD8-positive T cells costained with HLA-A2-dimer/peptide.
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Table 5. Specific recognition of HLA-A0201 binding fibromodulin-derived peptides present on CD40L-stimulated

CLL cells by autologous T cells

FMOD-specific T cells (per 100 000) by ELISPOT

APCs were pulsed with F1/2 or F3/4 to expand T cells

Native T-cell expansion FMOD-specific CD8* T
FMOD autologous without pulsing Elispot: APCs pulsed Elispot: APCs pulsed Elispot: APCs pulsed cells by dimer-peptide
Patient peptides T cells the APCs with F1/2 or F3/4 with F1 or F3 with F2 or F4 staining (in %)

CLL-1 F3/4 12 111 140 215 420 15.6
CLL-2 F1/2 4 54 160 22 8 30.4
F3/4 4 20 42 26 56 ND
CLL-3 F3/4 0 ND 108 ND ND ND
CLL-4 F1/2 230 884 1303 1228 1164 12.2
F3/4 414 388 976 0 560 ND
CLL-7 F1/2 0 ND 24 ND ND ND
F3/4 0 ND 4 ND ND ND
CLL-8 F1/2 2 60 740 470 360 ND
F3/4 0 40 68 0 88 6.1

T cells from CLL patients were expanded using autologous, CD40L-stimulated CLL cells as APCs. IFN-y—ELISPOT assays were performed on days 14 or 21 with
autologous CD40L-stimulated CLL cells as APCs. HLA-A0201 binding fibromodulin-derived peptides were added to obtain the number of fibromodulin-specific spots. Either a
mix of F1/2 or F3/4 or the single peptides were added. Coincubation of CD40L-stimulated CLL cells with DMSO and autologous T cells served as negative controls, and the
number of spots detected were subtracted from the experimental values. Given are the numbers of fibromodulin-specific spots per 100 000 T cells. The precursor T-cell
frequency was investigated by coincubation of CD40L-stimulated CLL cells and unstimulated autologous T cells together with the fibromodulin-derived peptides (F1/2 or F3/4).
The percentage of CD8* T cells on day 28 recognizing fibromodulin-derived peptides bound to HLA-A2—dimer is given after subtraction of the negative control HLA-A2—dimer
coincubated with DMSO. T cells were obtained using CD40L-stimulated fibromodulin-pulsed CLL cells as APCs.

specifically react against antigens presented by CLL in vivo as
well. It seems that the T-cell function of 6 of 8 of our patients is not
impaired, because T cells recognized FMOD bound to HLA-A2-
dimers, and corresponding numbers of T cells recognized FMOD
presented by T2 cells or native CLL cells. In 2 patients we observed
a greater discrepancy between the T cells recognizing FMOD
peptides in the HLA-A2-dimer/peptide staining and additionally
secreting IFN-vy, which could be due to major T-cell defects in
those patients, which is suggested by others.?

In 50% of our CLL samples tested, native CLL cells were not
able to expand autologous T cells, probably due to their poor
antigen-presenting capacity. In these cases we stimulated the CLL
cells prior to coincubation with the T cells with CD40L-expressing
feeder cells, which increased significantly the expression of
adhesion and costimulatory molecules on CLL cells as has been
previously described, and therefore restore the impaired antigen-
presenting capability of native CLL cells.!®3 Using CD40L-
stimulated CLL cells as APCs we were able to expand specific T
cells even better compared with other experiments using native
CLL cells as stimulators. Again we were able to expand FMOD-
specific T cells without pulsing the APCs with the FMOD peptides.
Even higher numbers of FMOD-specific spots were detectable after
2 to 3 weeks of in vitro culture, when FMOD peptide—pulsed
CD40L-stimulated CLL cells were used as APCs. While already
achieving a specific T-cell response against autologous CLL cells
using native CLL cells as APCs, an even higher response in terms
of proliferation of T cells resulted using CD40L-stimulated CLL
cells as APCs. In line with this observation, we hypothesize that a
further increase in the autologous T-cell response might be seen if
CLL cells are directly transduced by gene vectors coding for
CDA40L. It can be speculated that here the bystander effect of
CD40L-transduced CLL cells could be advantageous because
transduced CLL cells not only up-regulate adhesion and costimula-
tory molecules on their own surface, they also trigger neighboring
CLL cells to up-regulate those molecules. This could prolong the
activated status of CLL cells and thus increase their antigen-
presenting capacity.3!-32

In contrast to the numerous TAAs described in melanoma, only
a small number of TAAs have been found in CLL so far. In CLL,
first, the hypervariable sequences and somatic mutations of the
lymphoma immunoglobulin variable regions, which result in

individual tumor-specific antigens, were identified.?® Therefore, the
clonotypic surface immunoglobulin receptor expressed by malig-
nant B cells, also termed idiotype, represents an attractive target
structure for antitumor immunity.>*3 The disadvantage of an
anti-idiotypic immunization approach is the laborious development
of a specific vaccine for every individual patient. In search for a
more general applicable immunotherapy in CLL, Trojan et al
investigated framework region—derived peptides as TAAs in CLL.3®
More recently survivin, a member of the inhibitor of apoptosis
protein family, was found to serve as TAA in CLL.** For
survivin, the specific recognition of autologous tumor cells by
survivin-specific CTLs was only shown for a small fraction of CLL
patients, while reaction against allogeneic tumor cells was fre-
quently demonstrated. In contrast, autologous T-cell immunity
against fibromodulin could be induced in the majority of CLL
patients in our study.

Besides the provided evidence that fibromodulin can serve as
TAA in CLL, more research suggests it might be involved at an
important step in the pathophysiology of CLL. So far, it was shown
by different groups that fibromodulin-specific mRNA is highly
overexpressed in CLL cells, but the role of this overexpression has
to be elucidated. Fibromodulin is able to bind to TGF-$ and to
modulate its activity.%” TGF-$, a multifunctional cytokine, which
is involved in regulation of cell growth and survival, immune
functions, and wound healing is an important endogenous growth
inhibitor of B lymphocytes.**-%> Fibromodulin, which is overex-
pressed in CLL cells, might bind to TGF-3, thus inhibiting the
functions of TGF- and contributing to a sustained proliferation
and expansion of the leukemic clone.

In summary, we could demonstrate that fibromodulin is a naturally
processed and presented antigen in CLL that can serve as a TAA in this
disease, for instance, for clinical vaccination trials or adoptive T-cell
transfer. Fibromodulin seems to be an ideal TAA for a CLL-specific
immune monitoring in the context of vaccination approaches including
CD40L-gene—-modified autologous leukemic cells.

Acknowledgments

We are grateful to Susan King and Elfriede Nossner (GSF, Munich)
for critical reading of the manuscript and for stimulating discussions.


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

BLOOD, 15 FEBRUARY 2005 - VOLUME 105, NUMBER 4

References

1.

10.

1.

12.

13.

14.

15.

From www.bloodjournal.org by guest on July 18, 2016. For personal use only.

FIBROMODULIN AS NOVEL TAAIN CLL

1573

Rosenberg SA. Cancer vaccines based on the
identification of genes encoding cancer regres-
sion antigens. Immunol Today. 1997;18:175-182.

Van den Eynde BJ, van der Bruggen P. T cell de-
fined tumor antigens. Curr Opin Immunol. 1997;9:
684-693.

Vonderheide RH, Hahn WC, Schultze JL, Nadler
LM. The telomerase catalytic subunit is a widely
expressed tumor-associated antigen recognized
by cytotoxic T lymphocytes. Immunity. 1999;10:
673-679.

Oldberg A, Antonsson P, Lindblom K, Heinegard
D. A collagen-binding 59-kd protein (fiboromodulin)
is structurally related to the small interstitial pro-
teoglycans PG-S1 and PG-S2 (decorin).

EMBO J. 1989;8:2601-2604.

Hedbom E, Heinegard D. Interaction of a 59-kDa
connective tissue matrix protein with collagen |
and collagen II. J Biol Chem. 1989;264:6898-
6905.

Hildebrand A, Romaris M, Rasmussen LM, et al.
Interaction of the small interstitial proteoglycans
biglycan, decorin and fibromodulin with trans-
forming growth factor beta. Biochem J. 1994;302:
527-534.

Soo C, Hu FY, Zhang X, et al. Differential expres-
sion of fibromodulin, a transforming growth factor-
beta modulator, in fetal skin development and
scarless repair. Am J Pathol. 2000;157:423-433.

Klein U, Tu Y, Stolovitzky GA, et al. Gene expres-
sion profiling of B cell chronic lymphocytic leuke-
mia reveals a homogeneous phenotype related to
memory B cells. J Exp Med. 2001;194:1625-
1638.

Jelinek DF, Tschumper RC, Stolovitzky GA, et al.
Identification of a global gene expression signa-
ture of B-chronic lymphocytic leukemia. Mol Can-
cer Res. 2003;1:346-361.

Vallat L, Magdelénat H, Merle-Béral H, et al.
The resistance of B-CLL cells to DNA damage-
induced apoptosis defined by DNA microarrays.
Blood. 2003;101:4598-4606.

Mikaelsson E, Jeddi-Tehrani M, Osterborg A,
Shokri F, Mellstedt H, Rabbani H. Fibromodu-
lin—a novel tumor associated antigen exclusively
expressed in tumor B-cells from patients with
chronic lymphocytic leukemia and mantle cell
lymphoma. Leuk Lymphoma [abstract]. 2003;
44(suppl 2):21.

Cheson B, Bennett JM, Grever M, et al. National
Cancer Institute—sponsored Working Group
guidelines for chronic lymphocytic leukemia: re-
vised guidelines for diagnosis and treatment.
Blood. 1996;87:4990-4997.

Schlee M, Krug T, Gires O, et al. Identification of
Epstein-Barr Virus (EBV) nuclear antigen 2
(EBNA2) target protein by proteome analysis:
activation of EBNA2 in conditionally immortalized
B cells reflects early events after infection of pri-
mary B cells by EBV. J Virol. 2004;78:3941-3952.

Rammensee HG, Friede T, Stevanovic S. MHC
ligands and peptide motifs: 1st listing. Immunoge-
netics. 1995;41:178-228.

Van der Bruggen P, Bastin J, Gajewski T, et al. A
peptide encoded by human gene MAGE-3 and

20.

21.

22.

23.

24.

25.

26.

27.

28.

presented by HLA-A2 induces cytolytic T lympho-
cytes that recognize tumor cells expressing
MAGE-3. Eur J Immunol. 1994;24:3038-3043.

. Buhmann R, Nolte A, Westhaus D, Emmerich B,

Hallek M. CD40-activated B-cell chronic lympho-
cytic leukemia (B-CLL) cells for tumor immuno-
therapy: stimulation of allogeneic versus autolo-
gous T-cells generates different types of effector
cells. Blood. 1999;93:1992-2002.

. Garrone P, Neidhardt EM, Garcia E, Galibert L,

von Kooten C, Banchereau J. Fas ligation in-
duces apoptosis of CD40-activated human B lym-
phocytes. J Exp Med. 1995;182:1265-1273.

. Tan LC, Gudgeon N, Annels NE, et al. Are-

evaluation of the frequency of CD8" T cells spe-
cific for EBV in healthy virus carriers. J Immunol.
1999;162:1827-1835.

. Burrows SR, Kienzle N, Winterhalter A, Bharad-

waj M, Altman JD, Brooks A. Peptide-MHC class |
tetrameric complexes display exquisite ligand
specificity. J Immunol. 2000;165:6229-6234.

Wallin JJ, Liang L, Bakardjiev A, Sha WC. En-
hancement of CD8" T cell responses by ICOS/
B7h costimulation. J Immunol. 2001;167:132-
139.

Zuberek K, Ling V, Wu P, et al. Comparable in
vivo efficacy of CD28/B7, ICOS/GL50, and ICOS/
GL50B costimulatory pathways in murine tumor
models: IFNgamma-dependent enhancement of
CTL priming, effector functions, and tumor spe-
cific memory CTL. Cell Immunol. 2003;225:53-
63.

Palma C, Binaschi M, Bigioni M, Maggi CA, Goso
C. CD137 and CD137 ligand constitutively coex-
pressed on human T and B leukemia cells signal
proliferation and survival. Int J Cancer. 2004;108:
390-398.

Ranheim EA, Cantwell MJ, Kipps TJ. Expression
of CD27 and its ligand, CD70, on chronic lympho-
cytic leukemia B cells. Blood. 1995;85:3556-
3565.

Bristol LA, Sakaguchi K, Appella E, Doyle D,
Takacs L. Thymocyte costimulation antigen is
CD26 (dipeptidy! peptidase 1V): costimulation of
granulocyte, macrophage, and T lineage cell pro-
liferation via CD26. J Immunol. 1992;149:367-
372.

Tanaka T, Kameoka J, Yaron A, Schlossman SF,
Morimoto C. The costimulatory activity of the
CD26 antigen requires didipeitdyl peptidase IV
enzymatic acitivity. Proc Natl Acad Sci U S A.
1993;90:4586-4590.

Bauvois B, De Meester |, Dumont J, Rouillard D,
Zhao HX, Bosmans E. Constitutive expression of
CD26/dipeptidylpeptidase IV on peripheral blood
B lymphocytes of patients with B chronic lympho-
cytic leukaemia. Br J Cancer. 1999;79:1042-
1048.

Benoist C, Mathis D. Regulation of major histo-
compatibility complex class-Il genes: X, Y and
other letters of the alphabet. Annu Rev Immunol.
1990;8:681-715.

Dutoit V, Guillaume P, Ayyoub M, Hesdorffer CS,
Luescher IF, Valmori D. Decreased binding of
peptides-MHC class | (pMHC) multimeric com-
plexes to CD8 affects their binding avidity for the

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

TCR but does not significantly impact on pMHC/
TCR dissociation rate. J Immunol. 2003;170:
5110-5117.

Scrivener S, Kaminski ER, Demaine A, Prentice
AG. Analysis of the expression of critical activa-
tion/interaction markers on peripheral blood T
cells in B-cell chronic lymphocytic leukaemia: evi-
dence of immune dysregulation. Br J Haematol.
2001;112:959-964.

Schultze JL, Michalak S, Seamon MJ, et al.
CD40-activated human B cells: an alternative
source of highly efficient antigen presenting cells
to generate autologous antigen-specific T cells for
adoptive immunotherapy. J Clin Invest. 1997;100:
2757-2765.

Kato K, Cantwell MJ, Sharma S, Kipps TJ. Gene
transfer of CD40-ligand induces autologous im-
mune recognition of chronic lymphocytic leuke-
mia B cells. J Clin Invest. 1998;101:1133-1141.

Wendtner CM, Kofler DM, Theiss HD, et al. Effi-
cient gene transfer of CD40 ligand into primary
B-CLL cells using recombinant adeno-associated
virus (rAAV) vectors. Blood. 2002;100:1655-
1661.

Chatterjee M, Barcos M, Han T, Liu XL, Bernstein
Z, Foon KA. Shared idiotype expression by
chronic lymphocytic leukemia and B-cell lym-
phoma. Blood. 1990;76:1825-1829.

Kwak LW. Translational development of active
immunotherapy for hematologic malignancies.
Semin Oncol. 2003;30:17-22.

Baskar S, Kobrin CB, Kwak LW. Autologous lym-
phoma vaccines induce human T cell responses
against multiple, unique epitopes. J Clin Invest.
2004;113:1498-1510.

Trojan A, Schultze JL, Witzens M, et al. Immuno-
globulin framework-derived peptides function as
cytotoxic T-cell epitopes commonly expressed in
B-cell malignancies. Nat Med. 2000;6:667-672.

Andersen MH, Pedersen LO, Becker JC, Straten
PT. Identification of a cytotoxic T lymphocyte re-
sponse to the apoptosis inhibitor protein survivin
in cancer patients. Cancer Res. 2001;61:869-
872.

Andersen MH, Pedersen LO, Capeller B, Brocker
EB, Becker JC, thor Straten P. Spontaneous cyto-
toxic T-cell responses against survivin-derived
MHC class |-restricted T-cell epitopes in situ as
well as ex vivo in cancer patients. Cancer Res.
2001;61:5964-5968.

Schmidt SM, Schag K, Muller MR, et al. Survivin
is a shared tumor-associated antigen expressed
in a broad variety of malignancies and recognized
by specific cytotoxic T cells. Blood. 2003;
102:571-576.

Massague J. The transforming growth factor-beta
family. Annu Rev Cell Biol. 1990;6:597-641.

Alexandrow MG, Moses HL. Transforming growth
factor-beta and cell cycle regulation. Cancer Res.
1995;55:1452-1457.

Lagneaux L, Delforge A, Bron D, Massy M,
Bernier M, Stryckmans P. Heterogenous re-
sponse of B lymphocytes to transforming growth
factor-beta in B-cell chronic lymphocytic leukae-
mia: correlation with the expression of TGF-f re-
ceptors. Br J Haematol. 1997;97:612-620.


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on July 18, 2016. For personal use only.

N\\RK/\J\,

. 3
! 2005 105: 1566-1573
S doi:10.1182/blood-2004-04-1233 originally published online
October 7, 2004

Fibromodulin as a novel tumor-associated antigen (TAA) in chronic
lymphocytic leukemia (CLL), which allows expansion of specific CD8 *
autologous T lymphocytes

Christine Mayr, Dagmar Bund, Martin Schlee, Andreas Moosmann, David M. Kofler, Michael Hallek
and Clemens-Martin Wendtner

Updated information and services can be found at:
http://www.bloodjournal.org/content/105/4/1566.full.html

Articles on similar topics can be found in the following Blood collections
Immunobiology (5393 articles)
Neoplasia (4182 articles)

Information about reproducing this article in parts or in its entirety may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests

Information about ordering reprints may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints

Information about subscriptions and ASH membership may be found online at:
http://www.bloodjournal.org/site/subscriptions/index.xhtml

Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Copyright 2011 by The American Society of Hematology; all rights reserved.


http://www.bloodjournal.org/content/105/4/1566.full.html
http://www.bloodjournal.org/cgi/collection/immunobiology
http://www.bloodjournal.org/cgi/collection/neoplasia
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
http://www.bloodjournal.org/site/subscriptions/index.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

