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Technical advance

Rapid T cell-based identification
of human tumor tissue antigens
by automated two-dimensional

protein fractionation

Philipp Beckhove,! Rolf Warta,2:3 Britt Lemke,2 Diana Stoycheva,2 Frank Momburg,’
Martina Schnélzer,* Uwe Warnken,* Hubertus Schmitz-Winnenthal,5> Rezvan Ahmadi,2
Gerhard Dyckhoff,3 Mariana Bucur,! Simone Jiinger,' Thomas Schueler,%.7 Volker Lennerz,8
Thomas Woelfel,® Andreas Unterberg,2 and Christel Herold-Mende?

Translational Immunology Unit, German Cancer Research Center, Heidelberg, Germany. 2Department of Neurosurgery, Division of Neurosurgical Research,
and 3Department of Head and Neck Surgery, University of Heidelberg, Germany. “Functional Proteome Analysis, German Cancer Research Center,
Heidelberg, Germany. *Department of Visceral Surgery, University of Heidelberg, Heidelberg, Germany. éDepartment of Molecular Immunology,
German Cancer Research Center, Heidelberg, Germany. “Institute of Immunology, University of Berlin, Charité, Berlin, Germany.

8111. Medical Department (Haematology/Oncology), University Hospital Mainz, Mainz, Germany.

Identifying the antigens that have the potential to trigger endogenous antitumor responses in an individual
cancer patient is likely to enhance the efficacy of cancer immunotherapy, but current methodologies do not
efficiently identify such antigens. This study describes what we believe to be a new method of comprehensively
identifying candidate tissue antigens that spontaneously cause T cell responses in disease situations. We used
the newly developed automated, two-dimensional chromatography system PF2D to fractionate the proteome
of human tumor tissues and tested protein fractions for recognition by preexisting tumor-specific CD4* Th
cells and CTLs. Applying this method using mice transgenic for a TCR that recognizes an OVA peptide pre-
sented by MHC class I, we demonstrated efficient separation, processing, and cross-presentation to CD8*
T cells by DCs of OVA expressed by the OVA-transfected mouse lymphoma RMA-OVA. Applying this method
to human tumor tissues, we identified MUC1 and EGFR as tumor-associated antigens selectively recognized by
T cells in patients with head and neck cancer. Finally, in an exemplary patient with a malignant brain tumor, we
detected CD4* and CD8"* T cell responses against two novel antigens, transthyretin and calgranulin B/S100A9,
which were expressed in tumor and endothelial cells. The immunogenicity of these antigens was confirmed in
4 of 10 other brain tumor patients. This fast and inexpensive method therefore appears suitable for identifying
candidate T cell antigens in various disease situations, such as autoimmune and malignant diseases, without

being restricted to expression by a certain cell type or HLA allele.

Introduction

In basic and translational immunology, identifying antigens
that trigger pathogenic T cell responses in autoimmune disease
or potential target antigens for immunotherapy of tumors still
poses a major challenge. In autoimmune disease a special diffi-
culty arises from the fact that while the affected organ or tissue
is well known, the respective target cell types within this tissue
have often not been defined. In malignant diseases, an increas-
ing body of evidence suggests that in order to be successful,
immunotherapies need to target antigens possessing an endog-
enous immunogenic potential and that are expressed in tumor
tissues at sufficient concentrations to trigger complex T cell
responses composed of both T helper cells and cytotoxic T cells.
Even within the same tumor type, the intraindividual repertoire
of immunogenic tumor-associated antigens (TAAs) varies mark-
edly (1, 2). Accordingly, the aim of cancer immunotherapy in the
future is to individualize therapy by identifying patient-specific
TAAs and epitopes (3).
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Various complex approaches have been developed to identify
TAAs relevant for cancer vaccines. By eluting MHC I-bound pep-
tides from tumor cells and subsequently identifying corresponding
TAAs by mass spectrometry (MS), antigen epitopes being processed
and presented by tumor cells to the immune system can be identi-
fied (3-8). However, such approaches do not answer the question
of whether such epitopes are recognized by the patient’s immune
system and do not address the issue of MHC II-restricted epitopes
playing a major role in efficient tumor-immune rejection and in
autoimmune disease. In contrast, the SEREX (serological analysis of
recombinant cDNA expression libraries) method is based on sero-
logical screening for tumor-specific antibodies using cDNA librar-
ies derived from human cancers (9, 10). Again, it remains unclear
whether the identified targets of humoral immune responses also
represent target antigens of CD4" or CD8" T cell responses. Analo-
gously, cDNA libraries of tumor cells were used to identify MHC I-
restricted epitopes of tumor antigens recognized by CD8* T cells
from individual cancer patients (1). These methods are either indi-
rect or restricted to selected HLA-I subtypes and represent compli-
cated and extremely time-consuming procedures.

In this regard, the ProteomeLab PF2D technology might represent
a time-saving method by which patient-specific TAA analysis can
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Figure 1

Fractionation, detection, and cross-presentation of recombinant OVA and OVA from OVA-overexpressing cells. (A) 1D profile of 1 mg OVA.
Red area corresponds to fraction 16. (B) 2D profile of fraction 16 of recombinant OVA. Main peak (P) was eluted in W32. AU, absorbance units.
(C) Confirmation of OVA protein in W32. (D) Differential expression map of 2D separation of fraction 16 of RMA-OVA and RMA cells. Among oth-
ers, a peak at RT = 24.4 minutes was detected in RMA-OVA but not RMA fraction and eluted to W33. (E) Confirmation of OVA protein in W33 of
RMA-OVA cells only. (C and E) PBS served as negative and recombinant OVA as positive control (C1, 0.5 ng; C2, 5 ng). (F) DCs from C57BL/6
mice pulsed with fractionated recombinant OVA (W32, B) were used to stimulate OVA-specific T cells. T cells stained with CD8- and CD69-PE
to evaluate the proportion of early-activated T cells by flow cytometry showed dose-dependent OVA-specific T cell activation. (G and H) DCs
pulsed with proteins derived from OVA-positive 2D fraction of RMA-OVA or respective fraction from RMA cells (W33; E). (G) T cell activation
as determined by flow cytometry with anti-CD69 antibodies. In F and G, one representative experiment of 3 independent experiments is shown.
(H) Proliferative activity of purified CD8+ OVA-specific T cells after activation with DCs loaded with fractions W33 from RMA-OVA or RMA cells
or after activation with unpulsed DCs as determined by thymidine incorporation. Mean + SD of 2 independent experiments is shown.

be individualized. This novel method — 2-dimensional (2D) chro-
matography — is a potent tool for separating proteins from tumor
proteomes and represents an alternative to 2D gel electrophoresis
(10). Fractioning by using a PF2D system is based on the isoelectric
point (pI) and hydrophobicity of processed proteins, and the proce-
dure is highly reproducible (10, 11). The resulting separated, matrix-
free proteins are extracted as fluids and therefore are immediately
accessible for further functional analysis, for example, for natural
processing by antigen-presenting cells such as DCs. T cell activation
by antigen-pulsed DCs is based on a complex and tightly regulated
process involving multiple steps, including protein uptake, cleavage
into small peptide fragments, their loading into the peptide-binding
cleft of MHC I and II molecules, and their presentation at the cell
surface to antigen-specific T cells. However, since PF2D technology
has predominantly been used for identifying differentially expressed
proteins (12-15) and for validating protein arrays (16), so far, it is
not known whether proteins subjected to PF2D fractionation under
partially denaturing conditions maintain the features required for
appropriate antigen processing by DCs. In addition, it is unclear
whether concentrations of respective proteins in the eluates are suf-
ficient for successful presentation to CD4" and CD8" T cells.

To investigate whether immunogenicity is preserved during the
PF2D separation procedure, we first tested OVA processed in the
PF2D system by T cell activation assays and in the next step identi-
fied immunogenic proteins from the lysate of patient tumors. We
demonstrate that PE2D-separated proteins are efficiently cross-pre-
sented to OVA-specific naive CD8" T cells and that this method can
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also be successfully used to identify known and novel human TAAs
spontaneously recognized by CD4* and CD8" memory T cells.

Results

T cell response to a defined antigen after PE2D fractionation. To evaluate
the influence of the PF2D separation method on the immunoge-
nicity of proteins, we chose OVA as a model protein recognized
by OT-1 CD8" T cells expressing an OVA-specific T cell receptor.
First, we explored whether OVA can be separated by using PF2D
technology. A pure sample of recombinant OVA protein was
injected to the first-dimensional (1D) column; eluted fractions
were monitored at 280 nm and automatically collected into a 96
deep-well plate. The first and chromatofocusing dimension of
the PF2D system runs a pH gradient between pH 8.5 and 4. The
1D elution profile shows protein peaks eluted between 70 and 90
minutes retention time (RT), corresponding to fractions 15-18
and to a pH range of 5.58-4.38 (Figure 1A). The 1D fractions were
then subjected to the 2D separation, which is based on hydro-
phobicity. In the 2D profile, a major protein peak was eluted ata
an RT of 23.5 minutes from 1D fraction 16 and collected in well
32 (W32, Figure 1B). Subsequent dot blot analysis confirmed the
eluted protein solution of W32 as OVA (Figure 1C).

To test whether OVA protein can also be separated from a com-
plex proteome, we lysed OVA-transfected RMA cells, loaded 2.5 mg
of protein lysate to the PF2D system, and then ran both the chro-
matofocusing and the reversed-phase dimensions. Nontransfected
RMA cells were processed in like manner as negative controls. For
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Identification of MUC1+ protein fractions by MUC1-reactive T cells from patients with head and neck cancer. (A) T cell reactivity of patient HN-1
against DCs pulsed with synthetic, MUC1-derived long peptides from the signaling sequence (MUC1ss) or the tandem repeat region (MUC1tr)
as revealed by IFN-y ELISPOT assay. (B) T cell reactivity of HN-1 against DCs pulsed with 1D fraction A but not B—F of the patient’s autologous
tumor. (C) Detection of MUC1 protein in PF2D fraction A by IP. Lanes were run on the same gel but were noncontiguous, as indicated by the
black line. (D) T cell reactivity of patient HN-2 against TU-L—pulsed DCs as revealed by IFN-y ELISPOT assay. (E) T cell reactivity of HN-2 against
DCs pulsed with 1D fractions (A—M) of the patient’s autologous tumor. Corresponding results of MUC1 protein detection by MUC1-specific IP
are indicated for each PF2D fraction below (+, MUC1-positive; —, no detection of MUC1; ND, not determined). MUC1 could only be detected in
fraction A. (F) T cell reactivity of patient HN-2 against DCs pulsed with synthetic, MUC1-derived long peptide (tandem repeat region, MUC1tr) as
revealed by IFN-y ELISPOT assay. Negative controls are denoted by white bars; statistically significant differences versus IgG or PBMC lysate
(PB-L) control, as appropriate, are indicated by black bars; gray bars indicate nonsignificant responses. PBTC, peripheral blood—derived T cells;

LNTC, tumor-draining lymph node—derived T cells.

comparative analysis of eluted 2D protein peaks from both cell
types, we employed DeltaVue software. Although this step was not
essential for detecting OVA via preexisting T cells, we did identify
asmall, differentially expressed protein peak in fraction 16 (Figure
1D) that turned out to contain OVA in the case of the RMA-OVA
lysate. We spotted 15 ul of each 2D fraction (corresponding to about
3% of the harvested fluid per fraction) to PVDF membranes and
probed membranes with anti-OVA antibodies (Figure 1E). Again,
we identified OVA in fraction 16 at an RT between 24.4 and 24.8
minutes by using the dot blot method (W33) and confirmed that
one of the differentially expressed peaks was OVA. However, OVA
was not detected in adjacent fractions (W31, W32, W34, W35) or
in corresponding fractions of nontransfected RMA cells (W31-35)
2232
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that were separated by using the PF2D method. In summary, OVA
was found in both the single protein and in the complex cell lysate
in fraction 16 of the 1D separation and at similar RTs after PF2D
processing. Slight differences in the RTs might be explained by the
complexity of simultaneously present proteins in cell lysates that
may possibly minimally influence each other’s RT.

T cell activation assays were used to test the immunogenicity of
eluted fractions. To avoid cytotoxic effects in the functional assays,
we neutralized these proteins. DCs from C57BL/6 mice were pulsed
with proteins from fraction 16 separated by PF2D either from
pure OVA samples or from RMA-OVA cells. After coculture with
T cells from OT-1 mice expressing the OVA-specific T cell receptor,
OVA-specific activation of T cells was monitored, with analysis of
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Figure 3

Recognition of autologous tumor protein fractions by T cells from NCH550 and identification of candidate target antigens. (A) DCs from brain
tumor patient NCH550 pulsed with tumor cell lysate (TU-L) or autologous PB-L as negative control were used to stimulate blood-derived T cells
from the same patient in IFN-y ELISPOT assay. Additionally, purified TU-L—pulsed DCs or unstimulated PB-derived T cells served as controls.
PBTCs of NCH550 reacted significantly against autologous tumor-derived antigens as compared with negative control antigens derived from
autologous PB-L. (B) T cell reactivity of NCH550 against 1D separated protein fractions (F10-F21) as revealed by IFN-y ELISPOT assay. (C)
1D fractions recognized by patient’s T cells (F10, F13-15, F18, F19, F21) subjected to 2D separation. Obtained subfractions were tested for rec-
ognition by autologous T cells in IFN-y ELISPOT assay. (D) For validation, whole tumor lysate was subjected a second time to 2D PF2D protein
separation, and subfractions recognized previously (Figure 1C; F10-e, F14-i, F14-j, F18-c, F18-j, F21-c) were tested again for recognition by
autologous T cells. The experiment confirmed T cell reactivity against subfractions F10-e, F14-i, F14-j, and F18-c. (E) Proteins present in recog-
nized subfractions as identified by MS are shown, respectively. Negative controls are denoted by white bars; statistically significant differences
versus PB-L control are indicated by black bars; gray bars indicate nonsignificant responses. Hbs, hemoglobins.
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the rate of CD69 expression by CD8* T cells through flow cytom-
etry and analysis of T cell proliferation. Even DCs pulsed by 1 ug
OVA induced a significant activation of more than 60% of T cells
(P =0.002) as compared with the unstimulated control T cells,
while 5 ug OVA induced activation of nearly all T cells (Figure
1F). Accordingly, DCs from CS7BL/6 mice pulsed with W33 — the
2D OVA-containing fraction of fractionated RMA-OVA lysate
— induced activation of the majority of cocultured, naive OT-I
CD8" T cells, as shown by increased CD69 expression (Figure 1G).
[*H]thymidine uptake of CD8" T cells after coculture with pulsed
DCs revealed that proliferation of T cells originating from the
experiment with OVA-containing RMA-OVA lysates was consider-
ably higher than proliferation of the cells in OVA-free experiments
(Figure 1H). It is noteworthy that the proliferation rate of T cells in
the OVA-free experiment was similar to that of T cells cocultured
with unpulsed DCs. These experiments show for the first time to
our knowledge that the proteins processed by PF2D can be cross-
presented by antigen-presenting cells via MHC I molecules, allow-
ing them to be recognized by CD8" T cells.

Identification of potential immunogenic proteins. To investigate whether
the PF2D system is suitable for identifying T cell target antigens
in diseased human tissues, we first wanted to determine whether
a known tumor antigen could be recognized by autologous T cells
within separated tumor protein fractions. For this experiment, we
selected MUC1 as a model tumor antigen because it is abundantly
expressed in many epithelial cancers, it is immunogenic (17), and
it can be detected reliably in tumor lysates by IP using a MUC1-
specific mAb. We applied an ex vivo short-term IFN-y ELISPOT
assay that can exclusively detect preexisting memory T cells (18)
by using autologous DCs from the patients as antigen-presenting
cells. Here, 2 x 10* DCs/triplicate well were pulsed with synthetic
long peptides derived from MUC1, with autologous tumor lysate
as a source of undefined TAAs, or with respective negative control
antigens (hulgG or autologous PBMC lysates). We first tested for
the presence of T cells reacting against synthetic long peptides
derived from the MUCI signaling sequence (p1-100, MUClss)
or from the tandem repeat region (p137-157, MUCl1tr) in 5 head
and neck cancer patients by using this method. We identified one
patient (HN-1) showing a robust T cell response against MUC1tr
but not MUC1ss (Figure 2A). We then separated cryopreserved
tumor lysate from HN-1 by PF2D, pulsed the resulting protein
preparations onto autologous DCs, and evaluated the reactivity
of the patient’s T cells against the proteins present in these frac-
tions by IFN-y ELISPOT. We found a dominant T cell reactivity
against proteins in fraction A, and only in this fraction was MUC1
protein detected by IP (Figure 2, B and C). In an ex vivo ELISPOT
assay, we then identified another head and neck cancer patient
(HN-2) showing a strong T cell reactivity against autologous
tumor tissue-derived antigens (Figure 2D). In this patient we sim-
ilarly tested T cell reactivity against separated protein fractions
of the autologous tumor tissue. T cells from this patient reacted
against a variety of fractions, including fraction A (Figure 2E). By
IP, we detected the presence of MUCI protein, again exclusively in
fraction A. In order to assess whether MUC1 was a target antigen
of the T cells from this patient in fraction A, we then evaluated
T cell reactivity to synthetic MUC1tr. Indeed, we observed a strong
T cell response against MUCI in this patient (Figure 2F). These
observations suggest that preexisting, tumor antigen-specific
T cells in cancer patients can identify PF2D-separated protein frac-
tions containing the respective tumor antigen. Thus, this method
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might also be suited for identifying so-far-unknown immunogen-
ic tumor antigens. To test whether by MS we could identify other
defined tumor antigens as target antigens of tumor-reactive T cells
in patient HN-2, we homogenized another cryopreserved tumor
specimen from this patient and subjected it to 1D fractionation.
All 1D fractions that were proven to be immunogenic by ELISPOT
assay were further separated in the second dimension. From these
2D fractions, we selected those fractions that contained the high-
est protein peaks according to the PF2D elution profile in order to
analyze immunogenicity by ELISPOT assay. MS was performed in
the 5 most immunogenic of a total of 74 2D fractions to identify
protein (Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI37646DS1). This MS anal-
ysis revealed that immunogenic fractions contained the following
well-known TAAs: EGFR (19, 20) and Her-2/neu (21, 22). To deter-
mine whether either of these TAAs was recognized by a popula-
tion of preexisting memory T cells, we next used well-described
synthetic long peptides (EGFR479.528, Her-2/neussi-3s4) (23) as test
antigens in ELISPOT assays using blood from the same patient.
As shown in Supplemental Figure 1, we could clearly demonstrate
that EGFR was recognized as an immunogenic TAA, while Her-2/
neu was not recognized by the patient’s immune system. We con-
clude from these analyses that this method is suitable to identify
“classic” T cell target antigens in tumor tissues. Thus, it might
also be suitable for identifying other so-far-unknown immuno-
genic tumor antigens.

Therefore, we searched for exemplary tumor patients whose
peripheral blood contained tumor tissue-reactive memory T cells,
again by using ex vivo IFN-y ELISPOT. With this method we ana-
lyzed spontaneous T cell reactivity against tumor tissue antigens
in a total of 11 different patients (4 patients with brain tumors,
2 with colorectal carcinomas, and 5 with head and neck cancer).
Tumor-reactive T cells were found in the blood of 10 of these
patients, but none were found in the remaining 1 patient (data
not shown). From among the 10 patients, we selected patient
NCHS550 with a WHO grade III astrocytoma, whose blood con-
tained tumor-reactive T cells at a high frequency of approximately
200/10° total T cells (Figure 3A).

We next subjected 2.5 mg of the tumor lysate from patient
NCHS50 to the PF2D 1D separation to identify major immuno-
genic fractions. Here, 100 ul of 11 1D fractions displaying pro-
tein peaks in the UV spectrum were purified by ultrafiltration and
used to pulse autologous DCs. Autologous PBMC lysate served
as negative control antigen. Seven fractions (F10, F13-15, F18,
F19, and F21) were recognized by autologous T cells (Figure 3B).
These fractions were then transferred to 2D fractionation, result-
ing in 40 subfractions each. Again, only subfractions displaying
protein peaks in the UV spectrum were further tested for T cell
recognition, resulting in up to 2 immunogenic fractions originally
derived from the 1D fractions F10, F14, F18, and F21 (Figure 3C).
Subfractions of the highly immunogenic fraction 15 did not cause
considerable T cell stimulation, which might be due to an even
distribution of multiple, weakly immunogenic antigens or to a
loss of the antigenic determinant during the second separation
procedure. For validation, we repeated the fractionation proce-
dure with freshly prepared tumor lysate. Respective reactivity of
newly obtained peripheral blood-derived T cells against identified
immunogenic 2D fractions demonstrated stable T cell reactivity in
the patient against 4 of 6 fractions (Figure 3D). In order to evaluate
the applicability of this method to patients with lower frequencies
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Expression of potentially immunogenic proteins in tumor tissue of patient NCH550. (A) In the first step, expression of identified antigens was vali-
dated by RT-PCR. Total RNA was isolated from tumor tissue and respective positive controls: HepG2 cell line for TTR, HNO41 tonsil carcinoma
for DSG-1, S100A8 and S100A9, and normal skin tissue for DCD and hornerin (HRNR). Expression of TTR, DSG1, calgranulin subunits S7100A8
and S700A9, as well as DCD could be confirmed in the patient’s tumor tissue, while HRNR mRNA was only detected in the positive control. (B)
TTR, calgranulin B/S100A9, DSG-1, and DCD were further tested for protein expression by double immunofluorescence staining in order to
identify their cellular distribution pattern in the patient’s tumor tissue. Tumor cells were labeled with anti-GFAP antibodies, endothelial cells with
anti-CD31 antibodies, and nuclei with DAPI. While TTR protein was found solely in a subpopulation of GFAP-positive tumor cells, calgranulin B/
S100A9 and DSG-1 were detected on both endothelial cells and on a few tumor cells. In contrast, DCD expression was predominantly seen on
CD31-postive endothelial cells rather than on tumor cells. Scale bar: 50 um.

The Journal of Clinical Investigation  http://www.jci.org ~ Volume 120  Number6  June 2010 2235



technical advance

A TTR primary structure and polypeptides

_-ﬁ—-—-—q—n--wm,—-—--—

mashrlllic laglvfvsea gptgtgeske plmvkvidav rgspainvav hvitkaaddt wepfasgkts esgelhgltt eeefvegivk veidiksywk algispfheh aevvitands gprrytiaal lspysystta vvinpke

'I"I‘Rprmlmr 'I"I‘RII-I-H'-" = 'l-l‘R-‘
TTR,,, = TTR, —
TTR = TTR, —
st - TTR 01-147 TTR.\
B 200- T cell activation by TTR polypeptides C T cell activation by TTR, polypeptides
w 1754 400
S 150~ <0.0001 é <ol
= <o
w125 -
Z 100~ = 0.002
5] Z
% 75 ‘g 0,002 0.002
X1 w
Z 504 5
= .
254 E
Y < G
E > NP AP
SRR X IR SIS RNRN \ \
CD3 CD8 CD4
D Immunogenic region of TTR E Potential HLA-I-restricted TTR peptides
esgelhgltt eeefvegivk veidtksywk algispfheh acvvitands gprrytiaal lspysystta vvinpke 1 al g15p fheh : evvftand
TTR, 3 —
4 ——
2 TTR,g, 147 =TTR, g —
s I .
algispfheh aevvitand ?u —_——
1 ——
12 I —————
13
14
15
16
F 5. T cell activation by TTR peptides G Recognized TTR epitopes
2 3 o HLA-A*0101 algispfhehaevvftand
151 < = = = - —_—
= 50 1 § = = 2
S HLA-A*0201 algispfhehaevvftand
- G ———
é 25 _ B
i I" I"‘I HLA-B*4101 algispfhehacvvftand
é 0 = :
SYOS& 123456 7 8910111213 14 15 16
é) & QQ “So S

Figure 5

TTR as target antigen of autologous T cells from NCH550. (A) Molecular structure and amino acid sequence (AAS) of TTR and TTR precursor
(protein ID NP_000362). Black lines indicate synthetic polypeptides used for T cell stimulation. (B) Recognition of synthetic polypeptides by
NCH550 T cells in IFN-y ELISPOT assay. Autologous PB-L, human IgG, T cells, and DCs served as negative controls. DCs pulsed by TTR3
resulted in significantly increased IFN-y spot numbers. (C) Significant reactivity of total CD3, CD8+, and CD4+ T cells against DCs pulsed with
either total autologous tumor lysate or with synthetic TTR3 as compared with PB-L control. (D) AAS of the immunogenic region of TTR as
revealed by IFN-y ELISPOT assays using synthetic polypeptides. (E) AAS of predicted epitopes potentially presented by different HLA-I mol-
ecules of NCH550 (HLA-A*0101-restricted epitopes, black; HLA-A*0201—restricted epitopes, blue; HLA-B*4101, red; HLA-B*5101, green).
Colored asterisks indicate epitopes that may be also presented by other HLA-I molecules. (F) Recognition of HLA-I-restricted peptides (E). DCs
pulsed with autologous PB-L, human IgG, and HLA-A0201-restricted peptide from HIVgag served as negative control antigens. White bars
indicate unstimulated or PB-L—stimulated subpopulations of CD3*, CD8+, or CD4+ T cells; black bars show significantly increased IFN-y spot
numbers as compared with PB-L control; gray bars show nonsignificant T cell responses. (G) AAS of identified immunogenic target epitopes of
TTR restricted to HLA-A*0101, HLA-A*0201, and HLA-B*4101 as recognized by T cells from patient NCH550 are indicated by black lines. Small
indices correspond to peptide numbers as shown in E and F.
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Table 1

Potential HLA-|-restricted epitopes of TTR11-119 (ALGISPFHEHAEVVFTAND) according

to the epitope prediction algorithm SYFPEITHI

Epitope Epitope Epitope  Epitope sequence HLA allele
number  position? length®

1 1-10 10 ALGISPFHEH HLA-A*0101
1 1-10 10 ALGISPFHEH HLA-A*0201
2 7-16 10 FHEHAEVVFT HLA-A*0101
2 7-16 10 FHEHAEVVFT HLA-B*5101
3 10-19 10 HAEVVFTAND HLA-A*0101
4 8-15 8 HEHAEVVF HLA-A*0201
5 9-16 8 EHAEVVFT HLA-A*0201
6 10-17 8 HAEVVFTA HLA-A*0201
7 1-9 9 ALGISPFHE HLA-A*0201
8 3-11 9 GISPFHEHA HLA-A*0201
9 5-13 9 SPFHEHAEV HLA-A*0201
9 5-13 9 SPFHEHAEV HLA-B*0801
9 5-13 9 SPFHEHAEV HLA-B*5101
10 4-13 10 ISPFHEHAEV HLA-A*0201
10 4-13 10 ISPFHEHAEV HLA-B*5101
11 8-17 10 HEHAEVVFTA HLA-A*0201
12 6-16 1 PFHEHAEVVFT HLA-A*0201
13 7-17 11 FHEHAEVVFTA HLA-A*0201
14 6-14 9 PFHEHAEVV HLA-B*0801
15 2-10 9 LGISPFHEH HLA-B*5101
16 5-14 10 SPFHEHAEVV HLA-B*5101

ARefers to the position in the peptide ALGISPFHEHAEVVFTAND. BNumber of amino acids.

of tumor-reactive T cells, we performed PF2D fractionation and
immunogenicity testing with fractionated tumor tissue antigens
from the other 10 tested patients. Among them, in all 9 patients
showing tumor-reactive T cells against unseparated whole tumor
tissue lysate in the pretest, we also detected significant T cell reac-
tivity against one or more tumor protein fractions. In contrast, the
patient without detectable T cell reactivity against tumor tissue
lysate did not show any considerable response against any sepa-
rated tumor protein fraction (data not shown).

In the next step, we identified those proteins that were recog-
nized by T cells, using NCHS50 as an exemplary patient. By mass
spectrometry several proteins could be identified in each of the
remaining 6 fractions (Figure 3E). Some of them, such as keratins,
were present in all wells, irrespective of their immunogenicity, sug-
gesting that the test wells were exogenously contaminated, which
is a well-known phenomenon in proteomics research (24). This was
also likely the case with dermcidin (DCD), which was also detected
in most fractions, including the nonimmunogenic fraction F18-j.
Others can be considered as housekeeping antigens (actin) or
unspecific, blood-derived contaminations of the lysate (hemo-
globins) and therefore were not tested further for antigenicity.
The remaining identified proteins represented different isoforms
of transthyretin (TTR), the calgranulin subunits A/S100A8 and
B/S100A9, desmoglein-1 (DSG-1), hornerin, and lipocalin-1.

We then evaluated the expression of these antigens by RT-PCR
and immunofluorescence in the tumor tissue of patient NCH550.
We confirmed mRNA expression of TTR, calgranulin A/S100A8,
calgranulin B/S100A9, DCD, and DSG1, but not of hornerin (Fig-
ure 4A). Thus, the presence of hornerin was considered to result
from handling of the samples. Subsequent protein analysis
revealed heterogeneous expression of TTR on glial fibrillary acidic
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protein-positive (GFAP-positive) tumor
cells but not on endothelial cells, while cal-
granulin B/S100A9 and DSG-1 were found
in a small subpopulation of both cell types.

Estimated In contrast, DCD could only be detected in
binding capacity endothelial cells (Figure 4B).

2818.8 Taken together, our results identify TTR,
1363.6 calgranulin A/S100A8, calgranulin B/S100A9,
2968.3 DSG-1, and DCD as potential immunogenic
768.4 tumor tissue-derived proteins.
648.2 Immunogenicity and epitope characteriza-
2711.0 tion of potential TAAs identified by PF2D. To
140.6 determine whether the identified proteins
2321.2 .
3004 6 could be the target antigens of the observed
97505 T cel.l responses in patient NCHS50, we syn-
4360.5 thesized large, overlapping polypeptides of
1838.2 the respective antigens and used them as
2456.4 test antigens in IFN-y ELISPOT assays with
3310.8 patient-derived T cells. Since we were deal-
4025.4 ing with proteins instead of cell lysates here,
1063.4 we took human IgG as an additional nega-
3342.5 tive control antigen for DC pulsing. Amino
;g?gg acid sequences of the different TTR subunits
572.'7 and the resulting T cell responses against
4053.7 the respective synthetic peptides are shown

in Figure 5, A and B. To exclude the possi-
bility that T cells reacted against potentially
mutated epitopes of tumor cell-derived
TTR, we sequenced the whole TTR gene from
the tumor-derived RNA of patient NCHS550 but did not detect any
mutations (Supplemental Figure 2). Furthermore, we identified
TTRyo1-147 (TTR3) as the most immunogenic region of TTR (Figure
5B). A more detailed analysis of TTR; recognition by ex vivo puri-
fied CD4* or CD8* T cells revealed the presence of TTRs3-specific
T cells in both T cell populations (Figure 5C), with a particularly
strong CD8* T cell response. Interestingly, TTR3 recognition was
also even stronger than recognition of whole tumor lysate, which is
most likely due to the much higher concentrations of the synthetic
peptide. Based on the observed T cell responses to TTR peptides,
we were able to confine the immunogenic region to a peptide of
19 amino acids (Figure SD). On the basis of the well-established
algorithm SYFPEITHI for predicting HLA allele-restricted epit-
opes (25), we identified 16 different peptides as potential candi-
dates for presentation by the patient’s HLA-I alleles HLA-A*0101,
HLA-A*0201, HLA-B*4101, and HLA-B*5101 to CD8" T cells (Fig-
ure SE and Table 1). We synthesized these peptides and used them
as test antigens in an ELISPOT assay. As an additional appropriate
negative control antigen, we employed an HLA-A*0201-restrict-
ed peptide derived from HIVgag. Five of the 16 tested peptides
restricted to at least 2 HLA-I alleles caused a significant T cell
response, demonstrating that the repertoire of TTR-specific CD8*
T cells was polyvalent (Figure 5, F-G).

Analogously, we investigated whether calgranulin could repre-
sent the immunogenic antigen in fractions F14-i, F14-j, and F18-c.
Calgranulin consists of 2 homologous subunits, SI00A8 and
S100A9, and some shorter variants. We generated large, overlap-
ping peptides of these subunits (Figure 6A) and performed an
IFN-y ELISPOT assay to test whether they were recognized by the
patient’s T cells. T cell recognition was only found for calgranulin B/
S100A9 (Figure 6B), predominantly for SI00A9.o. To define the
Volume 120 Number 6
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Figure 6

Calgranulin B/S100A9 but not DSG-1 or DCD is a target antigen of autologous T cells. (A) Molecular structure and AAS of calgranulin B subunits
S100A8 (protein ID NP_002955), S100A9 (protein ID NP_002956), and shorter variants (C-chain protein ID 1XK4_C). Black lines indicate AAS
of synthetic polypeptides used for T cell stimulation. (B) Significant recognition of S100A9 C-chain (C-ch), peptide-1 (Ag1), and peptide-2 (Agz) by
NCH550 T cells as compared with IgG control. (C) Scheme and AAS of immunogenic region of S1T00A9 as revealed by IFN-y ELISPOT assays
using synthetic polypeptides (A and B). Red lines indicate significant recognition. Blue lines indicate AAS of overlapping 20-meric peptides used
for further characterization of immunogenic epitopes. (D) Significant recognition of peptide-1 by NCH550 T cells as compared with PB-L control.
AAS of immunogenic region is shown in red. (E) Significant reactivity of total CD3, CD8*, and CD4+ T cells against DCs pulsed with total autolo-
gous Tu-L or peptide-1 (Pep-1) as compared with PB-L control. White bars indicate unstimulated subpopulations of CD3+, CD8*, or CD4+ T cells.
(F-H) Reactivity of NCH550 T cells against DCs pulsed with synthetic polypeptides DSGeg1.100 and DSGz11-245 (DSG-14 and DSG-12 respectively;
protein-ID NP_001933) spanning 2 described immunogenic regions of DSG-1 (F-H) or with DCD1.40, DCD31.70, and DCDej.110 (DCD+, DCD», and
DCDjs, respectively) of DCD (protein ID NP_444513) (G and H) by NCH550 T cells. (H) Validation of negative results; polypeptide TTR3 served
as positive control. Tests were performed in 3 independent experiments at 3 different time points (B, D, E, H).
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Figure 7

TTR and calgranulin B/S100A9 are frequently recognized in patients with brain tumors and can
be recognized by T cells on antigen-expressing tumor cells. DCs from another 10 different brain
tumor patients were pulsed with synthetic peptides derived from TTR,, ,,, (TTR) or calgranulin
B/S100A9, 4, (S100A9) as test antigens or with human IgG as control antigen at a concentration
of 200 ug/ml and used for stimulation of blood-derived T cells from the same patients in triplicate
wells in IFN-y ELISPOT assays. (B and C) Response of T cells from NCH656b against calgranulin
B and TTR expressed by COS7 tumor cells. COS7 cells were transfected with calgranulin B (A) or
TTR (B) either alone (C/— or TTR/—, respectively), which served as negative controls (white bars),
or together with respective HLA-I molecules expressed by NCH550 cells (test groups). Transfected
COS7 cells were cocultured with T cells from NCH550, and T cell reactivity was evaluated by IFN-y
ELISPOT assay. IFN-y spot numbers secreted by T cells were calculated by subtracting back-
ground spots derived from transfected COS7 cells alone. Black bars indicate significantly increased
IFN-y spot numbers as compared with HLA-deficient control; gray bars indicate nonsignificant T cell
response; white bars indicate negative control group containing T cells cocultured with COS7 cells
transfected with the respective tumor antigens but not with respective HLA-I molecules.

technical advance

malignant brain tumor might also rep-
resent major target antigens in brain
tumors in other patients. To this end
we performed ex vivo IFN-y ELISPOT
assays to test the specific reactivity of
blood-derived T cells from a total of 10
additional brain tumor patients (9 glio-
mas and 1 medulloblastoma) against
synthetic peptides derived from the most
immunogenic epitopes of TTRyo1-147
and S100A9;.¢, using human IgG as
a negative control antigen. As shown
in Figure 7A, we detected TTR-specific
T cell reactivity in 4 patients and S100A9-
specific T cells in 3. Interestingly, the
latter patients also showed significant
T cell reactivity against TTR. Therefore,
TTR and S100A9 appear to be common
target antigens in brain tumors.

The proteasome of DCs can differ from
that of tumor cells, leading to a poten-
tially different repertoire of peptides pre-
sented by the two cell types. Moreover,
spontaneous T cell responses recogniz-
ing tumor antigens presented by DCs
but not by tumor cells or tumor stroma
cells might be functionally irrelevant.
Since we observed a particularly strong
T cell response against DC-presented
TTR and S100A9 in patient NCH656b
(Figure 7A), we assessed in this patient
whether these SI00A9- and TTR-specific
T cells were also able to recognize both
antigens when they were expressed by
tumor cells. Therefore, we transfected
COS7 tumor cells with the respective
antigens with (test group) or without
(negative control group) cotransfecting
the respective HLA-I molecules expressed
by NCH656b and cocultured them with
the patient’s T cells in an IFN-y ELISPOT
assay. As shown in Figure 7, B and C, we
obtained significant T cell responses
against both antigens: SI00A9-specific
T cell reactivity was restricted to HLA-
A02 and HLA-BO8 (Figure 7B), while
TTR-specific T cells were restricted to
HLA-B08, HLA-B51, and HLA-Cw07
(Figure 7C). Thus, the observed T cell

immunogenic epitope in more detail, we synthesized overlapping
20-meric peptides of the respective region (Figure 6C) and iden-
tified S100A911.30 as the immunogenic epitope (Figure 6D). This
epitope was recognized both by CD8" and CD4* T cells of patient
NCHSS50 (Figure 6E).

Finally, we tested whether the patient’s T cell repertoire recog-
nized DSG-1 and DCD. Neither of these antigens was recognized
in repeated testings (Figure 6, F-H).

T cell responses against TTR and S100A9 are common in brain tumor
patients. We next assessed whether the two antigens identified as
potential major target antigens of tumor-specific T cells in one
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responses were also able to recognize candidate TAAs when these
were endogenously processed and presented by tumor cells.

Discussion

Here we describe an unbiased, inexpensive, and quick approach
for identifying candidate T cell immunogenic antigens expressed
by various cell types, including stromal cells in tissues, on the basis
of the patients’ own repertoire of antigen-specific memory CD4*
T helper and CD8* cytotoxic T cells. Protein separation and identi-
fication and the series of 4-5 subsequent ELISPOT assays that are
required to identify and verify candidate T cell target antigens ina
Volume 120 2239
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patient’s tissue can be performed within 2 months. This approach
has become technically feasible by the recent introduction of the
automated PF2D system for 2D protein separation. The method
provides liquid protein fractions that are directly accessible for
identification and for transfer to functional assays. Although the
fractionation process is carried out under partially denaturing
conditions, antigen uptake, processing, and cross-presentation by
DCs are not impaired. This is in accordance with previous observa-
tions that protein denaturation increases uptake, processing, and
presentation by DCs and thus increases overall immunogenicity
(26-28). Importantly, the amounts of purified proteins obtained
from the separation process were sufficient for recognition by
memory T cells. Purified and fractionated OVA induced activa-
tion of naive OT-I T cells at concentrations of 1 ug/ml. Fraction-
ated OVA from RMA-OVA cells was still recognized at about 10- to
50-fold lower concentrations. Compared with the naive T cells that
we used for OVA experiments, far lower amounts of antigen are
needed to activate memory T cells responding to antigens in the
human situation (29). As demonstrated by the identification of
two well-known immunogenic TAAs from a patient with head and
neck cancer as well as two new immunogenic antigens in a patient
with a WHO grade III astrocytoma (NCHS550), our data suggest
that the proposed procedure is sufficiently sensitive for identifying
major immunogenic determinants in tissues. However, this meth-
od may not be able to detect minor amounts of target antigens.

Since our method is based on the processing of proteins by the
immunoproteasome of DCs, we could not exclude the possibility
that the respective T cell responses are restricted to antigen presenta-
tion by professional antigen-presenting cells such as DCs or macro-
phages and thus may not directly target antigens presented by tumor
cells or tissue stromal cells. In order to address this, we tested T cell
reactivity against MHC-deficient tumor cell lines transiently trans-
fected with the respective HLA molecules and one of the newly iden-
tified antigens, TTR or S100A9. In these experiments, we confirmed
the relevance of the postulated TAAs in an HLA-restricted fashion.

By using the present method, in contrast to all other approaches,
CD4" and CD8" T cell responses ex vivo against intact proteins
independent of HLA subtypes, the cellular source of the antigen,
and the current state of mRNA expression within the tissue can
be detected immediately. The latter point may be of importance,
since many antigen identification approaches are based on dif-
ferential gene expression without recognizing the more relevant
differences in protein expression (29). Additionally, the observa-
tion that even different isoforms and modifications of proteins
can be separated by PF2D technology (10) in combination with
our findings makes this newly introduced system highly suitable
in the quest for T cell target antigens.

In summary, we identified 4 different proteins in glioma-derived
immunogenic protein fractions, TTR, calgranulin B/S100A9,
DSG-1,and DCD, that were expressed in the mRNA of the respec-
tive tumor tissue and at the protein level by tumor cells (TTR, cal-
granulin B/S100A9, DSG-1) or by endothelial cells (calgranulin B/
S100A9, DSG-1, DCD). Of these, only TTR and calgranulin B/
S100A9 represented candidate target antigens of spontaneous
CD4* and CD8" T cell responses, demonstrating that spontane-
ous antitumor immune responses are not exclusively directed
against tumor cell-associated antigens but can be induced against
tumor stroma-associated antigens, too. Anti-stromal cell immune
responses have been hitherto largely unrecognized but may play a
fundamental role in immunopathology.
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TTR, alow-molecular-weight protein, is involved in the transport
of thyroxin and retinol by interacting with retinol-binding protein
(30-32). Under normal conditions it is mainly found in the liver
and to a lesser extent in the pancreas, the brain, and the blood (33).
TTR-deficient mice show lower levels of retinol and retinol-binding
protein, which in turn was shown to be associated with malignant
transformation of the ovarian epithelium (34, 35). Accordingly,
upregulation of TTR in lung adenocarcinoma patients with brain
metastasis has been reported, which is in agreement with our findings
thatincreased TTR expression is part of the high-grade proteomics
signature of WHO grade IV gliomas (36, 37). Calgranulin is a Ca*-
binding protein that is overexpressed in a variety of human tumors,
including breast, lung, gastric, and pancreatic cancer (38-40).
While in a healthy organism it is predominantly found in the
blood, it is strongly upregulated in acute inflammatory processes
such as appendicitis (33, 41, 42). Regarding its functional activity
in tumors, it contributes to the invasive phenotype in gastric cancer
cells and has chemotactic properties (43). Both proteins might be
considered as autoantigens, since they are also expressed in healthy
tissues. Still, the presence of high numbers of antigen-reactive type 1
CD4" and CD8" memory T cells in the peripheral blood of the
patient suggests a constant triggering of T cell responses against
these antigens, which might be associated with their expression in
the tumor tissue. Interestingly, both brain tumor tissue-associated
antigens appear to represent common target antigens of tumor-
specific T cells, since we detected preexisting T cell responses with
specificity against one or both antigens in 4 of 10 additional cases.

In conclusion, we demonstrated that proteins fractionated by PF2D
can be efficiently taken up by DCs, processed, and cross-presented to
antigen-specific T cells and are suitable to specifically reactivate pre-
existing memory CD4" and CD8" T cell responses in patients. There-
fore, natural repertoires of tumor-specific T cells can be exploited by
the PF2D technique to identify in tissues as-yet-unknown or indi-
vidual candidate antigens of potential clinical relevance.

Methods
Cell culture and patient samples. Tumor cell lines (RMA, RMA-OVA, HepG2,
HNO41) were cultivated as described previously (44). For the tissues and
blood samples used, written informed consent was obtained from patients
according to the research proposals approved by the Institutional Review
Board at the Medical Faculty of the University of Heidelberg. For PF2D analy-
sis cells and tissues were lysed in 2 ml lysis buffer (12). Before lysis, tissues were
mechanically dissected into small pieces by use of an Ultra-Turrax (IKA). After
centrifugation, the lysates were desalted, and buffer was exchanged to start
buffer (Beckman Coulter) using PD10 Sephadex G-25 columns (Amersham).
After elution of samples with 3.5 ml start buffer, the protein content was
determined using the Micro BCA Protein Assay Kit (Thermo Scientific).
PFE2D 2D liquid chromatography. A total of 1 mg OVA or 2.5 mg lysate dis-
solved in start buffer was injected into the 1D column of the PF2D system
according to the manufacturer’s instructions (Beckman Coulter). During
chromatofocusing, the samples were fractionated first in 6x 1.5-ml frac-
tions starting at pH 8.5 and in a pH gradient between pH 8.5 and 4 at inter-
vals of 0.3 pH units and a flow rate of 0.2 ml/min. Fractions were collected,
and the absorbance data (detected at 280 nm) were analyzed for relevant
protein peaks. From those fractions recognized by patient’s T cells, 200 ul
was sequentially injected to the 2D reversed-phase HPLC column heated
to 50°C. The second dimension consisted of a 30-minute linear gradient
starting from 5% to 100% acetonitrile containing 0.08% trifluoroacetic acid
into distilled water containing 0.1% trifluoroacetic acid at a flow rate of
0.75 ml/min. Eluted proteins were detected by UV absorbance at 214 nm
Volume 120
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and immediately collected in 96 deep-well plates (450 ul/well). The UV
absorbance data were further analyzed by ProteoVue and DeltaVue soft-
ware (Beckman Coulter). Positive fractions were dried by centrifugation in
a SpeedVac centrifuge (Bachofer), resolved in 10 ul 100 mM ammonium
bicarbonate, and stored at -20°C before being subjecting to further T cell
activation assays and protein identification by liquid chromatography-
electrospray ionization-tandem MS (LC-ESI-MS/MS) (NextGen Sciences;
Protagen; Core Facility, German Cancer Research Center).

Dot blot. Fractions collected after 2D separation were dotted on activated
PVDF membrane (Roche), followed by incubation with blocking buffer
(5% dry milk in TBST), rabbit anti-OVA antibody (1:1,000, Sigma-Aldrich),
and HRP-labeled donkey a-rabbit IgG antibody and visualized by ECL-
Plus luminescence staining (all Amersham).

Primary OT-I T cell activation. DCs were isolated from spleens of C57BL/6
mice by magnetic beads labeled with anti-CD11c antibodies (CD11c MACS-
beads, Miltenyi). All animal experiments were approved by the Institutional
Animal Care and Use Committee of the German Cancer Research Center,
Heidelberg, and by the government of the Federal State of Baden-Wiirttem-
berg, Germany. Aliquots of DCs (2 x 10*/well) were pulsed overnight with
different concentrations of PF2D-fractionated OVA protein. After 3 hours,
20 ng/ml LPS (Sigma-Aldrich) was added to induce DC maturation. CD8*
T cells were purified by anti-CD8 magnetic beads (Miltenyi) from spleen
cells of naive OT-I mice and cocultured with OVA-pulsed DCs at a ratio of
1:5 for 6 hours (CD69 expression) or 24 hours (proliferative activity).

Flow cytometry. T cells from stimulation cultures were stained with the fol-
lowing anti-mouse mAbs: anti-CD69-FITC and anti-CD8-PE (all BD) for
30 minutes on ice. Dead cells were labeled with 1 ug/ml propidium iodide
(Abcam) and excluded from analysis. Recordings were made from a minimum
of 5 x 10* cells on a FACSCalibur (BD) using FlowJo 4.3 software (Tree Star).

T cell proliferation. After primary T cell activation, [*H]|thymidine (GE
Healthcare Europe) at 1 uCi/well was added for 16 hours of culture, and
[*H] incorporation was measured using a liquid scintillation counter (1450
MicroBeta, PerkinElmer).

PCR. RT-PCR was performed as described previously (45) using 2 ug of
total RNA for reverse transcription. Amplification of cDNA was performed
in 40 cycles at 58°C annealing temperature. The PCR primers used are listed
in Supplemental Table 1.

Immunofluorescence. Double immunofluorescence staining for TTR,
calgranulin B/S100A9, DSG-1, DCD, GFAP, and CD31 was performed as
described previously (45). Antibodies and their concentrations are listed in
Supplemental Table 2.

Antigens used for human T cell assays. Test antigens were lysate from cryo-
preserved autologous NCHS550, HN-1, and HN-2 tumors after mechanical
homogenization with an Ultra-Turrax and filtration (0.22 um filter, Milli-
pore); synthetic polypeptides from MUC1, EGFRu79.525 (23), Her-2/neussi.3s4(23),
TTR, calgranulin subunits SI00A8 and S100A9, DSG-1, or DCD; and
synthetic HLA-I-restricted peptides from TTR (all at 200 ug/ml) or total
tumor protein fractions from 1D or 2D PF2D separation. Control antigens
were lysates from PBMCs of NCH550, HN-1, and HN-2, human immuno-
globulin (Endobulin, Baxter), synthetic polypeptide of human IgG140.89 (23),
and/or HLA-A2-binding peptide HIVgagy7.ss.

Generation of human T cells and DCs. DCs were generated as described
previously (46). In brief, adherent cells from peripheral blood were cul-
tured for 7 days in serum-free X-VIVO20 (LONZA) containing 50 ng/ml
rhuGM-CSF (Leukine [sargramostim]) and 1,000 U/ml IL-4 (Promocell).
DCs were enriched using anti-CD3- and anti-CD19-coupled magnetic
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beads (Invitrogen) and pulsed for 2 hours with test or control antigens.
Human T cells were cultured for 7 days in RPMI (Invitrogen) containing
10% AB serum (PAN Biotech), 100 U/ml IL-2 (Proleukin, Chiron), and
60 U/ml IL-4, followed by overnight incubation without interleukins and
separation from contaminating cells by anti-CD19, anti-CD15, and anti-
CDS56 magnetic beads (47).

IFN=y ELISPOT assay. IFN-y-producing T lymphocytes were determined
as described previously (47). Briefly, antigen-pulsed DCs were incubated in
3-5 wells/test group with autologous T cells at a ratio of 1:5 for 40 hours.
IFN-y spots were measured using KS ELISPOT software (Zeiss). Spots
induced by control antigens were considered as background.

Expression of S100A9 and TTR cDNAs. We obtained cDNA clones encoding
human S100A9 (IRATp970G0775D, accession no. BC047681) and human
TTR (IRALp962D2416Q, accession no. BC005310) from imaGenes. The
S100A9 and TTR full-length cDNAs were subcloned from pCMV-Sport6
and pDNR-LIB vectors, respectively, into the expression vector pcDNA3.1+
(Invitrogen) and confirmed by sequencing. The pcDNA3.1+ plasmids were
transiently transfected into COS?7 cells cultured in 6-well plates by using
Lipofectamine 2000 (Invitrogen) according to the instructions of the
manufacturer. At day 3 after transfection, the expression of S1I00A9 and
TTR proteins was verified by immunocytochemistry by using mouse anti-
MRP-14 (S100A9) or sheep anti-TTR antibodies and peroxidase-labeled
secondary reagents. Strong expression could be detected in 30%-40% of
COS7 cells. For use in the IFN-y ELISPOT assay, COS7 cells were trans-
fected with either pcDNA3.1+/S100A9 or pcDNA3.1+/TTR together with
pcDNA plasmids containing HLA-A*0101, HLA-A*0301, HLA-B*0801,
HLA-B*3501, or HLA-Cw*0702 cDNAs.

HLA typing. HLA typing of patient NCHSS50 was performed as described
previously (48) by the Department of Transplantation Immunology at the
Institute of Immunology of Heidelburg University Hospital.

Epitope prediction. We used the well-established algorithm SYFPEITHI for
prediction of HLA-restricted epitopes of candidate antigens (25).

Statistics. Statistical evaluation was performed using an unpaired 2-sided
Student’s ¢ test. P values of 0.05 or less were considered significant. In all
figures, numbers above the bars indicate the significant P values as com-
pared with respective negative control wells. If not indicated otherwise,

error bars in all figures show the mean + SEM of 3-5 wells.
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