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Mimotopes of Tumor-Associated T-Cell Epitopes for Cancer Vaccines
Determined with Combinatorial Peptide Libraries

Tumenjargal Sherev,”* Karl-Heinz Wiesmiiller,> and Peter Walden’

Abstract

Cytotoxic T-cells are the most important effector cells in immune responses against tumors. The identi-
fication of tumor-associated epitopes for these cells, therefore, has become a key aspect of the development
of cancer vaccines. Here, we describe a new approach to the determination of tumor-associated T-cell
epitopes which employs combinatorial peptide libraries with singly defined sequence positions in a random-
ized context. The analysis of the responses of a T-cell clone to these libraries yields the amino acid constitu-
ents of the epitope which can be combined to obtain mimotopes that are suitable as vaccine antigens for the

induction of tumor-specific responses.

Index Entries: Brefeldin-A; combinatorial peptide library; SEREX, serological analysis of tumor anti-
gens by recombinant cDNA expression cloning; TAA, tumor-associated antigen; TATE, tumor-associated

T-cell epitope.

1. Introduction

The identification of tumor-associated antigens
(TAA) is of major importance for the develop-
ment of tumor-antigen-specific therapeutic and
prophylactic vaccines, and is a prerequisite for the
immune monitoring of tumor-specific immune
responses, including the immunologic effects of
therapeutic interventions. Knowledge about TAA
provides insights into the physiologic state of tu-
mor cells and information about the interrela-
tionship of tumors and the immune system, and
thereby adds to the understanding of cancer. Cy-
totoxic T lymphocytes (CTL) play a central role
in the immune surveillance for malignant disease.
They can utilize different mechanisms to destroy
tumor cells, including perforin- and granzyme-
mediated cytolysis. The cytolytic responses of
CTL are triggered by the recognition of pep-
tides—T-cell epitopes—derived from antigens by
limited proteolysis and bound to and presented at

the surfaces of cells by molecules of the major
histocompatibility complex (MHC). In recent years
a number of tumor-associated T-cell epitopes
(TATE) have been identified (). Different strate-
gies have been developed for the detection and
study of TATE, including: (1) direct isolation, by
high-pressure liquid (HPLC), of MHC-bound pep-
tides that stimulate TAA-specific T-cells and
determination of their amino acid sequences by
mass spectrometry (2); (2) T-cell-guided epitope
mapping of known or suspected TAA with over-
lapping peptides or peptides predicted to bind to
the associated MHC molecules (3); (3) identifica-
tion of the genes encoding TAA by screening,
with T-cells, cDNA expression libraries trans-
fected into appropriate target-cells (4) and per-
forming subsequent epitope mapping; and (4)
identification of potential antigens by using sero-
logical techniques such as serological analysis of
tumor antigens by recombinant cDNA expression
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cloning (SEREX), followed again by epitope
mapping (3). Albeit successful in a number of
cases, these strategies are hampered by several dis-
advantages. All of these approaches require tumor
material as well as tumor-specific T-cell clones or
at least T-cell lines; moreover, tumor material is
often unavailable in amounts sufficient for the
direct identification of T-cell epitopes, and the
establishment of stable long-term human T-cell
clones is still a major challenge. Additionally, all
of these approaches are very time consuming and
require tumor-specific T-cells throughout. Here
we describe a new approach to the determination
of TATE that utilizes combinatorial peptide librar-
ies and yields potent T-cell epitopes with just two
consecutive T-cell assays (5). Tumor material is
required only in small amounts to establish the
tumor specificity of the T-cell clones employed.

1.1. Strategy

Epitopes for cytotoxic T-cells are in most cases
nonapeptides that conform to MHC allele-specific
sequence motifs (6), (i.e., they bear amino acids of
restricted variability at sequence positions that
anchor the peptide into the peptide-binding grooves
of MHC molecules). These motif amino acids
vary with the MHC allomorph. Combinatorial
peptide libraries can be designed around these fea-
tures to consist of mixtures of peptides in which
either all sequence positions are randomized or
one sequence position is defined and the remain-
ing positions are randomized (7-9). A complete
set of nonapeptide libraries for mapping the spe-
cific sequence requirements for a T-cell epitope
contains an Xq library and 171 OXg libraries for
19 proteinogenic amino acids and 9 sequence
positions, or, theoretically, 197 (i.e. about 3.23 x
10'") different peptides (Fig. 1). Cysteine is usu-
ally omitted from such libraries to avoid problems
with oxidation and crosslinking of peptides. The
combinatorial peptide chemistry strategy for
determining a T-cell epitope consists of the fol-
lowing four steps (Fig. 2).

1. Identifying the critical amino acids for the in-
duction of a specific T-cell response for every
sequence position, by testing the response of a
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T-cell clone to the combinatorial peptide librar-
ies. This scan yields the potential epitope amino
acids.

2. Designing and synthesizing potential epitopes
that include these active amino acids as well as
the MHC allele-specific motif residues.

3. Identifying the active epitopes in a second T-
cell assay.

4. Validating the mimotope as a T-cell epitope
through the use of independent T-cells.

2. Materials
2.1. Cells

Mimotopes can be determined for all T-cell
types. Since the recognition of antigens by T-cells
is degenerate, it is important to use T-cell clones
rather than T-cell lines. The peptide libraries used
for identifying a T-cell epitope are presented to
the T-cell clones by antigen-presenting cells
(APC), which are used as target or stimulator cells
in the T-cell assays. B-lymphoma cell lines gen-
erated by the Epstein-Barr-virus (EBV)-induced
transformation of B lymphocytes from peripheral
blood are suitable targets. Because allogenic
MHC molecules can induce strong T-cell re-
sponses by themselves, it is preferable to use B-
Ilymphoma cell lines established from the same
donor that provided the T-cells. The tumor-speci-
ficity of the T-cell clones needs to be established
beforehand.

2.2. MHC Haplotyping

The MHC restriction for the antigen recogni-
tion by T-cells must be considered when T-cells
and target cells are chosen. Knowledge of the
MHC allele that controls the TATE recognition of
the test T-cell clone is also required for the selec-
tion of suitable anchor residues for the mimotopes.
It is recommended that the MHC haplotypes of
the patients for whom a vaccine is being designed
be determined at least by serological techniques.
In some cases molecular genetic subtyping might
be necessary to discriminate among specific
MHC types. The MHC allele-specific sequence
motifs for the anchor amino acids of T-cell
epitopes that have been identified so far are listed in
the SYFPEITHI database at http://www.syfpeithi.de.
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Fig. 1. Combinatorial peptide libraries.

2.3. Combinatorial Peptide Libraries

The synthesis of the combinatorial peptide
libraries used in tumor-vaccine development has
been described in ref. 10. The quality of the pep-
tide libraries is crucial for the success of the com-
binatorial peptide-library approach. A nearly
equimolar representation of the individual pep-
tides is theoretically desired but is practically
impossible. It is important that the representation
of the amino acids in the randomized positions is
indeed random, that the defined sequence posi-
tions are occupied only by the one defined amino
acid, and that the terminal main-chain charges are
free for MHC class I-restricted epitopes.

The peptides and peptide libraries should be dis-
solved in ultrapure dimethyl sulfoxide (DMSO) at
a concentration of 20 mg/mL. For long-term stor-
age they should be kept at —80°C. For the T-cell
assays the libraries should be diluted in cell-cul-
ture medium containing 0.1 % bovine serum albu-
min (BSA). The concentration of DMSO in the
assays should not exceed 1 %, in order to avoid
artificial results of the bioassays. Because DMSO
can be oxidized, it should be used under nitrogen
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and kept carefully sealed. For long-term storage
the DMSO should be kept under nitrogen at 4°C.

2.4. Buffers, Media, and Stock Solutions

2.4.1. Buffers and Media for the Peptide Library
Scan by Cell-Mediated Cytotoxicity Assays

1. 3'Chromium (*'Cr), 1 Ci/mL in saline.

2. Dulbecco’s modified Eagle’s medium (DMEM)/
BSA: DMEM supplemented with 2 mM glut-
amine; 30 uM 2-ME; 100 U/mL penicillin; 100
pg/mL streptomycin with 0.1 % BSA (type V).

3. DMEM/fetal calf serum (FCS): DMEM with
supplements as above and 20% FCS.

4. NP40 (1% in 10 % acetic acid).

5. Concavalin A (20 ug/mL in DMEM/BSA).

2.4.2. Buffers and Media
for the Intracellular Cytokine Assays

Ficoll-Plaque (Pharmacia, Freiburg, Germany).
DMEM/BSA (see Subheading 2.4.1.).
DMEM/ECS (see Subheading 2.4.1.).
Brefeldin A (BFA) (20 pg/mL in DMEM).
Phosphate-buffered saline (PBS) (Dulbecco’s)
without Ca?* or Mg with EDTA (1 mM).
Paraformaldehyde (4% in water).
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7. FACS permeabilization Solution (Becton
Dickinson, Heidelberg, Germany).
FACS lysing solution (Becton Dickinson).

9. Anti-interferon-y (IFN-y) clone 25723.11, fluo-
rescein isothiocyanate (FITC) labeled (Becton
Dickinson).

10. Anti-CD69 antibody clone L78, PE labeled
(Becton Dickinson).

11. Anti-CD8 antibody clone DK25, PE-Cy5
labeled (Dako, Hamburg, Germany).

12. Anti-CD3 antibody clone SK7, allophyco-
cyanin labeled (Becton Dickinson).

13. Phorbol myristyl acetate (PMA), 500 ng/mL.

14. Ionomycin, 500 ng/mL.

15. PBS/BSA. PBS as above, with 0.1 % BSA and
0.01% NaNj5.

3. Methods

3.1. Screening of Combinatorial Peptide
Libraries with T-Cell Clones

Identification of the amino acids critical for T-
cell recognition is done with standard T-cell as-
says, using T-cell clones. Any type of T-cell
response, whether cytotoxicity, proliferation,
cytokine secretion, or others, is suitable for
screening (see Subheading 4.). All assays should
be done at least in duplicate in microtiter plates.
The following description is given for >'Cr release
cytotoxicity assays, which are the most sensitive
T-cell assays that can be used for the scanning of
peptide libraries.

*

3.1.1. Preparation of the Peptide Libraries

1. Dilute the sublibraries in cell culture medium
containing 0.1% BSA to a final concentration
of 100 pg/mL.

2. Pipet 50 uL of these peptide library solutions
into the microtiter plate wells.

3. Use as controls the completely randomized Xq
peptide library, a complete absence of peptides
as negative controls, and a nonspecific T-cell
stimulator, such as concavalin A at a concen-
tration of 20 pg/mL as a positive control. The
controls should be used at least in triplicate. It
is recommended that six replicates be prepared
for the controls.
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4. Store the dissolved peptides at —20°C until the
assay is performed.

3.1.2. Preparation of the Target Cells

1. Label the target or stimulator cells with 3'C
(100 uCi per 100 pL cell suspension) in cell-
culture medium containing 10 % FCS for 1 h at
37°C and an incubate with 5-8% CO, in a hu-
midified atmosphere.

2. Wash the cells 3—5 times with the culture me-
dium containing 0.1% BSA, and resuspend
them in the same medium at a cell density of 1
x 10 cells per mL.

2.1.3. Cytotoxicity Assay

1. Dispense 50 UL of this cell suspension into the
microtiter plate wells with the peptide solu-
tions to yield 5000 cells per well and 50 ug
peptide/mL.

2. Incubate the cells with the peptides for 20-30
min at room temperature in a damp box.

3. Suspend the T-cells at a density of 5 x 10° cells/
mL in cell culture medium containing 20% FCS.

4. Dispense 100 pL of this cell suspension to the
peptide-pulsed target or stimulator cells to obtain
a final FCS concentration of 10% and 50,000
T-cells per microtiter plate well. This gives an
effector-to-target-cell ratio of 10:1.

5. Include three wells each with no T-cells as a
control for the spontaneous °!Cr release, with
the detergent NP40 at a concentration of 1% in
a 10% solution of acetic acid in water to deter-
mine the total >'Cr release.

6. Incubate for 5 h at 37°C in an incubator with 5—
8% CO, and a humidified atmosphere.

7. Collect 100 uL of the supernatant from each
well and measure the radioactivity.

8. Calculate the percent specific °!C release as:

(cpm °!Cr release with the peptide library
or controls — cpm spontaneous >'Cr release)/
(cpm total >'Cr release — cpm spontaneous
S1Cr release) x 100.

9. Plot the percent specific 3!Cr release for all the

19 peptide libraries for every sequence position
plus the percent specific 3!Cr release obtained
both with the Xq peptide library and without
peptides.
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3.1.4. Identification of the Active
Epitope Amino Acids

Peptide libraries that induce greater cytolysis
than the X library plus twice the standard devia-
tion for these controls can be expected to define
amino acids that contribute to the activation of the
T-cells used in the assay. These amino acids are
considered in the design of the potential epitopes.
Peptide libraries that yield cytolysis values below
those of the background controls lacking peptides
may define potential antagonists.

3.2. Epitope Design

1. To derive the sequences of potential mimo-
topes, the active amino acids as determined in
the peptide library scan are combined includ-
ing or excluding the canonical MHC allele-spe-
cific epitope motifs (6) for the MHC molecules
expressed by the patient from whom the T-cells
in the selected clone were obtained.

2. The resulting set of peptides, with defined
sequences, is synthesized.

3. In the case that different MHC molecules
expressed by the patient’s cells can be relevant
for the specific T-cell response, and the specific
MHC restriction is not known, the respective
anchor amino acids for these different MHC
molecules should be included in the design of
potential mimotopes.

3.3. Identification of the Epitope

In a second T-cell assay, the specifically active
mimotopes can be identified from the set of puta-
tive epitopes designed by the combination of the
amino acids identified by the peptide library scans
and the amino acids in the MHC allele-specific
motif.

The peptide concentration in this assay should
be titrated to fall within the range of 1 pg/mL and
100 ng/mL. Excessive peptide concentrations may
cause false-negative results. The same assay
should be used to identify the mimotopes as was
used for the initial screening. The amino acid se-
quences of the active mimotope may also reveal
the HLA restriction of the T-cell clone being
tested.

MOLECULAR BIOTECHNOLOGY
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3.4. Database Analysis

Genome and protein database searches with the
sequence information obtained from the peptide
library scans may reveal information about the
natural counterpart of the mimotope, the TATE,
and thus give access to the natural source protein
or TAA. However, the sequence of the synthetic
analogue of a TATE may also deviate substan-
tially from the sequence of the natural epitope,
with the result that the database searches are of-
ten futile. Since the natural T-cell epitope is not al-
ways the most efficient inducer of T-cell responses,
the database searches should be done with all of
the different amino acids identified with the pep-
tide library scan.

3.5. Validation of the Mimotope

Independent validation of the mimotope is
required, and can be done with peripheral blood
mononuclear cells (PBMC) from the patient from
whom the T-cell clone was isolated, and/or with T-
cells from independent but HLA-matched patients
with the same disease as the patient. Several assays
can be used for these validation experiments, but,
they should be chosen to allow the detection of
mimotope-specific T-cell responses in a complex
T-cell population, without the need for previously
established T-cell clones. As an example of such
assays, we describe a flow cytometric assay to detect
T-cells that, upon incubation with a specific pep-
tide, produce cytokines (e.g. IFN-Y). For this assay
PBMC are incubated with the mimotope, and the
T-cells that respond specifically to the mimotypes
are enumerated by flow cytometry after staining of
intracellular cytokines with fluorochrome-labeled
monoclonal antibodies (11).

The steps in the procedure are as follows:

1. Isolate at least I x 107 PBMC from the periph-
eral blood of the tumor patients by Ficoll den-
sity centrifugation.

2. Resuspend the cells in cell-culture medium/
0.1% BSA at a density of 1 x 107 cells/mL.

3. Dispense the cells into 5-mL-fluorescence ac-
tivated cell sorting (FACS) vials, each with 200
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9]

10.

11.

12.
13.

14.
15.

16.
17.

18.

19.

UL of cell suspension. At least five tests,
including the controls, are required as follows:
a control without immunostaining, a stained
control but without mimotope stimulation, an
isotype control, a PMA-plus-ionomycin control
as a positive control, and the mimotope test
sample.

. Add the peptide (final concentration: 10 pg/

mL) or PMA (final concentration: 500 ng/mL)
plus ionomycin (final concentration: 500 ng/
mL) to the cell suspensions.

. Incubate for 30 min at RT.
. Incubate for 30 min at 37°C in a cell-culture

incubator with 5-8 % CO, and a humidified
atmosphere at a 5° slant.

. Add 200 pL culture medium containing 20%

FCS and 20 png/mL BFA to each sample (final
concentrations: 10% FCS, 10 ug/mL BFA).

. Incubate for 5 h in a cell-culture incubator with

5-8 % CO, and a humidified atmosphere at a
5° slant.

. Centrifuge for 5 min at 500g at RT to pellet the

cells.

Resuspend the cells in 0.5 mL PBS without
Ca”* or Mg?* and with 1 mM EDTA and incu-
bate for 10 more minutes.

Resuspend each sample carefully with a pipette
to detach adherent cells.

Centrifuge for 5-10 min at 500g at RT.

Fix the cells by incubation for 5-10 min with
FAC Lysing Solution (Becton Dickinson).
Centrifuge for 5 min with 500g at RT.
Permeabilize the cells by incubating for 10 min
with FAC Permeabilization Solution (Becton
Dickinson).

Centrifuge for 5 min at 500g at RT.

Stain the cells with fluorochrome-labeled anti-
bodies (CD3, aCD8, aoCD69, and olFN-v) at
a concentration of 0.1-1 wg/mL antibody for
30 min at RT in the dark.

Wash and resuspend the cells in PBS with 0.1%
BSA and 0.01% NaN.

Analyze up to 500,000 cells per sample by flow
cytometry for IFN-y-producing cells express-
ing CD3, CD8, and CD69. Determine the fre-
quency of these cells in comparison to the
controls. The greater the fraction of patients

MOLECULAR BIOTECHNOLOGY

who respond to the mimotope assay, the more
likely the mimotype represents a shared TAA
and TATE.

Frequencies below 0.03% for a mimotype are
difficult to reproduce. Significant responses are
expected to occur at values above this frequency.
The sensitivity of this assay, is therefore 1 in 3000
mimotope-specific cells in the T-cell population
tested.

4. Notes
4.1. Combinatorial Peptide Libraries

The design of the necessary combinatorial pep-
tide libraries is crucial for the identification of
synthetic epitopes. Usually the 19 proteinogenic
amino acids except for cysteine are used for the
construction of these libraries. Cysteine can cause
problems by crosslinking peptides or because of
oxidation, and is therefore usually excluded from
the libraries. The peptide libraries are designed in
scanning format (i.e., they have one defined
sequence position, with all other positions being
randomized [see Fig. 1], and the defined amino
acid is varied through all sequence positions.
Theoretically, every library that defines a fixed
sequence position contains 19" different peptides
(where n is the number of randomized sequence
positions). The longer the peptides the more com-
plex the mixtures and the lower the likelihood of
specific T-cell responses to such libraries. Cyto-
toxic T-cell responses are best analyzed with octa-
and nonapeptide libraries (7,12). There are some
initial reports of the identification of T-helper-cell
epitopes (13,14), which are longer than the MHC
class I-restricted epitopes that elicit T-cell cyto-
toxicity. These libraries are often designed with
fixed anchor amino acids to reduce the complex-
ity of the peptide mixtures.

4.2. Identification of Active
Epitope Amino Acids
4.2.1. T-Cell Degeneracy

T-cells are, depending on the T-cell clone, more
or less degenerate in their antigen recognition
(15-18). For this degeneracy, the number and kind
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of amino acids identified for the different seq-
uence positions of the epitope sequences can
vary with the T-cell clone. Different combina-
tions of the active amino acids can yield epitopes
that may differ substantially in sequence and in
potency. Every T-cell clone can lead to different
mimetics of the same natural epitope. Also the
primary structure of the natural epitope and its
mimotope may differ greatly from one another
(7,18). Without knowledge of the natural epitope
itself, no conclusion can be derived from the
mimotope with respect to the structural relation-
ship of the natural epitope and its synthetic coun-
terparts. Usually, synthetic epitopes are more
potent, sometimes by several orders of magnitude,
than the corresponding natural epitopes (7,18-21).
T-cell degeneracy also allows the selection of
variant epitopes that fulfil different additional
requirements, such as optimal MHC binding
(22,23) or high resistance to degradation. Peptide
libraries that define amino acids that suppress the
response of the T-cell clone as compared to the
response obtained with the no-peptide control
might lead to the identification of antagonistic
variants of the mimotope being investigated.

4.2.2. MHC Binding Motifs

The recognition of peptides by T-cells is re-
stricted by specific MHC molecules (i.e., the pep-
tides have to bind to the MHC molecules in order
to be recognized by the T-cell). Every MHC allo-
morph has special requirements regarding the
amino acids in the peptide that anchor it in the
peptide-binding groove of the MHC protein. Usu-
ally, two or three sequence positions of the pep-
tide serve as anchor residues for MHC binding (6).
Given that more than 1000 MHC class I allomor-
phs have so far been identified for the human
population, the MHC-restricted nature of peptide
recognition by T-cells significantly complicates
the identification of active epitopes. The anchor
positions are often ill-defined by combinatorial
peptide library scans because those peptide librar-
ies that carry the anchor amino acids in the anchor
positions contain a high fraction of competing
peptides that can bind efficiently to the MHC mol-
ecule without being recognized by the T-cell (6).
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Therefore, in addition to the amino acids defined
for the anchor positions by combinatorial peptide
library scans, the amino acids of the canonical
motif should be considered for the design of poten-
tial epitopes. The MHC allele-specific epitope mo-
tifs are being collated in the SYFPEITHI database.

4.3. Heterogeneity of the T-Cell Responses

The mimotopes identified by combinatorial
scans can induce differential responses in T-cells.
Some mimotopes can induce cytolysis, others
cytokine production, and still others can induce
both. The assay chosen for the peptide library scan
can therefore influence the definition of the
sequence of the mimotope (24,25).

4.4. Immune Monitoring of Tumor Patients

The validation of a mimotope by finding mimo-
tope-responsive T-cells in the testing of PBMC
from MHC-matched cancer patients not only con-
firms that the mimotope is indeed recognized by
tumor-specific T-cells in these cancer patients, but
also indicates that it is relevant for the disease.
When mimotope-specific responses are found in
a high fraction of the patients tested, it can be as-
sumed that the mimotype is a mimetic of a shared
TAA, and is therefore a potential vaccine antigen
for patients with the corresponding MHC alleles.
Moreover, the analysis of cytokine production in-
duced in the T-cells specifically responding to a
mimotope also provides information about the fre-
quency and physiologic status of TAA-specific T-
cells in the cancer patients from whom the cells
were taken, and thus makes mimotyping a useful
tool for monitoring of the tumor-specific immune
response capacity of these patients.
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