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Abstract Microsatellite instability (MSI) is recognised
as genome-wide alterations in repetitive DNA sequences
caused by defects in the DNA mismatch repair ma-
chinery. Such mutation patterns have been found in
almost all analysed malignancies from patients with
hereditary non-polyposis colorectal cancer, and in ap-
proximately 15% of sporadic colorectal cancers. In
cancers with the MSI phenotype, microsatellite-like se-
quences in coding regions of various cancer-related
genes, including transforming growth factor f§ receptor
type II (TGFpSRII), are targets for mutations. The
TGFSRII gene harbours a 10-bp polyadenine tract, and
mutations within this region are found in 90% of col-
orectal cancers with MSI. The frameshift mutations
result in new amino acid sequences in the C-terminal
part of the proteins, prematurely terminating where a
novel stop codon appears. In this study we have defined
a new cytotoxic T lymphocyte (CTL) epitope
(RLSSCVPVA ), carrying a good HLA-A*0201 binding
motif, and resulting from the most common frameshift
mutation in TGFBRII. A CTL line and several CTL
clones were generated from an HLA-A2 " normal donor
by repeated stimulation of T cells with dendritic cells
pulsed with the peptide. One of the CTL clones was able
to kill an HLA-A2" colon cancer cell line harbouring
mutant TGFpSRII. This epitope may be a valuable
component in cancer vaccines directed at MSI-positive
carcinomas.
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Introduction

Transforming growth factor-f (TGFp) is a potent in-
hibitor of epithelial cell growth, and loss of this negative
regulation is thought to contribute to tumour develop-
ment [17]. Cancers, including colon cancer cell lines,
demonstrate resistance to the growth inhibitory effect of
TGFp [6, 21]. The TGFf growth inhibitor signal is
transduced by a complex composed of type I (RI) and
type II (RII) receptors [16]. If one of the receptors is
absent or inactivated the cells lose their responsiveness
to TGFp. In colorectal cancer cell lines, mutation of
TGFpSRII is one reason for the loss of TGFf respon-
siveness [15]. Inactivating TGFSRII mutations have
been found in about 90% of all colon cancers that show
microsatellite instability (MSI) due to defects in DNA
mismatch repair [15, 18]. These inactivating TGFSRII
mutations occur as 1- or 2-base deletions or insertions in
a 10-bp microsatellite-like polyadenine tract in the 5
coding half of the gene. Since the mutations occur in the
coding region of TGFJRII, they result in a shift in the
reading frame (frameshift) and give rise to synthesis of
new truncated versions of TGFfSRII. These proteins
contain amino acid sequences that are foreign to the
body and are potential cancer vaccine candidates pro-
vided they will bind to HLA molecules and be presented
at the cell surface to T lymphocytes.

If novel peptides generated by frameshift mutations
in MSI" tumours can be recognised by the T cell im-
mune system, they might lead to a strong selection for
general escape from immune elimination. This could
account for the suggestive indication that f,-micro-
globulin (f,-m) mutations leading to loss of HLA class I
have been found more frequently in MSI " tumours than
in MSI" tumours [2, 3]. It has been indicated that pa-
tients with MSI ™ colorectal cancers (CRCs) show better
survival rates than cases carrying MSI™ tumours [26].
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Many studies have also shown that MSI" CRCs are
characterised by a pronounced infiltration of lympho-
cytes and the majority of these lymphocytes are acti-
vated cytotoxic T cells [5, 10, 12]. Moreover, MSI ™
CRCs also showed a significantly higher percentage of
tumour cells undergoing apoptotic cell death [5]. One
attractive hypothesis to explain these phenomena is that
the MSI™ phenotype increases the production of ab-
normal peptides able to elicit cytotoxic immune re-
sponses against tumour cells.

Previously, frameshift mutations in the adenomato-
sis polyposis coli gene have been reported to induce
cytotoxic T cell responses in mice [24]. The mutations
arose by short deletions or insertions that altered the
reading frame, and several of these reading frames
contained regions of sequences that were likely to bind
to HLA class I molecules. Although frameshift muta-
tions occur more frequently in adenomatosis polyposis
coli than in MSI™ tumours, they are spread all over the
gene, rather than confined to a repeat sequence defined
hotspot, such as is the case for TGFSRII and other
genes [7].

CD4" T cell responses against several TGFpRII
frameshift-derived peptides have recently been described
both in cancer patients with HNPCC and sporadic
MSI ™ colon cancer (Szterdal et al., in press). These
results indicated that one component of the prominent T
lymphocyte infiltration observed in MSI™ CRCs may
indeed be directed against frameshift mutations gener-
ated by the lack of efficient DNA mismatch repair.
Novel CTL epitopes generated by frameshift mutations
in MSI™ CRCs that may lead to CD8 " T cell response
have not yet been characterised.

In the present study we provide evidence showing
that frameshift mutations in the TGFSRII gene may
lead to new tumour antigens recognised by cytotoxic T
cells. CTLs were generated in vitro using a protocol
involving dendritic cells (DCs). We were able to obtain a
CTL line and CTL clones specifically recognising a 9mer
frameshift peptide derived from the deletion of a single
A in the 10-bp polyadenine [poly (A)o] tract of the
TGFpSRII gene. The new epitope binds to HLA-A2, an
HLA class I allele expressed by nearly 50% of the
Caucasian population [9]. We also demonstrate that the
CTL clones are able to recognise endogenously pro-
cessed antigen. Our results indicate that frameshift
peptides derived from mutated TGFSRII represent a
new group of tumour-specific antigens that may be used
in cancer vaccines.

Materials and methods

Cells and media

Buffy coats from normal healthy donors were purchased from the
blood bank at Ulleval Hospital, Oslo, Norway. HLA-A2" indi-
viduals were selected by using 8G12 mAb (anti HLA-A2; G.
Gaudernack) coupled to Dynabeads (Dynal, Oslo, Norway).
Peripheral blood mononuclear cells (PBMCs) were prepared by

centrifuging the buffy coats over a Ficoll-Hypaque gradient
(Lymphoprep) (Nycomed, Oslo, Norway). The HLA type of
donor B was HLA-A2; B17, 4; C7; DQI, 3; DR2, 4. Autologous
B-lymphoblastoid cell lines (B-LCLs) were generated by Epstein-
Barr virus transformation of B cells from the donors. B-LCL
9005 used as APC was from the 11th International Histocom-
patibility Workshop cell panel. The HLA class I type of 9005 was
HLA-A3; B27; C1. Colon cancer cell lines HCT 116, SW 480 and
LS174T were obtained from ATCC (Rockville, Md.). The antigen
processing defective T2 cell line was used as a target in cytotox-
icity assays. The erythroleukemia cell line K562 was used as a
NK target. All T cells were grown in X-vivo 15 (BioWhittaker
Europe, Verviers, Belgium) supplemented with gentamicin and
1% autologous serum (standard medium) (generation of T cell
lines) or 10% heat-inactivated human pool serum (T cell clones
and further propagation of T cell lines). Other cell lines were
grown in RPMI-1640 (BioWhittaker) supplemented with gen-
tamicin, 500 U/ml IFN-y (colon cancer cell lines) (Amersham,
Aylesbury, UK) and 10% heat-inactivated fetal calf serum (FCS)
(Gibco BRL, Life Technologies). Conditioned medium (CM) was
produced by Ig adherent PBMCs, as described by Romani et al.
[20].

Peptides

Peptides were ordered from Neosystem S.A. (Strasbourg, France)
or provided by Hydro Research Center (Porsgrunn, Norway). The
peptides represent frameshift mutations in the TGFSRII gene and
their amino acid sequences are listed in Table 1.

Antibodies

In flow cytometry analysis the following antibodies were used:
fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conju-
gated anti-CD3, anti-CD8, (Caltag laboratories, Burlingame, Ca-
lif.); anti-CD4 (Dako, Denmark); anti-CD83 (Immunotech,
Marseilles, France), anti-CD86 (Pharmingen, San Diego, Calif.,
USA); anti HLA class 11 (Dako); anti-CD14 (Caltag) and anti-
CDI19 (Dako). Isotype-matched FITC- and PE-conjugated irrele-
vant mouse monoclonal antibody (Dako) served as a control. W6/
32, anti-HLA class I hybridoma cells (ATCC, Rockville, Md.) were
used in blocking experiments.

Peptide-specific T cell stimulation

PBMCs from 4 healthy HLA-A2" donors ( A, B, C and D) were
stimulated with peptides using a protocol involving dendritic cells
(DCs) (EUCAPS, http://ww.medizin.uni-tuebingen.de/eucaps/
home/). Briefly, DCs were generated by plating 3 ml PBMCs
(4x10° cells/ml) in 6-well tissue culture plates in standard medium.
After 1-2 h incubation at 37°C, nonadherent cells were washed
away and frozen. Three millilitres of standard medium supple-
mented with 800 U/ml granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) (Schering-Plough, Berlin, Germany) and
500 U/ml IL-4 (BioSource Int., Nivelles, Belgium) were added to
the adherent cells. Cytokines were added every other day. At day
six, 10 ng/ml TNF-a (BioSource Int.) was added. After one week,
the DCs were collected and pulsed with 20 pM peptides and 3 pg/
ml f,-m (Sigma, Oslo, Norway) at 37°C, as follows: Al, p523; Bl,
p523; B2, p573; Cl1, p523; D1, p523; D2, p573; and D3, p581. After
4 h the cells were washed and irradiated (60 Gy) and seeded as
0.3x10° cells /well in 24-well culture plates (Costar). Responder T
cells were prepared using thawed nonadherent autologous cells.
3x10° responding T cells were co-cultured with the peptide-loaded
DCs in standard medium. After two days 20 ng/ml IL-7 was added.
On day 12 and weekly thereafter, responder populations were
restimulated with adherent, irradiated (60 Gy), autologous peptide-
pulsed PBMCs (10-20 pM peptide for 2 h at 37°C). On day two
after restimulation, 20 U/ml IL-2 (Amersham) was added. The
responder cells were separated over lymphoprep before the first



Table 1 Amino acid sequences
and HLA-A*0201 binding of
peptides derived from mutated
TGFpRII
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p538

Name Sequence” Score"
p523 FFSLVRLSSCV 23
ps573 HIRLSSCVPVA 19
PS8l "IMKEKKKSL 23
p357/39 YALMSAMTTSSSQKNITPAILTCC .

__ '"SLVRLSSCVPVALMSAMTTSSSQ -
"From SYFPEITHI database of MHC ligands and peptide motifs, http://134.2.96.221/,
"Position of the start amino acid in the protein is indicated.

128
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125 128 131
1A GAA AAA AAA AGC CTG GTG AGA CTT TCT TCA TGT GTT CCT GTA GCT
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CTG ATG AGT GCA ATG ACA ACA TCA TCT TCT CAG AAG AAT ATA ACA
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CCA GCA ATC CTG ACT TGT TGC TAG
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restimulation. After the third restimulation, the cultures were tested
for peptide specificity in a cytotoxicity assay.

Generation of T-cell clones

T cells from one responding culture stimulated with peptide p573
were cloned by limiting dilution (5, 1, or 0.5 cells per well) onto
Terasaki plates (Nunc, Roskilde, Denmark). As feeder cells, 2x10*
allogeneic, irradiated (30 Gy) PBMCs were used and the cells were
propagated with 1 pg/ml phytohaemagglutinin (PHA) (Wellcome,
Dartford, England) and 100 U/ml IL-2.

Cytotoxicity assays

S1Cr-release cytotoxicity assay was performed by the labelling of
2x10° target cells in FCS and °'Cr (7.5 MBq) (Laborel, Oslo,
Norway), in a total volume of 0.5 ml for 1 h, with gentle mixing
every 15 min. Cells were washed three times in cold RPMI-1640
and seeded at 2x10° target cells in 96-well, U-bottomed microtitre
plates. Target cells were pulsed with 10 uM (or as indicated)
peptide for about 0.5-1.0 h at 37°C. Effector cells (1x10° or as
indicated) were added and the plate was left for 4 h at 37°C. DCs
used as target cells were generated as described above. On day 5,
the DCs were pulsed with peptide. Two days later the peptide-
pulsed DCs were matured for 48 h with 10 ng/ml TNF-a (Bio-
Source Int., Nivelles, Belgium), 100 U/ml INF-« gSchering-
Plough) and 25% CM, before they were labelled with >'Cr. The
maximum and spontaneous °'Cr release of target cells was
measured after incubation with 5% Triton X-100 (Sigma) or
medium, respectively. Supernatants were harvested and radioac-
tivity was measured in a Packard (Meriden, Conn.) Topcount
microplate scintillation counter. The percentage of specific chro-
mium release was calculated by the formula: [(experimental re-
lease — spontaneous release)/(maximum release — spontaneous
release)]x100.

Flow cytometry

Phenotypic analysis of T cells and DCs was determined by flow
cytometry. Cells (1x10°/well) were stained with the appropriate
FITC- or PE-conjugated antibody at a final concentration of

T € C  stop

5-10 pg/ml for 30 min at 4°C and then washed and analysed on
a FACScan flow cytometer (Becton Dickinson, San Jose, Calif.).

Analysis of TCR V-region usage

RNA was extracted using the Purescript Isolation Kit (Gentra
Systems, Minn.). Synthesis of cDNA and the quantitation of TCR
cDNA in each sample were carried out as described [4]. Subse-
quently, the cDNA was PCR amplified using a primer panel that
amplifies the BV regions 1-24 [22]. Amplifications were carried out
in a total volume of 25 pl containing 1XPCR buffer [S0 mM KCl,
20 mM Tris pH 8.4, 2.0 mM MgCl,, 0.2 mM cresol red, 12% su-
crose, 0.005% (w/v) BSA (Boehringer-Mannheim, Mannheim,
Germany)], 2.5 pmol of each primer, 40 mM dNTPs (Pharmacia
LKB, Uppsala, Sweden) and 1.25 U AmpliTaq polymerase (Perkin
Elmer Cetus Corporation, Emeryville, Calif.). Parameters used for
amplification were: 94°C for 60 s, 60°C for 60 s, and 72°C for 60 s,
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Fig. 1 Cytotoxic activity of seven bulk cultures against T2 pulsed
with synthetic peptides. The bulk cultures were induced using
peptide-pulsed, autologous DC as APC. Cytotoxic activity of the
cultures was measured in a standard *>'Cr-release assay against T2
(0) or T2 pulsed with the peptide corresponding to that used to
generate the bulk (H)
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for 32 (quantitative PCR) or 40 cycles (DGGE). Taq polymerase
and dNTPs were added to the reaction tube at an 80°C step between
the denaturation and annealing steps of the first cycle (hot start).

The resulting PCR products were analysed by denaturing gra-
dient gel electrophoresis (DGGE) [22, 23]. Thus, 10 pl aliquots
were loaded onto a denaturing gradient gel containing 6% poly-
acrylamide and a gradient of urea and formamide from 20% to
80%. Gels were run at 160 V for 4.5 h in 1XTAE buffer kept at a
constant temperature of 58°C. After electrophoresis, the gel was
stained with ethidium bromide and photographed under UV
transillumination.

Results
Induction of frameshift-peptide-specific CTLs

PBMCs from four HLA-A2™" healthy donors, A, B, C
and D, were stimulated weekly by peptide-pulsed APCs
in order to generate tumour-antigen-specific T cell lines.
The first stimulation was performed with DCs displaying
the immature phenotype CD14, CD19, CD86", HLA-
class II" and CDS83 (data not shown). The tumour
antigens were 3 different peptides derived from frame-
shift mutations in the 10-bp poly(A) tract (bp 375-384)
of TGFpRII, all selected to be good HLA-A2 binders
(Table 1). Seven different cultures were generated, as
described in Materials and methods. After the second
restimulation, culture B2 showed evidence of specific
killing of T2 cells pulsed with p573 (data not shown).
For the other cultures mostly unspecific lysis was ob-
served. After a third restimulation, the pattern was even
more obvious (Fig. 1), indicating that an immune re-
sponse against the p573 peptide was taking place during
in vitro culturing. The B2 cell line was extremely efficient
in killing peptide-loaded target cells, and strong lytic
activity was obtained with an effector to target ratio of
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Fig. 2A, B Cytotoxic activity of the B2 culture. A Peptide sen-
sitivity was tested using T2 pulsed with various concentrations of
peptide p573 at an E:T ratio of 50:1. B Effector to target ratio using
peptide pulsed (p573, 10 uM) T2 (#) and K562 (J) as target cells.
Unpulsed T2 cells (H) were used as a negative control

6:1 (Fig. 2B). Peptide titration showed that the half-
maximal lysis with p573 was approximately 0.01 uM
(Fig. 2A). The NK target cell line K562 was not killed,
indicating that killing with the B2 cell line was not due to
NK like activity (Fig. 2B). Cold target inhibition with
K562 used as cold target in the cytotoxicity assay con-
firmed that the cell line was peptide specific (Fig. 3A).
When T2 cells pulsed with p573 were used as cold tar-
gets, specific lysis was inhibited by 39% (Fig. 3A). T2
cells pulsed with the frameshift-mutated TGFpSRII-de-
rived peptide, p581, originating from an insertion of one
A in the poly(A); tract, resulting in an amino acid se-
quence that is different from the stimulating peptide,
were not killed by the B2 cell line (data not shown).
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Fig. 3a, b Cold target inhibition assay with the B2 cell line and
CTL clone 102. The cytotoxic activity of B2 (A) and CTL clone 102
(B) was measured against T2 with addition of p573 (1 uM),
unlabelled peptide-pulsed T2 or unlabelled K562 as indicated with
+. Unlabelled to labelled target ratio was 50:1

100+ B
o 80 -
2
= 60 -
Q
a
7]
ES 40
20
4
O

0,001 0,01 0,1 1
uM peptide

0,001

0,01 0,1 1
1M peptide

Fig. 4A, B Peptide sensitivity of CTLs. Peptide sensitivity of A
CTL clones 37 (W), 44 (OJ) and B CTL clone 102 (#) was tested
using T2 pulsed with various concentrations of peptide p573 (E:T
ratio was 50:1)



Together these results demonstrate the peptide specific-
ity of the B2 cell line.

Generation and characterisation of CTL clones

To examine the TGFJRII frameshift-derived peptide-
specific response in more detail, CTL clones were gen-
erated. The B2 cell line was cloned by limiting dilution
using allogeneic PBMCs as feeder cells. From the first
cloning experiment, 70 CTL clones (out of 150 tested)
were obtained that specifically recognised the TGFSRII
frameshift-derived peptide p573. These clones were
highly cytotoxic, killing 63—100% of peptide-pulsed T2
cells (data not shown). Further characterisation of these
clones could not be undertaken due to mycoplasma in-
fection of the cultures. A second cloning attempt from
the cell line gave rise to eight p573-specific CTL clones.
Of these, CTL clones 37, 44, 54 and 102 were charac-
terised further. Phenotypic analysis demonstrated a
CD3", CD8" and CD4 phenotype for all four clones
(data not shown). Peptide titration experiments dem-
onstrated wide differences in peptide sensitivity among
the clones. CTL clone 44 and 102 both killed T2 pulsed
with p573 efficiently at a peptide concentration of
0.01 uM. CTL clone 37 was a low affinity clone, and
only able to kill T2 target pulsed with 1 pM p573
(Fig. 4). It is our general experience that the protocol
used to generate the CTL culture and clones produces
predominantly low affinity clones, but also some high
affinity clones worth further study. To further demon-
strate the peptide specificity of the clones, we performed
a cold target inhibition assay using the CTL clone 102.
The results of these experiments were the same as with
the starting B2 cell line (Fig. 3B).

Since T2 only expresses HLA-A2 and the peptides
used for stimulation are selected to be good HLA-A2
binders, all evidence indicates that the CTL clones really
are HLA-A2 restricted. To confirm the HLA class I
restriction we accordingly performed blocking experi-
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Fig. 5 Cytotoxicity of CTL clone 44 against B-LCLs. T2 cells,
autologous B-LCLs and B-LCL 9005 were pulsed with p573
(10 uM) and used as targets (E:T ratio was 10:1). The HLA class |
molecules of 9005 is different from donor B’s
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ments with the HLA-class I antibody W6/32. In these
experiments, which were repeated several times, no
blocking was observed (data not shown). To provide
further evidence for the HLA-A2 restriction, we com-
pared killing of different peptide-pulsed targets by the
CTL clone 44. As shown in Fig. 5, p573-pulsed B-LCL
9005, expressing a set of HLA-class I molecules different
from that of donor B, were not killed above background
killing, while the autologous B-LCL and T2 targets
pulsed with p573 were efficiently killed.

Analysis of the TCR BV usage of the CTL clones

Since recognition and clonal expansion of T cells specific
for TGFBRII frameshift-mutation-derived tumour an-
tigens may occur spontaneously in vivo during tumour
development (S@terdal et al., in press), information on
the TCR variable region expressed by T cells recognising
these new epitopes may be of importance to monitor T
cell immunity in the patients. We therefore analysed the
expression of TCR BV regions of the CTL clones. CTL
clones 37, 54 and 102 express TCR VB 2, however,
clone 37 differs from clone 102 and 54 at the DNA level
(data not shown). CTL 44 expresses TCR VB 13. The
diverse usage of TCR VB genes of this small number of
clones indicates that the T cell repertoire against the
p573 peptide epitope may be very broad.

Cytotoxic activity against endogenously
processed antigen

To determine whether the CTLs generated were able to
kill endogenously processed TGFSRII peptide, the bulk
culture and the CTL clones were tested for cytotoxic
activity against various colon cancer cell lines. The cell
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Fig. 6 Cytotoxic activity of CTL clone 54 ((J) and 102 (M) against
colon cancer cell lines. Unpulsed and peptide-pulsed (1 uM p573)
T2 and the colon cancer cell lines HCT116, SW480 and LS174T
were used as targets (E:T ratio of clone 54 was 25:1 and of clone
102, 50:1)
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lines used were HCT116, SW480 and LS174T. The
HLA-A2" MSI™" cell line HCT 116 has a single A de-
letion in the poly(A)o tract of TGFSRII [8] This dele-
tion gives rise to the frameshift peptide p573, used to
generate CTLs in this study. SW480 and LS174T were
used as control cells. The HLA-A2" cell line SW480 is
MSI and has a wild-type TGFSRII [25]. Like HCT 116,
LS174T also harbours a single A deletion in the
TGFpSRII gene [25], but despite the presence of the
HLA-A2 gene in its genomic DNA it lacks measurable
expression of HLA-A2 [4]. The CTL clones did not kill
SW480 above background killing, CTL clone 102 was
able to specifically lyse HCT116 (Fig. 6) and, to a lesser
degree, also LS174T. For the CTL clone 54, the same
specific pattern of lysis was observed, but killing was less
efficient. With addition of exogenous p573 peptide, all
cell lines were killed to a higher degree by both the
clones, indicating that addition of exogenous peptide
resulted in expression of sufficient amount of HLA-A2/
p573. Interestingly, the low level HLA-A2-expressing
cell line LS174, like T2, expressed sufficient amounts of
HLA-A2 to be efficiently killed following peptide puls-
ing. To further provide evidence for processing of the
TGFSRII frameshift-derived CTL epitope, we used an-
other high affinity clone, CTL clone 44, as effector cells
and tested peptide-pulsed HLA-A2" DCs as targets.
Mature DCs were loaded with p573; immature DCs
were loaded with a 23-amino-acid (aa)-long peptide,
p538, containing an embedded p573 sequence (Table 1).
Another 23 aa-long TGFSRII frameshift peptide only
sharing one aa with p573 was used as control. The DC
pulsed with the long peptides were matured to allow
optimal presentation before we performed the cytotox-
icity assay. In Fig. 7, we demonstrate that the CTL clone

p538: SLVRLSSCVPVALMSAMTTSSSQ
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Fig. 7 Cytotoxic activity of CTL clone 44 against peptide-pulsed
DCs. DCs were pulsed with p573 (10 uM), p538 or p537/39
(25 pM) and used as targets (E:T ratio was 12:1). The amino acid
sequences of the peptides are given and the p573 epitope is
underlined

lysed DCs pulsed with p573 and p538, whereas unpulsed
DCs and DCs pulsed with p537/39 were not lysed.
Killing was not due to NK activity, since the NK target
K562 was not lysed (data not shown). To exclude that
killing of p538-pulsed DCs was due to contamination of
p573 in the p538 peptide, processing defective T2 cells
were loaded with p538 and used as target cells in a cy-
totoxicity assay. However, these cells were not killed by
clone 44 (data not shown). This experiment indicates
that also TGFSRII frameshift antigens provided by an
exogenous route are processed to yield the p573 CTL
epitope.

Discussion

Cytotoxic T cells, specific for aberrant gene products of
cancer cells, are of potential importance in cancer im-
munotherapy. Tumour-antigen-specific CTLs constitute
the basis for development of immunotherapy strategies
and/or adoptive cellular therapy approaches. Genera-
tion of CTLs recognising tumour-specific antigens, such
as TGFPRII frameshift-derived peptides, and the defi-
nition of key elements, such as the antigen-presenting
molecules, are considered to be useful tools in the de-
velopment of immunotherapy. Here we describe several
HLA-A2-restricted CD8 " T cell clones generated from
a normal donor that recognise a nonamer peptide de-
rived from a frameshift (single A deletion) mutation in
the poly(A) tract of the TGFpRII gene. The CTLs are
highly peptide-specific, able to efficiently lyse T2 pulsed
target cells at low effector to target ratios (6:1) and at
low peptide concentrations (0.01 uM). Importantly,
these CTLs also lyse tumour targets expressing the rel-
evant HLA molecule and the corresponding mutation.
These results indicate that peptides derived from
frameshift mutations in TGFSRII are immunogenic in
man and provide evidence for the possible usefulness of
such peptides in cancer vaccines.

The presence of multiple TCRs capable of binding a
given peptide/HLA class I complex in a normal T cell
repertoire provides an optimal framework for effective
control of an eventual neoplastic outgrowth. In this
study we have identified the usage of TCR BV 13 and
two forms of TCR VB 2 in CTLs recognising the
TGFpRII frameshift epitope p573/RLSSCVPVA. The
presence of TILs in colorectal cancer with high-level
DNA microsatellite instability (MSI-H) is well known
and the majority of these cells are found to be CD8 " [5,
10, 12]. Their function is still unknown and so far no
information is available regarding the TCR usage and
clonal composition of these T cells. However, since CTL
clones from a normal donor express different TCRs
capable of recognising the p573 epitope, it is possible
that TILs from MSI" cancer patients comprise T cells
specific for frameshift-derived peptides using different
TCRs.

One of the final goals for immunotherapy is to induce
tumour-antigen-specific T cells capable of both recogn-



ising and killing tumour cells in vivo. These results
confirm the feasibility of using DC-based protocols to
elicit frameshift mutated TGFpRII-specific CTL re-
sponses in vitro and may also indicate that such re-
sponses could be obtained in cancer patients. However,
some of the CTL clones generated using this protocol
did not seem to recognise endogenously processed an-
tigen, either due to the use of low affinity TCR, or in-
dicating that the p573 epitope is not optimally processed
and expressed in vivo. Selection of the p573 epitope
described in our study was based on HLA-A2 binding
prediction, but a recent study by Kessler et al. [13] re-
ported a more precise epitope prediction method. In
their study, CTLs were stimulated in vitro using pre-
dicted epitopes generated from the tumour-associated
antigen PRAME. To predict the epitopes, they devel-
oped an improved multistep epitope prediction proce-
dure, in which in vitro proteasome-mediated digestion of
candidate epitopes is incorporated. Using this approach,
they showed that CTL clones with high sensitivity for a
high-affinity-binding PRAME peptide, which were not
produced in vitro by proteasome-mediated digestion,
were unable to lyse PRAME and HLA-A*0201-ex-
pressing tumour cell lines. CTL clones recognising epi-
topes based on the improved epitope prediction
procedure did recognise and lyse tumour cells. In future
characterisation of p573 and other CTL epitopes derived
from frameshift-mutated TGFSRII, the improved mul-
tistep epitope prediction procedure should be taken into
account.

Crucial for the initiation of effective immune re-
sponses, both in vitro and in vivo, is the presentation of
antigenic peptides in an immunogenic context. DCs are
APCs specialised to regulate T cell immunity [1]. We
tested a protocol involving DCs to elicit in vitro immune
responses in four different donors, using three peptides
all derived from frameshift mutations in TGFfSRIIL. In
only one of the donors, induction of CTLs against one of
the peptides, epitope p573, was successful. One expla-
nation for this rather low success rate can be provided by
a recent study, which reported that only mature DCs,
not immature DCs, could expand and differentiate CTL
precursors into cytotoxic effector cells [14]. Flow cyto-
metric analysis of the DCs used in our work revealed a
CD83" phenotype after maturation with TNF-o, indi-
cating that the DCs used as APCs were not fully mature.

TGFpBRII mutations are found in 90% of all MSI™
colorectal cancers [18] and may therefore be a good
target gene for immunotherapy. Here, we have reported
the identification of CTL epitope RLSSCVPVA, derived
from the most common TGFpRII mutation. In a par-
allel study, a CD4 epitope recognised by T cells derived
from both a normal donor and MSI™ cancer patients
has been identified (Szterdal et al., in press). Together,
our results indicate that frameshift peptides from
TGFpRII represent a new group of tumour-specific
antigens that may be used in cancer vaccines targeting
spontaneous and inherited forms of MSI " cancers. By
immunisation with a combination of MHC class I and 11
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epitopes a broader and more effective immune response
may be generated. Other aspects supporting an im-
munisation with distinct frameshift-derived peptides
representing several T cell epitopes are the findings that
MSI ™" patients often harbour mutations in more than
one gene carrying nucleotide repeat sequences (recent
studies by Thorstensen et al., submitted), and the risk for
tumour escape by immune selection after immunisation
in vivo [11, 19]. It is therefore tempting to design a
vaccine based on a combination of peptides generated
from frameshift mutation in candidate genes, such as
TGFpRII, Bax and Caspase-5.

Acknowledgements This work was supported by the Norwegian
Cancer Society. We thank Ms. K. Lislerud, Ms. S. Trachsel and
Ms. Tina Seremet for excellent technical assistance.

References

1. Banchereau J, Steinman RM (1998) Dendritic cells and the
control of immunity. Nature 392: 245

2. Bicknell DC, Kaklamanis L, Hampson R, Bodmer WF, Karran
P (1996) Selection for beta 2-microglobulin mutation in mis-
match repair-defective colorectal carcinomas. Curr Biol 6: 1695

3. Bicknell DC, Rowan A, Bodmer WF (1994) Beta 2-micro-
globulin gene mutations: a study of established colorectal cell
lines and fresh tumors. Proc Natl Acad Sci USA 91: 4751

4. Browning MJ, Krausa P, Rowan A, Bicknell DC, Bodmer JG,
Bodmer WF (1993) Tissue typing the HLA-A locus from ge-
nomic DNA by sequence-specific PCR: comparison of HLA
genotype and surface expression on colorectal tumor cell lines.
Proc Natl Acad Sci USA 90: 2842

5. Dolcetti R, Viel A, Doglioni C, Russo A, Guidoboni M, Ca-
pozzi E, Vecchiato N, Macri E, Fornasarig M, Boiocchi M
(1999) High prevalence of activated intraepithelial cytotoxic T
lymphocytes and increased neoplastic cell apoptosis in colo-
rectal carcinomas with microsatellite instability. Am J Pathol
154: 1805

6. Hoosein NM, McKnight MK, Levine AE, Mulder KM,
Childress KE, Brattain DE, Brattain MG (1989) Differential
sensitivity of subclasses of human colon carcinoma cell lines to
the growth inhibitory effects of transforming growth factor-
beta 1. Exp Cell Res 181: 442

7. Huang J, Papadopoulos N, McKinley AJ, Farrington SM,
Curtis LJ, Wyllie AH, Zheng S, Willson JK, Markowitz SD,
Morin P, Kinzler KW, Vogelstein B, Dunlop MG (1996) APC
mutations in colorectal tumors with mismatch repair defi-
ciency. Proc Natl Acad Sci USA 93: 9049

8. Ilyas M, Efstathiou JA, Straub J, Kim HC, Bodmer WF (1999)
Transforming growth factor beta stimulation of colorectal
cancer cell lines: type II receptor bypass and changes in ad-
hesion molecule expression. Proc Natl Acad Sci USA 96: 3087

9. Imanishi T, Akaza T, Kimura A, Tokunaga K, Gojobori T
(1992) Allele and haplotype frequencies for HLA and com-
plement loci in various ethnic groups. In: K.Tsuli, M.Aizawa
and T.Sasazuki (eds), HLA 1991. Proceedings of the Eleventh
International Histocompatibility Workshop and Conference,
Oxford University Press, Oxford, p 1065

10. Michael-Robinson JM, Biemer-Huttmann A, Purdie DM,
Walsh MD, Simms LA, Biden KG, Young JP, Leggett BA,
Jass JR, Radford-Smith GL (2001) Tumour infiltrating lym-
phocytes and apoptosis are independent features in colorectal
cancer stratified according to microsatellite instability status.
Gut 48: 360

11. Jager E, Jager D, Knuth A (1999) CTL-defined cancer vac-
cines: perspectives for active immunotherapeutic interventions
in minimal residual disease. Cancer Metastasis Rev 18: 143



476

12.

13.

14.

15.

16.

17.

18.

Jass R, Ajioka Y, Allen JP, Chan YF, Cohen RJ, Nixon JM,
Radojkovic M, Restall AP, Stables SR, Zwi LJ (1996) As-
sessment of invasive growth pattern and lymphocytic infiltra-
tion in colorectal cancer. Histopathology 28: 543

Kessler JH, Beekman NIJ, Bres-Vloemans SA, Verdijk P, van
Veelen PA, Kloosterman-Joosten AM, Vissers DC, ten Bosch
GJ, Kester MG, Sijts A, Wouter DJ, Ossendorp F, Offringa R,
Melief CJ (2001) Efficient identification of novel HLA-
A(*)0201-presented cytotoxic T lymphocyte epitopes in the
widely expressed tumor antigen PRAME by proteasome-me-
diated digestion analysis. J] Exp Med 193: 73

Larsson M, Messmer D, Somersan S, Fonteneau JF, Donahoe
SM, Lee M, Dunbar PR, Cerundolo V, Julkunen I, Nixon DF,
Bhardwaj N (2000) Requirement of mature dendritic cells for
efficient activation of influenza A-specific memory CD8" T
cells. J Immunol 165: 1182

Markowitz S, Wang J, Myeroff L, Parsons R, Sun L, Lutt-
erbaugh J, Fan RS, Zborowska E, Kinzler KW, Vogelstein B
(1995) Inactivation of the type II TGF-beta receptor in colon
cancer cells with microsatellite instability [see comments]. Sci-
ence 268: 1336

Massague J, Blain SW, Lo RS (2000) TGFbeta signaling in
growth control, cancer, and heritable disorders. Cell 103: 295
Matsushita M, Matsuzaki K, Date M, Watanabe T, Shibano K,
Nakagawa T, Yanagitani S, Amoh Y, Takemoto H, Ogata N,
Yamamoto C, Kubota Y, Seki T, Inokuchi H, Nishizawa M,
Takada H, Sawamura T, Okamura A, Inoue K (1999) Down-
regulation of TGF-beta receptors in human colorectal cancer:
implications for cancer development. Br J Cancer 80: 194
Parsons R, Myeroff LL, Liu B, Willson JK, Markowitz SD,
Kinzler KW, Vogelstein B (1995) Microsatellite instability and
mutations of the transforming growth factor beta type II re-
ceptor gene in colorectal cancer. Cancer Res 55: 5548

Note added in proof. Recently, Linnebacher et al. (2001, Int. J.
Cancer 93: 6) described results very similar to ours regarding the
RLSSCVPVA peptide.

20.

21.

22.

23.

24.

25.

26.

. Riker A, Cormier J, Panelli M, Kammula U, Wang E, Abati

A, Fetsch P, Lee KH, Steinberg S, Rosenberg S, Marincola F
(1999) Immune selection after antigen-specific immunotherapy
of melanoma. Surgery 126: 112

Romani N, Reider D, Heuer M, Ebner S, Kampgen E, Eibl B,
Niederwieser D, Schuler G (1996) Generation of mature den-
dritic cells from human blood. An improved method with
special regard to clinical applicability. J Immunol Methods
196: 137

Serra R, Moses HL (1996) Tumor suppressor genes in the
TGF-beta signaling pathway? Nat Med 2: 390

thor Straten P, Barfoed A, Seremet T, Saeterdal I, Zeuthen J,
Guldberg P (1998) Detection and characterization of alpha-
beta-T-cell clonality by denaturing gradient gel electrophoresis
(DGGE). Biotechniques 25: 244

thor Straten P, Guldberg P, Gronback K, Hansen MR, Kirkin
AF, Seremet T, Zeuthen J, Becker JC (1999) In situ T cell
responses against melanoma comprise high numbers of locally
expanded T cell clonotypes. J Immunol 163: 443

Townsend A, Ohlen C, Rogers M, Edwards J, Mukherjee S,
Bastin J (1994) Source of unique tumour antigens [letter].
Nature 371: 662

Vincent F, Nagashima M, Takenoshita S, Khan MA, Gemma
A, Hagiwara K, Bennett WP (1997) Mutation analysis of the
transforming growth factor-beta type Il receptor in human cell
lines resistant to growth inhibition by transforming growth
factor-beta. Oncogene 15: 117

Wright CM, Dent OF, Barker M, Newland RC, Chapuis PH,
Bokey EL, Young JP, Leggett BA, Jass JR, MacDonald GA
(2000) Prognostic significance of extensive microsatellite in-
stability in sporadic clinicopathological stage C colorectal
cancer. Br J Surg 87: 1197



