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Microsatellite instability (MSI) caused by defective DNA
mismatch repair (MMR) is a hallmark of hereditary nonpol-
yposis colorectal cancers (HNPCC) but also occurs in about
15% of sporadic tumors. If instability affects microsatellites in
coding regions, translational frameshifts lead to truncated
proteins often marked by unique frameshift peptide se-
quences at their C-terminus. Since MSI tumors show en-
hanced lymphocytic infiltration and our previous analysis
identified numerous coding mono- and dinucleotide repeat-
bearing candidate genes as targets of genetic instability, we
examined the role of frameshift peptides in triggering cellu-
lar immune responses. Using peptide pulsed autologous
CD40-activated B cells, we have generated cytotoxic T lym-
phocytes (CTL) that specifically recognize HLA-A2.l-re-
stricted peptides derived from frameshift sequences. Among
16 frameshift peptides predicted from mutations in 8 differ-
ent genes, 3 peptides conferred specific lysis of target cells
exogenously loaded with cognate peptide. One peptide de-
rived from a (—1) frameshift mutation in the TGFBIIR gene
gave rise to a CTL bulk culture capable of lysing the MSI
colorectal cancer cell line HCTI116 carrying this frameshift
mutation. Given the huge number of human coding micro-
satellites and assuming only a fraction being mutated and
encoding immunologically relevant peptides in MSI tumors,
frameshift protein sequences represent a novel subclass of
tumor-specific antigens. It is tempting to speculate that a
frameshift peptide-directed vaccination approach not only
could offer new treatment modalities for existing MSI tu-
mors but also might benefit asymptomatic at-risk individuals
in HNPCC families by a prophylactic vaccination strategy.
© 2001 Wiley-Liss Inc.
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The accumulatio of genett alteratiors and resultig mutant
proteirs represerg a maja obstacé for tuma cells to escape
immure surveillance It has thus been hypothesizd that mutant
proteirs or derived peptides mug exig tha are capabé of eliciting
specift cellular immure responsesin fact, CTL hawe bee re-
ported that recogniz peptides of mutart or aberranyy expressed
proteirs suc as p21/ras MAGE-1, oncogent fusion proteinst-3
producs from alternative open readirg frame$ —° and also frame-
shift mutatel APC7 Thes tuma antigers originally hawe been
identified in tumors showirg chromosomiinstability 8

Much less is known abou the immunogeniciy of tumar cells
that shov more subtle genett alteratiors suc as smal deletions
and insertiors in repetitie DNA sequencestermel microsatel-
lites 210 Microsatellie instability in these tumar cells is due to
deficiert DNA mismatd repar causé by germline and/a spo-
radic mutatiors in at leag 5 differet MMR genes'! leadirg to
high spontaneasimutation rates More than 90% of HNPCC and
abou 15% of sporadé cances of differert orgars shov MS|.2.12|f
instability affecs microsatellits in coding regiors of expressed
genesencodé proteirs are often truncate and frequenty contain
unique frameshif peptice sequenceat their C-terminus Several
coding microsatellits bearirg gene are affectal by frameshift
mutatiors in MSI tumors including TGFBRII, IGFIIR, hMSH3,
hMSH6, BAX, Caspasé and TCF13-18However MSI tumors of

different orgars clearly shav maja differences in mutation fre-
queny of thew coding microsatellite-bearig genes In addition,
genes containirg coding microsatellits of identicd lengh and
type display different mutation frequenciesThes 2 observations
strongly sugges tha coding region MSI is a selective process
contributing to tuma development Since sporade as well as
hereditay colorectd MSI tumors hawe a bette prognoss than
MSS tumors?? it has been speculatd that the accumulatio of
frameshif proteirs and derived peptides might induce a cellular
immunre respons tha accouns for the improved survival Inter-
estingly, enhancd peritumord lymphocytt infiltration in MSI
tumors has been observe in severa studies?©21 In addition a
significanty highe numbe of activatel CTL arourd carcinoma
cells which is ore of the histopathologichfeatures of HNPCC,
has recenty bee reportal in MSI vs. MSS tumois as revealel by
CD3 immunostainig and granzyne B expressior?2 As afirst step
to analyz the role of frameshif peptidesin hog immune response
agains MMR-deficiert cells we hawe previousy performel a
systemat: databas seart to identify coding microsatellite-con-
taining genes tha are affectal by frameshif mutations?® In this
study, we identify mutation-derive HLA-A2.1-restrictel frame-
shift peptides capabé of inducing expansia of T cells These
T-cel lines are shown to be activatel and can lyse peptide-loaded
cells in a peptide-specifi manner Most significantly, 1 peptide
induced a T-cel line capabé of lysing an MSI tuma cel line
expressig this frameshif peptice endogenously Thee data
presenfor the first time functiond evidene for the role of frame-
shift peptides in immure respone again$ MMR-deficiert tumor
cells.
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MATERIAL AND METHODS cate with 3.5x 10" peptide-loaded T2 cells per well as targets.
Tumor cell lines After incubation for 18 hr, plates were washed, incubated with

All tumor cell lines were obtained from ATCC and grown inPiotinylated rabbit anti-human IFN-second antibody, washed
RPMI 1640 medium supplemented with 10% FCS, 2 mmol/B9&iN, incubated with streptavidin-coupled alkaline phosphatase,
L-glutamine and antibiotics. HLA-A2-expressing cell lines infollowed by a final wash. Spots were detected by incubation with
cluded SW480, HCT116, LS174T, LS180 (all colon carcinomd)BT/BCIP (Sigma) for 45 min, reaction was stopped with water,
and T2 cells (174xCEM.T2 hybridoma, TAP1 and TAP2 defitnen after drying spots were counted using the KS-ELISpot reader
cient). The proerythroblastic HLA-A2.1-negative cell line K56AZ€iSS Kontron, Gtiingen, Germany).
was used as a target cell in cytotoxicity assays to test for natu ;
killer (NK) activity.?ﬂxll media a)rlud supplgmentg were from Gibcoal'sr(t);gj;: dreéii;iisr:a)r/elease assays were performed as de
BRL (Eggenstein, Germany) unless stated otherwise. scribedk®.30 Tumor target cells were labeled with 1Q@i [>'Cr]-
CD40 ligand system for the culture of normal human peripherasodium chromate for 1 hr at 37°C. For peptide recognition, T2
blood B cells cells were incubated overnight at 37°C withp&/ml peptide,

The culture of CD40 ligand-activated B cells was performed &4ashed and subsequently labeled. For each experimental condi-
describec# Briefly, B cells from peripheral blood mononucleartion. cells were plated in V-bottomed 96-well plates witff farget
cells (PBMNC) were stimulated via NIH/3T3 cells stably expresgells/well in triplicate. Varying numbers of CTL were added to a

ing human CD154 (t-CD154). Lethally irradiated t-CD154 (10 inal volume of 20Qul and incubated for 4 hr at 37°C. Spontaneous

Gy) were plated on 6-well plates (0.4 10° cellsiwell) and and maximal release was determined in the presence of medium
cultured overnight. After rinsing with PBS, PBMNC were added!one or of 1% NP-40. Supernatants (}00well) were harvested
(2 x 10° cells/ml) in Iscove’s MDM (Gibco BRL) in the presenceand counted in a gamma counter. The percentage of specific lysis
of IL-4 (2 ng/ml; R&D, Wiesbaden, Germany) and cyclosporin AVaS calculated as follows: 100% [experimental release spon-

(5.5 x 10 ’M), supplemented with 10% human AB serum, ganeous release} [maximal release- spontaneous release].

pg/ml insulin, 50 pwg/ml transferrin and 15.g/ml gentamicin.  Antigen specificity was further determined by cold target inhi-
Every 3 to 5 days, cells were transferred to new plates containihijion using nonradiolabeled T2 loaded with cognate peptides or

fresh irradiated t-CD154 cells. with the irrelevant HLA-A2.1-binding P68-peptide as negative
] o control. The ratio of cold to hot target was 50:1. HLA-A2.1-
Peptides and HLA-A2.1-binding assay specificity was further determined by blocking studies using MAb

Peptides displaying HLA-A2.1-binding motifs were selected b$B7.2 (hybridoma supernatant) for blocking of HLA-A2, MAb
taking advantage of specific computer programs (http://bimad/6/32 (hybridoma) for blocking of MHCI and isotype antibodies
dert.nih.gov/molbio/hla_bind? and  http://134.2.96.221/scripts/ (IgG2b) as control. Cells were incubated for 30 min withulgiml
MHCServer.dll/home.ht’?). Peptides were purchased from thedf MADb before seeding in 96-well plates.
peptide synthesis unit of the DKFZ. Stock solutions (10 mg/ml ip .

DMSO) were stored at-70°C and diluted to 1 mg/ml in PBS /mmunofluorescence analysis

before use. T2 cells were pulsed with H@/ml peptide and 5  For analysis of HLA-A2 expression, 16 10° tumor cells were
wg/ml B2-microglobulin (Sigma, Deisenhofen, Germany) overwashed in PBS and incubated with primary MAb BB7.2 for 20 min
night at 37°C. The expression of HLA-A2.1 was then analysed ®n ice. After washing twice in PBS, cells were incubated for 20
flow cytometry using MAb BB7.2 followed by incubation with min with the secondary FITC-conjugated goat anti-mouse 19G

FITC-conjugated (ah2 goat anti-mouse 1§’ antibody. Cells were then washed twice and subsequently resus-
o pended in PBS containing 1% paraformaldehyde. CD40 Bs and T
T-cell purification cells were examined for expression of the following surface mark-

Peripheral blood was obtained from a healthy HLA-A2.1 ers: CD3 (UCHT1), CD45RA (HI100), MHC | (W6/32) and MHC
donor and collected in heparinized tubes. PBMNC were isolatéld(12G6) with unlabeled primary antibodies and FITC-labeled
by Ficoll-density gradient centrifugation. Whole CD3r cells second antibody; CD4 (RPA-T4), CD8 (RPA-T8), CD19 (HIB19),
were isolated from PBMNC by magnetic depletion of non-T cell€D23 (M-L233), CD45R0O (UCHL1), CD50 (TU41), CD58 (1C3
using the MACS Pan T-Celi Isolation Kit (Miltenyi, BergischAICD58.6), CD80 (BB1/B7-1), CD86 (B70/B7-2) and CD102
Gladbach, Germany) according to manufacturer’s instruction®-T1; Serotec, Oxford, UK) were directly FITC conjugated,
Preparations contained at least 97% of Ci2lls as assessed bywhereas CD25 (M-A251) was PE conjugated. Isotype-matched
immunophenotypic analysis. MAb was used as a negative control. All antibodies and signal

detection reagents were obtained from Pharmingen (San Diego,
Induction of peptide-specific cytotoxic T lymphocytes (CTL)  CA), unless stated otherwise.

CD40 Bs of a HLA-A2.1" donor were incubated with peptide
(20 pg/ml) and humanB2-microglobulin (3 wg/ml; Sigma) in
serum-free Iscove’s DMEM medium for 1 hr at room temperature, = . RESU,LTS )
washed twice to remove excess of peptide, were irradiated (30 d¢gntification of HLA-A2.1-restricted peptides
and added to purified CD3autologous T cells*¥97% CD3") at Since instability of coding microsatellites causes frameshift
a ratio of 4:1 (T:CD40 Bs) in Iscove’s MEM containing 10%mutations in affected target genes and, upon expression, leads to
human AB-serum, supplements (1:100) and hIL-7 (10 ng/mameshift protein sequences, we were interested in determining
R&D). Cells were plated at a density of>2 10° T cells/well in 1  whether derived frameshift peptides represent potential antigens
ml of medium. After 3 days in culture, they were fed with 1 mkhat would make MSI tumor cells particularly sensitive to CTL
complete medium. For restimulation of T cells, this was repeateattack. As a first approach to identify such frameshift peptides, we
weekly. IL-2 was first given at day 21 (10 1U/ml, R&D), also atused 2 publicly available computer-based peptide-motif scoring
day 24, and from day 28 on only hiL-2 was used instead of hiLBystems for predicting theoretical binding values for HLA-A2.1-

) . restricted peptides of frameshift protein sequences corresponding
Enzyme-linked immunospot (ELISpot) assay to mutations in coding microsatellites of the TERII gene and 15

ELISpot assays were performed as described elsev@heradditional genes that we had found to be unstable in mismatch
Briefly, nitrocellulose 96-well plates (Multiscreen; Millipore, Bed-repair-deficient tumor cell® For 8 of these mutated genes, 16
ford, MA) were covered with mouse anti-human IRNMAb frameshift peptides with moderate (theoretical scor®0 for at
(Mabtech, Nacha, Sweden) and blocked with serum containitgast 1 program) to high (theoretical scord00 for Ken Parker’s
medium. Varying numbers of effector cells were plated in tripliprogram and>20 for SYFPEITHI) HLA-A2.1 binding values
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were identified (Table I). Mutations in coding microsatellites of theeen stimulated with frameshift peptides FSP02, FSP06 and
remaining genes either led to translational termination witho#SP11, respectively, and were chosen for further analysis.

generating frameshift protein sequences and thus lacking HLA-Tq characterize the phenotype of proliferating T cells, expres-
A2.1 binding motifs, or the predicted binding values obtained Wity of surface markers was analyzed by flow cytometry (data not
both computer programs were low (theoretical scafd for both o,y “There were no significant differences between the 3 T-cell

programs). Peptides of these gene products were not further jin- . et
vestigated. To confirm the theoretical HLA-A2.1 binding properImes analyzed; almost all cells were CD3consisting of about

. : A ; 10% of CD4- and about 90% of CD8-expressing cells. The ma-
ties of the peptides on a functional basis, we performed T2 stagjl-. LY
lization ass%ypé? including the Influenca Virus ngatrix protein andlOrity of T cells (>80%) expressed the activation markers CD25

the growth-regulated protein P68 as positive binding contro d CD69 and display_ed an activated or memory phenotype, as
judged by the expression of CD45R0O. Only a small number of

Table I).

( ] ) ) ) ) cells (<20%) remained in a naive state, as judged by the expres-
Induction of T cell lines using peptide-pulsed sion of CD45RA. These flow cytometry data together with the
autologous CD40Bs ELISpot results demonstrate that frameshift peptides are capable

We next investigated whether frameshift peptides selected upeirstimulating highly activated CD8T cells when presented in an
their theoretical binding scores are also capable of stimulati@munogenic manner.
T-cell growthin vitro. CD40 Bs were generated from PBMNC of
a healthy HLA-A2.1" donor using CD154-expressing fibroblasts.
After 14 days, analysis of surface markers showed high levels of
expression of MHC class | and Il molecules, costimulatory and
adhesion molecules (CD80, CD86, CD50, CD58 and CD102) anghs
the B-cell activation markers CD19 and CD23 (data not showr¥prs
clearly demonstrating the generation of highly activated B cell&;™
considered to be efficient antigen-presenting cells. These autoﬁg;2
gous CD40 Bs were pulsed with synthetic frameshift peptides angu
used to stimulate weekly autologous CD3J cells. T cells stim ~ #sre
ulated with MP peptide-loaded CD40 Bs or unloaded CD40 BS™
were used as positive and negative controls, respectively. \Z\Zg7
generated independent T-cell lines with each of the peptides listegls
in Table I. All cell lines showed at least a 3-fold increase in celfsees

SPo4

number by day 35, but no correlation between HLA-A2.1 binding

scores of a cognate peptide and the potential to stimulate T-(:,;g‘iﬁ2
growth was observed. Two T-cell lines that had been stimulateg |
with frameshift peptides FSP02 and FSP06 for 3 months showeet ~
more than a 200-fold and 600-fold expansion, respectively. M

To quantitate antigen-specific cells in expanded T-cell cultures,
the number of IFNy-secreting T cells after stimulation with the
cognate peptides was evaluated weekly starting at day 28. As ) )
shown in Figure 1, the MP peptide was most efficient in generating™'cVRe 1 — ELISpot analysis of FSP and control T-cell lines after 4
IFN-y-secreting cells compared with lack of reactive T cells i%“nds of restimulation (day 3(5)2.pT|trated amounts of T cells were

) ; cubated overnight with 3.% 10" peptide-loaded T2 cells per well.
cultures stimulated with unloaded CD40 Bs. At day 35, 4 of 18p¢ yymber of IFNy-releasing activated T cells (spots) among the

frameshift peptide-stimulated T-cell lines demonstrated #/- (53] number of cells analyzed (0is depicted for each’ frameshift
lease (Fig. 1; FSP02, FSPO5, FSP06, FSP11) and 2 weeks latgjegtide (black bars). Reactivity against peptide YLLPAIVHI from the
of these 7 T-cell lines still remained reactive containing up to 11%uclear protein P68 served as a negative control and is indicated (open
IFN-y-releasing cells (data not shown). These 3 T-cell lines hduwrs).

ﬂ[iurrvr“er;ﬂFn

0 2000 4000 6000 8000 10000 12000
spots/1 x10° cells

TABLE | — FRAMESHIFT AND CONTROL PEPTIDES USED IN THIS STUDY

. Accession - Theoretical scorés Fluorescence
Protein numbet Name Peptidé Ken Parker SYFPEITHI inde
Influenza matrix protein AAA43682 MP ST.GILGFVFTL 408 30 0.93
Growth-regulated protein P68 226021 P68  128YLLPAIVHI 551 30 2.96
TGF-betaRll AAAG1164 FSP01 *?2&SLVRLSSCV 70 23 0.01
TGF-betaRll AAAG61164 FSP02 13LRLSSCVPVA 5 19 0.65
TGF-betaRl| AAAG61164 FSP03 '*5CVPVALMSA 1 14 0.80
HPDMPK CAA71862 FSP04 18| LHSAPTPSL 36 25 0.82
HPDMPK CAA71862 FSP05 129FLSASHFLL 570 21 0.43
HPDMPK CAA71862 FSPO7 2>RVFFFYQHL 39 15 0.33
OGT AAB63466 FSP06 1?&SLYKFSPFPL 397 23 0.47
D070 BAA11534 FSP0O8 35-KIFTFFFQL 1593 21 0.80
D070 BAA11534 FSP09 ©S8ALLPAGPLT 28 21 0.21
D070 BAA11534 FSP10 CS%LLPAGPLTQT 29 20 0.52
U79260 AAB50206 FSP11 S%-TLSPGWSAV 118 25 0.98
U79260 AAB50206 FSP12 E3|LLPQPPEWL 362 26 2.32
Sec63 AAC83375 FSP13 S>°LRQMESLGMKL 33 15 0.63
MAC30X AAA16188 FSP14 198VEMPTGWLL 20 14 0.28
MAC30X AAA16188 FSP15 19.VEMPTGWLLV 14 15 0.34
FLT3L uU29874 FSP16 113-FQF’F’PAVFA 13 10 1.43

IProtein or nucleotide accession numbers are indicat@dsition of the start amino acid in the protein is indicat®@redicted binding scores
to HLA-A2.1 using computer-assisted analysféMean fluorescence with peptide mean fluorescence without peptide)/(mean fluorescence
without peptide). Results are representative of 2 experiments.
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Recognition of target cells is peptide specific and carcinoma cell line SW480 was included in the analysis. Although
HLA-A2.1-restricted all 4 colon carcinoma cell lines have been reported to express

To test whether these activated CDB cells represent CTL and HLA-A2.1, reexamination by flow cytometry revealed high levels
are capable of recognizing specific peptides, cytotoxicity assa@sHLA-A2.1 expression on SW480 and HCT116 cells but no or
were performed using peptide loaded T2 cells. As shown in Figup8ly low expression on LS174T and LS180, even after treatment
2, established CTL lines lysed frameshift peptide-loaded T2 targ&tth IFN-v. In the cytotoxicity experiments performed, the CTL
Ce”s to a h|gher percentage than T2 Ce”s presenting the con 8? ra|sed aga|nst FSP11 fa”ed to Iyse HCT116 Ce||S bOth n the
peptide P68. It should be noted that all 3 frameshift peptid@resence or absence of IFN{data not shown). However, the
stimulated CTL lines examined showed only little backgroungSP02-specific CTL line showed significant Iytic activity against
lysis, and specific lysis was comparable to that achieved with cthe HCT116 target (Figs.t8 4b). This lysis could be blocked by
raised against the positive control peptide MP. Since these cdding cold T2 targets coated with peptide FSP0O2 (Foy, Bius
failed to lyse the proerythroblastic HLA-A2.1-negative cell lineexcluding alloreactivity and demonstrating tumor cell specificity
K562, NK activity could be excluded (data not shown). Antigen
specificity of lysis was further determined in a cold target inhibi .
tion experiment. As depicted in Figur@,3ysis of FSP02-coated =iy .

T2 cells could be completely inhibited in the presence of unlabel ;- i“\i\ A B
FSP02-loaded T2 targets. Lysis was not affected by cold T2 ce Pl
coated with irrelevant peptide P68 in comparison with the positi\ ., .
control,i.e., lytic activity without cold target blocking. These data'z 50+ ‘\k
suggest antigen specificity and MHC restriction of the cytotoxizZ’ ~
activity (FSP02 shown). To examine whether target cell lys w \\‘%
occurs in a HLA-A2.1-restricted manner, blocking experimem.L',:.|

were performed using monoclonal anti-HLA-A2 and anti-MHC g "

antibodies. Incubation of peptide-pulsed T2 cells with either ant £«

HLA-A2 or anti-MHC | antibodies resulted in about 50% inhibi- £

tion of target cell lysis, whereas the isotype control had no effes~ 1o . A ) =
(data not shown). Taken together, these results clearly demonst I A" ‘ '“"'ﬂl_‘—-____{,_ j
antigen specificity and HLA-A2.1-restriction of the CTL lines

raised against frameshift peptides. w_ S _ .
. . . 10 3 1 3 100 0 10 3
Lysis of a MSI colon carcinoma cell line

Finally, we analyzed the capacity of the CTL lines to lyse tumc. E:T-ratio
cells expressing endogenously processed frameshift proteins and ) ) . ) )
peptides derived thereof. Among the MSI colon carcinoma CeéiFIGURE 3 — Frameshift peptide-specific and HLA-A2-restricted lysis

; ; target cells. The antigen specificity of the FSP02 CTL line was
lines available to us, HCT116 was recently found to expre ésted in the presence of unlabeled cold targets, T2 cells pulsed either

c 3T i - 4
TGF[;R“ with a (1) shif’” and U79260 V.V'th a{—4)_s_h|ft.23 This ith FSPO2 (open triangles) or with an irrelevant peptide (P68, open
cell line was chosen as target to examine reactivity of the C%&ares) at an inhibitor:target ratio of 50:1. Lysis without cold targets
lines that had been raised against frameshift peptides FSP11 (d&hown as a control (closed squards). Reactivity against FSP02
rived from U79260) and FSP02 (T@RII). In addition, the 2 MSI  peptide loaded, labeled T2 targef®) Reactivity against HCT116
colon carcinoma cell lines LS174T and LS180 expressing B ( tumor cell targets. All data are shown as the mean and standard
shift in the coding microsatellite of O-GIcNAc transferase (OGTgleviation from 3 replicate wells.

were used as targets for the FSP06- (derived from OGT) stimu-

lated CTL effector line. As a negative control, the MSS colon

70 _
MP FSPO2 ‘ A B
70 - . il . [ 50 |
| [[4] . . = = 3 - . >N
= | o — & o | — j
Y -10 + T T . Bl - . . 30 i
2 60 20 ] 2 wo 10 3 é ‘
= —
o FSPOG FSPI11 Q
iy O
T w0 0 Q5
= - -
s HE R T ]
S04 . =)
30 - * 30 1 * . N
101 o — = | w1 o 5 — 0 .\ﬁ\i_,_,i
e - - B - 10 T \ \ \ \
00 3 10 3 0o 30010 3 o %0 " X 0
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E:T-ratio
Ficure 2 — Cytotoxic activity of CTL lines after 4 to 6 rounds of E:T-ratio

restimulation with the peptides MP, FSP02, FSP06 and FSP11. T2

cells were incubated overnight with the cognate peptides or the controFicure 4 — The FSP02 CTL bulk culture was tested against HLA
peptide P68 and labeled witA'Cr]-sodium chromate for 1 hr. Killing A2.1-positive colon carcinoma cell lines in the presence (triangles) or
of target cells at different effector to target cell ratios (E:T) is showabsence (squares) of exogenously added peptide FE&)Gactivity

for the control (open squares) and cognate peptides (closed squaragiinst MSS SW480 cellgb) Lytic activity against MSI HCT116
Results are displayed as the mean and standard deviation frontaBjet cells. Results are shown as the mean and standard deviation
replicate wells. from 3 replicate wells.
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of the FSP02 CTL line. To examine whether tumor cell lines showeonferred lysis of peptide-pulsed target cells in a HLA-A2.1-
different susceptibilities to CTL lysis, we compared CTL-mediaterbstricted manner. Most significantly, one particular frameshift
lysis of HCT116 and SW480 in the presence and absence gdptide, FSP02, caused by a frameshift mutation in the (A)10
exogenously added peptide FSP02 (Fig. 4). In contrast to HCT116ding microsatellite of the TGFRII gene known to be mutated in
unloaded SW480 cells remained refractory to CTL attack. Peptigige majority of MSI colorectal tumot§ induced CTL that were
loading caused a high level of SW480 tumor cell lysis but only|so capable of lysing the colorectal cancer cell line HCT116. The
moderately increased HCT116 lysis. The lysis of HCT116 cellysis was HLA-A2.1-restricted and tumor cell-specific because it
expressing the<{1) frameshift variant of TGBRII clearly dem- o4 pe blocked by competition with cold targets and no reactiv-
onstrates that frameshift peptides can promote specific T-cell prifg; a5 seen against the MSS colon carcinoma cell line SW480
ing and expansion, thereby generating CTL, capable of lysingoqs exagenous peptide FSP02 was added. Although not dem-
frameshift protein expressing tmor cells. onstrated by our experiments, transcription and translation of the
mutant mMRNA as well as endogenous processing and presentation
DISCUSSION of this particular peptide must have occurred in order to allow

In our study, we aimed to test the ability of frameshift peptideS-Ccell-mediated tumor cell lysis because this cell line only con-
derived from mutated and expressed microsatellites to indul@nS the mutant TGBRI allele. Previous studies of this mutated
productive T-cell response. In oirr vitro system, we used CD40- TGFBR gene showed that it was highly repressed in MSI cell lines
activated B cells as antigen-presenting cells to generate autologgtgh as HCT116, as analyzed by RNase protection &ssagfing
peptide-specific T cells*27 These T cells conferred MHC classsome doubts on the translation of the corresponding frameshift
I-specificity as well as lysis of peptide-coated target cells. Orfgutant protein. However, other investigators have demonstrated
particular T-cell line also lysed a MSI colon carcinoma cell linegxpression of endogenous T@ERII in this cell line using similar
endogenously expressing the cognate antigen. methodology8* which is consistent with our immunological data.
higher numbers of infiltrating cytotoxic lymphocytes within neocould slightly be increased by adding the cognate peptide exoge-
plastic epithelial structurésand higher percentage of tumor cellshous. It is conceivable that low level of endogenous peptide is
undergoing apoptotic cell death. These findings are consistent wittesented in a HLA-A2.1-dependent manner and might account for
the presence of antitumor cytotoxic immune respoA3d&eactiv- this observation. In contrast to FSP02, the frameshift peptide
ity of T cells against tumors is mediated by recognition of tumoFSP06-stimulated CTL line failed to lyse MSI tumor cells carrying
specific antigens. Several groups of tumor-specific antigens hake corresponding frameshift mutation due to loss of HLA-A2.1-
been described including shared antigens (MAGE family), tissuexpression on these MSI cells. In the case of the FSP11-stimulated
specific differentiation antigens (gp100, tyrosinase, MelanA/MaiGTL line, one explanation for loss of tumor cell lysis might be due
CEA), overexpressed self-proteins (Her2/neu, wild-type p5& the failure of the antigen-processing machinery unable to gen-
hTERT), viral gene products (HPV E6 and E7, EBNA-1) angrate all predicted peptidég3° Alternatively, these CTL might be
novel antigens fesu'“”%f{O”? mutated proteins (CDR4atenin, f o\ avidity and do not recognize small amounts of peptide
p53, p2l/ras, bcr-abPp34 With respect to tumor biology, this naturally presented by tumor cells.

latter group is generally considered as the most interesting oneI i f lis b I
since the resulting mutant proteins are unique to tumor cells andMmune surveillance of MSI tumor cells by T cells must rep-

directly contribute to tumorigenesis. Moreover, mutation-derive@Sent a major challenge to the hostimmune system. Although our
epitopes should be foreign to the immune system without encolf#ita provide strong evidence for the concept of T-cell-mediated
tering pre-existing tolerance. In the past, T-cell-defined antigerii@mune response towards frameshift peptide-presenting tumor
epitopes have been identified for those mutation-derived antigeifdls, natural selection as the driving force of tumor evolution has
that arise by point mutations or translocatiénsFrameshift mu- to be considereé®? Continuous exposure to frameshift peptides
tations affecting coding microsatellite-containing genes in MMRwould be expected to concomitantly induce a strong and specific
deficient tumor cells have the potential to generate an even higleeflular immune response. As a consequence of this selection
antigenicity since in the majority of cases the whole frameshiftqatessure, mutations in genes of the antigen processing or present-
part of the amino-acid sequence can serve as antigenic deterimg machinery should arise in MMR-deficient tumor cells. In fact,
nant. T-cell epitopes resulting from frameshifts that are derivasiasion of immune surveillance by acquirig@-microglobulin
from alternative translation initiation sites have also been dgutations has been observed at high frequency in MSI tumor
scribed!-¢ Our study for the first time not only identified T-cell cells21 Other possible targets of specific mutation or down-regu-
epltOtpﬁ_-? deg'VtEdl fm”l‘ fralmZSh'ft m‘t-‘tat“%”% affecting coding m{‘?ation of expression are TAP1/TAP2 or HLA alleles. Direct down-
rosateliites but also clearly demonstrated the Immunogenic poteggyation of expression of immunogenic epitopes is also a possi-
tial of the TGBRII (—1) frameshift-derived peptide RLSSCVPVA%g mechanismp of immune esca%e as phas been shovsn for
i(rirsnli%%)gelrt]icrepmogelﬂﬁa}ooft;?ar::]g;?itfltg;?}e%?i dﬁge;ggﬁe?gs?%%ﬁsé lanoma-associated antigénivo? However, gene mutation-
diated growth advantage is essential to and is selected for

rule to all MSI tumors of different organs and is causally related t(gecific stages of tumor development, and cells that express these

the known histopathologic features, although for colorectal a . i .
endometrial tumors, such tumor-associated lymphocytes have bg8f"ant proteins always will be vulnerable to CTL attack. Even if

describecto.21 However, no association between MSI status anf'Mune escape would be directed towards single-peptide epitopes,
intratumoral lymphocyte infiltration has been found in gastrié combinatorial vaccination approach including several antigenic
carcinomass Although our data were obtained from a smalP€ptides should overcome this obstacle. The success of such a
number of frameshift peptides and mutated coding microsatell@ategy depends on the identification of frameshift peptide pat-
containing genes, the overall number of such target genes in MsIns capable of mediating a strong immune response. A frameshift
tumor cells must be enormous and should provide a unique ap@ptide-directed vaccination approach not only could offer new
novel source of tumor-specific antigens. In fact, preliminary dateeatment modalities for existing MSI tumors but also might ben-
from our lab indicate that several hundred to thousand codiedit asymptomatic at-risk individuals in HNPCC families by a
mononucleotide repeats exist in the human genome and at lgastphylactic vaccination strategy. Since in our study precursor T
some of them are affected by microsatellite instabiifty. cells recognizing frameshift peptides are shown to exist in periph-

Our results also revealed that not all candidate frameshift pegral blood of healthy donor, further studies are required to verify
tides were capable of activating specific T cells. Three of otlhese findings on PBMNC and tumor infiltrating lymphocytes in
candidate peptides (18%) induced antigen-specific CTL lines thatients with MSI tumors.



FRAMESHIFT PEPTIDES FROM CODING MICROSATELLITES AS TUMOR ANTIGENS

ACKNOWLEDGEMENTS

11

and S. Meuer is gratefully acknowledged. This work was sup-

We thank G. Nickodemus and B. Fritz for excellent technicgiorted by the Deutsche Krebshilfe (J.G., S.W., M.v.K.D.) and the
assistance. The continuous support of H. zur Hausen, Ch. HerfaFtimorzentrum Heidelberg/Mannheim (M.L.).

10.
11.
12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

REFERENCES

Jung S, Schluesener HJ. Human T lymphocytes recognize a peptid@8f
single point-mutated, oncogenic ras proteins. J Exp Med 1991;173:
273-6.

Traversari C, Van Der BP, Luescher IF, Lurquin C, Chomez P, Van
Pel A, et al. A nonapeptide encoded by human gene MAGE-1 .
recognized on HLA-AL by cytolytic T lymphocytes directed against
tumor antigen MZ2-E. J Exp Med 1992;176:1453-7.

Ten Bosch GJ, Toornvliet AC, Friede T, Melief CJ, Leeksma OC.
Recognition of peptides corresponding to the joining region of
p210BCR-ABL protein by human T cells. Leukemia 1995;9:1344 —
Aarnoudse CA, van den Doel PB, Heemskerk B, Schrier PI. Interlet="
kin-2-induced, melanoma-specific T cells recognize CAMEL, an un-
expected translation product of LAGE-1. Int J Cancer 1999;82:442— 5
Ronsin C, Chung-Scott V, Poullion I, Aknouche N, Gaudin C, Triebet™"
F. A non-AUG-defined alternative open reading frame of the intestinal
carboxyl esterase mRNA generates an epitope recognized by reE‘?I
cell carcinoma-reactive tumor-infiltrating lymphocytes in situ. J Im< /-
munol 1999;163:483-90.

Wang RF, Johnston SL, Zeng G, Topalian, SL, Schwartzentruber DJ
Rosenberg SA. A breast and melanoma-shared tumor antigen: T ceil
responses to antigenic peptides translated from different open reading
frames. J Immunol 1998;161:3598—-606.

Townsend A, Ohlen C, Rogers M, Edwards J, Mukherjee S, Bast#9.
J. Source of unique tumour antigens [letter]. Nature 1994;371:662.
Lengauer C, Kinzler KW, Vogelstein B. Genetic instability in colo-30.
rectal cancers. Nature 1997;386:623-7.

lonov Y, Peinado MA, Malkhosyan S, Shibata D, Perucho M. Ubig-
uitous somatic mutations in simple repeated sequences reveal a new
mechanism for colonic carcinogenesis. Nature 1993;363:558—-61. 31 .
Thibodeau SN, Bren G, Schaid D. Microsatellite instability in cancer
of the proximal colon. Science 1993;260:816-9.

Buermeyer AB, Deschenes SM, Baker SM, Liskay RM. Mammalian
DNA mismatch repair. Annu Rev Genet 1999;33:533—64. 2
Liu B, Parsons R, Papadopoulos N, Nicolaides NC, Lynch H'IS, ’
Watson P, et al. Analysis of mismatch repair genes in hereditary
non-polyposis colorectal cancer patients. Nat Med 1996;2:169-74.
Markowitz S, Wang J, Myeroff L, Parsons R, Sun L, Lutterbaugh J33
et al. Inactivation of the type Il TGFreceptor in colon cancer cells °~*
with microsatellite instability. Science 1995;268:1336—8.

Souza RF, Appel R, Yin J, Wang S, Smolinski KN, Abraham JM, et
al. Microsatellite instability in the insulin-like growth factor Il recep-

tor gene in gastrointestinal tumours. Nat Genet 1996;14:255-7.
Malkhosyan S, Rampino N, Yamamoto H, Perucho M. Frameshift
mutator mutations. Nature 1996;382:499-500.

Rampino N, Yamamoto H, lonov Y, Li Y, Sawai H, Reed JC, et aB6.
Somatic frameshift mutations in the BAX gene in colon cancers of the
microsatellite mutator phenotype. Science 1997;275:967-9.
Schwartz S Jr, Yamamoto H, Navarro M, Maestro M, Reventos J,
Perucho M. Frameshift mutations at mononucleotide repeats 7.

Woerner SM, Gebert J, Yuan YP, Sutter C, Ridder R, Bork P, et al.
Systematic identification of genes with coding microsatellites mutated
in DNA mismatch repair deficient cancer cells. Int J Cancer 2001;
93:12-19.

Schultze JL, Michalak S, Seamon MJ, Dranoff G, Jung K, Daley J, et
al. CD40-activated human B cells: an alternative source of highly
efficient antigen presenting cells to generate autologous antigen-
specific T cells for adoptive immunotherapy. J Clin Invest 1997;100:
2757-65.

Parker KC, Bednarek MA, Coligan JE. Scheme for ranking potential
HLA-A2 binding peptides based on independent binding of individual
peptide side-chains. J Immunol 1994;152:163-75.

Rammensee H, Bachmann J, Emmerich NP, Bachor OA, Stevanovic
S. SYFPEITHI: database for MHC ligands and peptide motifs. Im-
munogenetics 1999;50:213-9.

Vonderheide RH, Hahn WC, Schultze JL, Nadler LM. The telomerase
catalytic subunit is a widely expressed tumor-associated antigen rec-
ognized by cytotoxic T lymphocytes. Immunity 1999;10:673-9.
Meyer GC, Moebius U, Rudy W, Batrla R, Meuer SC, Wallwiener D,
et al. Induction of antigen-specific T cells by allogeneic CD80 trans-
fected human carcinoma cells. Adv Exp Med Biol 1998;451:195-202.
Brossart P, Bevan MJ. Selective activation of Fas/Fas ligand-mediated
cytotoxicity by a self peptide. J Exp Med 1996;183:2449-58.
Houbiers JG, Nijman HW, van der Burg SH, Drijfhout JW, Kenemans
P, van de Velde CJ, et al. In vitro induction of human cytotoxic T
lymphocyte responses against peptides of mutant and wild-type p53.
Eur J Immunol 1993;23:2072-7.

Wang J, Sun L, Myeroff L, Wang X, Gentry LE, Yang J, et al.
Demonstration that mutation of the type Il transforming growth factor
beta receptor inactivates its tumor suppressor activity in replication
error-positive colon carcinoma cells. J Biol Chem 1995;270:22044-9.
Lothe RA, Peltomaki P, Meling Gl, Aaltonen LA, Nystrom-Lahti M,
Pylkkanen L, et al. Genomic instability in colorectal cancer: relation-
ship to clinicopathological variables and family history. Cancer Res
1993;53:5849-52.

Van den Eynde BJ, Van Der BP. T cell defined tumor antigens. Curr
Opin Immunol 1997;9:684-93.

Wang RF, Rosenberg SA. Human tumor antigens for cancer vaccine
development. Immunol Rev 1999;170:85-100.

Kang GH, Yoon GS, Lee HK, Kwon YM, Ro JY. Clinicopathologic
characteristics of replication error-positive gastric carcinoma. Mod
Pathol 1999;12:15-20.

Parsons R, Myeroff LL, Liu B, Willson JK, Markowitz SD, Kinzler
KW, et al. Microsatellite instability and mutations of the transforming
growth factor beta type Il receptor gene in colorectal cancer. Cancer
Res 1995;55:5548-50.

Jiang W, Tillekeratne MP, Brattain MG, Banerji SS. Decreased sta-

caspase-5 and other target genes in endometrial and gastrointestinal bility of transforming growth factor beta type Il receptor mRNA in

cancer of the microsatellite mutator phenotype. Cancer Res 1999;59:
2995-3002.

Duval A, Gayet J, Zhou XP, lacopetta B, Thomas G, Hamelin Rg.
Frequent frameshift mutations of the TCF-4 gene in colorectal cancers
with microsatellite instability. Cancer Res 1999;59:4213-5.

Watson P, Lin KM, Rodriguez-Bigas MA, Smyrk T, Lemon S,
Shashidharan M, et al. Colorectal carcinoma survival among heredi-
tary nonpolyposis colorectal carcinoma family members. Cancgg
1998;83:2:259-66. ’
Kihana T, Fujioka T, Hamada K, Kito K, Takahashi A, Tsukayama C,
Ito M. Association of replication error positive phenotype with lym-
phocyte infiltration in endometrial cancers. Jpn J Cancer Res 199&'
89:895-902.

Kim H, Jen J, Vogelstein B, Hamilton SR. Clinical and pathological
characteristics of sporadic colorectal carcinomas with DNA replic
tion errors in microsatellite sequences. Am J Pathol 1994;145:148—
56.

Dolcetti R, Viel A, Doglioni C, Russo A, Guidoboni M, Capozzi E, et42.
al. High prevalence of activated intraepithelial cytotoxic T lympho-
cytes and increased neoplastic cell apoptosis in colorectal carcinomas
with microsatellite instability. Am J Pathol 1999;154:1805-13.

RER+ human colon carcinoma cells. Biochemistry 1997;36:14786—
93.

Theobald M, Ruppert T, Kuckelkorn U, Hernandez J, Haussler A,
Ferreira EA, et al. The sequence alteration associated with a muta-
tional hotspot in p53 protects cells from lysis by cytotoxic T lympho-
cytes specific for a flanking peptide epitope. J Exp Med 1998;188:
1017-28.

Luckey CJ, King GM, Marto JA, Venketeswaran S, Maier BF, Crotzer
VL, et al. Proteasomes can either generate or destroy MHC class |
epitopes: evidence for nonproteasomal epitope generation in the cy-
tosol. J Immunol 1998;161:112-21.

. Tomlinson I, Bodmer W. Selection, the mutation rate and cancer:

ensuring that the tail does not wag the dog. Nat Med 1999;5:11-2.
Bicknell DC, Kaklamanis L, Hampson R, Bodmer WF, Karran P.
Selection for beta 2-microglobulin mutation in mismatch repair-de-
fective colorectal carcinomas. Curr Biol 1996;6:1695-7.

Jager E, Ringhoffer M, Altmannsberger M, Arand M, Karbach J,
Jager D, et al. Immunoselection in vivo: independent loss of MHC
class | and melanocyte differentiation antigen expression in metastatic
melanoma. Int J Cancer 1997;71:142-7.



	MATERIAL AND METHODS
	RESULTS
	FIGURE 1
	TABLE I
	FIGURE 2
	FIGURE 3
	FIGURE 4

	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES

