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Abstract High-level microsatellite-unstable (MSI-H) colo-
rectal carcinomas (CRC) represent a distinct subtype of tumors
commonly characterized by dense infiltration with cytotoxic T
cells, most likely due to expression of MSI-H-related frame-
shift peptides (FSP). The contribution of FSP and classical
antigens like MUCI and CEA to the cellular immune response
against MSI-H CRC had not been analyzed so far. We ana-
lyzed tumor-infiltrating and peripheral T cells from MSI-H
(n =4 and n = 14, respectively) and microsatellite-stable
(MSS) tumor patients (n = 26 and n = 17) using interferon
gamma ELISpot assays. Responses against 4 FSP antigens and
peptides derived from MUCI to CEA were compared with and
without depletion of regulatory T cells, and the results were
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related to the presence of the respective antigens in tumor
tissue. Preexisting FSP-specific T cell responses were detected
in all (4 out of 4) tumor-infiltrating and in the majority (10 out
of 14) of peripheral T cell samples from MSI-H CRC patients,
but rarely observed in MSS CRC patients. Preexisting T cell
responses in MSI-H CRC patients were significantly more
frequently directed against FSP tested in the present study than
against peptides derived from classical antigens MUCI or
CEA (p = 0.049). Depletion of regulatory T cells increased
the frequency of effector T cell responses specific for MUC1/
CEA-derived peptides and, to a lesser extent, T cell responses
specific for FSP. Our data suggest that the analyzed FSP may
represent an immunologically relevant pool of antigens
capable of eliciting antitumoral effector T cell responses.
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Abbreviations

Bc B lymphocytes

CRC Colorectal carcinoma

FSP Frameshift-derived peptides

IFN Interferon

MSI-H High-level microsatellite instability
MSS Microsatellite stable

PBMC Peripheral blood mononuclear cells

TIL Tumor-infiltrating lymphocytes
Treg cells Regulatory T cells

Introduction

Whereas the majority of colorectal cancers (CRC) show
large chromosomal alterations, a subset of 10-15 % of
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CRC is characterized by high-level microsatellite insta-
bility (MSI-H) as a consequence of DNA mismatch repair
deficiency [1, 2]. The accumulation of insertion/deletion
mutations in coding microsatellites is generally regarded as
one driving force of tumor development in MSI-H CRC
[3]. Coding microsatellite mutations may result in trans-
lational frameshifts and the synthesis of truncated peptides
[4]. The accumulation of these frameshift-derived peptides
(FSP) most likely contributes to immune recognition and
the dense lymphocyte infiltration observed in MSI-H
tumors [5-7]. Cellular and humoral immune responses
against FSP antigens can frequently be detected in the
peripheral blood of MSI-H CRC patients and even healthy
Lynch syndrome mutation carriers [4, 8—11].

Nevertheless, MSI-H tumors often grow out to large
tumor masses, suggesting mechanisms of immune escape
like loss of human leukocyte antigen class I and II
expression which are frequently observed in MSI-H CRC
[12-14]. An alternative mechanism to escape immuno-
surveillance is apparently mediated by the induction or
recruitment of regulatory T cells (Treg cells) that can
suppress antitumoral effector T cell responses in CRC
patients. It is known from previous studies that MSI-H
CRC show a pronounced infiltration with Foxp3-positive
Treg cells [15-17].

Naturally occurring Treg cells develop in the thymus
and play an important role in the maintenance of peripheral
self-tolerance. Treg cells are defined through their ability to
control the function of antigen-reactive effector T cells
(reviewed in [18]) and are typically characterized by a
CD4-positive CD25-high phenotype and expression of the
transcription factor Foxp3 [19, 20]. The suppressive impact
of Treg cells on antigen-specific effector T cells has been
demonstrated ex vivo [16, 21], and interestingly, the
depletion of Treg cells from peripheral blood samples of
CRC patients led to enhanced effector T cell responses
against a distinct set of CRC-associated tumor antigens,
indicating the antigen-specific nature of Treg-cell-mediated
suppression [21].

Up to now, there have been no comparative studies
examining T cell responses directed against FSP and other
cancer-associated antigens like MUC1 or CEA [22, 23] in
CRC patients, and the antigen specificity and role of Treg
cells for immune response and immune evasion in MSI-H
CRC patients have been unknown. This prompted us to
analyze effector and regulatory T cell reactivity against a
set of four FSP antigens, HT001(-1), AIM2(-1), TAF1B(-1)
and TGFBR2(-1), selected according to their high mutation
frequency in MSI-H CRC [24, 25] and pronounced
immunogenicity in vitro [8, 9, 26, 27] in comparison with
the two classical antigens MUC1 and CEA, which are
currently evaluated for CRC immunotherapy in clinical
trials [22, 28, 29].
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Materials and methods
Patients

Patients were recruited from the Department of General and
Visceral Surgery, University Hospital, Heidelberg. Written
consent was obtained from all participants. The protocol was
approved by the Ethical Committee of the University of
Heidelberg. A total number of 16 MSI-H and 32 MSS CRC
patients were included in the study. Median age of patients at
tumor resection was 46 (ranging from 33 to 77 years) for
MSI-H and 65 years (ranging from 30 to 85) for MSS. UICC
status was available for 9 MSI-H and 26 MSS CRC patients.
Blood samples were drawn postoperatively with intervals
between tumor resection and blood withdrawal ranging from
0.1 to 102 months. Patients’ characteristics are summarized
in Online Resource Table 1.

Preparation of peripheral blood mononuclear
cells (PBMCs)

Heparinized peripheral blood samples were obtained from
31 patients with CRC (14 MSI-H and 17 MSS) and 7
healthy donors without evidence for Lynch syndrome.
Blood samples were subjected to density gradient centri-
fugation over lymphocyte separation medium (PAA Lab-
oratories, Colbe, Germany), and PBMCs at interphases
were collected.

Preparation of tumor-infiltrating lymphocytes

CRC samples from 30 patients (4 MSI-H and 26 MSS)
were transferred to our laboratory immediately after sur-
gical resection and digested mechanically and enzy-
matically in RPMI medium (PAA Laboratories) containing
20 pg/ml DNase I, 1 mg/ml Blend collagenase N and
0.1 mg/ml hyaluronidase III (all purchased from Sigma-
Aldrich) over night followed by a cell separation over a
100-um cell strainer to obtain a single cell suspension.
Tumor-infiltrating lymphocytes (TILs) were then isolated
by a three-phase Percoll gradient (Amersham Biosciences,
Uppsala, Sweden) and collected from the third interphase.
The average number of TILs upon Percoll gradient isola-
tion was 29 x 10° cells. However, numbers of isolated
TILs was strongly dependent on the size of the tumor
sample, ranging from 0.3 x 107 to 1.22 x 10® cells.

Purification of B cells (Bc) and T cells

Whole CD3-positive T cells were isolated from PBMCs
and TILs by depletion of non-T cells using the MACS Pan
T cell Isolation Kit IT (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions.



Cancer Immunol Immunother (2013) 62:27-37

29

T cells were cryopreserved at day 0 at —70 °C in human
serum (PAA Laboratories) with 10 % dimethyl sulfoxide
(DMSO) (Sigma-Aldrich). CD40-activated Bc were gen-
erated as described previously [8] by cultivation of non-T
cells for at least 21 days on irradiated NIH3T3 feeder cells
stably expressing CD154.

Three days before the ELISpot assays, T cells were
thawed and cultivated in IMDM medium with 10 % human
AB serum (both purchased from PAA Laboratories),
50 IU/ml interleukin-2, 10 IU/ml interleukin-7 (both from
PromoCell, Heidelberg, Germany) and supplemented with
insulin/transferring/selenium (1:100, Invitrogen, Karlsruhe,
Germany).

Depletion of regulatory T cells

Atotal of 1.8 x 10° cells were separated from whole T cells
asundepleted T cell fraction. Remaining T cells underwent a
depletion of CD4/CD25 double-positive cells by using the
CD47CD25" Regulatory T cell Isolation Kit according to
manufacturer’s instructions (Miltenyi Biotec). CD8-positive
T cells and CD4-positive CD25-negative T cells were mixed
and applied as Treg-depleted T cell fraction. Treg cell
depletion was performed with tumor-infiltrating T cells from
4 MSI-H to 18 MSS CRC patients as well as with peripheral
T cells from 12 MSI-H to 11 MSS CRC patients.

Flow cytometry

The purity of peripheral and tumor-infiltrating T cells and
Bc was characterized by flow cytometry analysis of cell
surface markers using FITC-labeled CD4 (clone RPA-T4,
1:50) and CDS8 (clone RPA-T8, 1:50) antibodies,
PE-labeled CD19 (clone HIB19, 1:50) and CD25 anti-
bodies (clone 4E3, 1:50) and unlabeled antibody against
the Pan T cell marker CD3 (OKT3, undiluted) followed by
FITC-labeled anti-mouse IgG secondary antibodies (1:50,
eBioscience, San Diego, USA). Cells treated without pri-
mary antibody (for CD3) or treated with isotype-matched
mouse IgG1l were used as negative control. All primary

antibodies were purchased from BD Biosciences, Heidelberg,
Germany.

Immunofluorescence was measured with a FACSCalibur
(Becton—Dickinson) and evaluated with CellQuest software
(Version 5.2, BD Bioscience).

Antigens

IFN-gamma ELISpot analysis was performed using a set of
4 MSI-H-specific FSP, one CEA- and 2 MUCI-derived
peptides (Table 1). MUCI-derived peptides Muc20 and
MuclO0 represent the tandem repeat and the signal
sequence of MUCI, respectively. FSP antigens were
selected according to their high mutation frequency and in
vitro immunogenicity in MSI-H CRC patients. For CEA
and MUCI, peptides were selected that contained on the
one hand validated HLA-A2-restricted epitopes and on
the other hand a large variety of predicted HLA I- and
[T-restricted epitopes. These long peptides were also tested
for recognition by antigen-specific T cells from CRC
patients with multiple different HLA haplotypes, and those
with the highest immunogenicity were selected. Peptides
were obtained from the Peptide Synthesis Facility at the
German Cancer Research Center. All peptides were purified
by high-performance liquid chromatography and analyzed
by mass spectrometry. They were dissolved to 5 mg/ml in
DMSO and further diluted to 500 pg/ml in phosphate-
buffered saline (PBS).

IFN-gamma ELISpot

ELISpot assays using autologous Bc as antigen-presenting
cells were performed as described previously [8] with
slight modifications. Briefly, after depletion of Treg cells,
Treg-undepleted and Treg-depleted tumor-infiltrating T
cells and peripheral T cells were plated fourfold (0.5 x 10°
cells per well) and coincubated with autologous tumor-
infiltrating Bc or peripheral Bc (0.15 x 10° cells per well)
and peptides (final concentration 10 pg/ml) in 200 pl
IMDM with 10 % human serum for 24 h. As a negative

Table 1 Predicted FSP (frameshift neosequences are underlined) with the number of deleted nucleotides in brackets and the length of the
microsatellite, and classical antigens associated with CRC used in the ELISpot analysis

Antigen Repeat Peptide sequence

HTO01(-1) A(l11) EIFLPKGRSNSKKKGRRNRIPAVLRTEGEPLHTPSVGMRETTGLGC
AIM2(-1) A(10) HSTIKVIKAKKKHREVKRTNSSQLV

TAFI1B(-1) A(11) NTQIKALNRGLKKKTILKKAGIGMCVKVSSIFFINKQKP

TGFBR2(-1) A(10) LEDAASPKCIMKEKKSLVRLSSCVPVALMSAMTTSSSQKNITPAILTCC

MUC1 37 39¢ (Muc20) (tandem repeat)

MUCI,_;99 (Muc100) (signal
sequence)

CEA569—61 8

(GVTSAPDTRPAPGSTAPPAH) x 5

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNA
VSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQDVTS

YVCGIQNSVSANRSDPVTLDVLYGPDTPIISPPDSSYLGANLNLSCHSA
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control, no peptide was added to the respective wells.
Addition of a PMA/ionomycin mix (20 nmol/l phorbol-12-
myristate-13-acetatein and 350 nmol/l ionomycin) served
as a positive control. Antigen-specific T cell reactivity was
defined as significant, if spot numbers exceeded back-
ground reactivity after adjustment. In detail, spot numbers
counted for a specific T cell sample and antigen were
adjusted by subtraction of background (no peptide control)
and standard deviations of peptide-specific value and no
peptide value as described previously [8].

Assessment of FSP mutational status

MSI analysis was performed as described previously
[30]. PCR primer sequences for multiplex PCR of FSP-
related coding microsatellite-bearing genes were obtained
from a publicly accessible database containing information
about microsatellites in the human genome (www.
seltarbase.org). The following primers were used for
amplification: TGFBR2 (sense 5’ GCTGCTTCTCCAA
AGTGCAT 3’; antisense 5 CAGATCTCAGGTCCCACA
CC 3'), TAFIB (sense 5 ACCCAAATAAAAGCCCTCA
AC 3’; antisense 5 CTACTTAAAATTCCATTCCATGT
CC 3'), AIM2 (sense 5 TTCTCCATCCAGGTTATTAAG
GC 3'; antisense 5 TTAGACCAGTTGGCTTGAATTG
3') and HT00I (ASTEI) (sense 5 ATATGCCCCCGCT
GAAATA 3'; antisense 5’ TTGGTGTGTGCAGTGGTTC
T 3'). Sense (TGFBR2 and TAFIB) or antisense primers
(AIM2 and HT00I) were labeled with fluorescein isothio-
cyanate (FITC). Primers were used at a final concentration
of 7.5 uM with 0.25 mM dNTPs (Invitrogen), 1x PCR
buffer, 1.5 mM MgCl, and 0.05 U/ul Hot FirePol DNA
polymerase (all purchased from Solis Biodyne, Tartu,
Estonia). Hi-Di/Rox buffer (12 pl, Applied Biosystems,
Warrington, UK) was added to 2 pl PCR product. Analysis
was performed in an ABI3100 (Applied Biosystems) and
evaluated with the GeneScan™ software.

Immunohistochemistry

Sections from formalin-fixed, paraffin-embedded tissue
were mounted on aminopropylsilane-coated slides (Super-
Frost, Menzel, Braunschweig, Germany), and sections were
deparaffinized, rehydrated and subsequently heated for
15 min in 10 mM citrate buffer (pH6) to retrieve antigen
epitopes. Detection of the expression of CEA and the
hypoglycosylated form of MUC1 was performed using the
avidin/biotin complex (ABC) method following standard
procedures as described previously [15]. Mouse monoclonal
antibodies specific for hypoglycosylated human MUCI
(1:200 dilution, clone VU-4H5, Acris Antibodies, Herford,
Germany) and human CEA (1:100 dilution, clone Col-1,
Abcam, Cambridge, UK) were applied at 4 °C overnight.
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Treg cell specificity assay

Treg cell specificity was feasible for 4 of the patients from
whom sufficient numbers of Treg cells could be isolated.
Treg cell specificity assay was performed as described
previously [21] with the following modifications: Bc were
incubated in IMDM medium containing 10 % human
serum and loaded with the respective peptide (10 pg/ml) or
no peptide as control. Treg cells (2.5 x 10%) were added to
the pulsed Bc. Treg-cell-depleted T cells were incubated
with CD3/CD28-Dynabeads (Invitrogen) (ratio 1:1). After
14 h, Dynabeads were removed and T cells (2.5 x 104)
were added to the Bc and Treg cells. *H-thymidine incor-
poration, measurement and evaluation were performed as
described previously [21]. Antigen-specific Treg cell
reactivity was defined as significant, if DPM of an antigen
was below background DPM after adjustment. DPM for a
specific T cell sample and antigen was adjusted by the
addition of background (no peptide control) and standard
deviations of peptide-specific value and no peptide value.
Percent of growth inhibition was evaluated for T cell/
antigen samples with a significant reduction of T cell
proliferation by calculating the percentage of the DPM
difference between the respective sample and the no pep-
tide control to the DPM of the no peptide control.

Results

Preexisting antigen-specific tumor-infiltrating T cell
responses in MSI-H and MSS CRC patients

T cell responses directed against 4 FSP antigens and pep-
tides derived from the classical CRC-associated antigens
MUCI1 and CEA were analyzed by IFN-gamma ELISpot
assay. FSP-specific T cell responses were measured sepa-
rately for peripheral and tumor-infiltrating CD3-positive T
cells from MSI-H (peripheral n = 14, tumor-infiltrating
n = 4) and MSS CRC patients (peripheral n = 17, tumor
infiltrating n = 26) using autologous CD19-positive Bc as
antigen-presenting cells. Among T cell samples catego-
rized as positive, no significant differences in absolute spot
numbers were observed between FSP antigens and MUCI-
and CEA-derived peptides (not shown). Additionally, we
did not observe differences in background spot numbers
between responding and non-responding T cell samples.
Representative primary data for tumor-infiltrating T
cells are displayed in Fig. la. Tumor-infiltrating T cell
samples from 4 MSI-H CRC patients predominantly
showed reactivity against FSP antigens, with reactivity
against at least one FSP detectable in all four tested spec-
imens. No FSP-specific reactivity was detected in tumor-
infiltrating T cell samples from 26 MSS CRC patients. Four
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Fig. 1 IFN-gamma ELISpot spot counts per 5 x 10* T cells fo
tumor-infiltrating (a) and peripheral (b) T cell samples from
representative MSI-H and MSS CRC patients as well as one healthy

out of 26 tumor-infiltrating T cell samples from MSS
patients (15.4 %) were detected with responses against at
least one classical peptide. Significant T cell responses are
summarized in Fig. 2a. In tumor-infiltrating T cells from
MSS CRC patients, peptide-specific response rates were
lower than 10 % for each of the tested peptides derived
from the classical antigens MUC1 and CEA.

Preexisting peripheral T cell responses against FSP
and classical antigens

Fig. 1b shows representative primary data for peripheral T
cell responses of one MSI-H and one MSS CRC patient as
well as one healthy control. Ten out of 14 MSI-H CRC
patients (71.4 %) were detected with a peripheral T cell
response significantly above background against at least
one FSP. Five of them (35.7 %) showed responses against
2 or more FSP antigens. The FSP antigen with the highest
response rate was TAF1B(-1) with responses in 6 out of 14

donor. Bars represent mean spot numbers + standard deviation.
Significant elevated spot numbers compared to the negative control
are marked with asterisk

T cell samples (42.9 %). Peripheral T cell responses
against the FSP AIM2(-1) and TGFBR2(-1) were also
observed in 1 (5.8 %) and 2 (11.7 %) out of 17 MSS CRC
patients, respectively. Responses against the classical
peptides derived from MUC1 to CEA were more frequent
in MSS compared to MSI-H CRC patients (5 out of 17
patients, 29.4 % vs. 3 out of 14, 21.4 %). Highest response
rate for MSS CRC patients’ peripheral T cell samples was
observed against CEA (23.5 %) (Fig. 2).

Among MSI-H CRC patients, peripheral FSP-specific T
cell responses were detectable in 10 out of 14 patients,
whereas responses against MUC1 or CEA were detectable
in 3 out of 14 patients (Fig. 3). Comparison of FSP
antigens with classical antigens MUCI1/CEA revealed a
significantly higher prevalence of preexisting FSP-specific
T cell responses compared to T cell responses specific for
antigens derived from MUCI or CEA (17 out of 56, 30.4 %
vs. 5 out of 42, 11.9 %, p = 0.049, two-tailed Fisher’s
exact test).
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Fig. 2 Response pattern of all
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Enhanced frequency of T cell responses upon Treg cell
depletion

The presence of CD25-high CD4-positive Treg cells in
tumor-infiltrating and peripheral T cell samples from CRC
patients was assessed by flow cytometry. CD25-high CD4-
positive cells accounted for 2—-10 % of total CD3-positive
T cell numbers. Depletion of cells with CD25-high CD4-
positive phenotype from CD3-positive T cells by magnetic
bead isolation resulted in a decrease in CD25-high CD4-
positive T cells as determined by flow cytometry (Online
Resource Figure 1).

To determine the effect of Treg cell depletion, we
compared IFN-gamma ELISpot response rates for Treg-
cell-undepleted and Treg-cell-depleted T cell samples for
all antigens. Reactivity patterns for all analyzed samples
from CRC patients with and without Treg cell depletion are
summarized in Fig. 2. Figure 3 provides a graphical
display of the response rates only for T cell samples from
which Treg cell depletion was feasible, to compare
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antigen-specific T cell responses with and without Treg cell
depletion. T cell samples from healthy donors did not
display T cell reactivity in Treg-cell-undepleted or Treg-
cell-depleted samples and are therefore not shown.

Depletion of Treg cells from tumor-infiltrating T cells of
MSI-H CRC increased the number of recognized antigens
for all 4 tested T cell samples. In tumor-infiltrating T cells
from MSS CRC patients, response rates for the peptides
derived from MUCI and CEA increased after depletion of
Treg cells. Reactivity against AIM2(-1) was observed in T
cells from 1 out of 18 (5.6 %) patients when Treg cells
were depleted. The number of T cell samples recognizing
at least one antigen was increased from 2 out of 18
(11.1 %) samples without, to 10 out of 18 (55.6 %) sam-
ples with Treg cell depletion.

In peripheral T cell samples from MSI-H CRC patients,
Treg cell depletion resulted in an increase of response rates
for all of the tested antigens with a particularly pronounced
increase for the MUC1-derived peptides Muc20 (from 0 to
33.3 %) and Mucl00 (from O to 41.7 %) and for the
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Fig. 3 Response rates of tumor-infiltrating (a) and peripheral (b) T
cell samples from MSI-H (tumor infiltrating n = 4, peripheral
n = 12) and MSS CRC patients (tumor infiltrating n = 18, peripheral
n = 11) without (light gray) and with (dark gray) Treg cell depletion

CEA-derived peptide (from 8.3 to 58.3 %). All Treg-cell-
depleted samples showed responses against at least one of
the tested antigens. In MSS patients, Treg cell depletion
also increased the number of peripheral T cell samples that
showed reactivity against at least one of the tested antigens
(3 out of 11, 27.3 % without Treg cell depletion, 9 out of
11, 81.8 % with Treg cell depletion).

against the analyzed antigens. T cell samples from healthy donors did
not display T cell responses against the tested antigens with or
without Treg cell depletion and are therefore not shown

In peripheral T cells from MSI-H CRC patients, Treg
cell depletion led to a more pronounced increase of effector
T cell responses directed against MUCI1- or CEA-derived
peptides (1 out of 36 responses without Treg cell depletion,
16 out of 36 responses with Treg cell depletion) compared
to effector T cell responses directed against FSP antigens
(13 out of 48 responses without Treg cell depletion, 20 out
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of 48 with Treg cell depletion, p = 0.070). A similar trend
was observed for tumor-infiltrating T cells isolated from
MSI-H CRC lesions (MUCI1/CEA: 2 out of 12 possible
responses without Treg cell depletion, 6 out of 12
responses with Treg cell depletion; FSP: 6 out of 16 pos-
sible responses without Treg cell depletion, 10 out of 16
responses with Treg cell depletion).

T cell reactivity, FSP mutational status
and MUCI1/CEA expression

Frameshift mutation analysis was performed to assess the
FSP mutational status of MSI-H tumors, because the ana-
lyzed FSP are supposed to result from the presence of a
mutation resulting in the deletion of one nucleotide at a
coding microsatellite of the corresponding gene. Conse-
quently, the relation between T cell responses in IFN-
gamma ELISpot analysis and the coding microsatellite
mutation status of the respective genes was examined.
Mutations predicted to result in the generation of FSP
antigens analyzed in the present study were not always
associated with a T cell response directed against the
respective FSP antigen, whereas a subset of patients pre-
sented with T cell responses directed against an FSP anti-
gen without the respective mutation detectable in the
tumor. Frequency of FSP-specific T cell responses was not
statistically associated with mutation status, both in Treg-
undepleted and in Treg-depleted samples (Online Resource
Figure 2).

Additionally, the amount of tumor cells expressing CEA
and the immunogenic hypoglycosylated MUCI antigen
was evaluated by immunohistochemical staining of paraf-
fin-embedded tissue specimens. Tumor samples were
scored from 1 to 4 according to the number of stained
tumor cells (representative stainings in Online Resource
Figure 3). Expression of the antigens was detected in all
samples at varying abundance. Most of the tumors, irre-
spective of their microsatellite instability status, expressed
the analyzed antigens in more than 50 % of the tumor cells
(score 3 or 4). Comparison of T cell responses directed
against the peptides derived from MUCI1 to CEA and the
tumor scoring according to the proportion of tumor cells
expressing CEA and the hypoglycosylated form of MUCI1
did not reveal a significant correlation (not shown, Online
Resource Figures 2 and 4).

Treg cell specificity assay

Treg cell specificity assay could be performed for a subset
of patients (n = 4). We compared individual patients for
their Treg cell pattern obtained from Treg specificity assay
and their antigen recognition pattern with and without Treg
cell depletion from ELISpot analysis (Fig. 4). Treg cell
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Fig. 4 Representative T cell sample for comparison of antigen-
specific T cell responses in Treg-cell-undepleted (light gray) and
Treg-cell-depleted T cells (dark gray) with percentage of growth
inhibition in Treg specificity assay (calculated as the difference
between mean DPM no peptide control and mean DPM antigen,

divided by mean DPM of the no peptide control) including standard
deviation

influence in ELISpot assay was determined as antigen-
specific T cell responses observed in Treg-cell-depleted
samples, but not in samples without Treg cell depletion. T
cell samples with an influence of Treg cells observed in
ELISpot assay also displayed significantly decreased
effector T cell proliferation in Treg specificity assay.
Additionally, Treg cell specificities could be detected for
antigens, for which no T cell responses either without or
with Treg cell depletion were observed, suggesting the
existence of antigen-specific Treg cells, but no preexisting
antigen-specific IFN-gamma-secreting effector T cells in
the respective patients.

Discussion

MSI-H CRC are highly immunogenic and characterized by
a dense infiltration with cytotoxic T cells [5, 6]. The
immunogenicity of MSI-H cancers is commonly assumed
to result from the abundance of MSI-induced FSP
neo-antigens that can be recognized as foreign by the host’s
immune system. The present study is the first to directly
compare T cell responses against selected FSP antigens and
the classical CRC-associated antigens MUC1 and CEA.
We observed preexisting peripheral T cell reactivity
against all of the tested antigens, FSP and classical, in
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peripheral T cell samples from MSI-H CRC patients, with a
significantly higher prevalence of responses directed
against the tested FSP compared to MUCI1/CEA. These
data and similar results obtained in tumor-infiltrating T
cells isolated from MSI-H CRC support the hypothesis that
FSP represent an immunologically relevant pool of anti-
gens in MSI-H CRC. However, it has to be conceded that
responses against non-FSP antigens other than the analyzed
peptides derived from MUC1/CEA may behave differently;
for example, recent studies indicated that modification of
MUCI peptide by partial glycosylation led to an increased
frequency of immune responses [31].

In MSS CRC patients, preexisting FSP-specific T cell
reactivity was rarely observed and restricted to the antigens
AIM2(-1) and TGFBR2(-1). The presence of FSP-specific
T cell responses in the peripheral blood of MSS CRC
patients might result from cross-reactivity of lymphocytes
specific for an epitope contained within a different immu-
nogenic peptide, sharing sequence similarity with FSP,
though peptide BLAST analysis did not reveal significant
sequence identities (data not shown). Alternatively, coding
microsatellite mutations may also occur at a low frequency
in MMR-proficient cells, thus giving rise to the generation
of an FSP antigen. However, none of the T cell samples
from the healthy donors analyzed in this study showed
FSP-specific responses significantly above background,
suggesting that FSP-specific T cells were limited to CRC
patients in the present experimental setting. Response rates
of MSS CRC patients against the peptides derived from
MUCI to CEA ranged from 4 to 8 % in the tumor-infil-
trating T cell samples and from 11 to 22 % in the T cell
samples from peripheral blood of MSS patients. This is
comparable with response rates reported in a previous
study with 14 % for MUCI1 and 20 % for CEA [21].

MSI-H CRC lesions commonly display dense infiltration
with FOXP3-positive regulatory T cells. Therefore, we
asked whether regulatory T cells had a functional impact
on T cell responses against the selected FSP antigens and
on responses against the classical antigens MUCI1 and
CEA. Depletion of Treg cells led to increased response
rates for all analyzed antigens in from the peripheral blood
of MSI-H CRC patients. Additionally, Treg cell depletion
increased the average number of antigens, FSP as well as
MUCI1- and CEA-derived antigens, recognized by tumor-
infiltrating and peripheral T cell samples from MSI-H CRC
patients. For the group of MSS patients, the MUCI1- and
CEA-specific response rates were also elevated upon Treg
cell depletion. This observation suggests that preexisting
IFN-gamma-secreting antigen-specific T cells might be
suppressed by Treg cells.

Interestingly, T cell responses against TAFIB(-1),
which was the antigen most frequently recognized by
peripheral T cells, were only observed in tumor-infiltrating

samples upon Treg cell depletion. However, matched pairs
of peripheral and tumor-infiltrating T cells could only be
analyzed from two MSI-H CRC patients, so the difference
of TAFI1B(-1)-specific responses between the two com-
partments might result from small sample numbers.

Although the presence of FSP-specific Treg cells and
Treg cell suppression of effector T cell responses directed
against FSP was demonstrated in the present study, one
might speculate that an enhanced frequency of Treg cells
against the analyzed peptides from MUCI1 to CEA might
be responsible for the lower frequency of preexisting IFN-
gamma-secreting MUC1- and CEA-specific effector T
cells, potentially resulting from the fact that CEA and
MUCI are, in contrast to FSP antigens, not induced by
mutation [31-33].

FSP antigens are neopeptides supposed to be specific for
mismatch repair-deficient cells like MSI-H cancer lesions.
FSP antigens might therefore rather elicit an effector T cell
response in the absence of preexisting FSP-specific Treg-
cell-mediated tolerance. However, Treg cells specific for
other neopeptides including viral antigens derived from
HPV have been reported in the literature [34]. These
differences might be related to the different potential of
distinct antigens to induce CD4-positive T cells. We assume
that the FSP antigens used in our study can be recognized by
CD4-positive T cells because they are predicted or have been
shown to encompass HLA class II epitopes [10, 35, 36].
The low frequency of Treg-cell-mediated suppression of
FSP-specific effector T cell responses is therefore most
likely not the result of lacking CD4-positive T cell recog-
nition. It will be an interesting task for future studies to
elucidate the difference between antigens inducing or not
inducing Treg cell suppression, and to examine whether this
difference translates to differences in the clinical outcome of
vaccinated patients.

The generation of FSP antigens in MMR-deficient cells
results from insertion/deletion mutations affecting micro-
satellites located in the coding region of the respective
genes. Therefore, we here analyzed whether FSP-specific T
cell responses were related to the presence of at least one
mutated allele of the respective gene. However, like in a
previous study [8], no such correlation was observed.
Besides from the possibility of false-positive results, lack
of correlation might result from the fact that coding
microsatellite instability is heterogeneously distributed in
MSI-H CRC [37] and only selected tumor regions can be
analyzed for coding microsatellite mutation status after
routine pathology workup. Alternatively, one might spec-
ulate that cells carrying an FSP-inducing mutation and thus
expressing an immunogenic peptide have been successfully
attacked and eliminated from the pool of tumor cells by
cytotoxic T cells according to the concept of immunosur-
veillance or immunoediting [38, 39].
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Similarly, no correlation was observed between
expression of CEA or hypoglycosylated MUCI and anti-
gen-specific T cell reactivity. The amount of tumor cells
expressing CEA and hypoglycosylated MUC1 was highly
variable in the different samples, but was not related to the
presence of antigen-specific T cell reactivity, suggesting
that the detection of T cells recognizing MUC1 and CEA is
not directly correlated with overexpression of the antigens
by cancer cells.

The observed trend toward a more pronounced increase of
effector T cell responses directed against MUC1/CEA than
against the tested FSP upon Treg cell depletion is in line with
previous reports of a high variability of Treg cell suppression
among distinct tumor antigens [21]. Consequently, antigen
selection for immune therapy approaches is expected to have
critical impact on their efficacy, potentially related to the
antigens’ capability of inducing effective T cell cytotoxicity,
but no immune regulatory response.

In summary, we here demonstrate in a comparative
study that T cell responses in patients with MSI-H CRC are
frequently directed against selected microsatellite insta-
bility-induced FSP. Moreover, our results suggest that the
high frequency of preexisting FSP-specific effector T cell
responses in MSI-H CRC patients may result from differ-
ences in Treg cell suppression between FSP and classical
CRC antigens MUCI1 and CEA. Preselected microsatellite
instability-induced FSP therefore represent promising targets
for immunotherapy approaches, and clinical trials will have
to show whether the differences in the regulation of antigen-
specific T cell responses will translate into different outcomes
in patients vaccinated with CRC antigens.
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