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ABSTRACT
Mismatch-repair deficiency (MMR-D) is closely linked to hypermutation and accordingly, high
immunogenicity. MMR-D-related tumors thus constitute ideal vaccination targets for both therapeutic and
prophylactic approaches. Herein, the prophylactic and therapeutic impact of a cellular vaccine on tumor
growth and tumor-immune microenvironment was studied in a murine MLH1¡/¡ knockout mouse model.
Prophylactic application of the lysate (C/¡ CpG ODN 1826) delayed tumor development, accompanied by
increased levels of circulating T cell numbers. Therapeutic application of the vaccine prolonged overall
survival (median time: 11.5 (lysate) and 12 weeks (lysate C CpG ODN) vs. 3 weeks (control group),
respectively) along with reduced tumor burden, as confirmed by PET/CT imaging and immune stimulation
(increased CD3CCD8C T – and NK cell numbers, reduced levels of TIM-3C cells in both treatment groups).
Coding microsatellite analysis of MMR-D-related target genes revealed increased mutational load upon
vaccination (total mutation frequency within 28 genes: 28.6% vaccine groups vs. 14.9% control group,
respectively). Reactive immune cells recognized autologous tumor cells, but also NK cells target YAC-1 in
IFNg ELISpot and, even more importantly, in functional kill assays. Assessment of tumor microenvironment
revealed infiltration of CD8C T-cells and granulocytes, but also upregulation of immune checkpoint
molecules (LAG-3, PD-L1).

The present study is the first reporting in vivo results on a therapeutic cellular MMR-D vaccine.
Vaccination-induced prolonged survival was achieved in a clinically-relevant mouse model for MMR-D-
related diseases by long-term impairment of tumor growth and this could be attributed to re-activated
immune responses.
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Introduction

Somatic hypermutation constitutes a molecular tumor
make-up for which immunotherapy might be most effec-
tive.1 This phenomenon is attributable to alterations in the
DNA polymerases encoded by the POLE/D1 genes, exposure
to external (cigarette smoking, UV radiation) and endoge-
nous mutagens.1,2 Besides, individuals who are inherited
deficient in DNA replication and repair processes develop
tumors with high mutational load mainly consisting of
insertions/deletions at repetitive DNA sequences ( D micro-
satellites). MSI-induced neoantigens arise mostly from cod-
ing microsatellite frameshift mutations in specific target
genes.3,4 The high number of mutational events in coding
microsatellites leads to the microsatellite instability (MSI)
phenotype. Due to their high immunogenicity, these frame-
shift mutations are perfect targets for immunological
approaches.

Germline mutations in one of the mismatch repair
(MMR) genes (MLH1, MSH2, MSH6, PMS1, and PMS2)
represent the underlying molecular mechanism causing

malignancies in affected patients. Clinically, MMR-D related
tumor syndromes include the autosomal dominant Lynch
syndrome (LS) as well as their biallelic counterpart referred
to as constitutional or compound MMR-D (CMMR-D).5 LS-
affected patients develop tumors upon inactivation of the
second allele. Tumors predominantly manifest in the gastro-
intestinal system as well as in the endometrium and with an
average age of 45 years.6 By contrast, CMMR-D patients
are prone to develop a more complex spectrum of ultra-
mutated cancers during their (early childhood) life-time.
CMMR-D-associated tumors include hematological, Lynch-
like gastrointestinal tumors (GIT), and brain tumors.7

Despite biological and clinico-pathological differences, many
features are common to both diseases, based on the initial
driving MMR-mutations.5,8,9

However, when comparing with LS patients, the prognosis
for CMMR-D patients is extremely bad. CMMR-D-associated
tumors show intrinsic resistance mechanisms against several
known standard chemotherapeutic drugs, including O6-meth-
ylating agents.7,10 This finding, together with the increasing
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evidence of a good response to immunotherapeutic drugs
inhibiting the PD-1/PD-L1 pathway even in the metastatic set-
ting,2,11,12 provides a rationale for investigation of immune-
based strategies in general. Recent studies revealed that LS
patients’ own immune system is capable of recognizing a vari-
ety of neoantigens on the tumor cells’ surface; thus contributing
to a better prognosis.13–15 Additionally to immune-checkpoint
inhibition, more “classical” strategies like application of autolo-
gous tumor lysate, containing a large repertoire of (shared)
MSI-specific tumor antigens, might be an effective treatment
regimen for hypermutated tumors. Given the extremely high
mutational load, these cancers are under selective pressure for
obliterating antigen presentation.16–18 Hence, simultaneous
vaccination against a variety/multitude of tumor-specific anti-
gens may prevent (or delay) the phenomenon of antigen-escape
tumor cell variants.19

We here analyzed the impact of a cellular-based vaccine on
tumor incidence, growth and immune response as a strategy to
vaccinate mice with spontaneously developing MLH1¡/¡

tumors, in both prophylactic and therapeutic settings. These
mice combine characteristics of LS and CMMR-D, with the lat-
ter being represented by an early lymphomagenesis, while GIT
development is seen at later age and thereby closely resembles
LS-associated neoplasia.

Results

Whole exome sequencing analysis for the identification
of vaccination antigens – a comparative analysis

Prior to vaccination, comparative whole exome sequencing
was done on an MLH1¡/¡-derived GIT allograft (namely
MLH1¡/¡ A7450, which was used for vaccination) and the
corresponding parental tumor to analyze the mutanome of
these tumors (Fig. 1). Firstly, marked increases in total
mutational events in the allograft as compared to the pri-
mary were evident with regard to missense, nonsense and
silent mutations as well as the number of mutations per
type (Fig. 1A). As expected, the number of silent mutations
is high whereas the nonsense mutation rate is small in both
tumor samples. Focusing on the mutation type “nonsense”,
unexpectedly no SNP exclusive for the primary tumor and
only one mutation of the MSH3 gene, at position 93110760,
has been reported.

In the genomic genetic fingerprint (Fig. 1B) the focus is on
visualizing missense mutations in a pairwise fashion for the
allograft and for their parental counterpart. The primary tumor
shows three genes being mutated: ERBB2, IDH2 and ARID1A,
where ARID1A has eight mutations at different positions.
These positions are exclusively mutated in the primary tumor

Figure 1. Comparative mutational analysis of MLH1¡/¡ GIT and allograft. (A) The statistics of each mutation type (missense, nonsense and silent) are shown for the
MLH1¡/¡ GIT allograft and the primary tumor as well as the exclusive distribution for each. Silent mutations are dominating both samples and missense mutations are
equally distributed. (B) Ideogram plots showing the genomic distributions of the missense mutations occurring in the annotated/known genes for both samples. All mis-
sense SNVs for MLH1¡/¡ GIT allograft and the primary tumor are shown in blue and yellow respectively with their corresponding coordinate on the mouse reference
genome mm9 cytoband. The exclusive missense SNVs for the MLH1¡/¡ GIT allograft and the primary tumor are shown in red and annotated with a corresponding ID con-
taining the SNV position and the affected gene name. (C) and (D) Missense mutations mapped on human protein sequences for the FHIT and the NF1 genes, respectively.
These two specific genes are frequently mutated in CMMR-D related diseases.
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(shown in red with the corresponding annotation containing
the position and the gene, all SNPs are in yellow). For ERBB2
only some positions are shown for better visualization. Interest-
ingly, the allograft has ARID1A SNPs as well, but at different
positions (for comparisons please see supplementary Tables 1
and 2 summarizing the exclusive SNPs). Besides ARID1A, the
other mutated genes are: CTNNBL1, FHIT, MET, MSH3,
MYO1B, NF1, POLE, POLD1, and SMAD2. POLE and POLD1
frequently mutated in MMR-D related diseases20,21 and
[Fig. 1C and D] show two or three mutated positions, respec-
tively. An additional analysis on insertions/deletions– known
to be interesting target structures for peptide-based vaccination
– identified 16 candidates with potential relevance (supplemen-
tary Table 3). The resulting proteins are involved in different
biological processes (such as signaling and growth control).

Delayed tumorigenesis after prophylactic vaccination
due to immune stimulation

Next, the impact of the cellular lysate prepared from the
MLH1¡/¡ GIT allograft was tested on tumor development in
syngeneic animals. A vaccination schedule is provided as sup-
plementary Fig. 1. Mice without any clinical signs of tumor
development (i.e. normal behavior, no ruffling of fur, normal
blood cell numbers) were included in this study and assigned
to the different treatment arms (lysate, lysate C CpG ODN
1826, lysate C control ODN 1826) and control groups (CpG
ODN 1826, control ODN 1826). Mice repeatedly received
applications of the vaccine to boost immune responses. CpG
was chosen based on a preliminary in vitro assay to study the
immune stimulatory effect of different adjuvants (Complete
Freund’s Adjuvant, a bacterial lysate from Streptococcus pyo-
genes,22 and CpG ODN 1826) (data not shown). In these
experiments, lymphocytes from both heterozygous and homo-
zygous mice (each n D 4) responded best towards CpG ODN
1826 in terms of activation (CD25C, CD69C) and viability.

Repeated application of the lysate was well-tolerated and
without any signs of vaccination-induced side effects. To
analyze the impact of the vaccine on the immune system,
blood samples were taken routinely from mice of all groups.
Mice of the vaccine groups (lysate C/¡ CpG ODN 1826
and control ODN 1826) had increased numbers of circulat-
ing T cells (Fig. 2A). Control mice did not show any altered
immune response. As assessed on day 84, all vaccinated
mice showed higher levels of cytotoxic T cells than control
mice (lysate C CpG ODN 1826 up to 22% vs. control:
8 %). NK cell numbers were elevated as well (lysate up to
40 % vs. control: 23 %).

In addition to the observed immune stimulation, vaccinated
mice lived longer than controls and developed tumors at later
time points (Fig. 2B). Two and three mice of each of the two
vaccination groups, respectively, even remained tumor free
until the experimental end point ( D 42 weeks), while all con-
trol mice displayed tumorigenesis within the expected time
frame, i.e. lymphomas at around 26 weeks and GIT at around
32.5 (CpG ODN 1826) or 38.5 weeks (control ODN 1826),
respectively (Table 1). Vaccination slightly delayed lymphoma
formation and GI tumorigenesis, the latter being detectable
around nine weeks later (lysate group) than in control mice
(Table 1). Unexpectedly, adding the adjuvant to the lysate
played a minor role and did not decelerate tumor development
when compared to the lysate.

Tumor microenvironment and target cell recognition
by lymphocytes of prophylactically vaccinated mice

To further investigate the observed immune stimulation, the
tumor microenvironment was studied in detail. Immunoflu-
orescence staining of GIT from vaccinated and control mice
revealed increased numbers of infiltrating CD4C and CD8C

T cells, both being located within the tumors (representative
images are shown in Fig. 3A). Besides, the immune-check-
point molecule PD-L1 was upregulated, mainly on macro-
phages, upon vaccination. Numbers of LAG-3- and NK1.1-
positive cells remained largely unchanged (Fig. 3A and data
not shown).

We next examined whether immune cells respond to stimu-
lation from tumor cells. Therefore, the reaction of peripheral
blood lymphocytes ( D during vaccination) and splenocytes (
D expe-rimental endpoint) co-incubated overnight with differ-
ent target cell populations was measured in a classical IFNg-
ELISpot assay. The two tested MLH1¡/¡ tumor target cell lines
triggered IFNg secretion of lymphocytes from vaccinated mice.
Of note, there was a trend towards higher recognition at later
time points, i.e. day 84. Strongest responses were seen in the
lysate-treated group, followed by lymphocytes from lysate C
adjuvant-treated mice (Fig. 3B). Control mice (CpG ODN 1826
and control ODN 1826) did not show any response towards
the target cells (Fig. 3B).

Prolonged survival after therapeutic vaccination

Next, the impact of our vaccine was investigated in a therapeu-
tic situation (supplementary Fig. 1). Mice with suspected GIT
underwent in vivo PET/CT imaging, which was paralleled by
weight monitoring and basic immune assays to determine the

Table 1. Tumor development after prophylactic vaccination and tumor spectrum.

median age of onset [weeks] tumor type [%] mice [%]

Intervention Lymphoma GIT Lymphoma GIT other unexpected death tumor free

CpG ODN 1826 26 32.5 60 20 20 0 0
ODN 1826 ctrl 26 38.5 60 20 10 10 0
Lysate 30 48 53.8 15.4 7.7 8.0 15.4
LysateC CpG ODN 1826 32.5 46.5 41.2 23.5 11.8 5.8 17.7
LysateC ODN 1826 ctrl 31.5 45 40.0 20.0 20.0 6.7 13.3

ctrl – control; GIT – gastrointestinal tumor; unexpected death – died under isoflurane anesthesia, found dead
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Figure 2. Prophylactic vaccination of MLH1¡/¡ mice with a cellular lysate. (A) Flow cytometric phenotyping of peripheral blood leukocytes. Blood samples were taken at
start of treatment ( D day 0) and regularly during the experiment. Given are the percentage numbers of positively stained cells as determined by gating on viable cells
from vaccinated (lysate (n D 12) C/¡ CpG ODN 1826 (n D 15) and ODN control (n D 12)) and control mice (CpG ODN 1826or control ODN 1826; n D 9 and n D 7 mice
per group, respectively). Values are given as mean § SD; �p < 0.05 vs. control; t-test. (B) Kaplan Meier survival curve of vaccinated and control MLH1¡/¡ mice. Log rank
survival analysis, p D 0.017 LysateC CpG ODN vs. control.

Figure 3. Immunofluorescence of MLH1¡/¡ tumors and IFNg–ELISpot after prophylactic vaccination. (A) Tumor microenvironment was studied from GIT cryostat sections
of 4mm. Analyses were done on a laser scanning microscope (Zeiss) using 20x objectives. (B) Reactivity of PBL (during vaccination) or splenocytes (endpoint) against tar-
get cells (MLH1¡/¡ 7450 T1 M1, MLH1¡/¡ 328, and YAC-1) was examined after overnight co-incubation. Lymphocytes were isolated from vaccinated and control mice at
different time points. Experiments revealed increased reactivity upon vaccination. Values are given as mean § SD.
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immune status before vaccination. When comparing with
tumor-free young mice, T cell levels (CD4C, CD8C, g/d TCRC)
were slightly reduced in tumor-bearing hosts. Vice versa,
immune-suppressive molecules (i.e. LAG-3 and IDO) as well as
ALCAM (CD166) increased in numbers (Fig. 4A). Granulocyte
and NK cell numbers were not altered. As assessed by PET/CT
imaging, mice developed 3.2 § 1.3 tumors on average with a
mean volume of 74.1 § 51.8 mm3 (Fig. 4B, representative pic-
tures showing PET/CT scan of a healthy mouse (left) in com-
parison to tumor-bearing mice (middle: GIT, right: lymphoma)
are depicted in Fig. 4C). Tumorigenesis was accompanied by
continuous weight loss (» 5 % during the last three weeks of
observation) and impairment of general behavior (ruffling of
fur, reduced mobility, and socio-physiological segregation).

Upon vaccination, general state of health was improved. Addi-
tionally to stabilizing weight, mice showed improved mobility
and parametric signs of disease vanished. Repeated PET/CT
imaging on day 28 post vaccination revealed disease control, with
tumor volumes being smaller than before vaccination (day 28:
lysate: 60.2 § 24.3mm3 and lysate C CpG ODN: 46.0 §
37.3mm3). In some cases, single tumor nodules even disappeared
(Fig. 4D). Disease control contributed to a better outcome and
improved overall survival. Median survival time after vaccination
was 11.5 § 3.9 (lysate) and 12.0 § 5.8 (lysate C CpG ODN
1826) weeks, compared to three weeks in the control group
(median: 3.0 § 0.6 weeks) (Fig. 4E). Therapeutic response was
accompanied by immune stimulation in a way of reconstituting a

“physiological” immune response. Of note, numbers of cytotoxic
T and NK cells as well as granulocytes gradually increased during
vaccination (Fig. 5). Amounts of TIM-3 positive T cells
decreased, while CTLA-4, PD-1 and PD-L1 were only transiently
down-regulated on immune cells (data not shown). Numbers of
helper T cells did not significantly change during vaccination.

Considering treatment of highly aggressive lymphomas,
median survival time upon vaccination with the GIT-derived
lysate was 6.0 § 2.5 weeks and thereby slightly prolonged com-
pared to untreated control mice (2.0 § 1.1 weeks). This finding
suggests some overlapping but also different biological and
immunological mechanisms among the two tumor types arising
in MLH1¡/¡ mice. Another interesting “single case” finding was
successful eradication of a skin cancer by subcutaneous lysate
application. The initial tumor (9 £ 12 mm size) completely dis-
appeared after three repetitive injections and the mouse remained
tumor free for four months, before relapse. Re-administration of
the vaccine mediated measurable tumor shrinkage, but not com-
plete remission, and the mouse died from progressive disease
four weeks later (supplementary Fig. 2).

Tumor microenvironment reveals increased T cell
infiltration but also vaccine-induced up-regulation
of immune-checkpoint molecules

The in vivo results obtained hint towards involvement of anti-
tumoral immunological mechanisms. Consequently, tumor

Figure 4. Therapeutic vaccination of MLH1¡/¡ mice with a cellular lysate. (A) Comparative flow cytometric analyses from young and old mice for determining immune
status prior to vaccination. � p<0.05 vs. young mice; t-test. (B) Tumor volume as determined by PET/CT in vivo imaging using radiopharmacon 18F-FDG. Values are given
as mean § SD. Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles. (C) and (D) PET/CT in vivo imaging. Tumor nodules were visualized
using radiopharmacom 18F-FDG. Given are representative summed images in axial (left) and coronal view (right) (C) For comparison, exemplary images of a tumor-free
mouse as well as mice with a GIT and lymphoma are shown. Arrows indicate detected tumors. The color scale indicates SUV. (D) Repeated imaging at day 28 after vaccine
revealed disappearance of single tumor nodules. Images at day 28 were taken from the same mouse as on day 0. (E) Kaplan Meier survival curve of vaccinated and control
MLH1¡/¡ mice. Log rank survival analysis. p<0.001 vs. control. p D 0.38 lysate vs. lysate C CpG ODN.
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resection specimens were examined for infiltrating immune
cells. Here, marked differences were seen between lysate and
lysate C CpG ODN 1826 treated mice. In the latter group, infil-
trating cytotoxic and helper T cell numbers markedly increased
(Fig. 6). Although numbers of infiltrating granulocytes
remained similar upon vaccination, their phenotype in lysate C
CpG ODN 1826 treated tumors changed. Double positive
CD11bCGr1C myeloid-derived suppressor cells were exclu-
sively seen in this group; possibly documenting a compensatory
immune-escape mechanism. In support of these findings, PD-
L1 and LAG-3 were highly upregulated on infiltrating cells in
the MLH1¡/¡ tumor microenvironment. However, there was
no expression of PD-L1 on vaccine-induced infiltrating
CD11bC granulocytes, a mechanism reported to counteract
CD8C T cell mediated tumor cell lysis,23 (Fig. 6). NK cell num-
bers were not altered at all (Fig. 6).

Increased mutational load in MSI-target genes upon
vaccination

Prolonged survival of MLH1¡/¡ mice was at least partially
attributable to immune-stimulation. Since this might be
associated with selective pressure and an accordingly
increased mutational load, tumor resection specimens from
control and vaccinated mice were subjected to molecular
pathological analysis. Examination of coding microsatellites
in selected MSI-target genes was based on our previous study
to identify murine coding MSI target genes in MLH1¡/¡

tumors.9

With this analysis, mutations were detectable in 31 %
(lysate) and 25 % (lysate C CpG ODN 1826) of analyzed
markers from vaccinated tumors, respectively (vs. 15 %

controls; Table 2). Increased mutation frequencies were found
in genes belonging to DNA repair (Lig4), signa-ling pathways
that regulate growth and metabolism (Grb14), and transcrip-
tional repression (Bend5). The latter gene shares functional and
structural similarity with its human ortholog and is mutated in
10 % of cultured MSI-H cell lines [Seltarbase.org]. Besides,
NKtr1, originally described to be present on the surface of natu-
ral killer cells to facilitate target cell binding, was more fre-
quently mutated in vaccinated than in control tumors (100%
(lysate) and 20% (lysate C CpG ODN 1826), respectively, vs.
9% in controls). In contrast, APC gene mutations, originally
found in every fourth MLH1¡/¡¡associated GIT as well as in
the allograft that was used for vaccination, were no longer
detectable (Table 2).

Additional direct comparison of such MSI-specific altera-
tions between vaccinated tumors and the allograft confirmed
an increased vaccination-induced mutational load. Here again,
some mutations were exclusively found upon vaccination,
forced by MSIC tumor cells to escape immune attack (Table 2).

Immune responses against MLH1¡/¡ targets upon
vaccination

Finally, lymphocytes from vaccinated mice were analyzed for
their tumor-recognizing and killing ability in immunological
standard assays. By determining the number of IFNg secreting
cells, recognition of MLH1¡/¡ target cell lines 328 and 7450 T1
M1 was confirmed (Fig. 7A). Numbers of reactive lymphocytes
increased during vaccination. How-ever, recognition was not
confined to tumor cells, since YAC-1 cells gave also rise to
IFNg secretion, especially at later times of vaccination (day 56
and endpoint).

Figure 5. Immune status of therapeutically vaccinated mice. Flow cytometric phenotyping of peripheral blood leukocytes. Blood samples were taken at start of treatment
( D day 0) and regularly during the experiment. Given are the percentage numbers of positively stained cells as determined by gating on viable cells from vaccinated
(lysate (n D 9) C/¡ CpG ODN 1826 (n D 7). Values are given as mean § SD; �p < 0.05 lysate vs. day 0; t-test; # p < 0.05 vs. lysate C CpG ODN vs. day 0; t-test.
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Results were confirmed on a functional level, in which sple-
nocytes from vaccinated mice were capable of lysing MLH1¡/¡

target cells. Of note, GIT and lymphoma target cells were both
efficiently killed. Nonetheless, lytic activity was not exclusively
antigen-restricted, since YAC-1 cells were again also recognized
and killed (Fig. 7B). This is particularly interesting since T and
NK cell proportions gradually increased upon vaccination.

Hence, repeated application of the lysate seems to favor the
induction of highly activated T as well as NK cells.

Discussion

In this study, we used a clinically relevant mouse model to
answer the question whether a cellular vaccine, prepared from a

Figure 6. Immunofluorescence of MLH1¡/¡ tumors after therapeutic vaccination. Tumor microenvironment was studied from GIT cryostat sections of 4mm. Pictures were
done on a laser scanning microscope (Zeiss) using 20x objectives.

Figure 7. Functional immunological analysis. (A) IFNg¡ELISpot and (B) Flow cytometric cytotoxicity assay. (A) Reactivity of PBL (during vaccination) or splenocytes (end-
point) against target cells (MLH1¡/¡ 7450 T1 M1, MLH1¡/¡ 328, and YAC-1) was examined after overnight co-incubation. Lymphocytes were isolated from lysate-treated
and control mice at different time points. These experiments identified increased reactivity post treatment. (B) Lytic activity of splenocytes against target cells (MLH1¡/¡

7450 T1 M1, MLH1¡/¡ 328, and YAC-1) was examined after 12h co-incubation. Lymphocytes were isolated from spleens of lysate-treated and control mice. Again, an
increased lytic activity upon vaccination was seen. Values are given as mean § SD.
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MSI-H GIT, constitutes a successful immunotherapeutic strategy
for MMR-D related diseases. In addition, we analyzed if this vac-
cine protects mice from tumors with known biological and
molecular pathological heterogeneity (GIT vs. lymphomas and
skin tumors), since MMR-D tumors (especially CMMR-D associ-
ated cases24) arise in virtually all cancer-prone organs and may
share immunogenic target structures.25 We could show that: (I)
repeated application of the vaccine stimulates both, the innate
and the adaptive immune system, (II) it delays tumorigenesis of
different origin in na€ıve mice, (III) it significantly prolongs sur-
vival of GI tumor-bearing mice by long-term impairment of
tumor growth, but (IV) it has only marginal entity-overlapping
antitumoral capacity in the therapeutic situation.

Application of tumor vaccines has a long-standing tradition
in tumor immunology with proven efficacy in pre¡(clinical)
trials.19,26 Whole tumor lysates constitute an undefined mixture
of “altered self” antigens; hence, identifying vaccination anti-
gens is crucial for subsequent development of poly-epitope vac-
cines – made of stably presented T cell epitopes for activating
cytotoxic T and helper lymphocytes simultaneously. In this
study, we first analyzed the cancer mutanome of a GIT
MLH1¡/¡ allograft which was subsequently used for vaccina-
tion ( D lysate) and performed comparative analysis with the
parental tumor counterpart. Firstly, by whole exome sequenc-
ing, an increased number of mutational events was confirmed
in the allograft, a finding quite common to MMR-D-related
tumors. These tumors acquire novel mutations after each cell
cycle,21 putting them into the subtype of “ultra-mutated” can-
cers. Secondly, mutations identified in the allograft were
defined as true target antigens based on their physiological
functional role, i.e. involvement in different biological processes
(signaling, growth control; supplementary Table 1).

A high number of frameshift-derived neoantigens is
described in the literature for human MSIC cancers [Seltarbase.
org] and some were even identified in the murine system.3,9

Frameshift peptides (FSP) trigger T cell-mediated immune
responses in LS patients as well as in healthy mutation car-
riers.15 Consequently, clinical trials aiming to decelerate or
even prevent tumorigenesis in affected patients after repetitive
FSP-based vaccination have been initiated [trial numbers:
NCT01461148 & NCT01885702]. Preliminary results from sin-
gle cancer patients describe FSP-specific immune responses in
a Phase I clinical trial.27 By contrast, much less is known about
the immunogenicity of CMMR-D associated cancers in terms
of tumor microenvironment and antigenic profile. In the only
prior published immunotherapeutic approach, two patients
with recurrent multifocal brain tumor received complete remis-
sion after treatment with Nivolumab.28 Besides, no experimen-
tal or clinical trials on CMMR-D immunotherapy have been
reported so far.

The MMR-D-related MLH1¡/¡ tumor model is ideally
suited to develop and test immunotherapeutic strategies in
order to not only substantially improve the clinical situation
for patients suffering from MMR-D-related tumors but more-
over also for the development of prophylactic strategies delay-
ing or on the long run even preventing tumor occurrence in
CMMR-D individuals.

To test the prophylactic capacity of the GIT allograft lysate,
we vaccinated mice repetitively prior to tumor formation.

Vaccination was accompanied by increased levels of circulating
(cytotoxic and helper) T as well as NK cells. T cells were addi-
tionally found elevated in situ in tumor resection specimens.
Noticeably, numbers of both helper and cytotoxic T cells
increased upon vaccination, most likely explaining delayed
tumorigenesis. This approach did, however, not completely
inhibit tumor formation; with only 15 % of mice being tumor-
free at the experimental end-point.

The functional in vitro analysis confirmed initial immune
stimulation with immune cells from lysate (C/¡ CpG ODN
1826) treated mice recognizing to autologous tumor target cells,
especially at early time points. However, development of
immunological memory was obviously counteracted by devel-
oping tumor cells through immunoediting. Tumor cells are not
characterized by a conserved set of immunogenic antigens.
Accordingly, the tumor is sculpted with a preponderance of
tumor cells to which the immune system appears to be tolerant.
Mechanistically, this has additionally been attributed to (I) the
production of immunosuppressive cytokines (e.g. TGF-b, IL-
10) or soluble factors (e.g. ROS, NO)23,26; (II) involving inhibi-
tory receptors (upregulation of CTLA-4 and IDO) and (III)
preventing co-stimulation (low amount of antigen-presenting
cells). Adding other adjuvants or applying tumor lysate-loaded
dendritic cells to ensure appropriate migration to T lymphocyte
areas in draining lymphoid tissues may provide a strategy to
improve therapy. Finally, conquering the plethora of adapta-
tions malignant cells develop along with restoration of an intact
CD4/CD8 interplay (“cancer immune cycle”) remains the main
challenge to increase tumor rejection rates in the preclinical
MLH1¡/¡ model.

Therapeutic lysate application in GIT-bearing MLH1¡/¡

mice significantly prolonged survival. PET/CT imaging with
18F-FDG, a sensitive parameter to monitor treatment
response,29 confirmed vaccination-induced disease control with
some tumor nodules even completely disappearing within four
weeks. Immune responses, characterized by elevated numbers
of cytotoxic T and NK cells as well as specific recognition of
MLH1¡/¡ GIT target cells by lymphocytes from vaccinated
mice accompanied the therapeutic response. Marked immune
cell infiltration was evident in residual tumors dominated by T
cells and granulocytes; but also immunosuppressive checkpoint
molecules expressed by the majority of cellular infiltrates.30 In
cytotoxicity assays, reactivity was further emphasized by the
lymphocytes’ ability to kill MLH1¡/¡ tumor target cells. Inter-
estingly, we also observed a cross-reactivity of lymphocytes iso-
lated from lymphomas, hinting to the recognition of shared
tumor antigens. This is particularly surprising since in vivo
treatment of lymphomas did not significantly affect tumor
growth and overall survival. In support of these findings, a dis-
tinct mutational susceptibility of target genes among human
hematological and gastrointestinal (sporadic) MSI tumors was
reported.31 Besides, immune responses observed in our study
were not exclusively antigen-restricted since NK cells target
YAC-1 were also lysed. Confirmed by flow cytometric pheno-
typing, a mixture of highly activated, efficiently target cell kill-
ing NK cells and cytotoxic T cells attack MLH1¡/¡ tumor
targets; the latter in an MHC-I restricted manner.32,33

Another interesting finding of this study was the increased
mutational load in selected MSI-target genes from vaccinated

ONCOIMMUNOLOGY e1408748-9



tumors, which likely constitutes some kind of escape mecha-
nism by triggering antigenic drift. Together with the missing
activation of T helper cells and upregulation of immune-check-
point molecules this best explains final disease progression and
treatment failure. Consequently, combining checkpoint-inhibi-
tion with vaccination represents a very promising strategy as
has only recently been proposed for experimental glioblastomas
(DC vaccine C anti-PD-1 antibody C colony stimulating factor
1 receptor inhibitor) and prostate cancer (anti-CTLA-4 anti-
body C GM-CSF-secreting cellular vaccine).23,34

Finally, we would like to bring forward the argument that
the MLH1¡/¡ mice that we used mirror – at least from an
immunological point of view – many features of clinical
CMMR-D. These include a biallelic MMR-D as the driver of
tumorigenesis and the high incidence and early manifestation
of lymphomas. Although not associated with clinically notice-
able immune defects, impairment of Ig class switch recombina-
tion has been frequently found in CMMR-D patients.24,35 Even
though not analyzed in detail in this study, we observed a
slightly impaired response towards antigenic stimuli of
MLH1¡/¡ lymphocytes when compared to lymphocytes from
heterozygous and wildtype mice. This fact in mind, we want to
emphasize that the overall success of the cellular lysate vaccina-
tion strategy used is unlikely to be over-estimating the underly-
ing potential. Due to the hypermutative nature of (C)MMR-D-
associated cancers, which allows such tumor cells to easily gain
novel (escape) mutations rapidly, multifaceted treatment strate-
gies will most likely be key to their successful long-term disease
management.

Materials and methods

Whole exome sequencing (WES) analysis. Comparative WES
analysis was done on MLH1¡/¡ GIT allograft 7450 and their
matched primary9 using the Agilent SureSelectXT exome cap-
ture and sequencing via Genome Sequencer Illumina HiSeq in
paired-end mode (GATC, Konstanz, Germany; coverage: 90x
(primary) and 60x (allograft), respectively). Data preprocessing:
For each sequence read the base quality is inspected for low
quality calls and subsequently removed before proceeding with
further processing using a sliding window approach. This
means that bases with low quality are removed from the 30 and
50 ends. Additionally, bases are removed if the average quality
is below 15. The whole exome reads were mapped to the pub-
lished mouse genome build ENSEMBL mm9.64 reference using
Burroughs Wheeler Aligner (BWA)36 with the default parame-
ters. PCR duplicate reads were removed by using Picard
(http://picard.sourceforge.net) in order to prevent artificial cov-
erage brought on by the PCR amplification step during library
preparation. SNP and InDel calling was performed using the
GATK Unified Genotyper37,38 and the detected variants were
annotated based on their gene context using snpEff.39

Data visualization

The summarized mutational profiles with the corresponding
mutation type of the MLH1¡/¡ GIT allograft and the primary
tumor were generated as stacked bar plot with ggplot2.40 To
better compare the molecular profiles between the allograft and

primary tumor, whole genome ideograms were generated using
ggplot2 package40 as well as circlize package41 in R. The muta-
tion data were filtered for the exclusive SNVs for each condi-
tion (allograft or primary). Additional mutation filters such as
the mutation type (missense and nonsense) as well as those
mutations occurring in known annotated genes, were applied.
Next, the filtered mutations were presented as ideogram based
on the mm9 mouse assembly provided by the circlize pack-
age.41 The first track is the cytoband of the mm9 assembly. The
following tracks include SNVs belonging to same condition
(MLH1¡/¡ GIT allograft or primary tumor). Further details
about the overlaps in the mutation type profiles have been gen-
erated customized with the VennDiagram42 package in R. The
mutation mapper tool was utilized for mapping the mutations
and its statistics on a linear gene product (proteins of inter-
est).43,44 For analysis, genes were chosen with high probability
of mutation based on knowledge from the human MMR-D
counterpart and general involvement in tumorigenesis.

MLH1¡/¡ mouse model and vaccine preparation

Homozygous mice were generated by breeding heterozygous
males and females of the �F5 generation. All animals received
standard laboratory chow and free access to water. Mice breed-
ing took place in the animal facilities (University of Rostock)
under specified pathogen-free conditions. Trials were per-
formed in accordance with the German legislation on protec-
tion of animals and the Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources,
National Research Council; NIH Guide, vol.25, no.28, 1996;
approval number: LALLF M-V/TSD/7221.3-1.1-053/12). Mlh1
genotyping was done according to.45 In each generation, off-
spring of all three classes in the expected ratios were obtained
(i.e. about 20–25% homozygous mice).

The vaccine originated from a molecularly and immunologi-
cally well-characterized MLH1¡/¡ GIT,9 grown as allograft in
NMRI Foxn1nu mice and serially passaged. The primary tumor
grew in the small intestine of a female MLH1¡/¡ mouse. Histo-
pathologically, the tumor presented as well-differentiated ade-
nocarcinoma with abundant extracellular mucin. Outgrowing
allografts were resected, homogenized and washed. The vaccine
was obtained after repetitive freeze/thaw cycles (n D 4), prior
to heat-shock (42�C, 5 min). Protein lysates were gamma irra-
diated (60 Gy) and frozen immediately in aliquots at -80�C
according to the procedure by.46

In vivo vaccination schedule

Mice were either vaccinated prophylactically or therapeutically.
In case of prophylactic application, 8–10 week-old homozygous
mice received four weekly subcutaneous injections of the vac-
cine (10 mg/kg bw, s.c., n D 12 mice) with or without CpG
ODN 1826 (Invivogen, tlrl-1826) as adjuvant or its irrelevant
control ODN 1826 (tlrl-1826c; 2.5 mg/kg bw, s.c., n D 15 and
12 mice per group, respectively). Control mice were given
equivalent concentrations of CpG ODN or control ODN 1826
(n D 9 and n D 7 mice per group, respectively). Vaccination
was continued until tumor development (monthly injections:
2.5mg/kg bw, without adjuvant). Therapeutic vaccinations
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started after in vivo confirmation of GI tumor growth, as deter-
mined by small animal PET/CT imaging.29 Mice received four
weekly injections of the vaccine (10 mg/kg bw, s.c.) again with
or without CpG ODN 1826 (2.5 mg/kg bw, s.c., n D 9 and n D
7, respectively), followed by biweekly applications of the lysate
only (2.5 mg/kg bw) until tumor progression. PET/CT imaging
was repeated on day 28 of therapy. Control mice were given no
treatment. Blood samples were taken at start of treatment (pro-
phylactic and therapeutic) and regularly during the experiment.
Mice were sacrificed followed by collecting blood samples,
tumors and spleens from all animals for further analysis.

PET/CT imaging

Mice with suspected GIT or healthy control mice (n D 30 in
total) were anaesthetized by isoflurane (1.5–2.5 %, Baxter) sup-
plemented with oxygen. Mice received a mean dose of 16,91 §
1,73 MBq Radiopharmacon 18F-FDG intravenously via a micro-
catheter placed in a tail vein (1 h uptake). Afterwards, mice were
imaged in prone position in the Inveon PET/CT scanner (Sie-
mens Preclinical Solutions, Knoxville, TN, USA) for 15 min.
During measurement animals were kept at constant temperature
of 38 �C by an electrical heating pad and respiration was moni-
tored.29 CT images were reconstructed with a Feldkamp algo-
rithm. PET data were first Fourier rebinned into a 2D dataset
from which real-space images were reconstructed with an
ordered subset expectation maximization (OSEM) algorithm
with 16 subsets and four iterations. Attenuation correction was
carried out using the CT data. Metabolic volumes and SUVs
were determined using Inveon Research Workplace 4.2 software.

Flow cytometry on blood samples

Blood samples were taken routinely from the retrobulbar
venous plexus of vaccinated and control MLH1¡/¡ mice, as
well as na€ıve young homozygous mice (<14 weeks, n D 15).
Blood samples were stained with a panel of conjugated mono-
clonal antibodies (mAb, 1 mg each) followed by lysis of erythro-
cytes (155 mM NH4Cl (MERCK Millipore, 101145), 10 mM
KHCO3 (MERCK Millipore, 104854), 0.1 mM EDTA (Appli-
chem, A5097)). Negative controls consisted of lymphocytes
stained with the appropriate isotypes (BD Pharmingen). Cells
were washed, resuspended in PBS and analyzed by flow cytom-
etry on a FACS Verse Cytometer (BD Pharmingen). Data anal-
ysis was performed using BD FACSuite software (BD
Pharmingen).

Microsatellite and coding microsatellite (cMS) frameshift
mutation analysis

The mutational profile of MLH1¡/¡ tumors from vaccinated
mice was compared with those of control mice analyzing a
panel of n D 26 mononucleotide repeats in MSI target genes.
Genes included in this study were described before.9 PCR con-
ditions were: 94 �C, 4 min (1 cycle); 94 �C, 30 s, 58 �C, 45 s and
72 �C, 30 s (35 cycles); and 72 �C, 6 min (1 cycle). Fluorescently
labeled DNA fragments were analyzed on a 3500 Genetic Ana-
lyzer. In each reaction, normal tail DNA served as microsatel-
lite stable (MSS) controls. Tumor samples were scored as

instable if novel peaks were obtained compared to MSS controls
or if the ratio of peak areas in MLH1¡/¡ samples and stable
controls revealed values �0.5or �2.

Immunofluorescence

Cryostat sections of 4 mm were air-dried and fixed in cold pure
methanol for 8 min. Unspecific binding sites were 2 hours
blocked in 2 % BSA (Roth, T844.4) followed by incubation with
1 mg of the following FITC- and PE-labeled mAbs: CD4, CD8a,
CD11b, Gr1 (Immunotools), CD104, LAG-3, PD-1, NK1.1 and
PD-L1 (Biolegend). Sections were washed and nuclei were
stained with DAPI (0.5 mg/ml, Thermo Fisher Scientific, D1306).
Target protein visualization was done on a laser scanning micro-
scope (Zeiss, Jena, Germany) using 20x objectives.

IFNg–ELISpot assay

2.5 £ 103 target cells/well (MLH1¡/¡ A7450, MLH1¡/¡ 328,
MLH1¡/¡ lymphoma cells, YAC-1) were seeded in IFNg–spe-
cific mAb (Mabtech, 3321–3)–coated, 96-well microtiter plates
and incubated for 2 hours. Peripheral blood leukocytes or sple-
nocytes (1 £ 104/Well) were added to targets in triplicates and
co-cultured overnight. Finally, bound antibody (Mabtech,
3321–6) was visualized by BCIP/NBT (KPL, Gaithersburg,
Maryland, USA); spots were counted using an ELISpot reader.
Presented are the numbers of IFNg–secreting cells per 10,000
effector cells corrected for background levels counted in the
absence of target cells, which was always �5 spots/well. Target
cells without effector cells showed no background level.

Flow cytometric cytotoxicity assay

In a more functional cytotoxicity assay, lytic activity of effector
cells against tumor target cells was determined by flow cytome-
try. Prior to co-culture, target cells (MLH1¡/¡ A7450, MLH1¡/

¡ 328, MLH1¡/¡ lymphoma cells, YAC-1) were labeled with
CFDA-SE (carboxyfluorescein diacetate succinimidyl ester,
Thermo Fisher Scientific, C1157; final concentration: 2 mmol/
l). Target cells without effector cells were used as negative con-
trols. Following co-incubation for twelve hours at an effector to
target cell ratio of 10:1, 30:1, and 50:1, propidium iodide (PI,
Sigma Aldrich, 11348639001; final concentration: 50mg/ml)
was added to measure target cell death based on CFDA/PI dou-
ble positive cells. Percentage (%) numbers of surviving cells
were calculated from differences between normal and co-cul-
tured cells in relation to the absolute number of measured
events.

Statistics

All values are expressed as mean § SD. After proving the
assumption of normality (Kolmogorov-Smirnov test), differen-
ces between vaccinated and control mice were determined
using the unpaired Student’s t-test. Kaplan-Meier survival anal-
ysis was done by applying log rank test. The tests were per-
formed by using Sigma-Stat 3.0 (Jandel Corp, San Rafael, CA).
The criterion for significance was set to p < 0.05.
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Abbreviations

CMMR-D constitutional mismatch repair deficiency
CRC colorectal cancer
FSM frameshift mutation
GIT gastrointestinal tumor
LS Lynch Syndrome
MMR-D mismatch repair deficiency
MSI microsatellite instability
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