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Introduction

1. Introduction

1.1 Microsatellite instability

Microsatellite instability (MSI) is a form of genetic instability. It acts as a diagnostic marker for
solid and hematological malignancies and has become an excellent biomarker for immuno-
therapy. Microsatellites are short DNA regions of repetitive mono-, di-, tri-, or tetranucleotides,
such as AGAGAG [1]. MSI results from deletions or insertions in microsatellites which are
particularly present in non-coding regions of the DNA. During replication, the polymerase can
detach from the DNA strand, a process called DNA replication slippage [2,3]. As a conse-
quence, the double strand separates. When these two strands reattach incorrectly a loop can
be created. The resulting replicated DNA strand is reduced or elongated. The mismatch repair
(MMR) system recognizes the loop and corrects the error. MLH1, MSH2, MSH6, and PMS2
are the four main proteins involved in this repair system [4]. When a cell has a dysfunctional
MMR system, the loop can lead to frameshift mutations and dysfunctional, usually, C-terminally
truncated proteins [5,6]. These novel proteins, with deletions of 4 to 12 base pairs, depending
on the type of cancer, act as neo-antigens, which are foreign to the immune system. Hence,
MMR-deficient (AIMMR) tumors are highly immunogenic and ideal candidates for immunother-
apy.

In clinical diagnostics, the Bethesda panel is used to test for MSI. Five microsatellites are ex-
amined via fragment length analysis. Two mononucleotide loci (Bid Adenosine Tract [BAT]-25
and BAT-26) and three dinucleotide loci (D2S123, D5S346, D17S250) are part of the Bethesda
panel. Instability in two or more of these regions is defined as MSI-high, instability in one of the
MS is defined as MSI-low and no instability is called MS stable [7—10].

Germline mutations in one of the MMR genes, i.e. A(MLH1, h(MSH2, hMSH6, or hPMS?2 result
in a dysfunctional MMR system and finally drive MSI. This can either occur sporadic or hered-
itary. In fact, dMMR is present in 15-18 % of all colorectal cancers (CRC). Hereditary dAMMR--
related cancers arise in the context of Lynch syndrome — the most common hereditary tumor

syndrome in men.

1.2 dMMR-associated tumors

Humans can inherit mono- or bi-allelic mutations in one of the MMR genes. These are the
driver mutations [11-13]. When a somatic inactivation of the second allele appears additionally
to the mono-allelic germline mutation, tumors develop in the affected organs. In most cases,
gastrointestinal adenomas or carcinomas arise. Besides, extra-gastrointestinal malignancies,
including the endometrium, ovary, and bile duct are likewise detectable in Lynch syndrome
patients [14]. This disease is named after the researcher Henry Lynch who described this syn-
drome in 1971 [15]. The median age of onset is 44 years [16,17]. It is the most frequent he-

reditary cancer syndrome in men with a prevalence of 1:400 and [18,19] and accounts for 3 %
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of all CRCs [20,21]. The lifetime risk of germline mutation carriers to develop tumors is over
80 %. Two subgroups exist: subtype G1 is highly immunogenic and subtype G2 is low immu-
nogenic [8,22,23]. Men are twice more affected as women. This disease is characterized by
MSI [24-27].

In the case of the bi-allelic inherited mutation, children develop tumors all over their bodies;
this is called constitutional mismatch-repair-deficiency (cMMR-D). In both syndromes, devel-
oping tumors show a high mutational burden [28—30].

Another reason for developing dMMR-related tumors is the epigenetic modification of the
MLH1 promoter, which results in the inactivation of MLH1 [31,32].

Table 1: Clinical characteristics of Lynch syndrome [16,17,33-39]

Age ~40 - 50 years old
Sex Higher risk in men
Tumor localization Colon, endometrium, ovarium, stomach, urothel, bile duct,

small intestine, central nerve system

Mutation in hMLH1 ~35 % of patients

Mutation in h(MSH?2 ~40 % of patients

Life time risk of tumorigenesis | Men: 27 — 74 %
of patients with dAMMR Women: 22 — 53 %

MSI status Usually MSI-high

1.3 Clinical and preclinical approaches for dMMR related diseases

Conventional chemotherapy is still used as first-line therapy for many tumor entities. Cytostatic
drugs stop the uncontrolled cell division of tumor cells. 5-Flourouracil (5-FU) for example, is
inserted into the newly synthesized DNA as a base. Depending on the stage of the tumor,
different schemes of chemotherapy are applied, for example, FOLFOX4 [40,41]. This starts 5
to 8 weeks after surgery and includes a sequence of oxaliplatin, folinic acid, and 5-FU. Nowa-
days, XELOX Il is increasingly used [42]. Herein the oral drug capecitabine is given instead of
5-FU, which is transformed into 5-FU in the body, especially in the tumor tissue [43]. Besides
the cytotoxic effects against tumor cells, certain cytostatic drugs can trigger endogenous anti-

tumor immune responses. One of the most important effects is the induction of immunogenic
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cell death, which in turn, leads to an activation of cytotoxic T-lymphocytes, and finally to tumor
infiltration [44]. In addition, chemotherapy can increase the tumor mutational burden [22,23].
Another commonly used drug in the clinic is Gemcitabine. This drug inhibits DNA synthesis by
acting as a deoxycytidine nucleoside analog and consequently activates the immune system.
In this cascade, the tumor microenvironment shifts to an inflammatory milieu [45,46].
Gemcitabine is, among others, approved for the treatment of pancreatic carcinoma and meta-
static breast cancer [47,48]. Currently, gemcitabine is not part of the treatment regimen for
Lynch syndrome or CRC, but due to its immunomodulatory properties, it is a potential candi-
date for combinational immunotherapies [49]. Indeed, in a previous in vitro study, our group
could show that gemcitabine reduces the amount of intracellular IDO-1 and triggers immuno-
genic cell death, characterized by translocation of CalR and HMGB1 secretion [50]. In vivo,

combined chemo-immunotherapy prolonged the overall survival of AMMR mice [50].
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Figure 1

Schematic overview of the mechanism of action of the different immunotherapies: green box: abema-
ciclib, yellow box: Dendritic cells, blue boxes: a-PD-L1. DC = dendritic cell, TCR = T-cell receptor.

Nowadays, immunotherapy is increasingly clinically approved. The most widely applied immu-
notherapy is based on immune checkpoint inhibitors (ICls). Immune checkpoints are natural
regulators of the immune system. Physiologically, these checkpoints prevent autoimmunity by
mediating immune tolerance. They are primarily found in immune cells, including T-lympho-

cytes. However, tumor cells utilize immune checkpoints to obtain self-tolerance by preventing
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the immune system to attack the body’s own cells. ICls activate the immune defense by stop-
ping the immune inhibiting impact, a mechanism termed “breaking the breaks”. Their main
function is to reactivate exhausted T-lymphocytes. The main targets for ICls are cytotoxic T-
lymphocyte-associated Protein 4 (CTLA-4 or CD152), programmed cell death protein 1 (PD-1
or CD279), and programmed cell death- ligand protein 1 (PD-L1 or CD274).

Cytotoxic T-lymphocyte-associated Protein 4 (CTLA-4) also known as CD152, is expressed
on T-lymphocytes to prevent overreaction of the immune system when T-lymphocytes are ac-
tivated [51-54]. Already in the 1990s, the blockade of CTLA-4 was tested to improve antitumor
immunity [55]. Ipilimumab was the first FDA-approved ICI for metastatic melanoma in 2011
[56,57].

PD-1-targeting antibodies, such as Nivolumab, Pembrolizumab, and Cemiplimab are approved
for 1% line therapy of unresectable or metastatic IMMR CRC [58-60]. Response rates for pa-
tients with metastatic CRC to a-PD-1 monotherapy are described to be between 31-54 % [61—
63]. PD-1 is an inhibitory receptor on the surface of activated monocytes, dendritic cells, NK
cells, T, and B cells. When bound to its ligand PD-L1, it takes part in programmed death sig-
naling which regulates T cell-mediated responses [64]. PD-1 reduces cytokine secretion, like
TNFa, IFNy, and IL-2 which in turn blocks cell proliferation [65,66]. This blockade induces a
cell cycle arrest in the GO/G1 phase more than by apoptosis [67].

PD-L1 is a transmembrane protein that helps to maintain peripheral tolerance, but it is also
involved in tumor immune escape (Figure 1) [68]. Antibodies against PD-L1, such as Atezoli-
zumab are FDA-approved for entities like progressive advanced urothelial carcinoma [69,70].
Another ICI that just started to gain attention, is the antibody against the lymphocyte-activation
gene 3 (LAG-3). It is expressed on activated immune cells, maintains the homeostasis of CD8"
T-lymphocytes, participates in the activation of dendritic cells, and blocks cellular proliferation
[71-73]. LAG-3 and CD4 are structural homologs, but LAG-3 expressed on tumor cells out-
competes CD4 when binding to MHC class Il, which leads to calming of NK and T-lymphocytes
[74—77]. As a consequence, LAG-3 promotes tumor immune escape in the local tumor micro-
environment [73]. Indeed, a recent study showed that inhibition of LAG-3 leads to the down-
regulation of anti-apoptotic signals in tumor cells and to the reactivation of NK and T-lympho-
cytes [78]. The safety of LAG-3 antibodies is currently tested in several clinical trials for un-
resectable or metastatic solid tumors (Clinicaltrials.gov identifier: NCT03489369). Additionally,
a combination with Nivolumab is tested (Clinicaltrials.gov identifier: NCT03607890,
NCT01968109, NCT04811027). On 18 March 2022, the FDA approved the combination of
Nivolumab (a-PD-1) with Relatlimab (a-LAG-3) for unresectable or metastatic melanoma which
doubled the time of progression-free survival compared to Nivolumab monotherapy. This com-

binational therapy is called Opdualag [79].




Introduction

Since not all patients respond to ICI therapy, predictive markers are investigated to identify
patients with a high likelihood to benefit from this treatment [80-83]. Additionally, combination

treatments with conventional chemotherapy are under clinical investigation.

Since nearly all Lynch syndrome tumors are MSI and thus hypermutated, cancer vaccines
constitute a promising therapy option. Commonly used are antigen-loaded dendritic cells,
these are already safety proven and induce long-lasting immunity in some cases [78,84,85].
Vaccines can delay or prevent relapse. Furthermore, whole tumor lysate vaccines provide a
far more variety of neo-antigens that can be combated by the immune system than peptide-
based vaccines do (Figure 1) [86]. In clinical trials, the vaccines did not show the desired ef-
fects [87,88]. In prophylactic settings, tumor lysate vaccination may prevent tumorigenesis in
high-risk patients [89]. Indeed, a recent study showed that a combination of four synthetic
frameshift peptide neoantigens decreased the tumor burden and prolong the overall survival
of mice with an Msh2 knock-out in the intestine. Furthermore, the adaptive immunity towards
those four neoantigens was significantly increased [90]. In previous studies of our group, com-
parable preventive effects were found in MIh1 knock-out mice (MIh17- mice) repetitively treated
with murine whole tumor lysates. Survival could be prolonged, especially in combination with

chemotherapy [50,91].

1.4 Preclinical tumor models

Given the high clinical relevance of hMLH1 and hMSH2 mutations in human dMMR-related
cancers, mouse lines with a constitutional or conditional knock-out in these genes have been
developed [33,34,92,93]. The group of Prof. Edelmann pioneered the experimental develop-
ment of dAMMR mouse lines. In our lab, we bred two knock-out mouse models which develop
tumors spontaneously to nearly 100% [94—97]. The MIh1”- mice (strain: B6.129-MIh1"™Re) have
a dominant negative null mutation of exon 2 of the MIh1 gene [97]. Infertility of MIh1”- mice is
a side effect, therefore heterozygous mice are used for breeding. Within the first months, Mih17
mice can develop lymphomas, which represent cMMR-D. These can arise either in the thy-
mus or as generalized lymphomas in the liver or spleen. Additionally, skin lesions can appear
[98]. At an age of around 8 months, these mice develop gastrointestinal tumors, which show
characteristics of Lynch syndrome [99]. Both tumor syndromes evolve at around the same
distribution in MIh1”- mice, still female mice are more prone to develop lymphomas, whereas
males rather develop gastrointestinal tumors [98]. Msh2!oxP/loxP TaTe(Vil-cre) ' mjce have a condi-
tional knock-out that manifests in the gut. Accordingly, the Msh2'o®/exP iTeTavill-cre) - myice only

develop tumors in the intestine due to their targeted knock-out only in the gastrointestinal tract.
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1.5 Targeted therapies: Cyclin-dependent kinase inhibitors

It is known that dysregulation and overexpression of cyclin-dependent kinases (CDK) are in-
volved in the development of tumors, hence, CDK inhibitors (CDKi) have been developed and
are increasingly used in the clinic [100-104]. There are 13 human CDKs that all belong to the
serine/threonine kinases. CDKs regulate the cell cycle and are dependent on the oscillation of
cytokines which are up- and down-regulated throughout the cell cycle [100]. Furthermore, they
are involved in the metabolism, transcription, epigenetic regulation, neuronal function, and self-
renewal of stem cells [105]. CDKis can be categorized into global and selective agents. Global
CDKis have a broad mode of action, usually targeting multiple CDKs. Examples of global
CDKis include dinaciclib and THZ1. The first one inhibits CDK1, 2, 5, and 9 [106] and is known
to turn immunological cold microenvironments in pancreatic cancers into hot [107]. THZ1
blocks CDK7, 12, and 13 [108] and affects the phosphorylation and transcription of RNA poly-
merase 2 [109,110]. In a recent study on glioblastoma multiforme cell lines, dinaciclib signifi-
cantly affected the viability in 2D as well as in 3D cell culture. Visible changes were found in
morphology such as small vacuoles and cell shrinkage. Additionally, dinaciclib induced senes-
cence, necrosis, and mitochondrial dysfunction. RNA analysis revealed downregulation of
genes related to cell cycle, mitosis, transcription regulation, cell migration, and E3 ubiquitina-
tion, and in contrast, upregulation of genes involved in chemotaxis, DNA damage, and stress.
Long-term treatment exhibited resistance in only 1 of 5 cell lines [111]. For CRC, riviciclib, a
CDKA1, 4, and 9 inhibitor was found to inhibit colony formation in vitro and induce apoptosis.
Furthermore, riviciclib showed synergistic effects with various chemotherapeutics in different
tumor entities [112]. In another study, the CDK9 inhibitor CDKI-73 induced apoptosis in two
human CRC cell lines and inhibited tumor growth significantly in xenograft mouse models
[113]. The same effects were found for samuraciclib, also called ICEC0942, in CRC cell lines
[114]. The advantage of CDKI-73 over dinaciclib is, that CDKI-73 can be applied orally [113].
Selective CDKis have a narrower spectrum of activity and target specific CDKs. These include,
among others, the CDK4 and 6 inhibitors abemaciclib, ribociclib, and palbociclib [115]. All
agents stop the cell cycle at the G1 phase [116,117]. CDK4/6 inhibitors indirectly improve tu-
mor antigen presentation and suppress the proliferation of regulatory T-lymphocytes, but re-
activate T-lymphocytes and produce an inflamed microenvironment [118—-120]. They can im-
prove long-term immunity by transforming CD8" T-lymphocytes into memory cells [121]. All
three CDK4/6 inhibitors are FDA-approved for the treatment of hormone receptor-positive, hu-
man epidermal growth factor receptor 2 negative breast cancer [122,123], and clinical trials
are ongoing for other solid tumors. Although these three CDK4/6 inhibitors have the same
targets, they differ in efficacy and side effects [124]. Additionally, palbociclib and ribociclib show
higher affinity to CDK6, while abemaciclib rather binds to CDK4 (Figure 1) [125-127]. The

latter leads to swollen and dysfunctional lysosomes and induces apoptosis, necrosis [116], and
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senescence. Besides, abemaciclib blocks DNA synthesis, which reduces cell proliferation
[117,119,128,129]. The CDK4/6 blockade leads to the upregulation of the transcriptional re-
pressor MXD4, which negatively regulates MYC [121]. CDKis are good candidates to treat
dMMR malignancies because these patients already have preformed antitumor immune re-

sponses that can be boosted using CDKis [130-132].

1.6 Combination therapies

Combination treatments are used to increase the effects of a certain monotherapy and to neu-
tralize or prevent the development of escape mechanisms. The addition of chemotherapy to
ICIs is promising to prevent resistance mechanisms and to combat the tumor by activating the
patient’'s own immune system [44]. Clinical trials are ongoing for combination therapy of a-PD-
L1 together with chemotherapy for solid tumors (Clinicaltrials.gov identifier: NCT03572400,
NCT03324282, NCT03093922).

Additionally, combination treatments of ICI with CDKi are tested. In vitro tests revealed that
dinaciclib enhances T cell proliferation and induces DC activation which leads to immunogenic
cell death. These outcomes increase the effectiveness of PD-1 blockade [133]. In an in vitro
study, abemaciclib triggered proinflammatory immune responses in ovarian cancer cells, en-
hanced immune cell infiltration, and PD-L1 expression [134]. The combination with a-PD-1
additionally induced CD8" T cell activation and can therefore be a great option for low-immu-
nogenic cancer types [135].

In another study, it was found that the deletion of CDKNZ2A contributed to a-PD-1 (Nivolumab)
resistance in malignant pleural mesothelioma patients, but sensitized cells to CDK blockade
[136]. In mice, a combination with a CDK4/6 inhibitor was applied to overcome resistance
mechanisms induced by the a-PD-1 monotherapy. This finally reduced the tumor size [136].
The sensitivity towards abemaciclib was also found in HNSCC cell lines with deletions in the
CDKNZ2a gene [137].

In preclinical as well as in a phase 1 study, Pembrolizumab and dinaciclib were combined and
showed strong antitumor activity and good tolerance in patients with relapsed or refractory

chronic lymphocytic leukemia (rrCLL) and diffuse large B-cell lymphoma (rrDLBCL) [138].
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2. Aim of the study

The study aimed to test the efficacy of different immunotherapies in two preclinical mouse
models of dAMMR. In vivo experiments were done on mice, either harboring a constitutional
(MIh1) or conditional (Msh2) knock-out.

Given the growing relevance of immune checkpoint inhibitors in first- and second-line treat-
ment of dAMMR-related tumors, in this thesis, we focused on PD-L1 as a novel target receptor
and applied different combination strategies. Whole tumor vaccination, chemotherapy, and the
CDK inhibitor abemaciclib were used as combination partners to improve the outcome. Treat-
ments included therapeutic and prophylactic interventions intended to reduce or prevent
dMMR tumor growth.

To evaluate the efficacy of either treatment, the general condition of mice was monitored daily,
accompanied by longitudinal PET/CT screens using "IFDG-PET/CT and routine blood sam-
pling to track immunological changes by flow cytometry. After the experimental endpoint,
Kaplan-Meier survival curves were displayed. Additionally, the tumor microenvironment was
examined via immunofluorescence, the MSI status was determined with fragment length anal-
ysis, and changes in gene expression were recorded using Nanostring-based arrays.

With this project, we intended to provide new insights into the underlying mechanisms of re-
sponse and resistance toward state-of-the-art treatments for patients with MMR-D-related tu-

mors.
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3. Methods

As part of this project medical PhD students (Steffen Kuntoff, Julia Henne, Leonie Engster,
Paula Krone, Julia Teichmann) were incorporated and guided. Part of their work is included in

this thesis. Therefore, methods were performed by different people.

3.1 In vitro experiments

Cell culture & treatments

Cell lines A7450 T1 M1 and 328 cells (both adherent) were established from gastrointestinal
tumors and 1351 (suspension) was generated from a splenic lymphoma of Mih1” mice in our
lab. Cells were cultured in complete medium DMEM/HamsF12, supplemented with 10 % fetal
calf serum, 2 mmol/L glutamine, and antibiotics. Treatments were applied as IC30. Abemaciclib:
1 UM, Palbociclib: 1 uM, Dinaciclib: 100 nM, THZ1: 0.83 uM.

Dendritic cells were extracted from the bone marrow of euthanized Mih1*" mice. The femur
was extracted and rinsed with PBS to gain the dendritic cells. Cells were sieved and washed
and cultured in RPMI medium, + 10 % fetal calf serum, 2 mmol/L glutamine + antibiotics and
seeded in 6 well plates with 300,000 cells/ml and 3 ml/well. After 3 days 1 ml medium/well was
exchanged with 2 ml of fresh medium. After additional 3 days and 2 days 2 ml medium/well
were exchanged with 2 ml fresh medium, respectively. After 9 days in total, dendritic cells were
harvested by collecting the supernatant medium, washing the wells with PBS and centrifuga-
tion (300 x g, 8 min).

Apoptosis/necrosis assay

Cells were treated for 48 h, 72 h and 2x 72 h with CDKis. Cells were harvested and incubated
with 0.2 uM Yo-Pro iodide (Thermo Scientific, EX’Em 491/509 nm; blue laser 488 nm) for 20
min at RT. Afterwards cells were washed and mixed with 7-AAD viability staining solution (250
ng, Biolegend, San Diego, United States) before measurements started. Measurements were
performed at a FACSVerse Cytometer (BD Pharmingen, San Diego, USA) and were analyzed
using BD FACSuite software (BD Pharmingen).

Cell cycle analysis

Cells were treated for 48 h, 72 h and 2x 72 h with CDKis. Cells were harvested and incubated
with ice-cold ethanol overnight at -20°C. RNase (1mg/ml Carl Roth, Karlsruhe, Germany) was
preheated for 90 min at 37°C. Cells were washed twice with 2 ml PBS and centrifuged at 300
x g for 10 min. 500 yl RNase was added to each sample, mixed and incubated for 45 min at
37°C in the water bath. Cells were washed twice with 2 ml PBS and centrifuged at 300 x g for
10 min. Cells were mixed with 400 ul propidium iodide (50 pg/ml) and incubated for 30 min in

the fridge covered from light. Measurements were performed at a FACSVerse Cytometer (BD
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Pharmingen, San Diego, USA) and were analyzed using BD FACSuite software (BD

Pharmingen) and FlowJo™ Version 10.6.1.

Immunogenic cell death analysis

Cells were treated for 48 h, 72 h and 2x 72 h either with abemaciclib, palbociclib, dinaciclib or
THZ1. Cells were harvested and incubated with poyclonal rabbit CalR primary antibody (10
pa/ml, Abgent, San Diego, CA, USA) for 30 min at 4°C. Then, the secondary donkey anti rabbit
FITC-labeled antibody (10 pug/ml; Biolegend, San Diego, USA) was added and incubated for
30 min at 4°C. Control cells were only incubated with the secondary antibody. Measurements
were performed at a FACSVerse Cytometer (BD Pharmingen, San Diego, USA) and were
analyzed using BD FACSuite software (BD Pharmingen).

ELISA to quantify HMGB1 level in supernatant

Supernatants were collected from tumor cells upon incubation. The level of high-mobility group
protein 1 (HMGB1) were measured via ELISA following the manufacturers’ protocol (Abbexa,
Cambridge, UK).

Colony formation assay

500 cells were seeded per well in 6 well plates and allowed to rest overnight. Treatment was
added. After 6 days cells were stained with 500 pl 0.2% crystal violet for 10 min on a rocking
plate. Afterwards cells were washed with PBS. The number of colonies was counted via Im-
ageJ-win64. The well in the image was cropped and cleared out. The image type was set to 8-
bit. Outliers were removed using: radius = 5 pixel, threshold = 1, which outliers = dark. The
threshold was adjust to 0 to 119 and black and white. The watershed function was applied and

particles were analyzed with parameters: size = 20-infinity, circularity = 0-1, snow = outliers.

Co-culture assay

Tumor cells were stained with 5 yM CMFDA for 15 min at 37°C and 5% CO-. 20 000 cells were
seeded per well in a 24 well plate. After 24 h 200 000 blood cells were added per well. Blood
was lysed before with erythrocyte lysis buffer (155 mM NH4Cl (MERCK Millipore, Darmstadt,
Germany), 10 mM KHCOs (MERCK Millipore), and 0.1 mM EDTA (Applichem, Darmstadt, Ger-
many)). Treatment was added (abemaciclib 1 pM). 24 h later, the anti-PD-L1 antibody (10
pg/ml) was added. After 48 h, tumor cells were quantified. Cells were mixed with fluorescent
microsphere beads (1.4 x 10° beads/ml, size: 10 um, Polyscience, Hirschberg an der Berg-
strasse, Germany). Measurements were performed at a FACSVerse Cytometer (BD
Pharmingen, San Diego, USA) and were analyzed using BD FACSuite software (BD

Pharmingen).

10
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Immunofluorescence of cytoskeleton and ROS

Cells were treated twice for 72 h with 1 uM abemaciclib. Then cells were stained with 7.5 yM
ROS Brite 670 (AAT Bioquest, CA, USA) for 30 min at 37°C. Then, 125 nM Mitolite Green
(AAT Bioquest) were added for 45 min at 37°C. Cells were fixed with 4% PFA for 30 min at
RT. After three times washing with PBS cells were permeabilized with 0.2% TritonX for 15 min
at RT. Afterwards Phalloidin-iFluor (1 test unit/ml in 1% BSA; AAT Bioquest) was added for 30
min at RT. Cells were washed thrice and incubated with 1.5 ug/ml DAPI for 2 min. Images
were taken on a confocal laser scanning microscope (ZEISS Elyra 7 Confocal Laser Micro-

scope, Zeiss, Jena, Germany).

Whole exome sequencing data analysis (Dr. rer. nat. Yvonne Gladbach)

The cell lines 328 and A7450 T1 M1 were sequenced using the Agilent SureSelectXT panel
on a Genome Sequencer lllumina HiSeq in paired-end mode (GATC, Konstanz, Germany).
Their genomic correlations were presented in oncoprint. Then single nucleotide variants (SNV)
were searched both missense and nonsense mutations. With the help of a “lollipop” mutation
diagram generator mutations on proteins of interest were mapped. Candidate genes, with a
high probability to mutate, were selected based on human MMR-D counterparts and their in-

volvement in tumorigenesis.

3.2 In vivo experiments

Ethical statement

All animal experiments were authorized by the Landesamt fir Landwirtschaft, Lebensmittel-
sicherheit und Fischerei Mecklenburg-Vorpommern (7221.3-1-062/19; -025/20; -026/17) in ac-
cordance to the german animal welfare act and the EU policy 2010/63/EU. Mice were bred in
the animal facility of the University Medical Center Rostock under specific pathogen-free con-
ditions. Genotyping of MLIh1" [130] and Msh2'o®/ioxP:TaTg(Vilt-cre) 1139 140] was performed. All
mice got enrichment like mouse-igloos, nest material, paper rolls, and nailwood. Mice were
kept in type Il cages during experiment in a 12-hour dark-light rhythm, a temperature of 21 +
/-2 °C and a relative humidity of 60 + /- 20 %. Food pellets and tap water was given ad libitum.
For manufacturing of tumor lysate, tumor fragments were transplanted subcutaneously into
mice under ketamine/xylazin anesthesia (90/6 mg/kg bw i.p.). After reach of a critical tumor

size, mice were euthanized and tissue was resected for further processing.
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Experimental protocol
Treatment schedules were as followed:

1) Combined chemo-vaccine in MIh1”- mice

Prophylactic approach: four weekly injections of tumor lysate subcutaneously and afterwards
every four weeks, to a total of 12 injections (s.c., 10 mg/kg bw, 328 vaccine n = 10, A7459 T1
M1 vaccine: n =9, q1wx4 + g4wx8). Control mice were left untreated (n = 15 mice).
Therapeutic approach: four weekly injections of tumor lysate subcutaneously and afterwards
biweekly, to a total of 12 injections (s.c., 10 mg/kg bw, 328 vaccine n = 8, A7459 T1 M1 vaccine:
n =8, glwx4 + q2wx8). Additionally, mice received thrice gemcitabine every four weeks (i.p.,
100 mg/kg bw). Control mice were left untreated (MIh1”- n = 7 mice).

2) Vaccine-ICI combination in MIh1”- mice

Vaccine was given biweekly (s.c., 10 mg/kg bw, n = 10 mice, 12 times in total, Q2wx12). The
a-PD-L1 antibody in the first experiments was given intravenously (i.v., 2.5 mg/kg bw) once n
= 4 mice) or thrice biweekly (q2wx3, n = 10 mice). Mice receiving the combination were first
vaccinated, followed by a-PD-L1 injection (n = 10 mice/group; g2wx1 and g2wx3). Control mice
were left untreated (n = 10 mice).

3) Chemo-ICI combination in MIh1"- mice

The a-PD-L1 antibody was given intravenously biweekly (i.v., 2.5 mg/kg bw, g2wx3, n = 10
mice) and gemcitabine was given intraperitoneal every 4 weeks (i.p., 100 mg/kg bw, g4wx3, n
= 10 mice). For combination, mice received first gemcitabine and after four weeks, a-PD-L1
therapy started (n = 9 mice). Control mice were left untreated (n = 9 mice).

4) CDKi-ICI combination in Mlh1”- and Msh2!F/loxP TeTg(Vilt-cre) mjce

Abemaciclib was given weekly (oral gavage, 75 mg/kg body weight (bw), 8 times in total

(q1wx8), MIh17- n = 7 mice, Msh2'>®"** yillin-cre n = 9 mice). The a-PD-L1 antibody was given
biweekly, three times in total (i.p., 2.5 mg/kg bw, g2wx3, MIh17"n = 7 mice, Msh2'oxP/iloxP TaTg(Vil1-cre)
n = 10 mice). The combination was conducted with lead-in abemaciclib, followed by a-PD-L1
injection (MIh17- n = 7 mice, Mgh2'>®/exP TaTglVitcre) 3 = 10 mice). Control mice were left
untreated (MIh1”- n = 7 mice, Msh2'oxPloxP:TaTa(Vill-cre) n = 9 mjce) or were treated with the isotype
control antibody (i.p. 2.5 mg/kg bw, Mlh17- n = 7 mice, Msh2'>P/oxPTaTelVill-cre) y = 7 mice).

The murine a-PD-L1 antibody, clone 6E11 was kindly provided by Genentech, a subsidiary of
Roche, South San Francisco, USA.

Prophylactic application started at an age of around 8 to 10 weeks. Therapeutic treatment
started after approved development of at least one gastrointestinal tumor via PET/CT imaging.
Control mice were left untreated. Suffering was prevented by offering soaked pellets. In addi-
tion, health status was monitored twice a day. Mice were sacrificed when reaching human

endpoints (weight loss > 15%, pain, changes in social behavior) to avoid pain and distress.
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PET/CT imaging (measurements were done by Core Facility of Multimodal Small Animal Im-
aging under the head of Univ.-Prof. Dr. med. Brigitte Vollmar)

Small animal PET/CT (Inveon PET/CT scanner, Siemens Preclinical Solutions, Knoxville, TN,
USA) measurements were performed following a standard protocol. Mice were anesthetized
by isoflurane (1.5% to 2.5% supplemented with oxygen Baxter) and '®F-FDG was injected
intravenously (16,91 + /- 1.73 MBq Radiopharmacon '®F-FDG) into the tail vein. Mice were left
for 1 h for "®F-FDG uptake. Mice were measured for 15 min in PET/CT scanner. During meas-
urements of mice were kept warm constantly at 38°C on a heating pad. Additionally, respiration
was supervised. Images were evaluated. Feldkamp algorithm was applied on CT images. PET
data was converted into 2D data and a ordered subset expectation maximization algorithm
with 16 subsets and four iterations was utilized. Mitigation was performed to correct CT data.
The Inveon Research Workplace 4.2 software showed metabolic volumes and standardized
uptake values. Tumor growth was divided into progressive disease, when tumor size increased
more than 25% compared to day 0, stable disease when tumor size only changed less than
25% compared to day 0 and partial response when tumor size was reduced by over 50%
compared to day 0. Short term follow-up measurements were performed 30 days after start of

therapy and long-term follow-ups were done after 50 days of treatment.

Tumor expansion and lysate preparation

For expansion of tumor material, heterozygous Mih1* mice of an age of around 8 to 10 weeks
were implanted subcutaneously into the flank with a 3x3x3mm piece of A7450 tumor. During
operation mice were anesthetized with ketamine/xylazin 90/6 mg/kg body weight (i.p.). When
the tumor reached an appropriate volume (<1,500 mm?3), mice were euthanized and the tumor
was removed. Tumor was homogenized and washed. Then tumor solution was incubated for
5 min at 42 °C for heat stress followed by 4 cycles of freeze thaw of 5 min in liquid nitrogen
and 5 min at 56°C in the water bath, respectively. Afterwards, the tumor lysate was irradiated
with 60 Gray and centrifuged for 10 min at 10 000 rpm to get rid of cell scrap. The concentration

of the remaining supernatant was measured and stored at -80°C.

Quantitative real-time PCR

RNA isolation was performed using the RNeasy Mini Kit (Qiagen). For cDNA synthesis 1 ug
MRNA and 50 ng random Hexamer Primer were incubated for 10 min at 70°C. Then 5x RT
buffer complete, dNTPs and 200 units reverase were added. PCR conditions were as followed:
120 min at 45°C and 10 min at 70°C. 25 ng cDNA was used for quantitative real-time PCR with
the SensiFAST Probe Lo-ROX Kit (Bioline, Memphis, Tennessee, USA). Predesigned Tagman
gene expression assays were used: 6-FAM-3'BHQ-1 Mxd4 (MmO00487523_m1), 6-FAM-
3'BHQ-1 cMyc (Mm00487804_m1), 5-VIC-3'BHQ-1 Agr2 (Mm01 291804_m1), 6-FAM-3'BHQ-
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1 Tgfb1 (Mm01178820_m1), 6-FAM-3'BHQ-1 Vimentin (Mm01333430_m1), 5-VIC-3'BHQ- 1
N-Cadherin (Mm01162497_m1), 6-FAM-3'BHQ-1 Fpr2 (Mm00484464_s1), 5-VIC-3'BHQ-1
Csf1 (MmO00432686_m1), 6-FAM-3'BHQ-1 Csf2 (Mm01290062_m1), 5-VIC-3'BHQ-1
Tef1/Pcbd2 (Mm01342270_m1), and 6-FAM-3'BHQ-1 Alox5 (Mm01182747_m1). As a house-
keeping gene the self-designed 5-VIC-3'BHQ-1 GAPDH was used. Measurements were taken
in the light cycler Viia7 (Applied Biosystems, Foster City, USA). Following PCR conditions were
applied: 10 min at 95°C, 40 cycles of 15 sec at 95°C and 1 min at 60°C. Reactions were
performed in triplicates. GAPDH level were used to normalize the level of target genes. The
corresponding level were examined by calculating 2727 (ACt = Ctiarget — CtHousekeeping gene), fOI-

lowed by 2722€T quantification.

Cytometry measurements were supervised by the core facility for cell sorting and cell analysis

of Rostock university medical center under the head of Prof. Dr. Brigitte Muller-Hilke.

Immune phenotyping on FACSVerse™

Routinely blood was taken from the retrobulbar venous plexus of anesthetized mice. Spleen
and tumor tissues were sieved through a 100 um mesh to obtain single cell solutions. A penal
of conjugated monoclonal antibodies (mAb, 1 ug each) was applied to stain single cells. After-
wards erythrocytes were lysed (155 mM NH4Cl (MERCK Millipore, Darmstadt, Germany), 10
mM KHCOs (MERCK Millipore) and 0.1 mM EDTA (Applichem, Darmstadt, Germany). Isotype
(Biolegend, San Diego, USA) stains were used as negative controls. After washing steps, cells
were resuspended in PBS and measured on a Flow Cytometer (BD FACSVerse™, BD

Pharmingen). BD FACSuite software (BD Pharmingen) was used for data analysis.

Immune phenotyping on Cytek™ Aurora

Routinely blood was taken from the retrobulbar venous plexus of anesthetized mice. Spleen
and tumor tissues were sieved through a 100 um mesh to gain single cell solutions. A panel of
conjugated monoclonal antibodies (mAb, 0.125 mg to 1.5 yg each) was applied to stain single
cells. Zombie NIR™ Fixable Viability Kit (1 test unit/5 ml; Biolegend, San Diego, US) was ap-
plied following the instructions of Zombie NIR™ Fixable Viability Kit. Afterwards, extracellular
staining was executed applying the instructions of the protocol BD Horizon Brilliant Stain Buffer
(BD Biosciences). Gr1 Alexa Fluor700, CD8 FITC, CD4 APC Fire, CD11b BV570, PD-L1
BV421, NK1.1 BV605, CD19 Spark Blue (Biolegend), CD25 PerCP-eFluor710 (Thermofisher),
CD83 BV750, PD-1 BV650 (BD Bioscience) antibodies were used. Lysis was done followed
by intracellular staining following the instructions of True-Nuclear™ Transcription Factor Buffer
Set (Biolegend). CTLA-4 PE/Cy7, CD3 PerCP, and Foxp3 Alexa Fluor 647 (Biolegend) anti-

kTM

bodies were applied. Cells were measured on a spectral flow cytometer (Cytek'™ Aurora). Data
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analysis was performed with the help of SpectroFlow™ Version 2.2.0.3 and FlowJo™ Version
10.6.1.

Procartaplex cytokine assay (performed by PD Dr. Claudia Maletzki)

Blood plasma of mice was taken routinely. Cytokine level were measured via the Procarta-
plex™ multiplex immunoassay (Thermo Fisher Scientific, Schwerte, Germany) following the
manufacturers’ protocol. Measurement was performed on a Bioplex 2000 (Bio-Rad Laborato-

ries GmbH, Munich, Germany). The Bio-Plex Manager Software was used for quantification.

Multiplex cytokine assay
Blood plasma of mice was taken routinely. With the help of a multi-analyte flow assay kit cyto-
kine levels in the plasma were analyzed following the manufacturers’ protocol (LEGENDplex™,

Biolegend). Measurements were performed on a spectral flow cytometer (Cytek™

Aurora). For
evaluation the manufacturers’ online software was used. Cytokine level are represented in

[ng/ml].

Fragment length analysis (FLA itself was kindly performed by Dr. Bjoern Schneider and Dr.
Maja Huehns of the Institute of Pathology)

gDNA was isolated from tumor tissue using Wizard Genomic DNA Purification Kit (Promega).
Coding and non-coding MSI marker were selected and fluorescently labeled primer were used
for PCR. PCR conditions were 1min at 95°C, then 35 cycles of 15 sec at 95°C, 30 sec at 58°C
and 10 sec at 72°C followed by cooling at 10°C. Amplified DNA fragments were analyzed via
fragment length analysis on a 3500 genetic analyzer. Evaluation was done using Gene-
Mapper™ software v4.1. Novel peaks in comparison to control tissue were evaluated as insta-
bility.

Nanostring targeted gene expression profiling (Nanostring analysis itself was kindly performed
by Dr. Caterina Redwanz of the Department of Internal Medicine B, Cardiology, University
Medicine Greifswald and evaluated by PD Dr. Claudia Maletzki)

Cryostat sections of tumors were used to isolate RNA via RNeasy Mini Kit (Qiagen). A Nano-
string Counter gene expression platform (NanoString Technologies, Seattle, WA) was used to
analysis the gene expression. The PanCancer 10 360™ Panel was applied to analyze 770
genes that are involved in tumor-immune interface and immune response and escape. Data
analysis was performed with the nSover™ Analysis Software 4.0 in combination with the
nCounter Advanced Analysis (version2.0.115). Data are displayed as heat maps as well as in

box plots.
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Immunofluorescence on LSM780 (Images and evaluation was performed by PD Dr. Claudia
Maletzki)

4 um thick cryostat sections of tumors were fixed in methanol for 8 min and air-dried. 2% BSA
was used to block unspecific binding sites for 2 h. 1 ug of FITC and PE labeled antibodies
were applied for 4 h. Following antibodies were used: CD4, CD8a, CD11b, Gr.1 (Immunotools,
Friesoythe, Germany), CD11c, CD104, LAG-3, PD-1, F4/80 and PD-L1 (Biolegend).

After washing, sections were embedded in Roti Mount Fluor Care DAPI (Roth, Karlsruhe).
Images were taken on a confocal laser scanning microscope (LSM780, Zeiss, Jena, Ger-

many).

Immunofluorescence on Elyra 7 (Images and evaluation was performed by PD Dr. Claudia
Maletzki)

4 um thick cryostat sections of tumors were fixed in methanol for 8 min and air-dried. 2% BSA
(Serva, Heidelberg, Germany) was used to block unspecific binding sites for 2 h. 1 ug of Alexa
Fluor 488, Alexa Fluor 594 and Alexa Fluor 647 labeled antibodies were applied for 4 h. Fol-
lowing antibodies were used: CD3, CD4, CD8, CD206, F4/80, CD11b, Gr.1, PD-L1, PD-1 and
Irf5 (Biolegend). Before intracellular staining cells were fixed for 30 min with 4% paraformalde-
hyde w/o methanol (Thermo Scientific, Darmstadt, Germany). Then cells were permeabilized
for 15 min with 0.5% Triton X-100 (Sigma-Aldrich, Darmstadt, Germany). Cells were blocked
with 2% BSA and incubated overnight at 4°C with the monoclonal rabbit anti-IRF5 antibody
(1:50; ThermoFisher Scientific, Darmstadt, Germany). On the next day slides were incubated
with the secondary monoclonal goat anti-rabbit Alexa Fluor 647 antibody (1:500; Cell Signal-
ing, Frankfurt am Main, Germany). After washing, sections were embedded in Roti Mount Fluor
Care DAPI (Roth, Karlsruhe). Images were taken on a confocal laser scanning microscope
(ZEISS Elyra 7 Confocal Laser Microscope, Zeiss, Jena, Germany) using 20 x objectives.
Quantification of the infiltration pattern was done by selecting 2 to 3 high power fields (HPF)
per slide. CD3"/CD4" T helper cells and CD3*/CD8" cytotoxic T-lymphocytes were counted
on each HPF. Regulatory granulocytes and tumor-associated macrophages were semi-quan-
titatively scored, following a score system. 0 = no; 1 = mild (1-20 cells/HPF); 2 = moderate (21-40
cells/HPF); 3 = strong (>40 cells/HPF).

Immunofluorescence on LSM780 (Images and evaluation was performed by PD Dr. Claudia
Maletzki)

4 um thick cryostat sections of tumors were fixed in methanol for 8 min and air-dried. 2% BSA
was used to block unspecific binding sites for 2 h. 1 ug of FITC and PE labeled antibodies
were applied for 4 h. The following antibodies were used: CD4, CD8a, CD11b, Gr.1 (Immuno-
tools, Friesoythe, Germany), CD11c, CD104, LAG-3, PD-1, F4/80 and PD-L1 (Biolegend). For
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other stainings1 pg of Alexa Fluor 488, Alexa Fluor 594 and Alexa Fluor 647 labeled antibodies
were applied for 4 h. Following antibodies were used: CD3, CD4, CD8, CD206, F4/80, CD11b,
Gr.1, PD-L1, PD-1 and Irf5 (Biolegend). Before intracellular staining cells were fixed for 30 min
with 4% paraformaldehyde w/o methanol (Thermo Scientific, Darmstadt, Germany). Then cells
were permeabilized for 15 min with 0.5% Triton X-100 (Sigma-Aldrich, Darmstadt, Germany).
Cells were blocked with 2% BSA and incubated overnight at 4°C with the monoclonal rabbit
anti-IRF5 antibody (10 ug/ml; ThermoFisher Scientific, Darmstadt, Germany). On the next day
slides were incubated with the secondary monoclonal goat anti-rabbit Alexa Fluor 647 antibody
(4 pg/ml; Cell Signaling, Frankfurt am Main, Germany). After washing, sections were embed-
ded in Roti Mount Fluor Care DAPI (Roth, Karlsruhe). Images were taken on a confocal laser
scanning microscope (ZEISS Elyra 7 Confocal Laser Microscope, Zeiss, Jena, Germany) us-
ing 20 x objectives. Quantification of the infiltration pattern was done by selecting 2 to 3 high
power fields (HPF) per slide. CD3* /CD4" T helper cells and CD3* /CD8" cytotoxic T-lympho-
cytes were counted on each HPF. Regulatory granulocytes and tumor-associated macro-
phages were semi-quantitatively scored, following a score system. 0 = no; 1 = mild (1-20
cells/HPF); 2 = moderate (21-40 cells/HPF); 3 = strong (>40 cells/HPF).

IFN-y ELISpot (PD Dr. Claudia Maletzki)

A7450 T1 M1 cells, 328 cells, 1351 cells and YAC-1 cells were seeded as targeT-lymphocytes
in IFN-y-specific monoclonal antibody (Mabtech, 3321-3)-coated 96 microtiter plates (2.5 x 10°
cells/well). Splenocytes (1 x 10* cells/well) or blood cells (5 x 10* cells/well) from untreated or
treated mice were co-cultured overnight. Every sample was seeded in triplicates. On the next
day visualization of the bound antibodies was performed using the BCIP/NBT (KPL,
Gaithersburg, Maryland, USA). With the help of a ELISpot reader spots were counted. The
number of IFN-y secreting cells per 10 000 effector cells are presented. Background signal

was measured in the absence of targeT-lymphocytes.

Statistics

Statistical analysis was performed using GraphPad PRISM, version 5.02 or 8.0.2 (GraphPad
Software, San Diego, CA, USA). All data are represented as mean + /- SD. The only exception
is publication 4. Here, mean + /- SEM are given. The value of significance was set to p<0.05.
Date was tested first for normality using Shapiro-Wilk test. In case of normality one-way
ANOVA (Bonferroni’s multiple comparison or Dunnett's multiple comparison), two-way ANOVA
(Tukey’s multiple comparison test) or unpaired t-test were performed. In case of non-paramet-
ric data Kruskal-Wallis or U-Test was performed. Kaplan Meyer survival curves were analyzed

using log rank (Mantel cox) test.
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Dimensionality Reduction Analysis (-SNE)

FlowdJo software (version 10.6.1.) was loaded with individual fcs files. Then FlowJo randomly
picks 10.000 cells per file and combines (command: “concatenate”) 6 to 8 of these files de-
pending on the organ origin into one single file. T-SNE algorithm provided by FlowJo software

then creates a dot-plot. For this algorithm only the gated live cells were used.
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4. Results

The results of this dissertation can be found in the following publications.

Publication 1:

Publication 2:

Publication 3:

Publication 4:

Salewski I*, Gladbach YS*, Kuntoff S, Irmscher N, Hahn O, Junghanss C,
Maletzki C. In vivo vaccination with cell line-derived whole tumor lysates: neo-
antigen quality, not quantity matters. J Transl Med. 2020 Oct 21;18(1):402. doi:
10.1186/s12967-020-02570-y. PMID: 33087163; PMCID: PMC7579816. (IF
5.531)

Salewski I*, Kuntoff S*, Kuemmel A, Feldtmann R, Felix SB, Henze L,
Junghanss C, Maletzki C. Combined vaccine-immune checkpoint inhibition con-
stitutes a promising strategy for treatment of dMMR tumors. Cancer Immunol
Immunother. 2021 Dec;70(12):3405-3419. doi: 10.1007/s00262-021-02933-4.
Epub 2021 Apr 18. PMID: 33870463; PMCID: PMC8571220. (IF 6.968)

Salewski I*, Henne J*, Engster L, Schneider B, Lemcke H, Skorska A, Berlin P,
Henze L, Junghanss C, Maletzki C. Combined Gemcitabine and Immune check-
point Inhibition Conquers Anti-PD-L1 Resistance in Low-Immunogenic Mis-
match Repair-Deficient Tumors. Int J Mol Sci. 2021 Jun 1;22(11):5990. doi:
10.3390/ijms22115990. PMID: 34206051; PMCID: PMC8199186. (IF 5.542)

Salewski I, Henne J, Engster L, Krone P, Schneider B, Redwanz C, Lemcke H,
Henze L, Junghanss C, Maletzki C. CDK4/6 blockade provides an alternative
approach for treatment of mismatch-repair deficient tumors. Oncoimmunology.
2022 Jul 11;11(1):2094583. doi: 10.1080/2162402X.2022.2094583. PMID:
35845723; PMCID: PMC9278458. (IF 8.11)

*Both authors contributed equally

In the next chapter, summaries of the original publications are given. The full texts of the re-

spective publications are attached in chapter 8.
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4.1 Publication 1

Cancer vaccines contain a variety of tumor neoantigens. In this paper, we showed that the
quality of these antigens matters, not their quantity.

We compared two cell-line-derived tumor lysates of MIh17- mice. Cell line 328 was molecularly
defined as tumor mutational burden ultra-high and cell line A7450 T1M1 was defined as mod-
erate to high. In vitro analysis revealed that A7450 T1 M1 cells secreted higher levels of cyto-
kines like IL-1b, GM-CSF, and IL-18. These cytokines strengthen the NK cell function and
facilitate the progress of T helper cells. In contrast, 328 cells secreted chemokines that are in
charge of the activation of monocytes and eosinophils such as MCP1, MCP3, and Eotaxin. In
a co-culture of lymphocytes and DCs either loaded with A7450 T1 M1 tumor lysate or 328
tumor lysate, the former fostered the amount of CD8" T-lymphocytes and activated them. On
the contrary, 328-loaded DCs did not influence the leukocyte profile. Then, the lysates were
given prophylactic or therapeutic. Tumor formation was delayed after either prophylaxis and
the median overall survival was prolonged from 25 weeks in the 328 lysate group to 37 weeks
in the A7450 T1M1 group (Figure 2:A). The same effects were seen when tumor lysates were
administered as therapy (Figure 2:B). Therapy was started after PET/CT confirmation of tumor
growth. The analysis discovered antigen-driven immune stimulation. In IFNy ELISpot assay,
Mih1 knock-out tumor cells were co-cultured with T-lymphocytes from mice of the A7450 T1M1
lysate treatment. These immune cells perceived the tumor cells. Furthermore, ex vivo evalua-
tion revealed that vaccine therapy influenced the tumor microenvironment. A7450 T1M1
prophylactic treated mice developed tumors with reduced tumor-infiltrating MDSCs but in con-
trast, increased amounts of CD8" T-lymphocytes (Figure 2:C). In comparison, MDSC levels
were elevated in tumors of 328 lysate-treated mice. Again, therapeutic effects reflect prophy-
lactic results. The therapy with the A7450 T1M1 vaccine led to stable disease. Besides that,
high numbers of LAG-3" and PD-L1* immune cells were a good biomarker for a bad outcome,
whereas long-term survival was associated with the absence of immune checkpoint-express-

ing T-lymphocytes (Figure 2:D).
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Figure 2:

(A, B) Kaplan-Meier survival curve after prophylactic and therapeutic vaccination of MIh17- mice using
whole tumor lysates 328 or A7450 T1 M1, respectively. Control mice did not receive any treatment. The
best outcome was achieved upon vaccination with the A7450 T1 M1 lysate. Log-rank (Mantel-Cox)
Test. A) Vaccine 10 mg/kg bw, s.c., n = 9 mice/group; control n = 15 mice. *p < 0.001 A7450 T1 M1 vs.
control. B) n = 8 mice /group. Chemo = gemcitabine (100 mg/kg bw; A7450 T1 M1 n =6 and 328 =3
mice). *p < 0.05 328 + chemo vs. control;**p < 0.01 A7450 T1 M1 vs. control; *p < 0.05 A7450 T1 M1

vs. 328. (C, D) Immunofluorescence of 4 ym tumor tissue slides stained with mAbs. DAPI was used to
stain cell nuclei. Images were taken on a laser scanning microscope (Zeiss) using 20x objectives. C)
Prophylactic approach. Tumors of control mice showed higher infiltration with CD11b* granulocytes. D)
Therapeutic approach. Residual tumors of responders showed less infiltration of exhausted (LAG-3°,

PD-L1%) T-lymphocytes. Non-responder = treatment failed, responder = treatment succeeded. Repre-
sentative images are shown.
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4.2 Publication 2

The above study revealed the efficacy of whole tumor lysates as vaccines for dAMMR-driven
tumors. Tumor vaccines delayed tumor growth significantly but immune escape mechanisms
arose such as the upregulation of immune checkpoints like LAG-3 and PD-L1.

To counteract immune escape, a combination of vaccination with a PD-L1 blocking antibody
was applied. In a pilot experiment, the a-PD-L1 antibody was tested in monotherapy being
given once or thrice. Therapy was started after PET/CT confirmation of tumor growth. The first
one prolonged the overall survival of mice from 4.0 weeks in the control to 6.0 weeks (Figure
3:A) and the second treatment even to 9.2 weeks (Figure 3:B), which was similar to vaccine
monotherapy-treated mice which survived 10.2 weeks. The combination with a-PD-L1 once
applied did not change the survival rate. But when the vaccine was combined with thrice a-
PD-L1 treatment, this therapy even nearly doubled the time to 19.4 weeks. PET/CT imaging
revealed reduced tumor growth for all therapies by far the best in the combination group. Three
of 10 mice even reached complete remission and experienced long-term survival (Figure 3:C).
Flow cytometry analysis identified increased T helper cell levels at day 84, as well as NK cell
and myeloid-derived suppressor cell (MDSC) levels under all treatments. In contrast, splenic
and intratumoral MDSC levels decreased, especially in the combination, accompanied by re-
duced numbers of immune checkpoint positive splenic T-lymphocytes, such as CTLA-4 and
LAG-3 (Figure 3:D). Only under a-PD-L1 monotherapy, MDSC levels were increased. The
number of B-lymphocytes was only elevated in the combination. Vaccine-based therapies stim-
ulated the immune system, as determined by increased numbers of CD83" dendritic cells. On
the contrary, in spleens, the level of DCs was downregulated in all treatments. The amount of
PD-1" cells was unaffected in both spleens and tumors. T cell levels were not altered in spleens
but increased under combination in the tumor.

Ex vivo immunological assays like multiplex cytokine expression assay showed fluctuation of
IL-10 in all groups. Furthermore, gene expression analysis resulted in suppression of
PIBK/Akt/Wnt and TGF pathways (Figure 3:F). This led to T cell infiltration, and reduced
amounts of macrophages, neutrophils, and MDSCs (Figure 3:E). To sum up, the safety and
efficacy of our combined immunotherapy approach were proven by the successful uncoupling
of the PD-1/PD-L1 axis.
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Figure 3:

(A, B) Kaplan-Meier survival curves of therapeutically treated mice (vaccine 10 mg/kg bw, n = 10 mice, a-
PD-L1 clone 6E11, 2.5 mg/kg bw once n= 4 mice or thrice n = 10 mice). Control mice were left un-
treated (n = 10 mice). *p < 0.05 vs. control; **p < 0.01 vs. control; ***p < 0.001 vs. control; ##p < 0.01 vs.
1x a-PD-L1; §p < 0.05 vs. 3x a-PD-L1; $p < 0.05 vs. vaccine. C) PET/CT measurements of mean tumor
size + SD (n = 4-10 mice/group and time point). Combination therapy reduced the tumor size
significantly. *p < 0.05 vs. control, one-way ANOVA (Bonferroni’s multiple comparison test); #p < 0.05 vs.
day O; t-test. D) Phenotyping of spleen and GIT via flow cytometry. Shown are the percentage of
positive cells + SD from 20,000 measured events. The amount of immune checkpoints like LAG-3 and
CTLA-4 was decreased under a-PD-L1 mono-and combination therapy. *p < 0.05; **p < 0.01; ***p <
0.001 one-way ANOVA (Bonferroni’'s multiple comparison test); #p < 0.05 one-way ANOVA (Dunnett's
multiple comparison test). E) Immunofluorescence of 4 um slides of residual tumors. Staining was done
with mAbs and DAPI for nuclear staining. Reduced amount of CD11b* Gr.1* myeloid- derived suppres-sor
cells (MDSCs) were detected under combination therapy. Images were taken on a laser scanning
microscope (Zeiss) using 20x objectives. F) Nanostring gene expression analysis of tumors with Pan-
Cancer 10 360 Gene Expression Panel. Increasing expression is shown as increasing scores (n = 3
samples/group).
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4.3 Publication 3

Side effects are common when tumors are treated with conventional therapy like surgery, ra-
diation, or chemotherapy. Nowadays, immunotherapies like ICls are widely used because of
their safety and efficacy. The aim is to reactivate exhausted T-lymphocytes which compel the
killing of tumor cells. Hypermutated tumors in the context of Lynch syndrome and cMMR-D are
likely to show good responses toward ICI treatment. Still, ICl-treated tumors often develop
resistance mechanisms or relapse, therefore combination therapies are needed. In addition to
classical inhibition of DNA synthesis, chemotherapy, such as the DNA pyrimidine analog gem-
citabine has the potential to activate endogenous antitumor immune responses via the induc-
tion of immunogenic cell death. This finally activates cytotoxic T-lymphocytes and induces an
inflamed TME. Furthermore, chemotherapy may increase the level of mutational burden in low
immunogenic tumors like in the subgroup G2 of Lynch syndrome. Consequently, combinations
of ICls and chemotherapy are under clinical investigation and are likewise increasingly ap-
proved for the treatment of advanced solid cancers.

In our preclinical study, combined gemcitabine and a-PD-L1 treatment prolonged survival of
MIh17- mice to 12 weeks (vs. 7.5 weeks in gemcitabine monotherapy and 9.2 weeks in a-PD-
L1 monotherapy) (Figure 4:A) accompanied by strong inhibition of tumor growth as determined
by PET/CT imaging (Figure 4:B). Additionally, the combination therapy increased the level of
IL-13, TNFa, and MIP1B in the plasma (Figure 4:F). In contrast, the amount of circulating and
intratumoral MDSCs and M2 macrophages decreased whereas the number of infiltrating cyto-
toxic T-lymphocytes increased (Figure 4:C, D, G). Fragment length analysis detected novel
mutations in tumor cells, while mutations in APC, Tmem60, and Casc3 completely disap-
peared. This can be interpreted by the elimination of single mutated cell clones (Figure 4:E).
In summary, this study proved the safety of the gemcitabine/a-PD-L1 combination to overcome

resistance mechanisms and control tumor growth.
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Figure 4:

A) Kaplan-Meier survival curve of therapeutically treated MIh17- mice. (a-PD-L1 clone 6E11, 2.5 mg/kg
bw thrice n = 10 mice; CTX = gemcitabine 100 mg/kg bw; n = 10 mice; combination n = 9 mice). Control
mice were left untreated (n = 9 mice). B) The mean tumor volume + SD in mm? measured via ['®F]-FDG-
PET/CT to track the tumor growth from start of therapy to day 35 (n = 3-8 mice/group and time-point). * p <
0.05; one-way ANOVA (Dunnett’s multiple comparison test). (C, D) Flow cytometry phenotyping. Shown
are the percentage of positive of cells + SD from 20,000 events. (n = 3-5 mice/group) C) Rou-tinely blood
sampling was used to track the blood phenotype status. Under combination therapy, cyto-toxic T cell
level were elevated. ** p < 0.01 vs. CTX; one-way ANOVA (Bonferroni’s multiple comparison test); ## p <
0.01 vs. a-PD-L1 mono-therapy one-way ANOVA (Dunnett’'s multiple comparison test). D) Tumor cells
were screened for immunological markers. CD11b*Gr1* myeloid-derived suppressor cells (MDSCs)
level were decreased under combination therapy. * p < 0.05 one-way ANOVA (Bonferroni’s multiple
comparison test). E) The coding microsatellite (cMS) mutation frequency of selected genes in Mih1-
mice. In APC, Tmem60 and Casc3 the results indicated a loss of single mutated cell clones. F)
Immunofluorescence of 4 uym slides of residual tumors. Staining was done with mAbs and DAPI for
nuclear staining. Infiltration of CD8* cytotoxic T-lymphocytes was increased under combination therapy.
Images were taken on a laser scanning microscope (Zeiss) using 20x objectives. G) Plasma cytokine
levels were quantified at start of therapy and after 35 days. Shown are the mean cytokine levels [pg/ml] £
SD. All level were elevated under combination therapy.
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44 Publication 4

In this study, we compared the therapeutic activity of the a-PD-L1 antibody with the CDKi
abemaciclib either alone or in combination therapy. In vitro experiments on murine dMMR tu-
mor cell lines revealed reduced colony formation abilities and increased amounts of cells with
G1-arrest after abemaciclib treatment. Additional effects included significantly elevated levels
of HMGB1, indicative of immunogenic cell death induction, which was confirmed in subsequent
tumor-immune cell co-culture. In the in vivo combination approach, abemaciclib was adminis-
tered first, and later in the therapy protocol a-PD-L1 was added. Both therapies were tested in
two preclinical mouse models. Additionally, to the well-established MIh1”- mouse model, we
here included another dAMMR mouse line Msh2'o®/loxP TaTaVil-cre) t4 compare treatment efficacy.
Prolonged survival of MIh17- and Msh2'oxoxP TaTa(Vili-cre) mjce was achieved under both a-PD-
L1 and abemaciclib monotherapy (MIh17: 14.5 wks vs. 9.0 wks (a-PD-L1), and 3.5 wks (con-
trol); Msh2'oxP/loxP:TaT(Vit-cre). 44 7 wks vs. 9.6 wks (a-PD-L1), and 2.0 wks (control)) (Figure 5:A,
D). The combination treatment did not boost efficacy. PET/CT imaging revealed decreased
tumor sizes in MIh1”- mice under therapy and stable disease in Msh2!®/loxP TTg(Vil-cre) mice
(Figure 5:B, E). Immunological effects included increased amounts of tumor-infiltrating CD4* T
helper and CD8" cytotoxic T-lymphocytes and decreased levels of M2-macrophages (Figure
5:G, H) as well as reduced numbers of regulatory T cell and T cell exhaustion markers after
blood phenotyping. In contrast, expression of neutrophils and DCs was elevated as well as the
expression of DNA damage repair genes (Figure 5:C, F). Abemaciclib treatment led to inhibi-
tion of the PI3K/Akt signaling pathway in MIh1”- mice but contrary it induced Mxd4 and Myc
expression and activation of the Wnt signaling pathway. In conclusion, we identified abema-

ciclib as a potential candidate to treat dMMR tumors not suitable for ICI treatment.
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Figure 5:

(A, D) Kaplan-Meier survival curves of therapeutically treated mice. Log-rank analysis (Mantel Cox). (B, E)
['®F]-FDG-PET/CT measurements to track tumor growth at start of therapy and after 30 days of ther-apy.
Each dot represents one mouse. (C, F) Nanostring gene expression analysis of tumors with Pan-Cancer
IO 360 Gene Expression Panel. Expression of DNA damage repair pathways was elevated under
abemaciclib therapy. Relative values are represented (n = 3 samples/group). A) Mih17~: isotype vs. a-
PD-L1: p < 0.05; control vs. abemaciclib: p < .01; control vs. combination: p <.01; ctrl: n = 6, iso-type: n =
7, a-PD-L1 n = 7, abemaciclib: n = 6, combination n = 6. B) MIh1”- mice: * p < 0.05; one-way ANOVA
(Dunnett's multiple comparison test). D) Msh2!oxP/loxP VilinCre: jsotype vs. a-PD-L1: p < 0.05; con-trol vs.
abemaciclib: p < 0.01; control vs. combination: p < 0.001. ctrl: n = 10, isotype: n = 7, a-PD-L1 n = 10,
abemaciclib: n = 9, combination n = 9. E) Mgh2!oxP/loxP VilinCre (G " H) Immunofluorescence of 4 um slides
of residual tumors from MIh1~/~ and Msh2/0xP/loxP:TaTg(Vil1=cre) mjce, Staining was done with mAbs and DAPI
for nuclear staining. Images were taken on a laser scanning microscope (Zeiss Elyra 7) using 20x
objectives. Upper panel: representative images of tumor microenvironment. Lower panel: quantita-tive
analysis of tumor-infiltrating immune cells. Number of tumor infiltrating T helper cells, cytotoxic T-
lymphocytes (G) and macrophages (H) counted in 2—3 HPFs/slide with n = 3—10 mice/group. The infil-
tration pattern was semi-quantitatively analyzed using a scoring system. T cell level were elevated under
therapy and in contrast the amount of macrophages was decreased. 0 = no; 1 = mild; 2 = moderate; 3 =
strong. Each symbol represents one case. *p < 0.05; **p < 0.01, Two-way ANOVA (Tukey’s multiple
comparisons test).
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5. Discussion

Immune escape is very common in solid tumors and re-balancing or re-activating natural anti-
tumor immunity is the ultimate goal of immunotherapy. In this study, we applied combined
immunotherapy approaches to bypass dMMR-driven immune escape mechanisms. Two
mouse models of spontaneous dMMR-driven tumorigenesis were employed to reflect the clin-
ical situation experimentally. Initial experiments (Publication 1, 2, 3) were done on MIh1” mice
and to a later date also in Msh2/@P/1oxP:TaTalVil-cre) mjce (Publication 4). Given the fact that MLH1
and MSH2 are the main drivers of dMMR-associated tumors in men, results obtained from this
study may have a direct translational value [139].

In a previous study, the significantly prolonged survival of Mih1”-mice after vaccination with a
whole tumor lysate was shown [141]. As resistance mechanisms eventually developed, the
inclusion of additional combination partners is necessary to prevent tumor progression. Here,
we focused on immune checkpoint blockade (a-PD-L1), whole tumor vaccination, and targeted
therapy with the CDK inhibitor abemaciclib.

The ultimate goal was to prolong the overall survival of MIh17- mice and Msh2!oxP/loxP TaTg(vilt-cre)
mice in therapeutic and prophylactic settings. By applying different combination strategies, a
significant survival benefit was reached in all investigated treatments (please see Table 2 for
details). Still, differences in terms of tumor growth control, immune activation, and modulation
of the tumor microenvironment were seen. The results of each therapeutic approach are dis-

cussed below.

A direct comparison of all treatment regimens included in this dissertation identifies the com-
bination therapy of immune checkpoint blockade using a-PD-L1 and whole tumor vaccine as
the most promising approach to combat dMMR-driven cancer (Publication 2). By applying this
combination therapeutically, the overall survival of Mlh17-mice was significantly prolonged from
4 weeks in the control to 19.4 weeks after treatment with 30 % of mice showing complete tumor
remission. Notably, the overall survival of mice was twice as long as under either monotherapy.
This shows that not only one target point in the whole “immune system versus tumor’ cascade
should be addressed, but instead different directions are mutually dependent and ideally act
synergistic. Mechanistically, whole tumor vaccines present a bunch of immunogenic tumor
neo-antigens. These, in turn, are taken up by dendritic cells, intracellularly processed and pre-
sented to T-lymphocytes to stimulate antigen-specific T cell responses. To prevent or abrogate
tumor-driven T cell exhaustion, immune checkpoint blockade is indicated. Together, this com-
bined treatment approach effectively controlled tumor growth in our preclinical mouse model.
By contrast, particularly PD-L1 blockade alone had minor impact on tumor growth. This may
be due to increased uptake of ['®F]-FDG, as previously shown on non-small cell lung cancer

patients upon treatment with a-PD-1 antibodies and can be interpreted as pseudo-progress
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[142]. Hence, the tumor size of a-PD-L1 treated mice inversely correlates with the survival,
raising the need for more sophisticated in vivo monitoring systems and additional (bio-) mark-

ers to reliably predict treatment response.

To induce activation of the immune system two murine tumor vaccines of Mlh1” mice were
established and tested. Both cell lines exhibited the same germline mutation and comparable
behavior in cell culture, like growth kinetics, phenotype, and response toward drugs. 328 was
established from an ultra-hypermutated tumor, that showed mutations known to result in a bad
outcome for the patient, whereas A7450 T1 M1 was established from a moderately mutated
tumor. Different characteristics were found for their cytokine secretion profile. 328 induced se-
cretion of immunosuppressive cytokines, whereas A7450 T1 M1 secreted cytokines that are
associated with a good outcome in patients, for example GM-CSF, and cytokines that induce
NK cell activation and promote the development of T helper cells. Therefore, we concluded
that the quality of the tumor vaccine is highly important (Publication 1). In fact, the whole tumor
lysate A7450 T1 M1 was able to prolong the overall survival of tumor-bearing mice from 4

weeks to 11 weeks, much longer than the tumor lysate 328 (Publication 1).

Another study found that glioma vaccination blocks tumor cell proliferation and induces apop-
tosis in vitro [143]. In vivo, inhibition of tumor growth and prolonged survival of glioma-bearing
rats was seen. The same result was achieved in our studies, with more than doubled survival

times and a significantly reduced tumor volume under vaccine therapy.

The way of application of a-PD-L1 had no influence on the survival time (9 weeks for both
applications). In combination with either gemcitabine (Publication 3) or abemaciclib (Publica-
tion 4) the survival time was prolonged to 12 weeks, which was a synergistic improvement in
comparison to gemcitabine monotherapy (7.5 weeks), but a deterioration in contrast to abema-

ciclib monotherapy (14.5 weeks).

The co-culture experiment could also be a good predictor for the subsequent PET/CT results
aiming to quantify tumor sizes. Co-culture of murine blood cells with A7450 T1 M1 tumor cells
showed reduced tumor cell levels under a-PD-L1 treatment and even more under combination
treatment of a-PD-L1 with chemotherapy (Publication 3). These effects reflected the results of
the PET/CT measurements when imaging the tracking the tumor growth. a-PD-L1 treated mice
showed slightly decreased tumor sizes, while mice who received chemotherapy developed
slightly increased tumor sizes. The combination therapy could reduce the tumor size signifi-
cantly. This was equal to the co-culture where the combination treatment reduced the tumor
cell amount the strongest, too. This could be transferred to the co-culture experiment when
tumor cells were treated with abemaciclib either alone or in combination with a-PD-L1 (Publi-

cation 4). Both therapies reduced the amount of tumor cells significantly, which could also be
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seen when measuring the tumor growth via PET/CT of MIh1”- mice. Here again, strongest ef-
fects could be seen under abemaciclib therapy, followed by combination group and a-PD-L1
monotherapy. This evidence was supported by the in vitro colony formation assay. Reduced
colony counts were found under 6 days of abemaciclib therapy. After an additional 6 days of
rest, the colony amount increased slightly, which can be seen in the long-term follow-up
PET/CT measurements, where only 2 of 4 mice had reduced tumor volumes, whereas the
other 2 mice had increased tumor volumes.

Prolonged overall survival upon combined immunotherapy is the result of the successful break-
ing of tolerance via the complex interaction between the tumor and host immunity. Although
all agents applied in this thesis were previously reported to activate T-lymphocytes and to trig-
ger T-cell infiltration into the tumor microenvironment, we found striking differences between
the individual approaches. Generally, immune-modulating effects were more evident in
spleens and residual tumors compared to the periphery. With regard to the latter, we have to
keep in mind, that immunological changes were only measured before the start of therapy and
at the experimental endpoint. The human endpoint was defined by bad general conditions, like
body weight, social behavior, and body posture. Therefore, the mouse already was at a critical
point of its disease, independently of its therapy group. It would be more meaningful to evaluate
the status of the immune system at the point of tumor reduction. At this moment the mouse is
in good health status, but this time point would differ strongly between therapy groups. Espe-
cially for control mice without any therapy and consequently without any improvement in their

health status, it would be problematic to set a time point to evaluate the current immune status.

Analysis of spleens from mice after chemo-vaccination showed faint increases of CD4* T

helper cells. This marginal effect was also seen in combination with a-PD-L1.

When having a look at the tumor microenvironment, the success or failure of either treatment
was detectable in residual tumors. Most therapies, i.e. A7450 T1 M1 vaccination, PD-L1 block-
ade, gemcitabine, and abemaciclib either alone or in combination decreased the amount of
tumor-infiltrating MDSCs and M2 macrophages. In contrast, therapeutic vaccination with 328
resulted in an elevated level of MDSCs (Publication 1).

The combined vaccine-checkpoint blockade also led to a significant increase in tumor-infiltrat-
ing CD4" and CD8" T-lymphocytes (Publication 2). This effect was shown before in murine
colon cancer and lymphoma cells where the application of a peptide vaccine led to a tumor
infiltration with CD8" cytotoxic T-lymphocytes and an increase of regulatory T-lymphocytes
[149]. Also, the combination of tumor vaccine with Pembrolizumab increased the number of
intratumoral lymphocytes in melanoma patients [150]. In addition, another group found ele-
vated CD4" and CD8" T cell infiltration in murine colon and breast cancer models using a

vaccine and PD-L1 antibody [151]. The same effect of activating CD8" T-lymphocytes was
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shown for ICls in renal cell carcinoma [152]. Notably, the level of tumor-infiltrating CD8" T-
lymphocytes correlates with clinical outcomes in most cancer patients. This is in line with our
findings, in which the combination of vaccine with a-PD-L1 had the highest T cell level, result-
ing in synergistically improved overall survival. Hence, with all of these tested treatments, the
amount of tumor-infiltrating CD4* and CD8" T-lymphocytes increased, confirming the active
combat of the immune system against the tumor. Additionally, the infiltration with dendritic cells
was observed after the combined vaccine-immune checkpoint blockade. This implies that our
specific neoantigens present in the tumor vaccine were recognized by the immune system and
activated dendritic cells, which then activated T-lymphocytes to infiltrate the tumor. Another
interesting finding was the higher abundance of immune checkpoints PD-L1 and LAG-3 in non-
responders compared to responders receiving whole tumor vaccines A7450 T1 M1 or 328.
Residual tumors of long-term vaccine responders showed no immune checkpoint expression
at all.

Interesting effects were observed for IFNy, a cytokine secreted by T-lymphocytes after contact
with neoantigens [156]. Co-culture of peripheral blood mononuclear cells with loaded DCs led
to an increase in CD3" CD8" IFNy" cells. This effect could also be seen ex vivo, when leuko-
cytes of A7450 T1 M1 treated mice were co-cultured with A7450 T1 M1 tumor cells overnight,
and IFNy was quantified.

Furthermore, a-PD-L1 treatment likewise downregulated the expression of immune check-
points on immune cells, confirming its biological relevance in mediating immune tolerance and
the importance to target this molecule. Also, immunosuppressive cells like CD11b* PD-L1*
cells and CD206" PD1* cells decreased upon immune checkpoint blockade, implying more
global effects on immune cells as previously anticipated.

Systemically, we found elevated NK cell level under A7450 T1 M1 vaccine therapy in our MIh1”-
mice, which was also found in the study of He et al., who tested a glioma cell lysate vaccine in a
rat glioma model [143].

This might be due to the reduction of MDSC level accompanied by higher amounts of CD8" T-
lymphocytes in A7450 T1 M1, but not 328-treated mice. In fact, low MDSC and high tumor-
infiltrating T-cell level are related with a good clinical outcome because of the activated immune
system. Already in 2014, low level of MDSCs were found as a prognostic marker for good
clinical outcome in prostate cancer patients treated with a cancer vaccine in combination with
Ipilimumab (a-CTLA-4) [160]. In contrast, high level of tumor-infiltrating T cells were found to
predict good outcome in patients with neuroblastoma [161].

To refine our treatment approach and get a step closer to the clinical application, we then
included two clinically-approved drugs: the chemotherapeutic gemcitabine and the CDK4/6
inhibitor abemaciclib (Publication 3 and 4). Both agents may reinforce immunotherapy re-

sponses via direct antitumoral and indirect immunomodulatory effects. Promising effects were

32



Discussion

already found in 2012, when the CDK4/6 inhibitor PD0332991 was tested with paclitaxel pre-
clinically as well as clinically in phase 1 and 2 studies [144]. Gemcitabine, on the one hand,
already proved beneficial in a previous trial using combined chemo-vaccination [50]. Here,
comparable positive effects on tumor growth and immune modulation were obtained after com-
bining gemcitabine with PD-L1 blockade. Palmer et al. analyzed 13 reported phase 3 trials of
different solid tumors treated with combinations containing ICls [145]. In Summary, he found a
great clinical benefits of ICl combinations because patients had the possibility to a response
from different sides. In 2020, the FDA approved the combination of Nivolumab (a-PD-1), Ipili-
mumab (a-CTLA-4), and chemotherapy as first-line therapy for metastatic non-small cell lung
cancer [146]. A case report of a patient with brain metastasis of nasopharyngeal carcinoma
treated with conventional chemotherapy combined with novel immunotherapy showed a com-
plete response [147].

Accompanying gene expression analysis was performed to investigate affected signaling path-
ways. Here, we focused on a-PD-L1-based combinations either showing synergistic (+ vac-
cination) or antagonistic (+ abemaciclib) effects in vivo. As anticipated, significant changes
were seen with the a-PD-L1 monotherapy stimulating the PI3K signaling and suppressing the
myeloid compartment score. Additionally, the neutrophils vs. TlLs score was decreased. In
contrast, Wnt signaling was once downregulated, when the application was performed intra-
venously and slightly upregulated when the application was performed intraperitoneal. In ad-
dition, the ratio of cytotoxic T-lymphocytes was higher upon intravenous vs. intraperitoneal
application. This difference might be due to the small sample size of three mice. Nevertheless,
the overall survival was the same for both application types.

When analyzing the influences of the different treatments, an important criterion was the MSI
status of the tumor, because this is a hallmark of Lynch syndrome. Both application routes of
a-PD-L1 increased the overall mutation frequency. Besides that, the loss of single-cell clones
was found in all analyzed treatments though the affected genes were different. In conclusion,
the application route had no relevant influence on the immunological and overall outcome of
the mice.

Abemaciclib, on the other hand, was lately found to mediate long-term protective anticancer
immunity, eventually being combined with immune checkpoint blockade [148]. In our study,
abemaciclib monotherapy improved the outcome of MIh1”- mice and Msh2'oxP/loxP TaTg(Vil1-cre)
mice (Publication 4). However, and contrary to all other combinations, no synergistic effects
were obtained after combined application of abemaciclib and the a-PD-L1 antibody, with out-
comes being comparable to either monotherapy. Hence, if and how abemaciclib can be incor-

porated in such combination approaches has to be tested prospectively.

Table 2: Survival time of MIh17-mice and Msh2!oxP/loxP:TaTe(Vilt-cre) mice under therapy

33



Discussion

Therapy Survival [weeks]
Mih1 -l- MshzloxPlonP ;TgTg(Vill-cre)

Control 4.0 0.7
Vaccine 328 4.9

Vaccine A7450 T1 M1 11.2

gemcitabine 7.5

isotype 4.7 3.7
a-PD-L1 i.v. 1x 6.0

a-PD-L1 i.v. 3x 9.2

a-PD-L1 i.p. 3x 9.0 9.6
abemaciclib 14.5 11.7
Vaccine 328 + gemcitabine 9.0

Vaccine A7450 T1 M1 + gemcitabine 12.0

a-PD-L1 i.v. 1x + vaccine A7450 T1 M1 8.4

a-PD-L1 i.v. 3x + vaccine A7450 T1 M1 19.4

a-PD-L1 i.v. 3x + gemcitabine 12.0

a-PD-L1 i.p. 3x + abemaciclib 12.0 12.1

i.v. = intravenous, i.p. = intraperitoneal

The therapeutic effects differed between the two mouse lines (please see publication 4 for
details [153]). The prolonged survival time after PD-L1 checkpoint blockade and abemaciclib
therapy was comparable, but the tumor growth was decreased in Mih1” mice whereas
Msh2/oxP/exP ;TaTg(Vill-cre) mjce only showed stable disease. In the tumor microenvironment, T
helper cell level were similar in both mouse lines, but cytotoxic T cell level were increased
after either monotherapy in Mlh1” mice. This difference was also seen for tumor-infiltrating

CD206"/F4/80* cells. These cells were nearly eliminated under therapy in MIh1” mice whereas
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in Msh2/oxPexPTaTg(Vi-cre) 5 10w level was still detectable. The fragment length analysis showed
similar percentages of mutations in microsatellites in both mouse lines, as shown before [154].
Gene expression analysis revealed an increased score of neutrophils in Msh2/0xP/loxP TaTg(Vil1-cre)
mice, whereas in MIh1”- mice this score was slightly decreased. This correlates with the fact
that a-PD-L1-treated Msh2'oP/loxP :TaTg(Vill-cre) mjce showed stable disease, whereas Mlh1”- mice
had a decreased tumor size. This is due to the fact that PD-L1 expressing neutrophils block
cytotoxic T-lymphocytes and are therefore favor the tumor growth [155]. Possibly, Msh2'o</ox?

:TaTg(Vil-cre) naytrophils express PD-L1 but MIh1”- neutrophils do not.

To sum up our findings in therapeutic settings, we found promosing results with passive ther-
apy like a-PD-L1, but the effects were even better when active therapy using whole tumor
vaccines was applied. Therefore, our idea that the immune system should combat the tumor

on its own can be brought to reality.

In support of this, prophylactic settings were additionally applied in this thesis, with the aim to
prevent tumor growth (Publication 1). Cancer prevention is a smart approach for tumors arising
in the context of Lynch syndrome. Although pharmacological prevention approaches were
started many years ago, to date, aspirin remains the most studied drug intervention [157,158].
Recent advances in preclinical drug screening may thus help identifying novel and more effec-
tive agents with a better side-effect profile. Several clinical studies are recently performed to
prevent tumorigenesis in patients with Lynch syndrome. They test immune checkpoint inhibi-
tors, vaccines or even omega 3 fatty acids (Clinicaltrials.gov identifier: NCT03831698,
NCT04711434, NCT05419011). The aim is to activate the patient’'s own immune system or
in case of omega 3 fatty acids to change the microbiota in the patient’s intestines.

In our study, we applied whole tumor vaccines to test whether the promising results seen in
the therapeutic situation can be transferred to the prophylactic approach. In both settings, ther-
apeutically and prophylactically, the vaccine A7450 T1 M1 worked better and delayed tumor
growth longer than the vaccine 328 (25 weeks vs. 37 weeks). Prophylactic vaccines draw the
attention of the immune system towards tumor antigens, before the tumor developed itself. An
adaptive immune response is created. Therefore, tumorigenesis can be prevented or reduced
[159].

In a recent study of Gerber et al. four synthetic frameshift-proteins were designed and used as
vaccines in Msh2'oxPloxP TaTg(vilt-cre) mice [90]. By applying these four peptides, the overall sur-
vival of mice was prolonged accompanied by reduced tumor burden. Hence, the development

of universal usable synthetic vaccines might be a good sustainable therapy.
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Outlook and perspectives

In a running trial, the vaccination approach is based on tumor-loaded dendritic cells. With this
therapy, the step of tumor antigen recognition and processing by dendritic cells can be skipped,
and tumor-antigens can be directly presented to T-lymphocytes [162,163]. Additionally, syn-
thetic peptide-mixes of candidate genes specific for AMMR should be tested [164] to broaden
the usability of one drug to treat many patients. Additionally, neoantigen peptides can be de-
signed and mixed individually, depending on each patients biomarker and mutational profile
[165]. This has already shown good response in patients with different solid tumor entities
[165].

Furthermore, prophylactic interventions should be investigated more. Nowadays, the predis-
position of people to develop dMMR-associated tumors can be detected easily, and the life-
time risk is high. A prophylactic strategy that prevents or at least delays the tumor development
could help. Preclinically, the application of four synthetic frameshift peptides already showed
good responses on mice with Msh2 knockout [90]. Besides, several clinical trials actually ex-
plore the role of different immune modifiers in preventing polyps and second primary tumors
in patients with Lynch Syndrome. This raises hope for improving the outcome of Lynch Syn-

drome patients prospectively.
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6. Summary

In this thesis, different immunotherapy strategies were employed to combat mismatch-repair-
deficient (dAMMR) cancer. In men, hMLH1 and hMSH?2 are the most affected genes and drivers
for the development of highly immunogenic dMMR-associated tumors. Hence, we used two
preclinical mouse models, either having constitutional (MIh1) or conditional (Msh2) knock out.
These mice develop tumors spontaneously to nearly 100%, hence, they can be included in
therapeutic and prophylactic preclinical trials. Immunotherapy constitutes a state-of-the ap-
proach, aiming at stimulation and activation of the immune system to combat cancer. To pre-
vent resistance development and improve outcome, we focused on combination strategies
including whole tumor vaccines, immune checkpoint-inhibitors (a-PD-L1), classical chemother-
apy or the Cyclin-dependent kinase inhibitor abemaciclib. Overall survival, tumor growth, im-
mune status, and the tumor microenvironment were studied in detail.

By applying different combination strategies, a significant survival benefit was reached in all
investigated treatments. The first study identified that the tumor neoantigen quality outranks
quantity, i.e. not only the number of mutations provided by a vaccine, but rather their ability to
evoke T cell responses are crucial for treatment responses. Here, prophylactic as well as ther-
apeutic vaccination with the whole tumor vaccine A7450 T1 M1 significantly delayed tumor
development and growth and may thus provide an optimal combination partner for subsequent
trials. Hence, in the next study, this vaccine was combined with the a-PD-L1 antibody. With
this approach, the overall survival was significantly prolonged, yielding 30% complete remis-
sion. Decreased levels of circulating splenic and intratumoral myeloid derived suppressor cells
(MDSC) and reduced numbers of immune-checkpoint-positive splenic T-lymphocytes accom-
panied therapeutic effects. Gene expression and protein analysis of residual tumors revealed
downregulation of PI3K/Akt/Wnt-and TGF-signaling, leading to T cell infiltration, reduced num-
bers of macrophages, neutrophils, and MDSCs. Comparable, though less pronounced effects
were seen after combined application of a-PD-L1 with gemcitabine or abemaciclib, therapeu-
tically applied in the third and fourth study of this thesis. However, the latter combination was
the only that failed to show beneficial effects compared to either monotherapy. In all therapeu-tic
approaches, increased levels of tumor infiltrating T-lymphocytes and decreased level of
MDSCs were seen.

In conclusion, we found promising therapies to combat MMR-D related tumor entities. The

deeper understanding of these results to finally enter clinical trials is the consequent next step.
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Abstract

Background: Cancer vaccines provide a complex source of neoantigens. Still, increasing evidence reveals that the
neoantigen quality rather than the quantity is predictive for treatment outcome.

Methods: Using the preclinical MIh1™/~ tumor model, we performed a side-by side comparison of two autologous
cell-line derived tumor lysates (namely 328 and A7450 T1 M1) harboring different tumor mutational burden (TMB; i.e.
ultra-high: 328; moderate-high: A7450 T1 M1). Mice received repetitive prophylactic or therapeutic applications of the
vaccine. Tumor incidence, immune responses and tumor microenvironment was examined.

Results: Both tumor cell lysates delayed tumor formation in the prophylactic setting, with the A7450 T1 M1 lysate
being more effective in decelerating tumor growth than the 328 lysate (median overall survival: 37 vs. 25 weeks).
Comparable results were achieved in therapeutic setting and could be traced back to antigen-driven immune
stimulation. Reactive T cells isolated from A7450 T1 M1-treated mice recognized autologous MIh1~/~ tumor cells in
IFNy ELISpot, but likewise YAC-1 cells, indicative for stimulation of both arms of the immune system. By deciphering
local effects, vaccines shaped the tumor microenvironment differently. While A7450 T1 M1 prophylactically vaccinated
tumors harbored low numbers of myeloid-derived suppressor cells (MDSC) and elevated CD8-T cell infiltrates, vac-
cination with the 328 lysate evoked MDSC infiltration. Similar effects were seen in the therapeutic setting with stable
disease induction only upon A7450 T1 M1 vaccination. Untangling individual response profiles revealed strong infil-
tration with LAG3* and PD-L1* immune cells when treatments failed, but almost complete exclusion of checkpoint-
expressing lymphocytes in long-term survivors.

Conclusions: By applying two tumor cell lysates we demonstrate that neoantigen quality outranks quantity. This
should be considered prior to designing cancer vaccine-based combination approaches.

Keywords: Tumor lysate, Mutational load, MMR deficiency, In vivo imaging, Primary cell lines

Background
I e idea of using whole tumor lysates as vaccines dates
back to the late 1970ies and aims at the induction of a
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capability of providing long-lasting protective immunity
[2-4]. As such, vaccines hold promise to delay or pre-
vent cancer recurrence, particularly in early-stage disease
patients, when immune-suppressive mechanisms are not
firmly established. ! e y conquer the limitations of clas-
sical peptide-based approaches by not creating favorable
conditions for growth of tumor cell clones that lack the
Ags present in the vaccine [5]. Still, therapeutic cancer
vaccines have met limited clinical success [6, 7]. In most
cases, the immune system is either polarized and/or has a
limited tumor-specific T cell repertoire [8, 9].

Several strategies were employed to prepare Ags from
whole tumor cells and thus produce a highly immu-
nogenic vaccine. Common strategies include chemical
treatment, radiation as well as repetitive freeze/thaw
cycles. With these methods, standardized, applicable
sources of tumor-specific Ags can be generated. Besides,
tumor cell lysates are also useful in high-risk, tumor-free
patients—especially for prophylactic approaches.

Lynch syndrome (LS), the most common hereditary
cancer syndrome, represents the paragon for cancer
vaccination approaches [10-12]. Affected patients suf-
fer from a deleterious germline mutation in one of the
mismatch repair genes (MMR) and develop a complex
spectrum of solid cancers [13—15]. Having in mind that
almost all tumors in LS patients are hypermutated and
microsatellite instable (MSI), they are likely to express a
huge amount of neo-Ags. !ese, in turn, may elicit an Ag-
specific cytotoxic T-cell response [16].

To move forward in developing vaccination strategies,
we employed the MLH1~/~ mouse model that resembles
features of the human LS counterpart [17, 18]. ! ese mice
develop spontaneous tumors at virtually 100% frequency
[18] and are suitable for prophylactic as well as therapeu-
tic approaches. Indeed, in our previous studies, we vacci-
nated mice with an allograft-derived whole tumor lysate
[19, 20]. While this approach proved successful, direct
transfer into the clinic might be compromised by the fact
that tumor lysate preparation is only applicable for previ-
ously diseased patients with a high likelihood of relapse.
Another critical and limiting factor is the amount of the
original material and the timely delivery of the individu-
ally tailored vaccine. Hence, we addressed the question of
whether cell-line derived tumor lysates might provide an
alternative source of highly immunogenic tumor Ags. In a
pilot study, we identified different outcomes upon vac-
cination with two individual cell line-derived lysates in
the therapeutic setting [21]. We hypothesized that the
mutational signature predicts response. Here, we refined
our cell line-tailored vaccination approach aiming ata
detailed understanding of the mechanisms underly-ing
vaccination efficacy. Our results show that tumor cell
lysates delay tumor formation and growth; still, the
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neo-Ag quality rather than the quantity is predictive for
response.

Material and methods

Cell culture and tumor lysate preparation

MIh1/~ cells (two gastrointestinal tumor (GIT) cell lines:
328, A7450 T1 M1 and one lymphoma cell lines: 1351)
were established in our lab. YAC-1 cells were originally
cultured in DMEM medium, supplemented with 10%
FCS (fetal calf serum), 6 mM Glutamine, and penicillin/
streptomycin antibiotics (all from Biochrom, Berlin, Ger-
many). Tumor lysates were prepared from cell cultures in
P15 as described [20]. Briefly, confluent cells were har-
vested and treated with four repetitive freeze/thaw cycles
followed by 60 Gy irradiation and protein quantification.
Lysate stocks were frozen at — 80 °C and used for in vivo
application.

DC generation and co-culture

DCs were generated from murine femur and tibia as
described [22]. Briefly, the resulting cell suspension was
filtered (100 um, Greiner-bio one, Kremsmunster, Aus-
tria) and centrifuged at 300xg (10 min, 4 °C). Cells were
seeded in a 6-well plate (density: 3x10° cells/ml). GM-
CSF was added (20 ng/ml, Immunotools, Friesoythe,
Germany) cells were harvested every third day. lere-
fore, non-adherent cells were gently pipetted up and
down, transferred in a centrifuge tube, pelleted (200xg, 8
min), the supernatant discarded and the pellet resus-
pended in freshly prepared medium. Cells were counted
and re-cultured in DC medium containing GM-CSF with
no other cytokines to generate highly pure DCs. On the
9th day, supernatant was collected and centrifuged. DCs
were phenotyped using the following FITC-, PE-, APC-,
and PE/Cy7-labeled antibodies (1 pg each): anti-CD11c
(Biolegend, San Diego, CA), anti-CD83 (Biolegend),
anti-CD11b (Immunotools), anti-CD40 (Biolegend),
anti-CD80 (Immunotools), anti-CD86 (Immunotools),
anti-MHC class I/ll (Immunotools), and anti-CD19
(Immunotools). Afterwards, DCs were loaded with pro-
tein lysate (50 pg/tumor lysate). After 24 h of incubation,
peripheral blood mononuclear cells were added in a ratio
of 1:10 (DC:immune cell) [23, 24] and a co-culture was
established. On the 5th day, Brefeldin A (5.0 pg/ml Bio-
legend) was used to enhance intracellular cytokine stain-
ing signals. ! e following fluorescent-labeled antibodies
(1 ug each) were used: anti-CD3, anti-CD4, anti-CD8a,
anti-CD25 (Immunotools), anti-IFN-y, and anti-TNF-a
(Biolegend). Immunophenotypic changes were deter-
mined using flow cytometry (BD FACSVerse™, BD
Pharmingen, Heidelberg, Germany).
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Visualization of whole exome sequencing data
l'e cell lines 328 and A7450 T1 M1 were processed
likewise [20, 21] for the visualization. With the complex
Heatmap [25] R package, their patterns and correlations
were revealed in oncoprint. | e mutational profiles were
filtered for the exclusive SNV separately with mutation
filters such as mutation type (missense and nonsense)
and those occurring in known annotated genes.
Furthermore, mapping the mutations and their statis-
tics on a linear gene product (proteins of interest) was
done with a ‘lollipop’ mutation diagram generator [30].
Based on the knowledge from the human MMR-D coun-
terpart and general involvement in tumorigenesis, genes
for further analysis were chosen with a high probability
of mutating.

MIh1~/~ mouse model and in vivo vaccination protocol
Ethical statement

All animal experiments were approved by the German
local authority: Landesamt flr Landwirtschaft, Lebens-
mittelsicherheit und Fischerei Mecklenburg-Vorpom-
mern (7221.3-1-026/17), under the German animal
protection law and the EU Guideline 2010/63/EU. Mice
were bred in the animal facility of the University Medical
Center in Rostock under specific pathogen-free condi-
tions. MIh1 genotyping was done according to [26]. Dur-
ing their whole life-time, all animals received enrichment
in the form of mouse-igloos (ANT Tierhaltungsbedarf,
Buxtehude, Germany), nesting material (shredded tissue
paper, Verbandmittel GmbH, Frankenberg, Deutschland)
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paper roles (75x38 mm, H 0528-151, ssniff-Spezi-
aldidten GmbH, Soest, Germany), and wooden sticks
(40x16 x10 mm, Abedd, Vienna, Austria). During the
experiment, mice were kept in type Ill cages (Zoonlab
GmbH, Castrop-Rauxel, Germany) at 12-h dark:light
cycle, the temperature of 21+ 2 °C, and relative humid-
ity of 60+20% with food (pellets, 10 mm, ssniff-Spe-
zialdidten GmbH, Soest, Germany) and tap water ad
libitum.

Experimental protocol

A detailed treatment schedule is provided in Fig. 1.
Briefly, prophylactic application was initiated when mice
aged 8-10 weeks by four weekly boosts of tumor lysates
(10 mg/kg bw, s.c., 328 vaccine: n=10; A7450 T1 M1
vaccine: n =9, respectively) followed by monthly applica-
tions (a total of 12 vaccinations). Control mice were left
untreated (n=15 mice). For the therapeutic vaccination
approach, mice were given 4 weekly boosts. Vaccina-
tion was sustained (10 mg/kg bw, biweekly) until tumors
progressed (max. 12 injections; n =8 mice/group). Con-
trol mice were left untreated (n=7 mice). Reduction of
suffering during the trial was guaranteed by providing
daily prepared soaked pellets, twice-daily monitoring of
the health status using a score sheet and by applying
humane endpoints (weight loss, any sign of pain or dis-
tress, or changes in social behavior). All mice were sacri-
ficed before they became moribund to prevent pain and
distress.

Prophylaxis
[
11071 i |
vaccine & vaccine &
age: (10 mg/kg bw, s.c.) (10 mg/kg bw, s.c.)
3"°k 0 7 14 21 28 56 84 112 140 168 192 220
weeks
I [ (I e S S| I I I
! U endpoint
-« U2
H - ] . . 7
B N A N N N :
age: x-10 7 14 21 28 42 56 70 84 98 112 126
>35
weeks . 5 ex vivo analysis
& vaccine & vaccine T
(10 mg/kg bw, s.c.) (10 mg/kg bw, s.c.) .W.! 3 -
| e o eme g & wane g e onoun®y
GEM
(100 mgrkg bw, i.p.) GEM (100 mg/kg bw, i.p.)
Therapy
Fig. 1 Vaccination protocol. Mice were either given repetitive prophylactic or therapeutic injections of two different cell line-derived whole tumor
lysates. In the case of therapeutic application, mice were additionally given 3 monthly injections of gemcitabine. The scheme was created with
BioRender.com
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Positron emission tomography/computed tomography
(PET/CT) imaging

PET/CT imaging scans were performed on a small ani-
mal PET/CT scanner (Inveon PET/CT, Siemens Medical
Solutions, Knoxville, TN, USA) according to a standard
protocol as described before [19, 20].

Immune phenotyping and immuno"uorescence

Blood samples were taken routinely from the retrobulbar
venous plexus. Blood samples were stained with a panel
of conjugated monoclonal antibodies (mAb, 1 ug each)
followed by lysis of erythrocytes (155 mM NH,CI, 10 mM
KHCO; (both MERCK Millipore, Darmstadt, Germany),
and 0.1 mM EDTA (Applichem, Darmstadt, Germany).
Negative controls consisted of lymphocytes stained with
appropriate isotypes (Biolegend, San Diego, USA). Cells
were washed, resuspended in PBS and analyzed by flow
cytometry on a Flow Cytometer (BD FACSVerse™, BD
Pharmingen, CA, USA). Data analysis was performed
using BD FACSuite software (BD Pharmingen).

Target proteins in 4 uM cryostat sections of tumor
resection specimens were visualized as described [20]
and documented on a confocal laser scanning microscope
(LSM780, Zeiss, Jena, Germany) using 20x objectives.

Procartaplex Cytokine Assay

Cytokine levels in cell culture supernatants as well as
plasma samples were determined according to the man-
ufacturer’s instructions of the Procartaplex™ multiplex
immunoassay. Measurement as well as cytokine quantifi-
cation was performed on a Bioplex 2000 (Bio-Rad Labo-
ratories GmbH, Munich, Germany) in combination with
the Bio-Plex Manager Software.

IFNy ELISpot

2.5x103% targets/well (MIh1”/~ A7450, Mlh17/~ 328,
MIlh17/- 1351, and YAC-1 cells) were seeded in IFNy—
specific mAb (Mabtech, 3321-3)-coated, 96-well microti-
ter plates. Peripheral blood leukocytes (5 x 10* cells/well)
or splenocytes (1x10* cells/well) were added in tripli-
cates 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 IFNy-
secreting 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 back-
ground level.

Statistics

All values are expressed as meanSD. In case of PET/
CT data, raw tumor sizes are presented. After proving the
assumption of normality (Kolmogorov-Smirnov test),
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differences between vaccinated and control mice were
determined using the unpaired Student’s t-test or one-
way ANOVA (Bonferroni or Dunnett’s multiple com-
parison). Kaplan—Meier survival analysis was done by
applying the log rank (Mantel Cox) test. Statistical analy-
ses were performed using GraphPad Prism 5 (San Diego,
CA). % e criterion for significance was set to p <0.05.

Results

In vitro characterization of antigen-sources

In this study, two MIh1~/~ cell lines established from
spontaneous GIT were used. % e drug response of the
cell lines 328 and A7450 T1 M1 was determined before
and revealed no significant differences towards standard
cytostatic drugs [19]. By assessing the basal secretion
profile from supernatants, we indeed observed substan-
tial variations. Focusing on cytokines associated with
immune stimulation, A7450 cells generally secreted
higher levels of GM-CSF, IL1b, and IL-18 (Fig. 2a, left
panel). While all of these cytokines enhance NK cell
activity and foster % 1 cell development, concentration of
chemokines responsible for monocyte- and eosinophil-
attraction, such as monocyte chemoattractant protein-
1(MCP1), MCP3, and Eotaxin was higher in supernatants
from 328 cells (Fig. 23, right panel).

Based on these findings, a co-culture system of tumor-
Ags-loaded DCs and lymphocytes was initiated. DCs
were established from the bone marrow according to a
standard protocol using GM-CSF [22]. We decided to use
this method for DC generation because it delivers highly
pure DCs (> 90% purity), constituting a mixture of
immature and mature DCs (Fig. 2b). By flow cytometry,
virtually all cells expressed DC-markers CD11c, CD83
as well as co-stimulatory molecules CD80/86. CD11b
was reduced, mainly because of their activation status
(Fig. 2b). In the co-culture setting, additional differences
were seen in the T cell phenotype (Fig. 2¢c, d). DC-loaded
with A7450 T1 M1 tumor lysate boosted the frequency of
CD3*CD8* T cells, which were activated and addi-
tionally positive for IFNy. By contrast, the phenotypes of
leukocytes from 328 lysate-loaded DCs changed faintly
compared to the control (Fig. 2b).

Mutational pro$le of antigen-sources

%e selected genes of the oncoprint are known for the
relevance for tumor initiation, progression, apoptosis,
and suppressors functions (Fig. 3a). Mlh1~/~ tumors har-
bor mutations in Pik3ca, Msh3, Braf, and/or Kras, and
Erbb3 [21]. % e A7450 T1 M1 cell line harbors nonsense
and missense single nucleotide variants (SNVs) in the
Wnt signaling pathway regulator Apc gene. Further hot-
spots in pre-selected clinical relevant genes are occurring
in tumor suppressors Aridla as well as Fhit.
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***p < 0.001; one-way ANOVA (Bonferroni multiple comparison)
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Fig. 2 Secretion profile and in vitro DC culture. a Cell culture supernatants were collected and analyzed using the Procartaplex™ multiplex
immunoassay. Finally, cytokine and chemokine concentration were determined from three independent experiments. Given are the mean+SD.
*p< 0.05; **p< 0.01; unpaired one-sided T-test. b Left panel: representative flow cytometry of DCs and right panel: quantitative phenotyping of DCs
taken from three individual mice. Non-adherent cells were analyzed. Given are the % numbers of positive cells measured upon gating on viable cells
(n = 3 mice). c Representative microscopic images of DCs loaded with tumor A7450 T1 M1 or 328 tumor lysate, respectively. Original magnification
10x. d Phenotyping of peripheral blood mononuclear cells after co-culture with loaded DCs (DC:immune cell ratio: 1:10). On the 5th day, Brefeldin
A was used to enhance intracellular cytokine staining signals. Immunophenotypic changes were determined using flow cytometry, data analyses
were performed using BD FACSuite software. Given are the % numbers of positive cells measured upon gating on viable cells. *p < 0.05; **p < 0.01;
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In a direct comparison, alterations are exclusively dis-
tributed. ! e cell line 328 acquired more missense SNVs
in the pre-selected gene set, especially in EGFR signaling
members as well as in Nfl. | e 328 cell line had addi-
tional missense and nonsense Pole mutations. Taking the
germline MMR-D into account, the increased number of
gene mutations in affected tumor cells is conserved in the
cell line 328 compared to A7450 T1 M1 (Fig. 3a).

In Aridla, all of the 34 SNVs appear before or after
the ARID/BRIGHT DNA binding domain (Fig. 3b),
regulating cell proliferation, differentiation, and devel-
opment [27], as well as the SWI/SNF-like complex
subunit BAF250/Osa. Every single SNV is exclusive for

the corresponding cell line, none are shared, and all of
them are missense mutations.

I e prevalence and hotspot mutations in Tcergl
and Wwox exclusively detected in the 328 cell line are
shown in Fig. 3b. | e mutational hotspot in Tcergl is
Q1040H within the FF6 domain, the only amino acid
change in this gene. FF domains play an essential rolein
binding the phosphorylated C-terminus of the RNA
polymerase Il. Furthermore, Tcergl is involved in regu-
lating the transcriptional elongation and the pre-mRNA
splicing [28]. In Wwox, we found three SNVs, which all
affect the short-chain of the dehydrogenase/reductase
domain.
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Fig. 3 Human counterpart hotspots in cell line development. a The presented oncoprint reveals patterns and correlations of the different cell
lines 328 and A7450 T1 M1 with regard to tumor suppressive functions, tumor initiation, and progression. An overview of the non-synonymous
alterations in genes of interest (rows) affecting the cell lines (columns) is provided with this way of visualization. b Prevalence and hotspot regions

in Arid1a, Tcergl, and Wwox. The colored regions show known gene/ protein

location

missense mutations are depicted as a red lollipop in the cell lines, whereby each lollipop label shows an amino acid change with its corresponding

domains, while the other regions are represented in dark grey. The

For the mutational profile as a potential Ag-source, the
MSI pathway [29, 30] and genes associated with MSI sta-
tus [31] have an impact on survival (based on hazard ratio
in the human counterpart) (Table 1). Except for Cope, the
theme of exclusive and distinct SNVs within the 328 and
A7450 T1 M1 cell lines continues. However, its influence
on survival remains elusive and has no impact, since the
alterations are yet unknown or silent. Overall, cell line
328 shows a more substantial amount of affected genes
associated with overall survival and disease-free survival.
t#ese are Chmp5, Dhx32, Gadd45b, and Inadl.

#en, the coding microsatellite (cMS) mutational pro-
file was analyzed comparatively on a panel of putative
MSI target genes (Table 2 and [18]). Overall, A7450 T1
M1 cells harbored mutations in half of the markers. # e
numbers of cMS mutations in 328 cells were lower (37%)

and the genes affected differently, highlighting the indi-
vidual profile even in these molecular closely matched
MIh1-/~ cells that harbor the very same germline muta-
tion. Shared mutations were found in seven candidate
genes, such as Taflb, Rfc3, Akt3, and Spen. While these
genes are all classified as tumor suppressors, they may
have a high likelihood of being causative for this type of
tumor. By deciphering the differences between these two
samples in more detail, we identified some exclusive
mutations in MIh17/= A7450 T1 M1 cells whose result-
ing neo-Ags may have immunogenic potential. # e most
promising candidates, in this case, are Senp6 and Rasal2.
Consequently, we analyzed the frequency of spontaneous
immune reactivity against the neoepitopes derived from a
- 1 frameshift mutation in the cMS of these genes. How-
ever, in this test, no significant reactivity was detectable
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Table1 SNVs in MLH1/" cell lines in tumor suppressor
genes and potential association with survival

Gene A7450T1 M1 328 Survival

BAX NA DFS

CHMPS MISSENSE 0os DFS DSS
COPE NONE SILENT Unknown

DHX32 SILENT 0os DFS

DYNLT3 NA DFS
GADDA45B NA [ DFS DSS
INADL NA oS DFS DSS
MTRF1 NA DFS

NME7 NONE [ DFS DSS
RAC3 SILENT Unknown

SNRNP40 NONE DFS

SRP9 NONE Unknown

TMEM14C NONE Unknown

Based on COX p-value <0.05

OS overall survival, DFS disease-free survival, DSS disease-speci'c survival

(data not shown), making these candidates unlikely to act
as tumor rejection Ags.

Prolonged survival in the prophylactic setting

To test the immunogenicity of whole cancer vaccines on a
more global level, MIh17/~ mice received two inde-
pendent tumor lysates, either harboring high (=328, 167
mutations/Mb) or moderate (=A7450 T1 M1, 27 muta-
tions/Mb) TMB [21] (Fig. 1).

Prophylactic vaccination vyielded significantly pro-
longed cancer-free survival in MIh17/~ A7450 T1
M1-treated mice. Median survival time was 37 weeks,
whereas it was only 22 weeks in control mice (p<0.001).
"e MIh1/~ 328 vaccine had a minor impact on sur-
vival, reaching a median survival of 25 weeks (Fig. 4a).
" e tumor spectrum observed in this study largely cov-
ers the distribution seen in MIh1~/~ mice. Two thirds of
Mlh1~/- A7450 T1 Mi-treated mice developed GIT or
generalized lymphomas in the spleen; remaining mice
developed lymphomas in the thymus (1 case), skin malig-
nancies (1 case) or died spontaneously (2 cases). Mice
receiving the MIh17/~ 328 tumor lysate showed a com-
parable tumor spectrum. Here, 70% suffered from GIT or
generalized lymphomas in the spleen, one mouse devel-
oped a thymic lymphoma, and two mice died because of
unknown malignancy (suspected lymphomagenesis).

" e survival benefit of mice vaccinated with the
MIh17/- A7450 T1 M1 lysate was reflected by immu-
nological changes in the peripheral blood. While T cell
numbers only gradually increased, we observed elevated
levels of circulating NK cells (Fig. 4b).
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"en, the reactivity of peripheral blood leukocytes was
assessed upon co-incubation with different target cells
by IFNy-ELISpot assay (Fig. 5a). Autologous MIh1~/~
tumor targets triggered IFNy secretion of lymphocytes
from vaccinated mice. " e highest reactivity was seen
between days 56 and 84 and mainly against target cells
that were used for vaccination. We even observed dif-
ferences between the two vaccines; A7450 T1 M1 cells
evoked IFNy secretion more effectively from lympho-
cytes than 328 cells (p <0.01). In line with the increased
number of NK cells upon A7450 T1 M1 vaccination, leu-
kocytes from vaccinated mice reacted against NK target
cells YAC-1 (p<0.01).

Tumor microenvironment

Next, the tumor microenvironment was studied in detail
to explore the quantity and quality of leukocyte infil-
trates. Prophylactic vaccination leveraged the microen-
vironment (Fig. 5b). " e MIh1~/~ A7450 T1 M1 vaccine
largely prevented infiltration of CD11b*/Gr1* myeloid-
derived suppressor cells and F4/80* tumor-associated
macrophages (TAMs). While these cell types were barely
detectable, we observed high numbers of infiltrating
CD11c* DCs as well as CD8* cytotoxic T cells (CTL). By
contrast, the Mlh1~/~ 328 lysate triggered MDSC infil-
tration in the tumor, CTL were occasionally found. PD1
expression was not altered by any vaccination and, thus,
expression levels were highly comparable with control
tumors.

Therapeutic vaccination

"en, we moved to the therapeutic approach (Fig. 1).
" e survival benefit of mice treated with a lysate from
the MIh1~/~ A7450 cells compared to the 328 lysate was
shown before [21] and (Fig. 6a). Here, the median over-all
survival was 11 weeks. By contrast, the 328 lysate failed
to improve outcome, which was slightly longer than in
untreated control mice (5 vs. 4 weeks). To see whether
treatment can be improved by adding low-dose
chemotherapy, the vaccination protocol was extended
by gemcitabine given one day before treatment initia-
tion, followed by 2 monthly injections (Figs. 1, 6a). With
this combined chemo-vaccine, survival was prolonged
in mice treated with cell-line derived tumor lysates 328 (9
weeks; p<0.05 vs. control). With regard to the A7450T1
M1+chemo group, there was a trend towards longer
progression-free survival, yet this did not reach statistical
significance (hazard ratio: 0.9).

Accompanying PET/CT imaging largely reflected the
survival data (Fig. 6b). 328-vaccinated tumors progressed,
with no gross changes compared to untreated controls.
Gemcitabine in conjunction with the lysate yielded stable
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Table 2 Mutational pro!le of MLH1~/~ derived cell lines using an in-house panel of cMS marker

cMs APC Tmem60 Senp6 Phactr4 Astel Taflb Sdccagl Rasal2 Ligd Bend5 Suptlé C8a Kcnmal Rfc3 ERCC5 DNAJC2 IL1F9 Clock Akt3 Spen  Frequency

Marker

Sample/ A8 A8 A1l Al0 A8 A8 All A8 A9 A8 A8 T8 Al0 A10 A9 A8 A10 ™ T8 A8 (n) (%)

Repeat

328 wt -1/-2 wt wt wt/-1  wt/-1 wt wt wt/-1  wt wt/-1  wt wt/-1 wt/-1  wt -1 -1 wt/-1 wt/-1 wt/-1 12/32 37.50

7450 T1 wt/-1  wt wt/-1 -1 wt wt/-1 -1 wt/-1 -1 wt/-1/-2 -1 MSI wt/-1 wt/-1  wt/-1 wt -1 wt wt/-1 wt/-1 16/32 50.00
M1

wt: wildtype; wt/-1: heterozygous mutation; - 1: homozygous mutation
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Fig. 4 Prophylactic approach. Mice received repetitive local applications of the MIh1-/~ A7450 T1 M1 and MIh1~/~ 328 vaccine, respectively
(10 mg/kg bw, s.c, n=9 mice/group). Control mice were left untreated (n=15 mice). a Kaplan—Meier survival curve analysis. *p< 0.001 A7450 T1
M1 vs. control; Log-rank (Mantel-Cox) test. b Immune phenotyping of peripheral blood was done before and during the course of vaccination until
the experimental endpoint. Samples were analyzed by flow cytometry on a FACSVerse™, data analyses were performed using BD FACSuite software.
Given are the % numbers of positive cells measured upon gating on viable cells

disease. | e same was true for tumors treated with the
A7450 T1 M1 lysate, showing virtually no progression
during the 1st weeks of treatment. Here again, combined
chemo-immunotherapy improved tumor growth con-
trol. Individual tumors even tended to shrink (Fig. 6b).
Still, the antitumoral stimulus provided by the combined
chemo-vaccine was not strong enough to induce long-
term regression, and tumors finally progressed.

Immunological changes upon vaccination

lerapeutic vaccination altered splenic immune cell
composition. Spleens from 328-vaccinated mice tended
to have reduced amounts of CTL (Fig. 6c). Levels of
CD11b*Gr1* MDSC as well as CD69* activated T cells
remained similar to controls. Gemcitabine had no impact
on immune cell distribution at all. Spleens from mice

60



Original publications for cumulative dissertation

Salewski et al. J Transl Med (2020) 18:402 Page 10 of 15
a 328 b prophylaxis

g 30 - O dayo control 328 A7450 T1 M1

> [ day 28

] [ day 56

g 2 day 84

2 2 day

k) KX endpoint

x

ﬁ 10

8

-

Z o & 0

. N

&\“ Ll & 4 )
>
AF
w
target cells
A7450 T1 M1

Doayo  LDAPIRdsiCDIC |
I day 28 .
3 day 56
day 84
endpoint

IFNy cells/5x10* leukocytes

target cells
Fig. 5 IFNy ELISpot and tumor microenvironment. a Reactivity of peripheral blood leukocytes against MIh1~/~ target cells as assessed during
vaccination and at the experimental endpoint. The number of IFNy secreting cells/5x 10* effector cells was determined after overnight
co-incubation and quantification on an ELISpot reader as described in material and methods. *p< 0.05; **p< 0.01; ***p< 0.001 one-way ANOVA
(Bonferroni multiple comparison). b Immunofluorescence was done on 4 UM slides stained with mAbs as stated in “Material and methods” section.
Cell nuclei were stained with DAPI. Control tumors were highly infiltrated with CD11b* granulocytes and F4/80* macrophages. The infiltration
pattern changed dependent on the vaccine. Analyses were done on a laser scanning microscope (Zeiss) using 20x objectives
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receiving the chemo-vaccine combinations had similar
phenotypes as those treated with the 328 vaccine alone.

In contrast, the immune phenotype of spleens from
A7450 T1 M1-vaccinated mice positively changed with
significantly lower numbers of MDSCs but higher lev-
els of activated CD69* T cells (Fig. 6¢c). "is effect was
even independent of gemcitabine and thus related to the
vaccine itself. Accompanying functional ELISpot analy-
sis confirmed these findings with high reactivity against
autologous target cells A7450 T1 M1 (Fig. 6d). Leuko-
cytes from mice treated with the chemo-vaccine combi-
nation tended to have higher reactivity against NK cell
targets YAC-1 compared to those getting the A7450 T1
M1 monotherapy. In line with the results from the pro-
phylactic setting, there was no cross-reactivity against
other Mlh1~/~ tumor targets, i.e. 328 and 1351.

We finally examined whether alterations were evident
on tumor resection specimens in situ. Generally, A7450
T1 M1 vaccinated tumors were more infiltrated than
328-treated tumors (Fig. 7). By delineating mice that
had no response from those achieving stable disease in

PET/CT, we indeed found clear differences in the tumor
microenvironment. Tumors of short-term survivors
(328) were highly infiltrated with TAMs and had higher
numbers of LAG-3- and PD-L1-expressing lymphocytes
(Fig. 7). Granulocytes were rarely detectable. Resec-
tion specimens from long-term survivors harbored few
TAMs, virtually no MDSCs or LAG-3* lymphocytes.
Hence, these data nicely reflect the in vivo response.

Discussion

Here, we used the MIh1~/~ mouse model and examined
the protective value of two individual cancer vaccines
made from autologous tumor cell cultures with differ-
ent TMB [21]. " e two cell lines, 328 and A7450 T1 M1,
show exclusively distributed non-synonymous alterations
in the pre-selected clinical hotspot regions. Every single
amino acid appears exclusively, with Aridla and Apc,
being the only genes shared from both cell lines. "is
clearly shows that the tumors develop differently apart
from the host, and with SNVs mainly affecting binding
domains as well as occurring in tumor suppressors and
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Fig. 6 Therapeutic approach. Mice received repetitive local applications of cell line derived vaccines A7450 T1 M1 and 328, respectively (10 mg/
kg bw, s.c., n= 8 mice/group). Control mice were left untreated (n= 7 mice). Combined chemo-vaccination was done by adding gemcitabine
(100 mg/kg bw; MIh1~/~ A7450 T1 M1: n= 6 and 328: n= 3 mice). a Kaplan—Meier survival curve analysis. *p< 0.05 328 + chemo vs. control;
**p< 0.01 A7450 T1 M1 vs. control; *p< 0.05 A7450 T1 M1 vs. 328; Log-rank (Mantel-Cox) Test. b Mean tumor size determined by 8F-FDG PET/CT.
In vivo imaging was done before and during vaccination. Tumors sizes were quantified using the inveon software. The symbols were standardized
between day 0 and day 28, and each symbol is representative of one mouse (average tumor size in given resulting from the detected number of
tumors/mouse). ¢ Flow cytometry of splenic leukocytes. Phenotyping was done on splenocytes from control (n=5) and vaccinated mice receiving
monotherapy (328 and A7450 T1 M1, 3-5 mice/group) or combinations with gemcitabine (n=3-5 mice/group). * p < 0.05; one-way ANOVA
(Dunnett’s multiple comparison). d IFNy ELISpot. Reactivity of splenocytes against MLH1~/~ target cells as assessed at the experimental endpoint.
The number of IFNy secreting cells/5 x 10* effector cells was determined after overnight co-incubation and quantification on an ELISpot reader as

described in material and methods. *p< 0.05; **p< 0.01; one-way ANOVA (Bonferroni multiple comparison)

interfering with the MSI status and/or the MSI signaling
pathway.

By using cell lines for vaccination, this approach pro-
vides a virtually limitless source of neo-Ags, permits
standardized, large-scale vaccine production, and is—
from the economic point of view—very cost-effective [5].
To get an idea on the mutanome, whole-exome sequenc-
ing was performed on both cell lines in the very same
passage later used for in vivo vaccination. Hypotheti-
cally, the number of neo-Ags correlates with immune
activation and consequently, treatment outcome. How-
ever, we here provide evidence that the neo-Ag quality

outranks quantity. By applying two vaccines that harbor
the very same germline mutation, only one was able to
activate T cells in vitro and mediated a survival benefitin
the prophylactic situation. # e 328 cell line was estab-
lished directly from an ultra-hypermutated GIT with
aggressive in situ growth behavior. Indeed, the muta-
tions found in this cell line were mostly associated with a
worse prognosis. # e cell line A7450 T1 M1 was made
from a moderately mutated GIT allografted in MIh1*
mice that gave rise to stable in vitro growth [21]. While
these two cell lines show no significant differences in
growth kinetics, phenotype (MHC-I*, IDO"Y, PD-L1*)
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Fig. 7 Tumor microenvironment. Immunofluorescence was done on
4 uM slides stained with mAbs as stated in the material and methods
section. Cell nuclei were stained with DAPI. Representative images
are given showing either GIT in which treatment failed (left panel)

or, as in the case of A7450 T1 M1, treatment succeeded. Differences
in leukocytic infiltration are evident. Analyses were done on a laser
scanning microscope (Zeiss) using 20x objectives
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and drug response [19], their cytokine secretion pro-
file greatly varies. A7450 T1 M1 cells secreted cytokines
associated with favorable prognosis at least in colorectal
cancer (such as GM-CSF, IL-1b) [32], with known ability
to enhance NK cell activity and foster ! 1 cell develop-
ment. By contrast, the secretion profile of 328 cells nicely
matched with a prototypic immunosuppressive cell line.
I e high inter-individual heterogeneity was further vali-
dated by additional mutational analysis that focused on
cMS mutations, which are exclusive for MMR-D tumors.
In fact, these two cell lines harbored only a few shared
cMS mutations. By examining the spontaneous immune
reactivity against selected neoepitopes, we, however,
failed to observe significant reactivity, leaving the neo-
Ags that confer immune responses unidentified. Still,
the survival benefit of MIh1=/~ A7450 T1 M1 vacci-
nated mice compared to those receiving the 328 lysate
was reflected by systemic immunological changes. T cell
numbers gradually increased, and mice had elevated lev-
els of circulating NK cells, recognizing autologous target
but also YAC-1 cells in ELISpot IFNy assays. NK cells are a
subset of innate lymphocytes with great potential to kill
cancer cells directly, and thus, the elevated number of NK
cells detected here may have also prevented early tumor
formation [33-35]. Due to the sustained immunological
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pressure on (premalignant) tumor cells and the process
of cancer editing, it is tempting to speculate that cancer
cells either escaped NK cell control or directly induced
loss of the NK cells’ cytotoxic ability. ! e latter was just
recently shown in a preclinical breast cancer model and
uncovers novel clues on how cancer cells escape NK cell
surveillance [36]. Still, the vaccine itself stimulated both
arms of the immune system. lough this immune acti-
vating stimulus was not strong enough to prevent tumor
formation it altered the microenvironment, especially
upon MIh1~/~ A7450 T1 M1 vaccination. Here, numbers
of tumor-infiltrating CD11c* DCs were elevated; tumor-
promoting MDSCs and TAMs low and provide a reason-
able explanation for the delayed in vivo tumorigenesis
compared to 328-vaccinated mice.

lerapeutic application prolonged progression-free sur-
vival, but again only when mice received the A7450 T1 M1
vaccine. ! e ultra-hypermutated-derived lysate 328 failed
to provide a clear survival benefit. Adding chemotherapy
to either vaccination improved the outcome by inducing
long-term stable disease (24 weeks). Once more, tumor
growth control was more effective in the A7450 T1 M1
combination group, assuming that the coupled application
of the tumor lysate and low-dose chemotherapy induced
immunogenic cell death. ! i s converted dying cancer cells
into a vaccine vulnerable to be taken up by DC. lese, in
turn, activated T cells to kill tumor targets. In support of
this, half of the mice received partial remission. Here,
chemotherapy itself may play a supportive role in re-acti-
vating the immune system against Mlh1~/~ tumors. Other
preclinical studies likewise described boosted Ag cross-
presentation, increased immune-supportive M1 mac-
rophages, as well as circulating T cells upon gemcitabine
[37, 38]. Indeed, spleens from treated mice in this study
had higher numbers of activated T cells and significantly
lower MDSC level. By unraveling the tumor microenvi-
ronment, differences became much more apparent, and
tumors of long-term survivors had fewer immunosup-
pressive infiltrates (MDSCs, TAMs) than those that failed
to respond. Whether responding tumors harbored less
immunosuppressive infiltrates per se and were therefore
better treatable by the given therapy or the applied regimen
actively eliminated TAMs and MDSCs is a matter of spec-
ulation. Generally, the efficacy of cancer immunotherapy
seems to be negatively correlated with MDSCs frequency
and function [39, 40]. Still, a one-size-fits-all model does
not exist. In pancreatic cancer patients, for instance, a high
pre-vaccination MDSC value did not preclude an immune
response [41], whereas higher MDSCs levels were associ-
ated with lower response rate in metastatic melanomas
[42]. While most of these studies assessed pre-vaccination
peripheral blood levels as biomarkers, the association
between the attraction of immunosuppressive cells into
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the tumor and the development of secondary resistance to
immunotherapy is yet unknown. Several extrinsic as well
as intrinsic factors foster resistance, especially after initial
response. Treatment failure might be finally attributable
to insufficient T-cell responses (transient, low avidity, low
magnitude); poor T-cell homing to MIh1~/~ tumors, dys-
function or death of T cells within the tumor, and immune
escape mediated by upregulation of immune-checkpoint
molecules LAG-3 and PD-L1. Hence, the balance between
immune-mediated tumor prevention/elimination and
escape is a narrow ridge [43, 44]. A previous study identi-
fied several potential therapy-resistance genes, confirmed
in CRISPR-based screens [45]. IFNy—initially associated
with tumor immunity also enhances the activation of the
PD-1 signaling axis. Indeed, we also diagnosed higher
numbers of LAG-3- and PD-L1-expressing lymphocytes in
tumors of short-term survivors (mainly 328), while resec-
tions specimens from long-term survivors harbored virtu-
ally no LAG-3* lymphocytes.

In humans, MMR-D tumors are often characterized by an
increased density of intratumoral T cells and most patients
are eligible to immunotherapy. Still, we here add evi-
dence that the neo-Ag quality, rather than quantity defines
response. #ese findings are supported by a recent study
comparing pancreatic cancer and melanoma Ag load and T
cell responses [46]. While the number of potential neo-Ags
in pancreatic cancer samples was an order of magnitude
lower than in melanoma, almost every tumor had a muta-
tion that resulted in a predicted neo-Ag [47]. Comparable
results were reported in hepatocellular carcinoma where
the number of predicted neo-Ags did unexpectedly not cor-
relate with effector and regulatory immune cell infiltration
[48]. To discriminate immunogenic epitopes from a back-
ground set of mutated peptides, non-synonymous muta-
tions should principally confer antitumoral vaccine activity.
Hence, we tested the spontaneous immune response against a
panel of putative immunogenic peptides. Still, in this set-
ting no significant immune response was detectable, leaving
the exact tumor rejection Ags unidentified.

To improve vaccine efficacy prospectively, some addi-
tional aspects must be considered: (1) the choice of the right
target Ags, whose mutation frequency is high and ideally
shared among cancers; (Il) the time-interval and dosing of
vaccines; (I11) the route of application; (V) the choice of
adjuvant and/or combinatorial agent as well as (V) a
change of the standard of care in humans from the tumor to
the host by treating patients with immunotherapy in first-
line and thus before a history of previous anti-cancer
chemotherapy.

Finally, we would like to mention that there are some
limitations to this study. Firstly, we only injected vaccines
without additional adjuvants that might play a support-
ing role in immune stimulation. Secondly, mice were
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vaccinated with a lysate of only one cell line instead of
different ones. Hence, there is a possibility that we have
missed certain Ags that evoke immune responses when
applied together and thus individual tumor clones may
have been unrecognized.

Conclusions

Prophylactic as well as therapeutic vaccination with
whole tumor lysates delay tumor growth. Still, not only
tumor mutational burden but also neoantigen quality
predict vaccination efficacy. In addition to the number of
mutations provided by a vaccine, the ability to evoke T
cell responses and induce an inflamed tumor microenvi-
ronment is crucial for treatment responses.

Abbreviations
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Abstract

Background Mlh1-knock-out-driven mismatch-repair-deficient (dIMMR) tumors can be targeted immunologically. By
applying therapeutic tumor vaccination, tumor growth is delayed but escape mechanisms evolve, including upregulation of
immune-checkpoint molecules (LAG-3, PD-L1). To counteract immune escape, we investigated the therapeutic activity of a
combined tumor vaccine-immune-checkpoint inhibitor therapy using a-PD-L1.

Design In this trial, Mlh1-knock-out mice with established gastrointestinal tumors received single or thrice injections of
a-PD-L1 monoclonal antibody clone 6E11 (2.5 mg/kg bw, g2w, i.v.) either alone or in combination with the vaccine.
Longitudinal flow cytometry and PET/CT imaging studies were followed by ex vivo functional immunological and gene
expression assays.

Results 6E11 monotherapy slightly increased median overall survival (mOS: 6.0 weeks vs. control 4.0 weeks). Increasing the
number of injections (n =3) improved therapy outcome (mOS: 9.2 weeks) and was significantly boosted by combining 6E11
with the vaccine (mOS: 19.4 weeks vs. 10.2 weeks vaccine monotherapy). Accompanying PET/CT imaging confirmed
treatment-induced tumor growth control, with the strongest inhibition in the combination group. Three mice (30%) achieved a
complete remission and showed long-term survival. Decreased levels of circulating splenic and intratumoral myeloid-
derived suppressor cells (MDSC) and decreased numbers of immune-checkpoint-expressing splenic T cells (LAG-3, CTLA-4)
accompanied therapeutic effects. Gene expression and protein analysis of residual tumors revealed downregulation of
PI3K/Akt/Wnt-and TGF-signaling, leading to T cell infiltration, reduced numbers of macrophages, neutrophils and MDSC.
Conclusions By successful uncoupling of the PD-1/PD-L1 axis, we provide further evidence for the safe and successful
application of immunotherapies to combat dMMR-driven malignancies that warrants further investigation.

Keywords a-PD-L1 - MMR deficiency - In vivo imaging - Tumor microenvironment - Long-term survival

Abbreviations DC Dendritic cells
cMS Coding microsatellite dMMR  Mismatch repair deficiency
CTL Cytotoxic T-lymphocytes GIT Gastrointestinal tumor
ICI Immune-checkpoint inhibitors
MDSC Myeloid-derived suppressor cells
Inken Salewski and Steffen Kuntoff have contributed equally to TMB Tumor mutational burden
this work.

D4 Claudia Maletzki
claudia.maletzki@med.uni-rostock.de

Background

Department of Medicine Clinic |1l - Hematology, Oncology, Immunotherapy with immune-checkpoint inhibitors (ICI)
Palliative Medicine, Rostock University Medical Center, has become a mainstay of treatment for a range of solid
Ernst-Heydemann-Str. 6, 18057 Rostock, Germany . X

cancers, including melanoma, bladder cancer, non-small
cell lung cancer and Hodgkin’s lymphoma [1-5]. CTLA-4,
PD-1, or PD-L1 are the so far most studied checkpoint
molecules and ICIl widely applied in the clinic to improve
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patients’ prognosis. This blockade reactivates exhausted
T-cells, prevents T-cell inhibition, and promotes effector
T-cell proliferation to stimulate T-cell-mediated tumor cell
killing [6—8]. Atezolizumab, Avelumab and Durvalumab
are FDA approved as PD-L1 blocking antibodies. Mono-
therapy results in antitumor immune responses yet have a
limited long-term therapeutic efficacy in most cases.
Lessons learned from the last years identified mis-
match-repair deficiency (d(MMR) as a molecular subtype
with high response rates toward ICl. DMMR-driven car-
cinogenesis emerges sporadically because of MMR gene
promoter hypermethylation or as part of defined hereditary
tumor syndromes such as Lynch Syndrome and constitu-
tional mismatch-repair deficiency [9-14]. The spectrum of
cancer types related to dMMR is complex and includes,
among others, gastrointestinal, endometrial and urothelial
cancers [15]. A hallmark of dMMR tumors — irrespec-
tive of organ manifestation — is an ultramutated tumor
phenotype (= TMB high), leading to a high abundance
of frameshifted neo-epitopes on the tumor cells’ surface.
This latter feature underlines the tremendous potential
for immunological targeting of dMMR cancers [15-17].
Indeed, in 2017, the FDA approved a-PD-1 ICI Pembroli-
zumab and Nivolumab for treatment of dMMR cancers
agnostic of cancer site [18], which was extended lately for
the first-line treatment of patients with un-resectable or
metastatic IMMR colorectal cancer (CRC). Pre-existing
Th typel immune responses and high numbers of tumor-
infiltrating CD8* T-cell clones (= IFNy signature) consti-
tute positive predictive biomarkers [19]. However, roughly
25% of patients show intrinsic resistance and in most cases
initially responding patients gradually develop resistance,
highlighting the necessity of improving treatment options
[20-23]. As for PD-L1, limited preclinical data exist.
PD-L1 expression on tumor-infiltrating lymphocytes is
thought to be a potential predictor for patients’ response
to a-PD-1 therapy, but it is not well established for dIMMR
cancers because of the generally low expression [24, 25].
A recent phase Il study in patients with dMMR metastatic
or unresectable CRC revealed antitumor activity of Ave-
lumab monotherapy [26]. Additional clinical trials are
ongoing with different combinations being employed. One
of them is based on tumor lysates or specific neoantigen-
derived peptides. The former act as “global” vaccines and
induce objective responses in some patients. To refine
combination approaches preclinically, we employed the
MIh1 knock-out mouse model for dMMR-related diseases.
Preceding vaccination approaches yielded prolonged over-
all survival in the therapeutic and prophylactic setting
[27, 28]. Residual tumor cells showed an upregulation of
immune-checkpoint molecules as part of acquired resist-
ance. To counteract vaccination-induced immune escape
and improve overall survival, we here applied a murine
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a-PD-L1 antibody (clone: 6E11) in combination with
repeated vaccination.

Methods
Cell culture & vaccine preparation

Cells were cultured in DMEM medium, supplemented with
10% FCS (fetal calf serum), 6 mM Glutamine, and antibiot-
ics (all from Biochrom, Berlin, Germany). The tumor lysate
was prepared from a A7450 tumor allograft as described
[29].

MIh1~/- mouse model and in vivo treatment
protocol

Ethical statement

The German local authority approved all animal experi-
ments: Landesamt fir Landwirtschaft, Lebensmittel-
sicherheit und Fischerei Mecklenburg-Vorpommern
(7221.3-1-026/17; -026/17-3), under the German animal
protection law and the EU Guideline 2010/63/EU. Mice were
bred in the animal facility of the University Medical Center
in Rostock under specific pathogen-free conditions. Mlh1
genotyping was done according to [21]. During their whole
lifetime, all animals got enrichment in the form of mouse-
igloos (ANT Tierhaltungsbedarf, Buxtehude, Germany),
nesting material (shredded tissue paper, Verbandmittel
GmbH, Frankenberg, Germany), paper roles (75x38 mm,
H 0528-151, ssniff-Spezialdidten GmbH), and wooden
sticks (40x16x10 mm, Abedd, Vienna, Austria). During
the experiment, mice were kept in type Il cages (Zoon-
lab GmbH, Castrop-Rauxel, Germany) at 12-h dark:light
cycle, the temperature of 21+2 °C, and relative humidity
of 60+ 20% with food (pellets, 10 mm, ssniff-Spezialdidten
GmbH, Soest, Germany) and tap water ad libitum.

Experimental protocol

Mice with PET/CT proven gastrointestinal tumors (GIT),
located in the duodenum, were conducted to therapy using
four weekly tumor lysate boosts. Vaccination was sustained
(10 mg/kg bw, biweekly, n=10 mice) until tumors pro-
gressed, but for a maximum of 12 times. Treatment with
a-PD-L1 (clone 6E11, kindly provided by Genentech, a sub-
sidiary of Roche, South San Francisco, USA, dissolved in
PBS) given at 2.5 mg/kg bw intravenously was done once
(n = 4 mice) or thrice (n =10 mice) every second week
(q2wx3). Mice receiving the combination of a-PD-L1 were
given vaccine first, followed by a-PD-L1 injection. Here
again, combinations included single or triple a-PD-L1
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applications (n=10 mice/group; g2wx1 and q2wx3). Con-
trol mice were left untreated (n =10 mice). Reduction of
suffering was guaranteed by providing daily prepared soaked
pellets, twice-daily monitoring of the health status using a
score sheet and by applying humane endpoints (weight
loss>15%, pain/distress, changes in social behavior). All
mice were sacrificed before they became moribund to pre-
vent pain and distress. At this time, blood samples, spleens,
lymph nodes and GIT were removed for further analyses.

PET/CT imaging

PET/CT imaging scans were performed on a small animal
PET/CT scanner (Inveon PET/CT, Siemens Medical Solu-
tions, Knoxville, TN, USA) according to a standard protocol
as described before [30]. Briefly, mice were anesthetized by
isoflurane (1-3%, supplemented with oxygen) and received a
mean dose of 16.03 +1.10 MBq [**FIFDG intravenously via
a microcatheter placed in a tail vein. Static PET scans were
acquired using a small animal micro PET/CT scan-ner
(Inveon PET/CT Siemens, Knoxville, TN, USA). The PET
image reconstruction method consisted of a 2-dimen-sional
ordered subset expectation maximization algorithm (2D-
OSEM) with four iterations and six subsets. Attenuation
correction was performed on the basis whole body CT scan
and a decay correction for [*F] was applied. PET images
were corrected for random coincidences, dead time and scat-
ter. By marking the entire tumors, starting at the edge and
cutting through the whole *8FFDG-enriched tumor, volumes
and SUVs were determined. This was done by using Inveon
Research Workplace 4.2 software.

Immune phenotyping

Blood samples were taken routinely from the retrobulbar
venous plexus. Single cell suspensions of spleens and GIT
were obtained upon passing them through a cell strainer
(100 um). Samples (2 x 10°/Well) were stained with a panel
of conjugated monoclonal antibodies (mAb, 1 ug each) fol-
lowed by lysis of erythrocytes (155 mM NH,Cl (MERCK
Millipore, Darmstadt, Germany), 10 mM KHCO; (MERCK
Millipore) and 0.1 mM EDTA (Applichem, Darmstadt, Ger-
many). Negative controls consisted of lymphocytes stained
with the appropriate isotypes (Biolegend, San Diego, USA).
Cells were washed, resuspended in PBS and analyzed by
flow cytometry on a Flow Cytometer (BD FACSVerse™,
BD Pharmingen). Data analysis was performed using BD
FACSuite software (BD Pharmingen).

Procartaplex cytokine assay

Cytokine levels in plasma samples were determined accord-
ing to the manufacturer’s instructions of the Procartaplex™

multiplex immunoassay (Thermo Fisher Scientific, Schw-
erte, Germany). Measurement as well as cytokine quantifi-
cation was performed on a Bioplex 2000 (Bio-Rad Labora-
tories GmbH, Munich, Germany) in combination with the
BioPlex Manager Software. Absolute plasma cytokine and
chemokine level are presented [ng/ml].

Fragment length analysis of cMS target genes

A panel of non-coding and coding MS marker was analyzed
as described before [31]. MSI is defined by mono- and/or
bialellic band shifts usually characterized by deletions (indi-
cated with minus symbol + number).

Nanostring targeted gene expression profiling

The T cell-inflamed tumor microenvironment was analyzed
by targeted gene expression profiling of tumor RNA from
fresh frozen or Tissue-Tek® embedded treatment and con-
trol samples (n =3 samples/group). Total RNA was isolated
using the RNeasy Mini Kit according to the manufacturers’
instruction (Qiagen, Hilden, Germany). Total RNA con-
centrations were measured using the NanoDrop ND1000
(Thermo Fisher Scientific). Gene expression analysis was
conducted on the NanoString nCounter gene expression plat-
form (NanoString Technologies, Seattle, WA) applying the
PanCancer IO 360™ Panel. This panel enables digital profil-
ing of 770 genes that shape the tumor-immune interface and
allows for characterization of pathways relevant in immune
response and escape. Quality control, normalization and data
analysis was done by applying the nSolver™ Analysis Soft-
ware 4.0 including nCounter Advanced Analysis (version
2.0.115). Data are presented as Heatmap and log10 (p value)
as well as log2 fold change.

Immunofluorescence

Cryostat sections of 4 um were air-dried and fixed in cold
pure methanol for 8 min. Unspecific binding sites were
blocked in 2% BSA (Roth) for 2 h followed by incubation
with 1 ug of the following FITC- and PE-labeled mAbs:
CD4, CD8a, CD11b, Grl (Immunotools, Friesoythe, Ger-
many), CD11c, CD104, LAG-3, PD-1, F4/80 and PD-L1
(Biolegend). Sections were washed, embedded in Roti
Mount Flour Care DAPI (Roth, Karlsruhe)and target pro-
teins visualized on a confocal laser scanning microscope
(LSM780, Zeiss, Jena, Germany) using 20x objectives.

IFN-y ELISpot
2.5x 103 targets/well (2 GIT cell lines: MIh1/~ A7450,

MIh17/- 328, 1 lymphoma cell line: MIh1~/~ 1351, and
YAC-1 cells) were seeded in IFNy—specific mAb (Mabtech,
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3321-3)—coated, 96-well microtiter plates. Peripheral blood
leukocytes (5x10%/Well) or splenocytes (1x10%/well) from
vaccinated and control mice were added in triplicates and co-
cultured overnight. Bound antibody (Mabtech, 3321-6) was
visualized by BCIP/NBT (KPL, Gaithersburg, Maryland,
USA); spots were counted using an ELISpot reader. Pre-
sented are the numbers of IFNy—secreting cells per 10,000
effector cells corrected for background levels counted in the
absence of target cells, which was always <5 spots/well. Tar-
get cells without effector cells showed no background level.

Statistics

All values are expressed as mean +SD. After proving the
assumption of normality (Kolmogorov—-Smirnov test), differ-
ences between vaccinated and control mice were determined
using the unpaired Student’s t test or one-way ANOVA (Bon-
ferroni or Dunnett’s multiple comparison). Kaplan—Meier
survival analysis was done by applying the log rank (Mantel

Cox) test. Statistical analyses were performed using Graph-
Pad Prism 5 (San Diego, CA). The criterion for significance
was set to p<0.05.

Results

Combination of a-PD-L1 and vaccines significantly
improves outcome of MIh1™/~ mice

In a first cohort, the ICI a-PD-L1 was administered once
because of its long half-value period. Effects on sur-
vival were only marginal (Fig. 1a) and may indicate that
MLH1/"- associated tumors are refractory to ICl monother-
apy. By combining single a-PD-L1 with the vaccine (combi-
nation 1), overall survival was not significantly improved. In
the next step, a-PD-L1 was given three times, to see whether
tumors are indeed ICl-refractory or single application was
simply not sufficient to induce immune responses in this
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Fig. 1 Therapy protocol and Kaplan—-Meier survival curve a Sche-
matic overview on the treatment protocol, including time points for
blood collection and PET/CT imaging b Log rank survival analy-sis
of treated and control mice. Mice with confirmed GIT received four
weekly injections of the tumor lysates (= vaccine; 10 mg/kg bw,
biweekly, n= 10 mice) until tumors progressed (maximum 12 injec-
tions). Treatment with a-PD-L1 (clone 6E11, Genentech) given at
2.5 mg/kg bw intravenously was done a once (n= 4 mice) or b thrice
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(n=10 mice) every second week (q2wx3). Mice receiving the com-
bination were given vaccine first, followed by a-PD-L1 injection.
Here again, combinations included a single or b triple a-PD-L1
applications (n= 10 mice/group). Control mice were left untreated
(n=10 mice). *p<0.05 versus control; **p<0.01 versus control;
***p < 0.001 versus control; #p<0.01 versus 1x a-PD-L1; §p < 0.05
versus 3x a-PD-L1; $p < 0.05 versus vaccine
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model. Indeed, thrice a-PD-L1 injection extended the life
span of mice to a degree comparable to the vaccine mono-
therapy (Fig. 1b). In combination with the vaccine (= com-
bination 2), a-PD-L1 antibody treatment could even quintu-
ple the life of mice from four weeks (control) to~20 weeks
(p<0.001 vs. control; p<0.01 vs. 1x a-PD-L1; p<0.05 vs.
3x a-PD-L1; p<0.05 vs. vaccine). Hence, this combination
partially abrogated intrinsic IC| resistance and we conse-
quently continued to move on with the triple a-PD-L1 treat-
ment (combination 2, hereafter referred as combination) for
subsequent functional analyses.

Combinational therapy leads to tumor reduction

Longitudinal PET/CT measurement revealed significant
tumor size reduction by either therapy (vaccine, a-PD-L1
and combination) compared to controls (Fig. 2a). Still, anal-
ysis of the tumor size within the treatment groups identi-
fied significant reduction over time only in the combination
(Exemplary pictures are given in Fig. 2b) finally resulting in
partial or even complete remission. For the latter, this prom-
ising result was seen in three mice. Two of them remained
alive until the experimental endpoint and one mouse had to
be euthanized because of a progressive cutaneous benign
lesion (week 23).

Peripheral immune activation by vaccine-based
immunotherapy

To investigate the immunological changes during therapy,
blood was taken from mice every four weeks and analyzed
via flow cytometry (Fig. 3a). The vaccine treatment-induced
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Fig.2 PET/CT imaging a PET/CT analysis for quantification of mean
tumor volume [mm?]. Represented are the mean tumor sizes + SD at
start of treatment and after 28 days of treatment (n = 4—-10 mice/group
and time-point); *p <0.05 versus control, one-way ANOVA (Bonfer-

a temporary increase in CD3*/CD4" T-helper cells at day 84
which was not seen in the other groups. The level of CD3*/
CD8* cytotoxic T-lymphocytes (CTL) remained constant
over time, while the amount of NK cells increased continu-
ally in all three treatment groups. The CD11b*/Gr1* MDSC
was doubled during the therapy with every treatment. The
effects on CD19* B-lymphocytes were oppositional. B-lym-
phocytes increased in the combination and decreased during
vaccine or a-PD-L1 treatment. CD83" dendritic cells (DC)
were mainly found in mice treated with the vaccine only or
the combination, likely because of stimulating the humoral
arm of the immune system.

To investigate changes in the cytokine levels that act as
growth factors, we analyzed plasma levels from different
time points and at the end using a multiplex cytokine assay.
TNF-a showed only marginal changes with the vaccine, a
remarkable peak at day 56 in the a-PD-L1 treatment and a
constant slight increase over time in the combination
(Fig. 3b). This latter increase was also seen for the chem-
oattractant MIP1B. The IL10 level fluctuated in all three
treatments. In contrast, the vaccine-induced IL13, while it
remained unaffected upon a-PD-L1 treatment and decreased
in the combination group, indicative for minor relevance of
Th2-cytokines in treatment response. The levels of RANTES
and Eotaxin decreased with vaccination, but for a-PD-L1
and the combination it initially increased.

Changes in important sites for immune reactions:
spleens and residual tumors

Additionally to the blood immune-monitoring, spleens and

residual tumors were resected at the experimental endpoint
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roni’s multiple comparison test); #p < 0.05 versus day 0; t-test b Rep-
resentative PET/CT scans from mice receiving the vaccine (upper
left), the a-PD-L1 antibody (upper right) or a combination of both
(lower). Arrows indicate measurable tumor nodules in the gut
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Fig.3 Longitudinal flow cytometric phenotyping and plasma
cytokine level a Phenotyping of peripheral blood leukocytes was
done before, during therapy and at the endpoint. Therefore, blood was
collected via the retrobulbar venous plexus and stained with antibod-
ies. Given are the percentage numbers of positive cells + SD resulting
from 20,000 events measured on a flow cytometer. b Plasma cytokine

and infiltrating cells analyzed by flow cytometry. In spleens,
levels of CD3*/CD4* T-helper cells and CD3*/CD8* CTL
did not change with the therapies. By contrast, levels of
CD11b*/Gr1* MDSC decreased and the CD83" DC signifi-
cantly increased in all treatment groups with a trend toward
stronger effects in the combination (p<0.05; and p<0.01
vs. control; Fig. 4). The amount of PD-1" cells increased
slightly, PD-L1* cells reduced. LAG-3* cells decreased
significantly, especially in the a-PD-L1 and the combi-
nation treatment (p <0.05; and p<0.01 vs. control). The
same effect was seen for CTLA4" cells (p<0.05; p<0.01;
p<0.001 vs. control and vaccine) and TIM-3* cells.
Residual tumors harbored higher numbers of infiltrat-
ing CD3*/CD4"* T-helper cells and CD3*/CD8" CTL,
particularly for the combination group. CD11b*/Gr1*
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levels from mice with immunotherapy and controls (upper graph).
Differences between tumor-free and tumor-bearing mice (lower
graphs). Plasma samples were collected at the experimental endpoint
and cytokine levels determined as described in material and methods.
Given are the mean cytokine level + SD

MDSC increased with a-PD-L1 treatment and dropped
in the combination (p < 0.05 vs. a-PD-L1). Levels of
CD83" DC were constant and similar to the control, while
CD200R" cells reduced in the combination (p < 0.05 vs.
a-PD-L1). Looking at the frequency of immune-check-
point molecules, there were additional differences. The
abundance of PD-1" cells remained unchanged in all
groups, PD-L1" cells increased with a-PD-L1 treatment
and decreased in the combination (p <0.01 vs. a-PD-L1).
Infiltrating LAG-3" cell numbers were high in the mono-
therapies, whereas CTLA4" infiltration was mainly con-
fined to groups of the vaccine (vaccine monotherapy and
combination). Still, TIM-3* cells decreased significantly
upon combination (p < 0.01 vs. control).
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Fig. 4 Flow cytometric phenotyping of spleen and GIT cells. Phe-
notyping was done at the endpoint. Therefore, mice were euthana-
tized, organs removed and single cell suspensions stained with the
appropriate antibodies. Given are the percentage numbers of positive

Gene expression analysis identifies downregulation
of PI3K/Akt/Wnt-and TGF-signaling

To have a closer look on the complex interplay between
the tumor microenvironment and immune response, the
PanCancer 10 360 Gene Expression Panel was applied
(Fig. 5).

The cluster, left to the heat map (Fig. 5a), schematically
illustrates the relations of the three individuals of the four
treatment groups dependent on their tumor-infiltrating lym-
phocyte (TIL) levels. The amounts of different immune
cells differ the most in the combination group compared
to the other groups. Here, overall immune cell expression
levels increased in two of three individuals. Treatment with
a-PD-L1 also changed immune cell expression patterns
compared to the control and vaccine treatment.
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cells + SD resulting from 20,000 events measured on a flow cytom-
eter. ¥p<0.05; **p<0.01; ***p<0.001 one-way ANOVA (Bonferro-

ni’s multiple comparison test); #p < 0.05 one-way ANOVA (Dunnett’s
multiple comparison test)

Total TIL levels (Fig. Sb, upper left) were elevated in the
a-PD-L1 and the combination therapy, because of increas-
ing amounts of cytotoxic T and B cells (upper and middle).
Conspicuously, levels of exhausted CD8* T cells and neu-
trophils exclusively decreased in the combination (middle
and lower). Macrophages only decreased in the vaccine and
combination group.

As can be taken from Fig. 5c, effects on common sign-
aling pathways in the combination group correlate more
with the vaccine therapy than with a-PD-L1 treatment.
In detail, the myeloid compartment, TGF-beta and Wnt
signaling pathways were downregulated in all treatment
groups in comparison with the control. Additionally in
the combination group, genes related to angiogenesis
and PI3K/Akt pathway were downregulated. For the lat-
ter, LAMA1 and Comp were downregulated, whereas the
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phosphatase PTEN, a well-established tumor suppressor
was upregulated (Fig. 5d). Genes for costimulatory sign-
aling and lymphoid compartment were higher in tumors
of mice receiving a-PD-L1 and the combination, whereas
no changes were seen in the vaccine group. Furthermore,
the JAK/STAT signaling was activated by the combination
(Fig. 5d).

We summarize the detailed analysis of differential
expression at the gene set level (supplementary Fig. 1). In
the combination, genes belonging to the interferon signal-
ing (such as H2-Q1/H2-Q2, Ifi203, and Vcam1) and cyto-
toxicity (Gzma and Tnfsf10) were upregulated, whereas all
genes of the myeloid compartment genes were downregu-
lated (including Ly6C1, Olr1, and Ccl20).
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are up or downregulated with the variable. Red denotes gene sets
whose genes exhibit extensive over-expression with the covariate,
blue denotes gene sets with extensive under-expression d Scores of
selected pathways shown for each group. Increasing scores corre-
spond to an increasing expression. Data result from n=3 samples/
group

Combination therapy alters the tumor
microenvironment

While above findings already showed changes between indi-
vidual treatment groups, we additionally studied the tumor
microenvironment by immunofluorescence (Fig. 6).

MDSC and F4/80" tumor-associated macrophages (TAM)
were detectable in control tumors, indicative a suppressive
microenvironment. While MDSC were effectively eliminated
upon therapy, irrespective of the applied treatment regimen,
only the combination was able to impact on numbers of infil-
trating TAM (Fig. 6a, b). Besides, CD11c" cells increased in
the combination. Numbers of CD4* T-helper cells remained
the same, while the CD8* CTL increased. This resulted in a
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significant difference between the vaccine and the a-PD-L1
treatment (Fig. 6¢c, d). Vice versa, the amount of LAG-3*
T-cells significantly increased upon vaccine treatment but
significantly decreased upon a-PD-L1 and the combination.
These results were similar to the levels of PD-L1" cells,
which significantly decreased in these two groups (Fig. 6c,
d). Though PD1 was highly abundant on tumor cells, we
observed intratumoral differences, ranging from high to low
PD1 expression within individual specimen (supplementary
Fig. 2). This was, however, treatment-independent.

Treatment-induced molecular changes in cMS

Residual tumors of the different treatment groups were
scanned for typical gene mutations at cMS (Fig. 7a, b).
Depending on the treatment, tumors harbored different
mutation frequencies in cMS. NKtrl and Kcnmal (left of
the dotted line) had the lowest mutation rates for the con-
trol, whereas the treatments resulted in high mutation rates.
Noticeably, GIT from all three treatment groups showed
no mutation in Spen, Apc and Casc3 (highlighted with the
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gray box in the middle), while a mutation rate of 20-30%
was evidently in control tumors. Residual tumors from the
combination harbored the lowest mutation frequencies in
Akt3, Clock, 111F9 and Rfc3 (highlighted with the right gray
box), especially compared with a-PD-L1 treatment (=100%
mutation frequency).

ELISpot analysis reveals increased immune
activation upon combination treatment

To asses immune activation, IFN-y secretion by T-lympho-
cytes was detected by ELISpot-assays after coincubation
of splenocytes from treated and control mice with differ-
ent cancer cell lines (A7450 T1 M1, 328, 1351, and Yac-1)
(Fig. 7c). Splenocytes of mice from the combination group
responded with significantly higher IFN-y secretion than
those treated with a-PD-L1. NK cell reactivity was excluded
by lacking IFN-y secretion against Yac-1 cells. Notably,
IFN-y secretion levels against 1351 MLH17/~ lymphoma
cells were the lowest irrespective of the treatment.
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Fig. 6 Immunofluorescence a, ¢ Residual MIh1™/~ GIT were resected
after therapeutic vaccination and cryostat sections of 4 um prepared.
Tumor microenvironment was studied upon staining with specific
mAbs, followed by nuclear staining with DAPI. Pictures were taken
on a laser scanning microscope (Zeiss) using 20xobjectives. b, d

Discussion

In this study, we describe a strategy to combine active tumor
vaccination with an ICl in a clinically relevant dMMR
mouse model [32]. DMMR is associated with high tumor
mutational burden [33—-35] and thus harbors a tentatively
high likelihood of being susceptible to immunotherapy.
Using a murine a-PD-L1 antibody, monotherapy itself
marginally improved outcome after single application. By
increasing the number of injections, overall survival of
MIh1~~ mice extended to a degree comparable to the vac-
cine monotherapy. The latter was prepared from a whole
tumor lysate with proven antitumor activity from previous
studies [27, 36]. Hence, both treatments prolonged mice’
survival suffering from highly aggressive Mlh1™/"-driven
GIT. Given the fact that MIh1™/~ tumors, despite their high
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Quantification of infiltrating immune cells. At least three pictures
were taken from each slide and numbers of infiltrating cells counted.
Data are given as infiltrates/HPF. Mean + SD, n>3 samples/group;
*p< 0.05 **p<0.01; ***p<0.001 one-way ANOVA (Bonferroni’s
multiple comparison test)

TMB, do not have a high IFNy signature and are not targ-
etable by ICI per se, the improved outcome after a-PD-L1
monotherapy is intriguing. It is therefore unlikely that
mice’ outcome after targeting the PD-L1 axis is better if
a-PD-L1 antibodies are applied more often or over a longer
time. Rather targeting both MHC-I and Il restricted tumor
epitopes—with whole tumor lysates—in combination with
PD-L1 blockade seems necessary to affect growth of poorly
immunogenic and thus ICI refractory, immunologically
cold/warm tumors, as recently shown for triple-negative
breast cancer [37]. So far, we can only speculate on the
survival benefit of mice treated with the a-PD-L1 antibody
in monotherapy. In a very recent study on dMMR gastric
cancer, CD68*CD163~ M1-like macrophages were iden-
tified as prerequisites for efficient PD-L1/PD-1 blockade
because of specific chemokine receptor expression likely
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activating CTL [38]. The a-PD-L1 antibody itself may have
also induced immune-independent apoptosis and autophagy
in MIh1™/~ cells. In addition to our RNA expression data,
showing signaling pathway alteration, increased release of
reactive oxygen species and cytochrome-c was found in ate-
zolizumab-treated osteosarcoma cells, ultimately leading to
mitochondrial-related apoptosis [39].

Another interesting finding of our study was the upregula-
tion of angiogenesis pathways under a-PD-L1 monotherapy,
adding further credence for combined checkpoint-angiogen-
esis inhibition, currently tested in clinical trials [40, 41].

However, dosing schedules and accurate timing of each
combination partner remain undefined for combined vaccine
and ICI strategies. Here, we performed alternating treatment
starting with vaccine first. The rationale is based on our pre-
vious observations in which repetitive vaccine monotherapy
provoked upregulation of immune-checkpoint-molecules on
residual tumors [27]. To counteract therapy-induced upregu-
lation, we here applied a-PD-L1 therapy during vaccination.
This combined treatment yielded complete remission in 30%

LAG-3* cells

L1AG3  [TIDAPI

@)

positive cells/HPF

3 control

[ vaccine

3xo.-PD-L1 combination

of mice, finally resulting in significantly improved overall
survival. Although complete remission was not achieved in
all mice, we would like to stress the point that tumor bur-
den massively reduced in the combination likely because of
inducing a T cell-inflamed tumor microenvironment. Other
studies reported superior effects when checkpoint-inhibi-
tion was given after cessation of the vaccine [42]. Still, the
significantly prolonged overall survival of MLH1~/~ mice
achieved in this study argues in favor of concomitant appli-
cation. By applying dual immune-checkpoint blockade (such
as a- or a-LAG-3) one may expect even better and long-term
tumor growth control.

Most previous trials focused on a-PD-1 antibodies to
increase antitumoral effects of vaccine-induced immunity
[43-45]. Rare preclinical data exist on vaccine-a-PD-L1
combinations. A recent study described prolonged sur-
vival and increased tumor cell apoptosis in a hepatocellu-
lar carcinoma model treated with a combined DC vaccine
and a-PD-L1 inhibitor [46], supported by findings from Ji
et al., reporting reactivation of neoantigen-specific CTL
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Fig. 7 Fragment length analysis of cMS mutations in MIh1™/~ target
genes and IFN-y ELISpot a Representative pattern of ¢cMS mark-
ers. MSI is defined by mono- and/or bialellic band shifts character-
ized by deletions (indicated with minus symbol+ number). The wild
type peak is highlighted in green b Quantitative cMS analysis using a
panel of predefined MIh1™/~ target genes. Represented is the mutation
frequency of selected target genes in mice from the control (n= 10),
vaccine (n=4), a-PD-L1 (n= 4), and combination 2 (n=7). Note the
differences in mutational frequency between control and treated mice

by combined a-PD-L1 peptide vaccination [47]. Likewise,
Sun et al. found enhanced tumor-antigen-specific immunity
upon combined vaccine-PD-L1-blockade [48]. By reversing
the immunosuppressive status of the micromilieu, PD-L1
is indeed a promising target. Here, we also identified a
shaped tumor microenvironment accompanied by peripheral
immune activation. By performing a detailed and longitu-
dinal analysis, we found decreased numbers of circulating
MDSC and T cell exhaustion markers after combined treat-
ment. Accompanying in-depth gene expression analysis of
residual tumors identified increased numbers of total TIL,
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indicating loss of single cell clones (= no mutation detected, such as
Spen, Apc, Casc3) mainly in the combination 2 group (gray frame) c
Reactivity of splenocytes against target cells (MIh17~ 7450 T1 M1,
Mlh17/~ 328, MIh17/~ 1351, and YAC-1) was examined after over-
night co-incubation. Lymphocytes were isolated from mice of the fol-
lowing groups: control (n=3), vaccine (n=5), a-PD-L1 (n= 4) and
combination 2 (n=4). Highest reactivity was seen in the combina-
tion treatment. Given is the mean+ SD, **p<0.01 one-way ANOVA
(Bonferroni’s multiple comparison test)

mainly being cytotoxic T and B cells. Vice versa, levels of
exhausted CD8" T cells, tumor-associated macrophages and
neutrophils reduced in the combination group. Neutrophils
are a group of tumor-associated cells which, in conjunction
with MDSC, play a major role during cancer development
and progression. Their specific location within the tumor
(i.e., intra-, peritumoral or stromal) has prognostic relevance
[49]. Abundance of tumor-associated neutrophils may even
correlate with local TGFB expression; in fact, TGFB block-
ing improves outcome in preclinical cancer models [49].
In support of this, TGF-signaling was downregulated here
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upon combination and likely facilitated conquering pri-
mary resistance to checkpoint inhibition [50]. Though not
analyzed in detail here, reduced TGFp signaling may have
also exerted a tumor-intrinsic effect finally blocking the
EMT-like transition and preventing MIh1™"-driven tumor
progression [50]. Additional common pathways with prog-
nostic relevance that were altered by the vaccine-a-PD-L1
combination include PI3K/Akt and Wnt-signaling as well
as genes responsible for angiogenesis, matrix remodeling
and metastasis. By contrast, genes belonging to the JAK/
STAT signaling were upregulated, indicative for enhanced
immune-related crosstalk to eradicate MIh1™/~ tumor cells
via IFN-y [51]. These cumulative data nicely explain the
improved overall survival in mice treated with the combined
vaccine-a-PD-L1 approach.

While most pronounced effects were in fact seen in the
combination therapy and thus interpretable as synergistic,
the monotherapy itself modulated the tumor microenviron-
ment. Anti-PD-L1 treatment-induced genes relevant for
autophagy and downregulated NF-kB-signaling, which is
in line with data from a recent trial on triple-negative breast
cancer cells, treated with Atezolizumab [52]. Upon vaccina-
tion, matrix remodeling/metastasis-related genes and genes
of the Wnt-and TGF-signaling were downregulated and a
direct indicator of successful reversal of intrinsic resistance.
Indeed, tumor-intrinsic 6-catenin activation prevents T cell
priming and infiltration into the tumor microenvironment
and results in resistance to anti-PD-L1/anti-CTLA-4 ther-
apy [53]. Vice versa, Wnt-pathway suppression restores DC
infiltration, a phenomenon seen here upon therapy charac-
terized by elevated levels of tumor-infiltrating CD11c* DC
that confirm successful therapy-related downregulation of
the Wnt-pathway.

Inter-individual differences throughout the treatment
groups reflect the different overall survival times of mice.
Here, short-term survivors had low TIL scores and vice
versa. Teasing out what are the (patient-) individual base-
line differences is the challenge for the next wave of pre- and
clinical trials with immunotherapy to refine treatment on
the long run.

Another interesting finding was the altered molecular pro-file
in typical cMS marker upon treatment. One may specu-late

that treatment successfully eliminated single mutated
clones, whereas other emerged under the immune-selective
pressure. We identified somatic cMS mutations in NKtr1 and
Kcnmal in all treatment groups that were infrequent in con-
trol tumors. By contrast, somatic mutations in Spen, Apc, and
Casc3 were no longer detectable. Notably, residual tumors
from the combination therapy harbored the lowest mutation
frequencies in Akt3, Clock, I11F9, and Rfc3, especially com-
pared with a-PD-L1 treatment (= 100% mutation frequency).

Among others, question remains why some tumors
regressed, while others finally progressed. Sustained

tumor IFN signaling induces PD-L1 expression on tumor
and immune cells and is considered a acquired resistance
mechanism [54]. However, this only partially explains the
different in vivo response. Reports from human dMMR
CRC describe contradictory PD-L1 abundance on tumor-
infiltrating lymphocytes or tumor cells [55, 56]. Its role to
mediate immune escape is undebatable and results from a
phase Il study already confirmed antitumor activity of Ave-
lumab with manageable toxicity in most, but clearly not all
patients with previously treated dMMR mCRC and recur-
rent/persistent endometrial cancer [26, 57]. Heterogeneity
among tumors, such as the varying TMB, different genomic
variations (in cMS), Indoleamine 2,3-Dioxygenase 1-based
immune escape, and the activated Wnt/8-catenin signaling
may provide an explanation for the difference seen here.
Understanding how MIh1™/~ tumor and immune cells react
to our treatments holds promise for novel immune-modulat-
ing strategies and will hopefully help to guide the way for
clinical vaccine-based immune-checkpoint regimens.

Conclusion

Tumor-lysate vaccination in combination with a-PD-L1
prolongs the lifetime of MIh1 knock-out mice significantly
and shows strong tumor growth inhibition via downregula-
tion of PI3K/Akt/Wnt-and TGF-signaling. This combina-
tion regimen results in decreased levels of myeloid-derived
suppressor cells (MDSC), splenic and intratumoral check-
point-expressing T cells (PD-L1, LAG-3 and CTLA-4) and
therefore positively modulates the tumor microenvironment.
Combined vaccine-immune-checkpoint inhibition provides
a safe approach especially for patients having a likeli-
hood of being non-responsive toward immune-checkpoint
monotherapy.
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Abstract: Tumors arising in the context of Lynch Syndrome or constitutional mismatch repair
deficiency are hypermutated and have a good response towards immune-checkpoint inhibitors
(ICls), including a-PD-L1 antibodies. However, in most cases, resistance mechanisms evolve. To
improve outcomes and prevent resistance development, combination approaches are warranted.

Herein, we applied a combined regimen with an a-PD-L1 antibody and gemcitabine in a preclinical

tumor model to activate endogenous antitumor immune responses. Mlh1~/~ mice with established

gastrointestinal tumors received the a-PD-L1 antibody (clone 6E11; 2.5 mg/kg bw, i.v., g2wx3) and
gemcitabine (100 mg/kg bw, i.p., g4wx3) in mono- or combination therapy. Survival and tumor
growth were recorded. Immunological changes in the blood were routinely examined via multi-color

flow cytometry and complemented by ex vivo frameshift mutation analysis to identify alterationsin
MIh1~/~-tumor-associated target genes. The combined therapy of a-PD-L1 and gemcitabine
prolonged median overall survival of MIh1~/~ mice from four weeks in the untreated control
group to 12 weeks, accompanied by therapy-induced tumor growth inhibition, as measured by
[18FI_FDG PET/CT. Plasma cytokine levels of IL13, TNFa, and MIP1B were increased and also higher
than in mice receiving either monotherapy. Circulating splenic and intratumoral myeloid-derived
suppressor cells (MDSCs), as well as M2 macrophages, were markedly reduced. Besides, residual
tumor specimens from combi-treated mice had increased numbers of infiltrating cytotoxic T-cells.
Frameshift mutations in APC, Tmem60, and Casc3 were no longer detectable upon treatment, likely
because of the successful eradication of single mutated cell clones. By contrast, novel mutations
appeared. Collectively, we herein confirm the safe application of combined chemo-immunotherapy
by long-term tumor growth control to prevent the development of resistance mechanisms.

Keywords: immune checkpoint inhibitor; MMR deficiency; in vivo imaging; tumor microenviron-

ment; genetic model; coding microsatellite mutations
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1. Introduction

Conventional oncological treatment regimens include surgery, radiation, and chemother-
apy. While the latter is a widely applied treatment option for primary and metastatic
diseases, the side effects are complex, including myelosuppression. Cancer immunother-
apy is a safe and effective treatment option, and immune-checkpoint inhibitors (ICls)
are widely used nowadays, both in research and clinically to force tumor cell killing via
reactivation of exhausted T-cells. Additional to the already established a-PD1 and a-CTLA-
4 antibodies, the FDA recently approved atezolizumab, avelumab, and durvalumab as
antibodies against PD-L1, because of proven long-lasting immune-responses in certain
patient cohorts [1-3].

Lynch Syndrome and constitutional mismatch repair deficiency (dMMR) are two
hereditary cancer syndromes with a high likelihood of having a good response towards ICls. In
both syndromes, germline mutations in one of the mismatch-repair genes constitute the
oncogenic driver, resulting in early-onset tumorigenesis [4-11]. Lynch Syndrome carriers
frequently harbor MLH1 or MSH2 germline mutations, whereas, in constitutional mismatch
repair deficiency, germline PMS2 and MSH6 mutations dominate. A hallmark of all dMMR-
driven tumors is the high tumor mutational burden, often characterized by frameshift
mutations in coding microsatellites (cMS) of tumor suppressor genes. This hyper- or ultra-
hypermutated phenotype directly correlates with the level of immunity and contributes to
the approval of the a-PD-1 antibody pembrolizumab for 1st-line treatment of patients with
unresectable or metastatic dMMR colorectal cancer (CRC) [12,13]. The SAMCO-PRODIGE
54 randomized phase Il trial is currently evaluating avelumab vs. standard 2nd-line
treatment chemotherapy in metastatic dIMMR CRC patients [14]. Additional studies are
ongoing, including 1st and 2nd-line treatment schedules (clinical trials.gov).

While the enthusiasm of ICls is often thwarted by resistance mechanisms and relapse
upon successful ICI-tailored therapy, combination therapies are actively tested. A very
promising approach is the combination of chemotherapeutics, based on the observation
that some drugs activate endogenous antitumor immune responses [15]. These include
direct effects such as the induction of immunogenic cell death, but also indirect effects
via cytotoxic T cell activation and tumor infiltration. These encouraging results have
contributed to the initiation of clinical trials for a-PD-L1-based chemo-immunotherapy to
treat solid tumors (NCT03572400, NCT03324282, NCT03093922). Furthermore, even
tumors with low mutational load (Lynch syndrome subtype G2) acquire a higher muta-
tional burden by chemotherapy [16,17]. Gemcitabine is among the most promising drugs.
Acting like a classical cytotoxic drug by inhibiting DN A synthesis, this substance has the
capacity to activate the immune system and shift the tumor microenvironment towards an
inflammatory milieu [18,19]. Indeed, in our previous study on MIh1~/~ mice, this drug, in
conjunction with a whole tumor vaccine, prolonged survival via immune modulation [20].
To move on, we combined gemcitabine chemotherapy with an a-PD-L1 ICl and analyzed
the outcome.

2. Results
2.1. In Vitro Analysis

Two cell lines, A7450 T1 M1 and 328, established from mouse duodenal tumors were
used for preliminary in vitro experiments. The former cell line, A7450 T1 M1, was generated
upon in vivo expansion, whereas 328 cells could be established from the primary tumor.
Both cell lines are highly heterogenic in terms of morphology, growth kinetics, mutational
profile, and drug response [21,22]. To test the efficacy of ultra-low-dose chemotherapy
(CTX) treatment, a colony formation assay was performed. Figure 1A shows representative
crystal violet stainings. Experiments revealed individual responses, with more evident
growth inhibition in A7450 T1 M1 cells than in 328 cells (Figure 1A). For the former,
cell density was approximately 20% lower after low-dose CTX treatment and remained
decreased even after 6 days of rest. For the 328 cells, a decelerated response profile
was observed with a lack of initial growth inhibition, but reduced cell numbers after
an
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A 6 days treatment

control

additional 6 days of rest, finally reaching an inhibition of 15%. The numbers of viable cell
colonies were thus below controls. Then, a semi-autologous short-term co-culture system
was used to analyze the impact of the immune system. Tumor and immune cells were
co-cultured in the presence of CTX, a-PD-L1, or a combination of both, and residual cells
were counted after 72 h via flow cytometry (Figure 1B). Treatment with a-PD-L1 stimulated
immune-mediated killing of A7450 T1 M1, but not 328 cells. CTX itself had no influence on
tumor cell numbers. The combination of both agents boosted the immune-mediated
killing of A7450 T1 M1 cells. Here again, 328 cells were resistant towards killing, and cell
numbers even increased (Figure 1B). Then, the immune cells were stained for typical
surface antigens to check for activation and exhaustion markers. Numbers of Lag3* T-
lymphocytes increased in the combination (Figure 1C). PD-L1* and PD-1* cells were lowerin
T-lymphocytes exposed to A7450 T1 M1 cells and the combination therapy, while both
markers were elevated under a-PD-L1 treatment. No change was seen for the 328-edited
lymphocytes, irrespective of the treatment. Likewise, numbers of CD4*CD25*Foxp3*
regulatory T cells were lower in lymphocytes co-cultured with A7450 T1 M1 cells and the
combination therapy.
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Figure 1. In vitro colony formation assay and co-culture. (A) Colony formation assay. Mlh1~/~ cell lines A7450 T1 M1 and

328 were treated for 6 days with gemcitabine. Colonies were counted either directly after treatment or after an additional 6

days of rest. (B) Co-culture of tumor cells with murine immune cells. After 72 h, cells were counted and (C) immune cells were

phenotyped. The gating strategy is shown on the right side, next to the bar charts. Events shown within the dot plots

represent mean of the

numbers of positive cells £ SD resulting from 20,000 events.

Hence, though differences did not reach statistical significance, the above data hinted
towards the successful elimination of tumor cells because of immune-editing.
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2.2. Combination of a-PD-L1 and CTX Prolongs the Survival of M1h1~/~ Mice

Then, we tested our treatment strategy in anin vivo Mlh 17/~ model (see the workflow,
Figure 2). Mice with an already diagnosed gastrointestinal tumor (GIT) received the a-
PD-L1 antibody, CTX, a combination of both, or were left untreated (tumor size at the
starting point: =50 mm3). Survival time of the mice was significantly influenced by the
different treatments. Monotherapies with either a-PD-L1 or CTX doubled the survival
rate from 4 weeks (median survival) to around 6 to 7 weeks (p < 0.05 vs. control). The
combination of both therapies has even prolonged overall survival, reaching 12 weeks (p
< 0.0001 vs. control, Figure 2B). Accompanying longitudinal tumor volume analysis
using [18F1_.FDG PET/CT revealed effective tumor growth control in all three treatment
groups and significantly decreased tumor size in the combination group (p < 0.05 vs.
control, Figure 2C). Although differences were insignificant between treatment groups, we
want to emphasize that all mice in the combination group received follow-up screening,
whereas only 75% and 50% of mice in the a-PD-L1 and CTX group, respectively, were
available for PET/CT screening. The remaining mice had to be euthanatized because of
progressive disease. The combination therapy induced stable disease (SD) or partial response
(PR) in 43% and 43% of mice, respectively. In the monotherapies, less than 50% of mice
experienced SD or PR, and all control mice suffered from progressive disease (Figure 2C).

Workflow
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Figure 2. Therapy protocol and Kaplan-Meier survival curve. (A) Schematic therapeutic protocol
including PET/CT imaging, blood collection and endpoint procedure. (B) Kaplan-Meier survival
curve. Mice were treated with a-PD-L1 (clone 6E11, Genentech, 2.5 mg/kg bw, i.v., g2w), gemcitabine
(100 mg/kg bw, i.p., g4wx3, CTX = chemotherapy), or a combination of chemotherapy, followed by
a-PD-L1 antibody therapy four weeks later. (C) Tumor progression under therapy, measured with
[18FIFDG PET/CT. The mean tumor volume + SD in mm?3 are shown. Measurements were taken at
start of the respective therapy and 5 weeks later (n = 3-8 mice/group and time-point). * p < 0.05;
one-way ANOVA (Dunnett’s multiple comparison test).
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2.3. Peripheral Immune Activation by Combinational Therapy

Furthermore, immunological changes in the blood were recorded routinely via flow cytom-
etry (Figure 3). The plasma was analyzed using a multiplex cytokine assay (Figure 3A). IL10
and RANTES concentrations did not change over time in any of the four groups, whereas,
in the combination, IL13, TNFa, MIP1B, and EOTAXIN levels increased, which might
be due to an increase in cytokine-secreting T cells. Besides, a-PD-L1 monotherapy also
increased MIP1B concentration to the same level as the combination treatment. Additional
flow cytometric phenotyping of blood samples showed quite similar levels of positive cells
in both monotherapy groups, while the combination therapy induced CD3*CD4* T-helper
cells significantly after 12 weeks of treatment (p < 0.01 combination vs. a-PD-L1; p < 0.01
combination vs. CTX, Figure 3B). Moreover, the CD3*CD8* cytotoxic T cells increased by
trend in the combination group as well as CD83* cells, indicative of activated B-cells and
dendritic cells. The numbers of CD11b*GR1* myeloid-derived suppressor cells (MDSCs)
did not differ between individual treatment groups.
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Figure 3. Quantification of plasma cytokine levels and assessment of immunologically relevant markers in the blood. (A)
Cytokine levels in the plasma were analyzed at beginning of therapy and after 5 weeks. The y-axis shows the mean
cytokine levels + SD. (B) Every four weeks, blood was taken from mice under therapy to investigate immunological changes via
flow cytometry. Represented are the numbers of positive cells * SD resulting from 20,000 events, n = 3-5 mice/group. ** p <
0.01 vs. CTX; one-way ANOVA (Bonferroni’'s multiple comparison test); ## p < 0.01 vs. a-PD-L1 monotherapy one-way
ANOVA (Dunnett’s multiple comparison test).

2.4. Spleens and Residual Tumors Change Their Immunological Profile

At the endpoint, either determined by humane endpoints or after several weeks of
follow-up observation, spleens and residual tumors were analyzed using flow cytome-
try (Figure 4). Similar to the blood, numbers of CD3*CD4"* T-helper cells significantly
increased in the spleen after combinational treatment (p < 0.05 vs. control). CD3*CD8*
cytotoxic T cells and CD83* cells were slightly increased after all three therapies. In contrast,
CD11b*GR1* MDSCs and CD200R" cells decreased upon treatment. The therapy effect on
tumor infiltrating T cells goes hand in hand with the effect in the spleen. All three groups
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were characterized by increased T cell levels, reaching significance in the combination
(CD3*CD8* T cells, p < 0.05 vs. control). The percentage of CD11b*GR1* MDSCs was as
high as in the control in the monotherapies but decreased significantly after combination
therapy. The numbers of CD83* cells did not change considerably but declined in the a-
PD-L1 monotherapy. No effect was seen for CD200R" cells, implicating a minor role in the
immune regulatory functions of CD200-CD200R interaction.
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Figure 4. Flow cytometric phenotyping of spleens and tumor microenvironment. At the endpoint,
spleen and tumor were resected. The single cell suspension was stained with respective antibodies
and screened for immunological markers via flow cytometry. Represented are the numbers of
positive cells £ SD resulting from 20,000 events, n = 3-5 mice/group. * p < 0.05 one-way ANOVA
(Bonferroni’s multiple comparison test).

In addition to flow cytometry, the tumor microenvironment was studied in detail by
fluorescence microscopy (Figures 5 and 6). The amount of cytotoxic T-lymphocytes was
higher upon CTX and the combination treatment. T-helper cells additionally increased
by CTX. MDSCs were only visible in the control and CTX groups, and thus effectively
eliminated by the a-PD-L1 antibody. M2 macrophages and DCs were present in all groups,
but their density and location differed between groups (Figure 5). PD-1 expressing M2
macrophages vanished in the combination, in a similar manner to regulatory granulocytes,
which were more abundant in the control and CTX groups. Hence, the a-PD-L1 antibody
itself shaped the tumor microenvironment by eradicating immunosuppressive cell popula-
tions (i.e., CD11b*PD-L1*, CD206*PD1*) and promoting infiltration of antigen-presenting
cells (CD11c*). In support of this, we also found significantly higher levels of IRF5* cells
within tumor sections treated with the a-PD-L1 antibody alone or in combination with
CTX (Figure 6A,B). In most cases, IRF5* cells co-localized with PD1* cells in the lymphoid
compartment within the tumors (Figure 6C). Hence, IRF5 may constitute a direct indicator
for successful immune activation in a-PD-L1-based regimens.
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Figure 5. Immunofluorescence. MIh1~/~ GIT cryostat sections of 4 um were prepared and the tumor
microenvironment was studied upon staining with specific monoclonal antibodies, followed by
nuclear staining with DAPI. Images were taken using a laser scanning microscope, Elyra PS.1 (Zeiss),
and 20x objective.
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Figure 6. IRF5 immunofluorescence. (A) MIh1~/~ GIT cryostat sections of 4 um were prepared and

B

IRF5" cells [n/HPF]

stained with Alexa488-conjugated anti-PD1 antibody and primary rabbit anti-IRF5 antibody, followed
by staining with a secondary Alexa647-labeled antibody. Nuclei were counterstained with DAPI.
Pictures were taken on a laser scanning microscope (Zeiss) using 20x objectives. (B) Quantification
of IRF5* infiltrating immune cells. At least three images were taken from each slide and numbers
of infiltrating cells counted. Data are given as infiltrates/high power field (HPF). Mean + SD, n
> 3 samples/group; * p < 0.05; ** p < 0.01; *** p < 0.001; one-way ANO VA (Bonferroni’s multiple
comparison test). (C) Representative immunofluorescence images show co-localization of IRF5* cells
and PD1* cells (single planes and merged channels).
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2.5. Treatment with a-PD-L1 Induced Molecular Changes in cMS of dMMR-Target Genes

The therapies not only induced immunological changes but also influenced the muta-
tional frequency in MIh1~/~ tumors (Figure 7). Both a-PD-L1 mono- and combinational
therapy increased the overall mutation frequency of the tumor (Figure 7A). Figure 7B shows
the mutation frequencies in dMMR-target genes. Frameshift mutations in APC, Tmem&60,
and Casc3 were no longer detectable upon treatment, likely because of eradicating single
mutated cell clones. By contrast, novel mutations appeared (Figure 7B,C). Mutation fre-
quencies in cMS repeats of MDC1 slightly increased after a-PD-L1 monotherapy and CTX.
Additionally, cMS mutation frequencies in Senp6, Mbd6, and Lig4 increased after a-PD-L1
monotherapy. Since this trend was not seen in the combination, specific elimination is likely.
Lig4 is the only exception. Here, cMS mutations were only detectable upon treatment
but remained comparably low in the combination. CTX monotherapy alone triggered
mutations in cMS of MDC1, Mbd6, and Lig4.
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Figure 7. cMS mutation frequency. (A) Fragment length analysis was used to detect frameshift mutations in selected cMS.
Overall mutational frequency in residual tumors revealed higher mutational load after a-PD-L1 monotherapy and the
combination. (B) The ctMS mutation frequency in selected MIh1~/~ target genes differed among the four therapy groups. In
some genes, the results even indicated loss of single cell clones (APC, Tmem60, and Casc3). (C) Representative band shifts
of two cMS loci in Tmem60 and Senp6 target genes. Wt—wildtype; wt/-1—wildtype/-1s.

3. Discussion

In the present study, we targeted the PD-1/PD-L1 axis additional to conventional
CTX to enhance the survival of MIh1~/~ mice. This strategy is based on the idea of uti-
lizing CTX as an immunogenic cell death (ICD) inductor. Indeed, several reports from
the literature provided sufficient data confirming ICD induction by cytostatic or cytotoxic
drugs. These include, among others, anthracyclines such as doxorubicin, mitoxantrone,
and oxaliplatin [23-26]. Besides, we recently described successful ICD induction by the
deoxycytidine nucleoside analogue gemcitabine, characterized by reduced amounts of
intracellular IDO-1, increased levels of surface-bound CalR, and elevated HMGB1 secre-
tion [20]. To boost CTX-initiated immune responses, we here added an a-PD-L1 antibody
and performed in vitro as well as in vivo analyses. Using a semi-autologous in vitro co-
culture system, we provide evidence for the successful targeting of dMMR epithelial
MIh1~/~ murine tumor cells. However, the therapeutic outcome was highly individ-
ual among the two cell lines, A7450 T1 M1 and 328, nicely reflecting the heterogeneity
among dMMR tumors patients, even in cases harboring the same MMR mutation [27,28].
The cell line MIh1~/~ 328 is highly resistant and representative of a low-immunogenic
subtype [21,22], which was confirmed further in this study. For the A7450 T1 M1 cells,
the combination proved superior compared to either monotherapy with CTX or a-PD-L1
blockade. By studying the immune cells’ phenotype in-depth, we identified differences in
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specific activation and immune-regulatory markers. Numbers of PD-L1* and PD-1* as well as
CD4*CD25*Foxp3* regulatory T cells were exclusively lower in lymphocytes co-cultured
with A7450 T1 M1 cells and the combination therapies. In 328 cells, no such differences
were seen. Successful elimination of tumor cells is thus a likely result of creating an ICD-
mediated inflamed, immunogenic tumor environment that enabled T cell-mediated killing.
However, this regimen may only succeed in cases of at least moderate tumor immunity.

Using the MIh1~/~ mouse model, we transferred the therapeutic CTX-a-PD-L1 ther-
apy approach in the preclinical situation. Monotherapy of CTX or a-PD-L1 prolonged the
overall survival of tumor-bearing mice, which was additionally improved by applying the
combination of both agents. Hence, this setting proved safe and effective in our hands. By
applying PET/CT staging, induction of SD or PR was seen in >80% of mice, respectively,
and thus confirmed successful long-term effects of the applied regimen. Monotherapy
of either agent yielded objective response in roughly 25% of mice, matching with clini-
cal data, in which comparable or even superior response towards ICB compared to CTX
monotherapy was already proven [29,30]. By combining immunogenic CTX, outcomes for
patients with solid tumors were considerably improved. An example of successful chemo-
immunotherapy is the combination of platinum CTX with PD-1/PD-L1 inhibitors [31-33],
which has now become the standard 1st-line option for advanced PD-L1* non-small cell
lung cancer [34].

With the aim of inducing long-term immunological memory, longitudinal immune
profiling revealed elevated plasma levels of IL13, TNFa, EOTAXIN, and MIP1 in the com-
bination, accompanied by higher numbers of cytokine-secreting T-helper cells. The latter is
likely attributable to the a-PD-L1 antibody since MIP1B levels additionally increased
under this monotherapy. CTX monotherapy did not influence cytokines, with levels being
comparable to controls. Another study on pancreatic carcinomas described the consistently
high synthesis of CCL/CXCL chemokines and TGF-B-associated signals by gemcitabine
after long-term treatment [35]. Alteration of disease course after combined gemcitabine
and a-PD-1 treatment was only reached if mice also underwent genetic or pharmacologic
ablation of TGF-B signaling. Though we have not analyzed TGF-B-signaling in depth, one
may speculate that if induced at all, the a-PD-L1 antibody itself may have neutralized such
effects. In support of this, we detected higher numbers of circulating CD83* cells as well as
CD3*CD8"* cytotoxic T cells in the combination group. Both cell types are involved in
immune-mediated inflammation, either as antigen-presenting or effector cells. Hence, the
dosing interval seems pivotal. CTX was given here three times with long treatment-free
intervals, rendering the establishment of additional immunosuppressive cytokine barri-
ers quite unlikely. Another point worth mentioning is the missing impact on circulating
MDSCs. This highly immunosuppressive myeloid subtype is well-known for its capacity to
facilitate tumor progression—both directly and indirectly [36-40]. The notion that we did
not see any differences in numbers of circulating and splenic MDSCs in any treatment group
matches with recent studies [41] and may explain the final relapse of Mlh1~/~ tumors.
Generally, a high frequency of memory cells and low numbers of immunosuppres-sive cells
are indicative of a good response, though individual differences exist [42]. The MIh1~/~
mouse model is representative forimmunosuppressive subtypes, thus, convert-ingimmune
regulatory cells into pro-inflammatory cell types seem challenging. Still, the combination
was able to shape the local tumor microenvironment. This included effective elimination of
MDSCs and massive reduction of M2 macrophages even after several weeks of after-care, and
vice versa; cytotoxic T lymphocytes increased, attributable to successful re-activation of
antigen-driven immune responses. This finding is in line with increasing evidence on a
broader remodeling of the tumor microenvironment by ICI than previously anticipated [43].
Although the lymphoid compartment is the main target for ICI, other immune cell
populations, including myeloid cells, are affected as well [44]. In support of this, we also
found higher levels of IRF5* cells within tumor sections treated with the a-PD-L1 antibody
alone or in the combination, often co-localized with PD1* cells. IRF5 regulates type | IFN
signaling and cytokines/chemokines with lymphocyte-chemotactic
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activities, such as RANTES. MIP1a/B and is considered a specific marker of inflammatory
macrophages [45]. Such positive immune-modulating effects were mainly attributable to
the a-PD-L1 antibody, while the CTX itself shaped the tumor microenvironment less
efficiently. Here, numbers of MDSCs remained similar between controls and treated mice.
Another recent study even reported boosted intratumoral MDSC accumulation by 5-FU
that counteracted T and N K cell infiltration, thus abrogating the anti-tumor efficacy of PD-L1
blockade [46]. Such immunosuppressive effects were not seen in our study. In contrast, a
positive effect on the immune system was seen here, by slightly elevated numbers of
circulating as well as tumor-infiltrating cytotoxic and T helper cells. Other studies likewise
reported very low toxicity on T cells and increased CD8" cytotoxic T cell infiltration upon
combined application of low, non-cytotoxic doses of gemcitabine, a Chk1 Inhibitor, and a-
PD-L1 antibody [19,47]. Hence, gemcitabine is indeed a very interesting and promising
backbone for combination therapies with ICls.

While dMMR constitutes a predictive biomarker for ICl-based regimens, recent evi-
dence demonstrates that AT-rich interaction domain 1A (ARID1A) deficiency is associated
with high antitumor immunity and good response towards ICI-monotherapy [48]. Indeed,
tumors arising in Mlh1~/~ mice harbor multiple ARIDIA missense mutations, resulting in
loss-of-function of this tumor suppressor [22]. Hence, the observed clinical response seen
here upon mono- and combination therapy with a-PD-L1 adds another piece of evidence
for the causative relevance of ARID1A mutations in dMMR-driven cancers. In support of
this, a complete pathologic response after two months of combined mFOLFOX6 with
pembrolizumab therapy was recently reported in a Lynch syndrome patient suffering
from an ARID1A mutated and tumor mutational burden (TMB) high dMMR CRC [49]. Itis
therefore tempting to speculate that the combination therapy is indeed beneficial for
ARID1A-mutated dMMR tumors. Besides, the finding that PD-L1 expression is gener-
ally low in dMMR CRCs and not predictive in response to ICIs [50,51] warrants further
investigations on ARID1A mutation status as a predictive biomarker.

Another interesting finding of our current study was the observed striking difference
in the mutational profile of the selected cMS marker. The monotherapies as well as their
combination altered cMS frequency. Single mutated clones vanished, especially in the
combination. By contrast, novel mutations appeared under CTX or ICl monotherapy and
provide another explanation for final relapse. Though not analyzed in detail here, we
speculate higher TMB after mono- than combination therapy. Notably, the most significant
changes were seen after a-PD-L1 monotherapy.

Finally, the patients’ responses towards ICB are so individual, and determinants of
such distinct reactions are just at the beginning of being understood. There is an increasing
body of evidence pointing towards TMB, immune cell densities, and types in the tumor
microenvironment, as well as expression levels of PD-1/PD-L1 and cytokines as legitimate
factors. Elucidating the determinants of response and resistance are key to improving
treatment strategies prospectively.

4. Materials and Methods
4.1. Cell Culture

MIh1~/~ tumor cells were established in our lab and basically characterized [22,52].
Cells were cultured in DMEM medium, supplemented with 10% FCS (fetal calf serum),
6mM Glutamine, and antibiotics (all from Biochrom, Berlin, Germany). Prior to analysis,
cells were harvested, washed with PBS, and counted.

4.2. Colony Formation Assay

Cells were cultured as described above. For colony formation assay, a standard
protocol was used as described before [53]. Briefly, 500 cells per well were seeded in a 6 well
plate and incubated overnight. Thereafter, cells were treated with 0.24 nM gemcitabine or
left untreated. After 6 days medium was removed and remaining cells were stained with
500 pL 0.2% crystal violet for 10 min on a rocking plate. Then, the wells were washed 5
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times with PBS. For the second group, drug-containing medium was removed after 6 days,
and cells were rested with medium for additional 6 days. Afterwards, the amount of
colonies was analyzed using ImagelJ-win64.

4.3. Co-Culture Experiments

Harvested cells were stained with 5 uM CMFDA for 15 min at 37 °C. Cells were
washed with PBS and seeded in a 24 well plate at a density of 20,000 cells per well. On
the next day, 0.24 nM gemcitabine was added. Immune cells were harvested from
peripheral blood samples routinely taken from MIh1~/~ mice. Around 100 pL of pooled
blood was incubated with erythrocyte lysis buffer (155 mM NH4Cl (MERCK Millipore,
Darmstadt, Germany), 10 mM KHCO3 (MERCK Millipore), and 0.1 mM EDTA (Applichem,
Darmstadt, Germany)) for 15 min, then stopped with PBS. Approximately 200,000 blood
cells (E:T ratio: 1:10) were seeded per well. After 24 h, a-PD-L1 (10 pg/mL) was added.
Tumor cells were counted with fluorescent microsphere beads (1.4 - 105 beads/mL, size:
10 um, Polysciences, Hirschberg an der Bergstrasse, Germany) on a Flow Cytometer (BD
FACSVerse™, BD Pharmingen, Heidelberg, Germany). Data analysis was performed using
BD FACSuite software (BD Pharmingen). Additionally, immune cells were stained with a
panel of conjugated monoclonal antibodies (mAb, 0.125 pg to 1.5 pg each) and measured on
a spectral flow cytometer (Cytek™ Aurora, Amsterdam, The Netherlands). Data were
analyzed using SpectroFlow™ Version 2.2.0.3.

4.4. M1h1~/~ Mouse Model and In Vivo Treatment Protocol
4.4.1. Institutional Review Board Statement

The German local authority approved all animal experiments on 27 June 2017: “Lan-
desamt fur Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern”
(approval number: 7221.3-1-026/17; -026/17-3), under the German animal protection law
and the EU Guideline 2010/63/EU. Mice were bred in the animal facility of the University
Medical Center in Rostock under specific pathogen-free conditions. MIh1l genotyping
was done according to [21]. During their whole life-time, all animals got enrichment in
the form of mouse-igloos (ANT Tierhaltungsbedarf, Buxtehude, Germany), nesting mate-
rial (shredded tissue paper, Verbandmittel GmbH, Frankenberg, Germany), paper roles
(75 =1 38 mm, H 0528-151, ssniff-Spezialdidten GmbH, Cologne, Germany), and wooden
sticks (40 - 16 = 10 mm, Abedd, Vienna, Austria). During the experiment, mice were keptin
type Il cages (Zoonlab GmbH, Castrop-Rauxel, Germany) at 12-h dark:light cycle, the
temperature of 21 + 2 °C, and relative humidity of 60 £+ 20% with food (pellets, 10 mm,
ssniff-Spezialdidten GmbH, Soest, Germany) and tap water ad libitum.

4.4.2. Experimental Protocol

Mice with PET/CT proven GIT (located in the duodenum) were taken into therapy.
a-PD-L1 antibody (clone 6E11, kindly provided by Genentech, a subsidiary of Roche, South
San Francisco, CA, USA) was dissolved in PBS and given intravenously (dose: 2.5 mg/kg
bw, n = 10 mice) every 2 weeks, and gemcitabine (CTX, 100 mg/kg bw) intraperitoneal
every 4 weeks (n = 10 mice), for a total of 3 times. In combination (n = 9 mice), CTX was
given first, and after four weeks, a-PD-L1 antibody treatment started. Control mice were
untreated (n = 9 mice). A treatment schedule is depicted in Figure 1. To prevent suffering
of the mice, soaked pellets were offered and, additionally, humane endpoints (weight
loss >15%, pain/distress, changes in social behavior) were applied. Before mice became
moribund, they were sacrificed and blood, spleen, lymph nodes and GIT were removed for
further analyses.

4.5. PET/CT Imaging

PET/CT imaging scans were performed on a small animal PET/CT scanner (Inveon
PET/CT, Siemens Medical Solutions, Knoxville, TN, USA) according to a standard pro-
tocol as described before [54,55]. The PET image reconstruction method consisted of a
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2-dimensional ordered subset expectation maximization algorithm [2D-05EM ) with four
iterations and six subsets. Attenuation correction was performed on the basis that whole-
body CT scan and a decay correction for [18F] was applied. PET images were corrected for
ramdom coincidences, dead time, and scatter. By marking the entire tumors, starting at the
edge and cutting through the whole 8FlFpG-enriched tumor, volumes and SUVs were
determined using Inveon Research Workplace 4.2 software [Siemens Medical Solutions
U5saA, Knoxville, Tennessee).

4.6. Inmmme Phenotyping

Blood samples were taken from anaesthetized mice every & weeks (retrobulbar venouws
plexus). Single cell suspensions of spleens and GI1T were obtained upon passing them
through a cell strainer (100 pm). Samples (2 -4 105/well) were stained with a panel of conju-
gated monodonal antibodies (mab, 1 pg each) followed by lysis of erythrocytes. Negative
controls consisted of lymphocytes stained with the appropriate isotypes (Biolegend, San
Diego, CA, USA) or unstained cells. Cells were washed, solved in PBS, and analyzed on a
flow cytometer (BD FACSVerse™, BD Pharmingen). Data analysis was performed using
BD FACSuite software (BD Pharmingen).

4.7. Procartaplex Cytokine Assay

cytokine levels in plasma samples were determined according to the manufacturer’s
instructions of the Procartaplex™ multiplex immunoassay (Thermo Fisher Scientific, Schw-
erte, Germany). Measurement and cytokine quantification was performed on a Bioplex
2000 [Bio-rRad Laboratories GmbH, Munich, Germany) in combination with the Bio-Plex
Manager Software. Absolute plasma cytokine and chemokine level are presented [pg/miL).

4.8. Frapment Length Analyziz of cM5S Target Genes

Fragment length analysis was done from multiplexed PCRs of gDNA (25 ngfsample)
from tumor and mormal tissue as described [22]. To identify potential MIhl target genes, a
panel {n = 20 marker) was screened. Primers were designed using Primer3 software [Elixir
Estonia, Tartu, Estonia) to yield short amplicons (@200 bp). Frameshift mutations were
detected by mono- and/or biallelic band shifts, usually characterized by deletions.

4.9, Inmmmoflucrescence

Air-dried cryostat sections (4 pm thickness) were fixed {methanol, 8 min). Unspecific
binding sites were blocked in 2% BS5aA [Roth, Karlsruhe, Germany) for 1 h followed by
incubation with 1 pg of the following AlexaFluord88, alexaFluor59d, and AlexaFluor 647-
labeled mabs: cod, cD8a, cDllb, Grl, c011c, F4/80, cD104, cD206, PD-1, and PD-L1
(all from Biolegend). For intracellular stainings, slides were fixed in 4% paraformaldehyde
w /o methanol (Thermo Scientific, Darmstadt, Germany, 30min) and cells permeabilized
in 0.5% Triton X—100 (Sigma-aldrich, Darmstadt, Germany, 15 min). After blocking with
2% B5a (Serva, Heidelberg, Germany), slides were incubated with the monocdonal rabbit
anti-IRFS antibody (1:50; ThermoFisher Scientific, Darmstadt, Germany) overnight at 4
"¢, followed by a secondary goat anti-rabbit Alexagd7 antibody (1:500; cell Signaling,
Frankfurt am Main, Germany). Sections were washed, embedded in Roti Mount Flour Care
DA PI (Roth), and target proteins visualized on a confocal laser scanning microscope (Elyra 7,
Zeiss, Jena, Germany) using 20-4 objectives. IRF5Y cells were guantified by counting
individual positive cells in three high power fields per sample (n = 3/group).

4.10. Statistics

All values are expressed as mean £ 5D, After proving the assumption of normality
(Kolmogorov-5Smirnov test), differences between vaccimated and control mice were deter-
mined using the unpaired 5tudent’s t-test or one-way AN OWVA (Bonferroni or Dunnett’s
multiple comparison). Kaplan-Meier survival analysis was done by applying the log rank

93



Original publications for cumulative dissertation

Int. J. Mol. Sci. 2021, 22, 5990 13 0f 16

(Mantel Cox) test. Statistical analyses were performed using GraphPad Prism 8.0.2 (San
Diego, CA, USA). The criterion for significance was set to p < 0.05.

5. Conclusions

The combination of gemcitabine and a-PD-L1 prolongs the lifetime of MIh1~/~ mice
significantly via long-term tumor growth control. The treatment modulates the tumor
microenvironment by eliminating MDSCs and massive reductions of M2 macrophages
counterbalanced by an increase in cytotoxic T cells. Patients would profit from a combina-
tional chemo- and ICI therapy, to prevent development of resistance mechanisms.
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ABSTRACT ARTICLE HISTORY
Mismatch repair-de!cient (AMMR) tumors show a good response toward immune checkpoint inhibitors (ICI), Received 4 April 2022
but developing resistance impairs patients’ outcomes. Here, we compared the therapeutic potential of an a- Revised 22 June 2022
PD-L1 antibody with the CDK4/6 inhibitor abemaciclib in two preclinical mouse models of dMMR cancer, Accepted 22 June 2022

focusing on immune—modulatorfv ettects of either treatment. Abemaciclib monotherapy signilcantly pro-
longed overall survival of MlIh17~ and Msh2!®P1oxPTeTeVill-cre) e (MIh17": 14.5 wks vs. 9.0 wks (a-PD-L1),
and 3.5 wks (control); Msh2!OXP1oxPTeTetVill-cro). 11 7 wis vs. 9.6 wks (a-PD-L1), and 2.0 wks (control)). The
combination was not superior to either monotherapy. PET/CT imaging revealed individual response pro!les,
with best clinical responses seen with abemaciclib mono- and combination therapy. Therapeutic e#fects were
accompanied by increasing numbers of tumor-in!ltrating CD4/CD8" T-cells and lower numbers of M2-
macrophages. Levels of T cell exhaustion markers and regulatory T cell counts declined. Expression analysis
identiled higher numbers of dendritic cells and neutrophils within tumors together with high expression of
DNA damage repair genes as part of the global stress response. In Mlh1~'~ tumors, abemaciclib suppressed
the PI3K/Akt pathway and led to induction of Mxd4/Myc. The immune-modulatory potential of abemaciclib
renders this compound ideal for dMMR patients not eligible for ICI treatment.
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Two genetic mouse models of spontaneous dMMR-driven tumor-  a combination of both agents, in which abemaciclib was given as
igenesis were used in this preclinical therapy trial. Tumor-bearing lead-in therapy. Abemaciclib led to an increase of tumor-
MIh17~ or Msh2'oxP/loxPiTeTelVill-cre) mice received the CDK4/6 infiltrating T helper (Th) cells and cytotoxic T cells (CTL), den-
inhibitor abemaciclib, the a-PD-L1 monoclonal antibody or  dritic cells, as well as IRF5-driven polarization of M2 macrophages,
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upregulation of Mxd4, and activation of the Wnt-signaling. Blood
phenotyping revealed reduced levels of T cell exhaustion markers
as well as regulatory T cell counts, attributable to Tc-mediated IL-2
secretion. While monotherapy with the a-PD-L1 monoclonal anti-
body had slightly different local and systemic effects, the combina-
tion approach was not superior to either monotherapy. Notably,
most beneficial abemaciclib-mediated immune-modulatory
effects were even repealed. Instead, the combination triggered
epithelial-mesenchymal transition (EMT), raising caution for
CDK-immune-checkpoint-inhibitor combination approaches. +:
indicates strain-specific differences.

Introduction

Mismatch-repair-deficiency (dMMR) arises as a consequence of
MLH1 gene promoter hypermethylation (= sporadic form) or
secondary to a germline MMR mutation (= hereditary form). In
either case, dMMR is associated with high immunogenicity.
Patients harboring dMMR tumors are thus predestined to be
treated with immune-checkpoint inhibitors (IClIs). ICls reacti-
vate exhausted T cells, prevent T cell inhibition, and force
T cell-mediated tumor killing.! Consequently, Programmed
death 1 (PD-1) blockade has emerged as a highly effective
treatment strategy and the positive results seen in many patients
have contributed to the FDA and EMA approval for first-line
therapy of unresectable or metastatic dMMR cancer.??

Recent data describe superior effects of a-PD-L1 antibodies
compared to a-PD-1 antibodies in blocking PD-1/PD-L1
signaling.* PD-L1 is upregulated in the tumor microenviron-
ment and is found in a large variety of tumors. In recent clinical
trials on dMMR patients, the a-PD-L1 antibody Avelumab has
first proven safe® and was then compared with standard che-
motherapy for treatment of dMMR colorectal cancer patients.®
Clinical responses up to complete remissions were seen in
many cases. Our preclinical data additionally support the use
of a-PD-L1 antibodies either alone or in conjunction with
cytostatic drugs and immunotherapy.”® Still, in most cases,
resistance mechanisms evolve finally contributing to relapse.’

To improve outcomes, ICls should be combined with other
(targeted) agents. A very attractive option is the selective
cyclin-dependent kinase 4/6 inhibitor (CDKI) abemaciclib.'®
Abemaciclib stops the cell cycle at G1, induces swollen and
dysfunctional lysosomes, and triggers apoptosis/necrosis in
tumor cells.**=*3 This CDK4/6 inhibitor is currently approved
for treatment of both early and advanced/metastatic breast
cancer, however, more immunogenic tumor types, such as
dMMR-related cancers, should be considered as well. The
rationale for this is based on the increasing body of evidence
that abemaciclib stimulates antitumor immune responses by
inducing an “inflamed” microenvironment finally contributing
to T cell activation and improved T cell function.**” Actually, a
recent study reported transformation of CD8" T cells into
memory cells upon CDK4/6 inhibition to expand the long-
term immunity and efficacy of the cancer treatment — an effect
frequently seen after IC| treatment.’® CDK blockade may thus
become an interesting option for dAMMR patients not eligible

for ICI treatment. The notion that many patients harbor pre-
formed antitumoral immune responses that can be re-activated
(or boosted) by immunotherapy additionally argues in favor of
using immune-modulating CDKIs for treatment of dMMR-
related malignancies.**

Using the two preclinical MIh1”/~ and Msh2'oxP/loxPiTeTe
11-cre) mouse models of spontaneous tumorigenesis, 272> we
initiated a proof-of-concept study and compared the efficacy of a
murine a-PD-L1 antibody (clone 6E11) with the CDK4/6
inhibitor abemaciclib either alone or in combination.

We could show that low-dose abemaciclib treatment is
as effective as a-PD-L1 therapy, but its combination is not
superior to the respective monotherapy. Hence, we pro-
pose abemaciclib monotherapy as a good alternative for
treatment of dMMR patients that cannot be treated
with ICI.

(Vi

Methods

In vitro experiments

Cell culture

Two MLH17~ tumor cell lines 328 and A7450 T1 M1 were
established and characterized in our lab.?>2® Cell culture was
performed in DMEM/Ham’s F12 medium, supplemented with
10% FCS (fetal calf serum), 6 mM Glutamine, and antibiotics
(all from Biochrom, Berlin, Germany). Treatment was done
with selected CDKIs at doses corresponding to 1C3o values: (1)
abemaciclib (= abema): 1 uM; (1) dinaciclib (= dina): 100 nM;
(111) THZ-1: 0.83 uM. Doses were validated before via dose
response curve analyses.

Apoptosis/necrosis, cell cycle analysis, and immunogenic
cell death
Cells were treated with abema, dina, or THZ-1 for 72 hours,
harvested and stained with 0.2 uM Yo-Pro 1 iodide (Thermo
Scientific, Ex/Em 491/509 nm; blue laser 488 nm, 20 min, RT).
Cells were washed and mixed with 7-AAD viability staining
solution (250 ng, Biolegend, San Diego, United States) before
measurements. For cell cycle analysis, cells were harvested and
incubated with ice-cold 70% ethanol over night at —20°C. 1 mg/
ml RNase (Carl Roth, Karlsruhe, Germany) was preheated at
37°C for 90 min. Ethanol fixed cells were washed twice with 2
ml PBS and centrifuged at 300 g for 10 min. Each sample was
mixed with 500 pl of preheated RNase and incubated for 45
min in the water bath at 37°C. Cells were washed twice with 2
ml PBS and centrifuged at 300 g for 10 min. Cells were
resuspended with 400 pl propidium iodide (50 pg/ml) and
incubated for at least 30 min in the fridge covered from light.
For immunogenic cell death assessment, cells were treated
with abemaciclib for 48 h and 72 hours. Supernatants were
collected and amounts of high-mobility group protein 1
(HMGB1) were measurement by ELISA according to the man-
ufacturers’ instructions (Abbexa, Cambridge, UK). Cells were
harvested and incubated with a polyclonal rabbit CalR primary
antibody (1:50; Abgent, San Diego, CA, USA, 30 min, 4°C),
followed by a secondary FITC-labeled antibody (donkey anti
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rabbit, 1:50; Biolegend, 30 min, 4°C). Control cells were stained
with the secondary FITC-labeled antibody. Measurements
were performed on a FACSVerse Cytometer (BD
Pharmingen, San Diego, USA). Data analysis was performed
using BD FACSuite software (BD Pharmingen).

Colony formation assay

Five hundred cells/well were seeded in 6-well plates and were
allowed to rest overnight. Cells were treated with abema, dina
or were left untreated. After 6 days, medium was removed and
cells were stained with 500 ul 0.2% crystal violet for 10 min on a
rocking plate, followed by washing steps. Some cells were
allowed to rest with medium for additional 6 days. Then, they
were stained the same way with crystal violet. The number of
colonies was evaluated using ImageJ-win64.

Co-culture assay

Tumor cells were harvested and stained with 5 uM CMFDA
(15 min, 37°C, 5% CO;). Twenty-thousand cells/well were
seeded in a 24-well plate. After 24 hours, 200,000 blood cells/
well, which were lysed with erythrocyte lysis buffer (155 mM
NH4Cl (MERCK Millipore, Darmstadt, Germany), 10 mM
KHCO3 (MERCK Millipore), and 0.1 mM EDTA
(Applichem, Darmstadt, Germany)) were added. Abemaciclib
was used at 1 pM. After 24 hours, 10 ug/ml a-PD-L1 was
added. After additional 48 hours, tumor cells were harvested.
To quantify residual tumor cells, fluorescent microsphere
beads (1.4 x 10° beads/ml, size: 10 um, Polyscience,
Hirschberg an der Bergstrasse, Germany) were used.
Measurements were performed on a FACSVerse Cytometer
(BD Pharmingen). Data analysis was performed using BD
FACSuite software (BD Pharmingen).

Immunofluorescence of cytoskeleton and ROS

The cytoskeleton and formation of reactive oxygen species
(ROS) was visualized. Cells were treated twice with 1 pM
abemaciclib for 72 hours and stained with 7.5 pM ROS Brite
670 (AAT Bioquest, CA, USA, 30 min, 37°C) followed by
125 nM Mitolite Green (AAT Bioquest) staining
(45 min, 37°C). Cells were fixed with 4% PFA (30 min, RT),
washed thrice with PBS and permeabilized with 0.2% TritonX-
100 (15 min, RT). Afterward, Phalloidin-iFluor 594 conjugate
(AAT Bioquest) dissolved 1:1000 in 1% BSA was added
(30 min, RT), followed by three washing steps and 2 min
staining with 1.5 pg/ml DAPI.

In vivo experiments

Ethical Statement

The German local authority approved all animal experiments:
Landesamt fur Landwirtschaft, Lebensmittelsicherheit und
Fischerei ~ Mecklenburg-Vorpommern  (7221.3-1-062/19;
—025/20), under the German animal protection law and the
EU Guideline 2010/63/EU. Mice were bred in the animal facil-
ity of the University Medical Center in Rostock under specific
pathogen-free conditions. Mlh1 genotyping was done accord-
ing to [21] and Msh2 genotyping was done according to.?*%
During their whole life-time, all animals received enrichment
in the form of mouse-igloos (ANT Tierhaltungsbedarf,
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Buxtehude, Germany), nesting material (shredded tissue
paper, Verbandmittel GmbH, Frankenberg, Deutschland),
paper roles (75 x 38 mm, H 0528-151, ssniff-Spezialdidten

GmbH, Soest, Germany), and wooden sticks
(40 x 16 x 10 mm, Abedd, Vienna, Austria). During the
experiment, mice were kept in type Il cages (Zoonlab

GmbH, Castrop-Rauxel, Germany) at 12-h dark:light cycle,
the temperature of 21 + 2°C, and relative humidity of 60
+ 20% with food (pellets, 10 mm, ssniff-Spezialdidten
GmbH, Soest, Germany) and tap water ad libitum. When
mice were subjected to treatment (= time of tumor develop-
ment), they were given daily-prepared soaked pellets to ensure
proper food intake.

Experimental protocol

Mice with validated gastrointestinal tumor via PET/CT were
taken into therapy. Mice received abemaciclib (oral gavage,
75 mg/kg body weight (bw), 1x/week, 8 times in total
(g1wx8), MIh17~ n = 7 mice, Msh2'oxP/loxP:TeTe(Vill-cre) i, — g
mice) and a-PD-L1 antibody (i.p., 2.5 mg/kg bw, biweekly),
three times in total (q2wx3), MIh1™~ n = 7 mice, Msh2'oxP/lox?;
TeTe(Vill-cre) n = 10 mice). The a-PD-L1 antibody, clone 6E11,
was kindly provided by Genentech, a subsidiary of Roche,
South San Francisco, USA. Mice receiving the combination
were given abemaciclib first as lead-in, followed by a-PD-L1
injection (MIh1™/~ n = 7 mice, Msh2'0xP/loxP;TeTe(Vill-cre) , — 10
mice). Control mice were left untreated (MIh17~ n = 6 mice,
Msh2'oxP/loxPiTeTe(Vill-cre) n = 10 mice) or received the isotype
control antibody (i.p. 2.5 mg/kg bw, MIh1”/~ n = 7 mice,
Msh2;!oxP/loxPiTeTe(Vill-cre) 1 — 7 mice). The health status was
monitored daily using a score sheet. Reduction of suffering was
ensured by applying humane endpoints (weight loss >15%,
pain, changes in social behavior). All mice were sacrificed
before they became moribund to prevent pain and distress.
Mice were sacrificed due to human endpoints (as outlined
above + progressive disease, defined by tumor volume
>300 mm?3), followed by removal of blood, spleen, and tumor.

PET/CT imaging

The tumor size was measured via PET/CT measurements on a
small animal PET/CT scanner (Inveon PET/CT, Siemens
Medical Solutions, Knoxville, TN, USA) in accordance to
a standard protocol as described before.?> Mice were anesthe-
tized using isoflurane and received FDG intravenously.
Evaluation of the images was performed as described before.®
Treatment outcome determined according to clinical staging as
follows: (1) progressive disease (PD) = tumor volume >25% vs.
baseline (= day 0); (Il) stable disease (SD): tumor volume
similar to initial staging (<25% vs. day 0); (I11) partial response
(PR): tumor volume 50% lower or more vs. baseline (=day 0).
Follow-up was done at day 30 (= short-term) and, in some
cases, at ~day 50 (= long-term follow-up).

Immune phenotyping

Blood was taken routinely from anesthetized mice (retrobulbar
venous plexus). Spleen and tumor tissues were dissociated. Single
cells were stained with a panel of conjugated monoclonal anti-
bodies (mAb, 0.125 ug to 1.5 pg each). Zombie NIR™ Fixable
Viability Kit by Biolegend (San Diego, United States) staining
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was performed following the protocol Zombie NIR™ Fixable
Viability Kit by Biolegend, extracellular staining was performed
following the protocol BD Horizon Briliant Stain Buffer (BD
Bioscience), followed by lysis and intracellular staining using the
protocol of True-Nuclear™ Transcription Factor Buffer Set by
Biolegend. Measurements were performed on a spectral flow
cytometer (Cytek™ Aurora). For extracellular stainings Grl
Alexa Fluor700, CD8 FITC, CD4 APC Fire, CD11b BV570, PD-
L1 BV421, NK1.1 BV605, CD19 Spark Blue (Biolegend), CD25
PerCP-eFluor710 (Thermofisher), CD83 BV750, PD-1 BV650
(BD Bioscience) and for intracellular stainings CTLA-4 PE/Cy7,
CD3 PerCP, and Foxp3 Alexa Fluor 647 (Biolegend) were used.
Data were analyzed using SpectroFlow™ Version 2.2.0.3. and
FlowJo™ Version 10.6.1.

Multiplex cytokine assay

Cytokine levels of the plasma were measured usinga
multi-analyte flow assay kit following the instructions of
the manufacturer ~ (LEGENDplex™, Biolegend).
Measurements were performed on a spectral flow cyt-
ometer (Cytek™ Aurora). Data were analyzed using the
manufacturer’s online Software. Absolute plasma cytokine
levels are presented [ng/ml].

Fragment length analysis

Tumor gDNA was isolated using the Wizard Genomic DNA
Purification Kit (Promega). An established panel of coding-
and non-coding MS marker was evaluated using the fragment
length analysis as described before.?’

Nanostring targeted gene expression profiling
Tumor RNA was isolated from cryostat sections using the
RNeasy Mini Kit (Qiagen). Then, the RNA was analyzed
using Nanostring analysis as described before.®

Quantitative real-time PCR

RNA was isolated using the RNeasy Mini Kit (Qiagen). 1 ug
mRNA and 50 ng random Hexamer Primer were incubated for
10 min at 70°C. Sample-mixes were completed with 5x RT buffer
complete, dNTPs and 200 units reverase. cDNA was synthesized
using the PCR cycler 120 min at 45°C and for 10 min at 70°C. 25
ng cDNA was used for quantitative real-time PCR with the
SensiFAST Probe Lo-ROX Kit (Bioline, Memphis, Tennessee,
USA). Predesigned Tagman gene expression assays were used:
6-FAM-3'BHQ-1 Mxd4 (Mm00487523_m1), 6-FAM-3'BHQ-1
cMyc (MmO00487804_m1), 5-VIC-3'BHQ-1 Agr2 (MmOl
291804_m1), 6-FAM-3'BHQ-1 Tgfbl (Mm01178820_m1),
6-FAM-3'BHQ-1 Vimentin (Mm01333430_m1), 5-VIC-3'BHQ-1
N-Cadherin ~ (MmO01162497_m1), 6-FAM-3'BHQ-1  Fpr2
(Mm00484464_s1), 5-VIC-3'BHQ-1 Csfl (MmO00432686_m1),
6-FAM-3'BHQ-1 Csf2 (Mm01290062_m1), 5-VIC-3'BHQ-1
Tcf1l/Pcbd2 (MmO01342270_m1), and 6-FAM-3'BHQ-1 Alox5
(MmO01182747_m1). Self-designed 5-VIC-3'BHQ-1 GAPDH
was applied as housekeeping gene. Reaction was performed in
the light cycler Viia7 (Applied Biosystems, Foster City, USA) with
the following PCR conditions: 95°C for 10 min, 40 cycles of 15s
at 95°C, and 1 min at 60°C. All reactions were run in triplicates.
The mRNA levels of target genes were normalized to GAPDH.
Reactions were performed in triplicate wells. The expression level

of each sample was considered by calculating 272¢T

(ACt = Cttarget - CtHousekeeping gene)l followed bY Z_AACT quanti'
fication, taking values of untreated controls as calibrator.

Immunofluorescence

Cryostat sections of 4 um were fixed in cold pure methanol for 8
min, air-dried and unspecific binding site blocked (2% BSA, 2 h)
followed by staining with Alexa Fluor 488, Alexa Fluor 594 and
Alexa Fluor 647 labeled antibodies CD3, CD4, CD8, CD206,
F4/80, CD11b, Grl, PD-L1, PD-1, and Irf5 (Biolegend). Sections
were washed and embedded in Roti Mount Fluor Care DAPI
(Roth, Karlsruhe). Visualization was performed on a confocal
laser scanning microscope (ZEISS Elyra 7 Confocal Laser
Microscope, Zeiss, Jena, Germany). The infiltration pattern was
quantified. For infiltrating CD3*CD4* T helper cells and
CD3*CD8" cytotoxic T cells, numbers were counted in 2-3
high power fields (HPFs)/slide. For regulatory granulocytes
and tumor-associated macrophages (TAM), the infiltration pat-
tern was semi-quantitatively analyzed using a scoring system.
0 = no; 1 = mild (1-20 cells/HPF); 2 = moderate (21—40 cells/
HPF); 3 = strong (>40 cells/HPF).

Statistics

GraphPad PRISM software, version 8.0.2 (GraphPad
Software, San Diego, CA, USA) was used to perform sta-
tistical evaluation. All data are presented as mean + SEM.
Data are depicted as scatter plots and bar charts, with
individual values representing a single value of an indivi-
dual mouse. Data showing baseline and follow-up are given
as dots connected with a line. The value of significance was
set to p < .05. The data were first tested for normality
conducting Shapiro-Wilk test. Then, in case of normality,
one-way ANOVA (Tukey’s multiple comparison) or
unpaired T-Test was accomplished or in case of non-
parametric data Kruskal-Wallis or U-Test was performed.
Kaplan Meyer survival curves were analyzed using the log
rank (Mantel Cox) test. In case of blood phenotyping, out-
liers were eliminated, when they were above or below the
average plus/minus two times the standard deviation.

Dimensionality Reduction Analysis (t-SNE)

Individual fcs files were imported into FlowJo software (ver-
sion 10.6.1) (FlowJo, Ashland, Oregon). Ten thousand cells per
file (six files per treatment group concerning tumor data, and
eight files per treatment group concerning blood and spleen
data) were randomly selected and merged into one concate-
nated file. T-SNE algorithm provided by FlowJo software was
performed only on gated live cells. The output was a t-SNE
map which we show as a dot-plot. The t-SNE dimensions were
used on the original gates to create the overlay t-SNE maps.

Results
In vitro elects of CDK blockade and a-PD-L1 treatment

Before performing animal experiments, the two murine MIh1™/~
tumor cell lines A7450 T1 M1 and 328 were used to evaluate the
effects of different CDK inhibitors on cell cycle,
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Figure 1. In vitro analysis on MIh1”~ tumor cells. (a) Apoptosis/necrosis quantification. MIh1™/~ A7450 T1 M1 tumor cells were treated with CDKIs for 72 h and
apoptosis/necrosis was quantified from Yo-Prol/Pl-stained cells. n = 3 independent experiments, *p < .05; ** p > .01; ***p < .001; two-way ANOVA (Tukey’s multiple
comparisons test). (b) Cell cycle analysis after 48 h of treatment with abemaciclib. n = 4 independent experiments, *p < .05; t-test. (c) Colony formation assay after
treatment with abemaciclib or dinaciclib. Two experimental conditions were studied: (i) 6 days treatment and direct analysis and (I1) 6 days treatment + 6 days re-culture
without (w/o) treatment (= reconvalescence). Thereafter, colonies were counted using ImageJ software. n = 3 independent experiments, *p < .05; ***p < .001; ****p
< .0001; two-way ANOVA (Tukey’s multiple comparisons test). (d) Detection of ROS (RosBrite), cytoskeleton (Phalloidin) and mitochondria (mitolite) after 48 h of treatment
with abemaciclib. Representative images are shown out of n = 3 independent experiments. Read out was done with the ZEISS Elyra 7 Confocal Laser
Microscope (Zeiss). Original magnification 400 x. (e) Flow cytometric measurement of CalR-positive cells after 48 h and 72 h of treatment. n = 3-4 independent
experiments. (f) HMGB1 secretion after 72 h of treatment. HMGB1 levels were determined from supernatants of MLH1™/~ tumor cells. Control cells were left untreated.
Experiments were repeated three times each of them performed in duplicates. *p < .05. (g) Co-culture of tumor and immune cells. Tumor and immune cells were
simultaneously treated for 1 x 72 h with abemaciclib, a-PD-L1 antibody or a combination. The effector to target ratio was 1:10. Residual tumor cells were counted by
adding fluorescent beads. Read out was done via flow cytometry. Representative dot plots of tumor cells treated with immune cells and drugs are shown. n = 3
independent experiments, *p < .05; **p < .01, ***p < .001; ****p < .0001, One-way ANOVA (Tukey’s multiple comparisons test). (a-g) All data are given as mean + SEM.
Doses used in each experiment are as follows: abemaciclib: 1 pM, dinaciclib: 0.1 pM, THZ-1: 0.83 pM; a-PD-L1 antibody: 10 pg/ml.
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proliferation, morphology, and immunogenic cell death
(Figure la—e). In some experiments, the a-PD-L1 antibody
was added and combinations were tested (Figure 1le, f).

The selective CDK4/6 inhibitor abemaciclib and the global
CDK1/2/5/9 inhibitor dinaciclib significantly increased the
number of necrotic cells. By contrast, selective CDK7 inhibi-
tion by THZ-1 did not induce significant cell death (Figure 1a).
Abemaciclib led to a G1-arrest in A7450 T1 M1 cells, whereas
in 328, the number of cells in the G1l-phase was slightly
reduced (Figure 1b). Upon dinaciclib, the number of cells in S-
phase increased in both cell lines. Using a classical colony
formation assay, the number of A7450 T1 M1 colonies was
reduced after abemaciclib and even more pronounced after
dinaciclib treatment (Figure 1c), both after 6 days of treatment
and significantly after additional 6 days of rest.

Then, we focused on abemaciclib for further studies. This
agent affected the cytoskeleton and reduced mitochondria of
A7450 T1 M1 cells. By contrast, reactive oxygen species
remained unchanged (Figure 1d). In 328, we did not observe
such strong changes in colony formation, cytoskeleton, and
mitochondria, but reactive oxygen species were slightly
decreased. The amount of CalR* A7450 T1 M1 cells was com-
parable to controls, while in 328 cells, surface-bound CalR was
more abundant after 72 hours of abemaciclib treatment
(Figure 1le). Likewise, HMGB1 levels significantly increased,
indicative for induction of immunogenic cell death (figure 1f).

In a subsequent co-culture assay, the impact of immune
cells on the tumor cell viability was investigated (Figure 1g).
Abemaciclib alone and its combination with a-PD-L1 reduced
tumor cell numbers significantly.

Taken together, CDKIs have individual effects on MMR-D
tumor cells. The immune-stimulating potential of abemaciclib
may interact with immune-checkpoint blockade. To address
this further, we initiated a proof-of-concept in vivo therapy trial.

Prolonged survival and e!ective tumor growth control
under mono- and combination therapy

We included two preclinical mouse models of spontaneous,
dMMR-driven tumorigenesis. MIh1”/~ mice harbora
constitutional knock out, whereas in Msh2'oxP/loxP:TeTg(Vill
~¢r¢) mice, a conditional knock out in the gut is the driver for
tumor formation.?>?528 These mice share some features com-
monly related to dMMR, such as a high tumor mutational
burden, and an inflamed tumor microenvironment. However,
the infiltration pattern of specific immunological subtypes
differs, nicely reflecting the clinical presentation of dMMR-
related cancer (Table 1). Hence, these models are ideal tools
for preclinical response analysis.

Treatment with abemaciclib was given weekly at a dose of
75 mg/kg bw because of its therapeutic activity in vitro even after
drug removal and its capacity to stimulate the immune
system. #1618:29 The treatment schedule of the a-PD-L1 antibody
was adopted to our previous study® with a biweekly application
route at a dose of 2.5 mg/kg bw. Tumor growth was monitored in
both mouse models before and after treatment using®F-FDG
PET/CT (please see Figure 2a for experimental protocol).

Monotherapy with a-PD-L1 and abemaciclib reduced
tumor sizes in MIh1”/~ mice (Figure 2b, p < .05 abemaciclib
vs. control). The combination approach, in which abemaciclib
was given as lead-in, had comparable effects. Control and
isotype-treated mice showed the expected increased tumor
sizes. By dissecting the response rates in more detail, we iden-
tified partial response or stable disease in all mice receiving
abemaciclib or the combination. By contrast, partial response
was only seen in one case after a-PD-L1 monotherapy and in
neither mouse of the control groups (Figure 2b, d).

The response pattern of Msh2'oxP/loxPiTeTe(Vill-cre) mjca \yas
comparable to those of MIh1™/~ mice (Figure 2c, e). Short-term
follow-up was available for all mice receiving treatment,
whereas, in the controls, only half of them underwent follow-
up because of disease progression. 66.0% of mice had partial
response or stable disease under abemaciclib and 44.4% mice
under combination therapy (vs. 37.5% in the a -PD-L1 and
neither in the control groups).

Long-term follow-up (> day 50) principally confirmed the
good response toward abemaciclib in both mouse strains (fig-
ure 2f, g). Fifty percent of mice showed partial response. The a-
PD-L1 primarily induced stable disease. The response pattern
toward monotherapy was not confirmed in the combination.
Here, 50% of MIh1”/~ mice had partial response, while all
Msh2'oxP/loxPiTeTe(Vill-cre) mjce syffered from progressive dis-
ease (figure 2f, g).

All three therapies significantly improved the outcome in both
mouse strains (Mlh17™: p < .001, Msh2:'0xP/loxP:TeTe(Vill-cre)
< .001, Figure 2h,i). Median overall survival of MIh17/~ mice
receiving abemaciclib alone was 14.5 weeks and thus even better
than under a-PD-L1 monotherapy (9.0 weeks). In Msh2'oxP/1oxP;
TeT(Vill-cre) mjce, both monotherapies yielded comparable out-
comes (abemaciclib vs. a-PD-L1: 11.7 vs. 9.6 wks). Still, the
combination was not superior to either monotherapy.

To check whether potential hepatotoxic effects of the
applied regimens may account for treatment failure in the
combination group, routine histology was done. This analysis
revealed massive focal lymphocytic and granulocytic infiltra-
tion in livers from mice treated with abemaciclib or a-PD-L1
monotherapy (supplementary Figure S1, 63x magnification of
single lymphocytes and granulocytes in the left corner, infil-
trates are marked with a black arrow). While this was a likely
result of the systemic immune stimulation, such strong lym-
phocytic infiltration was only partially preserved in the combi-
nation treatment, with single necrotic areas arising (black
arrow). We conclude antagonistic instead of synergistic effects
of combined CDK4/6 — immune-checkpoint blockade in these
two preclinical dAMMR tumor models.

Treatment-related immunological changes in the
periphery and spleen

To get an idea on the mechanisms underlying this individual
response pattern in vivo, plasma samples were taken from control
and treatment groups at baseline (=before treatment) and after
therapy (= experimental endpoint). A panel of cytokine markers
was studied to cover the most relevant Thl and Th2-specific
cytokines and to track the changes under therapy (Figure 3).
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Table 1. Overview on similarities and disparities between MIh1™/~ and Msh2'XP/1oxP Villin Cre ricq

Characteristic

Msh2/0xP/loxP Villin Cre

Strain specificity and model
establishment

Clinicopathological characteristics

Tumor microenvironment

Treatment response towards

Immunological effects upon CDKI
treatment

Pathway alteration upon CDKI treatment

Mouse strain

Type of knock out

Spontaneous tumor formation

Frequency of the underlying MMR defect in
human

Human disease counterpart

Human lifetime risk of tumorigenesis

Murine mean age of onset
Tumor penetrance
Tumor spectrum

Manifestation

Metastastic spread

MHC class | expression

MSI in mononucleotide repeats

MSI in coding mononucleotide repeats
Cytotoxic T-cells

T helper cells

MDSC

TAM

PD-L1

Immune checkpoint inhibition (a-PD-L1)
CDK4/6 inhibition

Combined ICI/CDKI

Circulation

Spleen

Tumor

DNA Damage repair
PI3K-Akt

Wnt signaling
Epigenetic regulation
JAK-STAT signaling
EMT

Mih1™~
C578l/6
Constitutional
Yes
~35%
Lynch syndrome and constitutional mismatch repair deficiency
§:27-74%
£:22-53%

26 weeks (lymphoma), 35 weeks (GIT)
High, >90 %

LS-associated tumors > hematological malignancies (lymphoma) > others

(skin)
Jejunum
Not in GIT, lymphomas: yes
100% positive
High
Low
Low
Low
Moderate
Moderate
Low
Poor > moderate
Good
Missing
IL-2 and TNF-a secretion; Treg, B cells ; MDSC

Mxd4

Mxd4, cMyc, TGF-b; CTLA-4" cells; DC myeloid cells ; TAM ;

Induced

Downregulated

Activated

Downregulated

Downregulated

Activated (boosted in the combination)

C578I/6
Conditional, gut
Yes

~ 40%

Lynch syndrome
8:27-74%
£:22-53%

35 weeks (GIT)

High, >95 %
LS-associated tumors

Jejunum

No

100% positive

High

High

Moderate

Low

Moderate

High

Moderate

Moderate

Good

Missing

IL-2, TNF-q, IL-6 secretion, IL-10 secretion;
B cells,Treg, CTLA-4" cells ; MDSC

Treg, CTLA-4" cells

Agr2 ; B cells; Treg ; TAM

Unaffected

Unaffected

Unaffected

Induced

Induced

Not induced

TIL - tumor-infiltrating lymphocytes; GIT - gastrointestinal tumor; MDSC - myeloid-derived suppressor cells; TAM - tumor-associated macrophages; CDK - cyclin-dependent kinase; CDKI - cyclin-dependent kinase inhibitor; ICI -

immune checkpoint inhibition; DC - dendritic cells; EMT - epithelial-mesenchymal transition.
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Figure 2. Treatment schedule, longitudinal *F-FDG PET/CT imaging in vivo and overall survival of MIh1 7/~ and Msh2'*P/loxPiTeTe(Vill-cre) mice (a) Experimental
protocol. Mice with gastrointestinal tumors were conducted to mono- or combination therapy. Abemaciclib: 1x/week, 8 times in total (q1wx8); a-PD-L1: biweekly, 3
times in total (q2wx3); combination: abemaciclib first (=lead-in), followed by a-PD-L1 injection. (b — g) Baseline and follow-up PET/CT imaging of individual mice. (b, c)
Data are presented in column (each dot stands for an individual mouse). (D, E, F, G) data are presented as best % change from baseline according to clinical definitions and
depicted for each individual mouse either after short-term (day 30) (d, e) or long-term follow-up (~day 50) (f, g); PD — progressive disease (tumor volume > 25% vs.
baseline), SD — stable disease (tumor volume similar to initial staging (< 25% vs. day 0); PR — partial response (tumor volume 50% lower or more vs. baseline). (h, i)
Kaplan-Meier survival curve. MIh17": isotype vs. a-PD-L1: p < .05; control vs. abemaciclib: p < .01; control vs. combination: p < .01; ctrl: n = 6, isotype: n = 7, a-PD-L1
n = 7, abemaciclib: n = 6, combination n = 6. Msh2!o®/1oxP VilinCre: js oty ne s, q-PD-L1: p < .05; control vs. abemaciclib: p < .01; control vs. combination: p < .001. ctrl:
n = 10, isotype: n = 7, a-PD-L1 n = 10, abemaciclib: n = 9, combination n = 9. Log-rank analysis (Mantel Cox).
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Figure 3. Cytokine levels of plasma from MIh1™/~ and Msh2'o*P/1oxPiTeTe(Vill-cre) pice (3) MIh1™/~ and (b) Msh2.!oxP/1oXPiTeTeVill-cre) plasma samples were collected
before treatment (= baseline) and at the experimental endpoint. Cytokine levels were determined as described in material and methods. Given is the x-fold change of

the indicated marker in comparison to day 0 (= baseline). MIh1 7 :ctrl:n=3, isotype: n = 3, a-PD-L1 n = 7, abemaciclib: n = 6, combination n = 5. Msh

ZlnxP/\exP villinCre, ().

n=4,isotype: n= 7,a-PD-L1 n = 6, abemaciclib: n = 9, combination n = 8. *p < .05; ***p < .001, Kruskal-Wallis test (Dunn’s multiple comparisons test). (a-b) All data are given

as mean + SEM.

Monotherapy with abemaciclib induced IL-2 secretion in
MIh17~ mice, while the a-PD-L1 antibody evoked TNF-a and
IL-6 release (Figure 3a). However, this did not reach statistical
significance. In mice receiving the combination, we detected
increased levels of IL-4 and IL-22. IL-10 was not altered under
therapy. In Msh2'oxP/loxPiTeTe(Vill-cre) ice |I-2, TNF-a, IL-6,
and IL-10 level were higher under abemaciclib treatment
(Figure 3b). The a-PD-L1 monotherapy led to a strong increase
of IL-6 and IL-22 (Figure 3b and supplementary Figure S2A).
The combination triggered the release of IL-6 and IL-22 secre-
tion, but not to a degree comparable to either monotherapy.

While these data already hinted toward individual effects on
the immune system, we then focused on blood phenotyping to
dissect the immunological changes in detail. Therefore, a panel of
specific antibodies was used to quantify numbers of circulating T
cell subpopulations (including exhausted and activated T cells),
NK cells, B cells, and myeloid-derived suppressor cells (MDSC)
via flow cytometry (Figure 4, supplementary Figure S2B, C).

This analysis identified decreased levels of regulatory T cells
(Tregs) in MIh1™~ and Msh2'oxP/loxP:TeTelVill-cre) ipjca and in
all treatment groups (Figure 4a, b). In MIh1”/~ mice, CTLA-4"
cells showed only reduced levels under a-PD-L1 mono- and
combination therapy (Figure 4c). This was additionally seen
for CD19" cells (supplementary Figure S2B). In contrast, the
percentage of MDSCs was highly increased in the combination.
NK cells remained unchanged (supplementary Figure S2B).

Comparable effects on Tregs and exhaustion markers were
evident in Msh2'oxP/loxPiTeTe(Vill-cre) mice  (Figure 4b, d).
Exemplarily shown for CTLA-4" T cells, the percentage of circu-
lating cells was reduced under all three treatments (Figure 4d).
Notably, both monotherapies reduced the amounts of exhausted
PD-1* T cells (not shown). The MDSCs, B cells, and NK cells
showed diverging results, with the former showing treatment-
related increases (supplementary Figure S2C).
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Figure 4. Spectral flow cytometry of peripheral blood and spleens from MIh1”/~ and Msh2'o*P/loxPiTeTe(Vill-cre) iice (3 — d) Blood phenotyping. Given is the
number of % immune cells before treatment (= baseline) and at the experimental endpoint resulting from 100,000 events measured on a flow cytometer. MIh1 ™/~
n = 3-8 mice/group, Msh2'OxP/loxPiTeTelVill-cre) iy — 7.9 mice/group. *p < .05 endpoint vs. day 0 a-PD-L1; *p < .05 endpoint vs. day 0 abemaciclib; **p < .01 endpoint
vs. day 0 abemaciclib, °°°°p < .0001 endpoint vs. day 0 combination. Kruskal-Wallis test (Dunn’s multiple comparisons test). (e — h) Spleen phenotyping. Given is the
number of % immune cells at the experimental endpoint resulting from 100,000 events measured on a flow cytometer. *p < .05; Kruskal-Wallis test (Dunn’s multiple
comparisons test). (g, h) tSNE plots showing single T cell subpopulations of spleens from Msh2'XP/1oxPTeTe(vill-cre) mice The expression profile of the exhaustion marker
CTLA-4 as well as Tregs were illustrated for the treatment and control groups, respectively.

Next, we focused on splenic T cells (Figure 4e, f). In MIh1”~  change the amount of Tregs. Also, exhausted T cells remained
mice, Tregs were only reduced under a-PD-L1 mono — and unchanged under therapy. In Msh2'oxP/loxPiTeTe(Vill-cre) pjca,
combination treatment (Figure 4e). Abemaciclib alone did not  abemaciclib alone and in combination with a-PD-L1 reduced
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Figure 5. I fl of tumor imens from MIh1™/~ and Msh2'o*P/lexP:TeTe(Vill-cre) ice Residual tumor slides were fixed, stained and embedded.

Confocal laser scanning microscopy was done on a Zeiss Elyra 7 microscope. The infiltration pattern of T cells, regulatory and tumor-associated macrophages differed
between individual treatment groups. In most cases, the differences reached statistical significance. Upper panel: representative images of tumor slides; lower panel:
quantitative analysis of tumor-infiltrating immune cells. (a, d) Given is the number of infiltrating CD3*CD4* T helper cells, CD3*CD8" cytotoxic T cells and IRF5*
macrophages counted in 2—3 HPFs/slide with n = 3—-10 mice/group. (b, c) The infiltration pattern was semi-quantitatively analyzed using a scoring system. 0 = no; 1 =
mild; 2 = moderate; 3 = strong. Each symbol represents one case. *p < .05; **p < .01, Two-way ANOVA (Tukey’s multiple comparisons test).

the numbers of Tregs and CTLA-4" T cells (figure 4f), which is the Tregs are highlighted. As expected, they are all located very
additionally illustrated as tSNE plot in Figure 4g,h Every dot close in one cluster. Larger distances might be due to other
represents one cell. Cells with similar surface markers are expressed surface markers, which were not relevant for our
located next to each other. In the left upper part of the plot gating of Tregs.
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Figure 5. (Continued)

Treatment-related changes in the tumor
microenvironment

The individual effects of either treatment on circulating
immune cells were then studied in the local tumor microenvir-
onment. Here, we quantified infiltrating T cells, regulatory
CD11b*Gr1*PD-L1* granulocytes, tumor-associated macro-
phages (TAMs), and IRF5" M1 macrophages (Figure 5).

abema combi

Mih1/-

MshzloxP/onP ;TgTg(Vill-cre)

Msh?2!oxP/loxP ;TgTg(Vil1-cre)

Msh zloxPIchP ;TgTg(Vill-cre)

Abemaciclib and a-PD-L1 monotherapy triggered focal
CD3*CD4* and CD3*CD8" T-cell infiltration, especially in
MIh1~/~ mice (Figure 5a). Cytotoxic T cell numbers were
even significantly elevated under abemaciclib and a-PD-L1
monotherapy in MLH1™/~ mice, whereas in the combination
treatment, this massive immune stimulation was partially abro-
gated (Figure 5a). In Msh2'oxP/loxPiTeTe(Vill-cre) mjce infiltrat-
ing T cell numbers increased upon treatment (Figure 5a). The
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Figure 6. Nanostring gene expression analysis of tumors from MIh17/~ and Msh2'*xP/loxPiTeTe(Vill-cre) mice The PanCancer 10 360 Gene Expression Panel was
applied. Relative abundances measuring various contrasts between cell types reported for each group. Data result from n = 3 samples/group.

overall higher infiltration with T cells was accompanied by
decreased numbers of regulatory granulocytes and TAMs in
both mouse strains (Figure 5b, c). Quite in line, IRF5, which
leads to M1 polarization, was more abundant in abemaciclib-
treated tumors and additionally slightly higher upon a-PD-L1
blockade (Figure 5d). This positive immunomodulatory effect
was negated almost completely in both mouse strains receiving
the combination.

Supplemental flow cytometric assessment of MLH1™/~ and
Msh2'oxP/loxPiTeTelVill-cre) ymors jdentified decreased numbers
of Tregs in the combination groups (supplementary Figure S3).

The amount of CTLA-4* T cells increased in tumors of Mlh1™~
mice upon abemaciclib mono- and combination therapy, but
remained unchanged in Msh2'0xP/loxPiTeTe(Vill-cre) 4 mprs,

To get a detailed overview of the tumor-infiltrating leuko-
cyte (TIL) compartments and identify treatment-related path-
way alterations in-depth, the PanCancer 10 360 Gene
Expression Panel was applied (Figure 6 and supplementary
Figure S4). B cell levels decreased under all therapies in both
mouse strains. In MIh17/~ mice, abemaciclib increased the level
of cytotoxic T cells within the TIL compartment. Dendritic cell
(DC) and neutrophil levels were contrary between the two
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mouse strains. Abemaciclib mono- and combination therapy
increased the level of both cell types in MIh17~ mice, while in
Msh2'oxP/loxPiTeTe(Vill-cre) iica it was the other way round.
DNA damage repair genes, such as Rad51, MGMT, and
Exol were higher expressed under abemaciclib mono- and
combination therapy in both mouse lines (Figure 6). A
comparable effect was seen on Wnt signaling, which was
highly activated in these two treatment groups, espe-cially
in MIh1”7~ mice. Vice versa, the myeloid compart-ment
score as well as genes related to PI3K/Akt or Jak/STAT
signaling were reduced (Figure 6, and supplemen-tary
Figure S4). Additionally altered genes included those
involved in epigenetic regulation and hypoxia. Here again,
MIh17~ and Msh2'oxP/loxPiTeTe(Vill-cre) mice responded
contrarily (supplementary Figure S4A,C). In the combina-
tion, these strong immune-modulatory effects were almost
completely neutralized as illustrated in a heatmap (supple-
mentary Figure S4B, D). Here, the contradictory effects of
both monotherapies (abemaciclib, a-PD-L1) on cellular
pathways are shown. In MIh1™/~ mice, abemaciclib led to
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a significant downregulation of most pathways (depictedin
blue), but the oa-PD-L1 antibody activated them
(depicted in red). In the combination, these opposite
effects were blunted. In Msh2loxP/loxP;TgTg(Vill—cre)
mice, the differences were weaker, still, a comparable
trend was seen for most pathway alterations, providing a
likely explanation for the missing benefit in vivo.

Treatment-associated gene expression changes in the
tumor microenvironment and spleen

The above findings indicated Wnt activation by abemaci-
clib as well as epigenetic modulation by either treatment.
Since these mechanisms are drivers of epithelial-
mesenchymal transition (EMT), we determined whether
this may also play a role here and provide another expla-
nation for the different treatment responses seen under
mono- and combination therapy. Therefore, the expres-
sion levels of the EMT markers Tgfbl, Vimentin, N-
Cadherin, and Fpr2 were studied by qPCR (Figure 7).
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Figure 7. Expression levels of selected genes and functional immunological analysis. (a-f) Total RNA from tumors (A-F) and spleens (g, h) was reverse transcribed

into cDNA and gPCR was done as described in material and methods. All data are given as 2-24<"

values + SEM. Analysis was done in triplicates with n = 3 mice/group,

respectively, * p < .05; *** p < .001; ¥*** p < .0001; # p < .05; * p < .01; *** p < 0001 vs. control. One-way ANOVA (Tukey’s multiple comparisons test) or Kruskal-Wallis

test (Dunn’s multiple comparisons test).
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Figure 7. (Continued)

Monotherapy with abemaciclib upregulated Tgfb1,
Vimentin, and N-Cadherin, but effectively suppressed Fpr2 in
MIh17~ mice (Figure 7a). The a-PD-L1 antibody had no or
opposite effects on gene expression. In mice receiving the
combination, Vimentin, N-Cadherin, and Fpr2 were highly
upregulated in  residual tumors. The latter is
a chemoattractant receptor of G-protein-coupled receptors,
which, in conjunction with the EMT effectors Vimentin and
N-Cadherin, triggers cancer invasion.3°
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In Msh?2'oxP/loxPiTeTe(Vill-cre) jca g such clear correlations
were seen. Abemaciclib alone had no impact on EMT markers
(Figure 7b). By contrast, a-PD-L1 treatment upregulated N-
Cadherin and Fpr2. Heterogenous effects were seen in the
combination group, showing slightly elevated expression levels
of Vimentin, N-Cadherin, and Fpr2.

Then, the impact on macrophages was studied (Figure 7c,
d). Csfl and Csf2 were used as markers for macrophage polar-
ization. Although statistical significance was not reached, we
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observed a trend toward a higher expression of Csf2 vs. Csfl in
both mouse strains treated with abemaciclib or a-PD-L1. Csf2 is
associated with an M1-like phenotype, which supports our
above findings on M1-polarization upon monotherapy.
Notably, in both mouse models receiving the combination,
Csfl and Csf2 were comparable to controls.

Next, we checked genes related to cancer immunity and
T cell activation (cMyc, Mxd4, Agr2, Tcf-1).1831 Abemaciclib
induced a significant upregulation of Myc and Mxd4 in MIh1™/
-, but not Msh2'oxP/loxPiTeTe(Vill-cre) t,mqrs. Also, Tcfl,
a transcription factor of the Wnt signaling pathway and Treg
suppressor,3? was highly upregulated. Tcf-1 was recently iden-
tified in intratumoral memory CD8* T cells with stem cell-like
properties.3! Notably, no such changes were seen upon a-PD-
L1 mono- or combination therapy (Figure 7e). The tumor-
promoting anterior gradient-2 (Agr2) was found reduced in
all mice (MIh17/~ and Msh2'oxP/loxPiTeTe(Vili-crel) raceiying abe-
maciclib alone or in combination with a-PD-L1 (figure 7f).

These results prompted us to check for the expression
of immunologically and functionally relevant genes in the
spleen (Figure 7g, h). Abemaciclib, but not the other
treatment regimens, induced Mxd4 and Tcfl in spleens
of MIh1™/~ mice. As anticipated, no significant alterations
were detectable in Msh2'0xP/loxPiTeTe(Vill-cre) mica in ejther
treatment. By contrast, Alox5, a neutrophil and macro-
phage marker with pro-inflalmmatory and tumor-
promoting activity,3® was highly elevated in both mouse
lines receiving the combination.

Finally, mutations in dMMR-specific target genes were
examined (supplementary Figure S5). The overall mutation
frequency in the tumor compared to normal tissue was slightly
elevated under abemaciclib therapy in MIh1™~ mice (supple-
mentary Figure S5). In addition, abemaciclib was the only
treatment that led to mutations in Mdm2 and Ncapd2 and
also in combination therapy to mutations in Spen and FAS.
For Taflb, Kcnmal, and Rfc3 nearly all treatments triggered
mutations. In Msh?2'0xP/loxPiTeTe(Vill-cre) ica o-PD-L1 mono-
and combination therapy led to slightly decreased mutation
frequency, whereas for the displayed genes, all treatments
induced mutations.

Discussion

Using two clinically relevant mouse models of spontaneous
dMMR-driven tumorigeneses, we report that low-dose abema-
ciclib treatment is as effective as immune-checkpoint blockade,
while the combination is not superior to either monotherapy.
Abemaciclib is approved for high-risk early and advanced/
metastatic breast cancer.3* The underlying mode of action
includes decreased cell proliferation and induction of
senescence.’®3>3¢ Here, we also found increased numbers of
apoptotic and necrotic cells, a G1-arrest, and impaired colony
formation abilities of murine dMMR tumor cells. The latter
effect was evident after several days of treatment rest, which is
in line with abemaciclibs’ ability to suppress DNA synthesis
even after drug removal.”> In a co-culture system of Mlh1™/~
tumor and semi-autologous immune cells, abemaciclib boosted
cytotoxic effects to an amount much higher than the

therapeutic a-PD-L1 antibody. Hence, we confirm the strong
immune-stimulating potential of this CDKI.'**%37 This find-
ing may expand the spectrum of tumors eligible for CDK
inhibition.3®

In a proof-of-concept in vivo trial, abemaciclib was given
therapeutically to tumor-bearing Mlh1™”/~ and Msh2loxP/loxP;
TgTg(Vill—cre) mice. While both mouse strains responded to
CDK4/6 inhibition, disease control was better in the former.
Notably, 80% of mice underwent partial remission, finally
resulting in significantly prolonged overall survival. In
Msh2!oxP/loxP;TeTe(Vill-cre) \mica the overall survival was simi-
larly extended, but longitudinal PET/CT imaging yielded het-
erogeneous effects on tumor sizes. The survival benefit was
comparable to PD-L1 blockade, which improved the outcome
by several weeks. Noteworthy, in this context, is the fact that
treatment was given once a week as opposed to most preclinical
studies in which a daily treatment regimen is applied.%3¢:37:3
The rationale for this dose reduction is based on the fact that
dMMR tumors are highly immunogenic per se and pre-formed
immune responses may exist.2>2%4% Accordingly, the primary
aim was to re-activate the immune system rather than inducing
de novo T cell immune responses.**1%182% \With this reduced
dosing schedule, abemaciclib still triggered immune modula-
tion, characterized by enhanced secretion of Thl and Th2-
specific cytokines. This was accompanied by reduced numbers
of circulating, and to some degree also splenic,
CD4*CD25*FOXP3" regulatory T cells — likely due to the
CDKI-mediated repression of DNA methyltransferase 1%°.
Tregs express CDK6 at higher levels than effector T cells,
making them more vulnerable to CDK inhibition.*>*! This
fact explains why abemaciclib does not impair effector T cell
functions. Although these immunological changes emerged in
both models, we identified striking differences in the response
profile between MIh1”/~ and Msh2'oxP/loxPiTeTelVill-cre) e
Given the fact that both strains develop dMMR-related tumors
in the gastrointestinal tract (jejunum) spontaneously, this find-
ing is intriguing. However, the mutational driver (MIh1 vs.
Msh2) and the resulting tumor microenvironment (T cells vs.
TAMs vs. MDSCs vs. PD-L1 positivity) varies. This is consis-
tent with the human counterpart, e.g. in the tumor mutational
burden.*?

Recent studies describe the restoration of the T cell function
by CDK4/6 blockade >837:3843 By dissecting the local
immune response in detail, we found significantly increased
numbers of cytotoxic T cells and DCs within the TIL compart-
ment, especially in MIh1~~ mice. Vice versa, numbers of TAMs
decreased, accompanied by rising numbers of IRF5* cells,
reduced levels of the myeloid compartment as well as genes
related to P13K/Akt signaling. Higher expression of IRF5 leads
to M1 polarization and the formation of a pro-inflammatory,
antitumoral phenotype.** Comparable positive immune-
modulating side-effects were recently reported for dinaciclib,
turning the microenvironment of immunologically ‘cold’ pan-
creatic cancers into a ‘hot’ one.* Yet, the plasticity of macro-
phages may result in dual activation or a mixed M1/M2-like
phenotype®® as seen here upon abemaciclib treatment via
upregulation of CSF1 and CSF2. The latter supports the differ-
entiation of hematopoietic myeloid cells*’ and plays an impor-
tant role in macrophage polarization by enhancing antigen

114



Original publications for cumulative dissertation

presentation and DC formation.*® Here, abemaciclib-treated
MIh1~~ tumors had elevated numbers of DCs, likely because of
CSF2-driven M1 polarization. In the combination, the benefi-
cial effects of the monotherapies were blunted by suppressing
activated pathways. Such striking differences in specific sub-
populations were primarily detectable in tumors from MIh17/~
mice, while Msh2'0xP/loxPiTeTe(Vill-cre) mice responded differ-
ently and effects were often weaker. The exact underlying
reason for this model-individual response is not known. A
recent study classified inherited and sporadic human
dMMR endometrial tumors into distinct immunological
entities.** Apart from this, dMMR-related malignancies are
often grouped together and responses compared to proficient
MMR-tumors, without MMR-subclassification, i.e. MLH1,
MSH2, MSH6, or PMS2.°° Hence, we can only speculate on
the cause for the different responses seen here, such as: (1) these
two dMMR models were created by different methods (Cre-lox
System vs. constitutional knock out), the impact of either
method on antitumoral immune function is inestimable; (I1)
Msh?2!oxP/loxP;TeTg(Vill-cre) \mice are bred homozygous, while
MIh1™/~ mice are offsprings of heterozygous littermates; (111)
the mutational load within coding microsatellites and the loci
affected by a specific mutation within tumors differs; and (1V)
the tumor microenvironment is heterogeneous.

When looking at regulatory granulocytes, another immune-
suppressive subpopulation, only marginal changes were seen.
Likewise, circulating and splenic MDSCs increased during
after-care and may eventually have contributed to relapse. In
support of this, gene expression analysis identified higher
amounts of neutrophils within MLH1™/~ and Msh2'o*®/1oxP;
TeTe(Vill-cre) tymors, together with high levels of DNA damage
repair genes as part of the global stress-response. Another
interesting finding of our preclinical in vivo trial is the activa-
tion of the Wnt pathway, which was again higher in MLH1™/~
mice. This effect has been described before as a result of GSK3B
inhibition by abemaciclib.>* GSK3p is an integral kinase within
the B-catenin destruction complex. Its specific inhibition by
abemaciclib does not apply to other CDK4/6 inhibitors and
prospective studies will have to show whether WNT/B-catenin
activation constitutes a potentially harmful side effect. One of
the conceivable effector mechanisms is the induction of epithe-
lial-mesenchymal transformation (EMT), characterized by
invasion and enhanced motility.> Indeed, abemaciclib trig-
gered vimentin and N-cadherin expression, especially in
MIh1™/~ mice, but effectively suppressed Fpr2, which is also
involved in invasion and metastasis.>>>* We, therefore, con-
clude a compensatory mechanism to counteract abemaciclib-
driven EMT. In the combination, no such “protective” effects
were seen, with expression levels of EMT-markers being equal
to or higher than in either monotherapy. Therefore, we pro-
pose EMT-driven tumor progression as one of the mechanisms
that contribute to treatment failure. This hypothesis is sup-
ported by comparable findings in Msh2'oxP/loxPiTeTe(Vili-cre)
mice. Although the effects were weaker, we observed a trend
toward a higher expression of EMT markers in the combina-
tion group.

Another positive effect of CDK4/6 inhibition was recently
described on the transcription factor Mxd4, a negative regulator
of MYC.® Interestingly, we also found the upregulation of Mxd4
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after abemaciclib therapy in tumors and spleens of MIh17/~
mice, but in contrast to Heckler et al.,*® we additionally detected
higher expression levels of cMyc. Furthermore, the previously
described formation of CD8* effector memory cells'® was not
confirmed by us (not shown). Despite effective anti-tumor treat-
ment, we conclude a missing long-term immunity, quite possi-
bly attributable to the low-dose and short-term therapy. The fact
that neither tumors nor spleens from Msh2'oxP/loxPiTeTe(Vil1-cre)
mice showed any changes in these two genes confirm the better
outcome of MIh1™/~ mice functionally.

Considering the effectiveness of PD-L1 blockade, overall
survival was comparable between both mouse strains.
Msh2'oxP/loxPiTeTg(Vill-cre) mice tended to benefit more from
ICI, likely because of the higher PD-L1 abundance within the
tumor stroma. The immunological effects of PD-L1 blockade
can be summarized as follows: ICI-monotherapy triggered IL-6
release in both mouse strains, accompanied by reduced levels
of exhausted T cells in the blood and slightly elevated levels of
tumor-infiltrating T helper and cytotoxic cells. In the TIL
compartment, regulatory granulocytes and TAMs faintly
decreased. Tregs were only lower in the circulation of both
mouse strains. Vice versa, splenic or tumor-infiltrating Treg
numbers marginally changed. Although we detected higher
expression levels of genes involved in antigen presentation,
apoptosis, and interferon signaling in tumors of Msh2'oxP/loxP:
TeTg(Vill-cre) mice the overall immune stimulation was lower as
seen for abemaciclib and the beneficial effects were consistently
attenuated in the combination. With regard to EMT, ICls are
thought to have a minor direct impact.>® This is in line with our
findings, in which N-cadherin was the only elevated gene after
a-PD-L1 blockade in Msh2'oxP/loxPiTeTelVill-cre) mjce  Apart
from this, no impact was seen on either marker, suggesting
no interference with EMT at least in these models.

Finally, the question remains why the combination failed to
surpass the respective monotherapy. Preexisting effector T cell
levels and dynamic changes in circulating myeloid cells were
previously identified as decisive factors for response to com-
bined CDK4/6-immune-checkpoint inhibition (palbociclib +
pembrolizumab) in metastatic breast cancer.”® Here, we did
not see such beneficial effects under combination therapy.
Tumor growth control and overall survival were not better
than in the respective monotherapy. Immunologically, both
mouse strains responded with elevated levels of IL-4 in the
plasma. IL-4 activates T helper cells, indicating at least partial
maintenance of immune stimulation. In support of this, circu-
lating, splenic, and tumor-infiltrating numbers of exhausted T
cells were reduced to a degree comparable to abemaciclib
monotherapy. In contrast, MIh1™~ tumors had reduced cyto-
toxic T cell levels, which were replaced by TAMs. The latter
may have stimulated EMT, characterized by high vimentin,
N-cadherin, and Fpr2 expression. In Msh2'0xP/loxP:TeTe(Vill-cre)
mice, overall effects were weaker, still, a comparable trend
toward neutralizing beneficial effects of either monotherapy,
such as apoptosis, co-stimulation, immune cell adhesion, and
migration, was seen. Although this finding is somehow under-
whelming, it supports recent findings, in which no significant
difference in the anti-tumor response was seen compared with
the activity of abemaciclib monotherapy.?®” By applyinga
simultaneous setting, the strong immune-modulatory effects
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of abemaciclib are not boosted and in some cases, they are even
dismantled. This finding complies with results from the phase
la/lb PACT study in which patients with advanced, refractory
solid tumors received an a-PD-L1 inhibitor as monotherapy or
in combination with abemaciclib.>® Lead-in CDK inhibition
was not feasible due to hepatotoxicity.>® Detailed immunolo-
gical analyses were not done in this clinical trial leaving the
impact on the immune system unanswered.

To the best of our knowledge, this is the first comprehensive
preclinical study reporting the immune-modulatory and ther-
apeutic activity of abemaciclib on dMMR tumors. We not only
provide another piece of evidence for the broad entity-
overlapping potential of this selective CDKI but additionally
propose an interesting option for dMMR patients not eligible
for ICI treatment. However, caution is given when abemaciclib
is used as lead-in therapy in combination with a-PD-L1, and
follow-up studies are warranted to identify ideal combination
partners for CDKI as an immunotherapy backbone.
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