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1 Introduction

1. Introduction

Acute myeloid leukemia (AML) is a malignant hematologic disease deriving from
primitive precursor cells of the bone marrow. Current treatment options are
limited and involve serious complications, failing to achieve a cure rate higher
than 5-15% in patients older than 60 years (Dohner et al. 2010, Eisfeld et al.
2018). New treatment strategies currently assessed in clinical trials involve
promising immunotherapeutic approaches such as chimeric antigen receptor
(CAR) T cells, the application of which is yet restricted to relapsed and/or
refractory disease in most cases (Lichtenegger et al. 2017). In this work |
investigated the therapeutic potential of RNA-mediated immunotherapy based on
the concept of molecular mimicry. | identified a mechanism in AML-bearing mice
that led to immune cell-mediated rejection of tumor cells, establishing complete

remission and vaccine-like immunity in a fraction of the animals.

1.1 AML
1.1.1 Epidemiology and etiology

AML is a disease predominantly found in elder patients with a peak incidence at
an age beyond 80 years (Dores et al. 2012). In 2018, an estimated number of
10,670 patients succumbed to lethal complications of AML in the United States
of America according to the National Institute of Health (NIH), making up 1,8% of
all cancer related deaths in the USA. Despite some improvements in therapeutic
and diagnostic strategies over the past years, AML remains a medical condition

with a poor prognosis and a problematic relapse rate.

The disease originates from the bone marrow, where red and white blood cells
mature from early progenitor cells. Adaptive immune cells derive from lymphatic
stem cells whereas granulocytes amongst other cell types derive from myeloid
stem cells. Genetic predisposition, hematologic diseases and environmental
factors like exposure to radiation can increase the risk of acquiring mutations

which may lead to malignant transformation of an immature myeloid precursor
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cell (Link et al. 2007, Yoshimi et al. 2014), meaning the cell becomes independent
of growth factors and acquires immortality while losing the ability to differentiate.
This tumor cell can now clonally expand in the bone marrow and suppress
physiological hematopoiesis, eventually leading to a lack of functional immune
cells (Tenen et al. 1997), erythrocytes and thrombocytes in the peripheral blood.
The lack of these cells explains the common immunodeficiency, anemia and
bleeding disorders prevalent in AML patients. Malignant cells of the bone marrow
can pass into the blood stream, leading to elevated numbers of white blood cells
in the peripheral blood. This phenomenon is eponymous for the disease which

translates from ancient Greek as “white (Aeukdg/leukds) blood (aipa/haima)“.

1.1.2 Treatment of AML

In the past, three main strategies were established for the treatment of cancer:
Surgical procedures, radiation and chemotherapy. In AML, the latter is of highest
relevance. For a fraction of patients, intensive chemotherapy followed by stem
cell transplantation (SCT) remains the only curative treatment option (Dohner et
al. 2015). However, treatment-related morbidity and mortality as well as
numerous contraindications for this approach, including high age, chronic or
acute infectious disease and relapsed disease state after repeated SCT, make

alternative treatment strategies urgently needed.

Recent developments gave rise to immunotherapeutic approaches, the basic
concept of which is to utilize the patient’s immune system to eradicate cancerous
cells. While SCT is considered one of the earliest immunotherapies in history,
novel approaches regarding AML include antibody-based therapy, CAR T cells,
dendritic cell (DC) vaccination and checkpoint inhibition (Dohner et al. 2015,
Lichtenegger et al. 2017). These treatments have only recently been
implemented in clinical trials and their full potential for clinical use remains elusive

at this point.
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1.2 Innate immune receptors and adaptive immunity

The human organism is constantly exposed to potentially harmful pathogens
such as microorganisms and viruses. The immune system of our body prevents
us from falling victim to most of them by surveilling all potential sites of entry and
neutralizing pathogens that breached outer barriers. Further, the immune system
holds the ability to identify and kill cells that have undergone pathologic
transformation, including cancer cells. Innate immunity as opposed to adaptive
immunity forms the first line of defense, enabling rapid induction of immune
defense mechanisms based on the recognition of non-self or foreign molecular
patterns. The activation of the innate immune system is the prerequisite for the
initiation of an antigen-specific adaptive immune response. To this end, innate
immune cells take up and present foreign antigens to lymphocytes while fueling
and shaping the adaptive immune response via the secretion of cytokines and
chemokines. Thus, both branches of the immune system are linked and merge

into one another in the course of an immune response (Janeway et al. 2001).

1.2.1 The innate immune system

The epithelial barrier of our skin, the complement system and phagocytic cells
are just few examples of what the innate immune system is composed of. Innate
immunity is largely based on the concept of pattern recognition, allowing it to
discriminate between self and non-self antigens (Janeway 1989, Brubaker et al.
2015). Certain molecular patterns are shared amongst and indicative of foreign
antigens, referred to as pathogen-associated molecular patterns (PAMPSs)
(Mogensen 2009). A wide range of pattern recognition receptors (PRRs) is
responsible for the detection of PAMPs and the induction of an adequate immune
response, which involves the activation of adaptive immune cells. Thus, PRRs
create a link between innate and adaptive immunity. In this work, | focus on innate

PRRs involved in the detection of nucleic acids.
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1.2.1.1 RIG-I

Retinoic acid-inducible gene-I-like receptors (RLR) are a family of innate PRRs
involved in anti-viral defense. The receptor family consists of retinoic-acid
inducible gene | (RIG-1), melanoma differentiation-associated 5 (MDA5) and
laboratory of genetics and physiology 2 (LGP2). These cytoplasmic receptors are
ubiquitously expressed at different levels, even in tumor cells (Onoguchi et al.
2011), and sense viral RNA. RIG-I is of central interest to my work and is known
to bind short double-stranded (ds) viral RNA (Schlee et al. 2009). While
endogenous nuclear RNA gets modified with a five-prime (5’) cap when leaving
the nucleus, viral RNA often remains uncapped, leaving the 5’ triphosphate (ppp)
ending of the RNA exposed. The 5-ppp pattern allows to discriminate between
exogenous and endogenous RNA, making short RNAs with an uncapped 5’-ppp
ending (ppp-BNA) the natural ligand of RIG-I (Hornung et al. 2006).

Upon binding to viral RNA, RIG-I triggers two different signaling cascades. On
the one hand, RIG-I undergoes conformational change and exposes its caspase
activation and recruitment domains (CARDs) to interact with the adaptor
mitochondrial antiviral-signaling protein (MAVS) (Chow et al. 2018). MAVS, an
outer membrane-bound mitochondrial adaptor protein, in turn assembles
numerous downstream signaling proteins culminating in the activation of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) and interferon
regulatory factor 3/7 (IRF3/IRF7), resulting in the release of type | and type |l
interferons (IFN) and proinflammatory cytokines (Kell et al. 2015, Hemann et al.
2017). The cytokine release induces an adaptive immune response targeted
against infected cells, mainly mediated by cluster of differentiation (CD) 8+ T cells
and natural killer (NK) cells (Poeck et al. 2008).
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lllustration 1. RIG-I signaling. RIG-I senses cytoplasmic viral or synthetic ppp-RNA, which leads
to a conformational change of the receptor and exposure of its active CARDs. These can now
interact with MAVS, an outer mitochondrial membrane-bound adaptor protein. MAVS triggers
further downstream signaling via NF-kB and IRF-3/7, inducing the transcription of type | IFNs and

proinflammatory cytokines which eventually lead to systemic immune activation.

Apart from cytokine release, RIG-I activation has been described to induce an
immunogenic form of cell death in infected cells (Besch et al. 2009). RIG-I
induced apoptosis is IFN independent and relies on the proapoptotic protein
NOXA, further involving caspase-9 and apoptotic protease-activating factor-1
(APAF-1) (Duewell et al. 2014). This mechanism can be considered as a means
of confining virus spread by swift elimination of infected cells before neighboring

cells are affected.
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1.2.1.2 Toll-like receptors

Another family of PRRs play a central role in innate immunity: the toll-like
receptors (TLRs). 10 different subtypes, labeled TLR1-10, are found in humans,
predominantly expressed on antigen presenting cells (APCs) such as DCs and
macrophages. A subset of TLRs is also present in non-immune cells (Kawasaki
et al. 2014). TLRs sense various kinds of PAMPs found in viruses and
microorganisms such as bacteria, protozoa and fungi (Blasius et al. 2010). In the
context of my work, the intracellular TLR7 is of particular interest since it has the
ability to sense microbial- and virus-derived RNA (Blasius et al. 2010), and thus
ppp-BNA, too (Hornung et al. 2005). Once TLRs bind to their respective antigen,
they trigger TLR subtype-specific signaling cascades that result in the release of
proinflammatory cytokines, initiating an adaptive immune response (Janeway et
al. 2002) similarly to RIG-I.

1.2.2 The adaptive immune system

In contrast to PAMP-based innate immune surveillance, adaptive immunity
operates in an antigen-specific way. Adaptive immunity is mediated by Band T
lymphocytes or B and T cells, which express highly specific antigen receptors on
their surface. The broad range of antigens covered is explained by somatic
recombination, a process in which genes coding for these surface receptors are
recombined, resulting in a large variety of the translated receptors (Livak et al.
2000). These B and T cell receptors (BCR, TCR) recognize specific foreign
antigens. While B cells are able to recognize antigens directly, T cells are
restricted to antigens presented on the surface of APCs in the context of major
histocompatibility complex (MHC) molecules (Janeway et al. 2001). Binding of
the antigen together with essential co-stimuli results in the activation of the
respective lymphocyte, followed by clonal expansion of the same (Obst 2015).
This enables a systemic, antigen-specific immune response. Of note, the

adaptive immune system establishes an immunological memory after first antigen
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contact, accelerating future immune responses after re-exposure (Pascutti et al.
2019).

While B cells secrete neutralizing and opsonizing antibodies upon antigen
contact, T cells and their function can be classified further: Cytotoxic T cells
characteristically express CD8 on their surface and are thus commonly referred
to as CD8* T cells. They have the ability to kill infected or cancerous cells and
microorganisms. T helper cells or CD4+ T cells play a supportive role via their
ability to release cytokines responsible for the activation of CD8* T, B and other

immune cells.

1.2.3 Interferons

Interferons (IFNs) are a group of proteins involved in the mediation of
predominantly anti-viral, but also anti-microbial (Stanifer et al. 2019) and anti-
tumor defense (Takaoka et al. 2003, Studeny et al. 2004). PRRs such as RIG-I
and TLRs are main triggers of its release. In humans, the following interferons
are of highest relevance: IFN-alpha (IFNa - a group of 13 highly related proteins
in humans and 14 in mice (van Pesch et al. 2004)), IFN-beta (IFNB), IFN-gamma
(IFNy) and IFN-lambda (IFNA). IFNa and IFN3 belong to the family of type | IFNSs,
whereas IFNy is considered type Il IFN and IFNA type Il IFN (Hoffmann et al.
2015).

Type | IFNs are released by virus-infected cells. In proximity to the source of
infection, they induce the expression of anti-viral proteins via the IFNa/B
receptor 1 (IFNAR1) and 2 (IFNAR2), which are ubiquitously expressed on
nucleated cells (Hoffmann et al. 2015). Apart from proteins directly inhibiting viral
replication, the expression of proteins required for the processing and
presentation of antigens on major histocompatibility complex class | (MHC-I) and
class Il (MHC-II) molecules is also stimulated by IFN, resulting in increased
antigen-presentation on the cell surface. This facilitates antigen-recognition by
immune cells and the initiation of an adaptive immune response. The augmented

immune surveillance leads to further increased levels of INFs and other
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proinflammatory cytokines in a positive-feedback manner, as more foreign

antigens may be detected (Ma et al. 2015).

Type Il IFN is released by T and NK cells as well as other immune cells upon
activation. The effects of type Il IFN on surrounding cells are similar to the effects
of type | IFNs. Type Il IFNs show mainly anti-viral properties and do also induce
the expression of interferon-stimulated genes. In contrast to type | IFNs though,
their action is mainly restricted to mucosal surfaces of epithelial barriers as found
in the gastrointestinal and respiratory tract (Hemann et al. 2017). Thus, their

contribution to systemic anti-viral defense is subordinate (Major et al. 2020).

Lastly, type I, Il and Il IFNs may display a pro-apoptotic effect on and reduce the
proliferation of virally infected and cancer cells by boosting the activity of p53, a
tumor suppressor protein also known to inhibit angiogenesis (Takaoka et al.
2003, Major et al. 2020).

1.3 Immunotherapy of cancer

The immunotherapy of cancer is an emerging field in modern medicine. It is
founded on the perception that the human immune system has means at its
disposal to identify and combat cancer cells. These means, however, are
circumvented by so called immune escape mechanisms of the tumors. Numerous
immune escape mechanisms have been identified of which many serve as points
of action for immunotherapeutic interventions. The most prominent example is

the identification of immune checkpoints and their therapeutic antagonization.

1.3.1 Immune checkpoint inhibition

Immune checkpoints are molecular structures promoting or inhibiting the immune
system’s activity. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and the
programmed cell death protein 1 (PD-1) / programmed death-ligand 1 (PD-L1)

axis are the most prominent examples since blocking antibodies against them are
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already approved for certain tumor entities or currently subject of clinical trials. Of

these two examples, the PD-1/PD-L1 axis is of particular interest to my studies.

PD-1 is expressed on the surface of immune cells and was initially discovered as
an inhibitory immune regulator in the context of autoimmune disease and
apoptosis studies (Ishida et al. 1992, Bardhan et al. 2016) with great importance
for self-tolerance. Upon binding to its natural ligand PD-L1, it inhibits T cell
proliferation and restricts IFNy secretion. PD-L1 shows broad, IFN-dependent
expression and is often found highly expressed on the surface of tumor cells
(Bardhan et al. 2016). Immune responses against tumor cells go along with
elevated levels of IFN and may thus upregulate PD-L1 expression on cancer
cells, which in turn can now easier interact with PD-1 on immune cells and limit

the immune response.

The inhibitory PD-1/PD-L1 axis can be disrupted with blocking antibodies directed
against either one of the molecules. In recent years, these so-called checkpoint
inhibitors have been tested in numerous tumor entities with great success (Bald
et al. 2014, Gubin et al. 2014, Tumeh et al. 2014, Robert et al. 2015, Ascierto et
al. 2018), disinhibiting the PD-1/PD-L1 axis and resulting in increased cytotoxic
activity of T cells. In contrast, checkpoint inhibition was less successful as a
monotherapy for AML in both clinical settings (Lichtenegger et al. 2017) and the
preclinical AML mouse model C1498, which is used in this thesis (Zhang et al.
2009).

1.3.2 RIG-I in tumor therapy’

RLR ligands have shown to be a promising strategy in the preclinical treatment
of numerous solid malignancies including melanoma (Poeck et al. 2008) and
pancreatic cancer (Ellermeier et al. 2013), just recently qualifying for a combined
phase I/ll study in patients with advanced solid tumors (NCT03065023). The

cytokine release triggered by RIG-I combined with direct sensing of viral RNA by

1 With some modifications as described in Ruzicka, Koenig et al. 2020
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immune cells enhances recognition of foreign antigens by upregulating the
expression of MHC and co-stimulatory molecules, and by activating immune
cells. By applying an exogenous short ppp-RNA, a viral infection can be
mimicked, allowing a direction of the immune response towards otherwise altered
or potentially harmful targets, such as tumor cells. Furthermore, ppp-RNA has
been shown to induce an immunogenic form of cell death which interestingly,
tumor cells are more susceptible to than nonmalignant cells (Besch et al. 2009,
Duewell et al. 2014). While RIG-I targeted immunotherapy has shown beneficial
effects on survival in different solid tumor models, its efficacy in non-solid tumor

models has not been studied so far.

1.4 Objectives

The primary objective of this study was to evaluate the potential of ppp-RNA
therapy in a non-solid malignancy. Due to the prominent role of systemic IFN and
cytokine release involved in RIG-I-targeted treatment as well as the possible
systemic, intravenous (i.v.) application route of ppp-RNA, hypothetically,
hematologic tumors should be particularly responsive to this treatment. AML was

chosen as an example of such a hematologic malignancy.

Previously, our group validated RIG-I in vitro as a potential target for the treatment
of AML using human AML cell lines. Interferon release as well as apoptosis of
transfected cells was observed, raising the question as to whether these findings
could be translated in vivo. The C1498 AML cell line is the only available
syngeneic murine AML cell line and thus the choice for my in vivo studies. In this

thesis, | raised and investigated the following questions:

+ Does ppp-RNA treatment affect the tumor burden and survival of mice bearing
systemic C1498 AML?

*  Which immune cells mediate ppp-RNA-induced tumor rejection?
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To what extent does the treatment with ppp-RNA rely on RIG-I signaling in

host cells?

What is the role of IFN signaling in the host?

Does successful treatment of AML with ppp-RNA induce an adaptive immune

response including the formation of an immunological memory?

ppp-BNA treatment induces the upregulation of PD-L1 on tumor cells via IFN.
Does the addition of PD-1 checkpoint blockade therapy result in enhanced

overall survival?

Can effects of ppp-RNA therapy in a murine model of AML be translated into

a humanized mouse model of AML?
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2. Materials and Methods

2.1 Materials

2.1.1 Laboratory hardware

Product name

Manufacturer

Production site

AKTAmicro (high pressure
liquid chromatography)

GE Healthcare Life Sciences

Massachusetts, USA

CO2 - Incubator (BD6220)

ThermoFischerScientific

Centrifuge 5418r Eppendorf Hamburg, Germany
Centrifuge Rotina 420R Hettich GmbH Tuttlingen, Germany
Heraeus,

Massachusetts, USA

DNAPac 200 column

Thermo Fisher Scientific

Germering, Germany

FACSCanto Il

BD Biosciencess

New Jersey, USA

FACSCalibur Flow Cytometry
System

BD Biosciencess

New Jersey, USA

Gerlingen-Schillerhéhe,

HERAfreezeTM HFU T Series

ThermoFischerScientific

Refridgerator 4°C Bosch G
ermany
Freezer -20°C Bosch Gerlingen-Schillerhéhe,
Germany
Hemocytometer - Neubauer MTG GmbH Bruckberg, Germany
Heraeus,

Massachusetts, USA

Hood 2-453-JAND

Kottermann GmbH & Co KG

Hansingen, Germany

Innova44 Thermoshaker

New Brunswick Scientific,
Eppendorf

Hamburg, Germany

Laminair HB 2472 S cell culture
flow

Heraeus,
ThermoFischerScientific

Massachusetts, USA

Light microscope Axiovert 40C

Zeiss

New York, USA

LS Columns

Miltenyi Biotec

Bergisch Gladbach,
Deutschland

MACS SmartStrainers (30, 70
and 100 um)

Miltenyi Biotec

Bergisch Gladbach,
Deutschland

LSRFortessa

BD Biosciencess

New Jersey, USA

Magnetspinning RH BASIC 2

IKA

Staufen, Germany
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MicroWell plates ELISA, Costar
Assay Plate, 96 well

Corning

Corning (New York), USA

Mini Trans-Blot® Cell

Bio-Rad Laboratories

Munich, Germany

MiniMACS, QuadroMACS
Separator

Miltenyi Biotec

Bergisch Gladbach,
Deutschland

Mithras Ib 940

Berthold Technologies

Bad Wildbad, Germany

Multifuge 3L-R, X3 and 4KR

Heraeus,
ThermoFischerScientific

Massachusetts, USA

Nanodrop 2000c
Spectrophotometer

ThermoFischerScientific

Massachusetts, USA

Neubauer counting chamber

Optik Labor Frischknecht

Balgach, Germany

pH-Meter

WTW

Weilheim, Deutschland

Pipetus

Hirschmann

Eberstadt, Germany

PowerPacTM Universal Power
Supply

Bio-Rad Laboratories

Munich, Germany

Research plus pipet sets Eppendorf Hamburg, Germany
Ingenieurbiiro CAT, M.

Rollershaker CAT RM 5 Zipperer GmbH Germany

. . . Hessisch Oldendorf,
Sprout minicentrifuge Biozym G

ermany

T3 Thermocycler Biometra Géttingen, Germany
Table vortexer RS VA 10 Phoenix Garbsen, Germany
Thermomixer comfort Eppendorf Hamburg, Germany

Vortex

Janke & Kunkel

Staufen, Germany

Welch vacuum pump

Promega

Wisconsin, USA

2.1.2 Reagents, chemicals, buffers and kits

Product name

Manufacturer

Production site

Albumin Fraction V (BSA)

Sigma-Aldrich

Steinheim, Germany

BD Pharm Lyse Lysing Buffer
(10x)

BD Biosciences

New Jersey, USA

Biocoll Separating Solution

Merck

Darmstadt, Germany
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CD8a+ T Cell Isolation Kit mouse

Miltenyi Biotec

Bergisch Gladbach,
Germany

Colagenase D

Sigma-Aldrich

Steinheim, Germany

Count Bright, counting beads

LifeTechnologies

California, USA

DCTM Protein Assay

Bio-Rad Laboratories

Munich, Germany

Dimethylsulfoxid (DMSO) Sigma-Aldrich Steinheim, Germany
DNase | Roche Mannheim, Germany
Dulbecco’s phosphate buffered PAA Laboratories Pasching, Austria

saline (PBS)

Ethanol 100%

Carl Roth GmbH

Karlsruhe, Germany

FACSFlow, FACSSafe

BD Biosciences

New Jersey, USA

Heparin-sodium 2.500 IE / 5ml Braun AG Melsungen, Germany
Isofluoran CP PHARMA Burgdorf, Germany
Mouse CXCL10/IP-10/CRG-2 R&D Systems Minnesota, USA

DuoSet ELISA

HiScribe™ T7 Quick High Yield
RNA Synthesis Kit

New England BioLabs Inc.

Massachusetts, USA

Human CXCL10/IP-10 DuoSet
ELISA

R&D Systems

Minnesota, USA

Powdered milk, blotting grade

Carl Roth GmbH

Karlsruhe, Germany

Sodium chloride

Sigma-Aldrich

Steinheim, Germany

Sulphuric Acid

Apotheke Innenstadt

LMU Munich, Germany

Tissue freezing medium

Leica biosystems

Nussloch, Germany

Total RNA Clean-Up and
Concentration Kit

Norgen Biotek

Ontario, Canada

Trypan-Blue

Sigma-Aldrich

Steinheim, Germany

Tween 20

Carl Roth GmbH

Karlsruhe, Germany
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2.1.3 Cell culture reagents, cytokines, beads and media

Product name

Manufacturer

Production site

Anti-mouse CD3¢

BD Pharmingen

New Jersey, USA

Anti-mouse CD28

BD Pharmingen

New Jersey, USA

Recombinant human IL-2

Chiron (Novartis)

Basel, Switzerland

Recombinant human IL-15

Preprotech

Hamburg, Germany

Dynabeads Mouse T-Activator
CD3/CD28

Invitrogen
(ThermoFischerScientific)

Massachusetts, USA

Dulbecco’s Modified Eagle’s
Medium (DMEM)

Lonza

Verviers, Belgium

HEPES-Buffer 1M

Sigma-Aldrich

Steinheim, Germany

High Glucose Fetal Bovine
Serum (FBS)

Gibco Products

New York, USA

L-Glutamin 200mM

PAA Laboratories

Pasching, Austria

MEM Non-essential amino
acids (NEAA, 100x)

Gibco Products

New York, USA

Opti-MEM® Medium

Gibco Products

New York, USA

Sodium pyruvate

Sigma-Aldrich

Steinheim, Germany

Penicillin/Streptomycin (100x)

PAA Laboratories

Pasching, Austria

Roswell Park Memory Institute
(RPMI)

Lonza

Verviers, Belgium

B-Mercaptoethanol

Sigma-Aldrich

Steinheim, Germany

Trypsin (10x)

PAA Laboratories

Pasching, Austria

Plastic materials (flasks, well
plates and others) for cell
culture

BD Falcon
Corning
Greiner Bio-One

Sartorius

Franklin Lakes NJ, USA
Corning New York, USA
Kremsmiunster, Germany

Géttingen, Germany
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2.1.4 In vivo antibodies
Target Clone Catalog number | Manufacturer Production site
anti-mouse CD4 | GK1.5 BE0003-1 Bio X Cell sg‘x AEIESAIE,
. . New Hampshire,
anti-mouse CD8a | YTS 169.4 | BP0117 Bio X Cell USA
anti-mouse CD19 | 1D3 BE0150 Bio X Cell sg‘x FEIMESAIE,
anti-mouse NK1.1 | PK136 BE0036 Bio X Cell Bg‘x Hampshire,
rat IgG2b LTF-2 BE0090 Bio X Cell N [REIIZEI)
USA
mouse IgG2a C1.184 BP0085 Bio X Cell Ug\x Hampshire,
rat IgG2a 2A3 BP0089 Bio X Cell N (RETIZEI)
USA
. . New Hampshire,
anti-mouse PD-1 RMP1-14 | BP0146 Bio X Cell USA
2.1.5 Antibodies for flow cytometry
Antibody Fluorochrome | Clone Catalog Manufacturer | Production
number site
anti-human . California,
CD3 APC OKT3 317318 BioLegend USA
anti-human - . California,
cD3 Pacific Blue UCHTA 300431 BioLegend USA
anti-human . California,
CD3 FITC UCHT1 300406 BioLegend USA
anti-human Bergisch
cD8 APC REA734 | 130110679 | Miltenyi Biotec | Gladbach,
Germany
anti-human p . California,
CD20 Pacific Blue 2H7 302328 BioLegend USA
anti-human . California,
CD33 APC P67.6 366605 BioLegend USA
anti-human . California,
CD45 FITC 2D1 368508 BioLegend USA
anti-human . California,
pan-CD45 PE 2D1 368510 BioLegend USA
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";‘,rgi_ﬂ“ma” PE/Cy7 20E.2A3 | 329717 BioLegend Sg'gomia’
grgi‘-tr;ouse Pacific Blue 30-F11 103126 BioLegend Sglgornia,
grgzr;ouse PerCP 30-F11 | 103130 BioLegend Sg'gomia’
grggr;ouse APC ;?;’1 100312 BioLegend Sglgomia’
grg:-mouse PE GK1.5 553730 gi[())SCienceS sgle\ Jersey,
"ggzmouse PE/Cy7 RM4-5 | 100528 BioLegend Sglgomia’
grgiéranouse APC 53-6.7 553035 gi[())SCienceS sgle\ Jersey,
"gggmouse PE 53-6.7 | 100708 BioLegend Sg'gomia’
ﬁlr}‘(t;'_r?ouse PerCP PK136 | 108726 BioLegend Sglgomia’
ammouse PE/Cy7 10F.9G2 | 124314 | Biolegend | ano ™™
grgi{ rgouse PE 6D5 115508 BioLegend Sglgornia,
grgzr;ouse ﬁc')%xa":"“'or 30-F11 | 103128 BioLegend Sg'gomia’
mouse IgG1, k| APC WO | 400120 BioLegend Sg'gomia’
mouse IgG1, k | FITC 2"1OPC' 555748 gg scionces sg‘x Jersey,
mouse IgG1, k | PacificBlue | 51> | 400151 BioLegend Sg'gomia’
mouse IgG1, k | PE 2"1OPC' 400112 Biolegend Sg'gomia’
mouse IgG2a, K | APC MIPC | 400220 BioLegend Sg'gomia’
mouse IgG2a, k | PerCP %%PC' 400256 BioLegend Sglgornia,
rat IgG2a, k PE RTK2758 | 400507 BioLegend Sglgomia’
rat IgG2a, K PE/Cy7 RTK2758 | 400522 BioLegend Sglgomia’
rat IgG2b, k PE/Cy7 RTK4530 | 400618 BioLegend Calligimt,

USA
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rat IgG2b, K PerCP RTK4530 | 400629 BioLegend Sglgom'a’
mouse IgG2b, k | Pacific Blue MPC-11 400331 BioLegend Sglgorma,
eBioscience™ . .

. o Thermo Fisher | Germering

™ ’

Fixable Viability | eFluor™ 780 65-0865-18 Scientific Germany
Dye
TO-PRO™-3 . .
(642/661) y

2.1.6 Cell culture media

DMEM supplemented

Medium / supplement

Volume / concentration

DMEM 500 ml
FBS 10 %
L-glutamine 1.5 mM
Penicillin 100 IU/ml
Streptomycin 100 pg/ml

T cell medium

Medium / supplement

Volume / concentration

RPMI 500 ml
FBS 10 %
L-glutamine 1.5 mM
Penicillin 100 IU/ml
Streptomycin 100 pg/ml
HEPES-Buffer 0.5 mM
Sodium pyruvate 1mM
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PDX AML cell medium

Composure not disclosed. Kindly provided by I. Jeremias (Research Unit
Apoptosis in Hematopoietic Stem Cells, Helmholtz Zentrum Minchen, German

Research Center for Environmental Health (HMGU), Munich, Germany).

2.2 Cellular methods
2.2.1 Cells?

Murine C1498 AML cells were purchased from ATCC (TIB-49TM) and retrovirally
transduced with an enhanced green fluorescent protein (eGFP) using a pMX-
eGFP plasmid and the PlatE viral producer cell line by E. M. Heuer (Abt. far
Klinische Pharmakologie, Medizinische Klinik 1V, LMU Munich). Positive cells
were sorted via flow cytometry and pooled for further use. The human 1205Lu
melanoma cell line was kindly provided by R. Besch (Klinikum der Universitat
Minchen, Department of Dermatology, Munich, Germany). Patient-derived
xenograft (PDX) AML cells were produced by serial re-transplantation of primary
patient leukemic cells in NOD-scid IL2Ry"" (NSG) mice as described previously
by Vick et al. (Vick et al. 2015). | utilized the mCherry-positive PDX AML 491 cell
line which was derived from a 53-year-old female patient at a relapsed disease
stage classified as adverse according to the European LeukemiaNet
classification system. All cell lines were regularly checked for mycoplasma

contamination.

2.2.2 Cell culture conditions

Cells were cultivated at a temperature of 37°C, 95% humidity and a CO:
concentration of 5%. Tumor cell lines were cultivated in supplemented DMEM,

PDX AML cells were cultivated in medium provided by I. Jeremias. The density

2 With some modifications as described in Ruzicka, Koenig et al. 2020 (Supplementary materials
and methods)
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of C1498 AML cells was adjusted daily to 1x10° cells/ml, the density of other cells
according to the specific needs. All procedures were carried out under sterile

conditions under a laminar flow hood.

2.2.3 Counting of cells

Adherent cells were washed with Phosphate buffered saline (PBS) and loosened
from the flask surface by incubation in trypsin at 37°C. The reaction was stopped
with cell culture medium after 5-15 minutes. Adherent and suspension cells were
stained by addition of 0.25% trypan blue in PBS, a dye staining dead cells. The
viability and density of the cells was determined under a microscope using a
“Neubauer” cell counter composed of four chambers. Taking the dilution of the
cells by the dye into consideration, the cell number per ml was determined by
multiplying the number of viable cells counted in one chamber by the dilution

factor and 104.

2.2.4 Freezing and thawing of cells

Cells were counted, pelleted by centrifugation and resuspended in FBS
containing 10% DMSO. At a density of 4x10° to 7x108 cells per ml, the cell
suspension was distributed into cryo-tubes and frozen at -80°C. For mid- and

long-term storage, the cells were transferred to liquid nitrogen 48 hours later.

Cells were thawed by quick resuspension in 37°C warm cell medium. Viability
and cell number were determined before the cells were washed and resuspended

in an appropriate volume of suitable medium for further cultivation.
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2.2.5 Human peripheral blood mononuclear cells

Venous blood was withdrawn by means of a winged infusion set and a 50 ml
syringe, using 200 IE Heparin as anticoagulant. The blood was then diluted with
0.9% NaCl solution at a ratio of 1.25:1 (blood: NaCl). 15 ml of Biocoll
Separating Solution were pipetted into a 50 ml polypropylene tube and diluted
blood was slowly added on top, forming two liquid phases. The tubes were then
centrifuged at 1000 g for 20 minutes at room temperature. The break of the
centrifuge was disabled to assure an accurate phase distribution along the
density gradient. The visible layer of peripheral blood mononuclear cells (PBMCs)
was harvested with a pipetus and washed with sterile PBS thrice. The cells were

then frozen or re-suspended in PBS for immediate further use.

2.2.6 In vitro transfection

For the in vitro lipofection of 1205Lu melanoma cells, RNA was complexed using
Lipofectamine™ RNAiIMAX Transfection Reagent (ThermoFisher). 80 nM of RNA
and 0.5 ul of the transfection reagent were each diluted in 25 pl of Opti-MEM®
Medium. Subsequently, the diluted RNA was added to the diluted transfection
reagent and placed into a 96-well culture dish at 10 pl per well to form complexes.
After an incubation period of 5 minutes, 12.5x10% 1205Lu melanoma cells in a
volume of 100 ul Opti-MEM® Medium were added in a manner of reverse
transfection. The mixture was incubated under the conditions described in 2.2.2

for 12-24 hours before the samples were further analyzed.

2.2.7 Magnetic-activated cell sorting

In my studies, | sought to negatively select CD8* T cells from splenocyte single
cell suspensions using the CD8a* T Cell Isolation Kit mouse according to the
manufacturer’s protocol for manual magnetic labeling and extraction. First, the

cell suspension was treated with a cocktail of biotin labeled antibodies which
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specifically exclude surface structures of CD8* T cells. In a second step, magnetic
Anti-Biotin MicroBeads were added, binding to the biotin labeled antibodies. The
cell suspension was passed through a LS Column embedded in the magnetic
field of a QuadroMACS-Separator. While magnetically labeled cells were held
back and remained in the column, the flow-through contained the desired CD8+*
T cells. To validate the purity of the product, | stained a portion of the obtained
cells with anti-CD3 and anti-CD8a fluorescent antibodies and analyzed them by
flow cytometry, revealing a viable, double positive T cell fraction of > 98% in the

flow through.

2.3 Immunological methods

2.3.1 Enzyme-linked immunosorbent assay

Chemokine levels were measured via enzyme-linked immunosorbent assay
(ELISA). I used the Mouse CXCL10/IP-10/CRG-2 DuoSet ELISA (R&D Systems)
to detect serum chemokine levels of murine CXCL-10 4 hours after ppp-RNA
treatment of mice. Levels of human CXCL10 in tumor cell supernatants were
analyzed 24 hours after transfection using the human CXCL10/IP-10 DuoSet
ELISA. ELISA was performed as described in the manufacturers protocol. The
CXCL10 concentration of the respective samples was calculated using Microsoft

Excel version 14.0.0.

2.3.2 Flow cytometry

Flow cytometry or fluorescence-activated cell sorting (FACS) allows to
investigate the expression of extra- and intracellular markers of single cells using
fluorescent antibodies. Cell suspensions can be analyzed to determine their
composition with regard to cell phenotypes or to investigate the expression level

of markers on specific cells.

The flow cytometry data in this thesis were raised with three different devices:
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Device Manufacturer Lasers

BD FACSCalibur BD Biosciences 488 nm, 635 nm

BD FACSCanto Il BD Biosciences 405 nm, 488 nm, 633 nm

BD LSRFortessa BD Biosciences 405 nm, 488 nm, 561 nm, 633 nm

Table 1: Flow cytometers. Names, manufacturers and available lasers of flow cytometers used

to generate the data presented in this thesis are depicted.

1x108 single cells were re-suspended in 100 ul PBS and stained with fluorescent
antibodies at a concentration of 5 ul/ml. After an incubation time of 30 minutes at
4°C in the absence of light, remaining antibody was washed off with PBS. The
cells were again re-suspended in 100 yul PBS and analyzed with the flow

cytometer. FACS data were then processed using FlowJo software version 8.

2.4 ppp-RNA synthesis

In vitro transcription (IVT) is a cost-efficient method to produce RNA for scientific
use. For my studies, | chose the T7 DNA-dependent RNA polymerase to form
RNA from a double-stranded DNA-template containing the T7 promoter
sequence. Products of the reaction contain a 5’-triphosphate moiety. The IVT
product was purified, and its functionality was assessed before further use as

described below.

2.4.1 In vitro transcription and purification of ppp-RNA3

The following single-stranded DNA oligonucleotides were purchased from

Metabion (Planegg, Germany), annealed in a thermo cycler (85°C for 5 minutes

3 With some modifications as described in Ruzicka, Koenig et al. 2020 (Supplementary materials
and methods)
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followed by gradual cooling down to 4°C at 0.1°C/s) to form a double-stranded

DNA-template and subsequently used for the IVT reaction.

Name Sequence (5’ > 3°)

CO4 sense DNA template TAATACGACTCACTATAGCGCTATCCAGCTTACGTAGAGCT

CTACGTAAGCTGGATAGCGC
CO4 anti-sense DNA GCGCTATCCAGCTTACGTAGAGCTCTACGTAAGCTGGATA
template GCGCTATAGTGAGTCGTA

Table 2: Sequences of DNA-templates used for IVT. High pressure liquid chromatography
(HPLC)-purified single-stranded complementary DNA-templates for IVT of ppp-BRNA were
purchased from Metabion (Planegg, Germany). The T7 Promoter is highlighted in italic font while

bold letters mark the starting point of the transcription.

The template was transcribed using the HiScribe™ T7 Quick High Yield RNA
Synthesis Kit according to the manufacturer’s protocol. The reaction was started
using 10 pl of a nucleoside triphosphate (NTP) containing buffer mix, 2 uM of
DNA-template, 2 pl of T7 RNA Polymerase Mix and 15 pul of nuclease-free water.
An incubation period of 16 hours at 37°C followed. The DNA template was
digested by addition of DNase | to the mix and incubation at 37°C for 30 minutes.
Contaminants like enzymes and NTPs were removed from the IVT product by
means of the Total RNA Clean-Up and Concentration Kit (Norgen Biotek),
following the manufacturer’s protocol. ppp-RNA concentration was measured
with a spectrophotometer. Purity of the product was determined by HPLC using
a DNAPac 200 column. Industrially synthesized ppp-RNA served as a control for

peak analyses.

Table 3 shows the ppp-RNA sequence as well as the sequence of OH-RNA,
which was used as a control. OH-RNA has the identical sequence as ppp-RNA

but lacks both the hairpin loop structure and the 5’-ppp ending.
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Name Sequence (5’ > 3°)

ppp-GCGCUAUCCAGCUUACGUA GAGCUC UACGUAAGCU

ppp-siCO4 hp (ppp-RNA) | -\ aGcae

OH-siCO4 ds (OH-RNA) OH-GCGCUAUCCAGCUUACGUA

Table 3: Sequences of RNA used for in vitro and in vivo studies. ppp-RNA was produced by
in vitro transcription of a DNA-template. The loop forming base sequence of the hairpin (hp)
structure is highlighted in italic font. Double-stranded (ds) OH-RNA was purchased from Metabion
(Planegg, Germany).

As an additional quality control step, 1205Lu melanoma cells were transfected
with 80 nM of in vitro transcribed ppp-BRNA as described in 2.2.6. OH-RNA served
as a control. After an incubation period of 24 hours, supernatants were harvested
and levels of human CXCL10 were measured by ELISA to assess the

functionality of the ppp-RNA.

2.5 Mouse studies
2.5.1 Mice*

In vivo studies were approved by the local regulatory agency (Regierung von
Oberbayern, Munich, Germany). C57BL/6 mice were purchased from Janvier
Labs, France. Mitochondrial antiviral-signaling protein knockout (Mavs”) mice
and interferon type | receptor knockout (/fnar1~-) mice were kindly provided by
U. Kalinke (TWINCORE Zentrum fir Experimentelle und Klinische Infektions-
forschung, Hannover, Germany). NOD-scid IL2Ry™ (NSG) mice were
purchased from Charles River Laboratories. All animal experiments were carried
out in the Zentrale Versuchstierhaltung Innenstadt of the Ludwig-Maximilians-

Universitat Munich.

4 With some modifications as described in Ruzicka, Koenig et al. 2020 (Supplementary materials
and methods)
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2.5.2 AML inoculation®

C1498 AML cells were washed three times with PBS and viability as well as total
cell number were determined as described in 2.2.3. The cell number was adjusted
to 107 cells per ml PBS for the injection. At the age of 6 to 8 weeks, tumor
inoculation of the mice was carried out by injecting 1x108 C1498/GFP AML cells

into the tail vein, defining day 0 of the experiment.

PDX AML cells were thawed, washed with PBS twice and the cell number was
adjusted to 4.5x10°cells per ml PBS. NSG mice were inoculated with

4.5x10° cells i.v. on day 0 at the age of 5 weeks.

All mice were monitored daily and sacrificed at signs of affliction such as ascites,
apathy, hunching, development of visible tumors and/or weight loss exceeding
15%. The signs were organized in a scoring system used to determine whether
the sacrifice of an animal was due. In this work, the expression of mice dying

reflects the sacrifice of animals when the respective criteria were met.

2.5.3 Complexation of RNA for in vivo treatment

For in vivo experiments, RNA was complexed with in vivo-jetPEI (Polyplus-
transfection® SA), a cationic polymer-based transfection reagent. The non-viral
vector is designed for systemic delivery of nucleic acids in animal models and
has proven low cytotoxicity and limited immunogenicity according to the
manufacturer’s disclosures. RNA and in vivo-jetPE|l were separately diluted into
/2 of the injection volume using sterile glucose solution (final glucose
concentration: 5%) and water. Per 1 pg nucleic acid | used 0.12 pl of in vivo-
jetPEl, corresponding to a N/P ratio of 6. The diluted in vivo-jetPEl mixture was
added to the diluted RNA, vortexed gently and incubated for 15 minutes at room

temperature to form complexes prior to further use.

5 With some modifications as described in Ruzicka, Koenig et al. 2020 (Supplementary materials
and methods)
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2.5.4 In vivo treatment of AMLS®

ppp-BNA treatment (referring to ppp-RNA complexed with in vivo-jetPEl) was
given via tail vein injection at a dose of 50 ug on days 3, 7, 10 and 14 (Figure 2A)
if not stated differently. Murine interferon alpha (Miltenyi Biotec) was diluted in
sterile PBS and administered via intraperitoneal (i.p.) injection on days 3, 7, 10
and 14 at a dose of 5x10* IU. Anti-PD-1 antibody (aPD-1; clone: RMP1-14) or the
corresponding isotype control rat IgG2a (clone: 2A3) were diluted in sterile PBS
and given i.p. on days 6, 9 and 13 at a dose of 100 ug. PDX AML-bearing NSG
mice were treated with 50 ug of ppp-RNA via tail vein injection on days 53, 56
and 59.

2.5.5 Immune cell depletion®

Depleting antibodies against CD4 (clone: GK1.5), CD8a (YTS 169.4), CD19
(1D3) and NK1.1 (PK136) were diluted in sterile PBS and injected i.p. at a dose
of 250 pg on days 2, 6, 9 and 13. Rat IgG2b (LTF-2) served as an isotype control
for anti-CD4 and CD8 antibodies, mouse IgG2a (C1.18.4) for the anti-NK1.1
antibody and rat IgG2a (2A3) for the anti-CD19 antibody, respectively. Immune

cell depletion was validated via flow cytometry 24 hours after antibody injection.

2.5.6 Blood withdrawal and red blood cell lysis

Mice were anesthetized with 4% isoflurane in oxygen using an isoflurane
vaporizer connected to a polymethylmethacrylat (PMMA) chamber. Blood was
withdrawn retrobulbary with a heparinized glass cannula and stored at room
temperature. After centrifugation, serum was removed and set aside for
chemokine measurement. Red blood cells were lysed by applying 3 ml of BD

Lysing Buffer twice for 5 minutes at room temperature. The reaction was stopped

6 With some modifications as described in Ruzicka, Koenig et al. 2020 (Supplementary materials
and methods)
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with a 10-fold excess of PBS. White blood cells were resuspended in PBS or

medium depending on the further progress.

2.5.7 Ex vivo analyses of solid organs

Mice were anesthetized with 4% isoflurane in oxygen and sacrificed by cervical
dislocation. Solid organs (lungs, liver, spleen, ovaries, femurs, tibiae) were
removed with surgical instruments. Epiphyses of bones were cut off, exposing
the medullary cavity which was then flushed with PBS to obtain bone marrow
samples. The remaining organs were incised with a scalpel multiple times before
being incubated for 30 minutes at 37°C in 1 ml of a solution composed of
0.05 mg/ml DNAse and 1 mg/ml collagenase. The digested organs were passed
through cell strainers and re-suspended in PBS. The resulting single cell
suspensions, including bone marrow samples, were treated with erythrocyte
lysing buffer (BD Lysing Buffer) as described in 2.5.6 and finally re-suspended in

PBS for cell counting and further use.

2.5.8 Murine T cell transfer”

Spleens from C57BL/6 mice were extracted under a laminar flow hood and
processed through 40 um cell strainers. The resulting single cell suspension was
treated with BD Lysing Buffer as described above. The obtained splenocytes
were washed, resuspended in T cell medium and plated in a 6-well cell culture
dish at a number of 2x10° cells/ml and 3 ml/well. For 24 hours, the cells were
treated with 10 U/ml recombinant human IL-2, 1 ug/ml anti-mouse CD3e and
0.1 pg/ml anti-mouse CD28 antibodies. Next, the medium was changed and the
cell number readjusted to 1x108 cells/ml. For 48 hours, the cells were expanded
by the addition of 0.5 ug/ml IL-15. After expansion, CD8* T cells were purified by

negative selection MACS. Purity (>98%) was validated via flow cytometry,

7 With some modifications as described in Ruzicka, Koenig et al. 2020 (Supplementary materials
and methods)
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confirming the T cell phenotype by staining CD3 and CD8. Finally, 107 CD8*
T cells in sterile PBS were injected i.v. into C57BL/6 mice 12 hours prior to
inoculation with 106 C1498/GFP AML cells.

2.5.9 Xenotransplantation of human PBMCs into NSG mice

Human PBMCs were extracted from whole blood by density gradient
centrifugation as described in 2.2.5 and frozen at -80°C. When due for in vivo
studies, the cells were thawed, washed with sterile PBS three times and injected
into NSG mice via the tail vein at a number of 107 cells per mouse using an

injection volume of 200 ul PBS.

2.6 Statistical analysis®

Statistical analyses were performed with GraphPad Prism versions 7.0c and
9.3.0. Data were analyzed using the unpaired Student’s t-test if data sets of
different time points were compared or if treatment responses between different
groups were assessed at a given time point. One-way ANOVA was used to
calculate statistical differences between different genotypes at one time point.
Overall survival was compared by log-rank test. The tests applied are indicated
in the respective figure legends. Hazard ratios stated were calculated applying
the Mantel-Haenszel method. n-values reflect total numbers of mice if data derive
from pooled experiments. Results were considered statistically significant at
values of p < 0.05. p values are indicated by n. s. for not significant, * for p < 0.05,

** for p <0.01, *** for p < 0.001 and **** for p < 0.0001.

8 With some modifications as described in Ruzicka, Koenig et al. 2020 (Supplementary materials
and methods)
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3. Results

3.1 Systemically administered ppp-RNA decreases AML burden in vivo,

delays AML progression and leads to long-term survival®

The following in vivo experiments investigate the effect of systemic
immunotherapy with ppp-RNA on AML progression in the syngeneic C1498

mouse model.

3.1.1 In vivo growth analysis of the C1498/GFP AML cell line

C1498 is a murine AML cell line with C57BL/6 background classified as acute
myelomonocytic leukemia (Mopin et al. 2016). In vivo, it displays aggressive
growth with infiltration of various organ systems, including the bone marrow,
blood, spleen, liver, lungs and ovaries (data not shown). After inoculation, mice
appear asymptomatic for 15-20 days. First signs of disease are commonly

followed by rapid progression.

Manual intravenous injections in mice are a delicate matter requiring high
precision from the experimenter, inevitably resulting in slight dose variance during
the process of tumor inoculation. After the C1498 AML model was established in
our laboratory, | investigated how much of an effect a varying dose of injected
tumor cells would have on disease progression and thus the outcome of my in
vivo experiments. Therefore, | injected two C57BL/6 wild type (WT) mice per
group with either 108, 5x105 or 2.5x105 green fluorescent protein (GFP)
expressing C1498 AML cells (C1498/GFP). No further treatment was applied and
the mice were sacrificed when the criteria for termination were met. Interestingly,
the cell numbers used for leukemia induction did not significantly affect disease
progression (median survival of 18 days for mice receiving 1x108 cells vs. 18 days
for mice receiving 5x10° cells (p > 0.999) vs. 19 days for mice receiving 2.5x10°
cells (p = 0.317); Figure 1), making the process of manual injections an unlikely

source of bias in the in vivo experiments to follow.

9 Results as described in Ruzicka, Koenig et al. 2020 with some modifications
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Figure 1. Growth analysis of the C1498/GFP AML tumor cell line in vivo. C57BI/6 mice (n =2
per group) were inoculated with either 108, 5x105 or 2,5x105 C1498/GFP AML cells. No further
treatment was applied. Mice were sacrificed at signs of disease onset and survival data were

plotted in a Kaplan-Meier survival curve.

3.1.2 ppp-BNA treatment decreases the AML tumor burden in C1498/GFP AML-

bearing mice

In order to investigate the overall therapeutic potential of systemic ppp-RNA
treatment of AML, | inoculated C57BL/6 mice with 1x108 C1498/GFP cells via tail
vein injection. 50 pg of in vivo-jetPEl-complexed ppp-RNA were administered
intravenously on days 3, 7, 10 and 14 after tumor inoculation (Figure 2A). Mice
were sactrificed on day 17, and the tumor burden in blood, bone marrow, livers,
lungs, ovaries and spleens was measured via flow cytometry. | found significantly
reduced tumor mass in bone marrow (2,1% vs. 18,1% GFP positive cells for ppp-
RNA treated (n = 3) vs. untreated mice (n = 5), p = 0.002; Figure 2B), lungs (3,6%
vs. 68,8% GFP positive cells for ppp-RNA treated (n =3) vs. untreated mice
(n=5), p<0.001), ovaries (0.5% vs. 45,3% GFP-positive cells for ppp-RNA
treated (n = 3) vs. untreated mice (n =4), p =0.004), and spleens (0.03% vs.
12.6% GFP positive cells for ppp-RNA treated (n = 3) vs. untreated mice (n = 5),
p = 0.009).
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Figure 2. Tumor load in indicated organs after systemic ppp-RNA treatment of C1498/GFP
AML-bearing mice. C57BL/6 mice were inoculated with 1x108 C1498/GFP AML cells and treated
with 50 pg of ppp-RNA as depicted in (A). (B) ppp-RNA-treated (bar charts indicate mean of n =3
with SEM) and untreated (bar charts indicate mean of n = 5 with SEM) C57BL/6 mice were
sacrificed on day 17. Single cell suspensions of blood, bone marrow, livers, lungs, ovaries and
spleens were analyzed by flow cytometry determining the fraction of GFP positive cells (AML
cells). Statistical significance was determined using Student’s t-test (B) with comparisons

indicated by brackets. Figure and figure legend modified from Ruzicka, Koenig et al. 2020.

3.1.3 ppp-RBNA treatment prolongs survival of C1498/GFP AML-bearing mice

Next, | focused on the potential effects of systemic RIG-I activation on the survival
of AML-bearing mice. C57BL/6 mice were inoculated with 1x10% C1498/GFP
AML cells and treated with ppp-RNA adhering to the scheme shown in Figure 2A.

Animals were sacrificed at signs of disease onset and survival data were plotted
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in a Kaplan-Meier survival curve (Figure 3). The onset of symptomatic AML
disease appeared significantly delayed (median survival 26 days vs. 18 days with
p <0.0001 for ppp-RNA treated (n = 16) vs. untreated mice (n = 16)). In addition,
the treatment led to long-term remission in 3 out of 16 (19%) of the animals,

demonstrating the potential of systemic ppp-RNA therapy in AML.
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Figure 3. Survival of ppp-RNA-treated C1498/GFP AML-bearing mice. C1498/GFP AML was
induced in C57BL/6 mice (n = 16 per group) and ppp-RNA therapy was applied according to the
scheme in Figure 2A. Survival data were plotted in a Kaplan-Meier survival curve and statistical
significance was calculated with log-rank test. Figure and figure legend modified from Ruzicka,
Koenig et al. 2020.

3.1.4 Treatment effects are not limited to GFP-expressing C1498 AML cells

Recent studies have revealed that GFP expression may enhance the
immunogenicity of affected cells while diminishing their lifetime (Ansari et al.
2016). To assess the role of GFP as a potentially immunogenic target in my
model, C57BL/6 mice were inoculated with 1x108 C1498 wild type (WT) cells and
treated with ppp-RNA according to the scheme in Figure 2A. The results show
persistent extension of disease-free lifetime in the treated group compared to

untreated mice (p = 0.029, Figure 4).
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Figure 4. Survival of ppp-RNA treated C1498 WT AML-bearing mice. C1498 WT AML was
induced in C57BL/6 mice (n = 4 per group) and ppp-RNA therapy was applied according to the
scheme in Figure 2A. Survival data were plotted in a Kaplan-Meier survival curve and statistical

significance was calculated with log-rank test.

3.2 Treatment efficacy of ppp-RNA depends on adaptive cellular immunity,
intact IFNAR and MAVS signaling in the host?

The following chapter focuses on identifying the mechanisms responsible for the
ppp-BNA-mediated tumor rejection of C1498 AML cells that | observed

previously.

3.2.1 ppp-RNA treatment effect is dependent on adaptive immunity

The C1498/GFP AML cell line resists transfection with most commercially
available RNA transfection reagents in vitro (data not shown). In order to
discriminate between a direct cytotoxic effect on the tumor cell as described
before (Besch et al. 2009) and an immune-cell-mediated response, | used
immune-deficient NSG mice lacking T, B and NK cells. The mice were inoculated

with C1498/GFP AML cells and ppp-RNA treatment was given on days 3, 6, 9

10 Results as described in Ruzicka, Koenig et al. 2020 with some modifications



35 Results

and 12. Both treated and untreated animals died on day 13 (Figure 5). Further,
no significant differences regarding tumor burden were detected between the two
groups via flow cytometry in various organs (data not shown), demonstrating a

lack of ppp-RNA treatment efficacy in the absence of adaptive immune cells.
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Figure 5. ppp-BRNA induced tumor rejection is mediated by cellular immunity. NSG mice
(n =5 per group) were inoculated with C1498/GFP AML cells and ppp-RNA therapy was applied

on days 3, 6, 9 and 12. Survival data were plotted in a Kaplan-Meier survival curve.

3.2.2 CD4+ and CD8* T cells mediate ppp-BRNA induced AML rejection

Learning about the critical role the adaptive immune system plays in the ppp-
RNA-mediated immune response against AML cells, | next decided to investigate
which immune cell types in particular were involved. | chose to specifically deplete
CD4+ or CD8* T cells, CD19* B or NK1.1* NK cells in ppp-RNA treated,
C1498/GFP AML-bearing C57BL/6 mice and compared the survival curves.
While CD8* (p = 0.003) and CD4+ T cell (p = 0.018) depleted mice showed signifi-
cantly impaired survival (Figure 6A), depletion of CD19* (p = 0.401) and NK1.1+
(p = 0.376) cells remained without significant effect compared to the respective
isotype controls (Figure 6B). These findings suggest that CD4+ and CD8* T cells

are central mediators of the ppp-RNA-induced antileukemic immune response.
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Figure 6. ppp-RNA induced tumor rejection is mediated by adaptive immune cells. (A, B)
C57BL/6 mice were inoculated with C1498/GFP AML cells and therapy was applied as displayed



37 Results

above (n = 7 per group for ppp-RNA treated mice, n = 8 for untreated mice, n = 4 for ppp-RNA +
aCD19 treated mice). Depleting antibodies (AB) were administered as described in materials and
methods. Corresponding isotype controls were tested in a total of n = 4 mice per group. Survival
data were plotted in two Kaplan-Meier survival curves. p values of immune cell depleted groups
compared to respective isotype controls were calculated using log-rank test: p = 0.018 for CD4+,
p = 0.003 for CD8+, p = 0.376 for NK1.1+, p = 0.401 for CD19+ cell depletion. Figure and figure

legend modified from Ruzicka, Koenig et al. 2020.

3.2.3 Intact IFNAR and MAVS signaling in the host organism are essential for

long-term remission

Previously, several other PRRs have been described to directly or indirectly
sense short double-stranded and hairpin RNAs, resulting in type | IFN induction
(Schlee et al. 2016), similarly to RIG-1. To determine the contribution of off-target
effects on the therapeutic outcome of ppp-RNA treatment and to further evaluate
the role of RIG-I signaling in the host, | compared the effects of ppp-RNA
treatment in C57BL/6 WT, MAVS- and IFNAR1-deficient mice. The treatment was
applied as depicted in Figure 2A.

3.2.3.1 Repeated ppp-RNA treatment in Mavs”- and Ifnar1 mice fails to induce
CXCL10

First, | sought to evaluate the immunostimulatory activity of ppp-RNA in
Mavs’ and Ifnar1”- mice. CXCL10 serum levels were measured via ELISA after
the first and fourth treatment with ppp-RNA, serving as a surrogate marker for
type | IFN release. In WT and Mavs™” mice, the treatment resulted in comparable
serum levels of CXCL10 four hours after the first treatment (p = 0.986 for WT vs.
Mavs” mice; Figure 7), while in Ifnar1~- mice only very low levels of CXCL10 were
measured after both treatments. Interestingly, CXCL10 levels four hours upon
the fourth ppp-RNA treatment in Mavs” mice dropped significantly while CXCL10
levels measured in WT mice remained constant (p = 0.469 for first vs. fourth
treatment in WT mice, p = 0.001 for first vs. fourth treatment in Mavs~ mice and

p < 0.001 for WT vs. Mavs” mice after fourth treatment; Figure 7).
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Figure 7. Inmunostimulatory activity of ppp-RNA in WT, Mavs~ and Ifnar1- mice. C57BL/6
WT, Mavs* and Ifnar1-mice were treated with 50 pug of ppp-RNA on days 3, 7, 10 and 14 after
inoculation with C1498/GFP AML cells as shown in Figure 2A. Blood was drawn after the first
(day 3) and fourth (day 14) treatment and levels of murine CXCL10 were measured via ELISA.
Each symbol represents a single mouse and error bars indicate standard deviation (SD).
Statistical differences between genotypes at one time point were determined by one-way ANOVA
with Tukey’s post-hoc test and differences of individual groups between time points with Student’s

t-test. Figure and figure legend modified from Ruzicka, Koenig et al. 2020.

3.2.3.2 ppp-RNA treatment in Mavs”- mice prolongs survival, but fails to establish

long-term remission

Next, | assessed how these findings would reflect on the survival of the respective
mice. Despite dysfunctional RIG-I downstream signaling, Mavs” mice still
significantly benefitted from ppp-RNA treatment with regard to overall survival
(p = 0.0193 for ppp-RNA treated vs. untreated mice; Figure 8). Nevertheless, the
effect was less pronounced than in WT mice (see Figure 3; hazard ratios for ppp-
RNA treated vs. untreated mice: 0.229 in Mavs” vs. 0.113 in WT mice). Of note,
no long-term survival was observed in Mavs” mice. Taken together, intact RIG-I
signaling via MAVS in the host organism seems to be crucial particularly for

repeated ppp-BRNA treatment and long-term remission.
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Figure 8. ppp-RNA treatment in C1498/GFP AML-bearing Mavs~ mice. C57BL/6 Mavs’-mice
(n =9 per group) were inoculated with C1498/GFP AML cells and treated with 50 ug of ppp-RNA
on days 3, 7, 10 and 14 as depicted in Figure 2A or left untreated. Survival data were plotted in a

Kaplan-Meier survival curve. Figure and figure legend modified from Ruzicka, Koenig et al. 2020.

3.2.3.3 Intact IFNAR signaling in the host organism is crucial for ppp-RNA

treatment efficacy

In Ifnar1”- mice, the treatment failed to delay disease progression (p = 0.073 for
ppp-BNA vs. untreated mice, median survival of 17 days vs. 15.5 days for ppp-
RNA treated vs. untreated mice; Figure 9A), accentuating the role of intact type |
IFN signaling in the context of ppp-RNA treatment. This raised the question as to
whether type | IFN alone may mediate the therapeutic effects | observed so far. |
therefore applied a therapeutic dose of murine IFNa i.p. to C1498/GFP AML-
bearing mice on days 3, 7, 10 and 14. IFNa alone failed to prolong the overall
survival of mice (p = 0.352 for IFNa treated vs. untreated mice, median survival
of 16 days vs. 15 days for IFNa treated vs. untreated mice; Figure 9B), suggesting
that within my model, the immune response induced by ppp-RNA is critically

dependent on, but not limited to the effects of IFN type | release.
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Figure 9. ppp-RNA treatment depends on intact IFNa signaling. (A) /fnar1- mice (n = 4 per
group) were inoculated with C1498/GFP AML cells and treated according to the scheme depicted
in Figure 2A. Survival data were plotted in a Kaplan-Meier survival curve. p = 0.073 for ppp-RNA
vs. untreated mice. (B) C1498/GFP AML-bearing C57BL/6 WT mice (n = 10) were randomized
into two groups, one of which received 5x104 IlU murine IFN alpha (mIFNa) i.p. on days 3, 7, 10
and 14. Survival data were plotted in a Kaplan-Meier survival curve. p = 0.352 for mIFNa. treated

vs. untreated mice. Figure and figure legend modified from Ruzicka, Koenig et al. 2020.
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3.3 ppp-RNA treatment induces immunological memory formation'!

3.3.1 ppp-RNA treated, AML surviving mice are protected against rechallenges
with C1498/GFP AML cells

Next, | decided to investigate if in ppp-RNA treated mice that have achieved long-
term AML remission, a long-lasting immunological memory was formed.
Surviving mice were rechallenged with a single dose of C1498/GFP AML cells on
day 85 to 110 after the first AML inoculation. Tumor-naive mice served as control
animals and were inoculated with the identical number of C1498/GFP AML cells.
Survivor mice withstood the AML rechallenge in all cases (n = 7 for AML surviving

vs. n = 10 for tumor-naive mice, p < 0.0001; Figure 10).
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Figure 10. Tumor rechallenge of C1498/GFP AML surviving mice. C1498/GFP AML surviving
C57BL/6 mice (n = 7) were rechallenged with 1x108 C1498/GFP AML cells i.v. No further
treatment was applied. Tumor-naive C57BL/6 mice (n = 10) served as controls and received the
identical number of AML cells. Survival data were plotted in a Kaplan-Meier survival curve.
Significance was calculated using log-rank test. Figure and figure legend modified from Ruzicka,
Koenig et al. 2020.

11 Results as described in Ruzicka, Koenig et al. 2020 with some modifications
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3.3.2 Immunological memory responses are partially mediated by CD8* T cells

Seeking to identify the cellular mediators of the memory responses | observed, |
adoptively transferred CD8* T cells from survivor mice into WT recipient C57BL/6
mice. 12 hours after the adoptive transfer, the mice were inoculated with
C1498/GFP AML cells. CD8* T cells from tumor-naive C57BL/6 mice served as
control. | observed significantly prolonged survival in mice treated with CD8+ T
cells derived from ppp-RNA treated, AML surviving mice compared to tumor-
naive donors (p = 0.007; Figure 11). Although protection from disease
progression does not seem to be infinite, these findings do indicate a central role

of CD8* T cells as mediators of the immunological memory responses | observed.
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Figure 11. Adoptive transfer of CD8+ T cells from AML surviving into AML naive, then
C1498/GFP inoculated mice. C57BL/6 mice (n = 4) were treated with CD8+ T cells from
C1498/GFP AML surviving (T cells survivor, n = 3) or tumor-naive mice (T cells WT, n = 5),
respectively. Untreated mice (n = 8) served as controls. C1498/GFP AML was induced 12 hours
later in all three groups. T cells were isolated and expanded as described in materials and
methods. Survival data were plotted in a Kaplan-Meier survival curve. Significance was calculated

using log-rank test. Figure and figure legend modified from Ruzicka, Koenig et al. 2020.



43 Results

3.4 ppp-RNA treatment leads to PD-L1 upregulation on AML cells in vivo

and induces sensitivity to anti-PD-1 checkpoint inhibition therapy'?

Learning about the essential role intact IFN signaling plays in ppp-RNA-mediated
rejection of C1498/GFP AML cells (see Figures 7, 9A), | decided to explore if in
this particular model of AML therapeutic targeting of the PD-1/PD-L1 axis would

lead to synergistic results.

3.4.1 ppp-RNA treatment induces PD-L1 upregulation on C1498/GFP AML cells

in vitro and in vivo

First, | assessed if PD-L1 expression on C1498/GFP AML cells was IFN
inducible. | therefore seeded the cells in vitro and stimulated them with IFNy,
which led to strong upregulation of PD-L1 on the tumor cells (p < 0.001 for IFNy

treated vs. untreated cells; Figure 12A).

Next, PD-L1 expression ex vivo was measured. | focused on AML cells infiltrating
lung tissue of C57BL/6 mice, as in this organ | previously observed the strongest
effects of ppp-RNA treatment on tumor loads (see Figure 2B). Mice were treated
with ppp-RNA and sacrificed 12 hours thereafter. Flow cytometry analysis of lung
tissue showed significantly higher expression of PD-L1 on C1498/GFP AML cells
after treatment (p = 0.002; Figure 12B).

12 Results as described in Ruzicka, Koenig et al. 2020 with some modifications
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Figure 12. PD-L1 expression on C1498/GFP AML cells in vitro and in vivo after treatment.
(A) 2.5x105 C1498/GFP AML cells were seeded in 6-well format and treated with IFNy. PD-L1
expression was determined by flow cytometry 72 hours after stimulation. (B) C1498/GFP AML-
bearing C57BL/6 mice received three treatments of 50 ug ppp-RNA on days 8, 11 and 14 after
tumor induction. 12 hours upon the last treatment (day 15), mice were sacrificed and single cell
suspensions of lung tissue were analyzed by flow cytometry, determining PD-L1 expression on
GFP positive AML cells. Dots and squares represent individual animals. Statistical significance
was determined by Student’s t-test (A, B). Figure and figure legend modified from Ruzicka, Koenig
et al. 2020.

3.4.2 Treatment with ppp-BRNA and anti-PD-1 antibody shows augmented

efficacy

To evaluate if these findings had any therapeutic implications, | chose to treat
C1498/GFP AML-bearing C57BL/6 mice with ppp-RNA following the regular
treatment scheme, using a suboptimal dose of 25 ug RNA. Additionally, | applied
100 g of anti-PD-1 blocking antibody i.p. on days 6, 9 and 13 (see treatment
scheme depicted in Figure 13). 4 hours after the first ppp-RNA treatment (day 3),
| measured serum levels of murine CXCL10 (Figure 13A). The results
demonstrate even immunostimulatory activity of the treatment among the two
groups receiving ppp-RNA (p = 0.21 for ppp-BNA treated vs. ppp-RNA +

anti-PD-1 antibody treated mice).
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Comparison of the survival curves, in contrast, demonstrates that combined
treatment with ppp-RNA plus the anti-PD-1 antibody was superior to either of the
therapeutic agents applied alone (p = 0.02; Figure 13B). Further, mice treated
with only the anti-PD-1 antibody showed no survival benefit at all if compared to
untreated animals, indicating that ppp-RNA is necessary to prime AML cells for
efficient checkpoint inhibition (p < 0.001 for ppp-RNA + aPD-1 vs. aPD-1 treated

mice).

In a next step, the dose of ppp-RNA was increased to 50 ug while the dose of
anti-PD-1 antibody was kept constant (Figure 13 C). The results indicate higher
efficacy, yet fail to achieve statistical significance, showing a trend towards
increased long-term survival of above 30% in the group treated with both ppp-
RNA and anti-PD-1 blocking antibody (p = 0.274 for ppp-RNA + aPD-1 vs. ppp-
RNA only).
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Figure 13. ppp-BRNA treatment primes AML cells for anti-PD-1 checkpoint inhibition. (A, B,
C) C57BL/6 mice (n =13 per group (A, B), n =6 per group (C)) were inoculated with C1498/GFP
AML cells on day 0 and treated with 25 pg (or 50 g, respectively, Figure 13C) of ppp-RNA on
days 3, 7, 10 and 14. 100 pg of anti-PD-1 antibody (aPD-1) were injected i.p. on days 6, 9 and
13. Levels of murine CXCL10 were determined by ELISA in blood serum obtained 4 hours after
the first treatment with 25 pg of ppp-RNA (n = 8 per group) (A). Survival data were plotted in a
Kaplan-Meier survival curve (B, C). Statistical significance was determined by one-way ANOVA
with Tukey’s post-hoc test (A) and log-rank test (B, C). Figure and figure legend modified from
Ruzicka, Koenig et al. 2020.

3.5 ppp-RNA therapy in a humanized mouse model of AML

Evaluating the potential of ppp-RNA-based immunotherapy for clinical
translation, | established an immune reconstituted humanized mouse model of
AML using PDX AML cells (Ruzicka et al. 2020). The cells were produced by
serial retransplantation of primary patient leukemic cells in NSG mice and their
growth kinetics in vivo were previously described (Vick et al. 2015). Therefore, |
first focused on studying the dynamics of human PBMCs xenografted into NSG
mice. Instead of Human Leukocyte Antigen (HLA) matching, | prioritized to
empirically identify a donor whose cells would xenoreact with the murine host

organism minimally, thus granting me a greater time window for the experiments.

3.5.1 In vivo growth analysis of human PBMCs

A total of six NSG mice were randomized into three groups, each group receiving
1x107 human PBMCs from a different healthy human donor. | analyzed peripheral
blood by flow cytometry and determined the fraction of human cells over time.
While at day 6, human PBMCs only made up 1% of the white blood cells, from
day 10 on, the cells showed strong expansion, eventually reaching a frequency
of above 50% (Figure 14A). Over time, the mice started to show initial signs of
graft-versus-host-disease (GvHD), thus meeting criteria for termination. The

survival data (Figure 14B) reveal that the time point of GvHD onset is donor
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dependent. According to the needs mentioned above, donor Il was chosen for

the further experiments.
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Figure 14. Engraftment and growth of human PBMCs xenotransplanted into NSG mice.
(A, B) NSG mice (n = 2 per group) were injected with human PBMCs of three different donors at
day 0. (A) The fraction of human CD45 positive (hCD45+) cells was determined via flow cytometry
and plotted as percent of murine CD45 positive (mCD45+) plus hCD45+ cells (panCD45+). (B) The

mice were monitored and sacrificed at onset of GvHD. Survival data were plotted in a Kaplan-
Meier survival curve.
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3.5.2 ppp-RNA treatment reduces the AML burden in a humanized mouse model
of AML'3

To assess the therapeutic potential of ppp-RNA treatment in a humanized,
preclinical setting, NSG mice were inoculated with 4.5x10° PDX AML 491 cells
via the tail vein. Disease progression was monitored regularly by flow cytometry,
measuring the fraction of PDX AML 491 cells in the peripheral blood. Once an
average tumor load of 51% in the peripheral blood was achieved (day 52, data
not shown), all animals received 107 human PBMCs from donor Il via tail vein

injection.

Consecutively, 50 ug of ppp-RNA were administered thrice in total (days 53, 56
and 59). On day 60, the animals were sacrificed. The AML burden and immune
cell numbers were determined by flow cytometry in peripheral blood and bone
marrow (Figure 15A, B). In both blood (p < 0.001) and bone marrow (n.s.,
p =0.071), ppp-RNA treated animals exhibited a lower AML burden than
untreated animals. In addition, elevated counts of human CDS3 positive (hCD3*)
T cells were measured in both compartments upon treatment (p < 0.0001 for
blood, p = 0.005 for bone marrow for ppp-RNA treated vs. untreated animals),

suggesting enhanced immune cell expansion after ppp-RNA therapy.

13 Results as described in Ruzicka, Koenig et al. 2020 with some modifications
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Figure 15. Efficacy of ppp-RNA in a humanized mouse model of AML. 12 NSG mice were
inoculated with 4.5 x 105 PDX AML 491 cells i.v. on day 0 and 107 human PBMCs were injected
on day 52. ppp-RNA treatment (n = 6) was given on days 53, 56 and 59. Mice were sacrificed 12
hours after the last treatment on day 60. Single cell suspensions of peripheral blood (A) and bone
marrow (B) were analyzed by flow cytometry (FC), determining levels of mCD45+ and hCD3+
relating to panCD45+ cells. Tumor burden was determined by detection of mCherry positive cells.
Bar charts depict mean values with SEM. Statistical significance was determined using Student’s

t-test with comparisons indicated by brackets. Figure and figure legend modified from Ruzicka,
Koenig et al. 2020.
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4. Discussion

4.1 ppp-RNA therapy can lead to full AML remission in mice

AML is a malignant hematologic disease that has remained challenging to treat
ever since it had first been described. While chemotherapy and SCT may achieve
full remission in a fraction of patients, the prognosis of the disease up to date is
poor, making alternative treatment strategies urgently needed. In this work |
investigated the therapeutic potential of systemic ppp-RNA immunotherapy,
which allows to mimic a viral infection via the innate immune receptor RIG-1 and
thus points an immune response against antigens present in tumor cells. In
various preclinical studies, this approach has been explored and led to promising
results in the treatment of multiple solid malignancies (Poeck et al. 2008, Besch
et al. 2009, Tormo et al. 2009, Yuan et al. 2015, Elion et al. 2018). In contrast, no
studies report on ppp-BRNA treatment in hematologic malignancies. | identified a
mechanism in AML-bearing mice that led to immune cell-mediated rejection of
tumor cells, establishing complete remission and an immunological memory in a

fraction of animals.

4.1.1 Manual tumor inoculation and the xenoantigen GFP as possible sources of

bias

To rule out potential bias such as uneven tumor growth between animals or failing
tumor engraftment due to minor variations in the number of injected tumor cells,
| inoculated WT mice with differing numbers of C1498/GFP AML cells. The
survival of the mice was consistent even when using a quarter dose of tumor cells
for inoculation, thus making the mode of manual injections for AML induction an
unlikely source of error. Further, | decided to investigate whether tumor rejection
in this model was AML specific or caused by the xenoantigen GFP. It has recently
been shown that GFP expression enhances the immunogenicity of cells and
diminishes their lifetime (Ansari et al. 2016). Another study demonstrated that the

expression of GFP in bone marrow cells itself is sufficient to lead to their complete
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rejection over time if transplanted into immunocompetent recipient mice, while in
contrast, GFP negative cells withstood rejection (Bubnic et al. 2005). This raised
the question as to whether the effect of ppp-RNA in my model of AML would
remain consistent if cells did not express GFP. The survival data raised in C1498
WT AML inoculated mice demonstrate that the effect of the treatment is not
limited to GFP-expressing cells. However, only a repetition of the experiment with
increased numbers of mice could give a definite answer on how strongly long-
term survival depends on the expression of GFP in the tumor cells. Further,
rechallenging ppp-RNA treated, C1498/GFP AML surviving mice with C1498 WT
AML cells could provide us with information on how relevant the xenoantigen is
in immediate and in memory immune responses. Unfortunately, this approach
was not feasible due to limited numbers of surviving mice which were prioritized

for different objectives.

4.1.2 Non-responsiveness to immunotherapy

Most immunotherapeutic approaches show a characteristic portion of non-
responsive tumor patients, and the underlying causes mostly remain elusive to
the scientific community up to date. ppp-RNA treatment poses no exception:
While most mice benefitted from the treatment with regard to survival, full
remission was only achieved in about 19% of the animals. The comparability of
my mouse model with real world patient data is of course limited, as | used an
inbred mouse strain offering much less genetic diversity than it is the case in
patient populations. Nevertheless, the parallels are worth noting. My observations
regarding the fraction of survivors are in accord with studies evaluating the
therapeutic potential of ppp-RNA in other tumor entities such as pancreatic
cancer, where remission rates of around 6% were achieved with plain ppp-RNA
and 20% with bifunctional ppp-RNA treatment (Ellermeier et al. 2013), the latter
of which combines RIG-| stimulation with silencing of tumor driving genes by RNA

interference.
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In order to better understand the partial responsiveness to this treatment, |
investigated the mechanisms involved in ppp-RNA-mediated rejection of AML
cells in mice and explored immune evasive strategies of the disease to identify

new points of action that could enhance treatment outcome.

4.2 Rejection of leukemic cells is mediated by immune cells
4.2.1 The role of RIG-I mediated apoptosis in the treatment of AML'4

Two mechanisms of ppp-RNA-mediated tumor rejection have been previously
described: A direct proapoptotic effect on the tumor cell independent of IFN
(Besch et al. 2009, Tormo et al. 2009, Duewell et al. 2014) and a systemic, cell-
mediated adaptive immune response. While previously a RIG-I dependent, direct
cytotoxic effect of ppp-RNA on metastasized human melanoma cells in
immunodeficient NSG mice has been described (Besch et al. 2009), my data
show the complete absence of treatment benefits in C1498/GFP AML-bearing
NSG mice, suggesting that in my model of AML, ppp-RNA treatment does not
promote direct cytotoxicity or cytostasis. This is well explained by the fact that the
C1498 AML cell line resists transfection with most commercially available RNA
transfection reagents in vitro and with all tested by our group in vivo, indicating
that the absence of direct cytotoxicity in vivo may be based on suboptimal means
of drug delivery and poor transfectability rather than dysfunctional RIG-I signaling

in the tumor cells.

4.2.2 CD8* and CD4+ T cells mediate ppp-RNA induced rejection of AML cells'4

The rejection of leukemic cells in my model of AML appeared to depend on the
presence of cellular immunity. RIG-I activation is known to result in cytokine
release, linking the innate immune response to the adaptive immune system via

enhanced antigen-presentation on tumor cells and APCs as well as activation of

14 With some modifications as described in Ruzicka, Koenig et al. 2020
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adaptive immune cells (Hochheiser et al. 2016). Using depleting antibodies
directed against different immune cell subsets in C1498/GFP AML-bearing WT
mice, | identified CD4+ and CD8* T cells as mediators of the treatment response,
while B and NK cells appeared dispensable. These findings are in contrast to
studies identifying NK cells as mediators of ppp-RNA induced anti-tumor
responses against B16 melanoma cells (Poeck et al. 2008). However, in models
of pancreatic cancer (Ellermeier et al. 2013) and hepatocellular carcinoma
(unpublished data), NK cell depletion also failed to affect treatment outcomes
negatively, suggesting that the underlying mechanisms of ppp-RNA therapy

greatly vary depending on the tumor entity.

4.3 Intact RIG-I and IFNAR signaling are crucial for treatment outcome's
4.3.1 RIG-I and the possible involvement of TLRs in ppp-RNA therapy

MAVS is an adaptor protein essential for RIG-I downstream signaling. As Rig-I"
mice on C57BL/6 background are not viable, | used Mavs” mice to evaluate the
role of RIG-I and the possible contribution of off-target effects on the outcome of
ppp-BNA treatment. Intact RIG-| signaling via MAVS in the host turned out to be
of central importance for ppp-RNA treatment outcome, especially with regard to
long-term survival, as the overall survival of Mavs” mice was inferior to the
survival of WT mice. Of note, long-term survival and formation of an
immunological memory was observed in WT mice exclusively. This indicates that
intact RIG-I signaling is essential to achieve long-term remission, which is likely
explained by the enhanced proinflammatory environment mediated by cytokine
and particularly interferon release following its activation, eventually leading to

augmented antigen cross-presentation via APCs and immune cell recruitment.

The residual effects of ppp-RNA treatment in Mavs” mice may be accounted for
by the involvement of TLR7, an innate immune receptor with the ability to sense

viral dsRNA and thus ppp-RNA, too (Hornung et al. 2005). Previous studies show

15 With some modifications as described in Ruzicka, Koenig et al. 2020
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that repeated activation of TLR7 in mice led to downregulation of the receptor
(Bourquin et al. 2011). This could explain why in Mavs” mice, CXCL10 induction
diminished over time as ppp-BNA therapy was given repeatedly, while
chemokine levels in WT mice remained constant (Figure 7). Despite the likely
activation of TLR7 by ppp-RNA treatment, the therapeutic outcome has
previously been shown to remain unimpaired in TIr7/” mice (Poeck et al. 2008,
Ellermeier et al. 2013), again underlining that independently of off-target
involvement, RIG-l1 or MAVS, respectively, are the critical target receptors for

ppp-RNA therapy.

4.3.2 ppp-RBNA triggers IFN release in a model of disseminated AML

Type | IFN plays a critical role when it comes to the induction of anti-tumoral
immune responses by activating immune cells and enhancing antigen
presentation. Consistently with previously published results (Poeck et al. 2008),
intact IFNAR signaling in the host proved to be a key factor for ppp-RNA
treatment efficacy in my model of AML. Disseminated leukemia is known for its
inability to induce type | IFN in contrast to subcutaneously grown leukemic
tumors, thus failing to activate cellular anti-tumor immunity (Curran et al. 2016).
Elevated levels of CXCL10 after treatment suggest that ppp-RNA therapy does
induce IFN in my model of disseminated AML, and thus paves the way for a
cellular immune response as described in 4.2. Interestingly, the treatment of
AML-bearing mice with IFN only did not result in any notable effect, suggesting
that the effects of ppp-RNA therapy are mediated by, but not limited to effects of
type | IFN release. The precise mode of action of the treatment appears to go

beyond IFN release and may be subject to future studies.
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4.4 ppp-RNA may reduce the risk of relapsing AML6

4.4.1 Curative ppp-RNA treatment induces an immunological memory protective

of relapses

The treatment of AML is challenging particularly due to the fact that patients
remain prone to relapses even after initial complete remission. Taking the
observation into account that ppp-RNA therapy induces the formation of an
immunological long-term memory, this treatment appears particularly interesting
in the context of AML as it holds the potential to establish vaccination-like
immunity and thus prevent such relapses. | discovered that all ppp-RNA treated
mice surviving C1498/GFP AML formed an immunological memory protective of
rechallenges with C1498/GFP AML cells.

The formation of an immunological memory after curative immunotherapy is not
uncommon in treatments based on adaptive immune responses. Previous
studies compared memory responses upon tumor rechallenge in mice that have
been cured of solid tumors by either viral oncolytic immunotherapy (VOI) or
chemotherapy. Interestingly, 93-100% of VOI treated, tumor-surviving mice
withstood the rechallenge while only 0-20% of chemotherapy treated animals did
(Gao et al. 2018). Taken together with my data, it seems that the pursuit of
immune-based, memory inducing treatment strategies for AML as opposed to
well established chemotherapeutic approaches holds the potential to minimize
the risk of relapses, which yet remain the clinically most challenging feature of

the disease.

4.4.2 Memory responses are mediated by CD8* T cells

By adoptively transferring CD8* T cells from AML surviving mice into AML-
bearing WT mice | learned that the memory responses are mediated by cytotoxic
T cells. The transfer prolonged survival significantly, yet failed to establish long-

term remission, likely because the transferred T cells were not activated or

16 With some modifications as described in Ruzicka, Koenig et al. 2020



57 Discussion

expanded with regard to antigen-specificity ex vivo. Therefore, it is fair to assume
that the transfer only contained a small fraction of AML specific T cells. Together
with the lack of cognate APCs and T helper cells, this explains why the in vivo
expansion of the transferred cells remained insufficient to establish a long-lasting
remission. A co-transfer of CD4+ T cells from AML surviving mice and significantly
higher numbers of transferred T cells (as laid out by Gao and Bergman 2018)
may have helped to achieve higher remission rates, but were technically not

feasible.

4.5 ppp-RNA primes AML cells for checkpoint inhibition therapy'”

My studies revealed the central role IFN release plays in the treatment of AML
with ppp-BNA. IFN is known to upregulate PD-L1 expression on tumor cells, thus
limiting cellular immune responses (Freeman et al. 2000). In vitro and in vivo, |
found that C1498/GFP AML cells pose no exception to this phenomenon, leading
to the hypothesis that the treatment could benefit from simultaneous checkpoint

inhibition therapy.

The data show that antibody-mediated blockade of PD-1 augmented the
therapeutic efficacy of ppp-RNA while monotherapy with the antibody remained
without any effect, suggesting a priming role of ppp-RNA for the antibody to
become therapeutically relevant. These findings are in conflict with previous
studies showing partial efficacy of anti-PD-L1 monotherapy in the C1498/GFP
AML model (Zhang et al. 2009). The difference in findings, however, may be
explained by the fact that the authors used double the dose of inhibitory antibody
which additionally was targeted against PD-L1, not PD-1. Preliminary data from
a single experiment of mine indicate that the synergistic nature of ppp-RNA and
an anti-PD-1 antibody may hold the potential for even higher survival rates if the

dose of ppp-RNA is escalated.

17 With some modifications as described in Ruzicka, Koenig et al. 2020
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The concept of a priming agent sensitizing leukemic cells to checkpoint inhibition
has previously been investigated in the context of oncolytic viruses (Shen et al.
2016) and has recently been considered for agonists of stimulator of interferon
genes (STING) (Curran et al. 2016). Together with these findings, my data
underline the potential of targeting innate PRRs to trigger IFN-mediated immune
responses while simultaneously blocking IFN-regulated immune checkpoints,
and encourages to explore further immune checkpoints as potential targets to
optimize treatment outcomes. The priming character of ppp-RNA on checkpoint
inhibition therapy in this particular model of AML may be of high clinical relevance
as critical fractions of AML patients remain non-responsive to (mono-)therapy
with checkpoint inhibitors (Bruserud et al. 2019, Daver et al. 2019, Stahl et al.
2019).

4.6 Replicability in humanized mice demonstrates potential for clinical

translation®

To evaluate its potential for clinical translation, | designed a humanized mouse
model that would allow me to investigate the effects of ppp-RNA immunotherapy
on patient-derived AML cells in a setting based on the idea of allogeneic donor
lymphocyte infusion (DLI). DLI is a treatment that was initially established for
patients suffering from relapsed chronic myeloid leukemia after SCT. Patients
receive lymphocytes of their respective stem cell donor after SCT in order to
enhance the graft-versus-leukemia (GvL) effect, which can obviate the need of a
second SCT. Based on recent findings, DLI may be beneficial in the case of
relapsed high-risk AML after SCT (Schmid et al. 2007, Schmid et al. 2018) or as

a preventive measure after SCT (Takami et al. 2014).

To simulate a comparable setting, | infused human PDX AML-bearing NSG mice
with allogeneic human PBMCs. The infusion of PBMCs resulted in donor
dependent graft-versus-host (GvH) reactions of varying intensity, in certain cases

pronounced enough for the experiment to be terminated before reaching a

8 With some modifications as described in Ruzicka, Koenig et al. 2020
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relevant end point. The slow growth of PDX AML cells and looming GvH reactions
forced the PBMC infusion to be carried out at late, close to terminal stages of
disease using low numbers of transfused PBMCs. This left me a window of only

a few days to conduct treatment and analyses.

Nevertheless, | observed a reduction of tumor mass in the peripheral blood and
bone marrow of ppp-RNA treated mice, while at the same time CD3* T cell counts
rose in the respective tissues, indicating a boosted GvL reaction triggered by ppp-
RNA. Importantly, no signs of accelerated GvHD were observed in ppp-RNA-
treated mice within the short time frame | monitored them after ppp-RNA
treatment. More detailed studies will be needed to fully evaluate whether ppp-
RNA treatment can potentiate the effects of DLI in relapsed AML patients after
SCT. It also remains unclear whether the anti-leukemic effect is mediated by
direct proapoptotic effects of ppp-RNA on the tumor cells or via T cell induced
cytotoxicity. Lastly, the use of HLA-matched PDX AML cells and PBMCs would
allow to investigate how much of the effect relies on AML specificity of the

transfused leukocytes rather than the HLA-mismatch itself.



Summary 60

5. Summary

AML is a clonal disease of hematopoietic precursor cells with a poor prognosis.
While immunotherapeutic approaches for hematologic malignancies are on the
rise, remission rates in AML remain low, making new treatment strategies
urgently needed. | decided to investigate the potential of RIG-I-targeted
immunotherapy using ppp-RNA in the treatment of AML, which allows to induce
an immunological anti-tumor response by mimicking a viral infection. RIG-I is a
cytoplasmic innate immune receptor that senses viral RNA, upon which it triggers
the release of type | IFNs and proinflammatory cytokines, thus inducing an

adaptive cellular immune response (Ruzicka et al. 2020).

The treatment significantly prolonged the survival of C1498/GFP AML-bearing
C57BL/6 mice and established complete remission and immunological memory
formation in a fraction of almost 20% of the animals. The outcome was strongly
dependent on the presence of cellular immunity, particularly CD4+ and CD8* T
cells, while NK and B cells appeared dispensable. The response further
depended on intact IFNAR and MAVS expression in the host, indicating that in
this model systemic, proinflammatory effects and immune cell activation are the
central mechanisms of AML rejection. Further, | observed upregulated PD-L1
expression on AML cells after treatment and hence a possibility to sensitize these
cells to therapeutic anti-PD-1 checkpoint inhibition in vivo. Lastly, | demonstrated
anti-leukemic effects of ppp-RNA therapy in immune-reconstituted humanized
mice bearing patient-derived, disseminated AML. Beyond reduction of patient-
derived tumor cells, | observed enhanced fractions of human CD3+ T cells in both

blood and bone marrow after the treatment.

Particularly due to its ability to establish a state of complete remission while
forming an immunological memory, my findings show that ppp-RNA therapy is a

promising strategy for the treatment of AML.
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6. Zusammenfassung

AML ist eine klonale Erkrankung hdmatopoetischer Vorlauferzellen und mit einer
schlechten Prognose verknlpft. Trotz der zunehmenden Bedeutung
immuntherapeutischer Ansétze in der Behandlung hamatologischer Neoplasien
bleiben die Remissionsraten von AML-Patienten unzureichend und verdeutlichen
den Bedarf neuer Behandlungsstrategien. Im Rahmen der vorliegenden Arbeit
entschied ich mich, das Potential von ppp-RNA und somit RIG-I-vermittelter
Immuntherapie fur die Behandlung der AML zu untersuchen. Dieser Ansatz
erlaubt es, eine systemische Immunantwort gegen Tumoren mittels viraler
Mimikry zu induzieren. RIG-I ist ein zytoplasmatischer Rezeptor des
angeborenen Immunsystems mit der Eigenschaft, virale RNA zu erkennen und
uber die Induktion proinflammatorischer Zytokine und IFN eine Antwort des

erworbenen Immunsystems einzuleiten.

Die Therapie fiihrte zu einer signifikanten Uberlebenszeitverlangerung von
C57BL/6 M&ausen mit C1498/GFP AML und kompletter Remission einschlieBlich
der Bildung eines immunologischen Gedéchtnisses in fast 20% der
Versuchstiere. Der Therapieerfolg hing maBgeblich vom Vorhandensein CD4+
und CD8* T-Lymphozyten ab, wohingegen NK- und B-Zellen von
untergeordneter Bedeutung zu sein schienen. Die Abhangigkeit des
Therapieerfolges von intakter IFNAR- und MAVS-Expression im murinen
Organismus verdeutlicht, dass systemische, proinflammatorische Effekte und
Immunzellaktivierung im Vordergrund des Therapiemechanismus stehen.
Interessanterweise zeigte sich, dass die Therapie mit ppp-RNA die Expression
von PD-L1 auf AML Zellen induzierte und eine Sensitivitdt dieser Zellen
gegenuber therapeutischer anti-PD-1 Checkpoint-Blockade in vivo hervorrief.
Daruber hinaus fuhrte die Behandlung zu einer Verringerung der Last
patientenstdmmiger AML Zellen in immunrekonstituierten, humanisierten
Méusen bei gleichzeitig erhohter Infiltration tumorbefallenen Gewebes durch

CD3* T-Lymphozyten.



Zusammenfassung 62

Zusammenfassend lasst sich sagen, dass ppp-RNA in der Therapie der AML
nicht nur das Potential fur eine komplette onkologische Remission birgt, sondern
dartber hinaus auch eine Immunisierung gegen die Erkrankung induzieren und

ihr somit eine rezidivprophylaktische Wirkung zugeschrieben werden kann.
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