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1.Overview
1.1. Abstract

The overexpression of the programmed cell death-protein 1 (PD-1) and its ligand PD-L1 play a key role
in development and progression of cancer by inhibiting T cell activation, proliferation and survival. To
date, targeting of the PD-1-PD-L1 axis harbors great therapeutic potential in the treatment of tumors by
reversing cancer cell-driven immune escape and improving disease prognosis. Moreover, the aberrant
expression of the immunoregulatory enzyme ecto-5"-nucleotidase (NT5E) in tumor tissue is strongly
associated with the promotion of an anti-inflammatory state by inhibiting T cell-critical cytokine
secretion and encouraging the generation of tumor tolerant type 2 macrophages. The dysregulated
expression of PD-L1 and NTS5E in cancer is linked to tumor growth, progression and reoccurrence
resulting in overall poor survival rates. Unfortunately, recent studies have reported that the employment
of common radiotherapy against solid tumors elevated PD-L1 and NT5E expression levels. Altogether,
this unequivocally necessitates the elucidation of novel therapeutic approaches that effectively target the

immense oncogenic potential of the immune checkpoint molecules PD-L1 and NT5E.

This thesis in particular investigated miRNA-mediated aberrant immune checkpoint molecule expression
in human cell lines of three tumor entities through fluorescence-activated cell sorting (FACS) and
quantitative real-time polymerase chain reaction (RT-qPCR). This study identified and characterized two
novel tumor-suppressive miRNA candidates from a preselected library for the common inhibition of
PD-L1 in all investigated cell lines: Both miR-3117-3p and miR-1273c significantly downregulated
PD-L1 surface levels, indicating the miRNA-driven blockage of target mRNA transcript translation. For
miR-3117-3p the results suggest that the presence of three predicted target binding sites within the three
prime untranslated region (3’-UTR) of the PD-L1 mRNA further result in an overall decrease of target
mRNA levels through transcript degradation. Adjacently, miR-3117-3p upregulated NT5E levels through
binding site-independent effects in the breast cancer cell line. Furthermore, the molecular interactions
between miR-1273c and the 3’-UTR of the PD-L1 mRNA were validated in a luciferase reporter assay,
explaining the observed interference with PD-L1 surface levels through direct 3’-UTR binding events.
Moreover, this investigation elucidated two multi-functional inhibitors for the simultaneous
downregulation of PD-L1 and NT5E in the tumor cell lines tested: miR-155-5p and miR-512-3p
decreased the surface expression of both targets via predicted binding sites. This study verified the in
silico predicted binding site of miR-512-3p for the ligand PD-L1 via the conducted reporter assay.
Interestingly, miR-512-3p transfection elevated NT5E enzyme levels exclusively in the melanoma cell

line.




In conclusion, this study provided better insight into the regulation of miRNA-mediated immune
checkpoint molecule expression in different human tumor entities. Thereby, several novel
tumor-suppressive miRNA candidates were validated and characterized in vitro for the immune
checkpoint molecules PD-L1 and NT5E. The elucidation of novel inhibitory miRNAs and their targets
broadens our understanding of tumor development while bearing therapeutic potential for clinical
application. In particular, the presented discovery of PD-L1 inhibiting miRNAs could be implemented as
a new tool in combined radiotherapy approaches against tumors to mitigate PD-L1 enhancing side

effects.

miRNAs affecting PD-L1 and NT5E expression

NT5E up NT5E down
PD-L1 up 1228-3p PD-L1 down
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139-3p
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Figure 1: Summary of miRNA effects on PD-L1 and NT5E mRNA and surface level expression.
Display of miRNAs significantly affecting both immunoregulatory target molecules in three human tumor
entities. Flow cytometric and RT-qPCR data was acquired for the breast cancer cell line MDA-MB-231,
the lung adenocarcinoma cell line CRL-5826 and the metastatic melanoma cell line MaMel86b, as well

as the normal proximal tubular kidney cell line HK-2.




1.2. Zusammenfassung

Die Uberexpression des programmierten Zelltod-Proteins 1 (PD-1) und seines Liganden PD-L1 spielen
eine Schliisselrolle in der Entstehung von Krebs, indem sie die Aktivierung, die Vermehrung und das
Uberleben von T-Zellen hemmen. Das Eingreifen in die der PD-1-PD-L1-Achse birgt bislang ein groRes
therapeutisches Potenzial fiir die Behandlung von Tumoren, da man so die Krebszell-induzierte
Immunflucht umkehrten und die Krankheitsprognose verbessern kann. Dariiber hinaus fordert die
krankhafte Expression des immunregulatorischen Enzyms Ecto-5-Nukleotidase (NT5E) im
Tumorgewebe einen entziindungshemmenden Zustand, indem die T-Zell-kritische Zytokinsekretion
gehemmt und die Bildung von tumortoleranten Typ-2-Makrophagen geférdert wird. Die Dysregulation
von PD-L1 und NT5E in Krebs steht im direkten Zusammenhang mit Tumorwachstum, Fortschreiten und
Wiederauftreten der Krankheit. Aktuelle Forschung berichtet, dass herkommliche Strahlentherapie bei
soliden Tumoren die PD-L1- und NTSE-Expressionswerte deutlich erhoht. Die Erforschung neuer
therapeutischer Ansdtze ist unabdinglich, um dem immensen onkogenen Potenzial der

Immun-Checkpoint-Molekiile PD-L.1 und NT5E effektiv entgegenzuwirken.

Diese Thesis hat sich insbesondere der miRNA-mediierten Expression von Immun-Checkpoint-Molekiilen
in drei menschlichen Tumorentititen gewidmet, dabei wurden Effekte mittels Durchflusszytometrie
(FACS) und quantitativer Echtzeit-Polymerasekettenreaktion (RT-qPCR) untersucht. Diese Arbeit hat
zwei neue zwei tumorsuppressive miRNA-Kandidaten aus einer vorselektierten Bibliothek identifiziert
und charakterisiert, die in allen untersuchten Zelllinien eine universelle Hemmung von PD-L1 verursacht
haben: Sowohl miR-3117-3p als auch miR-1273c fiihrten zu einer signifikanten Herabregulierung des
Liganden an der Zelloberflache, was auf eine miRNA-gesteuerte Blockade der Translation der Ziel-mRNA
hinweist. Spezifisch fiir miR-3117-3p deuten die Ergebnisse darauf hin, dass das Vorhandensein von drei
vorhergesagten Zielbindungsstellen in der 3‘ untranslatierten Region (3'-UTR) von PD-L1, fiir den Abbau
des mRNA-Transkripts verantwortlich sind welches in der allgemeinen Verringerung des
Ziel-mRNA-Spiegels ersichtlich war. Kontrastierend, hochreguliert miR-3117-3p das Enzym NT5E in
Brustkrebszellen durch vermeidlich bindungsstellenunabhédngige Effekte. Dariiber hinaus wurden
molekularen Wechselwirkungen zwischen miR-1273c und dem 3-UTR von PD-L1 in einem
Luciferase-Reporter-Assay validiert, die beobachtete Herabregulierung von PD-L1 kann somit durch die
direkte Bindung des Liganden doziert werden. Zusétzlich wurden im Rahmen dieser Untersuchung zwei
multifunktionale Tumorinhibitoren fiir die simultane Herunterregulierung von PD-L1 und NT5E in
Krebszellen identifiziert: = miR-155-5p und miR-512-3p verringerten signifikant die
Oberflachenexpression beider Ziele mittels vorhergesagte Bindungsstellen. In dieser Studie wurde die in

silico vorhergesagte Bindungsstelle von miR-512-3p fiir den Liganden PD-L1 durch den durchgefiihrten




Reporter-Assay  verifiziert. Interessanterweise erhohte die miR-512-3p-Transfektion den

NT5E-Enzymspiegel ausschliel3lich in der Melanom-Zelllinie.

Zusammenfassend lasst sich sagen, dass diese Studie dazu beigetragen hat, mehr Einblicke in die
Regulierung der miRNA-vermittelten Immun-Checkpoint-Expression in verschiedenen menschlichen
Tumorentititen zu gewinnen. Dabei wurden mehrere neue tumorsuppressive miRNA-Kandidaten
validiert und fiir die Immun-Checkpoint-Molekiile PD-L1 und NT5E in vitro charakterisiert. Die
Erforschung neuartiger suppressiver miRNAs und ihrer Zielmolekiile erweitert unser Verstdndnis der
Krankheitsentwicklung bei Krebs und birgt so ein groRes therapeutisches Potenzial fiir die klinische
Anwendung. Insbesondere die hier prasentierte Ermittlung von PD-L1-hemmenden miRNAs konnte als
neues Instrument in der kombinierten Strahlentherapie eingesetzt werden, um PD-L1-verstirkende

Nebenwirkungen entgegenzuwirken.
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Figure 2: Zusammenfassung der miRNA Effekte in der Brustkrebslinie MDA-MB-231. In griin oder
rot markiert sind mRNAs, die die Expression eines Immun-Checkpoint-Molekiils verstdrkten oder
hemmen. miRNAs mit gemischten Effekten sind in orange dargestellt. Beobachtungen, die nur auf der
FACS-Analyse basieren sind mit gestrichelten Linien dargestellt, wihrend RT-qPCR validierte

intrazelluldre Effekte mit durchgehenden Linien dargestellt sind.




2.Introduction
2.1. microRNAs: small but powerful

2.1.1. The function of microRNAs

The first microRNA (miRNA), lin-4, was discovered in Caenorhabditis elegans, where it was identified to
regulate the expression of the protein lin-14 during the development of the round worm (R. C. Lee et
al., 1993). This finding did not only shake the foundation of the central dogma of gene expression and
regulation (Crick, 1956), but has also since irrevocably awarded microRNA with its great importance,
hence revolutionizing the field of RNA research (Almeida et al., 2011; Orellana, 2015). Nowadays,
miRNAs are defined as an abundant group of highly conserved, endogenous, small non-coding RNA
molecules consisting of 19-22 nucleotides (nt) with the power of post-transcriptionally regulating the
expression of genes (Hammond, 2015). Specifically, miRNAs possess a 2-8 nt long seed region that
enables the binding of several different target mRNAs (Bartel, 2004, 2018). Their primary modus
operandi is the targeting of a complementary sequence in the 3’ untranslated region of a desired
messenger RNA (mRNA) and the subsequent interference in the cell’s translational machinery (Mayya &
Duchaine, 2019). The exact outcome of this process is highly dependent on the degree of successful
base-pairing between a miRs seed region and the mRNA transcript: Large-scale base-pairing triggers the
recruitment of mRNA decay factors leading to target mRNA destabilization and degradation (Wilczynska
& Bushell, 2015). The matchup of seed and mRNA sequences at a less extensive scale result in the
blockage of mRNA translation (Farazi et al., 2008). Consequently, miRs are capable of regulating gene
expression and play a crucial role in various biological processes such as cell differentiation, proliferation

and apoptosis (Y. Huang et al., 2011).

2.1.2. Biogenesis of microRNAs

The biosynthesis of miRNAs commences with the transcription of deoxyribonucleic acid (DNA) in the
nucleus. The origin of miRNA sequences can be of intragenic or intergenic nature. Currently, more than
half of the identified miRNAs are intragenic, stemming from miRNA genes located within the genomic
region of a protein encoding gene. Intragenic miRNAs are mainly processed from intronic and few
extronic sequences of their host genes. Adjacently, intergenic miRNAs are independently transcribed
from host genes through individual promoter and terminator units (Hinske et al., 2014; Monteys et al.,
2010).

The processing of miRNA can be divided into the realms of canonical and non-canonical miRNA
biogenesis (Figure 3, p. 6). In mammals the majority of miRNAs are transcribed canonically by RNA
polymerase II/III resulting in long primary transcripts called pri-miRNAs (Borchert et al., 2006; Ha &

Kim, 2014). Next, pri-mRNAs are further processed within the nucleus by a microprocessor protein




complex, consisting RNA binding protein DiGeorge Syndrome Critical Region 8 (DGCR8) and the RNAse

I1I-type endonuclease Drosha (Denli et al., 2004). Specifically, DGCR8 recognizes N6-methylated GCAC
motives within the hairpin loop of pri-miRNAs, while Drosha catalyzes the cleavage of the transcripts
into pre-miRNAs with a characteristic 70 nucleotide (nt) long hairpin structure and 2 nt long

3’-overhangs (Alarcon et al., 2015; Roth et al., 2013).
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Figure 3: Biogenesis of miRNAs through canonical and non-canonical pathways. Mature miRNAs
are incorporated into the miRNA-induced silencing complex (miRISC) targeting the 3’-UTR of mRNA

transcripts, blocking translation or inducing mRNA degradation (adapted from O’Brien et al., 2018).




The resulting pre-miRNA molecule is exported to the cytosol by the Ran-GTP-dependent nuclear
transporter Exportin 5 (XPO5) and further processed by the RNase III endonuclease Dicer (Roth et al.,
2013). Thereby, Dicer cleaves the pre-miRNA, removing its terminal loop and creating an approximately
20 nt long mature miRNA/miRNA" duplex (H. Zhang et al., 2004). The completion of miRNA biogenesis
is achieved by the Argonaute protein family (Ago) facilitated binding of the pre-miRNA forming the
miRNA-induced silencing complex (miRISC). Finally, RNA helicases unwind the miRNA duplex, which
leads to the unloading and subsequent AGO2-mediated cleavage of the miRNA" passenger strand. The
vestigial guide strand remains bound in the miRISC complex as mature miRNA (Pong & Gullerova,
2018).

In contrast, non-canonical miRNA biogenesis is carried out in either Drosha/DGCR8-independent or
Dicer-independent pathways. An example of Drosha/DGCR8-independent pre-miRNA processing are
mirtrons, which transcribed within intronic sequences of protein encoding genes. In principle, mirtrons
are spliced and debranched by the RNA lariat debranching enzyme. The resulting refolded hairpin
pre-miRNA structures are further processed to mature miRNAs by Dicer, without the involvement of
typical hairpin processing by Drosha (Westholm & Lai, 2011). Adjacently, endogenous short hairpin RNA
(shRNAs) transcripts are processed in an Drosha-dependent matter in Dicer-independent biogenesis
pathways. Notably, these short pre-miRNAs require AGO2-mediated miRNA maturation, as they lack

sufficient length to be processed by Dicer (S. Yang et al., 2010).

2.1.3. Cancer and microRNAs

Copious studies have established that the aberrrant biogenesis of miRs is linked to numerous molecular
mechanisms in various diseases (Ardekani & Naeini, 2010). Explicitly, it has been discovered that
miRNA dysregulation has a profound effect on cancer development, signaling and progression. Further
effects on the hallmarks of cancer include the evasion of growth suppressors, resistance to cell death,
initiation of tumor angiogenesis and cell invasion (Shah & Shah, 2020). The microRNA mismanagement
in aberrant cells is promoted by the amplification, deletion, point mutation and abnormal methylation
of miRNA genes, along with failing transcriptional controls and defects within the miRNA biogenesis
machinery (Peng & Croce, 2016). Thereby, microRNAs can be dissected into two oversimplified classes
of corruption: Severely overexpressed, cancer promoting oncomiRNAs and actively downregulated
tumor suppressor miRs, that encourage the disease advancement through the creation of a pro-tumoral
environment accompanied by immune cell evasion (Cho, 2007; M. Yi et al., 2020). In recent years,
miRNA profiling and deep sequencing have embraced ill-willed miRNA expression and in return have
elucidated dysregulation signatures as a tool for tumor classification, diagnosis and even prognosis of

patient survival (Paranjape et al., 2009; Zhou et al., 2015). Moreover, it has been demonstrated that the




respective inhibition or stimulation of oncomiRNAs and tumor suppressor miRNAs leads to a significant

reduction in cancer cell proliferation and metastasis, with the potential for complete cancer regression
(Medina et al., 2010). The categoric duality and net function of individual miRNAs in the tumor
microenvironment has been controversially discussed (Svoronos et al., 2016), sparking research in the
field of miRNA drugs. Forthwith, two ideologies have formed: The employment of antagomiRs for the
targeted interference with oncomiRs through complementary sequence binding. Adjacently, the use of
tumor suppressive mimic miRs for the silencing of oncogenes (Ors-Kumoglu et al., 2019). Finally, the
full potential of microRNAs as biomarkers, therapeutic drugs and targets is yet to be realized. New
innovative large-scale and high-throughput screening methods for miRNA library characterization and
better strategies for targeted-stable in vivo miRNA delivery must be generated in order to unleash the

unequivocal power of RNA in modern medicine (Momin et al., 2021; Rupaimoole & Slack, 2017).

2.2. The role of immune checkpoint molecules

2.2.1. At the intersection of programmed cell death

The programmed cell death-protein 1 (PD-1), also known as CD297, is a co-inhibitory receptor expressed
on the surface of antigen-stimulated T cells and B cells (Agata et al., 1996; Ishida et al., 1992). PD-1 is
an important immune checkpoint molecule that plays a vital role in the upkeep of self-tolerance and
limiting tissue damage through the surveillance of T-cell activity. Thereby, autoimmunity is prevented
by the activation of apoptosis in self-reactive T cells, while cell death of regulatory T cells is inhibited
(Fife & Pauken, 2011). The type 1 transmembrane protein belongs to the immunoglobulin (Ig)
superfamily and consists of an extracellular N-terminal Ig-V like domain, a transmembrane domain and
an intracellular tail. Thereby, the cytosolic unit contains two phosphorylation sites within an
immunoreceptor tyrosine-based switch motif (ITSM) and an immunoreceptor tyrosine-based inhibitory
motif (ITIM) (X. Zhang et al., 2004). PD-1 is bound by its two ligands, programed cell death-ligand 1
and 2 (PD-L1/2), which are referred to as CD274 and CD273 according to their cluster of differentiation.
Under normal conditions PD-L1 is expressed on the surface of antigen presenting cells, T and B cells, as
wells as non-hematopoietic cells such as endo- and epithelial cells. Structurally, the 40 kDA large ligand
is made up of an extracellular N-terminal Ig-V and a C-terminal Ig-C like domain, as well as a
transmembrane domain and a short intracellular segment that does not contain any canonical signaling
motifs (Dong et al., 1999; Zheng et al., 2019). Its sister ligand, PD-L2, shares several homologous
sequence motives with PD-L1 and is specific to macrophages, dendritic cells and mast cells. Under
pathological conditions, both PD-L1 and PD-L2 are expressed by a wide array of cancer cells and
tumor-associated stroma cells (Latchman et al., 2001; Sharpe et al., 2007). In the last two decades,

studies have shown that the interaction between PD-1 and PD-L1/2 at tumor sites contributes to the




creation of a pro-tumoral environment through the inhibition of T cell activation and proliferation,

leading to a state of T cell exhaustion (Okadome et al., 2020; Sun et al., 2018).

In detail, the binding of PD-L1s extracellular domains to PD-1 induces a conformational change within
the receptor, which enables the phosphorylation of both ITSM and ITIM by Src family kinases. In return
these phosphorylated tyrosine motives recruit SHP-1 and SHP-2 protein tyrosine phosphatases, which
then dephosphorylate the co-stimulatory receptor CD28 (Figure 4). In addition, PD-1/PD-L1 binding
induces the dephosphorylation of the T-cell receptor associated molecule Zeta-chain-associated protein
kinase 70 (ZAP70), leading to the attenuation of T cell activating signals (Hui et al., 2017; Zak et al.,
2015). The interaction of PD-1 and PD-L1 results in the overall reduction of cytokine production, T cell
proliferation and survival, aiding cancer cells in immune evasion (Butte et al., 2007; Sheppard et al.,

2004).

Dendritic cell PDL1/2 CD80

W

v/

T cell

Inhibition of T cell signaling

Figure 4: Structure and function of PD-1 and its ligand PD-L1. The ligation of PD-1 / PD-L1 induces
the phosphorylation of the immunoreceptor tyrosine-based switch motif (ITSM) and the
immunoreceptor tyrosine-based inhibitory motif (ITIM), recruiting SHP-2 protein tyrosine phosphatases
for the dephosphorylation of the co-stimulatory receptor CD28. Overall, the binding of PD-1 to its ligand

PD-L1 results in the inhibition of T cell signaling and survival (adapted from Farrukh et al., 2021).




Since, PD-1 overexpression plays a global role in a large number of malignancies, the PD-1-PD-L1 axis
harbors great potential as a therapeutic target (Couzin-Frankel, 2013). Different approaches to this
challenge have since been undertaken with the most notable strides in the field of antibody-based
inhibitors: Numerous studies in patients have demonstrated that the blockage of PD-1 pathways through
the application of engineered IgGs have a positive effect on tumor reduction, responsiveness and overall
survival rate in an abundance of cancer; including but not limited to melanoma, non-small cell lung
cancer, Hodgkin’s lymphoma, bladder cancer, renal-, squamous- and Merkel cell carcinoma (Han et al.,
2020). For instance, Han and colleagues have recently reported the complete remission of a patient with
advanced metastatic gastric cancer through the admission of the PD-1 blocking fully human monoclonal
antibody Nivolumab in combination with chemotherapy and palliative surgery (Dai et al., 2022). It has
become ever so evident that therapeutically targeting PD-1-PD-L1 interactions in clinical illness is key to

treating and potentially defeating so-called uncurable diseases.

2.2.2. NT5E expression and the formation of immunosuppressive microenvironments

The enzyme ecto-5"-nucleotidase (NT5E), also referred to as CD73, is expressed on the cell surface of
various cells types and plays an important role in the maintenance of immune homeostasis (D. Allard et
al., 2017). Thereby, NT5E acts like an immunological switch by facilitating the transition between
pro- and anti-inflammatory states, through nucleotide hydrolysis (Beavis et al., 2012). The ecto-enzyme
consists of a dimeric C-terminal domain that harbors the substrate binding pocket and is anchored to the
cell membrane through glycosylphosphatidyl inositol linkage, with no additional membrane-embedded
elements. Whereas, the N-terminal domain coordinates the divalent catalytic co-factors Zn?* and Ca?*.
Both segments are connected by a flexible a-helix, that enables the change of enzyme conformation
during substrate cleavage (Striater, 2006). Functionally, NT5E cooperates with ectonucleoside
triphosphate diphosphohydrolase 1 (ENTPD1) in the catabolization of extracellular adenosine
triphosphate (ATP). Initially, ENTPD1 catalyzes the reversible two-step dephosphorylation of ATP into
adenosine monophosphate (AMP) (Antonioli et al., 2013). Next, the generated AMP substrate is bound
by NT5E and irreversibly hydrolyzed forming free adenosine (Figure 5, p. 11). Human regulatory T cells
are widely known to express NT5E on their cell surface in order to sustain anti-inflammatory responses
among surrounding effector T cells, macrophages, dendritic and natural killer cells. This process is
crucial for the preservation of self-tolerance and hence the prevention of autoimmune diseases (Bettelli
et al., 2006; Kalekar et al., 2016). The released adenosine acts on the G-coupled receptors A1, A2a, A2b
and A3 in neighboring cells. Namely, the adenosine receptor A2a is expressed on T cells, natural killer
cells and dendritic cells, where it is encoded by the ADORA2A gene and is associated with Ga proteins

of the G; subtype (Fredholm et al., 2011). Upon adenosine stimulation, the receptor changes
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conformation allowing the release of the activated Gas subunit from its Gy dimers. While G protein GRy

subunits contribute to mitogen-activated protein kinase (MAPK) and phospholipase C (PLC) signaling,
the Gas group initiates the cyclic AMP (cAMP) pathway (Carpenter & Lebon, 2017; Jacobson & Gao,
2006). Specifically, the activation of adenylyl cyclases results in the hydrolysis of intracellular ATP
forming cAMP, which leads to the further activation of the protein kinase A (PKA). In effector T cells,
PKA finally phosphorylates the C-terminal Scr kinase, thus inhibiting the Src family tyrosine kinases Lck

and Fyn and blocking the completion of T cell receptor signaling (Mosenden & Taskén, 2011).
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Figure 5: Structure and function of NT5E. The membrane bound enzymes ectonucleoside triphosphate
diphosphohydrolase 1 (ENTPD1) and ecto-5'-nucleotidase (NT5E) cooperatively catabolize extracellular
adenosine triphosphate (ATP) to free adenosine. In T cells, natural killer (NK) and dendritic cells (DCs)
the produced adenosine is bound by the adenosine A2A receptor and induces anti-inflammatory effects.
In cancer cells A2B receptors are stimulated, resulting in increased tumor cell proliferation and survival

(Kordals et al., 2018).

Under heathy conditions, NT5E expression is a safe guard protecting from overreactive immune
responses, while in sickness infected and genetically aberrant cells strategically express the enzyme to

further an anti-inflammatory state (Aandahl et al., 1998; Stagg et al., 2011). The aberrant expression of
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NT5E by tumor cells has been reported in numerous cancer entities, including melanoma, glioblastoma,

non-small cell lung cancer, breast, ovarian and prostate cancer. Thereby, cancer cells make use of the
adenosine dependent blockage of T cell proliferation, activation and migration creating a tumor friendly
environment. Additionally, adenosine-driven immune escape is facilitated by the suppression of
inflammatory cytokine secretion in macrophages, as well as the accelerated conversion of tumor-reactive
type 1 macrophages into tumor-tolerant type 2 macrophages (Antonioli et al., 2016; Haské & Pacher,
2012; T. Jiang et al., 2018). In further synergy, cancer cells hijack the downstream cAMP pathway by
expressing several adenosine receptors: Stimulation of A2B receptors in cancer cells results in tumor cell
proliferation and survival. The additional expression of A1 and A3 receptors leads to tumor cell migration
through Gi protein signaling (Ohta, 2016). As extracellular adenosine levels coincide with intracellular
cAMP levels, which promote overall cancer cell aggressiveness, unresponsiveness, metastasis and
angiogenesis, researcher have deemed NT5E as a promising therapeutic target (B. Allard et al., 2014;

Stagg & Smyth, 2010).

Recent trends in cancer targeting are shifting their focus from therapeutic antibodies to small molecules:
Miiller and colleagues have reported the function of a potent NT5E inhibitor in various cell types. The
small molecule a,B-methylene-ADP (APCP) and its derivatives harbor great clinical potential, as they
block the synthesis of adenosine by highly competing with the substrate AMP (Bhattarai et al., 2015).
These results are especially promising considering reports stating that the application of small molecules
in cancer therapy has several advantages over the treatment with traditional monoclonal antibodies. The
significant size difference is a particular asset of small molecules, facilitating the movement across
physiological borders and thus achieving greater exposure within the microenvironment of the tumor.
Additionally, small molecules have better bioavailability upon oral application and thus are more easily
administered to patients, compared to therapeutic antibody administration (Young et al., 2014).
Concluding, the further exploration of cancer as a dynamic process is crucial for enhancing our
knowledge on how and why cancer evolves. In future, the full scope of targets and adjacent treatments

must be investigated while also considering innovative forms of therapeutic molecule delivery.

2.3. miRNA library for the regulation of PD-L1

The ongoing discovery of new miRNAs, function and targets produces an ever so increasing density of
information, necessitating the collection of miRNA sequences and annotations in public databases (Alles
et al., 2019). Currently, the reference repository miRBase (v22) contains 38589 entries across 271
organisms, including 1917 human miRNA hairpin precursors and 2656 mature miRNAs (Kozomara et

al., 2019). The exploration of uncharacterized miRNA-mRNA interactions and the identification of
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functionally active miRNAs in high-throughput screenings is yet to be concluded. The growing number

of miRNAs constitute a challenge of great dimension not only for in vivo validation, but also for in silico
bioinformatic prediction and analysis (Plotnikova et al., 2019). Previous works of the Eichmiiller group
utilized the MISSION Human miRNA mimics library V21 from Siga-Aldrich, containing 2754 individual
miRNAs. The comprehensive FACS-based library screen elucidated novel miRNAs involved in the
regulation of immune checkpoint molecule expression in human cancer cells. Specifically, miR-1285-5p
and miR-3134 were identified as tumor suppressive miRNAs by binding to the 3’-UTR of NT5E and thus
inhibiting the expression of this immunoregulatory enzyme (Kordal}, 2021; Kordaf} et al., 2018).
Following this investigation, a refined miRNA library was compiled of miRNAs downregulating surface
expression levels of PD-L1 in the human breast cancer cell line MDA-MB-231. This preselected miRNA

library was further utilized and examined in the following study (Table 1, p. 15).

2.4. Aim of this study

The rationale of this thesis was the identification and characterization of miRNAs regulating the aberrant
immune checkpoint molecule expression in human tumor cells, with particular focus on the
immunomodulatory ligand PD-L1. Therefore, a preselected human miRNA library was screened for
miRNAs affecting PD-L1 expression in in three different tumor entities and normal kidney cells upon
transient transfection, aiming to elucidate multi-functional miRNA candidates. Unveiling universally
applicable tumor-suppressive miRNAs inhibiting PD-L1, might provide new options to improve

therapeutic cancer targeting.
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3.Methods

All used chemicals, solutions and materials, as well as the vendors and their headquarters are listed in

the appendix (Table 10-16).

3.1. Cell culture

The described cell culture experiments were performed under sterile conditions within a laminar flow
hood using four human cell lines of various tumor entities as well as healthy human kidney cells. The
investigated cancer cell lines included the human epithelial breast adenocarcinoma cell line
MDA-MB-231 (ATCC®: HTB-26, USA), the human metastatic melanoma cell line MaMel86b
(Universitatsklinik Mannheim, Germany), the human non-small-cell lung carcinoma cell line CRL-5826
(ATCC®: NCI-H226, USA) and the human colorectal adenocarcinoma cell line HT-29 (ATCC®: HTB-38,
USA). Additionally, the proximal tubular kidney cell line HK-2 (ATCC®: CRL-2190, USA) was cultivated.
All cell lines were authenticated by genetic genotyping and continuous mycoplasma testing was
performed to verify correct genetic lineage and sterile cell stocks. All solutions were warmed up to 37 °C

prior to their usage and all incubation steps were carried out at 37 °C, 5 % CO; and 98 % humidity.

3.1.1. Standard cell culture conditions

All cells were cultivated in Roswell Park Memorial Institute 1640 medium (RPMI 1640) supplemented
with 10 % (v/v) fetal calf serum (FCS) and 1 % (v/v) penicillin-streptomycin antibiotics. The four cell
lines were passaged twice weekly, following this procedure: The cells were briefly washed with 10 mL
phosphate buffered saline (PBS). Next, the cells were detached using 3 mL of 0,25 % trypsin-EDTA and
incubated at 37 °C for 5 min. The trypsinization reaction was stopped by the addition of 7 mL of culture
medium.

The live cell concentration for cell seeding was determined by mixing 90 ul cell suspension with 10 ul
0.4 % trypan blue solution. Thereafter, 10 ul of the created cell-trypan blue sample was pipetted onto a
C-CHIP disposable hemocytometer. All living cells within the large 4x4 grid square divisions were

counted and the cell titer was calculated according to Equation 1.

Counted cells

* 10 = X * 104 cells/mL Equation |

Lastly, 5¥10° cells were seeded into 15 mL of culture medium and cultivated in a new cell culture flask.
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For the following experiments cells were seeded in antibiotic-free culture medium. For FACS and

RT-qPCR experiments the fast-growing cell lines MDA-MB-231 and CRL-5826 and the slow-growing cell

lines MaMel86b, HK-2 and HT-29 were seeded in 12-well plates at a cell density of 1*10° and respectively
2+10° cells per well. For the XTT assay and 3'UTR reporter assay all cells were seeded in 96-well plates

at a density of 1+10* cells per well.

3.2. miRNA Transfection

The transfection of microRNA into human cells was carried out through the generation of
Lipofectamine™ RNAIMAX (Thermo Fischer Scientific, USA) liposomes. All steps performed during
transfection were carried out using RNase free filter-tips. To begin with, MDA-MB-231, CRL-5826,
MaMel86b and HK-2 cells were seeded in 12-well plates to achieve 60-70 % confluency at the day of
transfection. After 24 h, the appropriate cell growth and confluency was checked before commencing
with the transfection of miRNAs in Table 1. Cells were transfected according to the manufacturers
protocol with a final miRNA concentration of 50 nM per well. After transfection, cells were incubated at
standard cell culture conditions for 24 h before the addition of 1 mL/ well culture medium. Finally, cells

were harvested for RT-qPCR or FACS measurements 48 h or 72 h post transfection (p.t.).

Table 1: microRNA library and short reference names used for Lipofectamine™ transfection.

microRNAs Referred to as Sequence

miRIDIAN® microRNA Mimic:

1. hsamiR-139-3p miR-139-3p UGGAGACGCGGCCCUGUUGGAGU
2. hsa-miR-139-5p miR-139-3p UCUACAGUGCACGUGUCUCCAGU
3. hsa-miR-146a-3p miR-146a-3p CCUCUGAAAUUCAGUUCUUCAG
4. hsa-miR-146a-5p miR-146a-5p UGAGAACUGAAUUCCAUGGGUU
5. hsa-miR-155-5p miR-155-5p UUAAUGCUAAUCGUGAUAGGGGUU
6. hsa-miR-374b-3p miR-374b-3p CUUAGCAGGUUGUAUUAUCAUU
7. hsa-miR-512-3p miR-512-3p AAGUGCUGUCAUAGCUGAGGUC
8. hsa-miR-1204 miR-1204 UCGUGGCCUGGUCUCCAUUAU

9. hsa-miR-1228-3p miR-1228-3p UCACACCUGCCUCGCCCCCC

10. hsa-miR-1273c miR-1273c GGCGACAAAACGAGACCCUGUC
11. hsa-miR-3117-3p miR-3117-3p AUAGGACUCAUAUAGUGCCAG

mirVana™ miRNA Mimic:

Negative Control #1 (ath-miR-416)
ON-TARGETplus SMART pool Human CD274
ON-TARGETplus SMART pool Human NT5E

Mimic Control-1

PD-L1 siRNA pool
NT5E siRNA pool

GGUUCGUACGUACACUGUUCA

Composed of 4 individual siRANs
Composed of 4 individual siRANs
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3.3. RT-qPCR

In order to prevent RNA degradation during the sample preparation for RT-qPCR, all steps were

performed using RNaseZAP™ cleaned equipment and RNase free filter-tips.

3.3.1. Harvest of cells for RT-qPCR

For RT-qPCR analysis, cells were harvested 48 h p.t. by removing the culture media and adding
100 ul/ well 0,25 % trypsin-EDTA. The cells were detached at 37 °C for 5 min and resuspended in 500 ul
antibiotic-free culture medium. Next, the cell suspension was centrifuged for 5 min at 3500 rcf and 4 °C.
Ultimately, the cell pellets were resuspended in 1 mL QiAzol™ lysis reagent (Qiagen, Germany) and

stored at -80 °C until further RNA isolation.

3.3.2. Isolation of RNA

For the isolation of total RNA from frozen cell samples, the miRNeasy Mini Kit (Qiagen, Germany) was
used according to the manufacturers protocol. The phenol/guanidine thiocyanate-based lysis of samples
and the silica membrane-based purification of RNA enabled the analysis of intracellular miRNA and
mRNA expression. Specifically, RNA was eluted in 40 ul nuclease-free water and stored at -80 °C until

further usage in cDNA synthesis.

3.3.3. Quantification of RNA

The quantification of isolated RNA was carried out by fluorometric concentration measurements via the
Qubit™ 4 Fluorometer (Thermo Fisher Scientific, 2022). Therefore, the RNA samples, Qubit™ microRNA
standards and the working solution was pipetted into Qubit™ Assay Tubes according to the instructions
of the Qubit™ microRNA Assay Kit (Thermo Fischer Scientific, USA). All assay tubes with respective
compositions (Table 2) were vortexed for 3 s, incubated at RT for 2 min and measured by the microRNA

program of the Qubit™ 4 Fluorometer.

Table 2: Composition of assay tubes for Qubit™ 4 Fluorometer measurements.

Reagent volume Qubit™ standard Sample
Working solution 190 ul 198 ul
Qubit™ Standards #1 and #2 10 ul -
Sample - 2 ul
Total volume in assay tube 200 ul 200 ul
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3.3.4. Synthesis of cDNA

For the synthesis of cDNA, 500 ng of isolated total RNA were reverse-transcribed using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fischer Scientific, USA). The reaction was carried out with a
Veriti™ 96 Well Thermal Cycler (Applied Biosystems, USA) according to the manufacturer’s

specifications (Table 3).

Table 3: cDNA Synthesis components and thermal conditions.

Reagent volume Amount Program

for 1 reaction Temperature [°C] Time [min]
RNA 10 ul (500 ng)

10x RT Buffer 2ul 65 10
25x dANTP Mix (100 mM) 0.8 ul Immediately on ice 5

10x RT Random Primer 2ul 50 60
MultiScribe™ Reverse Transcriptase 1pul 85 5
Nuclease-free water 4.2 ul 4 o
Total volume 20 ul

For the subsequent usage in RT-qPCR, the synthesized cDNA samples were diluted in 1:4 PCR grade

water and stored at -20 °C.

3.3.5. RT-qPCR

The RT-qPCR reaction was carried out, in order to analyze the intracellular levels of specific mRNA
targets. Therefore, individual master mixes for each target were prepared using the PowerSYBR® Green
PCR Master Mix (Applied Biosystems, USA). For the reaction, 2 ul diluted cDNA sample and 18 uL master
mix were pipetted into a 96-well plate. Lastly, all RT-qPCRs were run on a QuantStudio™ 3 Real-Time
PCR System using the QuantStudio™ Design and Analysis software version 1.5.2 (Applied Biosystem,

2022) according to the manufacturer’s specifications (Table 4, p. 18).
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Table 4: PowerSYBR® Green RT-qPCR components and program.

Reagent volume Amount Program Melt curve

for 1 reaction Temperature [°C] Time [s] Temperature [°C] Time [s]

cDNA 2 ul 50 120 95 15
1:4)

Forward Primer (10 uM) 0.4 ul 95 120 60 60

Reverse Primer (10 uM) 0.4 ul 95 15* 95 1

PCR Master Mix 10 ul 60 60*

Nuclease-free water 7.2 ul 72 30

Total volume 20 pul *Repeat 40 cycles Ramp rate at 1.6 °C/ s

Glyceraldehyde-3-phophate dehydrogenase (GAPDH) and ribosomal protein 19 (RPL19) were selected
as endogenous housekeeping genes as they lack a putative binding site for all transfected miRNAs. These
housekeeping genes (HK) were used to normalize the measured samples for the genes of interest (GOI),

PD-L1 and NT5E. The primer sequences of all targets are listed below (Table 5).

Table 5: Primer sequences for PowerSYBR® Green RT-qPCR.

Primers Purpose Amplicon [nt] Sequence
CD73_Pagnotta_fwd Gene of interest ATTGCAAAGTGGTTCAAAGTCA
CD73_Pagnotta_rs NTSE 12 ACACTTGGCCAGTAAAATAGGG
CD274_fwd Gene of interest TGGCATTTGCTGAACGCATTT
CD274 rev PD-L1 120 TGCAGCCAGGTCTAATTGTTTT
GAPDH_fwd Housekeeping GAGTCAACGGATTTGGTCGT
GAPDH rs gene 238 TTGATTTTGGAGGGATCTCG
RPL19_fwd Housekeeping GGCACATGGGCATAGGTAAG
RPL19_rs gene 198 CCATGAGAATCCGCTTGTTT

3.3.6. RT-qPCR analysis

For the quantification of selected mRNA targets within the measured samples, the mean Ct-values of the
tree technical replicates was determined. The relative expression of the targets was calculated using the
27AACt-method (Equation II-III, p. 19). Therefore, the ACt-value was determined by subtracting the

mean Ct-value of the housekeeping gene from the mean Ct-value of the gene of interest.
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Next, the ACt-value of the Mimic Control-1 sample was subtracted from the ACt-values of the other
samples in the miRNA library, resulting in the AACt. Finally, the base two logarithm of the fold change

was calculated for all samples using Equation IV and V.

ACt = CtGOI - CtHK Equation |
AACt = CtmiR - CtMimic Control—1 Equation i
Fold change: FC = 2724¢t Equation IV

log (FC) = log, (2724¢Y) Equation V

3.4. Flow cytometry

Prior to FACS measurements the human cell lines MDA-MB-231, CRL-5826, MaMel86b, HK-2 and HT-29

were transfected using Lipofectamine™ RNAiMAX reagent.

3.4.1. Harvest of cells for FACS

On the 72 h mark p.t., cells were prepared for FACS analysis by aspirating the culture media and adding
100 wl/ well TrypLE™. In order to detach the cells, an incubation step at 37 °C for 7 min was carried
out. The mild trypsinization reaction was stopped by the addition of 100 ul FACS buffer (3 % FCS in
PBS). Next, the cells were transferred into a round bottom 96-well plate and centrifuged for 5 min at
300 rcf. The supernatant was discarded and the cell pellets were washed and centrifuged twice with

200 ul FACS bulffer.

3.4.2. Immunofluorescence staining and FACS measurement

For FACS staining cells were stained for Live/Dead using Pacific orange® at a 1:1000 dilution in FACS
buffer. The dye reacts with free amines on the cell in- and exterior of compromised cell membranes,
enabling the discrimination of live cells with intact cell membranes from dead cells by their difference
in fluorescence intensity (Invitrogen, 2022). Further, the expression of NT5E and PD-L1 were visualized
using R-Phycoerythrin (PE)- and Allophycocyanin (APC)-conjugated target specific antibodies at a 1:100
dilution in FACS buffer. The sample cells were resuspended and stained in 100 ul of the staining mixture.

Additionally, untransfected cells were utilized as single-stained and isotype controls for both antibodies.

! All used fluorescent dyes, antibodies and respective isotypes with short name references and pipetted volumes are listed in Table 6, p. 20.
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All cells were stained for 1 h at 4 °C in the absence of light. After the incubation, the cells were
centrifuged and washed twice with 200 ul FACS buffer. Subsequently, cells were resuspended in 100 ul

FACS buffer and passed through cell-strainer caps of polystyrene round-bottom tubes.

Table 6: Fluorescent dyes and antibodies with short reference names used in this study.

Florescent dyes Referred  Excitation  Volume per sample
to as laser in 100 ul FACS buffer
Yellow fluorescent reactive dye Pacific
VL-510-50 0.01 ul
orange
Antibodies
Anti-Hu CD274 (PD-L1, B7-H1) APC
RL-670-14-A 1ul
[0. 5 ug/ mL], REF. 17-5983-48 antibody
PE anti-human CD73 (Ecto-5’-nucleotidase) PE
BL-585-42-A 1ul
[400 ug/ mL], Cat. 344044 antibody
Isotype
Mouse IgG1 kappa Isotype Control eFluor 660 APC
RL-670-14-A 1ul
[0.2 mg/ mL], REF.50-4714-82 isotype
Mouse IgG1 kappa Isotype Control PE PE
BL-585-42-A 1l
[0.2 mg/ mL], REF. 12-4714-82 isotype

The prepared samples were analyzed by the BD FACSCanto™ II Flow Cytometer using the BD
FACSDiva™ Software (BD Biosciences, 2022a). The untreated and unstained sample was used to adjust
the forward scatter (FSC) and side scatter (SSC). Further, the single-stained controls were used to

determine fluorescence channel spill-overs and facilitated compensation.

3.4.3. Analysis of FACS data

Analysis of acquired FACS data was performed with FlowJo™ version 10.8.1 (BD Biosciences, 2022b).
In first place, events were gated on single cells and live cells. Next, the isotype control sample was used
to set gates for both NT5E and PD-L1 channels. The percentage of live cells and their median fluorescence
intensity (MFI) were exported and subsequent initial data analysis was performed using Microsoft Excel

version 2209 (Microsoft Cooperation, 2022).
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3.5. XTT Assay

In order to assess the effect of specific miRNAs on the cell viability of transfected human cells, a
next-generation tetrazolium salt assay was conducted. The XTT assay is a colorimetric cell metabolic
activity and proliferation assay that is based on the reduction of yellow 2,3-bis (2-methoxy-4-nitro-5-
sulfophenyl)-5-[ (phenylamino) carbonyl]-2H-tetrazolium hydroxide (XTT) to water-soluble orange XTT
formazan salt shown in Figure 6 (Mosmann, 1983; Roehm et al., 1991). Specifically in metabolically
active live cells, the mitochondrial reductase NAD(P)H-dependent cellular oxidoreductase converts the
tetrazolium compound allowing the linkage of mitochondrial activity to the number of viable cells

(Stockert et al., 2018).
Mitochondrial reductase 2Na'

+
Na |
(o]
CH3 H3C\ NO

2

XTT XTT Formazan
2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5- 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino) carbonyl]-2H-tetrazolium hydroxide [(phenylamino) carbonyl]-2H-tetrazolium formazan

Figure 6: XTT assay. The mitochondrial reduction of yellow XTT forms orange XTT formazan salt.

For the XTT assay, the XTT Cell Proliferation Assay (SERVA Electrophoresis GmbH, Germany) was used
according to the manufacturers protocol. Therefore, MDA-MB-231 and MaMel86b cells were seeded in
three separate 96-well plates at a cell density of 1¥10* cells per well. After 24 h, the cells were transfected
with a final miRNA concentration of 25 nM per well using Lipofectamine™ RNAiMAX (Thermo Fischer
Scientific, USA). The XTT assay was conducted 24, 48 or 72 p.t. by directly pipetting 50 uL. XTT detection
solution into each well. The cells were further incubated at 37 °C for 60 min before absorbance
measurements were carried out on a CLARIOstar® Plus microplate reader (BMG LABTECH GmbH,
Germany). The absorbance (A) of the technical quintuplicates was normalized by subtracting the

absorbance reading at 450 nm from the background absorbance at 630 nm (Equation VI).

A= A4_50 nm — A630 nm Equation Vi
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3.6. 3'-UTR reporter assay

In order to investigate the interaction of specific miRNAs with the 3’-UTR of PD-L1, a luciferase reporter
assay was conducted. To begin with, MDA-MB-231, CRL-5826, MaMel86b and HK-2 cells were seeded
in opaque flat-bottom 96-well plates at a cell density of 1+10* cells per well. After 24 h, 25 nM and
100 ng pLS-PD-L1-3’-UTR plasmid? were transfected using the DharmaFECT Duo Transfection Reagent
(Dharmacon™, USA). The luciferase activity was measured 24 h p.t. with the LightSwitch™ Luciferase
Assay Kit (Active Motif, Belgium). Therefore, the assay solution was freshly prepared protected from
light by solving the lyophilized assay substrate in 1 mL substrate solvent and diluting it in 100 mL assay
buffer. Next, 100 uL assay solution was pipetted into each well and the cells were left to incubate for
30 min at RT in the dark. Finally, the luminescence was read out for 2 sec / well using the luminometer

setting on a CLARIOstar® Plus microplate reader (BMG LABTECH GmbH, Germany).

3.7. Statistical analysis

The results obtained by the performed experiments are presented as mean values with a standard error
of the mean (SEM). If not stated otherwise, experiments were executed at least three individual times
to establish the experimental error. For FACS and RT-qPCR experiments the fold changes of all samples
and the Mimic Control-1 were calculated and log, transformed. The significance was assessed through
a One-Sample T-Test using the GraphPad Prism 9.4.1 software (Dotmatics, 2022). The applied

significances are shown below in Table 7.

Table 7: Applied significance levels.

P-value Symbol Wording

P > 0.05 ns Not significant

P <0.05 * Significant

P<0.01 *x Very significant

P <0.001 ok Highly significant

P <0.0001 i Extremely significant

For the XTT- and 3’-UTR reporter assay experiments, the technical replicates of each sample were tested
for significant outliers by performing the Grubb’s test offered by GraphPad Prism (Dotmatics, 2023).
Outliers with p values < 0.05 were excluded from the analysis. To determine sample significance, a

Dunnett’s Multiple Comparison Test was conducted applying the significance levels listed above.

2 The vector map of pLS-PD-L1-3’-UTR is shown in Supplementary Figure 1, p. 66.
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]
4. Results

The aim of this study was the elucidation of miRNA-mediated post-transcriptional regulation of immune
checkpoint molecule expression, with a particular focus on immunomodulatory ligand PD-L1. Therefore,
a preselected miRNA library was screened for potential tumor-suppressive miRNAs that downregulated
PD-L1 mRNA and protein levels in three tumor entities and in normal kidney cells. For the validation of
the screening results, the effect of miRNAs on the cell viability was assessed, followed by the examination
of molecular interactions between selected miRNA candidates and the 3’-UTR of the PD-L1 encoding
mRNA. Furthermore, the miRNA library was investigated for miRNAs affecting the expression of the

ectonucleotides NT5E, aiming to identify multi-functional miRNA candidates.

4.1. Comparison of immune checkpoint molecule expression profiles

The expression pattern of the immune modulating molecules PD-L.1 and NT5E was determined in
different types of human cells through flow cytometry, in order to identify suitable cells lines for the
investigation of the miRNA library. Therefore, single live cell populations of the breast cancer cell line
MDA-MB-231, the lung carcinoma cell line CRL-5826, the melanoma cell line MaMel86b, the colorectal
adenocarcinoma cell line HT-29 and the proximal tubular kidney cell line HK-2 were selected through a
gating strategy exemplified in Supplementary Figure 2:Supplementary Figure 2. For the comparison of
relative target cell surface levels across all five cell lines, the mean fluorescence intensities of Mimic
Control-1 samples were normalized to their respective isotype control (Supplementary Figure 3, p. 67).

The resulting NT5E expression level for all examined cell lines is shown in Figure 7.

Relative NT5E surface levels
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Figure 7: NT5E surface expression among human cell lines of different non-/tumor entities. Results

show mean fluorescence intensities of Mimic Control-1 normalized to the isotype control of NT5E.
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All investigated human cell lines exerted robust NT5E expression. Thereby, the highest relative NT5E
surface level was found in the breast cancer cell line MDA-MB-231 with a normalized MFI of 340.
Following, the proximal tubular HK-2 cells (Norm MFI: 73), the lung carcinoma CRL-5826 cells (Norm
MFI: 49) and the colorectal carcinoma HT-29 cells (Norm MFI: 30) displayed a moderate expression of
the surface enzyme NT5E. The lowest NT5E levels were detected in the skin cancer cell line MaMel86b
(norm MFI: 23).

Relative PD-L1 surface levels
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80
60

40-

Norm MFI
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Figure 8: PD-L1 surface expression among human cell lines of different non-/tumor entities.

Display of mean fluorescence intensities of Mimic Control-1 normalized to the isotype control of PD-L1.

The expression of the cell surface ligand PD-L1 could be found in four cell lines, expect for the colorectal
carcinoma cell line HT-29 showing marginal PD-L1 levels (Figure 8). Overall, the highest expression of
PD-L1 was observed in CRL-5826 cells (Norm MFI: 66). For the human tumor cells lines MDA-MB-231
(Norm MFI: 23), HK-2 (Norm MFI: 8) and MaMel86b (Norm MFI: 7) a moderate to low expression of
PD-L1 was detected. The substantially lower and thus negligible target expression levels seen in HT-29
cells ruled out the further employment of the colorectal carcinoma in following experiments. Specifically,
for HT-29 cells only 2.4 % of gated cell population were tested positive for PD-L1 expression
(Supplementary Figure 4, p. 68).
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4.2. Quantification of miRNA library transfection effects on PD-L1 and NT5E

In order to evaluate potential effects of the miRNA library on expression of the immune modulating
molecules PD-L1 and NT5E, the relative surface levels of both targets were determined in human cell
lines via flow cytometry. Accordingly, the investigated tumor cells MDA-MB-231, CRL-5826 and
MaMel86b, as well as the normal kidney cell line HK-2 were transfected with the miRNA library, Mimic
Control-1, NT5E and PD-L1 siRNA pools using 50 nM (705 ng) miRNA and Lipofectamine™ RNAiMAX.
Treated cells were cultivated for 72 h p.t., consequently mean fluorescence intensities were detected
through flow cytometric analysis (Exemplary histograms in Supplementary Figure 5, p. 69). The
recorded results were normalized to Mimic Control-1 and Log2 transformed, enabling the comparison

of miRNA library effects among both targets and all cell types.

The relative surface levels of PD-L1 and NT5E on the breast cancer cell line MDA-MB-231 are shown
below in Figure 9. To begin with, the transfection of both siRNA pools resulted in an extremely significant
downregulation of the respective targets, indicating the successful transfection of the investigated cells.
For the surface ligand PD-L1, the introduction of seven miRNAs from the library induced a significant
reduction in surface expression levels. The highest fold-change was observed in miR-3117-3p with a
highly significant 1.6-fold decrease, followed by the less significant 0.8-fold decrease seen in miR-1273c.
A moderate downregulation of relative PD-L1 levels was achieved by the transfection of miR-139-5p,
miR-146a-5p, miR-155-5p and miR-512-3p ranging from a 0.2-fold to 0.55-fold decrease of the surface
ligand. Though insignificant, both miR-139-3p and miR-146a-3p showed downregulation tendencies for
PD-L1, while the transfection of miR-1204 and miR-1273c resulted in no effect. Finally, the untreated
and mock samples were consistent with Mimic Control-1 levels.

The relative NT5E surface levels after 72 h of library transfection were significantly downregulated by
two miRNAs (Figure 9B). Thereby, the introduction of miR-155-5p resulted in an extremely significant
1.1-fold decrease of the surface expression, similar to the very significant 0.7-fold change for
miR-512-3p. In contrast the transfection of miR-1204 resulted in a significant 0.4-fold increase of NT5E
levels. Further, an insignificant tendency for NT5E up- and downregulation could be observed in
miR-139-3p, miR-146a-5p, miR-1204, miR-1228-3p and respectively for miR-139-5p, miR-374b-3p and
miR-1273c. Lastly, the relative surface expression of NT5E in untreated and mock samples were similar

to each other, yet significantly lower than NT5E levels detected in Mimic Control-1.
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Figure 9: Log2 fold change of target MFIs for miRNA library transfection in MDA-MB-231. Results
show the relative NT5E (A) and PD-L1 (B) surface levels 72 h post transfection. The graph displays mean
values and SEM of >3 independent experiments in MDA-MB-231 cells. Fold changes were calculated
compared to Mimic Control-1. Significances were assessed by One-sample T-Test (* =P <0.05;

**P<0.01; *** = P<0.001; **** = P<0.0001).

The potential effect of the miRNA library on the relative surface levels of PD-L1 and NT5E was also
investigated in the human non-small-cell lung carcinoma cell line CRL-5826 (Figure 10, p. 27). The
transfection of the PD-L1 and NT5E siRNA pools resulted in a highly significant decrease of target levels,
establishing the successful transfection of miRNA in the examined tumor cells. For PD-L1, an overall

reduction of relative surface level expression was achieved by the introduction of the miRNA library,
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with exception of the upregulatory tendency seen for miR-1204. It was found that seven miRNAs induced

the reduction of target levels significantly. Precisely, miR-3117-3p and miR-1273c introduced a very
significant 1.1-fold and 0.9-fold decrease of PD-L1. In contrast, the transfection of miR-139-3p,
miR-146a-3p, miR-146a-5p, miR-155-5p, miR-374b-3p and miR-512-3p resulted in the less significant
reduction of ligand levels ranging from a 0.1- to 0.4-fold decrease. Notably, the relative PD-L1 surface

levels of the untreated and mock samples were downregulated 0.5-fold compared to PD-L1 levels in the

Mimic Control-1 sample.
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Figure 10: Log2 fold change of target MFIs after miRNA library transfection of CRL-5826 cells.
Results show the relative NT5E (A) and PD-L1 (B) surface levels 72 h post transfection. The graph
displays mean values and SEM of >3 independent experiments in CRL-5826 cells. Fold changes were
calculated compared to Mimic Control-1. Significances were assessed by One-sample T-Test

(* =P<0.05; **P<0.01; *** = P<0.001; **** = P<0.0001).
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The relative NT5E surface levels after 72 h of library transfection were significantly downregulated by

only one miRNA (Figure 10 B, p. 27). Precisely, the introduction of miR-155-5p resulted in a very
significant single-fold decrease of the surface enzyme expression. Despite the moderate data spread, the
transfection of miR-139-5p, miR-146a-5p, miR-512-3p and miR-1273c¢ showed downregulation
tendencies with an up to half-fold reduction in target cell expression. Contrastingly, the transfection of
miR-1204, miR-1228-3p and miR-3117-3p resulted in a significant 0.7- to 0.35-fold increase of the
surface expression levels of NT5E. Lastly, the relative NT5E surface levels of the untreated and mock

treated samples very significantly downregulated compared to Mimic Control-1 levels.
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Figure 11: Log2 fold change of target MFIs for miRNA library transfection in MaMel86b. Results
show the relative NT5E (A) and PD-L1 (B) surface levels 72 h post transfection. The graph displays mean
values and SEM of 4 independent experiments in MaMel86b cells. Fold changes were calculated
compared to Mimic Control-1. Significances were assessed by One-sample T-Test (* =P <0.05;

**P<0.01; *** = P<0.001).
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The relative surface levels of PD-L1 and NT5E of the human metastatic melanoma cell line MaMel86b
are displayed above in Figure 11. To begin with, the transfection of both siRNA pools resulted in the
desired significant downregulation of both targets, verifying the successful transfection of the inspected
cells. The introduction of all eleven miRNAs from the library the resulted in an overall reduced relative
surface level of PD-L1. The highest fold-change was observed for miR-3117-3p with a highly significant
1.1-fold decrease, followed by the very significant 0.7-fold decrease seen in both miR-512-3p and
miR-1273c. The miRNAs, miR-139-3p, miR-146a-3p, miR-146a-5p, miR-155-5p, miR-374b-3p and
miR-1204 significantly downregulated moderate PD-L1 surface expression around -0.3-fold in
MaMel86b cells. Additionally, similar relative PD-L1 surface levels were detected in the untreated and
mock samples that were 0.4-fold reduced compared to Mimic Control-1 levels.

For the surface enzyme NTSE, the transfection of the miRNA library resulted in unchanged to
upregulated target levels when folded to the Mimic Control-1 (Figure 11 B, p. 28). The highest
fold-change was induced by miR-1204 with a highly significant 2.3-fold increase of surface NT5SE
expression. Furthermore, miR-139-3p, miR-512-3p, miR-1228-3p and miR-1273c upregulated target
levels by 0.4- to 0.9-fold with varying levels of significance. Finally, the relative NT5E surface levels of

the mock sample were consistent with levels detected in Mimic Control-1.

The effect of the miRNA library on the relative surface levels of PD-L1 and NT5E was investigated in the
normal proximal tubular kidney cell line HK-2, to compare and contrast the potential miRNA effects on
healthy and cancerous human cells (Figure 12, p. 30). Noticeably, the transfection of miRNAs in HK-2
cells resulted in a moderate fluctuation of data points compared to the investigated tumor entities
described above (Figure 9-11). Despite the observed data spread, the reduction of PD-L1 and NT5E
target levels stemming from the siRNA pools, proved the appropriate transfection of the kidney cells.
The introduction of the miRNA library caused an overall decrease of the surface ligand expression. The
four miRNAs, miR-512-3p, miR-1228-3p, miR-1273c and miR-3117-3p significantly reduced PD-L1
levels ranging from a 0.5- to 0.8-fold decrease of target levels. The relative surface levels detected in the
untreated and mock sample were also significantly lower by 0.3-fold from the levels detected in Mimic
Control-1.

For the surface enzyme NT5SE, the introduction of two miRNAs from the library induced significant
increase or reduction of detected target levels, respectively. The miRNAs, miR-1204 and miR-3117-3p
upregulated NT5E levels by 0.8- and 0.3-fold, while miR-139-5p and miR-155-5p decreased the target
levels to 0.3- and 0.9-fold. The remainder of the miRNA library left relative NT5E levels constant or

downregulated compared to levels of the Mimic Control-1. Lastly, both the untreated and the mock

29



sample exerted significantly lowered relative NT5E surface levels by 0.5 and 0.35-fold, when compared
to NT5E levels of the Mimic Control-1 sample.
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Figure 12: Log2 fold change of target MFIs for miRNA library transfection in HK-2. Results show
the relative NT5E (A) and PD-L1 (B) surface levels 72 h post transfection. The graph displays mean
values and SEM of 4 independent experiments in HK-2 cells. Fold changes were calculated compared to

Mimic Control-1. Significances were assessed by One-sample T-Test (* =P<0.05; **P<0.01;
**% = P<(.001).
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4 3. Validation of selected miRNA candidates

In order to validate promising miRNA candidates based on the flow cytometric analysis of the miRNA
library, the relative mRNA expression levels of PD-L1 and NT5E were determined in human cells through
RT-qPCR. Therefore, MDA-MB-231, CRL-5826, MaMel86b and HK-2 cells were transfected with 50 nM
miRNA and RNA was isolated two days post transfection. For intracellular target quantification, the
housekeeping gene RPL19 was chosen for sample normalization, as the miRNAs were predicted to be
ineffectual to its gene levels. The main focus of the validation was set on miRNAs that had significantly
downregulated PD-L1 and NT5E surface expression in numerous cell lines. In total, four miRNAs fulfilled
this criterion for PD-L1 downregulation, while one miRNA was elucidated for NT5E. The miRNAs of
interest are listed in Table 8 with their target downregulation significance levels in the respective cell
lines. Also included were the number of predicted binding sites within the 3’-UTR of the targets for the
miRNA candidates. Notably, miR-155-5p downregulated both immunoregulatory molecules in several

investigated cell lines.

Table 8: miRNAs of interest decreasing PD-L1 and NT5E surface expression in human cell lines.

PD-L1 inhibiting miRNAs

Cell line significance

miRNA Binding sites

MDA-MB-231 CRL-5826 MaMel86b HK-2
miR-155-5p 2 ek il *
miR-512-3p 1 * * *x *
miR-1273c¢ 1
miR-3117-3p 3 e * il *

NTS5E inhibiting miRNAs

Cell line significance

miRNA Binding sites

MDA-MB-231 CRL-5826 MaMel86b HK-2
m1R-155-5p 2 ek Sk %
miR-5 12-31) 1 i

For the further investigation of the miRNAs, the potential effect of the miRNA library on the intracellular
levels of the immune modulating target molecules was examined through RT-qPCR. The relative PD-L1

and NT5E mRNA expression levels in the investigated human cells are displayed below in Figure 13.
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Relative PD-L1 and NTSE mRNA expression 48 h p.t.

miR-139-3p
3
& 2
31 1
& Ofgeomeeof e - ki
§_1 :¥ { * #
]

A
& K
miR-155-5p
3
e 2
g 1
3
I s 4% -2
gay; {{ T
2
3L . .
o o & ¥
& @»”‘b géb ¥
\‘Qv S A

miR-1228-3p
3
—~ 2
g 4o J £
K ENCERE
g4
T2

PD-L1 siRNA pool

3
t;,‘- 2
3 1 J
e
g)_.l * = .
- -2 %. { ’

-3

o o & Hg

’&Q".‘L VS'?’ @q,{b &
F ¢

%

%

miR-139-5p
3
o 2
1
I H;.% —————— o
g -1 5’%
-2
0:9'\ ,g:"?’ ég\q‘;"c @lﬁ'
‘x\ov}“ & &
miR-374b-3p
3
o 2
z
ook
2 -1
-2
Q,-,,'\ @;ﬁ: ég,'o Q\’*'n'
N
&
miR-1273c¢c

log(2"")
LN =0 = NW
e
H—%‘
et
«l
A
—t—
AR

Q.’i"‘\ & & &
I A
& ¢

NT5E siRNA pool

Iogz(Z .\/\C|)
WN =0 =2 NNW

. I ~
: & & ¥

*3'@<9
2
%,
%
%

miR-146a-3p
3
-2
2
8o } e S
gafe |
2
P @’é’ & Q\*’g
& & &
‘@P' G &
miR-512-3p
3
o 2
21 }
AT 11 S .
3 . ﬁ‘ }‘] # ‘f
2, T
3= v .
N o £
\x@:{’h Q.b%q' w\%b ¥
& ¢ <«
miR-3117-3p
3
—~ 2
R y Jf
o™~ PP S
Sl "
< .
2, L
& & & F
P
@0‘;} & @
Untreated
3
_ 2
ERR .
Qo } ------- 38 -#
g 3
g %
3
N © © a
Y O
& Q‘\}’ Q‘,p\ R
&S o F

miR-146a-5p
3
~2
A
B ﬁ st
g
2} :
3L :
q,:{’b\ 5'961’ e)q’éo '2"}'}
S
miR-1204
3
g 2 }
2o {
e
2.
g
-2
-3 - -
Q.'l:b\ & @éb@ @k}
4
o ¢ «®
¢ PD-L1
e NT5E
Mock
3
_-,-2
3
L 1 NA NA -
o kg
D4
g
-2
-3
Q}if} & “\é"@ &
e
Qv»"x‘ & ¢

Figure 13: RT-qPCR examination of PD-L1 and NT5E mRNA levels for miRNA library transfection.

The graph displays mean values and SEM of 3 independent experiments in MDA-MB-231, CRI-5826,

MaMel86b and HK-2 cells. Samples were normalized on the housekeeping gene RPL19 and fold changes

were calculated using Mimic Control-1. Significances were assessed by a One-sample T-Test

(* =P<0.05; **P<0.01).
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The transfection of PD-L1 and NT5E siRNA pools induced a significant decrease of intracellular target
mRNA levels aligned with the effects seen in the flow cytometric analysis, confirming overall successful
cell transfection. For the ligand PD-L1, mRNA transcript levels were very significantly decreased by five
miRNAs in the breast cancer cell line: miR-139-3p, miR-139-5p and miR-1204 reduced mRNA target
levels by a single-fold. The highest fold-change was observed for miR-146a-5p with a very significant
1.7-fold decrease, closely followed by the very significant 1.5-fold decrease seen in miR-3117-5p.
Hereinafter, the observed significant decrease of extracellular protein ligand levels in flow cytometry for
miR-139-5p, miR-146a-5p and miR-3117-3p were additionally verified on an intracellular mRNA level
in MDA-MB-231 cells. Additionally, the FACs based miRNAs of interest miR-512-3p and miR-1273c
exerted an insignificant downregulation tendency.

In the proximal tubular kidney cell line HK-2, PD-L1 mRNA expression was significantly reduced by
miR-512-3p and miR-1204 by 1.6 and 0.6-fold. Moreover, a significant 0.6-fold reduction of ligand
mRNA levels was also seen for miR-512-3p in the melanoma cell line MaMel86b. Again, the effects
observed for the PD-L1 mRNA transcripts were reflected by significant changes in the PD-L1 protein
levels of the respective cell lines. For CRL-5826 cells, acquired RT-qPCR data possessed broad
fluctuations with only insignificant downregulation tendencies seen in miR-146a-5p, miR-155-5p,
miR-512-3p and miR-3117-3p with an over 0.8-fold target reduction, slightly above the reduced level of

the untreated sample and aligning with significant FACS data.

For the surface enzyme NT5E, only one miRNA significantly decreased mRNA transcript levels: In the
breast cancer cells MDA-MB-231, miR-155-5p reduced intracellular NT5E levels by 1.35-fold. Though
target downregulation tendencies could be observed for the miRNAs of interest: miR-512-3p, miR-1273c
and miR-3117-3p. The greatest foldchange was seen for miR-139-5p at a 1.4-fold reduction in
MDA-MB-231 cells. Strikingly, several miRNAs of the library enhanced NT5E mRNA levels by a
moderate-fold. Though insignificant, miR-1228-3p increased target levels in all investigated cell lines,
aligning with significant FACS data in lung adenocarcinoma and melanoma cells (See Table 9, p. 34).
Further, it was found that miR-1273c raised NTSE expression levels by a single-fold in all cells, but
MDA-MB-231. Further, miR-1204 elevated NTS5E mRNA levels in MaMel86b and HK-2 cells by a
maximum of two-fold. Also, miR-512-3p was observed increasing target levels by 0.7-fold in melanoma
cells. These increased tendencies on the NT5E mRNA expression level were mostly consistent with

significantly elevated relative surface protein expression levels of the target detected in flow cytometry.
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Assessing the effects of the miRNA library on relative intra- and extracellular levels of PD-L1 and NT5E,

it is apparent that miR-155-5p downregulates both targets in several cell lines. Adjacently, miR-512-3p,
miR-1273c and miR-3117-3p compellingly reduce PD-L1 mRNA and protein levels significantly in all cell

lines tested, whilst enhancing the expression of the enzyme NT5E in most human cell lines.

Table 9: miRNAs increasing NT5E surface expression in human cell lines.

NT5E enhancing miRNAs

Cell line significance

miRNA Binding sites

MDA-MB-231 CRL-5826 MaMel86b HK-2
miR-512-3p 1 *k
miR-1204 0 * o *
miR-1228-3p 0 * *
miR-3117-3p 0 * *

4.4. Investigation of miRNA effects on cell viability

The potential effect of the miRNA library transfection on cell viability and proliferation was investigated
through an XTT assay. Therefore, MDA-MB-231 and MaMel86b cells were seeded in 96-well plates and
transfected with 25 nM miRNAs, PD-L1 or NT5E siRNA pools. The cell viability was quantified by
detecting the enzymatic conversion of the reagent XTT. In living metabolically active cells the yellow
tetrazolium salt is reduced to the orange product XTT formazan by mitochondrial reductases. The
colorimetric assay was conducted 24, 48 or 72 h post miRNA transfection. The results for the breast
cancer cell line MDA-MB-231 are shown below in Figure 14. Twenty-four hour after miRNA transfection
the treated cells showed no difference overall to the range of cell viability detected for Mimic Control-1.
At the 48 h timepoint miR-1228-3p significantly increased breast cancer cell numbers, while most
miRNAs displayed fluctuating median values compared to the respective Mimic Control-1 samples of
both experiments. Only 72 h p.t. some miRNAs induced greater impacts on cell viability above threshold:
For the miRNA of interest miR-3117-3p a highly significant decrease in cell proliferation was recorded.
Albeit significant reduction levels in absorbance were measured likewise for miR-139-5p, miR-146-3p,
miR-512-3p, miR-1273c and the NT5E siRNA pool in one XTT assay, only insignificantly decreased cell
viability tendencies were detected in repetition.

Moreover, an XTT assay was conducted examining cell viability and proliferation in the metastatic
melanoma cell line MaMel86b. The data recorded for the 24, 48 and 72 h p.t. timepoints is displayed in
Figure 15 (p. 36). The transfection of the miRNA library resulted in no significant effect after a 24 - 48 h

34



ion.
35

XTT Assay in MDA-MB-231

4

24 h p.t.

v 2l o [2]fs
| \ooéoo tH \ooéeoo
<, F L4
) 0y v%_.u\@ i3 o, 2%,
2 8% % m % b
o, \..\@ ;Vb . % A\@ owﬂ.
. 0% % %, | o sy,
: Yo, O : %, <
=_ Wﬂ A.O Qo\ E._ Q......n\.\\O
] w.««««% CEl om«u.\%
o Rh, L& Rty
By PV
i3 e 2 s
HEH NS I N
i &ﬁ@ I ﬁﬁ%
I 58, {1 %203
L o.,r,@u\«.\s TH ﬁ@%&
] N T X
0 2 i} 2
By ] - > .Q.nb\m?\@ ) ~ - c Wﬁ\; \««\ ) “
(wu pg¥) 23UBgIOSqY PajoaLIo) @.\G - (wu pgp) esueqlOSqY PII3II0Y @& - {wu g5p) soueqiosqy pajoallo) a.v@
a o
< =
. ] . N .
-
o [Elfs, ¥ ofz]fs, T ' 2],
= \oowowu i \oowomu L \oowooo
k 4, %, 4 0t %, 0 .. %,
: ', % i o Y . LACN
: % b2 % | % b U ¥ b G
: 0, A\&\ B - (+) A\&x ¥ 0, \—\@ ¥
: X AN : X AN PR AN
: SN : N4 : N 4
: Y % N o _H_._ S X
L+ %Y, % T ey “ %, %
pay T L AN L RN
o %l “Hk: By @ 00
HTH AN {Th AN 1 28, «
L, : £, \
y %y 1 R 0 %
A2 : & v i 2%
E._ % S, Q” %, *, : o.,m.,o«_.@
£ &W@ (I ﬁww 1 ﬁw%
i $$$ Hi m%%@ i ﬁy§
Hl % &.@.@ ¥ % u\«.\@ o % u«x..@
Hiy %, i %t i %2
h Q.ﬁh« IR Q@«.@ g Q,@%
&+ N 5w T o %% O %%
(wu gt} #aueqlosqy pajralio) % {wu pg¥) a2UBGIOSY PajIaLI0D) a.v& (wu gg¥) s9ueqlOSqY PajaaLIon a..\&

Effect of miRNAs on viability of transfected MDA-MB-231 cells 24-72 h post transfect
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Figure 14

The box-and-whiskers plots display minimum, maximum and median values of two independent

experiments (N1 and N2) with at least 4 technical replicates. All samples were compared to Mimic

Control-1. Significance was assessed by one-way ANOVA using Dunnett’s multiple comparison test
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miRNA treatment period. Notably, it was opted to compare samples of experiment N2 at 48 h p.t. to the
mock sample via Dunnett’s Multiple Comparison Test due to anomalies in the cell growth of Mimic
Control-1. At the 72 h timepoint miR-139-3p and miR-512-3p significantly increased melanoma cell
numbers, contradicting the results of the repetition measurements. Furthermore, the untreated and
NT5E siRNA pool induced a very to extremely significant elevation of cell viability, that coincided with

the tendency of increased absorbance measurements in experimental repetition.
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Figure 15: Effect of miRNAs on viability of transfected MaMel86b cells 24-72 h post transfection. The box-
and-whiskers plots display minimum, maximum and median values of two independent experiments with at least
4 technical replicates. Most samples were compared to Mimic Control-1. Significance was assessed by one-way

ANOVA using Dunnett’s multiple comparison test (* = P<0.05; ** P<0.01; *** = P<0.001; **** = P<(0.0001).
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4.5. Validation of direct interactions between miRNAs and PD-L1

In order to further validate and characterize miRNAs of interest based on molecular interactions with
their target gene, a 3-UTR reporter assay was conducted for PD-L1. Specifically, the 3’-UTR sequence of
the target is fused to a luciferase encoding gene, enabling the investigation of direct miRNA binding
events. In principle, the formation of weak hydrogen bonds between miRNAs and complementary bases
of the target mRNA transcript results in the physical blockage of translational enzymes. Hence, target
protein levels decrease as gene translation cannot be fulfilled. The binding of miRNAs to the 3’-UTR of
PD-L1 can be directly detected by a decrease of luciferase signals in the reporter assay. Therefore,
MDA-MB-231, MaMel86b, HK-2 and CRL-5826 cells were seeded in 96-well plates and transfected with
25 nM miRNA and 100 ng pLS-PD-L1-3’-UTR plasmid. The interactions between miRNAs and the target
were assessed 24 h p.t. through the measurement of emitted luciferase signals.

For the 3’-UTR luciferase reporter assay, three miRNAs of interest were selected for further molecular
investigation based on the plasmids shortened PD-L1 3’-UTR fragment provided by Active Motive.
Initially, target binding sites were predicted for the entire miRNA library using miRmap web (Vejnar &
Blum, 2013) as depicted in Supplementary Figure 6 (p. 70). However, the provided plasmid only
encoded a fourth of the full 3’-UTR of PD-L1, re-focusing investigation efforts onto miRNAs binding close
to the 5’ end of the full sequence. Hence, the potential binding effects of miRNA-139-3p, miR-512-3p
and miR-1273c were solely investigated. Compiled flow cytometric and RT-qPCR analysis deemed the
three selected candidates to be successful in the downregulation of PD-L1 expression levels. Following,
the 3’-UTR reporter assay investigating miRNAs of interest in human breast, lung and skin cancer cells,
as wells as normal kidney cells is displayed below in Figure 16. To begin with, luciferase signals detected
for cells transfected by only the pLS-PD-L1-3’-UTR plasmid were overall similar to Mimic Control-1.
Notably, a highly significant reduction of luciferase signals was detected in all investigated cell lines, but
CRL-5826 cells. This verified the successful co-transfection of miRNAs and plasmid in the normal kidney,
breast and skin cancer cell lines. Moving on, miR-1273c samples of all three cell lines exerted globally
decreased levels of luciferase signals of varying significance. In both MDA-MB-231 and HK-2 cells the
reduction induced by miR-1273c transfection was highly significant. These findings coincide with the
significant downregulation of PD-L1 surface levels observed in flow cytometry data for all investigated
cell lines. The most significant reduction in emitted visible light signals was recorded for miR-139-3p in
both MBD-MB-231 and HK-2 cells. Similarly, the transfection of miR-512-5p lead to significantly lowered
luciferase activity for both cell lines, while showing upregulated luciferase signaling tendencies in

MaMel86b cells.
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Brightfield microscopy imaging of the 3’-UTR reporter assay was carried out, qualitatively assessing cell
growth and confluency of the DharmaFECT Duo co-transfected human cells (Supplementary Figure 7).
For the breast cancer cell line MDA-MB-231, imaging revealed appropriate cell confluency of the
untreated and pLS-PD-L1-3’-UTR plasmid transfected cells. For the metastatic melanoma and lung
adenocarcinoma cell line qualitative brightfield microscopy showed cell confluences of over 70 %, while
the proximal tubular kidney cell line HK-2 was the least confluent. For these three cell lines, a notable

increase of dead cells, cell debris and dark gains in plasmid transfected cells was observed compared to

untreated cells.

PD-L1 3'-UTR reporter assay 24 h p.t.
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Figure 16: PD-L1 3’-UTR reporter assay. The graph displays mean values and SEM of at least 4
technical replicates in MDA-MB-231, MaMel86b, HK-2 and CRL-5826 cells. All samples were compared
to Mimic Control-1. Significance was assessed by one-way ANOVA using Dunnett’s multiple comparison

test (* = P<0.05; ** P<0.01; *** = P<0.001; **** = P<(0.0001).
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5.Discussion

The aim of this thesis was the investigation of miRNA-mediated aberrant immune checkpoint molecule
expression in human cancer cells, with a particular focus on the immunomodulatory ligand PD-L1.
Studies in various tumor entities have demonstrated that the interaction of PD-1 and PD-L1 promotes a
pro-tumor environment by inhibiting T cell activation, proliferation and survival (Sun et al., 2018; Zheng
et al., 2019). The development of antibody-based inhibitors targeting the PD-1/PD-L1 axis have
significantly improved tumor responsiveness and the overall survival rate of cancer patients as shown in
Supplementary Figure 8 (p. 72) (Han et al., 2020). Though high PD-L1 expression is deemed favorable
for immunotherapy, it’s also associated with tumor growth and progression resulting in poor patient
prognosis (Yu et al.,, 2020). In breast, lung and prostate cancer, the risk of distant metastasis
development and mortality from PD-L1-positive tumors is highly increased by induced immune escape
factors, compared to PD-L1-negative patients (Mu et al., 2011; Petitprez et al., 2019; Qin et al., 2015;
Y. Xu et al., 2021). Therefore, this study aimed to identify and characterize potential tumor suppressive
miRNAs from a preselected library, that inhibit the expression of PD-L1. Additionally, the effect of the
miRNA library on the immunomodulatory surface enzyme NT5E was investigated, aiming to find
multi-functional miRNAs. The elucidation of novel inhibitory miRNAs and their targets generates further

insights into the development of cancer and bears therapeutic potential for clinical application.

5.1.1. miRNA-mediated inhibition of PD-L1 expression in breast cancer cells

The investigated miRNAs were preselected from a library of 2754 human miRNAs based on their
potential to downregulate surface PD-L1 expression in the breast cancer cell line MDA-MB-231 (Kordal3,
2021). The presented flow cytometry and RT-qPCR data revealed a significant decrease of target ligand
levels in 8 out of 11 miRNAs, of which miR-139-3p, miR-139-5p, miR-146a-5p, miR-155-5p and
miR-1204-mediated downregulation were specific to the MDA-MB-231 cell line (Figure 17, p. 40). The
comprehensive in silico prediction of miRNA-PD-L1 binding revealed that neither miR-139-5p,
miR-146a-5p nor miR-1204 directly interacted with the target transcript (Vejnar & Blum, 2013). Thus,
implicating that the significant change of PD-L1 levels is a result of indirect, binding site-independent
downregulation effects in MDA-MB-231 cells, demonstrating the limitations of purely
bioinformatic-based analysis. The tumor suppressive potential of miR-139-5p has been widely reported
in various tumor entities: In colorectal cancer the overexpression of miR-139-5p inhibited not only the
proliferation, migration and invasion of cancer cells in vitro, but also sensitized tumors to chemotherapy,
while impairing tumor growth and metastasis in vivo. Further, it was identified that miR-139-5p directly
targets and suppresses expression of multiple mediators in the oncogenic rat sarcoma virus (RAS) and

wingless and Int-1 (Wnt) signaling pathways, like the nuclear phosphoprotein c-Jun of the activating
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protein-1 transcription factor and the gene of beta-catenin (CTNNB1) (Du et al., 2020). Adjacently, in

hepatocellular carcinoma, breast, prostate, thyroid and endometrial cancer the underexpression of
miR-139-5p was associated with recurrent and metastatic disease leading to poor prognosis (J. H. Liu et
al., 2018; Montero-Conde et al., 2020; B. Yang et al., 2019). Notably, studies in MDA-MB-231 cells and
several hepatocellular carcinoma cell lines suggest that the oncogenic long noncoding RNA TTN
antisense RNA 1 (TTN-AS1) directly interacts with miR-139-5p and decreases its expression, resulting
in cancer cell proliferation, migration and invasion (Fang et al., 2020; X. Zhu et al., 2021). Although,
miR-139-5p lacks PD-L1 binding sites, this investigation further validated reports of its tumor suppressive
nature by the novel discovery of miR-139-5p-mediated downregulation of PD-L1 surface and mRNA

expression levels through indirect effects.

miRNAs downregulating PD-L1 expression miRNAs upregulating NT5E expression
MaMel36b CRL-5826 MaMel86b CRL-5826
MDA-MB-231 HK-2 MDA-MB-231 = 139-3p HK-2
512-3p
139-3p 1228-3p
139-5p
146a-5p 1204
155-5p
1273c
1204
3117-3p
512-3p
3117-3p

Figure 17: Venn diagram of miRNAs affecting mRNA and surface expression of PD-L1 and NT5E.
Overlap of miRNAs significantly up- or downregulating immunomodulatory target molecules in

MDA-MB-231, CRL-5826, MaMel86b and HK-2 cells.

Similar to miR-139-5p-induced effects, miR-146a-5p significantly downregulated PD-L1 expression
levels in an indirect manner. Recent studies revealed that miR-146a-5p could act as a tumor suppressor
and was downregulated in several types of cancerous tissues (Iacona & Lutz, 2019). In triple-negative
breast cancer cells the introduction of exogenous miR-146a-5p inhibited cancer proliferation and
migration by regulating the tumor-promoting Sry-related HMG box (SOX-5) transcription factor.
Notably, miR-146a-5p overexpression repressed expression of unfavorable mesenchymal markers like
fibronectin, vimentin and N-cadherin, which are commonly expressed by motile, invasive and aggressive

cancer cells (F. Liu et al., 2016; Si et al., 2018). In the colorectal adenocarcinoma cell line HT-29, that

40



was ruled out for further investigation due to its marginal PD-L1 expression, the simultaneous

overexpression of miR-146a-5p and miR-193a-5p also inhibited cancer cell proliferation and migration,
while synergistically inducing apoptosis. Further, co-transfections resulted in the reduction of propylated
extracellular signal-regulated kinase (pERK), which is a key component of dysregulated rapidly
accelerated fibrosarcoma (RAF), mitogen-activated extracellular signal-regulated kinase (MEK), vascular
endothelial growth factor (VEGF) and ERK signaling pathways in cancer cells (Noorolyai et al., 2021; Z.
Zhang et al., 2009). This study supported previous findings on the tumor suppressive potential of
miR-146a-5p.

In contrast, miR-1204 significantly downregulated only intracellular mRNA levels of PD-L1 in
MDA-MB-231 cells through binding site-independent effects. Interestingly, numerous studies have
characterized miR-1204 as a tumor-promoting oncomiRNA: In breast and ovarian cancer the intrinsic
overexpression of miR-1204 is strongly correlated with disease progression, measured by increased cell
proliferation, tumor size and aberrant glycolysis activity in cancer cells. Specifically, increased miR-1204
levels promoted the elevated expression of the glucose transporter 1 (GLUT-1), facilitating the uptake
of glucose across mammalian plasma membranes (J. Xu et al., 2019; G. Yi et al., 2022). The increased
uptake of glucose by cells is a typical hallmark of cancer, which fuels aerobic glycolysis in the cancer
metabolism for the generation of new biomass (Carvalho et al., 2011). The oncogenic properties of
miR-1204 are also reported in non-small-cell lung cancer (NSCLC), where miR-1204 decreased the
expression of the transcription factor paired like homeodomain 1 gene (PITX1). Overall, high intrinsic
miR-1204 and low PITX1 levels were highly correlated with increased NSCLC proliferation through
reduced cell cycle arrest in vitro, as well as large tumor size, lymph node metastasis and poor patient
prognosis (W. Jiang et al., 2019). Although miR-1204 was shown to downregulate PD-L1 in breast cancer
cells as a potential tumor suppressive agent, miR-1204 very significantly upregulated the expression of

the enzyme NT5E in other cell lines, supporting the studies of its oncogenic nature (Figure 17, p. 40).

5.1.2. Effect of miRNA library on PD-L1 expression in human cell lines

The preselected miRNA library based on the inhibition of PD-L1 expression in breast cancer cells, was
also examined for potential effects in the melanoma cell line MaMel86b, the lung carcinoma cell line
CRL-5826 and the normal kidney cell line HK-2. Here the flow cytometric analysis revealed a global
downregulation of target levels in only-Lipofectamine™ RNAiMAX-transfected mock cells compared to
cells treated with Mimic Control-1. Notably, miR-ath-416 referred to as Mimic Control-1 was previously
tested and chosen as a transfection control in MDA-MB-231 cells, because the miRNA does not possess
functionality and thus didn’t interfere with investigated target levels in breast cancer (Kordaf3, 2021).
Therefore, it was expected that mock and Mimic Control-1 levels were reliably similar in expressed target

levels, enabling the fair folding of samples to the chosen control. This concept did not hold true for the
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tested skin and lung cancer cell lines, as well as the healthy kidney cells. The observed difference in

mock and Mimic Control-1 target levels, may stem from cell line specific intrinsic miRNA regulation: In
theory, the overexpression of Mimic Control-1 floods the miRNA processing machinery of transfected
cell with miR-ath-416. In the nucleus, the unfunctional miRNA is likely processed canonically, before
being bound by Argonaute proteins to form the miRISC complex during miRNA maturation (O’Brien et
al., 2018). Thereby, the influx of Mimic Control-1 occupies proteins and enzymes associated with of
miRNA processing and thus temporarily blocks the processing of intrinsically expressed miRNAs. The
tested CRL-5826, MaMel86b and HK-2 cells might express endogenous miRNAs that naturally
downregulate the level of PD-L1 and NT5E expression, which could explain the lower levels of targets
seen for the mock transfection. As a result, the induction of Mimic Control-1 processing could artificially
upregulate the expression of PD-L1 and NT5E by obstructing intrinsic miRNA-mediated target
regulation. This potential interference in expression patterns of the investigated cancer cells, necessitates
the elucidation and employment of cell line specific transfection controls that better represent native
target levels. As a consequence, the acquired flow cytometric data investigating the potential effect of
the miRNA library transfection was additionally assessed considering respective mock levels in the
heathy kidney cells, as well as breast and lung tumor cell lines. For PD-L1, the reevaluation of surface
and mRNA levels revealed 2 miRNA candidates that significantly downregulated target levels across all
four cell lines: miR-1273c and miR-3117-5p. Further miR-512-5p was identified to significantly inhibit
target ligand levels in the three cell lines MDA-MB-231, MaMel86b and HK-2. While PD-L1 expression
seems to be regulated by cell line specific factors, the discovery of globally applicable PD-L1-suppressing

miRNAs bears large-scale therapeutic potential for a variety of cancers including metastases.

5.1.3. miRNA library and the regulation of NT5E

Further investigation of transfection effects of the miRNA library in all four human cell lines was
conducted, focusing on the immune modulatory molecule NT5E. Numerous studies have linked the
aberrant expression of this enzyme with the promotion of an anti-inflammatory and pro-tumoral
microenvironment. Specifically, NT5E-catalyzed adenosine inhibits secretion of proinflammatory
cytokines, as well as proliferation, activation and migration of T cells, while accelerating the conversion
of tumor-reactive type 1 macrophages into tumor-tolerant type 2 macrophages and increasing cancer
cell proliferation and migration by facilitating cAMP production (Antonioli et al., 2016; Haské & Pacher,
2012; T. Jiang et al., 2018). The presented flow cytometric and RT-qPCR data revealed a significant
decrease of target levels for the candidate miR-155-5p in breast and lung cancer cells. Additionally, it
was found that miR-512-3p downregulated NT5E only in the MDA-MB-231 breast cancer cell line. The
bioinformatic analysis of both contenders revealed direct miRNA binding sites within the 3’-UTR of the

enzyme NT5E, proofing the observed decrease of target levels through direct biding events. Notably,
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previous work in the Eichmdiller group has validated both of the predicted binding sites of miR-155-5p

in the mRNA transcript of NT5E (Kordaf3, 2021). Additionally, reports by Yee et al. studied the
interaction of miR-155-5p and PD-L1, resulting in the downregulation of the ligand at the protein level.
They also validated predicted bindings sites and reported that PD-L1 possess two conserved
miR-155-binding sites in mice and humans (Yee et al., 2017). In accordance with observed PD-L1
downregulation tendencies seen in CRL-5826 cells, a study in the lung adenocarcinoma cell lines A549
and H1659, likewise suggested that miR-155-5p overexpression suppresses the overall expression level
of the target ligand (J. Huang et al., 2020). Altogether, these reports support the mutual downregulation
effects of miR-155-5p in both investigated targets, thus characterizing miR-155-5p as a novel and
potentially multi-functional tumor suppressive miRNA. Interestingly, miR-155-5p overexpression in this
study decreased the surface level expression of both NTS5E and PD-L1, but only downregulated
intracellular mRNA levels for the surface enzyme. This may suggest that miR-155-5p binds tightly to its
two target sites in NT5E inducing the degradation of the mRNA transcript, while the miRNA only blocks
the translation of PD-L1 unaltering its mRNA levels. Though miR-155-5p-mediated targeting of NT5E
and PD-L1 has been reported, the exact mechanism of inhibition has yet to be elucidated (Kordal3, 2021).
Remarkably, further studies examined mir-155-5p-mediated gene regulation in macrophages,
CD4+ T cells, dendritic cells and B cells. It was discovered that miR-155-5p was a key regulator in the
polarization of macrophages into the tumor-reactive M1 state (Genard et al., 2017; Hsin et al., 2018).
This may suggest, that the exogenous expression of miR-155-5p in tumor tissues could act upon
tumor-associated macrophages in a direct and indirect manner. Thereby, directly targeting the negative
inhibitor suppressor of cytokine signaling 1 (SOCS1), which is known to block the generation of
immunosuppressive signals acting upon Toll-like receptors on the surface of macrophages (N. Wang et
al., 2014). An indirect effect on macrophage states could be associated with the miR-155-5p-mediated
NTS5E downregulation in cancer cells, resulting in lowered extracellular adenosine levels within the
tumor. In return, decreased cAMP levels would be available for the conversion of beneficial
M1 macrophages into tumor-tolerant type 2 macrophages (Polumuri et al., 2021). All in all, miR-155-5p
demonstrated a multi-functional-tumor-suppressive potential in the investigated breast and lung cancer

cell lines, by decreasing the expression level of the immunomodulatory molecules NT5E and PD-L1.

Additionally, the investigation of NT5E surface and mRNA levels revealed a significant increase of target
levels in 5 out of 11 miRNA candidates, of which miR-139-3p and miR-512-3p-mediated upregulation
were specific to the melanoma cell line MaMel86b. Further, miR-1204 universally increased NT5E levels
in all investigated cell lines but MDA-MB-231, miR-3117-5p-induced elevated target levels in breast
cancer and healthy human cells, and NT5E levels were observed to be increased in miR-1228-3p

transfected melanoma and lung cancer cell lines (summarized in Figure 17, p. 40). A study in NSCLC
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deemed upregulated miR-1228-3p levels as a biomarker for poor prognosis. It was computed that low

miR-1228-3p expression was significantly associated with prolonged overall survival time based on the
analysis of data retrieved from 50 lung cancer patients (Xue et al., 2020). Furthermore, a recent study
in hepatocellular carcinoma investigated the effect of cancer-associated fibroblast-derived extracellular
vesicles (EVs), filled with miR-1228-3p on the tumor cells. It was observed that the introduction of
miR-1228-3p-EVs in hepatocellular carcinoma cells promoted tumor progression and chemoresistance.
Specifically, it was elucidated that miR-1228-3p directly targets the protein placenta associated 8
(PLACS8), which is a pivotal regulator of tumor evolution in mammalian cells (Cabreira-Cagliari et al.,
2018). The miR-1228-3p-mediated repression of PLAC8 lead to the activation of the phosphatidylinositol
3-kinase/protein kinase B (PI3K/AKT) pathway, which induce hepatocellular carcinoma cell
proliferation, migration and invasion (Y. Zhang et al., 2023). The reported oncogenic nature of
miR-1228-3p was supported by findings of our study here through the observation of significantly
increased NT5E surface levels in melanoma and lung cancer cell lines, as well as significantly increased
cell proliferation levels after at 48 h in an XTT assay conducted with the breast cancer cell line

MDA-MB-231.

5.1.4. Investigation of miRNA library induced cell viability effects

In order to further investigate and characterize miRNA candidates of the preselected library an XTT assay
was conducted to assess cancer cell viability and proliferation of miRNA transfected MDA-MB-231 and
MaMel86b cells. In both cells lines no significant changes in viability or proliferation was detected after
24 h, indicating that the transfection of miRNA library did not affect cancer cell proliferation within a
single day. This finding enabled the untainted investigation of miRNA-PD-L1 interactions through the
conduction of a PD-L1 3’-UTR reporter assay in cancer cells. Further, the overall assessment of the
strongly fluctuating absorbance levels detected in the melanoma cell line MaMel86b, concluded that the
XTT assay did not produce meaningful data. In contrast, the XTT assay conducted in the breast cancer
cell line MDA-MB-231 showed significantly downregulated levels of cell viability and proliferation
through reduced absorbance reading for the miRNA candidates: miR-139-5p, 146-3p, miR-512-3p,
miR-1204, miR-1273c and miR-3117-3p compared to the Mimic Control-1. Thereby, the repetition of
the XTT assay deemed the observed downregulation of cell proliferation reliable in only miR-3117-3p.
This finding supports the observed significant downregulation effects in the surface level expression of
the ligand PD-L1 in all four cell lines. The robust downregulation of mRNA and surface levels seen in
the breast cancer cells, likely stems from the two predicted miRNA biding sites with in the 3’-UTR of
PD-L1. While these assessments categorize miR-3117-3p as a potential globally applicable
tumor-suppressing miRNA candidate, the investigation of the miRNA transfection effects on the surface

enzyme NT5E revealed the duality of miR-3117-3p functionality. Here, miR-3117-3p significantly
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elevated the surface expression levels of the target NT5E in the breast cancer cell line and in healthy

kidney cells, despite the lack of a predicted target binding site. To date, there are few reports on the
investigation of miR-3117-3p function: A study on childhood acute lymphoblastic leukemia risk,
identified the miR-3117-3p-mediated targeting of eight genes of the MAPK signaling pathway.
Specifically, miR-3117-3p promoted the expression of the oncogene RAS (Gutierrez-Camino et al.,
2018). It has been proven that the aberrant activation of the RAS/RAF/MAPK pathway is a major
oncogenic event that is responsible for tumorigenesis and related angiogenesis in a wide array of human
cancers (Masliah-Planchon et al., 2016; Molina & Adjei, 2006). Furthermore, miR-3117-3p has been
linked to high risk factors for the development of cardiovascular diseases. The expression of miR-3117-3p
was significantly correlated with arterial hypertension, hyperlipidemia, diabetes, smoking status, obesity
and chronic lung disease in a cohort study of 191 individual patients with coronary artery disease
(Neiburga et al., 2021). The function of miR-3117-3p must be further investigated and characterized in

order to assess its potential as a tumor promoting or inhibiting miRNA.

5.1.5. Validation of direct interactions between miRNAs and the 3’-UTR of PD-L1

In order to gain an in-depth understanding of the mode-of-action in the suppression of PD-L.1 mediated
by miR-1273c, miR-139-3p and miR-512-3p a PD-L1-3’-UTR luciferase reporter assay was carried out.
For all three miRNA candidates at least one binding site within the 3’-UTR of the PD-L1 transcript was
predicted. It was hypothesized that PD-L1 inhibiting miRNAs exert their suppressive function through
direct binding of the target mRNA, resulting in the blockage of PD-L1 protein translation and the
degradation of PD-L1 mRNA. Hence, the conduction of the reporter assay aimed to validate significant
observations for the downregulation of the immunomodulatory ligand PD-L1 by assessing molecular
interactions of the miRNAs and the target 3’-UTR sequence. The reporter assay was carried out in all
four investigated human cell lines to gauge for cell line specific effects, which might falsify obtained
results on miRNA binding. For the lung cancer cell line CRL-5826, detected luciferase signals were
consistently low in all samples. This may stem from a cell line specific aversion to the co-transfection of
the miRNA and pLS-PD-L1 plasmid using the DharmaFECT Duo Transfection Reagent or the ineffective
translation of the luciferase enzyme. Hence the data acquired in lung cancer cells was deemed
insubstantial. In contrast, luciferase signals of reporter assays conducted in MDA-MB-231, MaMel86b
and HK-2 cells were substantially higher. The luciferase signals of the proximal tubular kidney cells were
likely lower due a decreased number of viable cells post transfection compared to the breast and skin
cancer cells. Regardless, the 3-UTR reporter assay conducted in HK-2 cells was successful considering
the extremely significant downregulation of luminescence levels seen in the PD-L1 siRNA pool sample,
similarly observed in MDA-MB-231 and MaMel86b cells. This verified the expected decrease of

luminescence levels associated with direct miRNA-PD-L1-3’-UTR binding, forming the basis for the
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assessment of miRNA candiate-PD-L1-3’-UTR interactions. For miR-1273c, a global downregulation of

luminesce was observed in all three cell lines, with a decreased tendency in detected luminescence levels
in MaMel86b cells and a highly significant decrease in MDA-MB-231 and HK-2 cells. Both miR-139-3p
and miR-512-3p transfections produced a very significant downregulation of luminescence intensity in
the breast cancer and normal kidney cell lines compared to Mimic Control-1. These observations proved
direct binding events for all three investigated miRNA candidates in more than one cell line. The
observed miR-1273c-mediated decrease of PD-L1 expression in all investigated human cell lines is
supported by the verification of direct miRNA-target interactions at the precited binding site.
Interestingly, the cell line-wide decrease in expression of the ligand PD-L1 was only observed for surface
protein levels, indicating that miR-1273c merely blocks protein translation without inducing mRNA
degradation. To date there are only few published investigations of miR-1273c in the context of cancer:
A study in renal cell carcinoma reported on the miR-1273c mediated induction of the tumor suppressor
Von Hippel-Lindau (VHL) through direct binding to the gene’s promoter sequence. Further functional
studies revealed that the transfection of miR-1273c inhibited cell proliferation and induced apoptosis of
cancer cells in a dose dependent manner (C. W. Lee et al., 2014). In accordance, the study presented
here identified miR-1273c as a universally applicable tumor suppressive miRNA candidate with
therapeutic potential capable of downregulating the expression of PD-L1 through direct binding to the
targets 3-UTR in various human tumor cell lines.

For miR-139-3p in silico binding site predictions revealed the presence of 2 potential targeting sites,
which are located close to the 5’ or 3’ end of the PD-L1 3’-UTR sequence. The current study investigated
only the molecular interaction between miR-139-3p and its 5’ targeting site, revealing extremely
significant binding events between the miRNA candidate and the PD-L1 transcript. Despite the observed
downregulation of luminescence signals in the PD-L1-3’-UTR luciferase reporter assay, miR-139-3p only
significantly downregulated PD-L1 mRNA levels in the breast cancer cell line. In contrast, miR-139-3p
upregulated the surface expression of the enzyme NT5E in MaMel86b cells via presumed cell line specific
indirect effects, as the miRNA candidate lacks NT5E targeting sites. Nevertheless, the tumor suppressive
nature of miR-139-3p has been widely reported in literature studying a wide array of cancer types: A
study on head and neck squamous cell carcinoma reported low miR-139-3p expression levels in tumor
tissue. Remarkably, it was shown that miR-139-3p overexpression effectively inhibited the proliferation,
migration and invasion of laryngeal squamous cell carcinoma cells, further inducing cell cycle arrest and
cancer cell apoptosis both in vitro and in vivo. Thereby, miR-139-3p directly targeted the Ras-related
protein RAB5SA, that is a key regulator of vesicular transport, membrane trafficking, and signaling
pathways by mediating early endocytosis (Ma et al., 2020; Yuan & Song, 2020). Serval studies in acute
myeloid leukemia, hepatocellular carcinoma, childhood hepatoblastoma, gastric, cervical and breast

cancer report of significant tumor suppressive effects mediated by miR-139-3p, with a wide array of
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validated targets including the NIN1/RPNI2 binding protein 1 homolog (NOB1), Kinesin Family Member
18B (KIF18B), Wnt Family Member 5A (Wnt5A) and another Ras-related protein RAB1A (P. Huang et
al., 2016; Ke et al., 2022; Stavast et al., 2022; Wu et al., 2023; W. Zhang et al., 2019; Y. Zhu et al.,

2019). The extensively studied inhibitory effect of miR-139-3p on various cancer types was mostly

validated by findings in the study presented here, in regard to the breast cancer cell line MDA-MB-231.

The miRNA candidate miR-512-3p possesses one predicted binding site for the immune modulatory
molecules PD-L1 and NT5E. This study validated the direct binding of miR-512-3p to its target site in
the ligand PD-L1, supporting the observed downregulation of surface target levels in MDA-MB-231,
MaMel86b and HK-2 cells by miR-512-3p. Furthermore, flow cytometry revealed the
miR-512-5p-mediated decrease of NT5E protein levels in breast cancer cells, adjacent to the increase of
NT5E surface expression measured in the melanoma cell line. Notably, the exogenous overexpression of
miR-512-3p did not affect target mRNA levels, suggesting the sole interference of the miRNA candidate
with the translation apparatus. Recent studies in breast cancer reported of the tumor suppressive
potential of miR-512-3p. The overexpression of miR-512-3p in MDA-MB-231 and MCF-7 cells resulted
in a significant inhibition of breast cancer cell growth. Specifically, Duan et al. reported of enhanced
chemosensitivity and decreased metastatic potential and reduced tumor growth as a result of exogenous
miR-512-3p induction. Further it was elucidated that miR-512-3p directly targets and downregulates the
anti-apoptotic oncogenic protein Livin (Duan et al,, 2020). Mohamadzade et al. showed the
miR-512-3p-driven downregulation of the human epidermal growth factor receptor 2 and 3 (HER2 and
HER3), which are receptor tyrosine kinases responsible for cell growth and epithelial cell survival. The
overexpression of HER2 is associated with aggressive tumor growth and poor prognosis in breast, lung,
bladder, ovarian, endometrial, gastric, colorectal and head and neck cancers (Igbal & Igbal, 2014).
Further, miR-512-3p overexpression also led to the downregulation of the PI3K/AKT pathway by acting
upon genes encoding for phosphatidylinositol 3-kinase regulatory subunit beta (PIK3R2) and RAC-alpha
serine/threonine-protein kinase (AKT1) (Mohamadzade et al., 2021). In healthy cells the PI3K/AKT
signaling pathway is a key regulator of cell growth, metabolism, mobility and survival, while in cancer
cells pathway dysregulation is associated with the inhibition of apoptosis and stimulation of cell
proliferation in many human cancers (Rascio et al., 2021). Additionally, Mohamadzade et al. reported
the decreased viability of miR-512-3p transfected MDA-MB-232 cells, which this current study could
significantly validate. All in all, miR-512-3p is a potent inhibitor of tumorigenesis with a substantial list
of targets. This study identified and validated miR-512-3p as a novel miRNA-targeting the

immunomodulatory ligand PD-L1.
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5.1.6. miRNA candidates and impervious PD-L1 and NT5E levels

Finally, both miR-146a-3p and miR-374b-3p lack predicted binding sites for the investigated immune
modulators PD-L1 and NT5E. This was reflected in insignificant transfection effects on the target
molecules. For miR-146a-3p marginal downregulation tendencies seen in flow cytometric analyses
support reports of tumor suppressive effects seen with this miRNA in bladder cancer. Xiang et al.
uncovered the miR-146a-3p-driven inhibition of the pituitary tumor-transforming gene 1- oncogene
(PTTG1), resulting in the decreased migration, invasion, metastasis formation and growth, as well as
the induction of cell cycle arrest in bladder cancer cells (Xiang et al., 2017). Currently, there are less
than a dozen studies investigating miR-374b-3p. A recent study on clear cell renal cell carcinoma
(ccRCC) suggested that the downregulation of miR-374b-3p in ccRCC cells promoted proliferation and
tumor angiogenesis (Ou et al., 2022). In return, this may imply that miR-374b-3p overexpression could
inhibit ccRCC progression. Both miR-146a-3p and miR-374b-3p function and effects in the context of

cancer are yet to be fully investigated.
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6.Conclusion

This thesis investigated the effect of a preselected miRNA library on the aberrant immune checkpoint
molecule expression in three human tumor entities. In particular, the miRNA-mediated downregulation
of the immunomodulatory ligand PD-L1 was assessed. The overexpression of PD-L1 and its receptor PD-1
plays a key role in an increasing number of malignancies, by inhibiting T cell activation, proliferation
and survival (Kuol et al., 2018). To date, targeting of the PD-1-PD-L1 axis harbors great therapeutic
potential in the treatment of tumors by reversing cancer cell-driven immune escape (M. Zhang et al.,
2017). Furthermore, this study examined the malignant expression of the immunoregulatory enzyme
NT5E. The increased catalysis of extracellular adenosine in the tumor tissue is strongly associated with
the promotion of an anti-inflammatory state by inhibiting cytokine secretion and T cell stimulation, while
encouraging the generation of tumor-tolerant type 2 macrophages (Antonioli et al., 2016). The
dysregulation of both PD-L1 and NT5E in cancer is linked to aggressive tumor growth and progression
resulting in poor prognosis (T. Jiang et al., 2018; Yu et al., 2020). Notably, recent studies have reported
that employment of common photon and carbon ion irradiation-based radiotherapy for solid tumors
further elevated PD-L1 and NT5E expression levels in vivo (Hartmann et al., 2020; Schroéter et al., 2020).
This finding further necessitates the elucidation of novel therapeutic approaches that effectively target
the immense oncogenic potential of PD-L1 and NT5E overexpression. The recent development of
large-scale miRNA profiling and deep sequencing have revealed the significance of miRNA-mediated
cancer regulation, revolutionizing research in the field of miRNA drugs (Ors-Kumoglu et al., 2019;
Paranjape et al., 2009). In accordance, this current study aimed to identify and characterize novel tumor
suppressive miRNAs for the therapeutically-valuable downregulation of the immunomodulatory ligand
PD-L1 in human cancer cells.

The comprehensive investigation of the miRNA library through flow cytometric and RT-qPCR-based
analysis validated the PD-L1 suppressive potential of miR-139-3p, miR-139-5p, miR-146a-5p,
miR-155-5p and miR-1204 specific to the breast cancer cell line MDA-MB-231. Further examinations
identified the global miRNA-mediated downregulation of target ligand levels in several tumor entities
by miR-3117-3p, miR-1273c¢ and miR-512-3p. The highly significant miR-3117-3p-driven decrease of
PD-L1 surface levels in all investigated cell lines is likely linked to the presence of three predicted target
binding sites within the 3’-UTR of PD-L1. The interaction of miR-3117-3p and PD-L1 resulted in an
overall decrease of target protein and mRNA levels, indicating the miRNA-mediated blockage of
translation and the initiation of mRNA transcript degradation. In accordance, miR-3117-3p significantly
reduced cell proliferation, yet upregulated NTSE levels through binding site-independent effects in
breast cancer cells. Furthermore, the molecular interaction of three miRNA candidates with the 3’-UTR
of the PD-L1 mRNA transcript was validated in a luciferase reporter assay: Direct binding events between

miR-1273c and the PD-L1 transcript supported the observed decrease of PD-L1 protein levels in all
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miR-1273c-transfected cell lines. Seemly miR-1273c only interferes with protein translation by lose

target binding, without inducing full mRNA degradation. In contrast, the endogenous introduction of
miR-139-3p resulted in the decrease of PD-L.1 mRNA levels, which was supported by the validation of
one of its two bindings sites within the 3’-UTR of PD-L1. For miR-512-3p the computational prediction
of binding sites revealed a single binding site in both PD-L1 and NT5E. This study validated the direct
binding of miR-512-3p to PD-L1 in both breast cancer and normal kidney cells, resulting in a decrease
of PD-L1 surface levels in several investigated cell lines. Interestingly, miR-512-3p acted as a
multi-functional tumor suppressor by downregulating both PD-L1 and NT5E expression in breast cancer
cells, while elevating NT5E enzyme levels in the melanoma cell line. Furthermore, this study was able
to characterize miR-155-5p as another potential multi-functional tumor suppressive miRNA candidate,
based on the simultaneous downregulation of both PD-L1 and NT5E surface levels. Notably, binding site

predictions revealed the presence of respectively two binding sites in the investigated targets.

In conclusion, this study helped to gain more insight into the regulation of miRNA-mediated PD-L1
regulation in different human tumor entities. Serval novel tumor-suppressive miRNA candidates were
validated and characterized for the immune checkpoint molecule PD-L1. Especially, miR-3117-3p and
miR-1273c were identified as potent inhibitors of the target ligand in all examined cell lines. Moreover,
the investigation elucidated miR-512-3p and miR-155-5p as potentially multi-functional miRNA
candidates for the downregulation of the surface molecules PD-L1 and NT5E via predicted binding sites
in both targets. The presented examination of the preselected miRNA library necessitates the further
elucidation of the molecular mode-of-action for miR-3117-3p and miR-155-5p in the context of PD-L1
transcript targeting. The elucidation of novel inhibitory miRNAs and their targets generates further
insights into the development of cancer and bears large therapeutic potential for clinical application. In
particular, the presented discovery of PD-L1 inhibiting miRNAs could be implemented as a new tool in
combined radiation therapy to mitigate PD-L1 enhancing side effects. Though small in size, microRNAs
certainly have the capability to revolutionize traditional medicine by changing the course and fate of

to-date-uncurable diseases.

6.1. Outlook

Future investigations of the miRNA library should examine miRNA-mediated effects on other
immunomodulatory targets in an extended spectrum of human tumor entities. In particular, the
interaction of miR-374b-3p and miR-512-3p with the receptor PD-1 should be elucidated, as predicted
target bindings sites give rise to potential regulatory effects. Additionally, the predicted binding of

miR-155-5p to the immune checkpoint molecule cytotoxic T-lymphocyte-associated protein 4 (CTLA4)
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should be investigated as a novel target. In tumor tissue the dysregulation of the receptor CTLA4 is

strongly associated with the generation of an immunosuppressive state, promoting the act of immune
escape (Buchbinder & Desai, 2016). Recent developments in immunotherapy demonstrate that the
employment of anti-CTLA4 antibodies significantly improves the overall survival rate of patients, by
reactivating suppressed T cell activity and proliferation, as well as by reducing regulatory T cell-mediated
immunosuppression at the tumor site (Seidel et al., 2018). The targeting of the immune checkpoint
molecules PD-1 and CTLA4 by novel miRNA therapeutics harbors great tumor suppressive potential by
re-activating intrinsic immune responses in cancer patients.

The discovery of potential miRNA therapeutics calls for the investigation of potent candidates in context
of traditional cancer therapies in vivo. Recent developments of next-generation combinatorial treatments
report of increased therapeutical efficacy through the employment of miRNAs (Seo et al., 2019).
Therefore, another point of great concern that needs to be better addressed by future research is the
application of miRNA-based therapies in the body. State of the art investigations, employ modified lipid
nano particles (LNPs) as vehicles of intracellular miRNA delivery. Conveniently LNPs are molecules of
low immunogenicity, as they consist of endogenous lipids that can easily be recycled by the transfected
cells (Hydbring & Du, 2019). A recent study on hepatocellular carcinoma, successfully co-delivered the
interfering RNA anti-miR-27a and the kinase inhibitor Sorafenib in liver tumor bearing mice.
Remarkably, the employment of an antibody-tagged cationic pH-responsive LNP system unlocked the
synergistic anticancer effects of both molecules, resulting a significant suppression of the tumor burden
(Z. Wang et al., 2019). Though promising, LNP technologies need further refining as currently a major
hurdle in LNP-mediated miRNA transport is the topic of endosomal escape. It has been reported that
effectively only less than two percent of the administered nucleic acids escape the endosome and reach
the cytosol where they can unleash their therapeutic potential (Maugeri et al., 2019). Therefore, other
methods of microRNA transmission like viral vectors and polymer-based nanoparticles should also be
explored, in order to determine an ideal transfection strategy for the intracellular delivery of therapeutic
mircoRNAs (Paunovska et al., 2022). A study by Cui et al., developed novel polymeric nanoparticles for
the delivery of the chemotherapy drug Paclitaxel (PTX) together with miR-7 for the treatment of ovarian
cancer. The commonly used first-line chemotherapeutic drug PTX is known to induce the epidermal
growth factor receptor (EGFR)/ ERK pathway resulting in tumor cell proliferation, survival, invasion and
drug resistance. Remarkably, the nanoparticle-facilitated controlled release of miRNA and drugs in this
study enhanced the efficacy of the chemotherapeutic treatment by inhibiting the PTX-induced side effects
through miR-7 intervention. Thereby, decreasing the half-maximal inhibitory concentration of PTX and
thus aiding the mitigation of cytotoxicity events in vivo (Cui et al., 2018). Concluding, future research
must further characterize mircoRNAs and respective targets involved in sickness and health, while

further improving and developing methods of effective intracellular nucleic acid delivery.
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8.Appendix
8.1. Supplementary figures
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Supplementary Figure 1: Vector map of pLS-PD-L1-3’-UTR plasmid. The human PD-L1 3’-UTR

sequence is fused to the gene encoding renilla firefly luciferase (Active Motif, 2023).
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Supplementary Figure 2: Representative gating strategy on isotype control. Investigated human cell

lines were selected for cells, single and live cells with gates for the targets PE::NT5E and APC::PD-L1.
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Supplementary Figure 3: Representative results showing surface expression of NT5E and PD-L1

for Mimic Control-1. For all investigated human cell lines positive target signals were gated on the

isotype control and further applied onto remaining samples.
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Supplementary Figure 4: Surface expression of NT5E (top) and PD-L1 (bottom) on HT-29 cells.
Display of Mimic Control-1 histogram and dot plot with respective gates for NT5E and PD-L1.
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Supplementary Figure 5: Representative flow cytometric profiling of NTS5E and PD-L1 surface
expression on investigated human cells. Display of histograms of a single miRNA library transfection

experiment for MDA-MB-231, CRL-5826, MaMel86b and HK-2 cells.
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PD-L1 3*-UTR Sequence

5/ —UCCAGCAUUGGAACUUCUGAUCUUCAAGCAGGGAUUCUCAACCUGUGGUUUAGGGGUUCAUCGGGGCUGAGCGUGAC
AAGAGGAAGGAAUGGGCCCGUGGGAUGCAGGCAAUGUGGGACUUAAAAGGCCCAAGCACU 3AAAAUGGAACCUGGCGAAA
GCAGAGGAGGAGAAUGAAGAAAGAUGGAGUCAAACAGGGAGCCUGGAGGGAGACCUUGAUACUUUCARAUGCCUGAGGGG
CUCAUCGACGCCUGUGACAGGGAGAAAGGAUACUUCUGAACAAGGAGCCUCCAAGCAAAUCAUCCAUUGCUCAUCCUAGG
AAGACGGGUUGAGAAUCCCUAAUUUGAGGGUCAGUUCCUGCAGAAGUGCCCUUUGCCUCCACUCAAUGCCUCAAUUUGUU
UUCUGCAUGACUGAGAGUCUCAGUGUUGGAACGGGACAGUAUUUAUGUAUGAGUUUUUCCUAUUUAUUUUGAGUCUGUGA
GGUCUUCUUGUCAUGUGAGUGUGGUUGUGAAUGAUUUCUUUUGAAGAUAUAUUGUAGUAGAUGUUACAAUUUUGUCGCLA
AACUAAACUUGCUGCUUAAUGAUUUGCUCACAUCUAGUAAAACAUGGAGUAUUUGUAAGGUGCUUGGUCUCCUCUAUAAC
UACAAGUAUACAUUGGAAGCAUAAAGAUCAAACCGUUGGUUGCAUAGGAUGUCACCUUUAUUUAACCCAUUARUACUCUG
GUUGACCUAAUCUUAUUCUCAGACCUCAAGUGUCUGUGCAGUAUCUGUUCCAUUUAAAUAUCAGCUUUACAAUUAUGUGG
UAGCCUACACACAUAAUCUCAUUUCAUCGCUGUAACCACCCUGUUGUGAUAACCACUAUUAUUUUACCCAUCGUACAGCU
GAGGAAGCAAACAGAUUAAGUAACUUGCCCAAACCAGUARAUAGCAGACCUCAGACUGCCACCCACUGUCCUUUUAUAAU
ACAAUUUACAGCUAUAUUUUACUUUAAGCAAUUCUUUUAUUCAAAAACCAUUUAUUAAGUGCCCUUGCAAUAUCAAUCGC
UGUGCCAGGCAUUGAAUCUACAGAUGUGAGCAAGACAAAGUACCUGUCCUCAAGGAGCUCAUAGUAUAAUGAGGAGAUUA
ACAAGAAAAUGUAUUAUUACAAUUUAGUCCAGUGUCAUAGCAUAAGGAUGAUGCGAGGGGAAAACCCGAGCAGUGUUGCC
AAGAGGAGGARAUAGGCCAAUGUGGUCUGGGACGGUUGGAUAUACUUAAACAUCUUAAUAAUCAGAGUAAUUUUCAUUUA
CAAAGAGAGGUCGGUACUUAAAAUAACCCUGAAAAAUAACACUGGAAUUCCUUUUCUAGCAUUAUAUUUAUUCCUGAUUU
GCCUUUGCCAUAUAAUCUAAUGCUUGUUUAUAUAGUGUCUGGUAUUGUUUAACAGUUCUGUCUUUUCUAUUUAAAUGCCA
CUAAAUUUUAAAUUCAUACCUUUCCAUGAUUCAAAAUUCAAAAGAUCCCAUGGGAGAUGGUUGGAARAUCUCCACUUCAU
CCUCCAAGCCAUUCAAGUUUCCUUUCCAGAAGCAACUGCUACUGCCUUUCAUUCAUAUGUUCUUCUAAAGAUAGUCUACA
UUUGGAAAUGUAUGUUAAAAGCACGUAUUUUUAAAAUUUUUUUCCUAAAUAGUAACACAUUGUAUGUCUGCUGUGUACUU
UGCUAUUUUUAUUUAUUUUAGUGUUUCUUAUAUAGCAGAUGGAAUGAAUUUGAAGUUCCCAGGGCUGAGGAUCCAUGCCU
UCUUUGUUUCUAAGUUAUCUUUCCCAUAGCUUUUCAUUAUCUUUCAUAUGAUCCAGUAUAUGUUAAAUAUGUCCUACAUA
UACAUUUAGACAACCACCAUUUGUUAAGUAUUUGCUCUAGGACAGAGUUUGGAUUUGUUUAUGUUUGCUCAAAAGGAGAC
CCAUGGGCUCUCCAGGGUGCACUGAGUCAAUCUNGUCCUARAAAGCAAUCUUAUUAUUAACUCUGUAUGACAGAAUCAUG
UCUGGAACUUUUGUUUUCUGCUUUCUGUCAAGUAUAAACUUCACUUUGAUGCUGUACUUGCAAAAUCACAUUUUCUUUCU
GGAAAUUCCGGCAGUGUACCUUGACUGCUAGCUACCCUGUGCCAGAAAAGCCUCAUUCGUUGUGCUUGAACCCUUGAAUG
CCACCAGCUGUCAUCACUACACAGCCCUCCUAAGAGGCUUCCUGGAGGUUUCGAGAUUCAGAUGCCCUGGGAGAUCCCAG
AGUUUCCUUUCCCUCUUGGCCAUAUUCUGGUGUCAAUGACAAGGAGUACCUUGGCUUUGCCACAUGUCAAGGCUGAAGAA
ACAGUGUCUCCRACAGAGCUCCUUGUGUUAUCUGUUUGUACAUGUGCAUUUGUACAGUAAUUGGUGUGACAGUGUUCUUU
GUGUGAAUUACAGGCAAGAAUUGUGGCUGAGCAAGGCACAUAGUCUACUCAGUCUAUUCCUANGUCCUAACUCCUCCUUG
UGGUGUUGGAUUUGUAAGGCACUUUAUCCCUUUUGUCUCAUGUUUCAUCGUAAAUGGCAUAGGCAGAGAUGAUACCUAAU
UCUGCAUUUGAUUGUCACUUUUUGUACCUGCAUUARUUUAAUAAAAUAUUCUUAUUUAUUUUGUUACUUGGUACACCAGC
AUGUCCAUUUUCUUGUUUAUUUUGUGUUUAAUAAAAUGUUCAGUUUAACAUCCCAGUGGAGAAAGUUA—3’

miR-139-3p miR-512-3p miR-3117-3p
M miR-146a-3p M miR-1228-3p pLS-PD-L1-3‘-UTR Sequence
miR-155-5p M miR-1273c

Supplementary Figure 6: PD-L.1 3’-UTR Sequence. The shortened PD-L1 3’-UTR sequence fragment
included in pLS-PD-L1-3’-UTR is highlighted in grey (Active Motif, 2023). The highlighted miRNA
binding sites were predicted using miRmap web (Vejnar & Blum, 2013).
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Supplementary Figure 7: Brightfield microscopy of 3’-UTR PD-L1 reporter assay. Qualitative
imaging of cell growth in untreated and pLS-PD-L1-3’-UTR transfected MDA-MD-231, MaMel86b, HK-2
and CRL-5826 cells captured by a Leica DM1L Microscope using a 4x/ 0.1 NA non-immersion objective.
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Supplementary Figure 8: Kaplan-Meier curve based on PD-L1 expression in breast and lung cancer.
High PD-L1 expression is very significantly associated with better prognosis of breast and lung cancer
patients. The Kaplan-Meier plots were generated with the Kaplan-Meier Plotter online tool (Gyo6rffy,
2021; Gyérffy et al., 2013).
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8.2. Figures

8.2.1. List of figures
Figure 1: Summary of miRNA effects on PD-L1 and NT5E mRNA and surface level expression.
Display of miRNAs significantly affecting both immunoregulatory target molecules in three human
tumor entities. Flow cytometric and RT-qPCR data was acquired for the breast cancer cell line MDA-
MB-231, the lung adenocarcinoma cell line CRL-5826 and the metastatic melanoma cell line
MaMel86b, as well as the normal proximal tubular kidney cell line HK-2. ...........ccccceeeiiiviininnneeeen. 2
Figure 2: Zusammenfassung der miRNA Effekte in der Brustkrebslinie MDA-MB-231. In griin oder
rot markiert sind mRNAs, die die Expression eines Immun-Checkpoint-Molekiils verstarkten oder
hemmen. miRNAs mit gemischten Effekten sind in orange dargestellt. Beobachtungen, die nur auf
der FACS-Analyse basieren sind mit gestrichelten Linien dargestellt, wihrend RT-qPCR validierte
intrazelluldre Effekte mit durchgehenden Linien dargestellt sind. .........cccccevvvviiiiiiiieeeiiiinniiiiieeeeen. 4
Figure 3: Biogenesis of miRNAs through canonical and non-canonical pathways. Mature miRNAs
are incorporated into the miRNA-induced silencing complex (miRISC) targeting the 3’-UTR of
mRNA transcripts, blocking translation or inducing mRNA degradation (adapted from O’Brien et
ALe, 2008). ittt et et e et e et e e st e e e b et e e s nn et e e e nne e e e eenneees 6
Figure 4: Structure and function of PD-1 and its ligand PD-L1. The ligation of PD-1 / PD-L1 induces
the phosphorylation of the immunoreceptor tyrosine-based switch motif (ITSM) and the
immunoreceptor tyrosine-based inhibitory motif (ITIM), recruiting SHP-2 protein tyrosine
phosphatases for the dephosphorylation of the co-stimulatory receptor CD28. Overall, the binding
of PD-1 to its ligand PD-L1 results in the inhibition of T cell signaling and survival (adapted from
Farrukh €t @l., 2021). coovuniiiiiieeeee et ettt et e et e et e et e e e e e ta e et e e ra e ea e b e raaeeaans 9
Figure 5: Structure and function of NT5E. The membrane bound enzymes ectonucleoside triphosphate
diphosphohydrolase 1 (ENTPD1) and ecto-5-nucleotidase (NT5E) cooperatively catabolize
extracellular adenosine triphosphate (ATP) to free adenosine. In T cells, natural killer (NK) and
dendritic cells (DCs) the produced adenosine is bound by the adenosine A2A receptor and induces
anti-inflammatory effects. In cancer cells A2B receptors are stimulated, resulting in increased tumor
cell proliferation and survival (Kordafs et al., 2018). .......uuuuuuuuuuumueniniiiiniinieiieeeeeeeeeeaeennees 11
Figure 6: XTT assay. The mitochondrial reduction of yellow XTT forms orange XTT formazan salt. ..21
Figure 7: NT5E surface expression among human cell lines of different non-/tumor entities. Results

show mean fluorescence intensities of Mimic Control-1 normalized to the isotype control of NT5E.

Figure 8: PD-L1 surface expression among human cell lines of different non-/tumor entities.
Display of mean fluorescence intensities of Mimic Control-1 normalized to the isotype control of

o I I PPt 24
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Figure 9: Log2 fold change of target MFIs for miRNA library transfection in MDA-MB-231. Results

show the relative NT5E (A) and PD-L1 (B) surface levels 72 h post transfection. The graph displays
mean values and SEM of >3 independent experiments in MDA-MB-231 cells. Fold changes were
calculated compared to Mimic Control-1. Significances were assessed by One-sample T-Test
(*=P<0.05; **P<0.01; *** = P<0.001; **** = P<0.0001)....ueveeeerrrrreeiniiieeinnneeeenneeee e 26
Figure 10: Log2 fold change of target MFIs after miRNA library transfection of CRL-5826 cells.
Results show the relative NT5E (A) and PD-L1 (B) surface levels 72 h post transfection. The graph
displays mean values and SEM of >3 independent experiments in CRL-5826 cells. Fold changes
were calculated compared to Mimic Control-1. Significances were assessed by One-sample T-Test
(*=P<0.05; **P<0.01; *** = P<0.001; **** = P<0.0001)....ueveeeerrrrreeiniiieeinnneeeenneeee e 27
Figure 11: Log2 fold change of target MFIs for miRNA library transfection in MaMel86b. Results
show the relative NT5E (A) and PD-L1 (B) surface levels 72 h post transfection. The graph displays
mean values and SEM of 4 independent experiments in MaMel86b cells. Fold changes were
calculated compared to Mimic Control-1. Significances were assessed by One-sample T-Test
(*=P<0.05; **P<0.01; *** = P<0.001). ceeoouirieiieiiieeeeiieee e et e e e s ereee e e e s e e s 28
Figure 12: Log2 fold change of target MFIs for miRNA library transfection in HK-2. Results show
the relative NT5E (A) and PD-L1 (B) surface levels 72 h post transfection. The graph displays mean
values and SEM of 4 independent experiments in HK-2 cells. Fold changes were calculated compared
to Mimic Control-1. Significances were assessed by One-sample T-Test (* = P <0.05; ** P <0.01;
FHH = P0.00L) . ceeeiteeee ettt ettt e et e e st e e et e e st e e e e e e e e e ennae e e s ennenes 30
Figure 13: RT-qPCR examination of PD-L1 and NT5E mRNA levels for miRNA library transfection.
The graph displays mean values and SEM of 3 independent experiments in MDA-MB-231, CRI-5826,
MaMel86b and HK-2 cells. Samples were normalized on the housekeeping gene RPL19 and fold
changes were calculated using Mimic Control-1. Significances were assessed by a One-sample T-Test
(F =P <0.05; %% P<0.00) .ttt iee ettt ettt e ettt e e e et e e s et e e e e b bt e e e e anbee e s eabaeeeeeaee 32
Figure 14: Effect of miRNAs on viability of transfected MDA-MB-231 cells 24-72 h post transfection.
The box-and-whiskers plots display minimum, maximum and median values of two independent
experiments (N1 and N2) with at least 4 technical replicates. All samples were compared to Mimic
Control-1. Significance was assessed by one-way ANOVA using Dunnett’s multiple comparison test
(* =P<0.05; **P<0.01; *** = P<0.001; **** = P<0.0001). .ceeveeemmiiiieeeniiieeeeiieeeeeiieee e 35
Figure 15: Effect of miRNAs on viability of transfected MaMel86b cells 24-72 h post transfection.
The box-and-whiskers plots display minimum, maximum and median values of two independent
experiments with at least 4 technical replicates. Most samples were compared to Mimic Control-1.
Significance was assessed by one-way ANOVA wusing Dunnett’s multiple comparison test

(* =P<0.05; ** P<0.01; *** = P< 0.001; **** = P< 0.0001). +.rvvrereeerereereresresesreseeresessesesseseeeen. 36
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Figure 16: PD-L1 3’-UTR reporter assay. The graph displays mean values and SEM of at least 4
technical replicates in MDA-MB-231, MaMel86b, HK-2 and CRL-5826 cells. All samples were

compared to Mimic Control-1. Significance was assessed by one-way ANOVA using Dunnett’s
multiple comparison test (* = P<0.05; **P<0.01; *** = P<0.001; **** = P<(0.0001)............. 38
Figure 17: Venn diagram of miRNAs affecting mRNA and surface expression of PD-L1 and NT5E.
Overlap of miRNAs significantly up- or downregulating immunomodulatory target molecules in

MDA-MB-231, CRL-5826, MaMel86b and HK-2 CelIS. .....c.cuueeeriirieeeiriiiieeeiiriieeeeeiiieeeeeerieeeererineens 40
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Supplementary Figure 8: Kaplan-Meier curve based on PD-L1 expression in breast and lung cancer.
High PD-L1 expression is very significantly associated with better prognosis of breast and lung
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8.4. Abbreviations

Table 10: List of abbreviations.

Abbreviations Meaning

A Absorbance

Ago Argonaute protein

AKT Protein kinase B

AKT1 RAC-alpha serine/threonine-protein kinase
APC Allophycocyanin

ATCC American Type Culture Collection
ATP Adenosine triphosphate

AMP Adenosine monophosphate

A.U. Arbitrary unit

cAMP Cyclic adenosine monophosphate
ccRCC Clear cell renal cell carcinoma
CD73 Cluster of differentiation 73

Gene name: Ecto-5-nucleotidase (NT5E)

CD273 Cluster of differentiation 273

Gene name: Programmed death-ligand 2 (PD-L2)
CD274 Cluster of differentiation 274

Gene name: Programmed death-ligand 1 (PD-L1) or B7 homolog (B7-H1)
CD279 Cluster of differentiation 279

Gene name: Programmed cell death-protein 1 (PD-1)
DGCRS DiGeorge Syndrome Critical Region 8
DNA Deoxyribonucleic acid
DSPC 1,2-diestearoyl-sn-glycero-3-phosphocholine
ENTPD1 Ectonucleoside triphosphate diphosphohydrolase 1
FACS Fluorescence-activated cell sorting
FCS Fetal calf serum
FSC Forward scatter
GAPDH Glyceraldehyde-3-phophate dehydrogenase
GLUT-1 Glucose transporter 1
GOI Gene of interest
HK Housekeeping genes
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Abbreviations Meaning

Ig Immunoglobulin

KIF18B Kinesin Family Member 18B

MFI Median fluorescence intensity

miR MicroRNA

miRNA

miRISC miRNA-induced silencing complex
mRNA Messenger RNA

MAPK Mitogen-activated protein kinase

MEK Mitogen-activated extracellular signal-regulated kinase
MQ Milli-Q distilled water

NOB1 NIN1/RPNI2 binding protein 1 homolog
NSCLC Non-small-cell lung cancer

nt Nucleotide

NTSE Ecto-5"-nucleotidase

Cell surface molecule nomenclature: CD73
PBS Phosphate buffered saline
PD-1 Programmed cell death-protein 1

Cell surface molecule nomenclature: CD279
PD-L1/2 Programmed death-ligand 1/2

Cell surface molecule nomenclature: CD274/ CD273

PE R-Phycoerythrin

PERK Propylated extracellular signal-regulated kinase
PITX1 Paired like homeodomain 1

PI3K Phosphatidylinositol 3-kinase

PKA Protein kinase A

PLACS8 Placenta associated 8 protein

PLC Phospholipase C

PTTG1 Pituitary tumor-transforming gene 1- oncogene
p- Page

p-t. Post transfection

RAB Ras-related protein

RAF Rapidly accelerated fibrosarcoma

RAS Rat sarcoma virus

RNA Ribonucleic acid
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Abbreviations Meaning

RPL19 Ribosomal protein 19

RPMI Roswell Park Memorial Institute

RT Room temperature

SEM Standard error of the mean

shRNA Short hairpin RNA transcript

SI International System of Units

siRNA Small interfering RNA

SOCS1 Suppressor of cytokine signaling 1

SOX-5 Sry-related HMG box

SSC Side scatter

TTN-AS1 TTN antisense RNA 1

USA United States of America

VEGF Vascular endothelial growth factor

VHL Von Hippel-Lindau

Wnt Wingless and Int-1

Wnt5A Wnt Family Member 5A

XPO5 Exportin 5

XTT 2,3-bis  (2-methoxy-4-nitro-5-sulfophenyl)-5-[ (phenylamino) carbonyl]-
2H-tetrazolium hydroxide

ZAP70 Zeta-chain-associated protein kinase 70
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Table 11: List of units and prefixes.

SI prefix Meaning Multifaction factor
k kilo 103
m milli 103
I micro 10
n nano 10°
p pico 1012
Units Meaning
Da daltons
g grams
h hours
liters
min minutes
s seconds
8.5. Chemicals and materials
Table 12: Chemicals and kits with manufacturers.
Chemicals Company Headquarters
DharmaFECT Duo Transfection Reagent Dharmacon™ Lafayette, USA
Ethanol Carl Roth Karlsruhe, Germany
Fetal calf serum (FCS) Sigma Aldrich St. Louis, USA

High-Capacity cDNA Reverse Transcription Kit
LightSwitch™ Luciferase Assay Kit
Lipofectamine™ RNAiMAX Transfection Reagent
miRNeasy Mini Kit

Penicillin-Streptomycin

Phospahte Buffered Saline (PBS)

PowerSYBR® Green PCR Master Mix
RNaseZap™

Roswell Park Memorial Institute 1640 medium
TrpLE™

Trypan blue (0.4 %)

Thermo Fischer Scientific
Active Motif

Thermo Fischer Scientific
Qiagen

Thermo Fischer Scientific
Gibco

Applied Biosystems™
Thermo Fischer Scientific
Gibco™

Gibco™

Carl Roth

Waltham, USA

La Hulpe, Belgium
Waltham, USA
Hilden, Germany
Waltham, USA
Carlsbad, USA
Foster City, US
Waltham, USA
Carlsbad, USA
Carlsbad, USA

Karlsruhe, Germany
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Chemicals

Company

Headquarters

Trypsin/EDTA (0.25 %)

Qubit™ microRNA Assay Kit
XTT Cell Proliferation Assay

Yellow fluorescent reactive dye

Table 13: Cell lines and origins.

Cell line

Origin/ provided by

Gibco

Thermo Fisher Scientific

SERVA Electrophoresis
GmbH

Invitrogen™

Carlsbad, USA
Waltham, USA
Heidelberg, Germany

Carlsbad, USA

Headquarters

CRL-5826 (NCI-H226)
MaMel86b
MDA-MB-231 (HTB-26)
HK-2 (CRL-2190)
HT-29 (HTB-32)

ATCC®

Universitatsklinik Mannheim (Hauttumorzentrum)

ATCC®

Curtesy of Prof. Dr. Ilse Hoffmann, DKFZ

ATCC®

Table 14: Materials and manufacturers.

Disposables

Company

Manassas, USA
Mannheim, Germany
Manassas, USA
Heidelberg, Germany
Manassas, USA

Headquaters

Aluminum foil

Cell culture flask (75 ecm?)
C-CHIP disposable hemocytometer
Eppendorf reaction tubes (1.5, 2 ml)

Gloves

Polystyrene round-bottom tubes

with cell-strainer cap

Qubit™ assay tubes

RNase free filter-tips (10, 20, 100,

200, 1000 ul)

Serological pipettes (5, 10, 25 ml)

12-well plates

96-well flat bottom plates
96-well flat bottom plates (opaque)

96-well round bottom plates

VWR International

Greiner Bio-One

Kisker Biotech,
Eppendorf AG

Starlab International GmbH

Corning Incorp.

Thermo Fischer Scientific

Starlab International GmbH

Greiner Bio-One GmbH

TPP Techno Plastic Products
TPP Techno Plastic Products

PerkinElmer™

TPP Techno Plastic Products

Radnor, USA
Frickenhausen, Germany
Steinfurt, Germany
Hamburg, Germany
Hamburg, Germany

New York, US

Waltham, USA

Hamburg, Germany

Frickenhausen, Germany
Trasadingen, Switzerland
Trasadingen, Switzerland
Waltham, USA

Trasadingen, Switzerland
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Table 15: microRNA, plasmids and antibodies with manufacturers.

microRNAs Company Headquarters
miRIDIAN® microRNA Mimic: Dharmacon™  Lafayette, USA

1. hsa-miR-139-3p

2. hsa-miR-139-5p

3. hsa-miR-146a-3p

4. hsa-miR-146a-5p

5. hsa-miR-155-5p

6. hsa-miR-374b-3p

7. hsa-miR-512-3p

8. hsa-miR-1204

9. hsa-miR-1228-3p

10. hsa-miR-1273c¢

11. hsa-miR-3117-3p
mirVana™ miRNA Mimic: Negative Control #1 (ath-miR-416) Invitrogen™ Carlsbad, USA
ON-TARGETplus SMART pool Human CD274 Dharmacon™  Lafayette, USA
ON-TARGETplus SMART pool Human NT5E Dharmacon™  Lafayette, USA
Plasmids Company Headquarters
pLS-PD-L1-3’-UTR Active Motif La Hulpe,

Belgium

Antibodies Company Headquarters
Anti-Hu CD274 (PD-L1, B7-H1) Invitrogen™ Carlsbad, USA
Clone: MIH1, REF. 17-5983-48
PE anti-human CD73 (Ecto-5’-nucleotidase) BioLegend® San Diego, USA
Clone: AD2, Cat. 344044
Mouse IgG1 kappa Isotype Control eFluor 660 Invitrogen™ Carlsbad, USA
Clone: P3.6.2.8.1 REF.50-4714-82
Mouse IgG1 kappa Isotype Control PE Invitrogen™ Carlsbad, USA

Clone: P3.6.2.8.1, REF. 12-4714-82
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Table 16: Devices and manufacturers

Machines

Company

Headquaters

BD FACSCanto™ II Flow Cytometer
CLARIOstar® Plus microplate reader
CO; incubator CB210

Centrifuge 5810 R

Fluoroskan™ Ascent Microplate
Fluorometer

Leica DM1L Microscope
QuantStudio™ 3 Real-Time PCR System
Qubit™ 4 Fluorometer

Refrigerator

Thermomixer comfort

Veriti™ 96 Well Thermal Cycler

Becton Dickinson Bioscience
BMG LABTECH GmbH
BINDER

Eppendorf AG

Thermo Fischer Scientific

Leica

Applied Biosystems™
Thermo Fischer Scientific
Liebherr

Eppendorf AG

Applied Biosystems™

Table 17: Composition of cell culture medium and buffers.

Solutions

Composition

Franklin Lakes, USA
Ortenberg, Germany
Tuttlingen, Germany
Hamburg, Germany

Waltham, USA

Wetzlar, Germany
Foster City, US
Waltham, USA

Bulle FR, Switzerland
Hamburg, Germany

Foster City, US

Culture medium

FACS buffer

10 % FCS

1 % Penicillin-streptomycin
in RPMI 1640

3 % FCS

in PBS
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