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G- quadruplex- containing oligonucleotides for preventive and therapeutic treatment

Invention

The invention relates to an oligonucleotide molecule according to the subject matter of claims
1 and 2. The invention also relates to a pharmaceutical composition according to the subject
matter of claim 10, a kit comprising the oligonucleotide molecule of the invention according to

the subject matter of claim 11 and to therapeutic uses of the inventive oligonucleotide molecule.

Background

Tumor cells often evade the body's immune defenses by expressing the programmed death lig-
and 1 (PD-L1). After binding of the receptor (PD1), which is present on the surface of T cells,
an attenuated immune response occurs. Inhibition of this interaction by blocking antibodies
(e.g., pembrolizumab, Keytruda®; nivulomab, Opdivo®; avelumab, Bavencio®) leads to acti-
vation of T cells. The activated T cells mediate increased autoimmunity, which is particularly
effective on tumor cells. The clinical efficacy of this approach has been impressively demon-
strated in large studies, particularly in metastatic melanoma (Robert C, Schachter J, Long GV,
et al. (2015) Pembrolizumab versus Ipilimumab in Advanced Melanoma. N Engl J Med
372:2521-32; Schachter J, Ribas A, Long GV, et al. (2017) Pembrolizumab versus ipilimumab
for advanced melanoma: final overall survival results of a multicentre, randomised, open-label

phase 3 study (KEYNOTE-006). Lancet 390:1853-62).

Infectious diseases, such as diseases caused by viruses or bacteria, impose significant health
issues to patients and healthcare systems. For instance, seasonal respiratory viral diseases have
been known for thousands of years, as annual epidemics of common cold and of influenza dis-
ease affect humans living in temperate regions regularly during the winter season. Newly
emerging viral infections continue to pose a major threat to global public health. Recently,
highly pathogenic avian influenza A (HSN1) viruses as well as other avian influenza A virus
subtypes (H7N9, HON2, and H7N3) were found to be associated with human disease, raising

the concern of pandemic conditions due to the potential spread of subtypes of influenza A virus
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circulating in domestic and wild birds and livestock to humans. Severe acute respiratory syn-
drome Corona viruses (SARS-CoV) are implicated in an atypical pneumoniae, which emerged
first in 2002 and 2003 in Guandong province (China), resulting in 800 deaths worldwide in
2003. Bats have been identified as the natural reservoir of SARS-CoV-like viruses. In 2012,
Middle East Respiratory Syndrome Corona viruses, belonging to the same group of Corona
viruses were identified in Saudi Arabia. In late 2019, a pneumonia associated with SARS-CoV2
infection emerged in patients in the city of Wuhan (China), leading to the COVID-19 pandemic
condition affecting millions of people and resulting in millions of deaths around the globe.
SARS-CoV viruses belong to the family of betacoronaviruses and are positive single-stranded
(ss) RNA viruses with a large RNA genome of approximately 30 Kb. Like other coronaviruses,
the SARS-CoV2 genome contains 14 open reading frames (ORFs) encoding 27 proteins. The
ORF1 and ORF2 at the 5'-terminal region of the genome encode 15 non-structural proteins
important for virus replication. The 3'-terminal region of the genome encodes structural protein,
in particular a spike protein (S), an envelope protein (E), a membrane protein (M), and a nucle-
ocapsid protein (N) and also eight different accessory proteins.

There is a need for effective drugs or vaccines available for treating emerging viral diseases, in
particular for treating coronavirus infections. Small molecule inhibitors may be easily identified
from compound libraries. Their action, however, is confined to a small surface area of a given
target such that single amino acid changes in the target may result in a significantly reduced
efficacy of a given small molecule inhibitor. Oligonucleotide molecules which bind to specific
target molecules (“aptamers”) may be isolated using Systematic Evolution of Ligands by EX-
ponential enrichment (SELEX) and may serve as affinity probes or molecular recognition ele-
ments for diagnostic or therapeutic purposes. These aptamers are synthetic single-stranded
DNAs or RNAs, which bind to target molecules with high affinity in three-dimensional shapes
and which have been applied widely in analytical, bioanalytical, imaging, diagnostic and ther-
apeutic fields. The present invention addresses the need for effective drugs for treating diseases

caused by viral or bacterial infections using oligonucleotide molecules.

Summary of the invention

In a first aspect, the invention relates to an oligonucleotide molecule having from 10 to 50
nucleotides comprising at least one G-quartet forming motif comprising 10 to 20 nucleotide

residues, wherein at least 60% of the residues are guanosine or deoxyguanosine residues, and
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wherein the molecule inhibits viral or bacterial replication and/or exerts anti-inflammatory ef-
fects in a mammalian cell.

According to the invention, the term “oligonucleotide molecule” is understood to refer to a short
DNA or RNA molecule, also known as oligomer. Most commonly, DNA oligonucleotides are
synthesized as single-stranded molecules by solid-phase chemical synthesis and are used for
artificial gene synthesis, polymerase chain reaction (PCR), DNA sequencing, molecular cloning
and as molecular probes. RNA oligonucleotides occur as small RNA molecules in vivo, where
they are involved in the regulation of gene expression (e.g., microRNA), or are degradation
intermediates derived from the breakdown of larger nucleic acid molecules. Oligonucleotides
which bind to specific target molecules are called “aptamers”, wherein aptamers may be oligo-
nucleotide molecules but also peptide molecules. Within the context of the invention, the term
“aptamer” refers to an oligonucleotide molecule; the terms “oligonucleotide molecule” and “ap-
tamer” are used interchangeably and synonymously throughout this application.

In the context of the present invention, a “G-quartet forming motif” is a higher-order nucleic
acid structure rich in guanine residues. G-quartets are formed by four G-bases which are asso-
ciated via Hoogsteen H-bonding to form a square planar structure such that each G-base makes
two H-bonds with its neighboring G-base. To form a G-quadruplex (G4), two or more G-quar-
tets stack on top of each other, thus forming polymorphic structures. Therefore, a folded intra-
molecular G-quadruplex consists of two main elements: core and loops, wherein the core com-
prises one or more stacked G-G-G-G tetrad (or G-quartet) layers, while the loops are linker
sequences connecting the strands of the G-tetrad core. Hence, G-quadruplex structures are
highly polymorphic, depending on the relative orientations of strands and types of loops. De-
pending on the sequence of the G-rich oligonucleotides, stability of these G-quartets is related
to several factors, including the presence of monovalent cations such as K+ and Na+, the con-
centration of G-rich oligonucleotides present, and the sequence of the G-rich oligonucleotides
being used.

The oligonucleotide molecule of the invention is able to inhibit viral or bacterial replication,
wherein replication of viral or bacterial genomes result in the production of multiple copies of
the virus in infected cells or of the bacterium. It is preferred, that the oligonucleotide molecule
of the invention targets a viral or a bacterial helicase. Helicases are enzymes which separate the
strands of a duplex nucleic acid, usually using the hydrolysis of ATP to provide the necessary
energy. In addition to the helicases that act on double-stranded DNA, some helicases unwind

DNA-RNA or RNA-RNA duplexes. Concerning bacterial replication, it is also preferred that
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the oligonucleotide molecule of the invention may target the DNA polymerase I1I holoenzyme
of bacteria, which is the primary enzyme complex involved in prokaryotic DNA replication.
Since viral replication primarily depends on metabolic functions of the host cell, the oligonu-
cleotide molecule of the invention advantageously targets a virus-specific step in the viral rep-
lication mechanism and leaves host cell functions intact. Different viral polymerases, i.e., RNA-
dependent RNA polymerase, RNA-dependent DNA polymerase, DNA-dependent RNA poly-
merase, and DNA-dependent DNA polymerases, play a central role in viral replication and
transcription of the viral genome and are generally active as a single protein capable of carrying
out multiple functions related to viral replication. It is also preferred, when used in order to
inhibit viral replication, the oligonucleotide molecule of the invention may target one or more
viral polymerase.

The term “inflammation” refers to a complex biological response of one or more tissues to
harmful stimuli, such as, e.g., viral or bacterial pathogens. The response serves to eliminate the
initial cause of the cell injury in order to protect tissue cells. In mammals, an acute inflammatory
reaction is an immediate, adaptive response with limited specificity which is generally consid-
ered beneficial. It can become detrimental if not regulated, however, such as seen in septic
shock. The inflammatory pathway consists of a sequence of events involving inducers, sensors,
mediators, and effectors. The “anti-inflammatory effect” of a molecule or a substance refers to
properties reducing inflammation, for example, by a specific interaction of said molecule with
one or more of said inducers, sensors, mediators, and effectors.

Surprisingly, the oligonucleotide molecule of the invention, wherein at least 80% of the residues
are guanosine or deoxyguanosine residues, were found to exhibit strong antiviral or antibacte-
rial activity, via inhibition of replication. Moreover, the molecule was also found to exert anti-
inflammatory effects in mammalian cells. Advantageously, the oligonucleotide molecules of
the invention are short molecules which may be synthesized relatively easily by chemical syn-
thesis at low cost. Compared to antibodies, they are characterized by minimal immunogenicity
and high stability. Furthermore, they are able to bind to a variety of targets comprising organic
molecules, proteins, viruses, bacteria, whole cells and tissues.

In a further embodiment, the oligonucleotide molecule according to the invention may be an
oligonucleotide molecule, wherein > 70% of the residues are guanosine or deoxyguanosine res-
idues. Increasing the number of guanosine residues results in the oligonucleotide of the inven-
tion exhibiting significantly increased antiviral or antibacterial activity, when compared to
scrambled or mixed sequences. It is particularly preferred, when all residues in the oligonucle-

otide molecule are guanosine residues.
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In an alternative embodiment, the oligonucleotide molecule may be synthesized from deoxynu-
cleotides. An individual nucleotide is composed of three subunit molecules: a nucleobase, a
five-carbon sugar (ribose or deoxyribose), and a phosphate group consisting of one to three
phosphates. The nucleobase and the sugar moiety together form a nucleoside. In DNA, the nu-
cleobases used are guanine, adenine, cytosine and thymine; in RNA, uracil is used in place of
thymine. In RNA, the sugar in the sugar-phosphate backbone is ribose, wherein DNA is a nu-
cleic acid polymer characterized by the presence of deoxyribose instead. Advantageously, the
oligonucleotide molecule is a DNA molecule with much lower susceptibility to hydrolysis.

In further advantageous embodiment of the inventive oligonucleotide molecule, at least one of
the guanosine or deoxyguanosine residues may be chemically modified. The oligonucleotide
molecule is either a DNA or an RNA molecule, which may be modified chemically at the back-
bone or on the 2’ sugar position to achieve different effects such as higher binding affinity
and/or specificity, lower susceptibility to nuclease degradation, enhanced in vivo stability,
longer in vivo half-life, decreased susceptibility to excretion via renal filtration. Common chem-
ical modifications involve modifications of the terminals of nucleic acids, such as 3’ end cap-
ping with inverted thymidine and PEGylation in order to improve resistance against nucleases
(which first bind at the respective terminals) and renal clearance, respectively. Further modifi-
cations involve the phosphodiester linkage, the sugar ring (substituting, e.g., the 2’0 position
of the ribofuranose ring with fluoro- (-F), amino (-NH2), azido (-N3) or methoxy/OMe (-
OCH3) groups) and the nucleobases (such as, e.g., the purine modifications 2,6-diaminopurine,
3-deaza-adenine, 7-deaza-guanine and 8-azido-adenine, or the pyrimidine modifications 2-thio-
thymidine, 5-carboxamide-uracil, 5-methyl-cytosine and 5-ethynyl-uracil).

In a particularly preferred embodiment of the oligonucleotide molecule, the chemical modifi-
cation may be a phosphate backbone modification. A modification of the phosphate backbone
by definition affects the phosphodiester linkage, wherein the phosphate group is altered by
atomic substitutions, resulting in neutral, anionic or cationic modifications. For instance, re-
placing one or two of the oxygen atoms by one or two sulfur atoms, respectively, yields phos-
phorothioate or phosphorodithioate groups. Replacing one oxygen atom of the phosphate group
with an uncharged methyl group results in a methyl phosphate backbone. A cationic modifica-
tion involves the replacement of one oxygen atom with a positively charged group such as
guanidinopropyl phosphoramidate. Preferably, the phosphodiester linkage of the oligonucleo-
tide molecule is replaced with the methylphosphonate or the phosphorothioate analog, such that

a backbone O atom is replaced with either a methyl group or one or more backbone O atom is
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replaced with one or more sulfur atoms. Advantageously, the modification results in improved
resistance to extracellular or intracellular nucleases, higher thermal stability, improved target
binding affinity and/or improved delivery via the plasma membrane to the interior of the cell.

It is particularly preferred if the thiophosphoryl substitutions are selected from phosphorothio-
ate or phosphorodithioate, wherein thiophosphoryl substitutions replace at least 35 % of the
phosphodiester linkages in the sugar-phosphate backbone of the oligonucleotide molecule. Sub-
stitution of all phosphodiester linkages in the oligonucleotide by thiophosphoryl groups leads
to significantly enhanced resistance to nuclease. In order to obtain oligonucleotide molecules
with enhanced target binding specificity, thiophosphoryl substitutions of the phosphodiester
linkages may be titrated within the range of 35% to complete replacement. Furthermore, by a
partial substitution and thus preservation of some phosphodiester linkages within the molecule,
an enhanced toxicity, which sometimes is found to be associated with complete substitution,
may be avoided. When in an oligonucleotide molecule, wherein thiophosphoryl substitutions
replace at least 35 % of the phosphodiester linkages in the sugar-phosphate backbone, the num-
ber of guanosine residues is increased, the oligonucleotide molecule of the invention exhibits
significantly increased antiviral or antibacterial activity, when compared to scrambled or mixed
sequences. It is particularly preferred, when all residues in said PTO oligonucleotide molecule

are guanosine residues.

In a further embodiment, the oligonucleotide molecule may comprise at least four consecutive
triplets of guanosine or deoxyguanosine residues. Advantageously, oligonucleotide molecules
comprising at least four consecutive triplets of guanosine residues were found to exhibit a
stronger anti-viral effect compared to shorter oligonucleotide molecules, suggesting that the
efficacy to inhibit viral replication depends on the length of the molecule.

The oligonucleotide of the invention may comprise advantageously the sequence set forth in
SEQ ID NOs. 1 to 4, wherein SEQ ID NO. 1: 5'- GGG GGG GGG GGG GGG GGG GG -3/,
SEQ ID NO. 2: 5°’- GGG GGG GGG GGG GG -3°, SEQ ID NO. 3; 5° GGg gte aag ctt gaG
GGG Gg and SEQ ID NO4: GGT GGT GGT GGT TGT GGT GGT GGT GG. Capital letters
symbolize phosphorothioate bonds (PTO), lowercase letters symbolize classic phosphodiester
bonds. Shorter sequences often are associated with a slightly reduced inhibition of replication.
Oligonucleotides comprising those sequences spontaneously form G-quartets and G quadru-

plexes (G4s).
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In a second aspect, the invention relates to a pharmaceutical composition comprising at least
one oligonucleotide molecule combined with at least one of a pharmaceutically acceptable ex-
cipient, carrier, adjuvant or combination thereof.

A pharmaceutically acceptable excipient according to the present invention includes any and
all solvents, dispersion media, diluents, or other liquid vehicles, dispersion or suspension aids,
surface active agents, isotonic agents, preservatives, solid binders and the like as suited to the
particular dosage form desired. Remington's The Science and Practice of Pharmacy, 23™ Edi-
tion, A. Adejare, (Lippincott, Williams & Wilkins, Baltimore, Md., 2020) discloses various
excipients used in formulating pharmaceutical compositions and known techniques for the
preparation thereof. The pharmaceutically acceptable excipient may be at least 95%, 96%, 97%,
98%, 99%, or 100% pure. Pharmaceutically acceptable excipients used in the manufacture of
pharmaceutical compositions include, but are not limited to, inert diluents, dispersing and/or
granulating agents, surface active agents and/or emulsifiers, disintegrating agents, binding
agents, preservatives, buffering agents, lubricating agents, and/or oils.

In a third aspect, the invention relates to a kit comprising at least one oligonucleotide molecule
as described before.

In a fourth aspect, the invention relates to an oligonucleotide molecule as described, a pharma-
ceutical composition or a kit comprising the oligonucleotide molecule for use in treatment of a
disease caused by a viral or a bacterial infection and/or of inflammation associated therewith.
In a preferred embodiment, the oligonucleotide molecule may induce inhibition of viral repli-
cation in a mammalian cell.

In a further preferred embodiment, the viral infection may be caused by a virus selected from
the group comprising HS-1 virus, HCN virus, Adenovirus, Zika virus, hepatitis B or C virus,
West Nile virus, influenza virus, RSV virus, Paramyxo-Virus, HIV virus, and corona viruses,
such as SARS-CoV-1, SARS-CoV-2 and MERS-CoV.

In an alternative embodiment, the disease may be a viral infection of the respiratory tract.

In another embodiment, the treatment of the viral or bacterial disease-associated inflammation
may result from interference with the type I interferon (IFN) and/or the type II IFN pathway or
from suppression of interleukin mediated signaling. In the context of the present invention, type
I interferons (IFNs) refer to polypeptides secreted by infected cells. The following functions
are associated with type I IFNs: Induction of cell-intrinsic antimicrobial states in infected and
neighbouring cells in order to limit the spread of infectious agents, particularly viral pathogens;

modulation of innate immune responses in a balanced manner in order to promote antigen
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presentation and natural killer cell functions while restraining pro-inflammatory pathways and
cytokine production; activation of the adaptive immune system, in order to promote the devel-
opment of high-affinity antigen-specific T and B cell responses and immunological memory.
Type I IFNs consist of a group of structurally similar cytokines and include 13—14 subtypes of
IFN-a along with IFN-B, IFN-¢, IFN-«, IFN-o, IFN-6, IFN-{, and IFN-t. Type II IFN, known
as IFN-y, signals through a different receptor and has effects that are independent from type I
IFN. IFN-y signaling plays a key role in host defense by promoting macrophage activation,
upregulating the expression of antigen processing and presentation molecules, driving the de-
velopment and activation of Th1 cells, enhancing natural killer cell activity, regulating B cell
functions, and inducing the production of chemokines that promote effector cell trafficking to
sites of inflammation. Advantageously, the oligonucleotide molecule may be used for treatment
at different stages of a viral disease, e.g., in a subacute state of a SARS-Cov2 infection (“long
COVID”).

In a further embodiment, in the oligonucleotide molecule used for treatment purposes, at least
one of the guanosine or deoxyguanosine residues may be chemically modified, wherein the
chemical modification is a phosphate backbone modification, and wherein the oligonucleotide
comprises at least four consecutive triplets of guanosine or deoxyguanosine residues.

In an alternative embodiment, the molecule may be administered in a pharmaceutically accepta-
ble route selected from the group consisting of orally, parenterally, enterally, via the ophthalmic
or nasal route, or topically and combinations thereof. Topical applications comprise application
as cream, foam, gel, lotion, ointment, paste, powder, shake lotion, solid, sponge, tape, tincture,
topical solution, nail polish, transdermal patch, vapor.

It should be noted that, as used herein and in the claims, the singular forms “a”, “an”, and “the”
include plural referents unless the context clearly dictates otherwise. For example, the term “an
oligonucleotide molecule” refers to one or more oligonucleotide molecules, i.e., a single oligo-
nucleotide molecule and multiple oligonucleotide molecules. It is further noted that the claims
can be drafted to exclude any optional element. As such, this statement is intended to serve as

2

antecedent basis for use of such exclusive terminology as “solely,” “only” and the like in con-
nection with the recitation of claim elements, or use of a “negative” limitation.

Unless otherwise defined, all technical and scientific terms used herein have the same meaning
as commonly understood by the skilled person which the description of the invention is directed
at. Although methods and materials similar or equivalent to those described herein may be used

in order to practice the present invention, suitable methods and materials are described below.
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In addition, the materials, methods, and examples described herein are illustrative only and are
not intended to be limiting.
Other features and advantages of the invention will be apparent from and encompassed by the

following detailed description and claims.

Brief description of the drawings

Fig. 1 depicts a comparison of different nucleotide sequences for antiviral effect in SARS-CoV-
2 infected Calu-3 human lung cancer cells. it is demonstrated that nCpG-6-PTO inhibits SARS-
CoV-2 infections.

In Fig. 2 it is shown that nCpG-6-PTO prevents replication of SARS-CoV-2, but has no impact
on virus entry into target cells.

That the antiviral efficacy depends on the length of the molecule is demonstrated in Fig. 3,
emphasizing that long molecules displayed stronger effect on virus infection than the shorter
ones.

Fig. 4 demonstrates that the antiviral effect depends on the ODN-backbone by comparison of
oligonucleotides of equal length with either a phosphodiester backbone (nCpG-6-PDE) or a
phosphorothioate backbone (nCpG-6-PTO).

In Fig. 5, nCpG-6-PTO is compared to the efficacy of the well-known aptamer AS1411 used in
anti-cancer therapy. Used in a virus inhibition assay, AS1411-PDE exhibited no efficacy
against SARS-CoV-2, AS1411-PTO; however, was found as effective as CpG-6-PTO.

Fig. 6 shows that nCpG-6-PTO completely suppresses the cytopathogenic effect caused by
HSV-1 at a concentration ranging from 0.5, 1, 2, 4uM.

In Fig. 7, the formation of quadruplex (G4) structures from nCpG-6-PTO is demonstrated by
using BG4, a G4-specific antibody.

By using a helicase assay, it is demonstrated that nCpG-6-PTO inhibits the SARS-CoV-2 hel-
icase; results are shown in Fig. 8.

In Fig. 9, it is shown that G4-forming PTO-ODN (nCpG-6-PTO and AS1411-PTO) may inhibit
IFNB-mediated signaling molecules. Fig. 9A depicts a schematic pathway of type I interferon
signaling (from Gonzalez-Cao ef al., 2018). By Western blot analysis (Fig. 9B), strong down-
regulation of tyrosine phosphorylation of the canonical signaling molecules p-Statl and pStat2
by nCpG-6-PTO and AS1411-PTO is shown.

Fig. 10 demonstrates that G4-forming PTO-ODN (nCpG-6-PTO and AS1411-PTO) inhibit
IFNy-mediated signaling molecules. Fig. 10A depicts a schematic pathway of type Il interferon



WO 2022/269013 PCT/EP2022/067290

signaling (from Gonzalez-Cao ef al., 2018). By Western blot analysis (Fig. 10B), strong down-
regulation of tyrosine phosphorylation of the canonical signaling molecules p-JAK2 and pStat2
by nCpG-6-PTO and AS1411-PTO is shown.

In Fig. 11, it is shown that G4-forming PTO-ODN (nCpG-6-PTO and AS1411-PTO) may in-
hibit interleukin 6 (IL-6) mediated-mediated STAT 3 phosphorylation. Fig. 11A depicts a sche-
matic pathway of IL 6 signaling (from Jin ef al., 2017). By Western blot analysis (Fig. 9B),
strong downregulation of tyrosine phosphorylation of Stat 3 by nCpG-6-PTO and AS1411-PTO
is shown. Moreover, suppressive effects on p-Stat1 were also found.

In Figure 12, exemplary data show that nCpG-6-PTO suppresses HSV-1 infection in a split skin
model. In addition to Example 6 (Fig. 6), where nCpG-6-PTO suppresses HSV-1 infections in
in vitro cultured foreskin fibroblasts, shown by decrease in CPE, antiviral efficacy was also
tested in split skin samples. Surplus split skin from the upper leg which was not used for wound
cover was provided from a surgery unit. Skin samples were placed in PBS and perforated using
a dermaroller (Segminismart®, Nicosia, Cyprus) as described (Tajpara P, Mildner M, Schmidt
R, et al. A Preclinical Model for Studying Herpes Simplex Virus Infection. The Journal of in-
vestigative Dermatology 139:673-82, 2019). Consecutively skin was cut into 3x3mm pieces.
Each piece was placed in one well of a 24-well MS and covered with 500ul DMEM (10% FBS,
1% P/S). Skin samples were treated with 10® HSV-1 copies/ml +/- 4uM nCpG-6-PTO (GQ20-
PTO) for 2 days (37°C). Then, tissue samples were fixed and cut into
4um thickness sections using standard protocols. HSV-1 was detected using anti-HSV-1 (1:10,
Invitrogen: PA1-29210) and HistoGreen (Histo Green Kit, Linaris, E109) as peroxidase sub-
strate.

In Figure 13, it is shown that nCpG-6-PTO is effective against monkeypox virus.

In Figure 14, schematically the action of checkpoint molecules in tumorgenesis is shown. Top:
Antigen-presenting cells activate T cells by presenting tumor antigens and B7 molecules.
Recognition of tumors by T cells leads to [IFN-y production and subsequent upregulation of PD-
1 ligands on tumor- and antigen-presenting cells. Binding of PD-1 on T cells with PD-1 ligands
leads to inhibition of T cell activation and consequently attenuation of the antitumor immune
response. Bottom: Blockade of PD-1 with nivolumab (or another antibody such as pembroli-
zumab) reverses T-cell inhibition and reactivates the antitumor immune response. (taken from:
Brahmer JR, Hammers H, Lipson EJ (2015) Nivolumab: targeting PD-1 to bolster antitumor
immunity. Future Oncology 11:1307-26). The invention introduces an alternative concept of
checkpoint blockade. Addition of G4_results in inhibition of the IFNy-signaling cascade in tu-

mor cells and consequently inhibition of PD-L1.
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In Figure 15, the relationship between IFNy signaling and PD-L1 expression is shown. IFNy
signaling causes the "immune escape" of tumor cells. The scheme shows that IFNy activates a
cascade of inflammatory mediators (Jak-1, Jak-2, Stat-1), which subsequently stimulates the
expression of IRF-1 (interferon regulatory factor-1). The transcription factor IRF1 is the central
element in the PD-L1 promoter. The interaction between PD-L1 and PD-1 leads to inhibition
of the immune response (taken from: Garcia-Diaz A, Shin DS, Moreno BH, et al. (2017) Inter-
Jferon Receptor Signaling Pathways Regulating PD-L1 and PD-L2 Expression. Cell reports
19:1189-201).

SARS corona virus-2 (SARS-CoV-2), as well as many other viruses (e.g., Hanta and Ebola),
induces massive IFNy induction, leading to depletion and destruction of T cells via the expres-
sion of checkpoint molecules such as PD-L1 and PD-L2 (Aghbash PS, Eslami N, Shamekh A,
et al. (2021) SARS-CoV-2 infection: The role of PD-1/PD-L1 and CTLA-4 axis. Life Sci
270:119124-). This then subsequently leads to a lowered immune response against the virus. It
is therefore considered to treat COVID-19 with the aforementioned checkpoint inhibitors as
well. However, it has been observed that cancer patients who were treated with checkpoint
inhibitors become more severely ill after SARS-CoV-2 infection (Robilotti EV, Babady NE,
Mead PA, et al. (2020) Determinants of COVID-19 disease severity in patients with cancer.
Nat Med 26:1218-23). It is possible that this is due to side medications (steroids), or the cyto-
kine cascades triggered by the inhibitors are responsible. Thus, in the work of Aghbash et al,
2021, the need for PD-1- based therapy for COVID-19 is demanded: "7The important point in
the treatment of COVID-19 and targeting PD-1 is to adopt a method that can simultaneously
reduce and eliminate both the inflammatory cascade and the formation of exhausted 1-cells."
The results of the present invention on efficacy of G4 suggest that there is a mechanism here
that is both antiviral, anti-inflammatory and immunostimulatory.

Figure 16 shows that oligonucleotides suppress the protein expression of PD-L1 and PD-L2.
Figure 17 shows the suppression of PD-L1 and PD-L2 by nCpG-6-PTO and CpG-1-PTO and
the impact of concentration and molecule lengths.

Figure 18 shows the expression analysis of PD-L1 and PD-L2 by real-time RT-PCR.

Figure 19 shows the promoter function analysis.

Figure 20 shows the Western blot analysis of interferon receptor signaling proteins.

Figure 21 shows that nCpG-6-PTO forms G-quadruplexes (G4) and binds to [FNGR2.

Detailed description of the invention:
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Example 1:
G-rich PTO-ODN offer antiviral activity with nCpG-6-PTO being particularly potent

Virus preparation

Virus preparation was performed as described (Bojkova et al., 2020). Briefly, SARS-CoV-2
variants were isolated using the human colon carcinoma cell line Caco-2. SARS-CoV-2 stocks
used in the experiments had undergone maximum three passages on Caco-2 cells and were
stored at —80 °C. Virus titers were determined as TCIDso/ml in confluent cells in 96-well mi-

crotiter plates.

Antiviral assay

Confluent layers of Calu-3 cells in 96-well plates were infected with SARS-CoV-2 at a MOI of
0.01. The term “MOI” denotes “multiplicity of infection” and refers to the ratio of agents (e.g.,
viruses, bacteria) to infection targets (e.g., cells). Virus was added together with the oligonu-
cleotides at the same time and incubated in MEM supplemented with 1% FBS. The antiviral
effects were assessed after 2 days by immunohistochemical detection of a virus-specific antigen
using antibodies against SARS-CoV-2 S (1:1500, Sino Biological, Eschborn, Germany). The
quantitative detection was performed using the Bioreader® 7000 -F-Z-I micro (Biosys)

Oligonucleotide molecules (ODN) used

1. CpG-1-PTO: 5'-TCC ATG ACG TTC CTG ACG TT-3"
.n-CpG-6-PTO: 5'- GGG GGG GGG GGG GGG GGG GG 37
.n-CpG-3A-PTO: 5'- TTT TTT TTT TTT TTT TTT -3’
.n-CpG-5-PTO: 5’- CCC CCC CCC CCC CCC ccc ce -3

. Scramb-CpG-1-PTO: 5'-CTC TAG GAC TCT CTG GAC TT-3’

. G3139 Genasense (Oblimersen): 5'-TCTCCCAGCGTGCGCCAT-3’
. CpG-2118(KonA): 5'-GGg gtc aag ctt gaG GGG Gg-3°

N O BN

Capital letters symbolize phosphorothioate bonds (PTO), lowercase letters symbolize classic
phosphodiester bonds (CpG-2118). As used herein, CpG oligodeoxynucleotides are short sin-
gle-stranded synthetic DNA molecules that contain a cytosine triphosphate deoxynucleotide
(“C”) followed by a guanine triphosphate deoxynucleotide (“G”), wherein “p” refers to the
phosphodiester link between consecutive nucleotides. The acronym “n-CpG” refers to oligonu-

cleotides, which are non-CpG-ODN. Different concentrations were tested (0.25, 0.5, 1, 2 and 4
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mM). Oblimersen (tradename: Genasense) is an antisense oligodeoxyribonucleotide being stud-
ied as a possible treatment for several types of cancer, including chronic lymphocytic leukemia,
B-cell lymphoma, and breast cancer. CpG-2118(KonA); a guanine-rich molecule protected at
the ends by PTO bonds, is a synthetic oligonucleotide serving as control for ODN 1585, a mu-
rine TLR9 ligand.

Results are depicted in Fig. 1, demonstrating that nCpG-6-PTO inhibits SARS-CoV-2 infec-

tions.

Example 2:
nCpG-6-PTO inhibits ,.replication®, not "entry' of SARS-CoV-2.

Materials & Methods
In order to discriminate if nCpG-6-PTO prevents virus adsorption and internalization into cells

(entry) or virus replication (replication) the time-of-addition experiment was performed:

Time-of-addition experimental set up:

Entry: Different concentration of nCpG-6-PTO (0.25, 1 and 4 mM) were added together with
SARS-CoV-2 (0.01 MOI) and incubated for 1h. After 1h, the virus and treatment were rinsed
off and the medium was renewed.

Replication: Calu-3 cells were infected with SARS-CoV-2 for 1h (0.01 MOI). After 1h, the
virus inoculum was removed and cells were washed to ensure that the viral particles which did
not penetrate the cells were rinsed off. Consecutively different concentrations of nCpG-6-PTO
were added.

For both set-ups, the detection of viral protein was carried out after 2 days as described above
(immunohistochemical detection of a virus-specific antigen using antibodies against SARS-
CoV-25).

Results are depicted in Fig. 2, where it is shown that nCpG-6-PTO prevents replication of
SARS-CoV-2 (triangle), but has no impact on virus entry into target cells (circles).

Example 3:

The antiviral effect is length-dependent

Comparison of nCpG-6-PTO deletion mutants. In examples 1 and 2 (Figs. 1 and 2) the antiviral

efficacy of nCpG-6-PTO was demonstrated. Example 3 shows that there is a correlation
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between the length of the molecule and the antiviral effect. For this purpose, deletion mutants

of nCpG-6-PTO were used.

The procedure was performed as described in example 1. Oligonucleotide molecules of the

following different lengths were used as concentrations 0.5, 1, 2, 4uM ODN:

(@) nCpG-6-PTO: 5'- GGG GGG GGG GGG GGG GGG GG -3’
(b)  nCpG-6C-PTO: 5’- GGG GGG GGG GGG GG -3’
(¢) nCpG-6G-PTO: 5’- GGG GGG -3’

As shown in Fig. 3, the antiviral efficacy clearly depends on the length of the molecule: long
molecules displayed stronger effect on virus infection than shorter ones. The IC 50 was the
lowest using nCpG-6-PTO (0.5 mM, black circles) and shifted towards lower efficacy with the
6G ODN nCpG-6G-PTO (1.5 mM, light gray circles). Note that concentrations are depicted on

a log scale.

Example 4:
The antiviral effect depends on the ODN-backbone.

The impact of the ODN backbone was tested by comparing nCpG-6 with a phosphodiester
backbone (nCpG-6-PDE, light gray circles) vs. phosphorothioate backbone (nCpG-6-PTO,
black circles). Treatment: nCpG-6-PTO or nCpG-6-PDE were applied as concentrations of 0.5,
1, 2, 4uM, respectively. The procedure was performed as described in example 1.

Fig. 4 shows that PTO bonds may convey the antiviral effect.

Example S:
Comparison of virus inhibition of nCpG-6-PTQO, AS1411-PTO and AS1411-PDE

Example 5 compares inhibition of replication using the inventive nCpG-6-PTO and two forms
of the well-known aptamer AS1411, namely AS1411-PTO and AS1411-PDE.

AS1411 (also known as AGRO100) is a G-rich oligonucleotide with phosphodiester bondings
(PDE) that has long been established as a potent anti-cancer aptamer. Structurally, AS1411
presumably exists in multiple different G-quadruplex conformations, serving as an example for
single oligonucleotides which may adopt multiple G-quadruplex conformations. Treatment was

conducted at the following concentrations: 0.5, 1, 2, 4uM of nCpG-6-PTO (black circles),
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AS1411-PTO (gray circles) and AS1411-PDE (light gray circles), respectively. The procedure

was performed as described in example 1.

nCpG-6-PTO: GGG GGG GGG GGG GGG GGG GG

AS1411-PDE (aka AGRO100,): ggt ggt ggt got tgt ggt ggt got gg
AS1411-PTO: GGT GGT GGT GGT TGT GGT GGT GGT GG

As depicted in Fig. 5, nCpG-6-PTO showed high antiviral efficacy. AS1411-PDE, which is
being tested as an antiviral drug exhibited no efficacy against SARS-CoV-2. Only when the
backbone was replaced by PTO bonds antiviral efficacy became apparent, comparable with

nCpG-6-PTO.

Example 6:
nCpG-6-PTO also shows anti-viral efficacy against Herpes simplex 1 (HSV-1).

nCpG-6-PTO or nCpG-6-PDE were applied onto human foreskin fibroblasts in conjunction
with HSV-1. After two days, the cytopathogenic effect (CPE) of the HSV-1 infection was de-
termined by visual scoring. Treatment was conducted at the following concentrations: 0.5, 1, 2,
4uM.

In Fig. 6 it is shown that nCpG-6-PTO completely suppresses the CPE caused by HSV-1 at the
concentration range tested (black bars). Of note, it was found that nCpG-6-PDE also exhibited
suppression of CPE of HSV-1 (gray bars), however only at concentrations > 1uM.

Example 7:
nCpG-6-PTO forms quadruplexes (G4)

In order to elucidate a potential mechanism of action, an antibody specific for recognizing DNA
and RNA G-quadruplex structures with high selectivity at low nanomolar affinity was used to
investigate secondary structure formation of the oligonucleotide molecule of the invention in
an in vitro setting.

5’-Cy5-labelled nCpG-6-PTO (2ug) was mixed with 200ng or 400ng BG4, an antibody specific
to G4 secondary structures (Biozol ABA-AB00174-1.1, Eching, Germany), for 15min at room
temperature. After separation by 10% non-denaturing, native PAGE (100 V, corresponding to
14.7 V/cm) with 0.5x TBE fluorescence was captured using the LI-COR Odyssey Gel docu-
mentation system (Bad Homburg, Germany). Titration of BG4 with the G4 containing 5'-Cy5-
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labelled nCpG-6-PTO showed that the antibody binds to the G4-forming DNA (Fig. 7A, lanes
2, 3). No complex formation was detected in the absence of BG4 antibody (first lane).

To display G4 structures on the cellular level, A375 cells (human malignant melanoma cell
line) were grown on glass coverslips in the presence or absence of 4uM nCpG-6-PTO for 24h.
After fixation in 2% paraformaldehyde/PBS, cells were permeabilized and blocked with 0.1%
triton-X100/5% normal goat serum in PBS. The primary antibody, BG4 (0.5pg/ml in BSA),
was applied to the cells for 90min at room temperature; a mouse IgG1 antibody (Dako) served
as control. After incubation with Alexa 488 coupled anti-mouse IgG (Invitrogen) representative
images were taken using a Zeiss microscope. All cells examined showed punctate nuclear stain-
ing (Fig. 7B, right panel, arrows in the experimental condition: 4uM nCpG-6-PTO) not ob-
served in the absence of primary BG4 antibody (Fig. 7, left panel, control).

Example 8:
nCpG-6-PTO inhibits the SARS-CoV-2 helicase.

The helicase assay was performed according to the method of Adedeji et al. (Adedeji et al.,
2012). In brief, nsp13, the helicase from SARS-CoV-2, was incubated with hybridized primers
consisting of Quench2: 5 '-CGCAGTCTTCTCCTGGTGCTCGAACAGTGAC-3'-BHQ1 and
Flu2: Cy3-5'-GTCACTGTTCGAGCACCA-3'. Helicase activity separates the hybrids so that
the fluorescence of primer Flu2 is no longer quenched. Addition of an excess of CaptureQ2: 5'-
GTCACTGTGTGTG as capture probe prevents reannealing of Flu2 with Quench2. Fig. 8, up-
per panel, depicts a scheme representing the principle of the assay. The helicase assay was
conducted using increasing concentrations (0.2 1, 4 mM) of either nCpG-6-PTO or nCpG-6-
PDE for comparison. Products were resolved by a 6% non-denaturing-PAGE (polyacrylamide
gel electrophoresis), Fig. 8, lower panel. Adding increasing concentrations of nCpG-6-PTO
results in inhibition of nsp13, as indicated by increasing amounts of quenched hybrid (see lanes
5, 6 vs. control, lane 2). The addition equal concentrations of nCpG-6-PDE failed to inhibit
helicase activity comparably, as indicated by the presence of fluorescent single strands compa-

rable to control.

Example 9:
nCpG-6-PTO suppresses IFN type I (IFNB)-induced STAT-phosphorylation

A scheme of the type I interferon signaling pathway is depicted in Fig. 9A (from Gonzalez-Cao
et al., 2018). Calu-3 cells were treated with 4uM nCpG-6-PDE, nCpG-6-PTO, AS1411-PTO,
AS1411-PDE for 1h and then stimulated with IFNP (20ng/ml). Baricitinib, a drug for the
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treatment of rheumatoid arthritis, a well-known inhibitor of janus kinase subtypes JAK1 and
JAK?2, was used for control (1mM). After 10min, cells were lysed in Strawn Buffer (20mM
HEPES [pH7.5], 150mM NaCl, 0.2% Triton X 100, 10% glycerol) supplemented with a prote-
ase and phosphatase inhibitors (Roche, Mannheim, Germany) sonicated, boiled for Smin, and
then separated on SDS-polyacrylamide gels. Consecutively, proteins were immunoblotted to a
PVDF membrane. The membrane was blocked in blocking buffer (TBS [pH7.6], 0.1% Tween-
20, 5% nonfat dry milk) for at least 1h at RT followed by incubation with the following primary
antibodies: p-Stat-1 (Tyr701), p-Stat-2 (Tyr 690), p-Stat-3 (Tyr705), all from CST (Frankfurt,
Germany) and anti-bactin (Santa Cruz, Biotechnology, Heidelberg, Germany) as control for
equal loading. Bound primary antibodies were detected by using rabbit anti-goat IgG-horserad-
ish peroxidase conjugates (Dako, Frankfurt, Germany) and visualized with the LumiGlo detec-
tion system (CST). Results as shown in Fig. 9B clearly demonstrate an inhibition of Stat 1 and
Stat2 phosphorylation by nCpG-6-PTO but not by nCpG-6-PDE; likewise, the PTO form of G-
rich, quadruplex-forming AS1411 sufficiently suppressed tyrosine phosphorylation of both Stat
1 and Stat2, while the PDE form failed to do so.

Example 10:
nCpG-6-PTO suppresses IFN type II (IFNg)-induced JAK2 and STAT-phosphorylation

A scheme of the type Il interferon signaling pathway is depicted in Fig. 10A (from Gonzalez-
Cao et al., 2018). For experimental setup, see above, example 9: Calu-3 cells were treated with
4uM nCpG-6-PDE, nCpG-6-PTO, AS1411-PTO, AS1411-PDE for 1h and then stimulated with
IFNg (20ng/ml). After resolving on SDS page, phosphorylation was detected using p-Stat-1
(Tyr701), p-Stat-2 (Tyr 690), p-Stat-3 (Tyr705) and p-JAK2 (Tyr1007/Tyr1008) antibodies, all
from CST (Frankfurt, Germany), and anti-bactin (Santa Cruz, Biotechnology, Heidelberg, Ger-
many) as control for equal loading.

Western blot analysis, Fig. 10B, shows strong downregulation of tyrosine phosphorylation of
canonical signaling molecules p-JAK?2 and pStatl. Also, suppressive effects on pStat2/3 were
found, confirming the partial overlap of type I and type Il signaling pathways ( Garcia-Diaz A,
Shin DS, Moreno BH, et al. (2017) Interferon Receptor Signaling Pathways Regulating PD-1.1
and PD-L2 Expression. Cell reports 19:1189-201.).

Example 11:
nCpG-6-PTO suppresses Interleukin 6 (IL-6)-mediated STAT-3 phosphorylation
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A scheme of the interleukin 6 (IL-6) signaling pathway is depicted in Fig. 11A (from Jin et al.,
2017). For experimental setup, see above, example 9: Calu-3 cells were treated with 4pM
nCpG-6-PDE, nCpG-6-PTO, AS1411-PTO, AS1411-PDE for 1h and then stimulated with IL-
6 (20ng/ml). After resolving on SDS page, phosphorylation was detected using p-Stat-1
(Tyr701), p-Stat-2 (Tyr 690), p-Stat-3 (Tyr705) antibodies, all from CST (Frankfurt, Germany),
and anti-bactin (Santa Cruz, Biotechnology, Heidelberg, Germany) as control for equal loading.
Western blot analysis, Fig. 11B, shows strong downregulation of tyrosine phosphorylation
Western blot analysis shows downregulation of pStat3. Also, suppressive effects on pStat] were

found.

Example 12

In the following it is shown, that an oligonucleotide (ODN), nCpG-6-PTO, consisting of 20
guanosines linked via phosphorothioates inhibits the expression of PD-L.1 and PD-L2 in mela-

noma cells.

The following ODNs were tested in the experiments. Capital letters symbolize phophorothioate

bonds, lowercase letters symbolize classical phospho-diester bonds (CpG-2118):

Table 1
CpG-1-PTO: 5-TCCATGACG TTC CTGACG TT-3
CpG-14-PTO: 5-TCCATGACG TTC CTGA-3"
CpG-12-PTO: 5'-CAT GAC GTT CCT-3"
CpG-9-PTO: 5-GAC GTT-3
CpG-1-PDE: 5'-tce atg acg tie otg acg #-3°
CpG-1-PTO-rev: 5-AAC GTC AGG AAC GTC ATG GA-3°
nCpG-1-PTO: 5-TCCATGAGC TTC CTG AGT CT-37
nCpG-3-PTO: 5TTTTITTITTITIITITIT IT-3°
nCpG-5-PTO: 5.CCC CCC CCC CCC CCC CCC CC -3/
Scrambled: 5-CTC TAG GAC TCT CTG GAC TT-3"
Oblimersen (G3138): 5-TCT CCCAGL GTG CGC CAT-3°
nCpG-6-PTO: 5- GGG GGG GGG GGG GGG GGG GG -3
nCpG-6B-PTO: 5- GGG GGG GGG GGG GGG G -3
nCpG-6D-PTO: 5- GGG GGG GGG GGG -3
nCpG-8G-PTO: 5- GGG GGG -3

Figure 16 shows that oligonucleotides suppress the protein expression of PD-L1 and PD-
L2.
A375 melanoma cells prestimulated for 1h with IFNy (20ng/ml) were exposed to different oli-

gonucleotides (4uM). Oligo characteristics in regard to backbone and sequence are given in
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Tab. 1. (A) After 24h total protein was extracted and separated by SDS-PAGE. The blotted
proteins were probed with anti-PD-L1 and anti-PD-L2. Probing with anti-beta actin served as
loading control. The images show representative results. (B) Exemplary result of a FACS scan
against PD-L1 and PD-L2 after treatment with 4uM CpG-1-PTO and 4uM nCpG-6-PTO in
A375 cells. Summary of 9 independent FACS experiments using (C) A375 and (D) SK-Mel-
28 cells treated with 4uM CpG-1-PTO or nCpG-6-PTO. The standard deviations are indicated.
Data were related to the referring positive control (IFNy). * p <0.05.

Result: nCpG-6-PTO inhibits PD-L1/2 expression on A375 and SK-Mel-28 melanoma cells.

Figure 17 shows the suppression of PD-L.1 and PD-L2 by nCpG-6-PTO and CpG-1-PTO
— impact of concentration and molecule lengths.

IFNy-stimulated A375 cells were treated with increasing concentrations of (A) nCpG-6-PTO
(1, 2, 4uM) or (B) CpG-1-PTO (4, 6, 8uM). Likewise, SK-Mel-28 cells were treated with in-
creasing concentrations of (C) nCpG-6-PTO or (D) CpG-1-PTO. Moreover, the impact of ODN
lengths was investigated. IFNy-stimulated A375 cells were treated with (E) 4uM nCpG-6-PTO
and the referring deletion mutants (nCpG-6B/6D/6G-PTO) or (F) 4uM CpG-1-PTO and the
referring deletion mutants (CpG-14/12/9-PTO). Likewise, SK-Mel-28 cells were treated with
(G) nCpG-6-PTO or (H) CpG-1-PTO and their referring deletion mutants. After 24h expression
PD-L1 and PD-L2 was measured by FACS. Each bar represents the mean of 6 independent
experiments. The standard deviations are indicated. Data were related to the referring positive

control (IFNy). * p <0.05.

Result: nCpG-6-PTO acts at low concentrations (1uM). The effect is length-dependent, already
one 6-mer (nCpG-6G-PTO) is effective.

Figure 18 shows the expression analysis of PD-L1 and PD-L2 by real-time RT-PCR.

A375 melanoma cells were stimulated with IFNy for 1 h followed by an incubation of either
CpG-1-PTO or nCpG-6-PTO for 3, 6, or 24 h. Consecutively, total RNA was extracted, fol-
lowed by quantitative RT-PCR as described. Results for (A) PD-L1 and (B) PD-L2 are dis-
played. Each column shows the mean of three independent experiments. Standard deviations
are indicated. Statistical analysis was performed in relation to controls treated with IFNy solely.

*p <0.05.
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Result: nCpG-6-PTO inhibits PD-L1 RNA expression

Figure 19 shows the promoter function analysis.

Transient luciferase reporter assays for the (A) PD-L1 and (B) PD-L2 promoter. A375 mela-
noma cells were transfected with PD-L1 and PD-L2 promoter constructs including deletions of
the relevant transcription binding sites. After stimulation with 20ng/ml IFNy for 1h cells were
treated with 4uM CpG-1-PTO or nCpG-6-PTO for 16h. (C) ChIP assay after pretreatment with
4uM CpG-1-PTO or nCpG-6-PTO for 1h and consecutive [FNy stimulation for 6h using the
IRF1 antibody for precipitation. PCR was performed with PD-L1 or (D) PD-L2 promoter spe-
cific primers. Each column represents the mean of 3 experiments. Statistical analysis was per-

formed in relation to controls treated with IFNy solely. * p <0.05.

Result: nCpG-6-PTO inhibits PD-L1/2 promoters. Action via IRF-1 (ChIP) and Stat-1/3.

Figure 20 shows the Western blot analysis of interferon receptor signaling proteins.
A375 cells were treated with 4uM CpG-1-PTO or 4uM nCpG-6-PTO without further stimula-
tion (basal activation, row 1-3) or with additional stimulation with IFNy for two time periods
(t1 and t2). Protein extracts were subjected to Western blot and tested for expression of IRF1
(t1: 60min, t2: 3h), p-JAK-1 (t1: 10min; t2: 30min), p-JAK-2 (t1: 10min; t2: 30min), p-STAT-
1 (t1: 10min; t2: 30min), p-STAT-2 (t1: 10min; t2: 30min), and p-STAT-3 (t1: 10min; t2:
30min). Equal loading was monitored by using antibodies directed against the total form of the
phospho-protein or in the case of IRF1 by GAPDH (blots on the right). The blots show repre-
sentative results (n = 3). p-, phospho.

Result: nCpG-6-PTO inhibits IFNy signaling pathway.

Figure 21 shows that nCpG-6-PTO forms G-quadruplexes (G4) and binds to IFNGR2.

(A) 5'-Cy5-labeled CpG-1-PTO and nCpG-6-PTO (2 pg) were mixed with 200 and 400ng BG4,
an antibody that specifically recognizes G4 secondary structures. Image shows fluorescence
after PAGE. (B) A375- cells treated with 4 uM CpG-1-PTO, 4 uM nCpG-6-PTO or 1 uM pyr-
idostatin (stabilizes G4) for 24 hours were fixed and stained with BG4 antibody. BG4- reactivity
was also found in the extracellular space in cells treated with nCpG-6-PTO (see arrowheads).

The images shown are representative sections. (C) 5'-Cy5-labeled CpG-1-PTO and nCpG-6-
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PTO (2 pg) were mixed with 200 and 400ng of IFNGR1 or IFNGR2 and separated by PAGE.

The image shows the fluorescence after PAGE.

Results: nCpG-6-PTO forms G4. nCpG-6-PTO binds to the signal transducing subunit of the
IFNy receptor (IFNGR2]

Conclusion:

nCpG-6-PTO forms G4 (Fig. 21 A,B).

nCpG-6-PTO inhibits the expression of PD-L1 and PD-L2 (protein/mRNA/promoter; Fig. 16-
19).

nCpG-6-PTO binds to the signal transducing subunit of the IFNy-Receptor (IFNGR?2) (Fig. 21
O).

nCpG-6-PTO inhibits IFNy-dependent signaling molecules (JAK-1/2, Stat1,2,3, and IRF1)
(Fig. 20).

Inhibition of IRF1 prevents activation of the PD-L1 promoter (Fig. 15).

G4-forming ODN are useful for immunotherapy as monotherapy or combination therapy, to
enhance the endogenous antitumor response by activating T cells through inhibition of PD-L1
(and PD-L2) expression. This is useful for the treatment of tumor diseases as well as virus-
related diseases (e.g., COVID-19). G4-forming ODN are also useful to inhibit inflammatory
mediators (JAK, Stat). A particulary effective G4-forming ODN is nCpG-6-PTO.

Targeting the interaction of checkpoint molecules such as PD-L1/PD-1 by antibodies has been
proven to activate T-cell function and thereby abrogating the evasion of tumor cells from im-
mune recognition. The clinical benefit of checkpoint inhibitors is well established for a variety
of tumor entities such as melanoma and non-small cell lung cancer. Moreover, also liver can-
cers, renal cancer, Hodgkin's diseases, colorectal cancer, breast cancers and others can be suc-

cessfully treated.

Recently, highly pathogenic avian influenza A (H5N1) viruses as well as other avian influenza

A virus subtypes (H7N9, HON2, and H7N3) were found to be associated with human disease,
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raising the concern of pandemic conditions due to the potential spread of subtypes of influenza

A virus circulating in domestic and wild birds and livestock to humans.

The here introduced therapeutic concept of a downregulation of PD-L1/2 by G4 can be com-
bined with other therapies targeting checkpoint molecules. Here to mention are antibody-based
drugs targeting PD-1 or PD-L1 such as nivolumab, pembrolizumab, atezolizumab, durval-
umab, avelumab, cemiplimab, and BMS-202. Also compounds targeting other checkpoint mol-
ecules such as ipilimumab (against CTLA-4) are implied. Moreover G4 oligonucleotides can
be combined with any other anti-tumor treatment such as chemotherapy, small molecules and

radiation.
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10.

Claims

1. An oligonucleotide molecule having from 10 to 50 nucleotides comprising at least
one G-quartet forming motif comprising 10 to 20 nucleotide residues, wherein at least
60% of said G-quartet forming motive forming residues are guanosine or deoxyguano-
sine residues, and wherein the molecule inhibits tumor growth, and/or the replication of
monkeypox virus.

An oligonucleotide molecule having from 10 to 50 nucleotides comprising at least one
G-quartet forming motif comprising 10 to 20 nucleotide residues, wherein at least 60%
of said G-quartet forming motive forming residues are guanosine or deoxyguanosine
residues, and wherein the molecule inhibits viral or bacterial replication and/or exerts
anti-inflammatory effects in mammalian cells.

The oligonucleotide molecule according to claim 1 or 2, wherein > 70% of the residues
are guanosine or deoxyguanosine residues.

The oligonucleotide molecule according to claim 1 to 3, wherein the oligonucleotide is
synthesized from deoxynucleotides.

The oligonucleotide molecule according to any one of the preceding claims, wherein at
least one of the guanosine or deoxyguanosine residues is chemically modified.

The oligonucleotide molecule according to claim 5, wherein the chemical modification
is a phosphate backbone modification.

The oligonucleotide molecule according to claim 6, wherein thiophosphoryl substitu-
tions are selected from phosphorothioate or phosphorodithioate, and wherein thiophos-
phoryl substitutions replace at least 35% of the phosphodiester linkages in the sugar-
phosphate backbone of the oligonucleotide molecule.

The oligonucleotide molecule according to any of the preceding claims, wherein the
oligonucleotide comprises at least four consecutive triplets of guanosine or deoxygua-
nosine residues.

The oligonucleotide molecule according to any of the preceding claims, wherein the
molecule comprises any one of the sequences set forth in SEQ ID NOs. 1 to 4, and/or
sequences of SEQ ID NOs 1 to 4 which are truncated by at least 1 nucleotide.

Pharmaceutical composition comprising at least one oligonucleotide molecule of any of

the preceding claims combined with at least one of a pharmaceutically acceptable ex-
cipient, carrier, adjuvant or combination thereof.
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11.

12.

13.

14.

15.

16.

17.

18.

Kit comprising at least one oligonucleotide molecule according to any one of the claims
1t09.

Oligonucleotide molecule according to anyone of one of claims 1 to 9, pharmaceutical
composition according to claim 10 or kit according to claim 11 for use in treatment of
a disease caused by a a tumor, viral or a bacterial infection and/or of inflammation as-
sociated therewith.

The use according to claim 12, wherein the oligonucleotide molecule induces inhibition
of tumor growth and/or viral replication in a mammalian cell.

The use according to claim 13, wherein the viral infection is caused by a virus selected
from the group comprising HS-1 virus, HCN virus, Adenovirus, Zika virus, hepatitis C
virus, West Nile virus, influenza virus, RSV virus, Paramyxo-Virus, HIV virus, coro-
naviruses, such as SARS-CoV-1, SARS-CoV-2 and MERS-CoV.

The use according to claim 13, wherein the disease is a viral infection of the respiratory
tract.

The use according to claim 12, wherein the treatment of the viral or bacterial disease-
associated inflammation and/or tumor growth results from interference with the type I
interferon (IFN) and/or the type II IFN pathway or from suppression with interleukin
mediated signaling.

The use of claim 12, wherein in the oligonucleotide molecule at least one of the guano-
sine or deoxyguanosine residues is chemically modified, wherein the chemical modifi-
cation is a phosphate backbone modification, and wherein the oligonucleotide com-
prises at least four consecutive triplets of guanosine or deoxyguanosine residues.

The use of claim 12, wherein the molecule is administered in a pharmaceutically ac-
ceptable route selected from the group consisting of orally, parenterally, enterally, via
the ophthalmic or nasal route, or topically and combinations thereof. (Other routes of
application, e.g. topical as cream or lotion (for treatment of HSV infections), as spray,
as shampoo, as eye drops, as suppositories, transdermal patch, nail polish should be also
considered.
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