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ABSTRACT

cGAS-STING signalling pathway plays the key role in the host immune defence
in diverse pathologies including, autoimmune and autoinflammatory diseases, cancer,
senescence and ageing, pathogen infection, i.e., bacterial, viral infection, such as
hepatitis B(HBV). HBV infection can result in either an acute or a chronic type (CHB),
both of wide range of immune invading mechanism potentially leading to liver
cirrhosis, steatosis, or hepatocellular carcinoma. Currently, two available CHB
therapies are approved, both of which rarely result in the complete cure and often
require life-long application.

The development and validation of novel CHB therapeutics relies on suitable
CHB animal models. The main goal of this theses was to develop a mouse model
reflecting CHB based on hydrodynamic injection suitable for robust preclinical testing
of novel CHB therapeutics. Two delivery systems were compared, adeno-associated
plasmid vector (pAAV) and minicircle construct, encoding HBV genomes of two
genotypes (A or D) with introduced point mutation in the START codon of the
polymerase in two immunocompetent mouse strains, C57Bl/6 and C3H/HeN.
Persisting expression of viral antigens was observed only in the C3H/HeN mice when
using pAAV construct encoding HBV genome of genotype A with introduced T2308C
point mutation in the START codon of the polymerase preventing formation of viral
progeny. Developed mouse model reflecting CHB was used to study and identify the
most effective CHB therapeutics based on natural cyclic dinucleotide - STING
interaction and activation together with immune response induction. Our lead
compound chosen based on in vitro screening from a large library of novel STING

agonists exclusively prepared at the Institute of Organic Chemistry and Biochemistry



of the Czech Academy of Sciences showed outstanding results in CHB mouse model

as monotherapy which makes it interesting for clinical studies.



ABSTRAKT

cGAS-STING signalni draha hraje klicovou roli v imunitni obran¢ hostitele proti
riznym patologiim véetné autoimunitnich a autozanétlivych onemocnéni, rakoviny,
senescenci a patogennich infekci, a to jak bakteridlnich, tak virovych (napf. virus
hepatitidy B (HBV)). Infekce virem HBV miize vyustit bud’ v akutni ¢i chronickou
formu (CHB) s Sirokym rozsahem imunitnich invazivnich mechanismli vedoucich
az k jaterni cirhdze, steatéze nebo hepatocelularnimu karcinomu. V soucasné dobé
jsou schvaleny dvé CHB terapie, z nichz ob¢ ztidka vedou k uplnému vyléceni a ¢asto
vyzaduji celozivotni aplikaci.

Vyvoj a validace novych CHB terapeutik zavisi na vybéru vhodného in vivo
modelu. Hlavnim cilem této prace bylo vyvinout CHB mysi model vhodny pro
robustni preklinické testovani novych terapeutik zalozeny na hydrodynamické injekei.
Byly porovnévany dva transportni systémy, adeno-asociovany plazmidovy vektor
(pAAV) a minikruhovy konstrukt kédujici HBV genomy dvou genotypti (A nebo D)
se zavedenou bodovou mutaci ve START kodonu polymerazy u dvou
imunokompetentnich mysSich kmenii, C57B1/6 a C3H/HeN. Pretrvavajici exprese
virovych antigent byla pozorovana pouze u mys$iho kmene C3H/HeN pfi pouziti
pAAYV konstruktu kédujiciho HBV genom genotypu A se zavedenou bodovou mutaci
T2308C ve START kodonu polymerazy branici tvorbé virového potomstva. Vyvinuty
CHB mysi model byl pouzit nasledné ke studiu a identifikaci nejucinnéjsSich CHB
terapeutik zalozenych na aktivaci STING proteinu pfirozenym cyklickym
dinukleotidem. Nase hlavni sloucenina vybrana na zaklad¢ in vitro testovani velké
knihovny novych agonistli STING exkluzivné piipravenych na Ustavu organické
chemie a biochemie AV CR vykazovala skvélé vysledky v CHB my$im modelu jako

monoterapie, proto by mohla byt vhodnym kandidatem pro klinické studie.



ABBREVIATIONS

AAV
AGS
AIM2
AMP
Banfl
BAX
BRCA2
CARD
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CDN
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U.S. Food and Drug Administration
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IFN
IFNAR
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mtDNA
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NLR
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Golgi apparatus
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hydrodynamic injection

intraperitoneal
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mediator of IRF3 activations

mitochondrial DNA

neutrophil extracellular trap
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PBMC
pgRNA
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pathogen-associated molecular pattern
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pregenomic RNA
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pattern recognition receptor
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senescence-associated secretory phenotype
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standard error of the mean

systemic lupus erythematosus

stimulator of interferon genes
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mitochondrial transcription factor A
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1. INTRODUCTION

Innate immune responses are crucial first line defence in humans against various
pathogen infections, cell damage, cellular stress and/or cancer (Q. Chen et al., 2016;
S. Pandey et al., 2015). Innate immune system directly recognizes pathogens via
limited number of pattern recognition receptors (PRRs) resulting in general defence
mechanisms (D. Cohen et al., 2019; D. Walsh et al., 2013). Subsequently in the late
phase of the infection, acquired adaptive along with innate immune system is involved
in pathogen clearance and is responsible for generation of immunological memory.
Adaptive immunity is characterised by targeted defences highly specific to the
particular agens. Yet, the innate immune system and the adaptive immune system work
together to successfully eliminate thread. (A. Abbas et al., 2016; D. Schenten & R.
Medzhitov, 2011)

The detection of pathogens by the innate immune system relies on sensor
proteins, known as PRRs (C. A. Janeway & R. Medzhitov, 2002; H. Kumar et al., 2011;
G. Mitchell & R. R. Isberg, 2017; S. Pandey et al., 2015; D. Walsh et al., 2013),
interacting with molecular components referred to as molecular patterns related to
pathogen (pathogen-associated molecular patterns, PAMPs) (C. A. Janeway & R.
Medzhitov, 2002) or cell damage (damage-associated molecular patterns, DAMPs) (P.
Matzinger, 1994). There are several types of PRRs (S. Pandey et al., 2015; D. Walsh
et al., 2013), such as Toll-like receptors (TLRs), nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene I-like receptors
(RLRs), C-type lectin receptors (CLRs), etc. Each PRR recognizes different PAMPs
or DAMPs (C. A. Janeway & R. Medzhitov, 2002; H. Kumar et al., 2011; G. Mitchell
& R. R. Isberg, 2017). TLRs, for instance, can be divided into several 12 subfamilies

based on their primary sequences (S. Pandey et al., 2015). Each subfamily recognizes
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distinct ligands (S. R. El-Zayat et al., 2019; T. Kawasaki & T. Kawai, 2014; R.
Medzhitov, 2001; A. S. Sameer & S. Nissar, 2021) such as nucleic acids (double
stranded (ds)RNA (TLR3), ssRNA (TLR7, TLR8), DNA containing cytosine-
phosphate-guanine (CpG) (TLR9), flagellin (TLRS), lipopeptides (TLR1, TLR2,
TLR6) or bacterial polysaccharide or viral coat proteins (TLR4). The activation of
PRRs results in inducing various signalling pathways leading to the cell autonomous
defence mechanisms and production of downstream immune mediators such as type |
interferons (IFNs) and/or inflammatory cytokines (A. Abbas et al., 2016; C. A.
Janeway & R. Medzhitov, 2002; H. Kumar et al., 2011; G. Mitchell & R. R. Isberg,
2017; D. Schenten & R. Medzhitov, 2011). Furthermore, type I IFNs play a key role
primarily in anti-viral and anti-tumour defence. (A. Decout et al., 2021; X. Feng et al.,
2020; T. Gong et al., 2019; K. Zhang et al., 2021)

Under physiologic conditions in eukaryotic cells, DNA occurs in nucleus and
mitochondria and is absent from the cytoplasm. DNA in cytosol (viral, leaked self-
DNA (Z. Dou et al., 2017; S. Gliick et al., 2017; S. M. Harding et al., 2017; K. J.
MacKenzie et al., 2017) or mitochondrial DNA (J. S. Riley et al., 2018)) is recognized
by cytoplasmic PRR, i.e., cyclic guanosine monophosphate (GMP) — adenosine
monophosphate (AMP) synthase (cGAS). Activation of cGAS results in production of
2'-5", 3'-5' cyclic guanosine monophosphate — adenosine monophosphate (2'3'-
cGAMP) from ATP and GTP. 2'3'-cGAMP, the second messenger in cGAS-STING
signalling pathway. cGAMP then activates stimulator of interferon genes (STING)
which leads to TANK-binding kinase 1 (TBK1) recruitment, its phosphorylation and
STING oligomerization inducing STING translocation from endoplasmic reticulum
(ER) to Golgi apparatus (GA) via ER-Golgi intermediate compartment (ERGIC).

Activation of cGAS-STING signalling induces various downstream signalizations,
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such as activation of IFN regulatory factor 3 (IRF3), nuclear factor kappa B (NF-xB),
induction of autophagy, lysosomal degradation, etc. Therefore, cGAS-STING
pathway is crucial in antiviral, antibacterial and/or antitumour defence. Furthermore,
malfunction of cGAS-STING signalling pathway is associated with various
autoimmune and inflammatory diseases, such as Aicardi-Goutiéres syndrome,
systemic lupus erythematosus or STING-associated vasculopathy of infancy. (X. Cai
et al., 2014; K. P. Hopfner & V. Hornung, 2020) cGAS-STING pathway has, hence,
become a promising immunotherapeutic target (X. Tian et al., 2022).
1.1. cGAS

cGAS consists of a flexible highly basic ~160-amino-acid N-terminal domain
and ~360-amino-acid C-terminal catalytic domain (L. Sun et al., 2013) containing two
lobes with a zinc (Zn)-thumb sequence and an active site in their interface (Fig. 1) (F.
Civril et al., 2013). Lobe I has a highly twisted core scaffold with a two alpha-helices
on the outside and catalytic residues of beta-sheet nucleotydiltransferase NTases on
the inside. Lobe II consists of a series of alpha-helices connected to lobe I by a spine,
two linker helices and by a loop connecting lobe I outside alpha helices and beta-sheet
of NTase (Fig. 1A). Zn-thumb inserted in-between lobes I and II consists of one
histidine and three cysteines coordinating Zn?>* ion (Fig. 1B). (F. Civril et al., 2013; P.

J. Kranzusch et al., 2013; X. Li et al., 2013; L. Sun et al., 2013)
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Fig. 1: ¢cGAS structure. (A) side and top views of cGAS. Ribbon representation of
Lobe I and II with their secondary structures, alpha-helices (blue) and beta-sheets
(yellow) and a Zn-thumb (red) position in-between lobes. (B) Close view of Zn-thumb.
Adapted from Civril et al., 2013.

The catalytic active site points to the outside in unbound cGAS (apo-cGAS).
Once cGAS recognizes DNA, DNA binding residues of alpha-helices bind to DNA
(Fig. 2). This causes conformational switch of an active site allowing further binding
of the positive charged residues of alpha-helices to the phosphate-sugar backbone
DNA strand and an optimal interaction with substrate (X. Zhang et al., 2014).
Meanwhile, Zn-thumb mediates forming of 2:2 DNA-cGAS complex by binding each
DNA to two cGAS protomers (X. Zhang et al., 2014). Then, cGAS dimers further
assemble into oligomers in ladder-like networks along >40bp long dsDNA
independently on sequence (R. M. Hooy & J. Sohn, 2018). Crosslink of the cGAS
dimer and DNA stabilizes the active conformation of the enzyme. Activated cGAS
catalyses the synthesis of 2'3'-cGAMP through utilizing ATP and GTP from substrate
(A. Ablasser et al., 2013). In 2'3'-cGAMP, phosphodiester bond is located between 3'-
hydroxyl group of AMP and the 5'-phosporic group of GMP, or between the 5'-
phosphoric group of AMP and the 3'-hydroxyl group of GMP (S. Srikanth et al., 2019).
The 2'3'-cGAMP acts as a second messenger for STING activation. (A. Ablasser et al.,

2013; E. J. Diner et al., 2013; P. Gao et al., 2013)
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GTP ATP

Fig. 2: cGAS-DNA complex. (A) Side view of complex cGAS-dsDNA utilizing ATP
and GTP from substrate. DNA visualized as brown, alpha-helices of cGAS (blue) and
beta-sheets (yellow) and a Zn-thumb (red) position in-between lobes. (B) Top view of
dsDNA binding along the platform of cGAS between spine and Zn-thumb. Adapted
from Civril et al., 2013.

cGAS was initially (F. Civril et al., 2013; P. Gao et al., 2013; X. Li et al., 2013)
suggested to be a monomeric in the inactive state and dimerization of cGAS along
with cGAS-DNA complex formation could be effective only when the DNA is larger
than 16bp. However, later studies showed that human and mouse cGAS can form a
DNA-free dimer promoted by N-terminal domain (W. Xie et al., 2019).

Sun et al., 2013 detected cGAS in cytosol and barely in nucleus. Therefore, it
was presumed that cGAS is cytosolic DNA sensor with specificity mostly towards
non-self-DNA with an access to nuclear or mitochondrial DNA being restricted by
membranes of organelles. More recent studies (M. Gentili et al., 2019; H. E. Volkman
et al., 2019; Y. Wu et al., 2022; H. Yang et al., 2017) showed that cGAS can also
constitutively and perhaps preferentially reside in the nucleus and be sequestered to
chromatin (Fig. 3). Furthermore, N-terminal domain of cytosolic cGAS appears to be

sequestered to the inner leaflet of the plasma membrane in the steady state (Fig. 3) (K.
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C. Barnett et al., 2019). The nuclear localization of cGAS was observed during mitosis
and interphase after disruption of nuclear envelop (B. L. Uhlorn et al., 2020; L. Zhong
et al., 2020), as well as when the N-terminal domain is disturbed (K. C. Barnett et al.,
2019; M. Gentili et al., 2019). The interaction with the histones H2A-H2B of the
nucleosome prevents cGAS dimerization and activation in the nucleus (J. Bai & F. Liu,
2022). Hence, the self-DNA detection is not prevented through the
compartmentalization, but through the sequestering to the chromatin or plasma
membrane (K. C. Barnett et al., 2019). It has also been reported that the cytosolic DNA
sensing requires the export of nuclear cGAS to cytosol (H. Sun et al., 2021). However,
it has not been clarified, yet how cGAS migrates between cytosol and the nucleus and
more studies are of need to thoroughly describe and further clarify ¢cGAS cellular
localization and transport together with the mechanism of inactivation of nuclear

cGAS while interacting with DNA (Y. Wu et al., 2022).
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Fig. 3: cGAS localization and activation. cGAS is activated by various DNA of viral-,
bacterial- or endogenous self-origin, mostly comprising long double-stranded (ds)
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recognizes DNA in the cytosol, however cGAS is also sequestered at the plasma
membrane on the inner leaflet allowing more efficient detection of viral DNA entering
the cell. In the nucleus, inactive cGAS is sequestered to chromatin in steady state
raising the possibility of viral DNA sensing right in the nucleus. Additionally, nuclear
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the synthesis of 2'3'-cGAMP, which activates STING triggering downstream
signalling. Adapted from Hopfner and Hornung, 2020.
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As mentioned above, cGAS can be activated by wide range of DNAs from long
dsDNA to RNA-DNA hybrids of viral-, bacterial- or endogenous self-origin
(increased cell death, disturbed phagocytic digestion, leaking mitochondrial DNA
(mtDNA), defective cell cycle) (Fig. 3) (L. Andreeva et al., 2017; A. M. Herzner et al.,
2015; H. Konno et al., 2013; S. Luecke et al., 2017). However, with the recent
discovery of cGAS nuclear localization, the pathogens might also be detected in
nucleus as many viruses replicate there, which makes the viral DNA more accessible
to cGAS (K. P. Hopfner & V. Hornung, 2020). Extracellular self-DNA could enter the
cytosol during the above-mentioned cell death, disturbed phagocytic digestion or then
via extracellular vesicles (K. P. Hopfner & V. Hornung, 2020). mtDNA leakage into
the cytoplasm and activation of cGAS-STING signalling may occur when
mitochondrial membrane is disturbed (Fig. 3) (J. S. Riley et al., 2018). However, the
cGAS is antagonized by the effector caspases and the mtDNA leakage does not result
in activation of cGAS during apoptosis (A. Rongvaux et al., 2014; M. J. White et al.,
2014). Interestingly, it has been observed (A. P. West et al., 2015) that cGAS can be
activated by mtDNA before the release of cytochrome ¢ and the resulting apoptotic
cell death. This mechanism could play a role in antimicrobial defence when pathogen
can indirectly trigger cGAS-STING signalling pathway through leaked mtDNA by the
induced mitochondrial stress (A. P. West et al., 2015). Another important source of
self-DNA are cytosolic micronuclei, cytosolic chromatin and DNA from defective
replication, repair, and mitosis (Fig. 3) (Z. Dou et al., 2017; S. Gliick et al., 2017; S.
M. Harding et al., 2017; K. J. MacKenzie et al., 2017). Moreover, cGAS also detects
self-DNA from dysfunctional telomeres (Y. A. Chen et al., 2017) originating in e.g.,

precancerous, ageing, or senescent cells.
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1.2. STING

STING, also known as transmembrane protein 173 (TM173), mediator of IRF3
activations (MITA) or endoplasmic reticulum interferon (IFN) stimulator (ERIS), is a
transmembrane protein localized on ER (H. Ishikawa & G. N. Barber, 2008). Human
population is highly heterogenous for STING gene. Major STING allelic variant is WT
(R232) and other most common minor allelic variants with single or multiple amino
acid changes are REF (R232H), HAQ (R71H, G230A, R293Q), 40 (G230A, R293Q),
and O (R293Q) with a wide variability across continents. (S. Patel & L. Jin, 2018)
Interestingly, ~ 16% of East Asians are HAQ/HAQ contrary to ~ 3% of Europeans and
0% of Africans. On the other hand, ~ 4% Africans are AQ/AQ which is unique among
ethnic populations. (R. Schumann et al., 2022) The responsiveness of allelic forms of
STING towards cyclic dinucleotides (CDN) differs, e.g., STING R232H and R2930
is responsive towards 2'3'-cGAMP but not to bacterial 3'3'-CDN. Also, G230A change
in HAQ allelic form may modify the lid region of STING and increase the stability of
the STING — cyclic 3'3" di-guanosine monophosphate (3'3'-c-di-GMP) interaction. (A.
Decout et al., 2021)

STING protein is composed of a short cytosolic N-terminal tail, four-span
transmembrane domain, connector region, ligand binding domain, and a cytosolic C-
terminal tail containing IRF3 and NF-kB binding sites (Fig. 4) (S. Ouyang et al., 2012;

S. Qi et al., 2022).
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Fig. 4: Mechanism of STING activation. (A) Membrane-bound STING dimer with
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domains and STING oligomerization. (C) Schema of the activation and translocation
of STING protein. After STING binds 2'3'-cGAMP to ligand-binding pocket,
extensive conformational changes occur leading to TBK1 association and STING
oligomerization. Oligomerization promotes TBKI1 phosphorylation and STING
translocation from ER to ERGIC and GA. C-terminal tail phosphorylation and
subsequent IRF3 recruitment, triggers its dimerization, and phosphorylation.
Activated IRF3 is then involved in downstream signalization. Adapted from Hopfner

and Hornung, 2020.
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STING forms a butterfly-shaped homodimer even in the absence of ligand,
ligand binding domains of both STING homodimers generate a V-shaped ligand
binding pocket (Y. H. Huang et al., 2012; S. Ouyang et al., 2012; G. Shang et al., 2012;
S. Srikanth et al., 2019; Q. Yin et al., 2012; X. Zhang et al., 2013). The transmembrane
helices form integrated, domain-swapped architecture. The connector helices link
transmembrane and ligand binding domains of STING and form a crossover in STING
dimer resulting in close intermolecular interactions at the junction (S. L. Ergun et al.,
2019). The cytosolic C-terminal tail contains a highly conserved TBK1-binding motif
(S. Ouyang et al., 2012; B. Zhao et al., 2019), adjacent to the LxIS motif providing a
docking site for IRF3 (S. Liu et al., 2015; B. Zhao et al., 2016). It was also suggested
that significant amount of TBK1 is already present in the proximity of an inactive
STING dimer, but phosphorylation of TBK1 may be limited only to the cis
conformation (K. Zhang et al., 2021). Therefore, upon 2'3'-cGAMP binding to the
STING protein, massive conformational switch leading to its 180° clockwise rotation,
relieves the connector helices crossover and the lid structure around 2'3'-cGAMP is
closed (Fig. 4) (Y. H. Huang et al., 2012; G. Shang et al., 2012). In the absence of
upstream signalization, the ligand binding domain of STING can bind to C-terminal
tail and provides a sophisticated autoinhibition for the signalling domain, which could
be unlocked by binding of 2'3'-cGAMP (S. Qi et al., 2022). The conformational switch
also makes C-terminal tail of STING more accessible to TBK1. After recruitment of
TBKI1 by a specific TBK1-binding motif in STING C-terminal tail, the cis TBK1
molecules are positioned to the close proximity of trans TBK1 molecules. This makes
trans TBK1 more accessible to the catalytic centre of the cis TBK1 molecule leading
to phosphorylation and activation of trans TBKI1. Activated TBK1 than

phosphorylates the C-terminal tail of adjacent STING dimer (S. Liu et al., 2015; G.

26



Shang et al., 2019; B. Zhao et al., 2019). Another important prerequisite for STING
signal transduction promoted by conformational switch is the lateral oligomerization
of several STING dimers. The STING oligomerization leads to induction of
translocation of STING-cGAMP complex from ER to GA via ERGIC (Fig. 4) along
with post-translational modifications in GA (Fig. 5) (e.g., palmytoilation of cysteine
residues (S. L. Ergun et al., 2019; K. Mukai et al., 2016a), ubiquitination (Q. Li et al.,
2018; T. Tsuchida et al., 2010)) (S. L. Ergun et al., 2019; G. Shang et al., 2019). The
STING translocation depends on canonical coat protein complex II (COPII)
anterograde transport (X. Gui et al., 2019). Interestingly, it has also been suggested (S.
Qi et al., 2022) that STING could also recruit other signalling molecules than from ER

or GA.
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Fig. 5: ¢cGAS-STING signalling pathway. As shown previously (Fig. 4), after
activation of STING protein, oligomerized STING translocates to ERGIC. (A) As
soon as STING reaches ERGIC, STING recruits TBK1 which phosphorylates C-
terminal tail of STING. All of this leads to IRF3 recruitment and phosphorylation
resulting in formation of active IRF3 dimer. (B) Another downstream signalization
triggered by STING activation is unconventional signalling of NF-kB pathway,
however it remains unknown whether TBK1 activates IKK complex or whether C-
terminal tail region is responsible. (C) STING is also involved in induction of
autophagy. ERGIC containing STING serve as a membrane source for autophagosome
biogenesis. (D) From ERGIC STING translocates to Golgi apparatus (GA) and then
through late endosomes to the lysosome designated for degradation. In some cell lines,
accumulation of STING in lysosomes leads to lysosome-dependent cell death and

secondary inflammatory response. Adapted from Hopfner and Hornung, 2020.
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1.3. cGAS-STING pathway downstream signalling

The phosphorylation of C-terminal tail of STING, namely conserved residue
Ser366, leads to IRF3 recruitment (J. J. Wu et al, 2020), subsequent IRF3
phosphorylation and dimerization as soon as STING oligomers reach ERGIC (Fig. 5A)
(Q. Chen et al., 2016; K. P. Hopfner & V. Hornung, 2020). Activated IRF3 dimers
enter the nucleus and triggers transcription of type I IFN as well as proinflammatory
cytokines.

It has been reported that STING activation also triggers unconventional
signalling pathway of NF-«xB activation (Fig. 5B) (C. C. de Oliveira Mann et al., 2019),
however the exact mechanism of activation remains unknown (S. Qi et al., 2022). It
has been shown, that TBK 1 and inhibitor of NF-kB kinase & (IKKz¢) activate the IKK
complex leading by the activation of the transcription factor NF-xB (T. Abe & G. N.
Barber, 2014; R. Fang et al., 2017). However, Qi et al. (S. Qi et al., 2022) identified a
region of C-terminal tail (AA 345-357) responsible specifically for activation of NF-
kB downstream signalling and suggested that TBK1 is not required. The unresolved
question is how NF-kB STING region interacts with IKK for NF-xB activation.
Alternatively, it has also been observed that STING can activate NF-xB downstream
signalization independently of cGAS via alternative STING-p53-TNF receptor
associated factor 6 (TRAF6) complex (G. Dunphy et al., 2018).

Another important STING-dependent downstream signalling separate from IFN
production is an autonomous cell defence mechanism, autophagy. The autophagy
together with type I IFNs play an important role in regulation of pathogen clearance,
tissue damage, and immune response. STING triggers autophagy from the ERGIC and
subsequently formats an autophagosome. The autophagosome than fuses with the

lysosome followed by degradation (X. Gui et al., 2019). Autophagy also plays an

29



important role in regulation of cGAS-STING signalling activation, for instance by
degradation of cGAS or STING, binding to adaptor proteins or regulation the post-
transcriptional modifications of key molecules (K. Zhang et al., 2021). Damaged
autophagy may lead to uncontrolled inflammation and cell death. (Q. Hu et al., 2019)

cGAS-STING pathway is involved in various types of cell death, such as
apoptosis (Y. Kato et al., 2018), pyroptosis (S. Christgen et al., 2020), necroptosis (M.
Brault et al., 2018; D. Chen et al., 2018), PANoptosis (S. Christgen et al., 2020; J. M.
Gullett et al., 2022; Y. Messaoud-Nacer et al., 2022), lysosomal or autophagy
dependent cell death (P. D. Adams et al., 2013; Q. Hu et al., 2019), all of which induce
various cellular signalling pathways.

In certain cell types, STING activation can also induce a lytic cell death
programme. It has been observed in human myeloid cells (M. M. Gaidt et al., 2017),
that STING activation leads to its translocation to lysosomes, where the accumulation
of STING triggers subsequent permeabilization of lysosomal membranes, release of
lysosomal hydrolases resulting in cell death. Meanwhile, the secondary inflammatory
response is triggered. Loss of plasma membrane and cellular K+ efflux mediate the
activation of inflammasome, and inflammatory cytokines are released (M. M. Gaidt &
V. Hornung, 2018). Otherwise, it has been reported (V. K. Gonugunta et al., 2017; X.
Gui et al., 2019), that STING signalization is regulated by lysosomal trafficking and
degradation. STING translocates to the lysosome after exiting the GA via late
endosome independently from TBKI1 activation or C-terminal tail phosphorylation.
Preventing this trafficking or lysosomal degradation leads to increased STING levels
and antiviral gene expression.

cGAS-STING signalling pathway is engaged also in apoptosis through

mitochondrial apoptosis pathway dependent on the formation of complex IRF3 - BCL-
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2 associated X gene (BAX) (A. Sze et al., 2013). It was also described (S.
Chattopadhyay et al., 2010; S. Liu et al., 2015), that IRF3-mediated apoptosis is
independent on IRF3 phosphorylation, however, TBK1 phosphorylation of STING is
required for IRF3 recruitment. After TBK1 phosphorylates STING and STING-TBK1
complex activates ubiquitination of IRF3, the IRF3-BAX complex is formed and the
mitochondrial apoptosis pathway is induced (Y. Cui et al., 2016; K. McArthur et al.,
2018). Leakage of mtDNA, in turn, activates STING-mediated inflammatory
responses (S. Chattopadhyay et al., 2016; A. Sze et al., 2013). Finally, type I IFN
secreted by activation of cGAS-STING, can stimulate the expression of tumour
necrosis factor (TNF)-related apoptosis. (Q. Zhu et al., 2018).

Other studies reported (M. Brault et al., 2018; S. N. Schock et al., 2017), that
another type of programmed immunogenic cell death dependent on STING signalling
is DNA-induced necroptosis in mouse fibroblasts and bone marrow-derived
macrophages. This DNA-induced necroptosis is dependent on coregulation by
STING-induced TNF and type I IFN or other TNF/type I IFN-inducing stimuli (M.
Brault et al., 2018; S. N. Schock et al., 2017).

Recently, a new unique concept of inflammatory cell death linking pyroptosis,
apoptosis and necroptosis components called PANoptosis was described (R. K. S.
Malireddi et al., 2019). All those components act simultaneously and affect each other
to induce relevant host immune response related to pathogen infection (S. Christgen
et al.,, 2020). Intervention targeting one of PANoptosis pathways may lead to
compensatory response of mutual regulatory mechanisms (P. H. Ding et al., 2020).
PANoptosis has been involved in various pathologies, such as bacterial or viral
infection, cancer, or STING-dependent inflammatory diseases (J. M. Gullett et al.,

2022; Y. Messaoud-Nacer et al., 2022).

31



1.4. cGAS-STING signalling pathway regulation

cGAS-STING signalization can be regulated in multiple parts of the signalling
pathway, starting at the regulation of the mRNA level, cGAS, production of cGAMP,
regulation of STING or downstream signalling affecting cGAS-STING signalization.

Disturbed DNA replication may lead to abnormal DNA damage response and
DNA accumulation in cytoplasm (R. Kreienkamp et al., 2018). DNA replication and
double-strand break repair is affected, among others, by breast cancer gene 2 (BRCA?2)
tumour suppressor (X. Lai et al., 2017; T. Reisldnder et al., 2019; J. Zimmer et al.,
2016). The mutation in BRCA2 gene causes DNA damage, instability of the replication
fork and degradation of nucleolysis which results in the activation of innate immunity
by cGAS-STING signalization. Two responses to BRCA2 gene mutation were
observed (T. Reislénder et al., 2019), early acute resulting in the cell cycle arrest and
downregulation of the DNA replication and upregulation of DNA repair genes and the
late response leading to the upregulation of the transcription of IFN-stimulated genes.
The degradation or unwinding of DNA is regulated by three prime repair exonuclease
1 (TREXI) gene, coding 3’-5’ DNA nucleic acid exonuclease (T. B. H. Geijtenbeek,
2010; Y. Y. Lan et al., 2014; D. B. Stetson et al., 2008; S.-S. Tao et al., 2019). TREX1
is mainly responsible for preventing of DNA accumulation in dead cells causing
autoimmune response (S.-S. Tao et al., 2019). Lysosomal degradation of DNA is
regulated by both, TREX1 and DNase2 endonuclease. If TREX1 or DNase2 are
damaged, DNA accumulates in the cytoplasm which results in overactivation of the
cGAS-STING signalling (T. B. H. Geijtenbeek, 2010; Y. Y. Lan et al., 2014; D. B.
Stetson et al., 2008). It has also been reported (C. T. Campbell et al., 2012) that
mitochondrial transcription factor A (TFAM) maintains mtDNA functional stability

and its deletion causes aberrant mtDNA accumulation in cytosol leading to induction
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of inflammatory responses by the activation of cGAS-STING (K. W. Chung et al.,
2019; A. P. West et al.,, 2015). Furthermore, inactivation of disulfide-bond-A
oxidoreductase-like protein which maintains the mitochondria functional stability and
integrity, also leads to mtDNA release and cGAS-STING activation (J. Bai et al.,
2017). Cytosolic accumulation of dsDNA may also be caused by mutation of barrier-
to-autointegration factor 1 (Banfl) which recognizes DNA and modulate basal cell-
intrinsic immunity leading to expression of IFN-stimulated genes (N. Ibrahim et al.,
2011; H. Ma et al., 2020).

The activity of cGAS is regulated through post-translational modification such
as phosphorylation, acetylation, ubiquitination, SUMOylation, mono- or poly-
glutamylation (Q. Chen et al., 2016; M. Motwani et al., 2019). The tripartite motif-
containing protein 38 (TRIM38) is known as an inhibitor of the innate immune and
inflammatory responses (M. M. Hu et al., 2016; M.-M. Hu et al., 2015; M. M. Hu et
al., 2014). It was also reported (M. Chen et al., 2016) that upregulation of protein p62
causes K48-linked cGAS ubiquitination, as well as TRIM38 induce polyubiquitination
of cGAS to induce cGAS degradation triggering immune responses. Deubiquitination
of ¢cGAS protein induced by TRIM 14, interferon-activated gene highly expressed
during viral infection, leads to cGAS degradation. TRIM 38 is also responsible for
stabilization of murine cGAS by SUMOylation to prevent its degradation due to viral
infection (M. M. Hu et al., 2016; M.-M. Hu et al., 2015; M. M. Hu et al., 2014). cGAS
can be degraded by deSUMOylation by SUMO-specific protease 2 or apoptotic
caspases. cGAMP synthesis can be inhibited by apoptosis-associated speck protein
(AIM2) inflammasome composed of AIM2 and caspase 1 (L. Corrales et al., 2016; V.
Kumar, 2019), or by autophagy protein Beclinl (H. Ishikawa & G. N. Barber, 2008).

The presence of Beclinl protein not only induces the inhibition of cGAMP synthesis,
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moreover, increases degradation of cytoplasmic DNA. It has also been reported that
cGAS is regulated by Ras-GTPase - activating protein binding protein 1(G3BP1)
protein with nucleic acid helicase activity (Z. S. Liu et al., 2019). Mutation in G3BP1
negatively affects cGAMP synthesis and blocks cGAS condensation (Z. S. Liu et al.,
2019). Cytoplasmic DNA recognition by cGAS protein is inhibited when the
deficiency in CCHC-type zinc-finger protein (ZZCHC3) occurs (H. Lian et al., 2018).
ZZCHC3 is responsible for interaction with various types of dSDNAs to activate cGAS;
moreover, ZZCHC3 directly interacts with cGAS and modulates its oligomerization
(H. Lian et al., 2018).

The cGAS-STING activation can also be inhibited by exo-nucleotide
pyrophosphatase/phosphodiesterase family member 1 (ENPP1) which can hydrolase
extracellular ATP or 2°,5‘phosphodiester bond and 3°,5phosphodiester bond and thus
reduce cGAMP levels (K. Kato et al., 2018; L. Li et al., 2014).

STING protein can be regulated through various post-translation modification,
most importantly phosphorylation and ubiquitination (J. K. Lee et al., 2020; M.
Motwani et al., 2019). TBK1 phosphorylates STING at Ser358 and 366 which leads
to its activation (B. Zhong et al., 2008). However, the recruitment of TBK1 by insulin-
induced gene 1 and E3 ubiquitin ligase complex leads to its polyubiquitination and
degradation (Q. Li et al., 2018; Y. Wang et al., 2015; B. Zhong et al., 2009).
Dimerization of STING can be enhanced by ER-associated palmitoyl transferase (Q.
Zhou et al., 2014). IRF3 recruitment is affected by sterol regulatory element-binding
protein cleavage-activation protein (SCAP) which interacts with STING (W. Chen et
al., 2016). Poly-ubiquitination of STING by TRIM29 or TRIM30a leads to STING
degradation (Q. Li et al., 2018; Y. Wang et al., 2015). On the contrary, STING can be

stabilized by removal of K48-linked ubiquitin chains by deubiquitinase and the

34



degradation can be impeded by induced SUMOylation of STING (W. Chen et al.,
2016). STING palmytoilation can be inhibited by covalent modification of STING by
nitro fatty acids caused by viral infection and caspase recruitment domain (CARD) of
NLR family CARD-containing 3 (NLRC3) inflammatory protein can bind to STING
C-terminal tail and N terminus of TBK1 leading to inhibition of STING signalization
(A. L. Hansen et al., 2018a; M. Nascimento et al., 2019; L. Zhang et al., 2014; B.
Zhong et al., 2009).
1.5. cGAS-STING signalling pathway in disease context

The complexity of cGAS-STING signalling pathway plays the key role of the
host immune defence in diverse pathologies including, autoimmune or
autoinflammatory diseases, cancer, senescence and ageing or pathogen infection. The
modulation of cGAS-STING signalization might represent a promising strategy in
their treatment (Tab. 1, Tab. 2, Tab. 3).
1.5.1. Autoinflammatory and autoimmune diseases

Monogenic autoinflammatory diseases such as Aicardi-Goutiéres syndrome
(AGS) or STING-associated vasculopathy (SAVI) are associated with mutations in
genes that participate in DNA maintanance. AGS is a rare genetic disease associated
with nucleic acid sensing or metabolism. (Y. J. Crow & N. Manel, 2015) AGS mainly
affects nervous, immune system and the skin. It is characterised by early onset of
encephalomyelitis. Other symptoms may include skin lesions (chilblains), joint and
muscle spasticity, involuntary muscle twisting and contractions, microcephaly, or
inflammation in the cerebrospinal fluid (A. Shapson-Coe et al., 2019). Mutations of
TREX] and genes encoding RNase H2 endonuclease subunits (RNASEH2A,
RNASEH2C, SAM domain and HD domain-containing protein 1 (SAMHD1)) leading

to loss of gene function are associated with failure of self-DNA metabolism and
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overactivation of cGAS-STING signalling pathway (M. Benitez-Guijarro et al., 2018;
A. Cristini et al., 2022; A. Shapson-Coe et al., 2019). Deficiency in AGS-associated
genes in mice showed that inhibition of cGAS-STING activity or knock-out of STING
genes reverses the pathogenesis (A. Gall et al., 2012; D. Gao et al., 2015; E. E. Gray
etal., 2015). Elevated type I IFN levels were also observed in DNAse2 knock-out mice
which results in severe anaemia and embryonic death of animal (M. P. Rodero et al.,
2017). DNA is recognized by TLR9 in the phagosome and cGAS-STING pathway is
activated, which results in the prevention of disease onset and development in cGAS
or STING and DNase2 double knock-out mice (J. Ahn et al., 2012; D. Gao etal., 2015).

Self-activation of STING can be caused by gain-of function mutations. SAVI is
a severe autoinflammatory disease with onset in infancy caused by the mutation in
STING. The clinical manifestation includes ulcerative skin lesions, fever, and
interstitial lung disease. (S. Balci et al., 2020; N. Jeremiah et al., 2014; B. Lin et al.,
2020) Six mutated residues were discovered in SAVI patients localized to the
dimerization interface (N154S, V155M, V147L, G207E, R281Q, R284G, R284S) (S.
L. Ergun et al., 2019; N. Jeremiah et al., 2014; S. Keskitalo et al., 2019; H. Konno et
al., 2018; Y. Liu et al., 2014; I. Melki et al., 2017; R. G. Saldanha et al., 2018). In the
absence of the ligand, STING mutants may be activated either by inducing
spontaneous rotation of the ligand binding domain along the connector helix loop or
spontaneous polymerization of STING (S. L. Ergun et al., 2019; G. Shang et al., 2019).
These mutations also cause spontaneous trafficking of STING to GA and activation of
the downstream signalization; however, mutants N154S, V155M, V147L are located
in perinuclear membrane which enables STING direct access to TBK 1 and subsequent

IRF3 phosphorylation (N. Riteau et al., 2022).
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Another mutation involved in cGAS-STING signalization leading to monogenic
autoimmune disorder is caused by mutation in COPA gene encoding the COPa. protein
of the COPI complex. COPI complex mediates the binding, sorting and transport of
proteins from GA to the ER and engages in intra-GA transport. The mutation in COPA
gene causes defects in proteins retrieval to ER leading to an aggregation and
spontaneous ligand-independent activation of STING in GA. (Z. Deng et al., 2020; S.
Volpi et al., 2018; L. B. Watkin et al., 2015) Patients suffering from COPA syndrome
have symptoms similar to SAVI, such as increased type I IFN levels in blood (A.
Lepelley et al., 2020). It has been shown that crossing COPA mutant mouse with
STING-deficient mice blocks type I IFN-driven inflammation and reduces embryonic
lethality of COPA”" mice. It has also been reported that either genetic or
pharmacological interference with STING can reduce the type I IFN levels. (Z. T. Al-
Salama & L. J. Scott, 2018; M. C. Genovese et al., 2016; S. Krutzke et al., 2020)

The self-DNA recognition and type I IFN secretion can associate cGAS-STING
signalling pathway with chronic system autoimmune diseases such as systemic lupus
erythematosus (SLE) or rheumatoid arthritis (RA). The aberrant cGAS-STING
signalling engages in SLE through various pathological mechanisms such as
dysregulation of endogenous retroelements, defects in extracellular removal of
apoptotic cells, replication of mtDNA defects or accumulation of neutrophil
extracellular traps (NETs) from dying neutrophils (E. D. Batu, 2018). It has been
reported that overreaction of cGAS-STING activity leading to the increased levels of
type I IFNs may accelerate the symptoms such as systemic inflammation, mucosal
ulceration or liver and kidney damage (Y. Kato et al., 2018). Additionally, many
patients with mutant-type allele of TREX] suffering from SLE have increased levels

of cGAMP in blood cells (J. An et al., 2017; Y. J. Crow et al., 2006; A. Gall et al.,
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2012; B. Namjou et al., 2011). However, the cGAS-STING pathway engagement in
SLE is variable and mouse models reflecting SLE need to consider the heterogeneity
of the disease. Mice with deletion of lupus susceptibility gene Fcgr2b and without
deletion of Stingl gene showed improved survival and disease symptoms when (A.
Thim-uam et al., 2020). On the other hand, the deletion of STING in the MRL .Fas'"
mice, homozygous for the lymphoproliferation spontaneous mutation (FAS?")
showing systemic autoimmunity, worsen the symptoms (S. Sharma et al., 2015). The
patients with SLE have been also diagnosed with the mutations of DNasel and other
mutations in genes involved in DNA degradation which also leads to overactivation of
cGAS-STING signalling (K. Yasutomo et al., 2001).

In RA patients the accumulation of cytoplasmic dsDNA has been observed and
probably participates in inflammatory synovitis and other autoimmune diseases (N.
Bottini & G. S. Firestein, 2012). Consistently, knock out of cGAS or STING causes
inhibition of dsDNA-induced activation of IRF3 and NF-«B and decrease of
proinflammatory cytokines in mouse models of RA (J. Wang et al., 2019).

Variety of therapeutical strategies in ¢cGAS/STING-related autoimmune and
autoinflammatory diseases have been developed. Yet, inhibiting activation of cGAS
and STING has promising therapeutic potential. Inhibitors of ¢cGAS and STING
involved in cGAS/STING-related autoimmune and autoinflammatory diseases

treatment together with their mechanism of action are summarized (Tab. 1, Fig. 6).
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Competitive inhibitors DNA-binding disruption inhibitors

in catalytic site )
*Suramin
*RU.521 and G150 *A151 and C2-Mut1
*PF-06928215 *CU-32 and CU-76
*Compound S3

Targeting the acetylation

*Aspirin

B
Targeting the CDN-binding domain

+Compound 18 =it

*Astin C J

«Compound 50 S

(GSK) ) 04 Targeting the palmitoylation

T
Cys88/91
*NO,-FAs
*C-176 and C-178
STING apo STING 2'3"-cGAMP bound

Fig. 6: Mechanism of ¢cGAS and STING inhibitors. (A) competitive inhibitors of
cGAS catalytic pocket, inhibitors disrupting the DNA-binding to cGAS and inducer
of cGAS acetylation; (B) STING inhibitors targeting CDN-binding domain and
STING inhibitors impeding palmytoylation. Adapted from (Z. Hong et al., 2022).
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Tab. 1: Therapeutic intervention for cGAS-STING-related diseases

c¢GAS inhibitor =~ Mechanism of inhibition Reference

aspirin acetylation of cGAS protein (J. Dai et al., 2019; M. R. Shakespear et al., 2011)
AMD dsDNA binding, occupying cGAS binding site (J. Anetal., 2015)

ODN A151 competition with DNA (F. Steinhagen et al., 2018)
RU.521 competition with ATP, occupying cGAS catalytic site (J. Vincent et al., 2017)
Suramin cGAS prevention of binding dsDNA, TLR3 interaction (M. Wang et al., 2018)

CU-32; CU-76 inhibition of dimer formation (R. Padilla-Salinas et al., 2020)
G150 occupying cGAS catalytic site (L. Lama et al., 2019)
Compound S3 mimicking the 2'3'-cGAMP — cGAS interaction (W. Zhao et al., 2020)
PF-06928215 not known (W. Zhao et al., 2020)
C2-Mutl inactive competitors of DNA binding in a sequence-dependent manner (R. Valentin et al., 2021)
STING inhibitor mechanism of inhibition reference

C-178; H-151 bond with N-terminal domain, blocking palmitoylation (S. M. Haag et al., 2018)
NO:;-Fas bond with N-terminal domain, blocking palmitoylation (A. L. Hansen et al., 2018b)
Astin C occupying cGAMP binding pocket (S. Lietal., 2018)

Cys88/91 palmitoylation of STING (K. Mukai et al., 2016b)
Compound 50 competition with 2'3’-cGAMP binding (Fosbenner D.T. et al., 2018)
Compound 18 targeting the CDN-binding domain (CBD) (T. Siu et al., 2019)
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1.5.2. Senescence and ageing

The increased release of proinflammatory cytokines associated with cGAS-
STING signalization have been described in senescent cells. During ageing, the
mechanisms maintaining tissue and cellular homeostasis are disrupted, further
increasing inflammation. Senescent cells are crucial in this inflammation-ageing
process due to, among others, the lost proliferation capacity and remarkable secretory
activity, referred to as a senescence-associated secretory phenotype (SASP). (J. M. van
Deursen, 2014) It has been suggested that cGAS-STING signalling pathway,
specifically cGAS, is crucial for secretion of SASP components which can activate
and regulate immune cells (Z. Dou et al., 2017; S. Gliick et al., 2017; H. Yang et al.,
2017). The source of senescent cell activation may be cytosolic DNA derived from
ruptured micronuclei, disrupted nuclear envelope or the accumulation of cytosolic
chromatin. It then increases cGAS concentration and activation in senescent cells (P.
D. Adams et al., 2013; S. M. Harding et al., 2017; K. J. MacKenzie et al., 2017). The
depletion or inhibition of senescent cells can improve the ageing related cell
disfunction and prolongated the lifespan in vivo (D. J. Baker et al., 2016).

1.5.3. Cancer

cGAS-STING pathway plays an important and a complex role in cancer
immunotherapy due to the induction of innate immunity and bridging it to adaptive
type, all of which leads to tumor growth suppression or direct eradication. The genome
instability in cancer cells leads to the formation of micronuclei in a cell cycle-
dependent manner and the rupture of the envelope of micronuclei leads to genome
DNA detection by cGAS (S. M. Harding et al., 2017; K. J. MacKenzie et al., 2017).
Moreover, the mitochondrial dysfunction in cancer cells leads to mtDNA leakage and

activation of cGAS (S. Kitajima et al., 2019). It has been observed that several skin
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melanoma cell lines (T. Xia et al., 2016b), colorectal adenocarcinoma cell lines (T.
Xia et al., 2016a) or Kirsten rat sarcoma (KRAS)-mutated lung cancer (S. Kitajima et
al., 2019) has inhibited or disturbed STING expression. Therefore, STING deficiency
and downregulation of cGAS-STING signalization can reduce induction of
antitumoral immunity (Y. S. Tan et al., 2018). The activation of the cGAS-STING
signalling pathway may either result in antitumour or pro-tumorigenesis processes.
Cytokine production can positively regulate multiple steps in tumour immunity such
as boosting natural killer (NK) cells and priming cytotoxic T cells (A. Marcus et al.,
2018; S. R. Woo et al., 2014) or induction of cancer cell senescence (Z. Dou et al.,
2017) via secretion of SASP components (J. P. Coppé et al., 2008; Z. Dou et al., 2017;
H. Yang et al., 2017) leading to tumorigenesis restriction (S. Gliick et al., 2017; H.
Yang et al., 2017). On the other hand, metastatic tumour cells present high genome
instability leading to chronic activation of c¢cGAS-STING signalling pathway to
facilitate cellular invasion mediated by STING-dependent noncanonical NF-xB
signalization (S. F. Bakhoum et al., 2018). Interestingly, STING agonists show
promising results in cancer therapies (Tab. 2) due to CD8" T cell priming and NK cell
activation and might represent a promising role in cancer therapy (L. Corrales et al.,

2015; T. Nakamura et al., 2015).
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Tab. 2: STING agonists in clinical trials for cancer therapy

Compound Cancer type Phase Reference

ADU-S100 (MIWS815) Head and neck cancer Phase 2 (Inc. Chinook Therapeutics, 2022)
ADU-S100 (MIW815) +/— Ipilimumab  Solid tumors/lymphomas Phase 1 (Novartis Pharmaceuticals, 2022)
ADU-S100 (MIW&15) + PDR0O01 Solid tumors/lymphomas Phase 1 (Novartis Pharmaceuticals, 2022)
E7766 Urinary bladder neoplasms Phase 1 (Eisai Inc., 2022)

E7766 Lymphoma/advanced solid tumors Phase 1 (Eisai Inc., 2022)

GSK3745417 Neoplasms Phase 1 (GlaxoSmithKline, 2022)

MK-1454 Solid tumors/lymphomas Phase 1 (Merck Sharp & Dohme LLC, 2022a)
MK-1454 + pembrolizumab Head and neck squamous cell carcinoma Phase 2 (Merck Sharp & Dohme LLC, 2022b)
BMS-986301 Solid cancers Phase 1 (Bristol-Myers Squibb, 2022)

SB 11285 Solid tumor Phase 1 (Inc. F-star Therapeutics, 2020)
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1.6. HBV

cGAS-STING signalization plays a crucial role in detection of viral DNA and
viral clearance, such as hepatitis B (HBV). HBV is a small, enveloped DNA virus
belonging to the Hepadnaviridae family (P. A. Revill et al., 2020) selectively targeting
hepatocytes.

The genome of HBV virus consists of partially double-stranded relaxed circular
DNA (rcDNA) which is stored in an icosahedral capsid. The reverse transcriptase is
covalently linked to the 5' end of the complete (-) strand of DNA. The incomplete
strand is mostly made of DNA, however short segment of RNA remains at the 5' end.
The capsid consists of core proteins (HBcAg) and is covered with a lipoprotein
membrane containing surface antigens (HBsAg). Antigen E (HBeAg) occurres only in
the replication phase of the viral cycle and is secreted by the cell. HBsAg recognizes
the receptor, which is exposed on the surface of the hepatocytes, then virus is bound
and enter the cell using sodium taurocholate co-transporting polypeptide (NTCP)
(Fig. 7). The virus loses lipid membrane during entry; therefore, the viral capsid is
released to the cytoplasm. The capsid then interacts with nuclear pore proteins and
releases rcDNA into the hepatocyte nucleus. In the nucleus, the synthesis of rcDNA is
completed by replication enzymes to form covalently closed circular DNA (cccDNA),
which is used as a template for the transcription of ciral RNA. Long strands of RNA
are transcribed, the longest strand serves as pregenomic RNA (pgRNA) and at the
same time as the template for reverse transcriptase synthesis. Other shorter RNA
molecules serve as mRNA for synthesis of HBsAg, HBcAg and HBxAg (regulator of
transcription). Formed pgRNA together with the polymerase is encapsulated and is
reverse-transcribed into (-) DNA. This is followed by degradation of the cap and part

of pgRNA 5' end, the remaining part is used as a primer for the incomplete synthesis
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of the second strand of DNA. After circularization and elongation of (+) DNA, the
capsid in the ER is coated with a lipid membrane containing HBsAg and subsequently
the virions are released from the cell. (Eric. Freed & M. Martin, 2013; D. Glebe & A.
Konig, 2014; J.-H. Kao & D.-S. Chen, 2006; R. J. Lamontagne et al., 2016; S.

Locarnini, 2004; W. H. Mason, W.S.Gerlich et al., 2012; P. A. Revill et al., 2019)
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Fig. 7: HBV replication cycle. HBV DNA is partially double stranded forming a
relaxed circular DNA genome. The virus enters the cytoplasm by receptor-mediated
endocytosis involving sodium taurocholate co-transporting polypeptide (NTCP)
receptor. After endocytosis and fusion of HBV envelope and plasma membrane,
covalently closed circular DNAs (cccDNA) are formed from rcDNA. These cccDNAs
produce HBV RNAs of different lengths which are translated into various proteins
involved further in capsid formation and virus assembly. Adapted from (S. Tong & P.

Revill, 2016).
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HBYV virus has wide range of immune evading mechanisms (A. Kuipery et al.,
2020) such as active inhibition of STING-mediated signalization including decreased
expression levels of cGAS, STING and/or TBK1 (L. Lauterbach-Riviere et al., 2020;
Y. Liu et al., 2015; E. R. Verrier et al., 2018). Thus cGAS-STING signalization is
essential for modulating susceptibility to CHB. The crucial role of cGAS-STING was
confirmed in vivo (H. Dansako et al., 2019; M. K. Thomsen et al., 2016), where the
lack of DNA-sensing or disruption of STING impaired the ability to control HBV,
contrary to the STING induction which led to reduced viral gene expression and
replication.

Lacking strong innate immune responses lead to convenient transformation of
HBYV to CHB resulting in liver cirrhosis, steatosis, or hepatocellular carcinoma. (H. L.
Haetal., 2010; M. Krajden et al., 2005) Approximately 5 % of adults, 30 % of children
under 5 years and up to 95 % of neonates develop CHB. The possibility of vaccination
in early childhood contributes to the overall reduction of new cases, however,
mortality among CHB patients is rising. (World Health Organization, 2017)

The human HBV virus can chronically infect only humans and chimpanzees (S.
F. Wieland, 2015), transiently tree shrew (J. Xiao et al., 2017). Human HBV-like
family of viruses (woodchuck (J. Summers et al., 1978), domestic duck (W. S. Mason
et al., 1980), Beechey ground squirrel (P. L. Marion et al., 1980)) could be used for in
vivo CHB models, however, stringent ethical, administration and handling procedures
and lack of research tools (S. F. Wieland, 2015; J. Xiao et al., 2017) make murine
models of CHB essential for researchers and pharmaceutical companies.

First, transgenic mouse model with integrated HBV DNA into mouse genome
was described (F. v Chisari et al., 1986). This model supports viral replication

including particle production and infectious virion release; therefore, it is useful for
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studying of molecular virus-host interactions and the biology of HBV-related
immunology and pathogenesis (G. Ebert et al., 2011; J. G. Julander et al., 2003; C.
Klein et al., 2003; O. Weber et al., 2002). Transgenic models can be separated into
single HBV-protein (F. v. Chisari et al., 1985; L. G. Guidotti et al., 1994; C. M. Kim
etal., 1991; D. R. Milich et al., 1990) or full-genome transgenic mice (L. G. Guidotti
etal., 1995). However, all HBV transgenic mice developed tolerance to viral antigens,
therefore the HBV-related liver diseases including liver cirrhosis cannot be developed
(L. G. Guidotti et al., 1996). Another limitation is the transgenic origin itself. The
model is lacking HBV entry and does not have the potential of viral clearance (F. A.
Lempp et al., 2016).

Human chimeric mouse model was developed in order to study entire replication
cycle including hepatocyte infection and cccDNA synthesis and intrahepatic spread.
The mouse model is generated by engraftment of primary human hepatocytes in
immunodeficient mice. (L. Allweiss & M. Dandri, 2016) However, the negative
aspects of these models are health risks (kidney disorders/failure) and mouse
immunodeficiency status which does not allow the study of adaptive immune
responses and immunotherapeutic strategies. (H. Azuma et al., 2007; K.-D. Bissig et
al., 2010; M. Dandri et al., 2001; M. Grompe et al., 1993; E. Ilan et al., 1999; P.
Meuleman et al., 2005; M. Tsuge et al., 2005) To overcome these limitations, double
chimeric mouse models using immunocompetent human liver-chimeric mice with
immune cells and hepatocytes of human origin were developed (M. T. Bility et al.,
2014, 2012; A. Irudayaswamy et al., 2018; M. L. Washburn et al., 2011), yet it is still
a major challenge to generate this animal model.

Therefore, immunocompentetent mouse models mimicking CHB infection

based on the in vivo transduction via intravenous application of 1.2mer — 1.3mer of
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HBYV genome integrated into the adeno-associated virus (AAV) (Y. Duetal., 2021; Y.
H. Huang et al., 2011; D. Yang et al., 2014) or adenovirus (S. Dion et al., 2013; L. R.
Huang et al., 2012; M. F. Sprinzl et al., 2001; M. Suzuki et al., 2017) genome. This
model has a relatively long virus replication time (3 months — 1 year) (L. R. Huang et
al., 2012; M. John Von Freyend et al., 2011; H. T. Tzeng et al., 2013), however,
adenoviral transduction can lead to direct immune response against the adenovirus
itself making it challenging to clarify the HBV-related immune response and
pathogenesis (V. J. Cavanaugh et al., 1998; S. Dion et al., 2013; Z. C. Hartman et al.,
2007; L. R. Huang et al., 2012; D. Yang et al., 2014).

The immune response against the viral vector can be prevented by injecting
plasmid containg HBV genome via pressurized delivery through the tail vein,
hydrodynamic injection (HDI). Injecting of vehicle containing HBV DNA in a volume
equivalent to 8-10% of the mouse weight in the limited time (5-10s) (S. P. Preston et
al., 2016) allows HBV DNA specifically to transfect the hepatocytes (L. R. Huang et
al., 2012). The pathogenesis of the infection and the host immune response can be
monitored during both, acute and persistent HBV replication. The success of this
model depends on the correct choice of mouse strain, sex, age, and plasmid sequence
(H. H. Chou et al., 2015; L. R. Huang et al., 2006; X. H. Peng et al., 2015; P. L. Yang
et al., 2002). HDI mouse models are widely used for host immune interactions and
viral persistence or clearance, preclinical evaluation of anti-viral therapies, immune
therapeutic strategies, or anti-viral effects against mutated HBV. (X. Li et al., 2016; S.
R. Lin et al., 2014; A. P. McCaffrey et al., 2003; B. Qin et al., 2013)

Currently, two available CHB therapies are approved, interferon a-based
therapy and nucleos(t)ide analogues, both of which rarely result in the complete cure

and often require life-long application (S. M. F. Akbar et al., 2022) with serious side
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effects (W. Leowattana & T. Leowattana, 2022). Therefore, due to the severity of the
disease and lack of 100% effective treatment the development of novel therapies is
needed. Several approaches based on viral interference have been undergoing clinical
trials (Tab. 3). However, we specifically focused on the activation of STING
signalization as the induction of immune responses by in vitro and in vivo targeting of
cGAS-STING using synthetic cGAMP or 5,6-dimethylxanthenone-4-acetic acid
(DMXAA) led to inhibition of viral replication (F. Guo et al., 2017, 2015; J. He et al.,
2016). As CDN-based STING agonists have already become an important medicinal
chemistry tool as an effective anti-tumour therapeutic intervention (Tab. 2) (Inc.
Chinook Therapeutics, 2022; C. M. Downey et al., 2014; A. Marcus et al., 2018; S.
Vyskocil et al., 2021; A. H. Zaidi et al., 2021) and cGAS-STING signalization is
essential for modulating susceptibility to CHB (H. Dansako et al., 2016; M. Pimkova
Polidarova, 2022), we focused on the CHB treatment based on the STING pathway

activation using CDN-based STING agonists.
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Tab. 3: Therapeutic approaches for CHB in clinical trials.

Mechanism Drug Characteristics Phase References

HBYV entry inhibitors Hepcludex  Blocking HBV binding to NTCP receptor IIb (H. Wedemeyer et al., 2019)

Targeting viral transcripts JNJ-3989 siRNAs IIb (E. Gane et al., 2020)
VIR-2218 siRNAs II (Gane et al., 2021)

Capsid assembly inhibitors ABI-H0731 New capsid assembly inhibitor II (S. Fung et al., 2020; M.-F. Yuen et

al., 2020)

HBsAg secretion inhibitors REP2139 A nucleic acid polymer II (M. Bazinet et al., 2017)

TLR agonists GS-9620 TLR-7 agonist II (H. L. A. Janssen et al., 2018)
GS-9688 TLR-8 agonist I (H. L. A. Janssen et al., 2021)

Therapeutic vaccine GS-4774 Expressing HBsAg, HBcAg, and HBx II (C. Boni et al., 2019)
ABX-203 Expressing HBsAg and HBcAg I (G. Fernandez et al., 2018)
BRII-179 Induction of Th1 immune response I (Ma et al., 2021)

Immune checkpoint inhibitors Nivolumab  Anti-PD-1/PD-L1 Ib/Illa  (E. Gane et al., 2019)

Monoclonal antibodies GCI1102 HBsAg monoclonal antibody II (Lee HW et al., 2018)
VIR-3434 RNA gene silencer II (K. Agarwal et al., 2021)

Other immune approaches IMC-I109V  Immune mobilizing monoclonal T cell receptors 1 (S. Bourgeois et al., 2022)

against the virus
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2. AIMS

The main objective of this doctoral thesis was the development of
immunocompetent murine model reflecting CHB suitable for robust preclinical testing
of novel CHB therapeutics based on activation of STING pathway using novel set of
CDNs exclusively prepared by our group HBV Cure at Institute of Organic Chemistry

and Biochemistry of the Czech Academy of Sciences.

Specific research aims:

2.1. In vitro characterisation of cyclic dinucleotides prepared by the group HBV Cure
at the Institute of Organic Chemistry and Biochemistry of the Czech Academy of
Sciences and selection of the lead compound using biochemical and cell-based
assays

2.2. Development and characterisation of in vivo murine model reflecting CHB based
on hydrodynamic injection

2.3. In vivo preclinical evaluation of lead compound to determine its therapeutic

potential
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3. METHODS
This chapter briefly summarize methods important for understanding the results
described in this thesis. Detailed method description is a part of the enclosed
publications.
3.1. In vivo studies
All animal procedures were approved by institutional and national committees
for the care and use of laboratory animals. All experiments were performed in
accordance with the Directive 2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the protection of animals used for scientific purposes
(CAS 77/2018, CAS 79/2019, MSMT 29416/2020-7, Czech Republic). All mice were
housed in specific, pathogen-free conditions in an individually ventilated cage-system
with food and water ad libitum under controlled temperature and light settings and
monitored regularly for morbidity and general appearance (weight, fur ruffling, and
mobility/ activity).

3.1.1. In vivo mouse model HDI induction
The HDI model was induced in male C3H/HeN and C57B1/6 mice (aged 4-6
weeks, purchased from the Charles River Laboratories) by tail vein injection of 10 pug
of endotoxin free pAAV/1.2HBV plasmid DNA or 5 pg of endotoxin free minicircle
DNA (pMC/1.0HBV) in a tempered saline solution within 5-8 s in a volume equal to
10% of the mouse body weight. Blood samples were collected into lithium heparin
tubes every 1-3 weeks for up to 30 weeks. The mice were housed in specific, pathogen-
free conditions in an individually ventilated cage-system with food and water ad
libitum under controlled temperature and light settings and monitored regularly for

morbidity and general appearance (weight, fur ruffling, and mobility/ activity).
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3.1.2. HBYV antigen secretion analysis
The blood levels of the HBV surface, the HBV envelope-relevant antigens
(HBsAg and HBeAg), and the antibody against HBsAg (HBsAb) were determined
using an ELISA kit according to the adapted manufacturer’s protocol. The absorbance
was measured on a Spark reader. The internally established positivity threshold was
determined as five times the mean of HDI controls for HB-Ag markers and as three
times the mean of HDI controls for the HBsAb marker.
3.1.3. HBcAg immunohistochemistry
The liver was preserved in 4% paraformaldehyde for 24-48 h and kept in 70%
ethanol (Penta s.r.0.) until immunohistochemistry analysis. Liver tissue was stained
with polyclonal rabbit anti-HBcAg antibody (DAKO-Agilent). HBcAg positivity was
defined as a percentage of positive cells in the entire sample.
3.1.4. Flow cytometry (FC)-based T cell activation analysis
Blood immune cells were prestained with live/dead marker Zombie-NIR for
20 min, at room temperature in dark, and then stained with rat anti-mouse monoclonal
antibodies CD3, CD4, CD8, CD69 for 30 min, at room temperature in dark. Data were
acquired on BD LSR Fortessa Cytometer with FACS DIVA software and analysed
using FlowJo software. First debris, doublets and dead cells were excluded. Population
of interest was gated on CD3 positive CD4 or CD8 positive T cells and expressed as a
frequency of various subsets in the parent population.
3.1.5. Invivo efficacy of lead compound
Plasma cytokine profiling (IFNc, IFNB, IFNy and TNFa) in reaction to
intraperitoneal (i.p.) administration of 0.5, 1.5 and 5 mg/kg CDN-L in tempered saline
solution was analyzed using ProcartaPlex Assays according to the adapted

manufacturer’s protocol. Data was measured on MAGPIX system. Blood samples
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were collected into lithium heparin tubes in 1h, 4h, 8h, overnight (OVN). Vehicle
group was injected i.p. only with tempered 0.9% saline solution.
CDN-L was injected intraperitoneally (i.p.) only into mice reflecting CHB with
1.5 and 5 mg/kg CDN-L in tempered saline solution biweekly for one month (8
applications in total, Fig. 16) and with 0.15 and 0.5 mg/kg CDN-L per mouse in
tempered 0.9% saline solution biweekly for two months (16 applications in total,
Fig. 16). Vehicle group was injected (i.p.) only with tempered 0.9% saline solution
with a same schema as therapeutic compound, biweekly for up to two months (16
applications in total). Blood samples were collected into lithium heparin tubes every
1-3 weeks for up to 30 weeks. The HBV atigens secretion was measured as previously
described (3.1.2) and the internally established positivity threshold was determined as
five times the mean of HDI controls for HB-Ag markers.
3.1.6. In vivo IFN-a receptor (IFNAR) blockade
For IFNAR blockade, mice were i.p. injected with 12.5 mg/kg of anti-mouse
IFNAR monoclonal antibody, 12.5 mg/kg of relevant isotype control antibody,
combination of 12.5 mg/kg of anti-mouse IFNAR monoclonal antibody and 2.5 mg/kg
CDN-L, combination of 12.5 mg/kg of relevant isotype control antibody and 2.5 mg/kg
CDN-L, 2.5 mg/kg of CDN-L or vehicle (tempered 0.9 % saline solution). Mice were
treated biweekly for one month (8 applications in total, Fig. 19). Blood samples were

collected into lithium heparin tubes every 1-3 weeks for up to 30 weeks.
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4. RESULTS

4.1. In vitro characterisation of compounds and selection of lead compound using
biochemical and cell-based assays

Results from this chapter were published:

Novotna, B., Vanekova, L., Zavrel, M., Budésinsky, M., Dejmek, M., Smola, M., Gutten,
O., Tehrani, Z. A., Pimkova Polidarova, M., Brazdova, A., Liboska, R., Stépanek, I,
Vavrina, Z., Jandusik, T., Nencka, R., Rulisek, L., Boura, E., Brynda, J., Pav, O., &
Birkus, G. (2019). Enzymatic Preparation of 2"-5'3"-5"-Cyclic Dinucleotides, Their
Binding Properties to Stimulator of Interferon Genes Adaptor Protein, and
Structure/Activity Correlations. Journal of medicinal chemistry, 62(23), 10676—
10690. https://doi.org/10.1021/acs.jmedchem.9b01062

My contribution:

Development and establishment of 293 T reporter cell lines stably expressing five most
abundant STING haplotypes (WT, HAQ, REF, AQ, Q), and optimization of screening
methods using these cell lines (permeant one for direct STING activation using
digitonin and standard one with an active uptake of compound). Development of
differential scanning fluorimetry (DSF) method using W7 STING protein and

participation in manuscript preparation.

Dejmek, M., Sdla, M., Brazdova, A., Vanekova, L., Smola, M., Klima, M., Biehovd, P.,
Budésinsky, M., Dracinsky, M., Prochdzkovad, E., Zaviel, M., Simdk, O., Pav, O.
Boura, E., Birkus, G., & Nencka, R. (2022). Discovery of isonucleotidic CDNs as

potent STING agonists with immunomodulatory potential. Structure (London,
England : 1993), 30(8), 1146-1156.el1. https://doi.org/10.1016/j.5tr.2022.05.012

My contribution:
In vitro screening of tested CDNss using established DSF and cell-based in vitro assays,

data evaluation and interpretation, participation in manuscript preparation.
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Vavrina, Z., Perlikova, P., Milisavljevi¢, N., Chevrier, F., Smola, M., Smith, J., Dejmek,
M., Havlicek, V., Budesinsky, M., Liboska, R., Vanekovd, L., Brynda, J., Boura, E.,
Rezdacovad, P., Hocek, M., & Birkus, G. (2022). Design, Synthesis, and Biochemical
and Biological Evaluation of Novel 7-Deazapurine Cyclic Dinucleotide Analogues as
STING Receptor Agonists. Journal of medicinal chemistry, 65(20), 14082—14103.
https://doi.org/10.1021/acs.jmedchem.2c01305

My contribution:
In vitro screening of tested CDNSs using established DSF and cell-based in vitro assays,

data evaluation and interpretation, participation in manuscript preparation.

Nonpublished results: biological characteristic of lead compound (referred to as a

CDN-L, a STING agonist based on CDN structure).

4.1.1. Background and motivation

cGAS, a DNA sensor activated by dsDNA in cytosol, is responsible for the
synthesis of a natural STING agonist 2'3'-cGAMP (Fig. 8) which acts as a second
messenger in cGAS-STING signalization. However, STING also can be activated by
other CDN STING agonists (3'3'-cGAMP; 3'3'-c-diAMP; 3'3'-c-di-GMP; Fig. 8)
produced by various bacteria or by synthetically prepared CDNs (Birkus, 2018; G.
Birkus et al., 2020; M. Dejmek et al., 2022; B. Novotna et al., 2021, 2019; M. Pimkova
Polidarové et al., 2021). Owing to the important role of STING in the control of cancer
and pathogen infections, CDNs became an important medicinal chemistry tool wih

potential of therapeutic application in various diseases (e.g., CHB, HIV, cancer, etc.).
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Fig. 8: Examples of cyclic dinucleotides structures activating STING protein.

The objective of this thesis was to identify a novel STING agonist with optimal
pharmacokinetic profile for CHB and cancer therapy. At the Institute of Organic
Chemistry and Biochemistry of the Czech Academy of Sciences, the HBV Cure group
led by Mgr. Gabriel Birkus, Ph.D. prepared a large library of modified CDNs. They
were prepared by enzymatic and synthetic approach and contained modifications of
nucleobase, sugar, and the phosphate groups. We determined and compared the

affinity of these CDNs towards five STING haplotypes in biochemical and cell-based
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assays and translated the results into the cytokine and chemokine induction in human
peripheral blood mononuclear cells (PBMCs).
4.1.2. Results

A set of simple yet effective biochemical and cell-based assays was prepared to
routinely profile the activity of CDNs based on the interaction of CDN — STING
protein. At first, differential scanning fluorimetry (DSF) determined the CDN binding
affinity to STING protein via difference between melting temperature of STING apo-
protein and STING — CDN complex (ATm). As demonstrated in Tab. 4, newly
prepared CDNs (enzymatically prepared 2'3'-CDNs (B. Novotnd et al., 2019),
isonucleosidic CDNs (M. Dejmek et al., 2022) and our lead compound CDN-L) had
similar or even higher binding affinity to STING than control CDNSs such as 3'3'-c-di-
AMP or STING agonist ADU-S100, the clinical candidate terminated in the Phase 11
clinical trial (Inc. Chinook Therapeutics, 2022). In comparison with 2'3'-cGAMP
(ATm = 15.29 °C), the natural second messenger of cGAS-STING signalling pathway,
only a few of our enzymatically prepared 2'3'-CDNs had higher binding affinity (ATm
< 20.5°C) to WT STING protein (B. Novotna et al., 2019). Chemically synthetized
isonucleosidic 3'3'-CDNs (ATm <13.5 °C, Dejmek et al., 2022) and our lead
compound CDN-L (ATm = 8.6 °C), had slightly lower ATm to WT STING protein
compared to 2'3'-cGAMP suggesting lower binding affinity to W7 haplotype.

To profile the biological activity of our CDNs, a cell-based reporter assay using
HEK293T ISRE reporter cell line stably transfected with various STING haplotypes
(WT, HAQ, REF, AQ or Q) was prepared. The reporter cell line is based on expression
of firefly luciferase from a reporter plasmid with four ISRE sites placed upstream of
the firefly luciferase reporter gene minimum promoter. The expression is induced by

the activation of IRF3 as a consequence of a CDN binding to STING. We employed
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two assay formats for five STING haplotypes with different CDNs binding capacity
(WT, HAQ, REF, AQ, Q) to determine the activity of our CDNs towards STING
haplotypes present in human population: so called digitonin assay, in the presence of
digitonin A (detergent permeabilizing cell membranes allowing the charged CDN to
easily enter the cell), and standard assay, with an active uptake of compound reflecting
the physiological conditions. Half-maximal effective concentration (ECso) values were
then determined.

All enzymatically prepared 2'3'-CDNs had 10-100x better or comparable ECso
values than control 3'3'-CDNss in the digitonin assay (Tab. 4), however only a few of
them showed better or similar activity towards all five STING haplotypes as 2'2'-
cGAMP and 2'3'-cGAMP (Tab. 4). Interestingly, many of our enzymatically prepared
2'3'-CDNs had better activity towards HAQ (<0.1 uM), REF (<2 uM), AQ (<0.17 uM)
and Q (<0.7 uM) STING haplotypes than ADU-S100 (0.26 uM; 1.64 uM; 0.23 uM;
1.01 uM, respectively), the clinical candidate CDN (Tab. 4). Most of our
enzymatically prepared 3’3’ — CDNs had much higher activities (up to 40x) than ADU-
S100 or natural STING agonists (Tab. 4). Isonucleosidic CNDs, on the other hand,
showed more promising results using WT (<1.35 uM), HAQ (<0.77 uM) and AQ
STING (<0.68 uM) haplotypes than with REF (>45 uM) and Q (<26.90 uM). Our lead
compound, CDN-L had similar ECso value as 2'2'-cGAMP and 2'3'-cGAMP for WT
STING (0.02 uM) and AQ STING (0.09 uM) and much lower ECso values for all
STING haplotypes except REF compared with ADU-S100 (Tab. 4). Standard assay
with an active uptake of the compound was performed on W7 STING. Only CDN-L
(0.8 uM) and some of enzymatically prepared 3°3°- CDNs (>2,58 uM) had much lower

ECso value than natural STING agonists (>9.83 uM) or ADU-S100 (3.32 uM).
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Cytokine production is the primary response to the activation of cGAS-STING
pathway, therefore, in vitro therapeutic efficacy of CDNs was tested using human
PBMC:s reflecting physiologically relevant in vitro cell-based model. The production
of IFNy, TNF-a, IFNa was measured as proinflammatory cytokine TNF-a and IFNa
represent the primary and IFNy the late onset response to the activation of cGAS-
STING signalling pathway. All data obtained from the PBMC assay correlated with
previously measured DSF and 293T assays. CDN-L, our lead compound had much
lower ECso value for TNF-a (2.73 uM) and IFNy (1.02 uM) than all naturally
occurring STING agonists as well as clinical candidate ADU-S100, unlike IFNa,
where CDN-L had slightly higher ECso (28.53 uM) than all control compounds.
Interestingly, ADU-S100 had the highest ECso values (>140 uM) for all cytokines

measured (Tab. 4).
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Tab. 4: Summary of in vitro biochemical and cell-based evaluation of part of newly prepared CDN:s.

DSF DIGITONIN assay Standard assay PBMC
Compound
ATm (°C) ECso (uM) ECso (uM) ECso (uM)

wT wT HAQ REF AQ 0 wr IFNy TNFa IFNa
3'3'-c-diAMP 2.48 0.26 0.19 >45 0.17 7.09 >150 8.98 7.54 9.25
3'3'-cGAMP 5.12 0.12 0.12 4.26 0.26 2.06 68.37 545 14.50 8.48
22'-cGAMP 11.57 0.03 0.02 0.21 0.03 0.17 9.83 11.64 23.12 22.15
2'3'-cGAMP 15.29 0.02 0.02 0.07 0.04 0.05 28.37 13.45 37.16 18.26
ADU - S100 9.30 0.08 0.26 1.64 0.23 1.01 3.32 140.00 150.00 150.00
2'3'-CDNs -7-20.5 |0.01-0.20 0.01-0.1 0.01-2.00 0.01-0.17 0.02-0.70 10.07 - >150 0.53-35.03 0.59-57.34 1.27-183.63
3'3'-CDNs 0-13.5 | 0.01->45 0.06->45 0.19->45 0.08->45 0.18 ->45 2.58 ->150 0.87-8520  143->200 2.80->200
Isonuc- CDNs | 1.8-11.0 | 0.01-135 0.06-0.77 0.40->45 0.06-0.68 0.20-26.90 4.93 ->150 0.66-58.83 129-195.00 3.09->200
CDN-L 8.60 0.02 0.11 7.60 0.09 0.20 0.8 1.02 2.73 28.53
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4.1.3. Conclusion

We performed series of biochemical and biological screenings to determine the
binding affinity of CDNs to STING and their activity in vitro using reporter cell line
and PBMC assays. Some of the introduced modifications of CDN structures resulted
in similar or even higher in vitro activity of our CDNs towards all STING haplotypes
compared to the natural STING agonist 2'3'-cGAMP. We also compared our results
with the clinical candidate ADU-S100, which was terminated in Phase II clinical trials
due to the lack of the substantial anti-tumour activity. The potency of our CDNs
trended from enzymatically prepared 2'3'-CDNs being best, followed by
isonucleosidic CDNs and enzymatically prepared 3'3'-CDNs. Based on the
biochemical and biological testing of the newly prepared CDN library, we chose CDN-
L as the lead compound with the optimal activity in all in vitro assays and improved

in vitro plasma stability.
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4.2. Development and characterisation of in vivo murine model reflecting CHB
based on hydrodynamic injection
Results from this chapter were accepted 9.11.2022 for publication in Physiological

research:

Vanekova L, Polidarova M, Charvat V, Vavrina Z, Veverka V, Birkus G, Brazdova A.
(2022) Development and characterisation of a chronic hepatitis B murine model with

a mutation in the START codon of an HBV polymerase. Physiological research,
doi:10.33549/physiolres. 934979

My contribution:
Development, establishment, and characterisation of HDI induced mouse model, data

evaluation and interpretation, manuscript preparation.

4.2.1. Background and motivation

Preclinical safety and efficacy of novel CHB therapeutics relies on animal
models. However, the human HBV virus can only infect humans and chimpanzees.
Human HBV-like family of viruses (woodchuck, domestic duck, Beechey ground
squirrel) could be used for in vivo CHB models, but stringent ethical, handling, and
administrative procedures and the lack of research tools for studying host-virus
immune interactions make it unsuitable. On the other hand, murine CHB models are
well established and much simpler to use. Several murine HBV models have been
described, such as transgenic and chimeric HBV mouse models based on tail vein
delivery of adeno-associated virus (AAV), or models based on HDI of plasmid vector
carrying replication-competent DNA genome. However, CHB model sustainability
based on HDI induction depends on the selected mouse strain as three different

genotypes of major histocompatibility complex (MHC) associated with immune
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response to HBsAg are defined: high (H-2%9), intermediate (H-2>H-2">H-2*), and
low/non-responders (H-2°).

Therefore, we aimed to develop a mouse model based on HDI reflecting CHB
suitable for robust preclinical testing of novel CHB therapeutics. We compared two
different plasmid systems (adeno-associated plasmid vector (pAAV) and minicircle
(pMC)) encoding HBV genomes of genotype A and D with introduced point mutation
in the START codon of the polymerase in two different immunocompetent mouse
strains, C57B1/6 and C3H/HeN. The model sustainability was evaluated based on viral
markers, HBsAg and HBeAg, as HBsAg is considered a general marker of HBV in
both mouse and human plasma (J.-H. Kao, 2014), regardless of acute or chronic
infection. HBeAg is considered as a marker of HBV replication and infectivity and its
presence is associated with elevated levels od HBV DNA (M. A. Konerman & A. S.
Lok, 2018).

4.2.2. Results

Male mice, C3H/HeN and C57B1/6 were hydrodynamically injected with either
10pg (L. R. Huang et al., 2006; L. Li et al., 2017) of pAAV/1.2HBV (Fig. 9A, B) or
Sug (X. Guo et al., 2016; Z. Yan et al., 2017) of pMC/1.0HBV (Fig. 9C, D) plasmids
with the point mutation T2308C, more specifically pAAV/1.2HBV genotype A and D,
pMC/1.0HBV genotype D with pre-C (encoding HBeAg) and pre-S (encoding
envelope proteins) residual recombination sites (plasmid preparation and verification
described in Pimkova Polidarova, 2022). Briefly, both plasmid constructs carrying the
replication-competent HBV DNA genome (wt pAAV (L. R. Huang et al., 2006), wt
pMC (Z. Yan et al., 2017) ) or the HBV DNA genome with a mutation of the START
codon of the polymerase (T2308C (Z. Yan et al., 2017)) were tested for the in vitro/in

vivo quality, purity, and functionality (M. Pimkova Polidarova, 2022) (Fig. 10). The
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T2308C point mutation was effectively introduced and had a non-significant effect on
the in vitro expression of HB-Ag when compared to the wt plasmid using an in vitro
HepG2-NTCP infection system (M. Pimkova Polidarova, 2022; Y. Sun et al., 2017)
(Fig. 10). The absence of HBV virions using plasmids with a point mutation in the
START codon of polymerase was verified in mouse plasma by quantitative
polymerase chain reaction (qPCR), showing that HBV DNA was below the limit of

detection.
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pAAVI1.2HBV genotype A
8060 bp ’

pMC/1.0HBYV PMC/1.0HBV
genotype D pre-C genotype D pre-S

3243 bp s218bp

Fig. 9: Plasmid maps: pAAV/1.2HBV genotype A (A) and D (B), pMC/1.0HBV
genotype D pre-C (C) and pre-S (D); mutation T2308C eliminating the START codon
of the HBV polymerase pointed as an arrow; the orange bar represents the HBV
sequence; green represents open reading frames encoding the polymerase, HBx =
HBYV X protein, pre-C region encoding HBeAg and HBcAg, pre-S domain encoding
3 forms of HBsAg; grey represents the bacterial origin of replication; yellow
represents inverted terminal repeats from AAV2 virus; blue represents promoter, and
purple represents the ATT recombination site (resulting from a minicircle preparation

from the parental plasmid).
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Fig. 10: Quality control of plasmids. (A) Schema of the experiment. (B) Production
of HB-Ag secreted into media by HepG2-NTCP cells transfected with non-mutated (L.
R. Huang et al., 2006) (wt) and mutated (T2308C (Z. Yan et al., 2017)) plasmids of
prepared constructs (M. Pimkova Polidarova, 2022). Data from 2 independent
measurements expressed as a mean =+ standard error of the mean (SEM). No HBV

DNA was detected in mouse plasma.
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Injection of both constructs into C57Bl/6 mice results in transient expression of
viral proteins.

The models were evaluated based on the plasma levels of viral HB-Ag and host
immune antiviral response was determined by seroconversion by the presence of anti-
HBsAg antibodies (HBsAb) in blood (Fig. 11, Fig. 12, Fig. 13) and confirmed by
HBcAg expression in the liver (Fig. 14).

In C57Bl/6 mice, the HBsAg and HBeAg positivity started decreasing within
the first week post HDI. Mice injected with pAAV/1.2HBV genotype D showed a
rapid loss of HBsAg (no animal was positive by D35, Fig. 11) and HBeAg (20%
positive by D21, Fig. 11), and 80% of mice seroconverted by D35 (Fig. 13). Due to
the rapid clearance of HB-Ag and the very low HBV persistence rate the minicircle
construct (Z. Yan et al., 2017) of genotype D was prepared. pMC/1.0HBV pre-C
genotype D injection into C57Bl/6 mice resulted in a relatively fast clearance of
HBsAg (only 10% positive mice by D35, Fig. 11) with sustained 10% HBsAg
positivity up to D105 (Fig. 11). HBeAg positivity decreased from 70% (D7) to 10%
(D77) and sustained to the terminal point of experiment (D105, Fig. 11). HBsAb were
detected within 4 weeks post HDI, and by the end of the study, up to 40% animals had
seroconverted (Fig. 13). Mice injected with pMC/1.0HBV pre-S genotype D and
pAAV/1.2HBYV genotype A showed a mild decrease of HBsAg-related positivity (10-
20% loss every week by D21, Fig. 11). However, HBsAg-related positivity rapidly
dropped to 10% (D35) and sustained to D49 in the term of pMC/1.0HBV pre-S
genotype D (Fig. 11), while HBeAg positivity decreased gradually to 20% (D49, Fig.
11). Up to 50% animals seroconverted by D28 (Fig. 13). Mice injected with

pAAV/1.2HBV genotype A showed the most promising results, however, all animals
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showed total loss of HBsAg and HBeAg by D49 (Fig. 11), while HBsAg

seroconversion rapidly increased to 90% within 2-3 weeks post HDI (Fig. 13).
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Fig. 11: CHB in vivo model establishment and characterisation in C57Bl/6 and
C3H/HeN mice: (A) scheme of the experiment and continuous monitoring of HBsAg
(B), HBeAg (C) blood levels; the positivity proportions of all induction systems
(pPAAV/1.2HBV genotype A and D, pMC/1.0HBV genotype D pre-C and pre-S) were

shown as Kaplan-Meier curves; n=5-20 mice/group.
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Hydrodynamic injection of pAAV/1.2HBYV genotype A with a point mutation in
the START codon of polymerase into C3H/HeN mice leads to a persistent
expression of viral proteins.

HDI injection of both plasmid constructs into the C3H/HeN mouse strain led to
a more consistent and sustainable expression of viral proteins. More than 80% of
animals remained HB-Ag positive up to the end of the study (D140, the study endpoint)
when using pMC/1.0HBV pre-C genotype D, pMC/1.0HBV pre-S genotype D, and
pAAV/1.2HBV genotype A (Fig. 11, 12). However, pAAV/1.2HBV genotype D
induced only a transient expression of viral proteins (10% positivity by D62) (Fig. 11,
12). Only 10% of the mice injected with pAAV/1.2HBV genotype D developed
HBsAb (Fig. 13). Contrary to pAAV/1.2HBV genotype D, both pAAV/1.2HBV
genotype A and pMC/1.0HBV genotype D (pre-C and pre-S) showed a similar chronic
expression of HB-Ag (>80% positivity up to study endpoint, Fig. 11, 12). We also
observed differences in the average values of detected HB-Ag between constructs. The
minicircle constructs had low HBsAg levels (<500 ng/ml, Fig. 12), while
pAAV/1.2HBV genotype A had >40x higher average values of HBsAg (<20000 ng/ml,
Fig. 12). On the other hand, the plasma endpoint levels of HBeAg were significantly
higher when using the minicircle constructs (120-200 ng/ml, Fig. 12) than when using

pAAV/1.2HBYV genotype A (<30 ng/ml, Fig. 12).
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Fig. 12: HBV marker levels in C3H/HeN mice; HBsAg (A) and HBeAg (B) were
monitored in animals hydrodynamically injected with plasmids. Data were expressed
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Fig. 13: Characterisation of mouse model reflecting CHB. /n vivo model
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n=5-20 mice/group.
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HBcAg was detected only in C3H/HeN mice regardless of induction system at the
terminal point of the experiment.

The expression of HBcAg in mouse hepatocytes was determined by
immunohistochemical analysis of liver tissue on D7 post HDI and at the terminal point
of the experiment. IHC confirmed the presence of HBcAg positive cells on D7 post
HDI regardless of HBV construct (10-25%, Fig. 14) in C57B1/6 mice, however not a
single liver tissue showed the presence of HBcAg at the end of the study (Fig. 14). D7
post HDI, C3H/HeN mice showed 20-25% HBcAg positive hepatocytes for
pAAV/1.2HBV genotype A and 10-15% HBcAg positive hepatocytes for genotype D
regardless of plasmid induction system. However, the HBcAg-related positivity of the
genotype D decreased to <10% by the terminal point of the experiment regardless of
construct used. HBcAg positivity remained unchanged when using pAAV/1.2HBV
genotype A in C3H/HeN mice. Mice injected only with physiologic solution (HDI
control) were HBcAg negative throughout the experiment (Fig. 14).

Regardless of mouse strain or HBV genotype, HBV transduction was latent. In
both mouse strains, none of the induction systems affected physiology, as confirmed
by the absence of weight changes (Fig. 13). The mice were also monitored regularly
for general appearance (fur ruffling, mobility, and activity), showing no pathologic

changes.
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Fig. 14: HBcAg expression in liver sections of C57BL/6 and C3H/HeN mice
detected by immunohistochemistry: HBcAg detected on day 7 (D7) post HDI and
at the terminal point of the experiment (T; C57B1/6: D35 pAAV/1.2HBV D genotype,
D49 pAAV/1.2HBV A genotype and pMC/1.0HBV pre-S D genotype, D105
pMC/1.0HBV pre-C D genotype; C3H/HeN: D62 pAAV/1.2HBV D genotype, D140
pAAV/1.2HBV A genotype, pMC/1.0HBV pre-C D genotype and pMC/1.0HBV pre-

S D genotype); representative results of HBcAg (brown spots) per induction system

group
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4.2.3. Conclusion

The C3H/HeN mouse strain is more suitable for developing a long-term in vivo
model reflecting CHB than C57B1/6. Hydrodynamic injection of pAAV/1.2HBV
genotype A and pMC/1.0HBV pre-S genotype D, both with a T2308C point mutation
of the polymerase START codon, results in persisting HB-Ag (Fig. 11, 12) expression
for up to 20 weeks. Based on the pAAV/1.2HBV genotype A-associated HBsAg levels
we believe that the pAAV induction system is more suitable for assessing the efficacy
of potential therapeutics. Thanks to the T2308C (Z. Yan et al., 2017) point mutation
of the polymerase START codon and the resulting lack of virion progeny (Fig. 10);
such in vivo testing can be routinely performed in a Biosafety Level 2 animal facility.
Our model provides several advantages, including its accessibility, convenience, and

affordability.
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4.3. In vivo preclinical evaluation of lead compound to determine its CHB
therapeutic potential
This chapter contains non-published preclinical results of lead compound CDN-L

(STING agonist based on CDN structure).

4.3.1. Background and motivation

Currently, only two available CHB therapies are approved by US. Food and
Drug Administration (FDA) and European Medicines Agency (EMA), interferon a-
based therapy and nucleos(t)ide analogues. Both therapies rarely result in complete
cure and require life-long application (S. M. F. Akbar et al., 2022) with many side
effects (W. Leowattana & T. Leowattana, 2022). There are many compounds for CHB
therapy in clinical trials (Tab. 3) with different anti-HBV strategies, such as
modulators of HBV life cycle: inhibitors of HBV entry (phase II), modulators of
nucleocapsid assembly (phase II), inhibitors of HBV transcription (phase I-II) or
HBsAg release (phase II clinical trial), etc.; or modulators of immune system: TLR
agonists (phase I-1I), immune checkpoint inhibitors (phase II), therapeutic vaccines
(phase III), etc.

We explored utility of CDN-L, the lead compound chosen based on in vitro
screening (chapter 4.1), in the treatment of CHB based on its ability to induce innate
immunity via cGAS-STING pathway. The compound was tested, at first, in naive
C3H/HeN male mice to determine cytokine production, immune activation and dose
response. Then therapeutic potential of CDN-L was determined using C3H/HeN HDI

murine model reflecting CHB (chapter 4.2).

76



4.3.2. Results
The induction of immune response is dependent on CDN-L dose.

At first, cytokine production and innate immune system activation in naive mice
was tested. The CDN-L was intraperitoneally injected into C3H/HeN male mice in
three different doses: 0.5, 1.5 and 5 mg/kg. The plasma cytokine profile was
determined by multiplex ELISA assays and T cell activation using flow cytometry
after 1h, 4h, 8h and overnight (OVN) post i.p. application (Fig. 15). The kinetics of
cytokine response was determined in all timepoints. One hour post application no
differences in production of cytokines compared to vehicle occurred. However, at 4h
timepoint post application, increased IFNo, IFNP3 and TNF-a levels were detected
(Fig. 15). Compared to the vehicle group, cytokine response was CDN-L dose
dependent with up to 8-, 20- and 40-fold increase, respectively. Interestingly, slightly
increased IFNy occurred after 4h post injection at 1.5 and 5 mg/kg CDN-L. Eight hours
post CDN-L application, the decrease of INFc, IFNf3 and TNF-a plasma levels was
observed. However, IFNy levels reached peak at 8 hours post i.p. (up to 70x higher in
case of 5 mg/kg CDN-L application compared to vehicle). OVN timepoint showed
decrease of all observed cytokines to the vehicle levels.

At 4h and OVN timepoint post CDN-L administration, activation of T cells was
investigated by determining CD69 activation marker expression on these cells. Again,
the strongest activation of both CD8" and CD4" T cells was observed in mice injected
with 5 mg/kg CDN-L followed by 1.5 mg/kg and 0.5 mg/kg dose of the injected
compound. Interestingly, compared to 4h, OVN timepoint showed slightly increased

CDB8" T cell activation using all dosages of CDN and decreased CD4" T cell activation.

77



A J C3H/HeN sampling
1h 4h 8h OVN
s Y . N
‘ (Y (Y N

: )
CDN % ) . . .
. L i cytokine profile cytokine profile cytokine profile cytokine profile
i.p. administration . A . -
immune activation immune activation

Y

3000 3000
2000 2000
1000 I

200

) = 1000
E E
2 )
& 2 200
@ @
£ £
3 3
£ 100 £ 100 ﬂ ﬂ
) o ﬁ
0 ﬂ rl rl H H H H H fa e B o B o H I—I = |I] =
CDN-L[mgkg) 05 15 5 V 05 15 5 V 0515 5 V 0515 5 V CON-Ljmgkg] 05 15 5 V 05 15 5 Vv 05 15 5 V 05 15 5 V
cytokine IFNa IFNb IFNg TNFa cytokine IFNa IFNb IFNg TNFa
timepoint 1 timepoint @

3000 3000
2000 2000
1000

= 1000 ary
E £
2w 2 20
£ 2
3 3
] k]
a 100 ’II ? 100
Aol ofilln =0 —afl. 0nno nnnn oo
CDN-L [mg/kg] 05 15 5 V 05 15 5 V 05 15 5§ V 05 15 5 V CDN-L [ma/kg) 05 15 5 V 05 15 5 V 05 15 5 V 05 15 5 V
ytokine IFNa IFNb IFNg TNFa cytokine IFNa IFNb IFNg TNFa
timepoint 8 timepoint OVN
100 —
2 80—
S 0
$ )
7§ 40 -8~ vehicle
£% 20
it
£2 10 -e- CDN-L5mglkg
e 8
2E 6l
g 4 ﬁ ﬁ -8~ CDN-L 1.5 mg/kg
Q
TN [
. = DM ™ ) o CDNAL 05 malk
CON-L [mgrkg] 05 15 5 v 05 15 5 v 05 15 5 vV 05 15 5 v L 0.0 mg/kg
phenotype CDE9+ CDAT CDeg+CD8 T CD69+CD4T CDeg+CD8 T
timepoint “ oW

Fig. 15: in vivo immune response of naive C3H/HeN mice to CDN-L compound:
(A) schema of the experiment, (B) cytokine production, (C) CD4" and CD8" T cell
activation, (B,C) in particular timepoints. Data were expressed as mean + standard
error of mean (SEM) per group. V = vehicle, OVN = overnight incubation; n=5-10

mice/group
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Intraperitoneal application of CDN-L starting at dose 0.5 mg/kg leads to viral
proteins clearance.

C3H/HeN male mice (aged 4-6 weeks) were hydrodynamically injected with 10
ng pAAV/1.2HBV genotype A plasmid containing mutation in the START codon of
the polymerase (chapter 4.2). The animals participating in the study were selected
based on the high, stable level expression of HB-Ags for the first 5 weeks post HDI
(Fig. 16). Animals reflecting CHB were treated intraperitoneally (i.p.) with CDN-L in
0.9% saline solution in 2 different therapeutic schemes. Treatment with higher doses
of CDN-L, 1.5 and 5 mg/kg, was injected biweekly for one month (8 applications in
total, Fig. 16) and lower doses, 0.15 and 0.5 mg/kg, were applied biweekly for two
months (16 applications in total, Fig. 16). Vehicle group was injected i.p. only with
0.9% saline solution in the same schedule as therapeutic compound (16 applications
in total). Efficacy results were evaluated as a relative fold of HB-Ag to week 5 as it
serves as a determination and randomization point for CHB model.

After just two applications of 5 mg/kg CDN-L, the average HB-Ag levels
dropped to <60% of the baseline level at week 5. After next three CDN-L applications,
HBsAg levels dropped to <20% and sustained up to terminal point of the experiment
(week 21). Average HBeAg levels dropped to <30% of the baseline level after six
applications of CDN-L and sustained up to terminal point of experiment. On the
contrary, first two applications of 1.5 mg/kg CDN-L led to milder decrease of HB-Ag,
<80% of HBsAg and <60% of HBeAg compared to their baseline level at week 5.
After 8 applications of 1.5 mg/kg CDN-L, HB-Ag levels dropped to <30% and
sustained low up to terminal point of the experiment.

Mice injected with 0.5 mg/kg CDN-L started decreasing HBeAg compared to

the baseline levels after 4 i.p. applications (<50%) and HBsAg levels after 6

79



applications (<70%). Slower kinetics of HB-Ag decrease led us to extend the treatment
of the animals for up to two months. After 10 applications of 0.5 mg/kg CDN-L
HBsAg levels dropped to <50% and HBeAg levels dropped to <30% and, both, the
HBsAg and HBeAg levels sustained up to terminal point of the experiment. The first
two application of the lowest dose 0.15 mg/kg CDN-L, only mildly affected the
HBsAg levels, however the increase of HBsAg levels (<110%) appeared. The decrease
of HBsAg occurred after 6 applications of 0.15 mg/kg CDN-L and dropped to <50%
after completing treatment schema (16 applications) and sustained up to terminal point
of the experiment.

Vehicle group, on the other hand, was increasing HBsAg levels up to w10 post
HDI (>150%), then mildly dropped to <120% (w12) and sustained up to the terminal
point of experiment. HBeAg levels in vehicle group mildly increased up to w10 post
HDI and started dropping w12 post HDI to <80%. None of animals spontenously
cleared HB-Ag by the end of the study.

First measurable post treatment timepoint, week 15, showed the decrease of
HBsAg positivity (Fig. 16) in dose dependent manner in terms of 5 mg/kg > 1.5 mg/kg >
0.5 mg/kg > 0.15 mg/kg. HBeAg positivity (Fig. 16) decrease showed in dose
dependent manner as a trend of 5 mg/kg ~ 1.5 mg/kg > 0.5 mg/kg > 0.15 mg/kg. Both
HB-Ag reflected effectivity trend.

None of the dosage affected physiology, as confirmed by the absence of weight
changes (Fig. 17). The mice were also monitored regularly for general appearance (fur

ruffling, mobility, and activity), showing no pathologic changes.
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CDN-L treatment resulted in decrease of HBcAg positivity at the terminal point
of the experiment.

The expression of HBcAg in mouse hepatocytes was determined by
immunohistochemical analysis of liver tissue at the terminal point of the experiment.
IHC confirmed the presence of <25% of HBcAg positive cells in vehicle group at the
terminal point of experiment (Fig. 18). Mice injected with CDN-L showed decrease of
HBcAg positive cells to <10%, namely 0.15 mg/kg CDN-L and 0.5 mg/kg CDN-L
(<10% HBcAg positivity), 1.5 mg/kg CDN-L (most cells negative to HBcAg) and 5
mg/kg CDN-L (very rare HBcAg positivity). Control mice (HDI control) were HBcAg

negative throughout the experiment (Fig. 18).
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Fig. 18: HBcAg expression in liver sections of C3H/HeN mice detected by

immunohistochemistry: HBcAg detected in CHB mice after treatment with different
doses of CDN-L at the terminal point of the experiment; representative results of
HBcAg (brown spots) per group. Vehicle = CHB mice injected with physiologic
solution, HDI control = HDI delivery of physiologic solution.

83



Signalling through interferon-o receptor is required for optimal CDN-L
effectivity.

To determine the role of type I IFN during the treatment of our lead compound,
we performed a combination therapy using anti-mouse interferon-o receptor (IFNAR)
monoclonal antibody together with our lead compound CDN-L in animals reflecting
CHB. Mice were subjected to the treatment with CDN-L, anti-mouse IFNAR antibody,
combination of CDN-L and anti-mouse IFNAR antibody, relevant isotype control
antibody, combination of CDN-L and relevant isotype control antibody biweekly for
up to 8 applications (Fig. 19). The dose 2.5 mg/kg of CDN-L was determined as an
optimal based on the previously established therapeutic window, dosage of anti-mouse
IFNAR antibody (12.5 mg/kg) and relevant isotype control (12.5 mg/kg) was used as
previously published (A. Dangi et al., 2018). Blocking of IFNAR receptor in vivo
counteracted the potency of lead compound which led to the similar trend of HBsAg
increase (>200% increase of HBsAg levels after 4 applications, Fig. 19) as in mice
injected only with vehicle (200% increase of HBsAg levels, Fig. 19) or isotype control
antibody (>200% increase of HBsAg levels, Fig. 19). IFNAR blockade itself did not
affect the sustainability of the model and comparable HBsAg levels were observed
during the experiment to vehicle group (250% increase of HBsAg levels after first 4
applications, Fig. 19). Slight decrease of HBeAg levels (40%, Fig. 19) was observed
after 4 applications of anti-mouse IFNAR antibody, anti-mouse IFNAR antibody in
combination with CDN-L, relevant isotype control antibody and vehicle group. On the
contrary, the rapid decrease of both HBsAg and HBeAg levels was observed using 2.5
mg/kg of CDN-L or in combination with isotype control antibody. After first 4
applications, 20% and 70% decrease of HBsAg and HBeAg levels was observed. After

8 applications, HBsAg levels dropped to 20% (Fig. 19). In terms of positivity, vehicle,
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isotype control anribody, anti-mouse IFNAR antibody and anti-mouse IFNAR
antibody in combination with CDN-L maintained >80% of HBsAg positive animals
up to the terminal point of experiment (w21, Fig. 19) counter to 20% of HBsAg
positive animals in both, CDN-L and CDN-L in combination with isotype control
antibody groups. HBeAg positivity dropped to 30-40% in vehicle, isotype control
antibody, anti-mouse IFNAR antibody and anti-mouse IFNAR antibody in
combination with CDN-L group, whereas CDN-L and CDN-L in combination with
isotype control antibody showed only 20% HBeAg positivity. These data suggest that
the activation of immunity through IFNAR is required for an optimal effectivity of
CDN-L.

None of the treatment affected physiology, as confirmed by the absence of
weight changes (Fig. 17). The mice were also monitored regularly for general

appearance (fur ruffling, mobility, and activity), showing no pathologic changes.
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4.3.1. Conclusion

The therapeutic potential of CDN-L was verified using a C3H/HeN mouse
model reflecting CHB based on HDI induction of pAAV/1.2HBV genotype A with a
point mutation in START codon of polymerase (chapter 4.2). As anticipated, we
observed dose dependent effect of CDN-L on viral HB-Ags in the CHB model.
Application (i.p.) of CDN-L at lowest dose (0.15 mg/kg) induced slow decrease of
viral HB-Ag levels; however, even 16 applications of 0.15 mg/kg CDN-L per mouse
did not result in HB-Ag disappearance even though xyz animals responded to the
treatment. Nevertheless, 1.5 and 5 mg/kg CDN-L led to the fast decrease of the viral
proteins. Importantly, plasma HBsAg and HBeAg did not rebound after the secession
of the treatment. The follow up study on the role of type I interferons induced by CDN-
L using anti-IFNAR monoclonal antibody clearly indicate the essential role of type I
interferons in antivarial activity of the compound. would result in long-term remission
of CHB even in lower dosage (0.5 mg/kg), however, repetitive administration would
be needed. Hence, we firmly believe that CDN-L has high therapeutic potential for
CHB treatment. Based on our results, we conclude that treatment with CDN-L would
result in long-term remission of CHB even in lower dosage (0.5 mg/kg), however,
repetitive administration would be needed. Hence, we firmly believe that CDN-L has

high therapeutic potential for CHB treatment.
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4.4. Suggestions for additional therapy outcome evaluation

Methodology was published:

Vanekova, L., Polidarova, M. P., Veverka, V., Birkus, G., & Brazdova, A. (2022).
Multiparametric Flow Cytometry-Based Immunophenotyping of Mouse Liver Immune
Cells. Methods and protocols, 5(5), 70. https://doi.org/10.3390/mps5050070

My contribution:

Methodology development and validation, data analysis, manuscript preparation.

4.4.1. Background and motivation

Liver is a complex organ involved in many types of metabolisms and cellular
processes, including immune processes. Therefore, the outcome of many liver
pathologies, such as CHB, is affected by the liver-tissue-associated immunity.
Characterisation of liver immune microenvironment may provide a better
understanding of immune signalling as well as mechanisms of specific immune
responses to different treatments which could be beneficial for preclinical evaluation
of novel therapies. (D. P. Bogdanos et al., 2013; M. Haque et al., 2020; F. Heymann
& F. Tacke, 2016; F. Tacke & H. W. Zimmermann, 2014; M. Zheng & Z. Tian, 2019)

Several immunophenotyping methods are available, including conventional and
spectral flow cytometry (L. Ferrer-Font et al., 2020; F. Gondois-Rey et al., 2012),
cytometry by time-of-flight (B. A. David et al., 2017), automated parallel RNA single-
cell sequencing combining fluorescence-activated cell sorting techniques (A. Giladi et
al., 2018) or massive multiplexing RNA sequencing (D. A. Jaitin et al., 2014).
However, the cost and instrumental setup of most of the described methods allowing
multiparametric analysis of more than 20 colours in one panel make it rarely available

in regular academic laboratory conditions.
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4.4.2. Methodology for suggested additional evaluation

In order to further evaluate liver specific immune response after CDN-L therapy,
we developed a robust yet low-cost, fast, and straightforward procedure for isolation
of single cell suspension of high yield of mouse liver non-parenchymal cells (NPC)
while still preserving antigen/epitope profiles in order to characterise multiple
intrahepatic immune populations. The procedure combines in situ perfusion with PBS
via portal vein (F. Cabral et al., 2018), ex vivo liver tissue dissociation combining
mechanical disruption and enzymatic digestion using Miltenyi Biotec kit (Miltenyi
Biotec, 2021), Percoll density gradient-based cell purification (M. Aparicio-Vergara
etal., 2017; K. G. Blom et al., 2009; P. zhi Li et al., 2014; R. W. Lynch et al., 2018; I.
Mohar et al., 2015; W. Shi et al., 2020) and thorough conventional FC-based

immunophenotyping (Fig. 20, Fig. 21, Fig. 22).
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Fig. 20: Workflow as a schematic description. (A) in vivo manipulation part, (B) liver

processing, (C) downstream procedure.
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Fig. 21: Schema of gating strategy for flow cytometry data acquisition.

The gating strategy for the presented multicolor FC panel (Fig. 21, 22) is based

on the gradual elimination of unwanted populations and further identification of

targeted subsets. To monitor the overall changes of many immune subsets, we show

the simple approach of gating the inflammatory (or classical) Ly6C"&" monocytes and

reparative (patrolling, non-classical) Ly6C*" monocytes (Fig. 21, Fig. 22). However,
the additional combination of immune profiling can expand the obtained datasets and

alternative gating strategies, such as gating particular (sub)phenotypes of NK or NKT

subsets, can provide supplementary information of ongoing immune reactions (Z. Li

et al., 2019; C. Wang et al., 2015). Accordingly, the further gating of functional cells
could be a useful approach in the therapeutic studies.
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4.4.3. Conclusion

The suggested additional therapy outcome evaluation based on the thorough
immunophenotyping protocol using conventional FC allows detection and
quantification of various intrahepatic immune populations (LEC, T cells (helper and
cytotoxic), B cells, NK cells, NKT cells, neutrophils, monocytes (reparative and
inflammatory), dendritic cells (including their subsets), macrophages and Kupffer
cells (KC)) in one single sample (Fig. 22). The presented FC gating strategy is, though,
not limited by the determination of basic populations as it can be extended to
monitoring expression of a particular marker or subphenotypes within the population
of interest. This method can provide supplementary information on ongoing immune
reactions in further CDN-L in vivo studies focusing on the characterisation of the liver

immune response to CDN-L therapy in murine model reflecting CHB.
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5. DISCUSSION

The c¢GAS-STING signalling pathway plays a major role in host immune
reactions involved in many pathologies including cancer (C. Gravekamp & D. Chandra,
2015), senescence (J. M. van Deursen, 2014; H. Yang et al., 2017), and ageing (J. M.
van Deursen, 2014), autoimmune or autoinflammatory diseases (D. Gao et al., 2015;
V. Kumar, 2019; S. Sharma et al., 2015) and pathogen infection (H. Kumar et al., 2011;
G. Mitchell & R. R. Isberg, 2017). Thus, cGAS-STING signalization became a
promising therapeutic target and both, STING agonists and antagonists became
intensively studied as a relatively new therapeutic strategy in diverse pathologies (X.
Feng et al., 2020; C. Gravekamp & D. Chandra, 2015; X. Tian et al., 2022; J. J. Wu et
al., 2020). We specifically focused on the development of CHB therapy, as only two
available therapies are currently approved (interferon o-based therapy and
nucleos(t)ide analogues). Unfortunately, they often require life-long application as the
therapy rarely result in the complete cure (S. M. F. Akbar et al., 2022). Unlike
inhibitors of HBV entry (H. Wedemeyer et al., 2019), viral transcripts (Gane et al.,
2020, 2021), capsid assembly (S. Fung et al., 2020; M.-F. Yuen et al., 2020) or HBsAg
secretion (M. Bazinet et al., 2017), we aimed at innate immune system activation to
eliminate the viral infection. To the best of our knowledge, only few immune
modulators are currently in clinical trials with various mechanisms of action, among
others, agonists of TLR receptors (H. L. A. Janssen et al., 2021, 2018) or immune
checkpoint inhibitors (E. Gane et al., 2019).

Unlike already available drugs in clinical trials, we focused on the activation of
STING protein to trigger downstream signalization leading to type I interferon-based
immunomodulation. Large library of CDNs based on STING natural agonists, 2'3'-

CDNs or 3'3'-CDNs, was prepared in the HBV Cure group at Institute of Organic
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Chemistry and Biochemistry of the Czech Academy of Sciences using both enzymatic
and synthetic approach (Birkus, 2018; G. Birkus et al., 2020; M. Dejmek et al., 2022;
B. Novotna et al., 2021, 2019; M. Pimkova Polidarova et al., 2021; Z. Vavrina et al.,
2022; Z. Vavtina et al., 2021). To better evaluate and understand the potency of our
newly prepared compounds, we compared their in vitro activity relatively to the set of
control CDNSs, such canonical STING agonist 2°3’-cGAMP or ADU-S100, the CDN-
based STING agonist terminated in Phase II clinical trials in cancer (Inc. Chinook
Therapeutics, 2022; L. Corrales et al., 2015). Our results strongly suggests that newly
prepared CDNs are involved in direct binding to the STING protein. To support this
paradigm and rationalize the interactions of the ligands to STING protein, the thermal
shift assay using DSF method was performed. The enhancement of STING-CDN
stability of our lead compound is considerable compared to natural 3'3’-CDNs or
ADU-S100. Unlike (S. Vyskocil et al., 2021), we employed biological testing using
HEK293T reporter cell line stably transfected with all STING haplotypes to
understand the lead CDN activity towards all described STING allelic forms as
different binding capacity among described STING allelic forms (WT, HAQ, REF,
R2930 and Q) was observed (G. Yi et al., 2013). Understanding the allele-associated
STING activation and such uniformly acting STING agonists would eliminate
genotyping of CHB patients given the variable frequency of human polymorphism in
STING protein in the population (G. Yi et al., 2013), all of which would simplify CHB
therapy and would importantly contribute to the applicability of lead STING agonist
as potential therapeutics. The in vitro activity of newly prepared CDNs is also
influenced by the efficiency of their active uptake into the cell (M. Dejmek et al., 2022;
B. Novotna et al., 2021, 2019; M. Pimkova Polidarova et al., 2021; Z. Vavrina et al.,

2022; Z. Vaviina et al., 2021). Our results show increase in the activity more than 100x
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in the presence of digitonin, where the polar, charged CDNs freely diffused into cells.
However, to avoid an obstacle of active cell uptake for polar CDNs, a lipophilic
prodrug of CDNs could help efficiently deliver the active CDNs into the cell (M.
Dejmek et al., 2022; R. P. Iyer et al., 2019; M. Pimkovéa Polidarova et al., 2021). The
vast majority of our newly prepared CDNs had comparable or even lower ECso values
compared to canonical 2'3'-cGAMP or ADU-S100 using all STING allelic forms.
Moreover, our lead compound CDN-L had 10x higher potency compared to recently
described STING agonists (C. R. Ager et al., 2019; W. Chang et al., 2022; S. Vyskocil
et al., 2021) or even nucleic acid analogues (S. Stazzoni, 2020). In order to confirm
the CDNSs efficacy in vitro in physiologically relevant system, the STING-dependent
cytokine production in response to the stimulation of PBMCs was measured. We
focused mainly on the production of TNF-a, IFNa, an early onset immune response,
and IFNy, late onset reaction. Our results support previously published data on
STING-based cytokine stimulation in PBMC using CDN-agonists (F. Borriello et al.,
2017; D. K. R. Karaolis et al., 2007; D. Lirussi et al., 2017), dsDNA (K. Kis-Toth et
al., 2011) or diABZI (J. M. Ramanjulu et al., 2018). The CDN-based secretion of
cytokines using our lead compound showed >10x higher potency than canonical 2'3'-
cGAMP or clinical candidate ADU-S100.

Taken all together, our newly prepared CDNSs in vitro activate innate immune
response through STING-dependent signalization with a specificity towards majority
of STING haplotypes. Our lead compound (CDN-L) was selected based on multiple
factors, such as the in vitro activity towards STING haplotypes, induction of cytokines
in PBMC assay, human/mouse plasma stability, mouse pharmacokinetics, in vitro anti-
HBYV activity etc. Furthermore, CDN-L showed superior activity in all screening assay

relative to the clinical candidate ADU-S100 used in anti-tumour therapy.
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In order to validate lead compound efficacy in vivo, we developed
immunocompetent CHB mouse model based on HDI delivery of plasmid vector
carrying HBV genome (A. M. Ortega-Prieto et al., 2019) leading to stable expression
of the viral markers HBsAg and HBeAg for 20 weeks without induction of viral
progeny. Research in this field has recently led to the development of several other
murine models, such as transgenic (L. G. Guidotti et al., 1995) and chimeric (M.
Grompe et al., 1993) mouse models, as well as models based on tail vein delivery of
viral vectors carrying HBV DNA genome (L. L. Wu et al., 2017). However, all of
them have some limitations (Y. Du et al., 2021), including requiring Biosafety Level
3 animal facilities. We used HDI induction system based on tail vein delivery of viral
vector carrying HBV genome as its main advantage lies in the variability of HBV
genotypes or mutants used (B. Qin et al., 2013). We chose two different induction
systems, pAAV (L. R. Huang et al., 2006; L. Li et al., 2017) and pMC (Z. Yan et al.,
2017) plasmid vectors carrying 1.2mer and 1.0mer HBV DNA genome (genotype A
and D) with a T2308C (Z. Yan et al., 2017) point mutation of the START codon of the
polymerase. The performed mutation prevents the production of infectious HBV
progeny (Z. Yan et al., 2017) without affecting HBV transcription and antigen
expression. Therefore, mouse model reflecting CHB using these plasmid vectors with
this particular point mutation allows us to operate in a Biosafety Level 2 animal facility.

As suggested by Milich and Leroux-Roels, 2003 mouse strains differ in MHC
class-based immune response, therefore, we decided to use C57B1/6 and C3H/HeN
mouse strain to compare the persistence of CHB model focusing on HB-Ag as the
CHB pathogenesis is a consequence of persistent expression of various HBV antigens
(H. J. Alter & F. v. Chisari, 2019; P. A. Revill et al., 2019). HBsAg is considered a

general marker of HBV in both mouse and human plasma (J.-H. Kao, 2014), regardless
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of acute or chronic infection and has been shown to inhibit host immune reactions by
various mechanisms (A. Bertoletti & C. Ferrari, 2016; C. Dembek et al., 2018; S. N.
Mueller & R. Ahmed, 2009). As the seroconversion of HBsAg to HBsAb stands as a
marker of the host recovery and cure of CHB, we evaluated our model based on the
decrease of HBsAg. Since HBsAb production is affected by S region-encoding MHC
class III complement components, including C* and C? (D. R. Milich & G. G. Leroux-
Roels, 2003), we tested mouse strains from an intermediate MHC genotype group with
different haplotypes, i.e., C57B1/6 (haplotype b) and C3H/HeN (haplotype k).

Unlike other studies (L. R. Huang et al., 2006; L. Li et al., 2017), where HB-Ag
expression persisted for more than 6 months when using replication-competent HBV
genome in C57B1/6 mice, we demonstrated that the C57B1/6 mouse strain bearing the
S region with a sufficient response to HBsAg leads to HB-Ag clearance resulting in
only an acute HBV model which, on the other hand, corresponds with Peng, et al. (X.
H. Peng et al., 2015). This result could be explained by differences in positivity
threshold settings.

In agreement with Peng et al., 2015 and Yan et al., 2017, who presented non-
mutated pAAV/1.2HBV and pMC/1.0HBV in the C3H/HeN mouse strain, we
observed markedly increased and sustained viral antigen expression. Based on MHC
class of C3H/HeN mice, we assume that the insufficient response to HBsAg reflects
its persisting levels and the low levels of seroconversion.

Considering the plasma levels of the viral markers, the efficacy of the induction
systems in both C57Bl/6 and C3H/HeN mice was reflected as a trend of
pAAV/1.2HBV genotype A > pMC/1.0HBV pre-S genotype D > pMC/1.0HBV pre-
C genotype D >> pAAV/1.2HBV genotype D. In contrast to genotype A, genotype D

has a 33-nucleotide deletion in the N terminus of the PreS1 region (A. Kramvis, 2014)
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which changes the ratio of the three S antigen forms and affects their secretion (S.
Sengupta et al., 2007). It may thus explain why the HBsAg levels were significantly
lower in mice induced with HBV genotype D. The differences in HBeAg levels among
plasmids in both mouse strains might be associated with the use of different induction
systems. The pMC HDI induction system was primarily developed to address cccDNA
in vivo (Z. Yan et al., 2017). As previously described (T. Zhou et al., 2006), HBeAg
secretion and cccDNA formation may be correlated; if so, significantly higher HBeAg
levels should be found when using minicircle constructs. However, the point mutation
of the START codon of the polymerase adversely affected the viral replication cycle.
Nevertheless, HBeAg persistence is variable even among CHB patients and thus not a
definitive CHB marker (The World Health Organisation, 2017).

Immunocompetent HDI mouse models reflecting CHB are widely used for
research of novel therapies aiming to restore the host innate immune antiviral function.
For instance, TLR3 ligand, Polyinosinic:polycytidylic acid [poly(I:C)], led to HBV
clearance associated with increased CD8" T cell infiltration (J. Wu et al., 2014), then
similar results were observed using NODI1 ligand acting by promoting HBV-specific
CD8" T cells leading to HBV clearance (S. Huang et al., 2018). We addressed the
activation of CD8" T cells, yet not HBV specific, in vivo after CDN-L application in
the naive C3H/HeN mice and dose response T cell activation was observed. As CD69
represents early activation marker (D. Cibridn & F. Sénchez-Madrid, 2017), the
activation was proportional in both counterparts, CD4" and CD8" T cells, yet CD69*
CD8* T cells are more profound in time relaps of 24h. Pathogenesis of CHB is
characterised by exhaustion of HBV-specific CD8" T cells leading to weaken CD8" T
cell responses (B. Rehermann, 2013; B. Rehermann & M. Nascimbeni, 2005; Q. Wang

etal.,2018) and as we show CDN-associated T cell activation in naive C3H/HeN mice,
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we assume that CHB therapy using CDN-L could benefit from inducted T cell
mediated HBV clearance (F. v. Chisari & C. Ferrari, 1995; P. L. Yang et al., 2010).
Based on the previous reports on inflammatory and antiviral processes (F. v. Chisari
& C. Ferrari, 1995; S. Huang et al., 2018; B. Rehermann, 2013; B. Rehermann & M.
Nascimbeni, 2005; Q. Wang et al., 2018; J. Wu et al., 2014; P. L. Yang et al., 2010),
it seems crucial to modulate the type I IFN response together with the activation of
adaptive immune responses such as activation of CD8" T cells. The STING agonist
CDN-L triggers sufficient antiviral responses via cGAS-STING pathway as it
represents the major signalization for antiviral immunity.

As clearance of HBsAg is considered as a crucial step for restoring host
immunity and cure of CHB (A. Bertoletti & C. Ferrari, 2016; C. Dembek et al., 2018;
S. N. Mueller & R. Ahmed, 2009), the main goal for CDN-L treatment was the
induction of effective host immune response via STING signalization resulting in the
rapid decrease of the HBsAg levels. Our results demonstrate the rapid decrease of
HBsAg levels after single high dose injection with CDN-L. However, for the effective
CHB cure in term of lasting lowered HBsAg levels, repeated application biweekly for
up to two months based on the dosing of the compound was required. As previously
described in CDN-based anti-tumour therapy research (C. Pantelidou et al., 2022; C.
Song et al., 2022), repeated CDN administration is mandatory for successful
therapeutic outcome. Notwithstanding, CDN-L itself showed promising results in anti-
CHB therapy in vivo. We speculate that the increased efficacy using combined therapy
of our lead compound with for instance HBsAb infusion or HBsAg vaccination could
be achieved as it was previously reported for the TLR9 agonist (D. Zhu et al., 2016).
It should also be mentioned that combination of IFN-based therapy and nucleos(t)ide

analogues for CHB was already addressed in several clinical trials with promising
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results. However, the loss of HBsAg increased only in a few CHB patients (H. L. Y.
Chan et al., 2019; Q. Ning et al., 2014). Moreover, benefits of combined therapy using
CDNs have already been reported (C. Pantelidou et al., 2022) in anti-tumour therapy
using clinical candidate ADU-S100 with poly (ADP-ribose) polymerase inhibitors,
immune checkpoint anti-PD1 therapy (K. E. Sivick et al., 2018), immune checkpoint
PD-L1 therapy (J.-J. Lee et al., 2022; M. Yiet al., 2022) or CTLA-4 therapy (S. Dorta-
Estremera et al., 2019).

The type I interferons dependent mechanism of HBV inhibition by CDN-L was
confirmed using anti-mouse interferon-a receptor (IFNAR) monoclonal antibody. Our
results are in accordance with an observed anti-HBV activity using first line CHB
treatment option, pegylated-INFa (A. S. J. Woo et al., 2017). Moreover, previously
described ADU-S100 treatment in tumour models (K. E. Sivick et al., 2018) or other
STING agonists (L. Corrales et al., 2015; O. Demaria et al., 2015) was inhibited by
IFNAR blocking, pointing to important role of type I interferons in inducing
antitumoral adaptive immunity.

Lastly, we also suggest additional therapy outcome evaluation based on the
thorough immunophenotyping of intrahepatic immune cells using conventional FC.
The developed methodology allows the detection and quantification of various
intrahepatic immune populations in one single sample which makes it useful in regular
small research as well as large-scale screening focusing on the characterisation of the
liver immune cells in mouse models of human pathologies, or in studies of the liver
immune response to different treatments. It should be noted, that using multiparametric
conventional FC-based immunophenotyping requires a precise compensation matrix
due to the high spillover signals. It is crucial to define a proper gating and non-specific

antibody binding using relevant controls (such as fluorescence minus one (FMO),
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relevant antibody isotype control, positive control for live/dead marker). To overcome
this limitation, the spectral FC could be used as it measures full range of emission
spectrum of each fluorochrome across all lasers (L. Ferrer-Font et al., 2020) or
cytometry by time-of-flight as it uses unique isotope-conjugated markers without need
of compensation (B. A. David et al., 2017).

Taken all together, our lead compound (CDN-L) showed outstanding results in
CHB mouse model based on HDI delivery of HBV genome as monotherapy. We
believe that the combination therapy using our lead compound might eliminate the
burden of recurrent application which would make it more interesting for clinical
studies. On top of that, assuming ADU-S100 results and other CDN based anticancer
therapeutic outcome, we speculate that our lead compound might have remarkable
results also in cancer therapy in vivo, as STING agonists are highly assessed in
anticancer immunity in current literature (C. Pantelidou et al., 2022; C. Song et al.,
2022; S. Stazzoni et al., 2022; S. Vyskocil et al., 2021; A. H. Zaidi et al., 2021). Thus,
outstanding results in CHB therapy using CDN-L together with diverse therapeutical
applications makes our compound highly interesting for pharmaceutical industry.
Moreover, we confirmed that our mouse model reflecting CHB can be used in

preclinical validation of novel CHB therapies.
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6. CONCLUSION

This doctoral thesis was focused on the CHB therapy, mainly the development
of immunocompetent mouse model reflecting CHB which would be suitable for robust
preclinical evaluation of potential novel CHB therapeutics. Moreover, set of STING
agonists exclusively prepared at the Institute of Organic Chemistry and Biochemistry
of the Czech Academy of Sciences in the group HBV Cure led by
Mgr. Gabriel Birku§, Ph.D. were tested in vitro whereas the lead compound was
evaluated in vivo for anti-CHB effect.

We developed series of biochemical and biological screening methods to
determine the in vitro binding affinity towards STING protein and related activity
using five most abundant STING haplotypes, WT, HAQ, AQ, REF, Q. We compared
our results with natural STING agonist 2'3'-cGAMP and CDN-based STING agonist
ADU-S100, the clinical candidate for cancer treatment terminated in the Phase II
clinical trials (Inc. Chinook Therapeutics, 2022). Based on the in vitro testing of novel
CDNs, we chose the lead compound with promising results in all performed in vitro
tests and towards all STING haplotypes, CDN-L.

An accessible, convenient, and affordable long-term in vivo model reflecting
CHB using hydrodynamic injection of pAAV/1.2HBV genotype A with a T2308C
point mutation of the polymerase START codon was developed in C3H/HeN mouse
strain. The expression of viral markers lasted for all screened 20-week experimental
in vivo setting, however, based on the pAAV/1.2HBV genotype A-associated HBsAg
levels, we believe that the persistence could last much longer. Thanks to the T2308C
point mutation of the polymerase START codon and the resulting lack of virion
progeny; such in vivo testing can be routinely performed in a Biosafety Level 2 animal

facility.
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The therapeutic potential of our lead compound, CDN-L, was verified using
developed mouse model reflecting CHB. Based on our results, we conclude that
continuous monotherapy with CDN-L would result in long-term remission of CHB
even in lower doses (0.5 mg/kg). As of yet, the detailed liver specific immune response
to CDN-L therapy remain unclear, therefore, we suggest additional CDN-L therapy
outcome evaluation based on the developed FC-immunophenotyping method. Besides,
considering other CND-based anticancer therapies, ADU-S100 and our preliminary in
vivo data (not shown), we believe that our lead compound might have remarkable
results also in cancer therapy, as STING agonists are highly associated with anti-
tumour therapy.

Taken all together, accessible, convenient, and affordable immunocompetent
mouse model reflecting CHB suitable for in vivo preclinical validation of novel CHB
therapeutics was developed. Outstanding results were obtained regarding CHB therapy
using our hit-to-lead compound, CDN-L. We believe that our monotherapy might be

highly interesting for pharmaceutical industry.
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ABSTRACT: Cyclic dinucleotides are second messengers in
the cyclic GMP—AMP synthase (cGAS)—stimulator of
interferon genes (STING) pathway, which plays an important
role in recognizing tumor cells and viral or bacterial infections.
They bind to the STING adaptor protein and trigger
expression of cytokines via TANK binding kinase 1
(TBK1)/interferon regulatory factor 3 (IRF3) and inhibitor
of nuclear factor-«xB (IxB) kinase (IKK)/nuclear factor-xB
(NFxB) signaling cascades. In this work, we describe an
enzymatic preparation of 2'—5',3'—5'-cyclic dinucleotides
(2'3'CDNs) with use of cyclic GMP—AMP synthases
(cGAS) from human, mouse, and chicken. We profile

substrate specificity of these enzymes by employing a small library of nucleotide-S'-triphosphate (NTP) analogues and use
them to prepare 33 2'3'CDNs. We also determine affinity of these CDNs to five different STING haplotypes in cell-based and
biochemical assays and describe properties needed for their optimal activity toward all STING haplotypes. Next, we study their
effect on cytokine and chemokine induction by human peripheral blood mononuclear cells (PBMCs) and evaluate their
cytotoxic effect on monocytes. Additionally, we report X-ray crystal structures of two new CDNs bound to STING protein and
discuss structure—activity relationship by using quantum and molecular mechanical (QM/MM) computational modeling.

B INTRODUCTION

Cyclic dinucleotides (CDNs) play an important role as second
messengers in vertebrates and prokaryotes.'™ They are
naturally synthesized from NTPs by cyclic dinucleotide
synthases. Prokaryotic and vertebrate CDNs differ in the
type of phosphodiester linkages connecting two nucleotide
monophosphates together. While bacteria produce 3'3’CDNs
(e.g,, 3'3'c-diGMP, 3'3'c-diAMP, 3'3'cGAMP) with two 3'—
s phosphodlestel bonds,*™® only one CDN with mixed 2'~5’
and 3'=5" phosphodiester linkage (2'3'cGAMP) is found in
mammalian cells.”

2'3'cGAMP is a product of cyclic-GMP—AMP (cGAMP)
synthase, \VhlL}\ is evolutionarily conserved from fish to
human.”*’ The enzyme belongs to a family of DNA sensors
and detects dsDNA released into cytosol during pathogen
infection or disruption of host homeostasis.'’ Binding of
dsDNA to cGAS occurs in a sequence-independent manner
and induces a conformational change ultimately allowing

<7 ACS Publications e 2019 American Chemical Saciety 10676

synthesis of 2'3'cGAMP from ATP and GTP." The 2’3" and
3’3’CDNs bind to an adaptor protein called stimulator of
interferon genes (STING, also denoted as TMEM173, MITA,
or ERIS) residing in endoplasmic reticalum.'” STING is a 379
amino acid long protein consisting of an N-terminal trans-
membrane domain, a C-terminal ligand-binding domain, and a
C-terminal tail (CTT)."""> Upon CDN binding, STING
homodimer transforms from an open to closed conformation
and forms oligomers.” This conformational change leads to the
recruitment of TBK1 kinase, transphosphorylation of the CTT
of STING, and subsequent recruitment and phosphorylation of
the transcription factor TRF3.""™'7 IRF3 then forms homo-
dimers that translocate to the nucleus where they trigger
expression of type I and III interferons. In parallel, a crosstalk
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Table 1. Substrate Specificity of Human, Mouse, and Chicken cGAS toward NTP Analogues 1-31

o
.
R I P11
i1 A
Ho-f0-+ a0 W HO— 0 =0-f-0

H
N. ~
(I ) 3
y P ok
o .

o o o
B
| O | | | o
OH OH OH CH OH OH OH OH Ry
H o LR
(W] @ (331)
reaction conversion (%)
GTP ATP
NTP R, Ry R; Ry R Ry heGAS mcGAS ccGAS heGAS mcGAS ccGAS
1 b b b 29 45 18
2 6 s 0 b b b
3 NH, NH, OH H OH OH 90 54 7 0 31 0
4 NH, OH OH H OH OH 74 50 36 0 52 0
5 NH, F H OH OH OH 22 60 0 b b b
6 NH, Cl H H OH OH 0 29 0 b b b
7 SH H OH H OH OH 78 73 19 b b b
8 Cl H H H OH OH 0 0 0 b b b
9 NHCH H OH H OH OH 67 91 9 b b b
10 SCH; H OH H OH OH 100 95 67 b b b
11 H NH, OH H OH OH 90 82 48 6 6 0
12 SH NH, OH H OH OH b b b 0 [ 0
13 Cl NH, OH H OH OH 91 100 71 0 5 0
14 OH OH OH H OH OH 0 26 0 66 78 0
15 OH H OH H OH OH 0 0 o 2 6 o
16 OCH; NH, OH H OH OH b b b 50 1 13
17 SCH; NH, OH H OH OH 70 67 34 0 0 23
18 NH, H H OH OH OH 25 51 14 b b b
19 NH, H H F OH OH 0 0 0 b b b
20 NH, H H H OH OH o 57 0 b b b
21 NH, H NH, H OH OH 9 20 0 b b b
22 NH, H F H OH OH 0 38 0 b b b
23 NH, F F H OH OH 12 47 0 b b b
24 NH, H Cl H OH OH 0 0 0 b b b
25 NH, H Br H OH OH 0 0 0 b b b
26 NH, H 1 H OH OH 0 0 0 b b b
27 NH, H OH H OCH, OH 0 0 0 b b b
28 OH NH, OH H H OH b b b 0 17 0
29 OH NH, OH H F OH b b b 3 72 34
30 OH NH, OH H OH SH o 0 o 28 48 45
31 NH, H OH H OH SH 0 52 0 b b b

“ATP or GTP (1 mM) was reacted with I mM NTP analogue in the presence of 5 M human, mouse, or chicken full-length ¢cGAS for 16 h at 37

°C in 20 #L volume. Reaction conversions were determined by HPLC

AUC of a CDN over the sum of AUCs of the CDN, NTPs, and NDPs,

usin§
Not determined.

UV detection at 260 nm. Conversions are defined as follows: a ratio of

between TBK1 and IKKf kinases leads to NFkB activation and
TNFa and IL-6 expression."®

The cGAS—STING pathway plays an essential role in host
defense against invading pathogens and in immune surveillance
of tumor cells.'>'? Its importance from the perspective of drug
discovery is highlighted by the fact that two cyclic
dinucleotides, ADU-5100 and MK-1454, are currently under-
going evaluation in phase I clinical trials for the treatment of
cancer.”””' Moreover CDNs could also find utility in the
treatment of viral infections such as chronic hepatitis B or
human immunodeficiency virus (HIV) infection or as
adjuvants in vaccines.”>”?

Several synthetic routes for 2'3’- and 3'3'CDN preparations
have been established.”"™° However, these are usually
complex multistep syntheses. Meanwhile, an elegant idea of
using dinucleotide synthases for CDN preparation was

10677

pursued, and a few 3'3'- and 2'3’CDNs were thus enzymati-
cally prepared from the commercially available ATP and GTP
analogues.””*"™*"

The objective of this study is to identify the most suitable
enzyme for synthesis of 2'3’CDNs, characterize binding
properties of prepared CDNs toward STING adaptor protein,
and determine structure—activity relations between STING
and CDNs. To achieve this goal, we profile substrate specificity
of chicken, mouse, and human c¢GAS using a library of 41 NTP
analogues and describe preparation of 33 2'3'CDNs. We
characterize affinity of prepared CDNs toward five STING
haplotypes in cell-based and biochemical assays. We also study
their effect on induction of cytokines and chemokines by
employing human peripheral blood mononuclear cells
(PBMCs) and evaluate their cytotoxic effect specifically on
monocytes. Finally, we also discuss a structure—activity
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Table 2. Substrate Specificity of Human, Mouse, and Chicken cGAS toward NTP Analogues 32—41

717
P11 %, i
HO-P—0—-P—0-P-0. z
R o
OH OH OH
OH OH
(32-39)
NTP R, R, X Y z
32 NH, H CH CH N
33 OH NH, CH CH N
34 OH NH, N-CH,4 CH N
35 NH, H N N N
36 NH, H N C-N, N
37 NH, H N C-OH N
38 OH NH, N C-OH N
39 OH NH, C CH C
40
41

OH OH OH OH
(40) (41)
reaction conversion” (%)
GTP ATP
hcGAS mcGAS ccGAS hcGAS mcGAS ccGAS
94 96 83 b b b
b b b b b b
b b b 0 0 0
29 S8 24 b b b
0 0 0 b b b
37 0 0 b b b
b b b 0 0 0
b b b 24 62 41
16 45 23 b b b
24 N 31 0 33 0

“ATP or GTP (1 mM) was reacted with 1 mM NTP analogue in the presence of S M human, mouse, or chicken full-length cGAS for 16 h at 37

°C in 20 uL volume. Reaction conversions were determined by HPLC usin;
AUC of a CDN over the sum of AUCs of the CDN, NTPs, and NDPs.

; UV detection at 260 nm. Conversions are defined as follows: a ratio of
"Not determined.

relationship (SAR) between prepared molecules and their
biological activity by employing state-of-the-art methods of
computational chemistry, such as QM/MM calculations.

B RESULTS

Substrate Specificity of Human, Mouse, and Chicken
cGAS. Binding of DNA to cGAS triggers rearrangement of its
active site and catalysis of 2'—S’ phosphodiester bond
formation between the 2’-OH of GTP and the a-phosphate
of ATP.""* The formed intermediate AMP-2"-GTP flips in
the active site of the enzyme, and a 3’5’ phosphodiester bond
between the 3’-OH group of AMP and the a-phosphate of
GTP is formed."*’ Despite being responsible for the synthesis
of the same product, cGAS from different species have
relatively low amino acid homology. For example, human and
mouse or human and chicken cGAS share 56% and 51% amino
acid identity, respectively, based on BLAST alignment’’ of
amino acid sequences Q8C6LS, Q8N884 (UNIPROT), and
XP_419881.4 (NCBI). Because of low homology of cGAS
enzymes from these three species, we decided to express them
and profile their substrate specificity with a goal to identify the
most suitable enzyme for synthesis of CDNs. We performed a
small-scale synthesis of CDNs in such a way that one of the
NTPs was always either ATP or GTP and the other was an
NTP analogue 1—41 (Tables 1 and 2).

For the arbitrarily chosen cutoff of >25% reaction
conversion, 28 CDNs could be prepared using mouse cGAS
(mcGAS) compared to 16 and 11 CDNs that could be made
with human (hcGAS) and chicken (ccGAS) cGAS, respec-
tively (Tables 1 and 2). Thus, mouse cGAS shows the lowest
substrate specificity and is the most suited for enzymatic
synthesis of CDNs. Nevertheless, human and chicken ¢cGAS
should not be disregarded. For example, human cGAS more
efficiently catalyzed the reaction of GTP with 2-amino-
adenosine-$'-triphosphate (3) or isoguanosine-5'-triphosphate
(4), and the conversion of ATP with O%methylguanosine-5'-
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triphosphate (16) to the appropriate CDN was only possible
with human c¢GAS (Table 1).

As shown in Table 1, N'-methylguanosine-S'-triphosphate
(1) was a mcGAS substrate but N'-methyladenosine-5'-
triphosphate (2) was not. Nucleotide triphosphates with 2-
amino (3), 2-hydroxy (4), 2-fluoro (S and 23), and 2-chloro
(6) substitutions of adenosine were tolerated by mcGAS as
well as NTPs with 6-mercaptopurine (7), 6-N-methyladenine
(9), and 6-methylthiopurine (10) nucleobases; however, 2'-
deoxy-6-chloropurine-S'-triphosphate (8) was not a mcGAS
substrate. NTPs with 2-aminopurine (11), 6-thioguanine (12),
2-amino-6-chloropurine (13), xanthine (14), hypoxanthine
(15), and 2-amino-6-methylthiopurine (17) nucleobases were
good mcGAS substrates. As mentioned above mcGAS did not
tolerate O°-methyl-guanosine-3'-triphosphate (16).

It was also possible to prepare CDNs by employing 7-
deazaadenosine-5'-triphosphate (32) and 7-deazaguanosine-
§'-triphosphate (33), but not by the use of N’-methylguano-
sine-S’-triphosphate (34) (Table 2). 8-Azaadenosine-S'-
triphosphate (35) was a substrate for mcGAS, but 8-azido-
adenosine-5'-triphosphate (36), 8-oxo-adenosine-S'-triphos-
phate (37), and 8-oxo-guanosine-S'-triphosphate (38) were
not. Interestingly, mcGAS could also catalyze synthesis of
CDNs from thienoguanosine-$'-triphosphate (39), ribavirin
§'-triphosphate (40), and S-aminoimidazole-4-carboxamide-1-
p-p-ribofuranosyl-5'-triphosphate (AICAR-S’-triphosphate)
(41).

Ara-adenosine-S'-triphosphate (18), 2’-deoxy-adenosine-S'-
triphosphate (20), and 2’-amino-2-deoxy- (21) and 2'-fluoro-
2'-deoxy-adenosine-5'-triphosphates (22) were also good
mcGAS substrates; however, 2'-fluoro-2’-deoxy-ara-adeno-
sine-S'-triphosphate (19) and 2’-chloro- (24), 2’-bromo-
(25), and 2'-iodo-2'-deoxyadenosine-5'-triphosphates (26)
were not accepted. Similarly, 3'-deoxy- (28) and 3'-fluoro-3'-
deoxy-guanosine-S'-triphosphate (29) were mcGAS substrates
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Table 3. Activity of 2'OH and 3’OH Substituted 2'3'CDNs in Biochemical and Cell-Based Assays

DSF AT," (°C)

(N ‘ NH

std assay ECy (uM)” digitonin assay ECgy (M)

compd R, R, R; R, WT
CDN-1 H OH H 205
CDN-2 H E H 203
CDN-3 OH H F H 16.2
CDN-4 F H H H 174
CDN-5 H H F H 16.6
CDN-6 H H F F 107
CDN-7 F H OH F 147
CDN-8 F H OH NH, 14.4
CDN-9 NH, H OH H 9.4
CDN-10 H OH OH H 17.0
CDN-11 H OH OH F 123
CDN-12 H H OH H 158
CDN-13 H H H H 135
CDN-14 OH H H H 132
CDN-15 H H OH cl 9.5
2'3"cGAMP 153
2'2"-cGAMP 116
3'3-cGAMP 5.1
3'3'c-diAMP 25
3'3'c-diGMP 2.4

WT WT  HAQ  REF AQ Q
138 001 001 001 003 002
133 002 005 002 009 020
167 002 002 007 001 004
107 002 00 004 004 0.8
15.1 001 004 007 002 006

>300 005 010 200 017 070
11.0 002 008 007 003 008
276 002 004 017 003 0.13

107.5 002 003 140 002 024
d 004 008 040 004 0.09
186.8 0.20 0.1 6.40 0.06 0.60
31.9 0.02 0.06 0.14 0.03 0.34
754 0.06 0.03 3.30 0.03 0.04
21.6 0.01 0.03 0.40 0.03 0.12
582 007 008 470 009 096
13.7 0.02 0.02 0.07 0.04 0.05
39.2 0.03 0.02 0.21 0.03 0.17
70.1 0.12 0.12 4.30 0.26 2.06
14.9 0.3 0.2 >45 02 7.1
184.2 4.5 0.9 8.40 1.1 >45

“Results of differential scanning fluorimetry assay performed with WT STING haplotype. AT,, values are the mean of two independent double
determinations. “Results of standard assay in 293T reporter cells expressing WT STING haplotype. ECs; values are the mean of two independent
experiments measured in triplicate with standard deviations <30% of ECg, values. “Results of digitonin assay in 293T reporter cells expressing

d

different STING haplotypes. ECs;, values are the mean of two ind

P
ECj values. “Not determined.

experiments in triplicate with standard deviations <50% of

as were guanosine-5'-O-(1-thiotriphosphate) (30) and adeno-
sine-5'-O-(1-thiotriphosphate) (31) (Table 1).

Large Scale Synthesis of CDNs and Profiling of Their
Activity. Next, we initiated a larger scale synthesis of CDNs
from NTP analogues. We attempted to prepare about 2 ymol
of CDNSs, which was a sufficient amount for their downstream
biological and physicochemical characterization. Some of the
CDNs from nucleotide-5'-triphosphates listed in Tables 1 and
2 could not be prepared in sufficient purity since nucleotide-5'-
diphosphates or linear intermediates often coeluted with
CDNs. In the end, we prepared 33 CDNs enzymatically, and
in order to get more complete SAR, we also prepared four
CDNs (CDN-29 and -35—37) through chemical synthesis
(Tables 3, 4, 5, and 7; for more details on synthesis of CDN-29
and -35—37, see Supporting Information).

To profile the activity of CDNs, we employed cell based
reporter assays, These assays are based on CDN/STING
dependent expression of firefly luciferase from a reporter
plasmid with four ISRE sites placed upstream of the firefly
luciferase reporter gene minimum promoter. The luciferase
expression is induced by IRF3 transcription factor as a result of
STING signaling cascade activation.’” We have developed the

10679

reporter assays for five STING haplotypes that are present in
humans®® and run them in two assay formats. In the digitonin
assay, we performed permeabilization of cellular membranes
with a detergent (digitonin A). As a consequence, the uptake
of negatively charged CDNs into cells was not the limiting step
in STING activation. In the standard assay, the detergent was
absent, and the activity of CDNs was therefore influenced by
efficiency of their cellular uptake. Finally, our biochemical
assay (differential scanning fluorimetry, DSF) determined the
difference between melting temperature of STING protein
with and without ligand (AT,,) and was an indirect measure of
CDN binding affinity to STING protein. AT, values from the
DSF assay correlated better with log ECsy values from
digitonin (Pearson r = —0.73, P (two-tailed) < 0.0001) than
with log EC;, values from standard assay (Pearson r = —0.56, P
(two-tailed) 0.001) (SI Figure S1). ECy, values were calculated
from dose—response curves of individual CDN treated cells in
digitonin or standard assay. Representative dose—response
curves are shown in Figure S2. To compare results of
presented cell-based and biochemical assays for all prepared
CDNgs, see Tables 3, 4, 5, and 7.
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Structure and Conformation of CDNs in Water
Solution. All prepared CDNs (CDN 1-37) were charac-
terized by 'H, *'P, and "*F NMR spectra and high-resolution
MS. The NMR data are summarized in Tables Sla, S1b, 52,
$3, S4, and SS. *'P chemical shifts clearly distinguished the
presence of thiophosphate group (6 52—57 ppm in CDNs 33—
37) from phosphate group (5 +1.5 to —1.5 ppm in all other
CDNs 1-32). '“F signals in the range 5 —196 to —200 ppm
proved fluorine substituent on the furanose ring (CDNs 1-8),
while signal around § —50 showed CDNs with fluorine
substituent in position 2 of the nucleobase (CDNs 6 and 7).
Basic conformation features of CDNs can be derived from
vicinal Cnupling constants and observed homonuclear NOEs.
Furanose rings of CDNs with ribose sugar units and a 2'-
phosphate group adopted C2'-endo conformation (character-
ized by large J(1',2") = 7-9 Hz and small J(3',4) = 0-1.5
Hz), while rings with 3’-phosphate group preferred C3"-endo
conformation (manifested by very small J(1'2") = 0—1.5 Hz
and large J(3',4’) = 7—9 Hz). Orientation of the nucleobase
was found to be anti- throughout the whole series of our CDNs
as indicated by characteristics observed from NOE contacts:
between H-8 and protons H-1" and H-2" in 2'-phospate units
and between H-8 and protons H-1°, H-2', and H-3' in 3'-
phosphate units. The structure modifications of the nucleobase
had only a very small effect on the conformation of furanose
ring. For conformation analysis of phosphate and thiophos-
phate linkages of CDNs, there was not a complete set of
proper NMR parameters accessible. While torsion angles f and
& were still related to vicinal heteronuclear couplings J(P,H)
observable in '"H NMR spectra and J(P,C) obtainable from **C
NMR spectra, for torsion angles & and £, such usable couplings
were missing.

2’- and 3'-Substituted 2'3’CDNs. We were able to
prepare 15 2'3'CDNs with substitutions at 2'-position of
adenosine or 3'-position of guanosine monophosphate units
(Table 3). Compared to the parent 2'3'cGAMP, all but one
CDN (CDN-11) had less than S-fold shift in ECs, values in
the digitonin reporter assay using cells expressing WT, HAQ,
and AQ STING haplotypes (Table 3). The important
difference appeared in the case of REF STING haplotype
that is present in about 13% of humans.**** 2'3'CDNs with 2'-
amino-2'-deoxyadenosine (CDN-9), ara-adenosine (CDN-
10), and some with deoxyribonucleotides (CDN-13, -14)
were at least 10-fold less active against REF than WT STING
haplotype (Table 3). Similarly, fluoro (CDN-6, CDN-11) or
chloro (CDN-15) substitutions at C, position of adenine
resulted in decreased activity against the REF STING.

Despite log ECs, values from digitonin and AT, values from
DSF assay correlating well (Figure S1), clear outliers could be
found (e.g, CDN-1 and -2 vs 2'3'cGAMP). This is probably
due to differences in efflux or intra- or extracellular stability of
these CDNs that are captured in digitonin cell-based assay but
not in DSF assay.

We also determined activities of the prepared CDNs in the
standard assay using WT STING 293T reporter cells (Tables
3, 4, 5, and 7). Due to the dramatic effect of the cellular uptake
on the activity of CDNs, ECj, values for all prepared CDNs
were more than 100-fold higher compared to ECg, values from
the digitonin assay (Tables 3, 4, 5, and 7).

Throughout the study, we attempted to explain all
experimentally observed binding affinities of CDNs with
STING by employing crystallography and computational
modeling. For relative comparison of binding affinity of

CDNs to STING, we used AT, values from our biochemical
DSF assay. In order to highlight changes brought about by
individual modifications of a ligand, we discuss AAT,, defined
as the difference between AT, of a ligand X and a reference
ligand specified in the text below. Positive values of AAT,, (X)
indicate higher stability of protein—ligand complex than in the
case of a reference ligand.

Several modifications of the sugar ring on both nucleotides
have been examined. For the 3" nucleotide, these modifications
include substitution of the 2’-hydroxyl with 2'-fluorine (CDN-
1), hydrogen (i.e, deoxyribose, CDN-12), or amine group
(CDN-9) or changed stereochemistry of the 2’ carbon (i.e,
arabinose, CDN-10).

Of these modifications, CDN-9 forms the least stable
ligand—protein complex. The amine group of the unbound
ligand is expected to be protonated. However, it is improbable
that the binding site would favor the presence of a positively
charged substituent. Thus, binding of this ligand is expected to
incur a desolvation penalty, which in turn leads to decreased
thermal stability of the protein—ligand complex (AT, (CDN-
9) = +9.4 °C; that is, AAT, = —5.9 °C with respect to
2'3'cGAMP (see Table 3)).

According to QM/MM models, the arabinose modification
(CDN-10) leads to the 2’ hydroxyl interaction with Arg238.
This differs from 2'3'cGAMP—STING complex where this
amino acid is primarily in contact with the phosphate group.”
In the case of CDN-10, the phosphate is displaced and
interacts with Arg232 and the 2’ hydroxyl via intramolecular
hydrogen bonding. Thus, the arabinose modification is well
tolerated by WT STING, which is reflected by AAT, (CDN-
10) = +1.7 °C with respect to 2'3'cGAMP.

In the crystal structure of 2'3'cGAMP with STING, the
environment surrounding 2'-hydroxyl includes both hydro-
phobic and hydrophilic residues and a nearby water molecule
(Figure 1). The amphipathic character of this region
contributes to the ability of the protein to accommodate less
hydrophilic substitutions of 2'-hydroxyl, for example, hydrogen
(i.e., deoxyribose, AAT,(CDN-12) = +0.5 °C, or fluorine,
AAT, (CDN-1) = +5.2 °C, both with respect to 2'3'¢cGAMP).

Figure 1. Amphipathic pocket around the 2 position of 3’ nucleotide.
Environment includes both hydrophobic {Tyr163 and Pro264) and
hydrophilic residues (Thr263) and a water molecule. Hydrophobicity
visualized by BIOVIA Discovery Studio.™ Structure obtained from a
QM/MM model based on PDB 6T1X. Only the relevant residues and
the ligand are shown in stick representation.
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Table 4. Effects of Nucleobase Modifications at 3'-Nucleotide on CDN Activity in Biochemical and Cell-Based Assays

N e,
CON-26
DSE AT, (°C)  std assay ECg” (M) digitonin assay ECs," (uM)

compd R, R, X z WT WT WT  HAQ  REF AQ Q
CDN-16 NH, NH, N CH 10.0 359 0.02 0.05 110 0.04 031
CDN-17 NHCH; H N CH 9.0 63.7 0.02 0.06 0.70 0.06 120
CDN-18 OH H N CH 88 148.8 0.05 0.30 210 0.14 220
CDN-19 OH OH N CH 24 >300 1.80 170 209 2.00 328
CDN-20 SH H N CH 7.3 182.1 0.30 0.20 1.70 015 8.30
CDN-21 H NH, N CH 92 539 0.02 0.04 1.60 0.04 0.70
CDN-22 SCH, NH, N CH 35 >300 0.30 0.48 27.6 0.24 8.50
CDN-23 SCH,4 H N CH 83 13.3 0.01 0.06 230 0.06 123
CDN-24 NH, H CH CH 115 66.4 0.01 0.02 028 0.01 0.16
CDN-25 NH, H N N 39 >300 023 0.31 342 0.21 572
CDN-26 17 >300 032 0.21 >45 0.21 45.3
2'3'-cGAMP 15.3 13.7 0.02 0.02 0.07 0.04 0.05

“Results of differential scanning fluorimetry assay performed with WT STING haplotype. AT, values are the mean of two independent double
determinations. "Results of standard assay in 293T reporter cells expressing WT STING haplotype. ECy, values are the mean of two independent
experiments measured in triplicate with standard deviations <50% of ECs, values. “Results of digitonin assay in 293T reporter cells expressing
different STING haplotypes. ECy; values are the mean of two independent experiments d in triplicate with standard deviations <50% of
ECjp values.

Table 5. Effects of Nucleobase Modifications at 2'-Nucleotide on CDN Activity in Biochemical and Cell-Based Assays

H NH
=
o N N
1t
i
o
A =
o p=0 o pP=0
- b L
N. ‘ .}
NH; NH; CoN-31 CDN-32
DSE AT, (°C) std assay ECsp” (M) digitonin assay ECg," (uM)
compd R, R, X WT WT WT HAQ REE AQ Q
CDN-27 OH H NH 7.6 >300 013 0.19 5.80 018 072
CDN-28 NH, CH, NH 9.0 40.0 0.02 0.04 0.90 0.04 0.78
CDN-29 H H NH 16.1 299 0.02 0.03 0.04 0.01 0.02
CDN-30 NH, H CH 6.6 40.4 0.04 0.10 3.50 0.06 L10
CDN-31 28 240.6 o.11 025 6.00 0.05 3.00
CDN-32 0.6 >300 0.83 0.40 >45 0.42 47.20
2'3"-cGAMP 15.3 13.7 0.02 0.02 0.07 0.04 0.05

“Results of differential scanning fluorimetry assay performed with WT STING haplotype. AT,, values are the mean of two independent double
determinations. "Results of standard assay in 293T reporter cells expressing WT STING haplotype. ECs values are the mean of two independent
experiments measured in triplicate with standard deviations <30% of ECg, values. “Results of digitonin assay in 293T reporter cells expressing

different STING haplotypes. ECy, values are the mean of two independent experiments d in triplicate with standard deviations <50% of

ECyp values.

On the other hand, the environment around the 3'-hydroxyl of same modifications (i.e., hydrogen or fluorine substitution in

the 2"-nucleotide is significantly more hydrophilic. Thus, the the 3’-position of the 2"-nucleotide) are less favorable than
10681 DOI: 10.1021/acs jmedchem 9b01062
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their 2'-position counterparts, with AAT, (CDN-3) = +0.9 °C
and AAT, (CDN-14) = —1.8 °C compared to 2'3'cGAMP
(Table 3).

‘While the above explanations help to rationalize some of the
observed differences, it is remarkable that the 2'-fluorine
(CDN-1) and arabinose (CDN-10) modifications actually lead
to higher AT, with respect to the native ligand. One can
speculate that this improvement in STING binding is not due
to their specific interaction with the protein but an inherently
lower energetic cost for these ligands to adapt the STING
bound conformation.

By cumbining QM/MM models and conformational
sampling of these two ligands, we can estimate this energetic
penalty (see Experimental Section). Indeed, it turns out that
both CDN-1 and CDN-10 require 4.7 and 4.6 kcal-mol™" less
(free) energy, respectively, than 2'3'cGAMP to change the
conformation from unbound state in solvent to that found in
the protein. These estimates are qualitative but serve to
illustrate that the ligand may be optimized not only by its
interactions with the protein but also via minimizing its
conformational strain.

The 2'- and 3'-hydroxyl groups of the native ligand are more
than 7 A apart. Based on the crystal structure of CDN-1 with
WT STING, substituting 2" hydroxyl with fluorine does not
lead to any significant change in the binding mode. We
presume the same is the case for substitution with hydrogen
(CDN-12) and analogous substitutions of the 3’ hydroxyl
(CDN-3 and CDN-14). Thus, it is not surprising that
combined modifications result in additive changes of AAT, .
Indeed, measurement of AAT,, for disubstituted ligands CDN-
2, CDN-4, CDN-5, and CDN-13 give values that can also be
estimated by simply summing up the AAT, values of
monosubstituted ligands. The error of such estimate is within
1.1 °C, which is within the 3 times standard deviation of DSF
measurement. Further examples of such additivity or lack
thereof will be discussed below and may be used as an
argument for cooperative effects of substitutions in different
parts of a ligand.

2'3’CDNs with Substituted Nucleobases. 2'3'CDNs
with guanosine subunit combined with 2-aminoadenosine
(CDN-16), N'-methyladenosine (CDN-17), inosine (CDN-
18), 2-aminopurineriboside (CDN-21), or 7-deazaadenosine
(CDN-24) (Table 4) and 2'3’CDNs with adenosine subunit
combined with N'-methylguanosine (CDN-28), inosine
(CDN-29), 7-deazaguanosine (CDN-30), and thienoguano-
sine (CDN-31) (Table 5) retained comparable activities in
WT, HAQ and AQ STING digitonin reporter assays as
2'3'¢cGAMP. Compared to 2'3'cGAMP, 2'3'CDN with
xanthosine-MP (CDN-19), 6-thio-IMP (CDN-20), 6-methyl-
thio-GMP  (22), 8-aza-AMP (CDN-25), and AICAR-MP
(CDN-26 and -32) had substantially diminished activity
against all STING haplotypes (Tables 4 and 5). Moreover,
with the exception of CDN-29, all prepared 2'3'CDNs had
significantly impaired activity toward REF STING haplotype in
digitonin assays (Tables 4 and 5). Similar to 2'- and 3'-
substituted 2'3'CDNs, CDN-16—32 were at least 2 orders of
magnitude less potent in standard than in digitonin assay
(Tables 4 and 5).

CDNss are anchored to STING protein through Arg238 and
Tyr167 which stack via 7—z and cation—7 interactions from
both sides of the nucleobases (Figure 2). The functional
groups at Cg position on CDNs are without direct contacts
with the protein. Instead, their interactions with STING are

Figure 2. Interactions of purine bases. Purine bases of a CDN stack
with Tyr167 and Arg238 residues. Detail from the structure of CDN-1
with human WT STING (PDB 6527). The #—x interaction is shown
in dashed-pink line, and cation—x interaction is shown in dashed-
orange line.

mediated through a network of water molecules to backbone
groups of residues 238 to 241, which are located in the lid
region (Figure 3) of STING protein. This water network might
be crucial for understanding the effect of base modification on
the activity of CDNs.

Information about the positions of water molecules is
difficult to interpret due to symmetry considerations. A 2/,3'-
cyclic dinucleotide allows for two equivalent binding modes to
a symmetric STING homodimer. Even if the water molecules
are resolved in a crystal structure, the averaging of their

Figure 3. Proposed local water network near position 6 of
2'3'cGAMP. Water-mediated hydrogen bond network between the
purine bases of 2'3’cGAMP and the lid region backbene groups of
residues 238 (green), 239 (yellow), 240 (purple), and 241 (pink)
located in f#3/f4 strands of human WT STING's lid domain. Four
water molecules together with position 6 substituents of purine bases

form an asymmetrical chain of hydrogen donors and acceptors.
Structure was obtained from a QM/MM model based on PDB 6T1X.
Only the relevant residues and the ligand are shown in stick
representation.
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positions poses a challenge for a fundamentally asymmetric
ligand interpretation. In the following, we rely on the ability of
QM/MM calculations to provide detailed structural informa-
tion concerning water positions. Moreover, most of the ligands
presented herein contain modification of the adenine base
(with respect to the native 2'3'cGAMP ligand), and hence, the
discussion of water environment is focused on this region.

Figure 3 shows the proposed network of water molecules.
This configuration not only provides an ideal number of
interactions for all water molecules in the network but also
accommodates the asymmetry of the ligand, that is, hydrogen
bond acceptor at position 6 of guanine and hydrogen bond
donor at position 6 of adenine. This configuration agrees well
with water molecules resolved in a crystal structure of STING
in complex with CDN-24. There is one less water molecule in
the QM/MM model in the vicinity of position 2 of the 3’
nucleotide due to a different orientation of the Ile235 side
chain in the crystal structure and in the QM/MM model.

‘We speculate that this ideal setup is sensitive to modification
of nearby functional groups. Changing a substituent at the
position 6 of adenine to an electron acceptor, such as oxygen
(CDN-18) or sulfur (CDN-20), leads to AAT,, &~ —7 °C with
respect to 2'3'cGAMP. Bulkier substituents like 6-methyl-
amino (CDN-17) and 6-methylthio (CDN-23) are also
disruptive, probably due to the decreasing number of water
molecules around these ligands. Regardless of the nature of the
methylated substituent, this disruption also leads to AAT,, =~
—7 °C. On the other hand, substitution of the NH, group with
hydrogen is accommodated without incurring a penalty to
AT, (compare CDN-16 and CDN-21).

Shifting the focus to substitutions on position 2, it seems
that any substituent other than the native hydrogen incurs a
penalty of a AAT,, &~ —5 °C relative to an unsubstituted CDN,
as evidenced by a number of cases, including amine
substitutions (compare AT, values of CDN-16 and
2/3'cGAMP; CDN-22 and CDN-23; CDN-1 and CDN-8),
oxygen (compare AT, values of CDN-18 and CDN-19),
fluorine (compare AT, values of CDN-10 and CDN-11,
CDN-1 and CDN-7, CDN-5 and CDN-6), and chlorine
(CDN-15 and CDN-12).

Note the approximate penalties mentioned in the previous
paragraphs, that is, AAT, ~ —7 °C for an electron acceptor or
methylated substituent in position 6 and AAT,, = =5 °C for
any substituent at position 2 of the 3’ nucleotide. These two
very simple rules are sufficient to estimate measured AT, of all
14 ligands with substituted purine base of 3’ nucleotide in our
set for which AT, span from +2.4 to +14.9 °C to within 1.3
°C (with mean absolute deviation of 0.7 °C), which is well
within the experimental error. The above QSAR analysis is
summed up in Table 6.

Thiophosphate 2'3'CDNs. We were able to prepare
enzymatically two thiophosphate 2'3’CDNs. Monothiophos-
phate 2'3’CDN {CDN-33) is about 3—7-fold less active
against all STING haplotypes than 2'3’cGAMP. On the other
hand, bis-thiophosphate CDN {CDN-34) retains similar
activity toward all STING haplotypes as the parent
2'3'cGAMP (Table 7). Since the enzymatic cyclization
afforded only one diastereomer out of four possible, we
prepared bis-thiophosphate versions of 2'3'cGAMP through
chemical synthesis, which is detailed in Supplementary
Methods. As shown in Table 7, none of the prepared
compounds had activity profile similar to the enzymatically
prepared CDN-34. Moreover, 'H NMR data of CDN-34

Table 6. QSAR of Ligand Modifications

native DSF
position. substituent modified substituent AAT, (°C)
6 (3'nucleotide) NH, hydrogen-bond acceptor -7
6 (3'nucleotide) NH, methylated -7
2 (3'nucleotide) H any -5
2’ (3'mucleotide) OH F +S
2’ (3'nucleotide) OH H +0.8
3’ (2'nucleotide) OH F +1
3" (2'nucleotide) OH H -2

“AAT,, defined as the difference between AT, of a ligand X and
reference ligand.

differed from those for the chemically prepared diastereomers
CDN-35, -36, and -37, indicating that CDN-34 is the
diastereomer that was not obtained during chemical synthesis
of CDN-35, -36, and -37.

QM/MM modeling of CDN-34 and its diastereoisomers
(CDN-35, CDN-36, and CDN-37) reveals very few differ-
ences. The native ligand (phosphate) and R configuration of
the thiophosphate exhibit identical binding modes. In case of
S-configuration of the thiophosphate {i.e, P=S bond pointing
in direction of Arg238), the interaction is shared with both
Arg232 and Arg238. Hence, we speculate that (S,S)
configuration is the one that would be most affected in REF
variant of the protein {i.e., R232H allelic form). However, this
difference alone is not sufficient to explain all the observed
differences in activities.

The Structures of WT STING with CDN-1 and -24. By
employing our optimized protm:ol,s‘S we were able to obtain
crystal structures of human WT STING in complex with
CDN-1 and -24 with final resolutions of 3 A (I/6 =2) and 2.2
A (I/o = 2), respectively. The crystal of STING in complex
with CDN-1 belonged to the tetragonal P4,2,2 and that in
complex with CDN-24 to the orthorhombic P2,2,2 space
group (Tables $6 and S7). The alignment of the structure of
the WT' STING in complex with CDN-1 or CDN-24 with
structure of STING in complex with 2'3'cGAMP (PDB entry
4KSY) revealed slight differences in protein conformation {the
RMSD over Ca 0.57 and 0.78, respectively), and the protein
structures can be therefore considered virtually identical
(Figure 4B and SB). The binding mode and conformation of
the CDN-1 and CDN-24 correspond well to the binding mode
and conformation of 2'3'-cGAMP (Figure 4C and 5C).

The water network chain in the vicinity of position 6 of
purine bases coincides with those used in QM/MM
calculation, which a posteriori confirms the validity of our
previous structural considerations on water networks. How-
ever, compared to the QM/MM model, both X-ray structures
show an extra water molecule near position 1 due to different
orientation of the Ie235 side chain. Also, both crystal
structures lack one water molecule near position 3, which is
present in the QM/MM model (Figure 1).

Effect of 2'3’CDNs on Cytokine Induction and
Monocytes. Activation of cGAS—STING pathway results in
the induction of interferons and TNF secretion.’” Consis-
tently, PBMCs treated with CDN's prepared within this study
induced high levels of IFNa, IFNy, and TNFa secretion into
cultivation medium (Table 8, Table S8). Since CDNs were
reported to induce monocytic cytotoxicity in a A2a Gas
protein-coupled receptor dependent manner,”” we tested the
effect of CDNs 1—-37 on viability of monocytes in PBMCs
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Table 7. Activity of Thiophosphate 2'3’CDNs in Biochemical and Cell-Based Assays

R [
i
N NH;
™9
*)
i 0 P=0
e %
| "
N W
NH;
DSF AT," (°C) std assay ECg,” (uM) digitonin assay ECs,” (M)
compd R, R, WT WT WT HAQ. REF AQ Q
CDN-33 OH SH 13.8 d 0.06 0.11 06 012 0.14
CDN-34 SH SH 146 70.7 0.03 0.02 001 0.03 0.03
CDN-35 SH SH 136 7.0 0.09 0.13 07 0.14 0.19
CDN-36 SH SH 15.1 120.6 0.02 0.02 02 0.03 0.07
CDN-37 SH SH 148 1.0 0.03 0.03 0.15 0.03 0.08
2'3-cGAMP 153 137 0.02 0.02 0.07 0.04 0.05

“Results of differential scanning fluorimetry assay performed with WT STING haplotype. AT, values are the mean of two independent double
determinations. "Results of standard assay in 293T reporter cells expressing WT STING haplotype. ECg; values are the mean of two independent
experiments measured in triplicate with standard deviations <50% of ECg, values. “Results of digitonin assay in 293T reporter cells expressing

different STING haplotypes. ECs, values are the mean of two indep
ECy, values. “Not determined.

experiments d in triplicate with standard deviations <50% of

A

Figure 4. Structure of human WT STING in complex with CDN-1 (6527) and its comparison to the structure of STING in complex with its
natural ligand 2'3'¢cGAMP (4KSY). (A) Structure of human WT STING in complex with CDN-1 (6527). The F, — F. map is contoured at I/6 = 3.
(B) Alignment of 6527 and 4KSY (the RMSD over Ca = 0.5690). (C) Comparison of 2'3'cGAMP and CDN-1 bound to STING. Coloring:
nitrogen, blue; oxygen, red; fluorine, bright green; phosphate, orange; carbon, yellow (CDN-1) or dark green (2'3'cGAMP).

using a single concentration of 12.5 wM. Similar to the
published data, the majority of the prepared compounds
caused profound monocytic cytotoxicity without affecting the
CD3" T cell population (Table 8, Table $8).

B DISCUSSION AND CONCLUSIONS

In this study, we show that 2'3’CDNs can easily be prepared
from NTP analogues by employing vertebrate cyclic

10684

dinucleotide synthase cGAS. We profiled substrate specificity
of human, mouse, and chicken c¢GAS, and we developed a
general protocol for enzymatic synthesis of CDNs. With few
exceptions (e.g, O°methyl-guanosine-triphosphate (16),
which was an exclusive substrate of human cGAS), the
mouse enzyme turned out to be the most promiscuous and was
used for preparation of 34 CDNs. Principally, it should be
possible to prepare more CDNs from our small library of
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Figure 5. Structure of human WT STING in complex with CDN-24 (6526) and its comparison to the structure of STING in complex with its
natural ligand 2'3'cGAMP (4KSY). (A) Structure of human WT STING in complex with CDN-24 (6526). The F, — F_map is contoured at I/5 =
3. (B) Alignment of 6526 and 4KSY (the RMSD over Ca = 0.7833). (C) Comparison of 2'3'cGAMP and CDN-24 bound to STING. Coloring:
nitrogen, blue; oxygen, red; phosphate, orange; carbon, light blue (CDN-24) or dark green (2'3'cGAMP).

NTPs. The majority of CDNs in this study contained either
AMP as the 3’ nucleotide or GMP as 2’ nucleotide, and more
CDNs where both nucleotides are analogues, such as CDN-2,
-4, and -§, can be envisioned.

During our efforts to identify novel STING agonists,” we
were guided rather by the digitonin than the standard assay. As
mentioned above, activity of CDNs is influenced by the
efficiency of their uptake into cells in the latter assay.
Consequently, ECy, values for the same CDN are at least
100-fold higher in the standard than in the digitonin assay
(Tables 3, 4, 5, and 7). The uptake issue can be ultimately
solved by synthesis of lipophilic prodrugs of CDNs as
presented in recent patent literature.””

An ideal CDN for clinical use should have similar activity
toward all STING haplotypes, thus eliminating the need for
genotyping of patients. CDNs with adenine 3’ nucleotide and
guanine 2" nucleotide containing 2'-F or 3'-F substitutions or
both (CDN-1, -2, and -3), 2'-F and 3'-deoxy groups (CDN-4)
or 2’-deoxy and 3'-F substitutions (CDN-§) showed good
activity across all STING haplotypes. In contrast to the general
notion, not all 2'3'CDNs are good REF STING ago-
nists.”>**** CDNs with ara-adenosine or 2'-amino-2'-deoxy-
adenosine as 3’ nucleotide and some of CDNs with 2'-
deoxyribonucleotides had diminished potency against REF
STING. Substitutions of nucleobases almost always resulted in
impaired activation of REF STING haplotype with the only
exception being CDN-29 where 2’ nucleotide guanosine was
replaced for inosine.

All prepared CDNs stimulated human PBMCs to secret
IFNa, IFNy, and TNFg, consistently with their ability to
activate cGAS—STING pathway. In agreement with previously
published data,”” CDNs decreased viability of monocytes in
PBMC cultures without affecting T-lymphocytes (Table 8, §8).

However, we cannot exclude that some other factors such as
PBMC purification, cell density, or cultivation conditions could
exacerbate the negative effect of CDNs on monocytes.
Monocytic cytotoxicity seemed to be somewhat proportional
to the levels of induced cytokines (Table 8, $8). Unfortunately,
no CDN inducing hig]‘n levels of cytokines and low monocytic
cytotoxicity was identified (Table 8, $8).

‘We used DSF measurements to rationalize interactions of
CDN ligands with human WT STING. Crystal structures and
docking calculations highlight large binding mode similarities
of examined ligands. This suggests that the effects of
modifications on AT,, values will be dictated primarily by
local environment. This notion is further supported by the
additivity of AAT, values of ligands with multiple
modifications. As a result, the inferred structure—activity
relationships show good agreement with measured AT, values
in all cases.

A crucial element for understanding these relationships is
the network of water molecules, which was obtained by
combining information from X-ray crystallography and
computational modeling. Furthermore, estimates of differences
in conformational strain of various ligands highlight that
changes to the ligand affect not only its interactions with the
protein but the ease of adopting the necessary conformation as
well.

In summary, an enzymatic synthesis of 2'3’CDNs turned out
to be an efficient way of generating SAR for CDNs and STING
and can be employed beyond ribonucleotides as exemplified in
a recently published patent.*

B EXPERIMENTAL SECTION

Materials. Adenosine-5'-O-(
sine-5'-triphosphate, 2-amino-
amino-2'-deoxy-ad ine-5'-triph

iphosphate), 2-aminoadeno-
phosp s

oropurine-5'-triphosphate, 2'-

h 2-ami ine-riboside-

P
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Table 8. Effect of CDNs on Monocyte Viability and
Cytokine Induction in PBMC Assay

cytokines”
compd monocyte viability® (%) INFy TNFa IFN @

CDN-1 17 13 06 09
CDN-2 0.4 S.1 43 0.5
CDN-3 0.7 4 08 0.6
CDN-4 0.7 6.2 44 0.3
CDN-§ 0.s $6 42 03
CDN-6 0.2 0.1 23 0

CDN-7 0.4 4.6 32 04
CDN-8 2.5 3.1 0.7 08
CDN-9 3.0 2.7 37 04
CDN-10 52 3.2 26 1

CDN-11 3.0 32 34 24
CDN-12 23 33 4.1 0.3
CDN-13 16 L6 0.6 13
CDN-14 33 N 19 0.6
CDN-1§ 0.1 0.8 43 0.1
CDN-16 Ls 3.6 43 07
CDN-17 0.8 33 4.1 0.5
CDN-18 17 0.5 02 08
CDN-19 45 0 0 0

CDN-20 10 18 0.7 0.7
CDN-21 0.6 2.4 4.1 0.5
CDN-22 4.8 L1 32 0

CDN-23 0.4 17 42 02
CDN-24 0.7 12 33 03
CDN-2§ 23 2.9 38 0.1
CDN-26 83 0 0 0

CDN-27 83 3 06 07
CDN-28 2.0 3.3 0.5 0.7
CDN-29 Lo 12 04 19
CDN-30 0.9 5.9 35 03
CDN-31 0.9 4 16 24
CDN-32 87 0 0 0

CDN-33 9.4 22 16 12
CDN-34 2.1 2.4 13 2

CDN-3$ 18 1 02 0.6
CDN-36 03 3.9 04 12
CDN-37 0.8 0.2 0.s 0.1
272’ cGAMP 2.8 18 02 0.6
3'3'cGAMP 17 1 03 14
3'3'c-diGMP 32 0 0 0

2'3'cGAMP L1 1 1 1

“Viability of monocytes in PBMC culture treated with 12.5 uM CDN
for 16 h. Viability of monocytes in untreated control equals 100%.
Values are the mean of three independent determinations from one
PBMC donor. “Fold of 2'3'cGAMP induced cytokines. Levels of INF
a, INF ¥, and TNF « secreted by PBMCs treated with 12.5 4M CDN
for 16 h relative to levels secreted by PBMCs treated with 12.5 4M
2'3'cGAMP. Values are the mean of three independent determi-
nations from the same PBMC donor as in monocyte cytotoxicity
assay. Amount of cytokines induced by 2'3'cGAMP treatment:
interferon ¥, 5570 pg/mL; TNFa, 5552 pg/mL; interferon @, 648 pg/
mL.

§'-triphosphate, ara-adenosine-$'-triphosphate, 8-azaadenosine-S'-tri-
phosphate, 8-azidoadenosine-$'-triphosphate, 7-deazaadenosine-5'-
triphospt 7-deazag -5'-triphosphate, 2'-deoxyadenosine-
§'-triphosphate, 2'-fluoro-2'-deoxyadenosine-$'-triphosphate, guano-
sine-5'-O-(1-thiotriphosphate), isoguanosine-3'-triphosphate, N°-
methyladenosine-5'-triphosphate, 3'-O-methyladenosine-5'-triphos-

phate, N'-methyl-adenosine-$'-triphosph 0%-methyl ine-5'-
triphosphate, 8-oxoadenosine-5'-triphosphate, 8-oxoguanosine-$'-tri-
phosphate, thienoguanosine-5'-triphosphate, and xanthosine-5'-tri-
phosphate were purchased from TriLink Biotechnologies {San Diego,
CA, USA). AICAR triphosphate, 2'-bromo-2'-deoxyadenosine-S'-
triphosphate, 2'-chloro-2'-deoxyadenosine-5'-triphosphate, 3'-deoxy-
guanosine-5'-triphosphate, 2-fluoro-ara-adenosine-5'-triphosphate, 2'-
iodo-2'-deoxyadenosine-5'-triphosphate, 6-mercaptopurineriboside-
S'-triphosphate, 6-methylthioguanosine-5'-triphosphate, 6-methyl-
thioinosine-$'-triphosphate, and 6-thioguanosine-5'-triphosphate
were from Jena Bioscience (Jena, Germany). 2-Fluoro-ara-adeno-
sine-5'-triphosphate, 2'-deoxy-2-chloroadenosine-$' -triphosphate, 2'-
deoxy-2,2"-difluoroadenosine 5'-triphosphate, and 2'-deoxy-2-fluoroa-
denosine-5'-triphosphate were obtained from Metkinen Chemistry
(Kuopio, Finland). Inosine-$'-triphosphate and 7-methylguanosine-
§'-triphosphate were from Sigma-Aldrich (Prague, Czech Republic).
The other NTPs were prepared from commercially available
nucleosides following a standard protocol.*" SeQuant ZIC-pHILIC
column was from Merck Millipore (Prague, Czech Republic). Luna
column (§ pm C18 250 mm X 10 mm) was purchased from
Phenomenex { Torrance, CA, USA). Zombie NIR Fixable Viability Kit
and BD Cytofix Fixation Buffer were supplied by BioLegend (San
Diego, CA, USA). ProcartaPlex Assays and SYPRO Orange originated
from Thermo Fisher Scientific (Waltham, MA, USA).

Generation of 293T reporter cell lines stably expressing WT, HAQ,
REF, AQ, and Q STING haplotypes and purification of human,
chicken, and mouse cGAS protein and human WT STING protein are
detailed in Supporting Information.

Enzymatic Synthesis of CDNs. Nucleoside triphosphates (final
concentration 1 mM) were incubated in 20 mM Tris-HCl buffer, pH
8.0, containing 20 mM MgCl,, 5 #M mouse, chicken, or human
cGAS, and 0.1 mg/mL herring testes DNA at 37 °C overnight in a
shaker. The reaction mixtures were then spun at 25000g for 20 min,
and supernatants were passed through Pierce Protein Concentrators
PES, 3000 MWCO, 0.5 mL (Thermo Fisher Scientific, Prague, Czech
Republic). In small scale reactions, the samples were directly analyzed
by methods mentioned below. Reaction conversions were determined
by HPLC using UV detection at 260 nm. Conversions are defined as
follows: a ratio of AUC of a CDN over the sum of AUCs of the CDN,
NTPs, and NDPs.

In the case of large scale CDN synthesis, triethylammonium
bicarbonate buffer (pH 8.5) was added to the flow-through fractions
to 0.1 M final concentration, and CDNs were purified on
semipreparative C18 column (Luna § ym C18 250 mm X 10 mm)
using 50 min gradient at flow rate 3 mL/min of 0—10% acetonitrile in
0.1 M TEAB buffer (pH 8.5). TEAB was removed from the collected
fractions by 3 cycles of evaporation/dissolution in $0% methanol, and
triethylammonium ion was exchanged for Na* jon by slowly passing
aqueous solution of the TEA" salt through a DOWEX 50 (Na* cycle)
column and freeze-drying appropriate eluted fractions. The
identification of CDNs was performed on ACQUITY UPLC H-
Class PLUS chromatographic system with MS SQ Detector 2
(Waters, Milford, USA) using iHILIC-Fusion column SS 50 mm X
2.1 mm, 1.8 gm (HILICON AB, Sweden), and 20 mM ammonium
acetate buffer, pH 6.8, with a linear gradient of acetonitrile (85% to
509% in 4 min; flow rate 0.32 mL/min). Positive ESI method was used
for ionization. Alternatively, CDNs were identified on Waters UPLC
H-Class Core chromatographic system with MS QDa Detector
(Waters, Milford, MA, USA) using Acquity UPLC BEH C18 column
50 mm X 2.1 mm, 1.7 gm (Waters, Milford, MA, USA), and 0.1%
formic acid in water with linear gradient of acetonitrile {0 to 100% in
7 min, flow rate 0.5 mL/min). Negative ESI method was used for
ionization. Identification of CDNs was also performed on Waters
UPLC chromatographic system with Q-TOF MS detector (Waters,
Milford, MA, USA) using SeQuant ZIC-pHILIC column § mm,
polymeric, 50 mm X 2.1 mm {Merck, Darmstadt, Germany), and 10
mM ammonium acetate buffer, pH 6.8, with linear gradient of
acetonitrile (10% to 60% in 7 min, flow rate 0.3 mL/min). Negative
ESI method was used for ionization. Purity of all final compounds was
>95% as determined by methods mentioned above. Large scale

DOI: 10.1021/acs jmedchem.9b01062
J. Med. Chem. 2019, 62, 1067610690

145



Journal of Medicinal Chemistry

synthesis conversion rates of NTPs to CDNs and the enzymes used
for reaction can be found in SI in Table SS.

NMR Spectroscopy and High Resolution Mass Spectrome-
try Analysis. Proton NMR spectra (1D, 2D-H,H-COSY, and 2D-
H,H-ROESY) were measured on a Bruker 600 AVANCE III HD
instrument ("H at 600 MHz) equipped with 5 mm cryoprobe in D,0
at 25 °C. Chemical shifts were referenced to dioxane (added as
internal standard) and recalculated to &-scale using Sy(dioxane) =
3.75 ppm. The *'P and '”F NMR spectra were measured in D,0 at 2§
°C on a Bruker 500 AVANCE III HD instrument (*'P at 202.4 MHz
and "F at 470.4 MHz frequency) in § mm cryoprobe and referenced
to HyPO, (*'P) and CFCl; ("°F) as external standards.

High resolution mass spectrometry analysis of prepared CDNs was
performed on LTQ Orbitrap XL ETD Hybrid Ion Trap-Orbitrap
Mass Spectrometer (Thermo Fisher Scientific). Negative ESI method
was used for jonization.

Digitonin Assay with 293T Reporter Cells. The 293T reporter
cells stably expressing different STING protein haplotypes (WT,
HAQ, REF, AQ, or Q) were seeded at density of 250 000 cells per
cm?® onto 96 well white poly(p-lysine) coated plates in 100 gL of
DMEM with high glucose supplemented with 10% heat inactivated
FBS. The medium was removed the next day, and 3-fold serial
dilutions of compounds in digitonin buffer containing $0 mM HEPES
(pH 7.0), 100 mM KCI, 3 mM MgCL, 0.1 mM DTT, 85 mM sucrose,
0.2% (w/w) BSA, 1 mM ATP, 0.1 mM GTP, and 10 yg/mL digitonin
A were added to the cells. After 30 min incubation at 37 °C with 5%
CO,, the digitonin buffer was removed, cells were washed once with
100 4L of cultivation medium, and 100 yL of fresh medium was
added to each well. The plates with cells were further incubated for 5
h at 37 °C with 5% CO,. Thereafter 50 yL of the medium was
removed, and 30 L of Bright-Glo Luciferase Assay System reagent
was added to each well. Luminescence was measured on Spark
(TECAN, Grddig, Austria), and GraphPad Prism (La Jolla, USA) was
used to calculate the 50% effective concentration (ECy,) from an 8-
point dose—response curve. Representative dose—response curves are
shown in Figure S2. Nonlinear regression curve fit with standard slope
was used for ECy, value calculations. The ECy, value represents CDN
concentration that gives half-maximal response of firefly luciferase in
the 293T reporter assay. Maximum fold of firefly luciferase induction
in 293T reporter assay did not differ among tested CDNs by more
than 30% compared to the natural STING ligand 2'3'¢cGAMP.

Standard Assay Using 293T Reporter Cells. The 293T
reporter cells stably expressing WT STING protein haplotype were
seeded at density of 250 000 cells per cm?® onto 96 well white poly(p-
lysine) coated plates in 100 L of DMEM with high glucose
supplemented with 10% heat inactivated FBS. The next day, medium
was removed, and 30 uL of serially diluted compounds in the
cultivation medium were added to wells. After 7 h of incubation at 37
°C with 5% CO,, 20 yL of incubation medium and 30 gL of Bright-
Glo Luciferase Assay System reagent were added to wells.
Luminescence measurement and ECg, calculations were performed
as described above.

Differential Scanning Fluorimetry with WT STING. WT
STING protein was diluted to the final concentration 0.1 mg/mL in
100 mM Tris-HCI buffer, pH 7.4, containing 150 mM NaCl, 1:500
(v/v) SYPRO Orange, and 150 M CDN or water. Solutions (20 zL)
of the reaction mixtures were pipetted in triplicate into 96 well optical
plates, and thermal denaturation of samples was performed on real
time PCR cycler (LightCycler 480 Instrument II, Roche, Basel,
Switzerland). The first derivative of the thermal denaturation curves
was performed to calculate melting temperatures (7,,) of STING—
CDN complexes and STING protein alone. The thermal shift (AT,,)
for each CDN was calculated by subtracting the average denaturing
temperature of STING without CDN from the average denaturing
temperature of STING—CDN complex.

Peripheral Blood Mononuclear Cell Assay. Buffy coats from
healthy individuals were obtained from the Institute of Hematology
and Blood Transfusion (Prague, Czech Republic). Informed written
consent was obtained from each individual enrolled. PBMCs were
isolated from fresh buffy coats using Ficoll density gradient

centrifugation (Ficoll Paque Plus, GE Healthcare) in SepMate tubes
(SepMate PBMC Isolation Tubes, Stemcell Technologies). Freshly
isolated PBMCs were washed with PBS containing 2 mM EDTA, and
500000 cells were seeded into a well in RPMI 1640 medium
supplemented with 10% (v/v) fetal bovine serum in U-shaped 96 well
plates (5 X 10° cells/mL). CDNs were added to the final
concentration of 12.5 M, and after a 16 h incubation time at
37°C in 5% CO, atmosphere, culture medium was collected for
cytokine analyses. The levels of secreted INFa, INFy, and TNFa were
determined with ProcartaPlex Assays using MAGPIX System (Merck
KGaA, Darmstadt, Germany) according to manufacturer’s instruction.
Culture medium served as a negative control, and values are
represented as a fold of 2'3'cGAMP induced cytokine values. Cells
were then harvested, and flow cytometry was performed for
phenotype determination. PBMCs were prestained with live/dead
marker Zombie-NIR at 1:100 dilution for 20 min at room
temperature. Specific staining was carried out with the following
mouse anti-human monoclonal antibodies: CD3-APC (1:100
dilution, OKT3 clone, Tonbo Biosciences) and CD14-PE (1:50
dilution, clone 61D3, Tonbo Biosciences). Cells were incubated with
the antibody mixture or appropriate isotype controls for 30 min at 4
°C in PBS supplemented with 0.5% BSA. Then they were fixed with
BD Cytofix Fixation Buffer and kept at 4 °C until assayed. Data were
acquired on a BD LSR Fortessa cytometer (BD Biosciences) using
FACS Diva software (version 7, BD Biosciences). Debris were
excluded by forward and side scatter gating followed by doublet and
dead cell exclusion. Population of interest was gated on specific CD3
negative CD14 positive monocytes or CD3 positive T-lymphocytes in
live population. Data were analyzed using FlowJo software (version
10, FlowJo LLc, Ashland, OR, USA).

Crystallization and Crystallographic Analysis. Sitting drop
vapor diffusion protocol was used for setting up drops of the mixture
of I mM WT STING and 0.5 mM CDN-1 or CDN-24 supplemented
with 10 mM EDTA. The crystals grew in drops consisting of 1:1
mixture of protein/ligand complexes and well solution consisting of
0.2 M CaCl,, and 20% (w/v) PEG 3350 in the case of CDN-1 or 1.6
M NaH,P0,/0.4 M K,HPO,, and 0.1 M phosphate-citrate buffer, pH
4.2, for CDN-24. Crystals were cryoprotected in the mother liquor
supplemented with 20% (v/v) glycerol and flash frozen in liquid
nitrogen. A single frozen crystal was used for X-ray data set collection
using the home-source or BESSY ID 14-2.% Processing of the data
sets (integration and scaling) was done by XDS.® The structures
were solved using the program Phaser* of the CCP4 package and
molecular replacement strategy (MR) with structure of STING (pdb
code 4KSY) as a search model. Ligands were placed in their electron
densities by Coot.*® The structures were refined using Phenix (XYZ
coordinates and real-space refinement),** and figures were generated
using PyMol software.”’ The structures were deposited in the Protein
Data Bank, (www.pdb.org) under accession codes 6527 and 6S26.

Conformational Sampling. The ligands were sampled using
PRIME algorithm*® (employing “thorough” setting) as implemented
in Schrodinger 2019-1 suite.*” Obtained structures were subjected to
optimization using the Becke-Perdew 86 (BP86) exchange—
correlation functional,”® > Ahlrichs’ def-TZVP basis set,”® the
empirical dispersion correction with zero-damping™ (denoted as
D3), and conductor-like screening model (COSMO) for implicit
solvation, with &, = 80 corresponding to dielectric constant of water.
The single-point energies were calculated using the BP86-D3 and the
def2-TZVPD basis set. Both structure optimizations and single-point
energies were obtained with TurboMole 7.2 program suite.*®
Solvation (free) energies were calculated using COSMO-RS
method*™* (conductor-like screening model for realistic solvation)
as implemented in COSMOthermX17,°® employing
“BP_TZVPD_FINE_C30_1701.ctd” parametrization file and FINE
cavities ($cosmo_isorad keyword) with &, = oo (ideal conductor).
The conformational (strain) energy was obtained as difference
between the total energy (ie, sum of single-point and solvation
energies) of the bound structure (obtained from QM/MM) and the
lowest total free energy of all conformers obtained from conforma-
tional sampling.
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QM/MM Methods. Protein Setup. For QM/MM modeling, we
employed the X-ray structure of the STING protein complexes with
cyclic [FdA(3',5")pFdA(3',5")p] deposited in the Protein Data Bank
(www.pdb.org) under accession code 6T1X, applying appropriate
symmetry operation from raw X-ray data. An initial model was built
within the YASARA modeling package.*” H atoms were added to the
protein to mimic neutral pH, and their positions were optimized. The
glycerol and water molecules were removed from the model The
parameter set used for the protein was AMBER £f03.° The ligand was
optimized in a vacuum and partial charges on its atoms were obtained
by a restrained fit to the electrostatic potential (RESP) at the
AMIBCC level*

The YASARA refined model was further equilibrated within the
water solvation shell of R = 41 A and subjected to simulated annealing
and minimization according to standard protocols mentioned in detail
in the Supporting Information. The quantum system consisted of
approximately 600 atoms (~70 atoms of the ligands, 18 water
molecules, and 486 atoms of the STING protein, which included all
interacting residues in the vicinity of the ligand; the 3-D structures of
the QM systems in QM/MM calculations for studied ligands are
deposited in the Supporting Information in PDB format).

In the QM/MM calculations, the standard hydrogen-link atom
approach was used; the quantum system was treated at the BP86-D3/
DZVP-DFT level, while the MM system was described by the same
force field as used in the YASARA (Amber ff03). The QM/MM
calculations were done employing ComQum software.”* Further
details are mentioned in the Supporting Information.
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1. SUPPLEMENTAL MATERIALS

pUNOI1-hSTING-WT, pUNO1- hSTING-HAQ, 3'3'-¢c-di-GMP, 2'3'-cGAMP, 3'3'-cGAMP, 3'3'-
c-di-AMP, 2'2'-cGAMP, and blasticidin were purchased from InvivoGen (San Diego, USA).
Lipofectamine 2000, OptiMEM medium, SYPRO Orange and hygromycin were purchased from
ThermoFisher (Waltham, USA). STING antibody (cat. #. MAB7169) and Mouse IgG
HRP-conjugated Antibody (cat. #. HAF007) were supplied by R&D Systems (Minneapolis, USA).
DMEM with high glucose, FBS, poly-D-lysine, Digitonin A, sucrose, DTT, HEPES, BSA, ATP,
GTP and other common chemicals were purchased from Sigma Aldrich (Prague, Czech Republic).
293T cells were obtained from ATCC (Manassas, USA). Phusion® High-Fidelity DNA
Polymerase, Q5® Site-Directed Mutagenesis Kit, HindIII, BglIl, Ndel, Notl and BamHI were
delivered by NEB (Ipswich, USA). Luciferase Assay System reagent was purchased from
Promega (Madison, USA). Rosetta-gami B (DE3) competent cells, Amicon® Ultra-15 10 K, were
from Merck Millipore (Billerica, USA). Ni-NTA resin (cat. # 745400.25 Macherey-Nagel, Diiren,

Germany).
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2. SUPPLEMENTAL METHODS

Cloning of pUNO1- hSTING-AQ, pUNO1- hSTING-Q and pUNO1- hSTING-REF plasmids

pUNOI-hSTING-Q and pUNOI1-hSTING-REF were prepared by site-directed mutagenesis of
pUNOI-hSTING-WT with NEB Q5® Site-Directed Mutagenesis Kit and primers
STING R293Q_F (AGACACTTGAGGACATCCTG) and STING_R293Q R
(GGCAGAAGAGTTTGGCCTGC) and STING R232H F (ATGCTGGCATCAAGGATCGG)
and STING R232H R (GGTCACCGGTCTGCTGGGGC). Allelic version AQ was prepared by
restriction of plasmids pUNO1-hSTING-WT and pUNO1-hSTING-HAQ with enzymes BglII and
EcoRI (NEB). The smaller fragment from pUNO1-hSTING-HAQ, carrying only the STING AQ
mutations, was ligated into pUNO1-hSTING-WT plasmid backbone. This subcloning resulted in

plasmid pUNOI1-hSTING-AQ. All the constructs were sequenced for verification.

Cloning of pGL.64.27-4xISRE plasmid

Two complementary oligonucleotides of the sequence
AAAGATCTTGGAAAGTGAAACCTTGGAAAACGAAACTGGACAAAGGGAAACTGCA

GAAACTGAAACAAAGCTTAA and
TTAAGCTTTGTTTCAGTTTCTGCAGTTTCCCTTTGTCCAGTTTCGTTTTCCAAGGTTTC
ACTTTCCAAGATCTTT containing four interferon-sensitive response clements (ISRE) were
synthesized by Sigma Aldrich (Prague, Czech Republic). The oligonucleotides were mixed in
equal molar amounts, hybridized, and cleaved by restriction endonucleases HindIIl and BglIL
Ultimately, they were ligated into plasmid pGL4.27 (Promega, Madison, USA) linearized with the
same enzymes. As result the sequence with four ISRE sites was placed upstream of the minimum

promoter of firefly luciferase reporter gene.
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Development of 293T reporter cells

2 onto

293T cells were seeded a day before transfection at density 125,000 cells per cm
poly-D-lysine coated six well plates in antibiotic free DMEM medium with high glucose
supplemented with 10% heat inactivated FBS. On the day of transfection, 2.5 pg of the plasmid
pUNOI-hSTING-WT, pUNOI1- hSTING-HAQ, pUNO1- hSTING-AQ, pUNO1-hSTING-Q or
pUNOI1-hSTING-REF encoding human WT, HAQ (R71H, G230A and R293Q), AQ (G230A and
R293Q), Q (R293Q) or REF STING (R232H)! were diluted in 125 ul. OptiMEM medium and
mixed with 125 pL of the same medium containing 12.5 pL of Lipofectamine 2000. After 5 min
incubation at room temperature (RT), 250 pL of the mixture was added dropwise to the cells in
one well. Cells were incubated 36 hours at 37 °C with 5% CO2, and then detached with 0.05%
Trypsin and 0.22 g/ EDTA. Transfected cells were seeded onto poly-D-lysine coated six well
plates at density 50,000 cells per 1 cm? in DMEM medium with high glucose containing 10% heat
inactivated FBS, 30ug/mL blasticidin, 0.06 mg/ml Penicillin G and 0.lmg/ml Streptomycin
Sulfate. The medium was replenished every 3 — 4 days until visible colonies of cells resistant to
blasticidin were formed. Blasticidin resistant cells stably expressing different variants of STING
protein were further transfected with pGL64.27-4xISRE plasmid following the same procedure as
described above. The transfected cells were selected for the resistance to 300 ug/mL hygromyecin
in DMEM with high glucose containing 10% heat inactivated FBS, 30pug/mL blasticidin, 0.06
mg/ml Penicillin G and 0.1 mg/ml Streptomycin Sulfate. Homogeneous culture of stably double
transfected cells was prepared by limiting dilution of cells in 96 well plates and wells with cells
were selected that originated from a single cell. These cells were expanded, and expression of wt
STING was confirmed by western blot using monoclonal mouse anti STING antibodies (cat. #.

MAB7169, 1:1000 dilution; 2° antibody cat. #. HAF007, 1:2000 dilution, both from R&D Systems,
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Minneapolis, USA), and by induction of firefly luciferase expression in the presence of 50 uM
STING agonist 2°3” cGAMP. Genomic DNA from the transfected cells was amplified with primers
pUNO1 Seq F (TGCTTGCTCAACTCTACGTC) and pUNO1 Seq R
(GTGGTTTGTCCAAACTCATC) that were complementary to pUNOI1 plasmids and the
presence of correct STING gene variant in the transfected cells was confirmed by DNA
sequencing.

Cloning, expression and purification of wz STING protein

Human wt STING ¢cDNA was amplified by the use of PCR by employing Phusion® High-Fidelity DNA
Polymerase and oligonucleotides hSTING140-BamH-For
(GTGGGATCCGCCCCAGCTGAGATCTCTGCAG) and hSTING379-Not-Rev3
(TATGCGGCCGCCTATTACACAGTAACCTCTTCCTTTTC) from pUNOI1-hSTING-WT. Purified
PCR products were cleaved with restriction enzymes BamHI and NotI and cloned into the pSUMO vector
linearized with the identical enzymes. Plasmid pSUMO was created by introducing 8-His-SUMO sequence
between Ndel and BamHI sites of pHis-parallel2 plasmid. pSUMO- wt STING thus encoded truncated
human wt STING (amino acid residues 140-343) with N-terminal 8xHis and SUMO tag. The recombinant
wt STING protein was overexpressed in Rosetta-gami B (DE3) competent cells. Bacterial pellets were re-
suspended in ice-cold lysis buffer containing 50 mM Tris-Cl pH 8.0, 300 mM NaCl, 3 mM f-
mercaptoethanol, 10% (v/v) glycerol, and 20 mM imidazole using Dounce homogenizer. DNase I and
RNase A were added (final concentration 50 pug/ml) together with MgClz (final concentration 5 mM) to the
homogenate and bacteria were lysed using French Press G-M™ High-Pressure Cell Press Homogenizer
(1500 psi, 3 cycles). Lysates were spun 30,000 g for 20 min and supernatant was gently stirred with Ni-
NTA resin for 30 min. The resin was poured into a chromatography column, washed with 50 ml buffer A
(50 mM Tris-Cl (pH 8.0), 800 mM NaCl, 3 mM B-mercaptoethanol; 10% glycerol; 20 mM imidazole) and
8-His-SUMO tagged STING proteins were eluted with 15 ml buffer A containing 300 mM imidazole. The

eluted protein was cleaved with recombinant SUMO protease (80 pug/ml of protein solution). STING protein
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was further purified by size exclusion chromatography using Hiload 16/60 Superdex 75 (GE Healthcare
Bio-Sciences, Pittsburgh, USA) in 50 mM Tris-Cl buffer pH 7.4 containing 150 mM NaCl, and 10%
glycerol. For crystallography experiment, the protein was also passed though ionex chromatography on
HiTrap™ Q HP (GE Healthcare, Bio-Sciences, Pittsburgh, USA ) column (Buffer A: 50 mM NaCl, 50 mM
Tris-HC1 pH 7.4; buffer B: 1 M NaCl, 50 mM Tris-HCI pH 7.4). Protein was concentrated with Amicon®

Ultra-15 10 K device and flash frozen in liquid Na.

Cloning of cGAS Enzymes
Exons encoding chicken cGAS were amplified using Q5 polymerase from chicken (Gallus gallus)

genomic DNA using oligonucleotides:

pET22b gcGAS Rec F (TTTAAGAAGGAGATATACATATGGAGGAGACCGCGGCGGG),

gcGAS_EIR (CTTGACGTGCTCGTAGTAGC), gcGAS_E2F
(GCTACTACGAGCACGTCAAGATATCTGAACCAAATGAGTT), gcGAS_E2R
(TTTTAATGTGTTTTAGTTCT), gcGAS_E3F
(AGAACTAAAACACATTAAAAATGTGGAAGTAACTGTGAAA), gcGAS_E3R
(CTCTTGGGAGCTTTTCTTTT), gcGAS_EA4F
(AAAAGAAAAGCTCCCAAGAGGAAACACCTGGCGACTCTCT), gcGAS_E4R
(CTGCAACACTTCACTCCATC), gcGAS_ESF

(GATGGAGTGAAGTGTTGCAGGAAAGATTGTCTCAAACTTC) and gcGAS_6His Rec R2
(TGGTGCTCGAGTGCGGCCGCCACCTGGTGAAATACTGGGA). All the PCR products
were pooled together, mixed with NdeI[+HindIlI restricted plasmid pET-22b(+) and recombined
using Gibson Assembly® Master Mix (New England Biolabs) according to the manufacturer’s
instructions. Positive clones were sequenced and compared to the database. This resulted in

plasmid pET-22b(+) gcGAS.
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Exons encoding human ¢cGAS were amplified using Q5 polymerase from genomic DNA of HepG2

cells using oligonucleotides pET22b heGAS Rec F
(TTTAAGAAGGAGATATACATATGCAGCCTTGGCACGGAAA), heGAS EIR
(CTTCACGTGCTCATAGTAGC), heGAS_E2F
(GCTACTATGAGCACGTGAAGATTTCTGCACCTAATGAATT), heGAS_E2R
(CTTTAATGTCGTTAATTTCT), heGAS_E3F
(AGAAATTAACGACATTAAAGATACAGATGTCATCATGAAG), heGAS _E3R
(CTTGGAAACCATTTCCTTCC), heGAS_E4F
(GGAAGGAAATGGTTTCCAAGAAGAAACATGGCG,GCTATCC), heGAS_E4R
(CTGCAACATTTCTCTTCTTT), heGAS_ESF

(AAAGAAGAGAAATGTTGCAGGAAAGATTGTTTAAAACTAA) and heGAS_6His Rec R
(TGGTGCTCGAGTGCGGCCGCAAATTCATCAAAAACTGGAA). All the PCR products
were pooled together, mixed with NdeI+HindIII restricted plasmid pET-22b(+) and recombined
using Gibson Assembly® Master Mix (New England Biolabs) according to the manufacturer’s
instructions. Positive clones were sequenced and compared to the database. This resulted in

plasmid pET-22b(+) hcGAS.

Two version of mouse ¢cGAS ¢DNAs were prepared. Truncated version of E. coli codon optimized
mouse ¢GAS, lacking N-terminus and encoding AA 147-507, was chemically synthesized by
GenSYS company and cloned into pET-22b(+) between Ndel and Xhol sites (resulting in plasmid
pET-22b(+) mcGAS-S). For full-length mouse ¢GAS, an additional N-terminus has been
amplified from BALB/c mouse gut gDNA using Q5 polymerase and oligonucleotides mcGAS N-
term F (TTTAAGAAGGAGATATACATATGGAAGATCCGCGTAGAAG) and meGAS _N-

term R (ACCTTCTTCAGTTTATCCGGTTCCTTCCTGGACCCTCGCG). PCR product was
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mixed with Ndel restricted plasmid pET-22b(+) mcGAS-S and recombined using Gibson
Assembly® Master Mix (New England Biolabs) according to the manufacturer’s instructions.

Positive clones were sequenced. This resulted in plasmid pET-22b(+) meGAS-L.

Expression and Purification of cGAS Enzymes

The protein (chicken, human or murine full-length and truncated ¢cGAS) was overexpressed in E.
coli BL21 (DE3) (ThermoFisher, Waltham, USA). Bacterial pellet was re-suspended in ice-cold
lysis buffer containing 20 mM Phosphate Na buffer (pH 7.4), 500 mM NaCl, 10% glycerol, and
20 mM imidazole using Dounce homogenizer. DNase I and RNase A were added (final
concentration 50 pg/ml) together with MgCl2 (final concentration SmM) to the homogenate and
bacteria were lysed using MSE Soniprep 150 (3 mm Tip Solid Titanium Exponential Probe, 2 min,
50% power, amplitude 12 microns). The lysate was spun at 30,000 x g for 20 min and supernatant
was loaded onto 5 mL HisTrap column (GE Healthcare BioSciences, Pittsburgh, USA). The resin
was washed with 50 m1 lysis buffer and protein was eluted with 15 m1 20 mM Phosphate-Na buffer
(pH 7.4) buffer containing 500 mM NaCl; 10% glycerol, and 300 mM imidazole. The protein was
further purified by size exclusion chromatography using Hil.oad 16/60 Superdex 75 in buffer
containing 150 mM NaCl; 50 mM Tris (pH 7.4), and 10% glycerol. The protein buffer was
exchanged for 50% glycerol, 50 mM Tris (pH 7.6), 100 mM NaCl, 1 mM DTT, 1 mM EDTA with
Amicon® Ultra-15 10 K Device (Merck Millipore Ltd.), and proteins were flash frozen in liquid

N2 and stored at -80°C for further use.
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Synthesis of CDN-29

NHBz
NN
DMTI0 = O N N NHBz
~ N
— N
O OTBDMS ¢ J
0 /LNP’o’j HO 0NN
i N A N
N 1. TBDMSGI, py p) NH W L o
NH o
DMTrO ¢ f: 2. PHORPOH  HO <N \N B ——— > oreoms
0NN 3, DCA, DCM k(_\/, bt 077:0 M J‘H
3.DCA, DCM _
A . O. N
HO  OH TBDMSO 0 I —— o N
N 9B s - H
81 ENH “H TEOMSO  0—P-OH
s2
ss O
NHBz NH,
N N
Y qu
0NN o O NN
" Yy
BFM;)%F‘. By \\_\ c‘, oTBDMS O ;ﬁESTNEIk EtOH ? oH °
2, Ry . HE-
E | e ST e
_
O O NN 0. N~
TBOMSG W 2
HOP——————b Ho-p——° &
84 o CDN-29

(2R,3R,4R,5R)-4-((tert-butyldimethylsily Joxy)-5-(hydroxymethyl)-2-(6-0x0-1,6-dihydro-9H-purin-9-

yDtetrahydrofuran-3-yl phosphonate, TEA™ salt ($2):

5°-DMTr inosine S1 (Carbosynth Ltd., 2 g, 3.5 mmol) was azeotroped with pyridine (2x 10 mL), dissolved
in pyridine (40 mL) and then imidazole (479 mg, 7 mmol) followed by TBDMSCI (530 mg, 3.5 mmol)
were added. After stirring the reaction mixture at ambient temperature for 12 hours it was diluted with
AcOEt (200 mL), washed with saturated aqueous solution of NaHCO 3 and water. Organic phase was dried
over sodium sulfate and evaporated to afford a 1:1 mixture of 2” and 3’ silylated products. Small amounts
(< 5%) of starting material as well as double silylated compounds were also observed. Isomers were not

isolated due to migration of the silyl group.

Crude mixture of silylated intermediates (3 g) was azeotroped with pyridine (2 x 15 mL), dissolved in dry
pyridine (10 mL) and diphenyl phosphite (85%, 3 mL) was added in one portion. After stirring at ambient

temperature for 20 min, TEA (4 mL) was added followed by water (4 mL) and the reaction was stirred for
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further 20 min. Resulting solution was diluted with dichloromethane (200 mL) and washed with saturated
aqueous solution of NaHCOs3 (75 mL). Water phase was extracted with dichloromethane (2 x 150 mL).
Combined organic phases were dried over sodium sulfate and evaporated. Residue was adsorbed on silica
and applied on a FCC column (DCM/1% EtaN-MeOH 5 to 30%), where good separation of isomers was

achieved and the desired product eluted as the second eluting isomer (1.5 g, 95% purity).

To a solution of this intermediate in dichloromethane (10 mL) was added water (360 pL, 20 mmol) followed
by a solution of DCA (1.5 mL, 18 mmol) in dichloromethane (4 mL). Reaction mixture was stirred at
ambient temperature for 30 min, after which it was quenched with triethylsilane (3.6 mL). Reaction mixture
was then stirred for 1 hour and then pyridine (4 ml) was added and all volatiles were evaporated. Purification

onreverse phase FCC (ACN in water, 0-30%) afforded 82 (600 mg, 31% over 3 steps).

' NMR (401 MHz DMSO-ds) & 8.33 (s, 1H), 8.02 (s, 1H), 6.49 (d, J = 591.1 Hz, 1H), 5.96 (d, J = 6.6
Hz, 1H), 5.24 (bs, 1H), 5.05 (ddd, J = 11.0, 6.6, 4.7 Hz, 1H), 442 (dd, J = 4.7, 2.6 Hz, 1H), 3.94 (td, J =
4.1, 2.5 Hz, 1H), 3.63 (dd, J = 11.9, 4.5 Hz, 1H), 3.52 (dd, J = 11.9, 3.9 Hz, 1H), 0.90 (s, 9F), 0.13 and

0.13 (s, 3H).

BCNMR (101 MHz, DMSO) § 156.82, 148.62, 146.18, 139.19, 124.53, 86.80, 86.08 (d, J = 5.0 Hz), 74.83

(d,J=4.2Hz), 72.32(d, J = 2.5 Hz), 61.28, 45.40, 26.06, 18.21, 8.57, -4.17, -4.81.

3P NMR (162 MHz DMSO) § 2.08.

(1R,6R,8R,9R,108,15R,17R,18R)-8-(6-amino-9H-purin-9-y1)-3,9,12,18-tetrahydroxy-17-(6-0x0-6,9-
dihydro-1H-purin-9-y1)-2,4,7,11,13,16-hexaoxa-31%12A5-diphosphatricyclo[13.2.1.0¢,"°]octadecane-3,12-

dione (CDN-29)

A mixture of 82 (55 mg, 0.1 mmol) and pyridinium trifluoroacetate (py-TFA, 29 mg, 0.15 mmol) was
codistilled with dry MeCN (3 x 3 mL), suspended in dry MeCN (2 mL) and stirred overnight in a sealed

vessel over activated molecular sieves. In a separate flask, N-benzoyl-5-O-[bis(4-
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methoxyphenyl)phenylmethyl]-2'-O-[(1,1-dimethylethy)dimethylsilyl]-adenosine (124 mg, 0.125 mmol,
Sigma-Aldrich) was codistilled with dry MeCN (3x 3 mL), dissolved in dry MeCN (1 mL) and stirred
overnight in a sealed vessel over activated molecular sieves. A solution of phosphoramidite was transferred
via syringe to the flask with the suspension of $2 with py-TFA and the resulting solution was stirred for 1
hour at ambient temperature. tert-Butyl hydroperoxide (tBHP, 5.5M solution in decane, 55 pL, 0.3 mmol)
was added and the reaction mixture was stirred for further 30 min. Reaction mixture was quenched with
NaHSOs (39% soln. in water, 54 pL, 0.27 mmol), filtered and evaporated. To a solution of the crude
tritylated linear dimer in DCM (3 mL) was added water (18 uL, 1 mmol) and a solution of DCA (74 uL,
0.9 mmol) in DCM (3 mL) dropwise. After stirring the reaction mixture for 30 min, triethylsilane (1.5 mL)
was added and thereaction mixture was stirred for further 90 min, after which it was quenched with pyridine
(1.5 mL). Volatiles were evaporated and crude 3 was co-distilled with dry pyridine (3x 3 mL) and used in

the next reaction without further purification.

To a solution of crude S3 in pyridine (2 mL) was added DMOCP (65 mg, 0.35 mmol) and reaction mixture
was stirred at ambient temperature for 1 hour. Water (59 pL, 0.35 mmol) was added followed by iodine (34
mg, 0.13 mmol) and reaction mixture was stirred for 10 min, after which it was cooled down to 0 °C and
quenched by the addition of NaH SO3(39% soln. in water, 49 uL, 0.25 mmol). Purification on reverse phase

FCC (MeCN in 50 mM aqueous NH4sHCO3 0-70%) afforded S4.

A solution of S4 in CH3NH: (33% in ethanol, 1 mL) was stirred at ambient temperature for 3 hours.
Volatiles were evaporated and the residue was co-distilled with pyridine (3x 2 mL), dissolved in pyridine-
TEA (1:1, vv, ] mL) and HF-TEA (160 pL, 1 mmol) was added dropwise. Reaction mixture was stirred at
50 °C for 1 hour, quenched with 1M ammonium acetate (2 mL) and purified on preparative HPLC (ACN
in 0.1M TEAB, 0-30%). Appropriate fractions were pooled, evaporated, co-distilled with water (3x 5 mL)
and methanol (3x 5 mL), dissolved in water (10 mL) and slowly passed through a 2 mL column of Dowex
50 (Na+ cycle). Freeze-drying the eluent afforded the sodium salt CDN-29. NMR and HRMS data can be

found in Table S3 and Table S5.
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Synthesis of CDN-35, -36, -37
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CDN-35, -36, -37, 38

(2R,3R,4R,5R)-4-((tert-butyldimethylsily oxy)-5-(hydroxymethyl)-2-(2-isobutyramido-6-oxo-1,6-

dihydro-9H-purin-9-yl)tetrahydrofuran-3-yl phosphonate TEA™ salt ($6):

Protected guanosine S5 (ChemGenes, 2 g, 2.6 mmol) was azeotroped with pyridine (2x 10 mL), dissolved
in dry pyridine (10 mL) and diphenyl phosphite (85%, 1.8 mL) was added in one portion. After stirring at
ambient temperature for 20 min, TEA (3 mL) was added followed by water (3 mL) and the reaction was
stirred for further 20 min. Resulting solution was diluted with dichloromethane (150 mL) and washed with
saturated aqueous solution of NaHCO3 (60 mL). Water phase was extracted with dichloromethane (2 x 150

mL). Combined organic phases were dried over sodium sulfate and evaporated.

To a solution of this intermediate in dichloromethane (10 mL) was added water (468 uL, 26 mmol) followed
by a solution of DCA (2 mL, 24 mmol) in dichloromethane (10 mL). Reaction mixture was stirred at
ambient temperature for 30 min, after which it was quenched with triethylsilane (3.6 mL). Reaction mixture
was then stirred for 1 hour and then pyridine (4 ml) was added and all volatiles were evaporated. Purification

on reverse phase FCC (ACN in water, 0-30%) afforded S6 (1.2 g, 71% over 2 steps).

S13

162



'H NMR (501 MHz, DMSO-ds) 8 12.10 (s, 1H), 11.78 (s, 1H), 10.69 (bs, 1H), 8.29 (s, 1H), 6.55 (d, J=
595.7 Hz, 1H), 5.88 (d, J = 7.4 Hz, 1H), 5.30 (s, 1H), 5.12-5.02 (m, 1H), 4.36 (dd, J= 4.8 Hz, J= 1.6 Hz,
1H), 3.97-3.88 (m, 1H), 3.55 (ddt, 1H), 2.91 (q, J= 7.3 Hz, 6H), 2.76 (hept, J= 6.9 Hz, 1H), 1.11 (dd, J =
7.3 Hz), 1.07 (t, J= 7.3 Hz, 9H), 0.89 (s, 9H), 0.13 and 0.13 (s, 3H).

3¢ NMR (101 MHz, DMSO) 8§ 180.37, 155.00, 149.39, 148.41, 138.06, 120.16, 87.26, 84.72 (d, J = 5.1
Hz), 74.61 (d, J = 4.1 Hz), 72.63, 61.25, 45.36, 34.92, 26.00, 19.08, 18.18, 8.50, -4.26, -4.88.

3P NMR (202.4 MHz, DMSO-ds) 82.17 (s).

(1R,6R,8R,9R,108,15R,17R,18R)-17-(2-amino-6-0x0-6,9-dihydro-1 H-purin-9-y1)-8-(6-amino-9H-purin-
9-y1)-9,18-dihydroxy-3,12-disulfanyl-2,4,7,11,13,16-hexaoxa-3A% 1245

diphosphatricyclo[13.2.1.05,°]octadecane-3,12-dione (CDN-35, -36, -37)

A mixture of $6 (55 mg, 0.1 mmol) and pyridinium trifluoroacetate (29 mg, 0.15 mmol) was codistilled
with dry MeCN (3x 3 mL), suspended in dry MeCN (1 mL) and stirred overnight in a sealed vessel over
activated molecular sieves. In a separate flask, N-benzoyl-5'-O-[bis(4-methoxyphenyl)phenylmethyl]-2'-O-
[(1,1-dimethylethyl)dimethylsilyl]-adenosine (123 mg, 0.125 mmol, CAS # 136834-22-5, purchased from
Sigma-Aldrich) was codistilled with dry MeCN (3x 3 mL), dissolved in dry MeCN (1 mL) and stirred
overnight in a sealed vessel over activated molecular sieves. A solution of the commercial phosphoramidite
was transferred via syringe to the flask with the suspension of S6 with py-TFA and the resulting solution
was stirred for 1 hour at ambient temperature. 3-((N,N-dimethylaminomethylidene)amino)-3H-1,2,4-
dithiazole-5-thione (23 mg, 0.11 mmol) was added and the reaction mixture was stirred for further 30 min.
Volatiles were evaporated, residue was dissolved in DCM (3 mL) and water (18 mL, 1 mmol) was added
followed by a solution of DCA (74 mL, 0.9 mmol) in DCM (3 mL). After stirring the reaction mixture for
30 min, triethylsilane (1.5 mL) was added and the reaction mixture was stirred for further 90 min, after
which it was quenched by the addition of pyridine (1.5 mL). Volatiles were evaporated and crude S7 was

codistilled with dry pyridine (3x 3 mL) and used in the next reaction without further purification.
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To a solution of crude $7 in pyridine (2 mL) was added DMOCP (65 mg, 0.35 mmol) and reaction mixture
was stirred at ambient temperature for 1 hour. Water (18 mL, 1 mmol) was added followed by 3H-1,2-
benzodithiol-3-one (25 mg, 0.15 mmol) and reaction mixture was stirred for 10 min. Volatiles were
evaporated and product was isolated on reverse phase FCC (MeCN in 50 mM aqueous NH4HCO3 0-70%)

to afford S8 as a mixture of diastereomers.

A solution of S8 (23 mg) in CH3NH2 (33% in ethanol, 1 mL) was stirred at ambient temperature for 3 hours.
Volatiles were evaporated and the residue was codistilled with pyridine (3x 2 mL), dissolved in pyridine-
TEA (1:1, vv, ] mL) and HF-TEA (160 pL, 1 mmol) was added dropwise. Reaction mixture was stirred at
50 °C for 1 hour, quenched with 1M ammonium acetate (2 mL) and purified on preparative HPLC (C18,
ACN in 0.1M TEAB, 0-30%). Appropriate fractions were pooled, evaporated, codistilled with water (3x 5
mL) and methanol (3x 5 mL) to afford diastereoisomers CDN-35, -36 and -37 in approx. 2:3:3:1 ratio, in
order of their elution from HPLC, as triethylammonium salts. NMR and HRMS data can be found in Table

S4 and Table S5.

Molecular docking.

We used the DOCK6 algorithm to perform computational docking for selected set of 17 CDN
ligands to the wt-STING target protein (4KSY.pdb code). To establish the accuracy of the DOCK
algorithm for this system, the native ligand in 4KSY .pdb X -ray structure was re-docked to crystal
structures with RMSD = 1.1 A for docked ligand conformation/native conformation. The
DOCK 6.6 calculations? were set up within CHIMERA graphical interface? according to protocol
recommended in official documents of DOCK (including protonation states, molecular surface
generation, charge calculation at AM1-BCC level). Rigid ligand docking with optimization and
flexible ligand “anchor and grow” was tested with grid scoring of 50 conformers in cach run. The

ten best scored poses for each complex were further rescored using the amber score.
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Details of QM/MM Calculations.

In our QM/MM approach, the protein and solvent are split into three subsystems: The QM region
(system 1) contains most of the atoms relevant for the chemical process under consideration (i.e.,
the active site and its nearest vicinity) and is relaxed by QM/MM forces. System 2 consists of all
residues within 2.5 A of any atom in system 1 and is relaxed by full MM minimization in each
step of the QM/MM geometry optimization. Finally, system 3 contains the remaining part of the
protein and surrounding solvent molecules and is kept fixed at the original (crystallographic)
coordinates. When there is a bond spanning the boundary of systems 1 and 2 (a junction), the
quantum region is reduced to hydrogen atoms (the hydrogen link approach). The total energy is

calculated as

Erot = EQMm + EMM,123 — EMM,1

EqM is the QM energy of the quantum system truncated by hydrogen atoms in the field of the
surrounding point charges, but excluding the self-energy of the point charges. Emm,1 is the MM
energy of the quantum system, still truncated by hydrogen atoms but without any electrostatic
interactions. Finally, Evm123 is the MM energy of all atoms in the system with original atoms at
the junctions and with the charges of the quantum system set to zero (to avoid double counting of
the electrostatic interactions). The actual charges used for all atoms can be found in the sample
PDB file in the Supporting Information (last column).

In the quantum chemical calculations, the QM system is represented by a wave function, whereas
all of the other atoms are represented by an array of partial point charges, one per atom, taken from

Amber libraries (see SI for the actual charges used). Thereby, the polarization of the quantum
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chemical system by the surroundings is included in a self-consistent manner. In the MM
calculations for the QM/MM forces and energies, all atoms are represented by the Amber force
field. When there is a bond spanning the boundary of systems 1 and 2 (a junction), the quantum
region is reduced to hydrogen atoms, the positions of which are linearly related to the
corresponding carbon atoms in the full system (the hydrogen link approach). In order to avoid
over- polarization of the quantum system, point charges on the atoms in the MM region bound to
the junction atoms are omitted, and the remaining charges on the truncated amino acid are adjusted

to keep the fragment neutral.
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3. SUPPLEMENTAL DATA

Table S1a. The 'H and *P NMR data of 2°,3°-CDNs 1 —3 and 7 — 11 in D20 *

Structure Res. H-1 H-2’ H-3’ H4’ H-5’a H-5'b Base ap ©F
G 5.98d se0d 4.27ddd 4.25ddd | H-8:7.86s B
1,283 32243 50,4226 5b,4=28
54=0 50,55 =120 | sb5a=12.0
Sap=45 Shp =63
118
A 647d 5.16 dddd 4.45ddd 4155ddd | H-2 8265 0.40 -199.06
12=0 32237 5a,4=25 sh4=13 | H8824s
1F=151 sa5b=121 | Sha=121
5a,p=1.0 shp =37
G 6.04d 5,73 dddd 470 43 m 417dd | HG 7865 -196.28
1286 21=86 overlap 5b4=25
25=3.4 b,5a =118
2p=7.2 shp =27
2F=267 ShE=16 057
A 6.46d 5.55dd Sildddd | 457dm 4.52ddd 421ddd | H-z8.285 161 ~199.80
12=0 21=0 52235 | 43=95 | 504=23 sh4=12 | H8825s
1£=137 25=35 Sa,5b=122 | 5b50 =122
2F=515 50,1 5b,p=3.0
G 6.03d 5,73 dddd 4.70dd 4.31ddd 413ddd | H-8:7.06s
1,2=68 43=0 50,4=3.5 5h4=15
45a=35 | Sa5b=117 | 5h5 =117
45b=15 | 5aP=39 shp =24
ShE=23 042
163
A 6185 5.04ddd 45i5m a20m Hz:8.285 B
12=0 52=41 H-8:8.295
34=9.3
3p=71
G 5.96d 4.585d 440 4.26ddd 423ddd | H-B:7.06s B
12=8.4 32243 43=0 50,4=28 5h4=23
54=0 45a=25 | Sa,5b=11.8 | 5b5 =11.8
45b=23 | sapP=57 shp =37
4p =31 034
ZFA 63754 5.52ddd S13dddd | 4.55dm 3.476dd 34ddd | HB:8.21s 113 7F:-49.22
12=0 21=0 52=54 | 43=96 50,4=2.3 Sh4=11 2F:-199.52
1F=140 235=3.4 34296 sa,5b=121 | Sha=121
sap<1 shp=3.4
G 5.96d 432m 428m H-6:7.88s
12=8.4
113
DAP 629d 551dd 5 14dddd 4.45bdd 413ddd | H-B:7.965 0.40 199,15
12=0 21=0 32=35 5a.4=2.3 b4 =12
1F=145 23=35 34=9.5 sasb=117 | sbsa=117
5a.P~1.0 5b,P =35
o G 5.96d 426 dd 4165ddd | H-8791s B
Mg N 12285 50,4=2.8 5b4=18
< INJ\M 50,5=11.8 | 5hse =118
—GHg 5a,p=51 shp =24
s 0.18
OH © A 6.11d 4.16dd 5.11ddd 2.43dt 2,13 ddd H-2:8.285 -1.00 -
°=Z:'°‘""w 12=16 32=5.2 50,4=3.0 sh4=15 | H8836s
1. 34=8.2 50,55 =120 | b5 =120
" CDN-9 3P =7.0 5a,p=3.2 Sbp =35
G 604d 3.97d 4.305ddd | 4.20 ddd 5b, 50 | H-8: 8.035 B
1,2=85 32=44 5a,5b=12.2 =122
54= s0,4=2.2 sb4=21
5a,p=7.8 shp =37
072
A 6.50d 478 4974t 4275 dt 415ddd | H-28.245 0.00 B
12=50 overlap 32261 sa5b=11.3 | shsa=113 | H&B.37s
34=48 50,4=6.0 5b,4=3.0
3p=50 | 45b=30 | 5aP=60 5bp=5.0
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G 6.03d 4.56d 4.3 4.30ddd 40ddd | H-8:8.02s
12285 52=4.4 43=0 50,4=22 5ha=22
52=0 450=22 | Sa5b=121 | 5b5a=121
I 2p=9.0 45b=22 | sap=7.7 5hp =39
1 \i 4P =25 -0.10
e | 2FA 6.37d 4.78 4,96 dt 4.37tdd 4.27dt H-8:8.295 079 -49..79
1,2=51 overlap 32250 43 =54 50,4=54
5a=54 | 452 50,56 =11.3
o=p sp=62 | 4sb 50,P=58
o1

168

4,
* Coupling constants are written in italics in a shortened form (e.g. instead J(1,2¢) = 8.6 Hz we type simply 1,2 =8.6).
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Table S1b. The 'H and *'P NMR data of 3¢~ or 2‘-deoxy- 2°,3°-CDNs 4 — 6 and 12 — 15 in D20.*

Structure Res. H-1’ H-2’a H-2'b H-3a’ H-3b’ H4’ H-5’a  H-5b Base | %P | “F
G se3d 556 dg 262dt 249ddd | 460m 43%m at6m 87845
12=6.4 21=6.4 35,2265
3,30 =13.0
3b,4=3.4
-0.32
114
A 6.47d 5.105dddd | 4.S6dm | 4.49dd 4.22ddd | H-z:8.285 -199.33
12=0 43=95 | 50,4=23 sh4=11 |HB:832s
1F=144 235=35 50,56 =122 Sb5a=122
2F=51.0 sap<1 shp=3.4
G 605d 563 dddd 270 H8:7.91s -196.33
12=86 21=86 overlap
235=34
2p=77
2F=268 010
A 299 ddd 4.31m 430m am H-8:8.285 | -1.10
Zb1=22
2b,20 =135
22390 | 2,5=64
G 6.05d 5.69 dddd 471 4.30 ddd 4i8dd | H-B:791s -196.28
12=86 21=86 overlap | 5a,4=32
235=34
2p=7.8
2F=268 010
1oal |
2F-A 2775ddd | 296ddd 517dg 4.30m H-8:8.205 -49.68
201=66 | 25,1=22 320269
20,20 =135 | 2,22 =135 52b=6.4
203=69 | 2,5=64 5b,p=36
G 5.98d 559td 4.02ddd | 4.235ddd 421ddd | H-B:7.935
12=84 21=84 50,4=28 5b4=
235=4.2 50,55 =118 | 5b,5
2p=8.2 50, =5.3 5b,P
028
-0.59
Iy 6465dd | 281ddd | 3.00ddd 519dg 4.295ddd 4105ddd  |Hzi8.255
201266 | 2,1=27 0 sh4=15 |H8:8305
20,20 =136 | 2,22 =136 5b,50=11.5
203266 | 2,363 5b,p=4.0
G 5875d 546 dg 248 ddd ailddd | H-8:7905
12=58 21=58 3,2=6.2 5h,4=4.2
sb3a=13.1 5b,5a
35,4240 5b,P
029
A 6475dd | 2.83ddd 514dg 433m 418ddd  |Hz:8.255 075
120 201267 520 =61 H-8:8.34 5
12 20,20 =13.8 520 =64
203=61 | 2,3=64 34=6.0 50,p=3.9 sb,p=4.4
3, 0
G s.80d 5s8dd | 259ddd | 25iddd 410ddd | He:7.04s
12=68 21=68 35,2266
23 =97 3b,30=127
23 =66 | 3a4=85 | 3b4=29 5P =65
2p =59 -0.07
-L.08
A 6.19= 484d sodddd | 4.50m 4.48m 4.215m H2:8.285
12=0 21=0 H-8:8.36 5
25=41
G 5.985d 5595td 4.02ddd | 4.24ddd 421ddd | HB:7.945
12=84 21=84 43=0 | saa=27 5b,4=2.2
235=4.2 450=27 |5a,5 =11.8 | 5h5a=11.8
2p=8.4 45b=22| 50,p=53 Sb,p=3.5
4pP=33 029
-0.65
20-A | 639dd | 280ddd | z96ddd 4.31m 4.29m am H8:8.265
120=66 | 21=66 | 251=27
12b =27 | 2026 =137 | 25,20 =137
20,3 = Zb3=6.4

* Coupling constants are written in italics in a shortened form (e.g. instead J(1,2¢) = 8.6 Hz we type simply 1,2 =8.6).
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Table $2. The 'H and *'P NMR data of 2¢,3*-CDNs 16 - 26 in D20.*

Structure Residue H-1’ H-2’ H-3’ H-4’ H-5’a H-5'b Base ap
G 595d 5.65 ddd 4.60d .41 ddd 4.25 ddd a18ddd | H8:787s
1,2=85 21=85 52=42 435=0 5a,5b =11.7 | 5b,5a =11.7
23=42 34 450 =30 50,4=30 | Sba
2p=76 45b =19 sap=52 | Sbe
4p=36 0.21
DAP 6015 4.74d 5.055 dold 4.00m 4.04m 413m H8:799s | L1l
i 12=0 21=0 32=41
23=41 54290
5P =65
G 5935d 563 ddd 4614 .41 ddd 4.24 ddd 4.15ddd | H-B: 7865
1,2=85 32=41 5a,5b =11.7 | 5b,5a =11.7
34=0 sa4=32 | Sha=17
sap=48 | Shp=23
0.26
6-NMe-A 6165 4.775 5,055 cleld 4.43m 4.16m  |H2:8.28hs| -126
12=0 overlap 32=41 H-8: 8.28 bs
34=89
5P =68
G 597d 5.66td 4.59d 4.395 ddd 4.25 ddd 418ddd | H-B:791s
1,2=8.4 21=8.4 52=42 50,426
34=0 5a,5b =11.8
2P=8.4 50, =6.0
.81
Hox 6195d 4.80 5.06 ddd 4,024t aitddd | Hz821s | -0.15
12=1.0 overlap 52=43 5a4=24 | Sb4=13 |HE&827s
54=86 5a.5b =11.8
3P =68 50.p =2.0
G 595d 4.58d 4.25 ddd H8: 7875
1,2=8.4 52=43 50,427
34=0 5a,5b =11.8
50,p =6.1
0.77
Xan 595d 4.70dd 5.04 ddd 4384t 4.08ddd  |H-B:7.855s| -0.15
12=11 52=43 sa4=27 | Sbd=13
s4=88 5a.5b =12.0 | 5b.5a =12.0
3P =61 sap=14 | 5bP=36
G 597d 4.575d 4.25 ddd 418ddd | H-B:791s
1,2=8.4 52=42 5a,4=26 | Shd=22
34=0 5a,5b =12.0 | 5b,5a =12.0
sap=67 | Shp=36
061
65-Hpx 6205 4.81 5.04 ddd 4,024t 4.105ddd | HZ2:8.345 | -D.08
12=0 averlap 52243 50,4=25 H8: 8405
s4=85 5a,5b =11.7
3P =61 50,p =25
G 5955d 5,59 ddd 4.62d 4.25 ddd H8:7.895
12=87 21=87 32=41 5a,5b =11.8
23=41 54= 50,4=3.0
20 50, =5.0
-0.18
2NHPur 611d 4.82 5.05ddd 4.06m H8: 8245 | -1.00
12=1.0 overlap 32=41 H6: 8635
34=86
5P =67
G 594d 5.64 ddd 4.60d 4.00td 4.24 ddd 416ddd | H-B: 7875
1,2=85 21=85 32=41 435=0 5a,5b =11.6 | 5b,5a =11.8
23=41 54=0 5a,4=50 | Shd=20
2p=7.0 sap=53 | Shp=26
0.22
6-5Ma-2-NH; - 6055 4.83d 5.035 dold 407 m 4.47m 416m HE: 8185 | -110
Pur 12=0 23=42 52=42 SMe: 2675
34=91
3P =65
G 594d 4.61d 4.40 ddd 4.235 ddd H8: 7875
1,2=86 32=41 43=0 5a,5b =11.8
54 50,4=3.0
50, =5.0
"t 0.24
o=p—o—ciy 6-5Me-Pur 6255 s.89d 5.04 ddd 4.515dt 418ddd [ Hz871s | 119
on 12=0 21=0 32=41 Sa,4=2.9 Sba=13 | HB:B.58s
o oM 23=41 34=92 5a,5b =10.8 | 5b,50 =10.8 |SMe: 2765
i 5P =66 5a,p=29 | 5bp=30
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Table S2 - continued. The 'H and *'P NMR data of 2¢,3*-CDNs 16 - 26 in D20.*

Structure Res. H-1’ H-2’ H-3’ H-4’ H-5’a H-5'b Base ap
G 597d 5.61ddd 4.62d 4.04 ddd 4.27 ddd 4.21ddd | HB:791s
- 1,2=8.4 21=8.4 52=41 435=0 5a,4=3.1 5h4=16
4"‘ - 25=41 34=0 450 =31 | 5a,5b =117 | 5h,50 =11.7
~GCHe Ty 2p=7.4 45h =16 Sa,p=5.0 5b,p =25
Q ‘f 4P =35 0.24
oH o {‘ 7-deaza-A 629d 4.64.dd 5.08 ddd 4.02ddd 4,004t 413ddd | Hzi817s | -0.92
12=1.0 21=10 52=42 43=86 5a,4=22 | Sb4=13 |HT:624d
23=42 54=86 450=22 | sa5b=11.6 | 5h5a =116 | 7,8=3.7
5P =66 45b =13 sap=22 | She=32 |H8:737d
87=37
G 603 d 544 ddd 4.62d 4.445 ddd 4.32ddd 4.255ddd | HE: 8065
1,2=8.4 52=43 sa4=24 | Sh4=20
34=0 5a,5 5b,5a =12.0
50,p 5b,P =36
4p=31 011
azah 642d 5.06 ddd 4154t 4.03ddd | H2:833s | -0.40
12=19 50,4 5h4=23
5a,5 5b,5a =12.4
50,p 5b,p =42
G 5955d 4585d 4.265ddd a2iddd | HB: 7875
1,2=8.4 52=42 50,4=3.0 | Sh4=17
34=0 5a,5b =11.7 | 5b,5a =11.7
sap=53 | Shp=27
-0.18
AICA 577d 4.38m 4.09m | H-8:7.485s| -L12
1,2=0.9
on CDN-26

*Coupling constants are written in italics in a shortened form (e.g. instead J(12) = 8.6 Hz we type simply 1,2 =8.6 ).
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Table $3. The 'H and *'P NMR data of 2¢,3*-CDNs 27 - 32 in D0.*

Structure Residue H-1’ H-2" H-3’ H4’ H-5'a H-5'b Base ap
Xan 6.075d 4.28 ddd 4,12 ddld H8: 8.06 5
1,2=8.4 5,4=17
5b,50 =120
5b,P =56
0.16
A 6.155d 4165ddd | H2:8.25s -0.26
12=31 5,4=25 | H8:8.25s
5b,5a =117
5P =44
N1-Me-G 5.95d 4.19 ddld H8:7.855
1,2=85 5,4=18 |NMe: 2895
5b5a =117
sap=52 | shp=27
4P =36 -1.18
A 6215 4.77 2.495tdd 407 m 4.15m H2:8.275 011
1,220 | overlap 43=5.4 H8:8.295
Hox 6.225d | 5305td 4.35 ddd 4.22 ddld H2:7.965
1,2=8.2 5,4=19 | H8:8.40s
5b,50 =120
5b,p =57
143
A 6.02d 4985 td 419 ddd H2:8.01s 0.97
12222 52=47 5,420 | H8:8.10s
54~7.0 5b,50 =120
5P ~7.0 5P =42
7-deaza-G s9d | s4sddd | 460d 4.16 ddld H7:6.27d
12=86 | 21=86 | 32=4.2 Sb,4=351 78237
34~0 Shsa =116 | H8:6.98d
5,p =18 87=37
0.16
A 6.17d 5.00 ddd 4.445 ddd 4185ddd | H-2:8.275 5 -t.ot
12=1.2 50,4=30 | 54=15 | HB:8.26s
Sa,5b =118 | So5b =118
5ap=20 | 5ap=35
57,9 nd nd 4.275br 4,125 vbd -
deaza-G
0.32
A 6.14d 4.845 nd 4.495dddd | 4.44ddd 4215ddd | H2:8.255 114
1,2=1.0 | overlap S,4=15 | H8:8.20s
5b,50 =120
5,p =35
AICA s84d | 5095ddd | 461d 4.30ddd 4,14 ddld H2:7.515
12=86 | 21=86 | 32=43 sa4=17 | sb4=16
23=43 | 34=0 4,52 5a,5b =120 | Sh5a =120
2P=7.8 4% =16 | sap=56 | Shr=34
-0.60
A 6.16d 478 | 5015ddd | 4.4gdid 4,40 ddd 4.20 ddld H2:8.255 -0.80
12220 | overlap | 32=47 43=7.7 504=30 | 54=40 | HB:8.26s
54=77 | a4sa=30 |sasb=119| shsa=119
3p=67 | as=19 | sap=32 | sr=40
4P =36

*Coupling constants are written in italics in a shortened form (e.g. instead J(7 29} = 8.6 Hz we type simply 7,2 = 8.6 ), nd, not
determined.
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Table S4. The 'H and *'P NMR data of 2¢,3‘-CDNs with thiophosphate groups 33 - 37 in D20 .*

Structure Res. H-1’ H-2’ H-3’ H4’ H-5’a H-5'b Base p
G 597d 5,44 ddd 462d 446 dd 425 ddd 4i7ddd | H8:8.035
12=86 | 21=86 | 32=40 43=0 50,4233 5h4=13
23=4.0 54=0 45 5b,5a =11.7
2P=76 45 sb,p =32
122
A 6205 s09d 5.04td 449 m aa7m 4l6bdd | H28.275 53.59
12=0 21=0 b4 <1 H-8:8.24 5
25=43 | 34=89 5,52 =11.0
3p=8.9 5b,p=3.0
G 59 d Ssitd 478 425 ddd 417ddd | H8:8.0255
12=86 | 21=86 overlap 5h4=13
23=3.9
2P=85
52,88
A 6.20d 5.095 dd 452m a19m HZ8.275 53.56
12=08 H-8:8.26 5
G 604 d HE:8.295
12=65
55.36
A 6.18d s.10dd 5.29 ddd 449 ddd 406ddd | H28.265 56.08
12=37 | 21=37 | 32=44 5a,4=6.0 sh4=22 | HB:8.44s
23=44 Sa5b =112 | 52 =11.2
50,0 =7.2 5b,p=4.1
G 6.00d | Seesddd | 4.555d 4.42ddd 41lddd | H8:7.97s
12=84 | 21=84 | 32=42 5a,4=27 5h4=28
23=4.2 34=0 5b,5a
5b,P
56.67
A 6.20d 4.86 dd 5.30 ddd 4,53 ddt 447 ddd 406ddd | Hz8.275 56.98
12=24 | 21=24 | 32=42 43=7.0 H-8:8.515
23=4.2 450 =5.0
3p=8.3 45 =17
4p=17
G 601d 5a9td 481d 4a6td 3235 dad 3i8ddd | H8:8.165
12=85 | 21=85 | 32=3.9 43=0 5a,4=28 5h,4=15
23=3.9 34=0 450 =28 | 505 5b,5a
2P=88 45 =15 5a,p b,
4p=3.4 53.38
A 6.18d sitdd 5.08 ddd 4.56ddd 4.43dt 422ddd | H2:8.255 55.12
12=20 | 21=20 43=96 5a,4=4.3 5b,4 H-8:8.225
23=4.4 45 Sa5b=118 | 5b5a
3p=7.4 45 =20 sa,p=49 5hp=4.9

*Coupling constants are written in italics in a shortened form (e.g. instead J(12 ) = 8.6 Hz we type simply 1,2 = 8.6);, nd, not
determined.
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Table S5. Yields of CDNs from enzymatic preparation and their HRMS data for prepared CDNs

analysis.
Compound Enzyme used for Relative conversion of Calculated Mass Measured Mass
CDN preparation NTP to CDN [%] [M-H] [M-H]

CDN-1 mouse cGAS-TR 45 675.08834 675.08820
CDN-2 mouse cGAS-TR 59,5 677.08400 677.08278
CDN-3 mouse cGAS-FL 76 675.08834 675.08734
CDN-4 mouse cGAS-TR 55 659.09343 659.09297
CDN-5 mouse cGAS-TR 28 659.09343 659.09259
CDN-6 mouse cGAS-TR 44 677.08400 677.08372
CDN-7 mouse cGAS-TR 74 693.07892 693.07934
CDN-8 mouse cGAS-TR 53 690.09924 690.09967
CDN-9 mouse cGAS-FL 74 672.10866 672.10803
CDN-10 mouse cGAS-TR 43 673.09268 673.09142
CDN-11 mouse cGAS-FL 86 691.08326 691.08289
CDN-12 mouse cGAS-FL 50 657.09776 657.09652
CDN-13 mouse cGAS-FL 43 642.4185 nd
CDN-14 mouse cGAS-FL 85 657.09776 657.09747
CDN-15 mouse cGAS-FL 38 691.05879 691.05764
CDN-16 mouse cGAS-FL 65 688.10358 688.10255
CDN-17 mouse cGAS-TR 45 687.10833 687.10823
CDN-18 mouse cGAS-TR 53 674.07669 674.07623
CDN-19 mouse cGAS-FL 94 690.07161 690.07072
CDN-20 mouse cGAS-TR 70 690.05385 690.05287
CDN-21 human ¢GAS-TR 77 673.09268 673.09210
CDN-22 human ¢cGAS-TR 56 719.08040 719.07920
CDN-23 mouse cGAS-TR 94 704.06950 704.06919
CDN-24 mouse cGAS-TR 93 672.09743 672.09589
CDN-25 mouse cGAS-TR 58 674.08793 674.08681
CDN-26 mouse cGAS-FL 54 664.09234 664.09209
CDN-27 mouse cGAS-FL 87 674.07669 674.07557
CDN-28 mouse cGAS-TR 73 687.10833 687.10727
CDN-29 * * 658.08178 658.08061
CDN-30 mouse cGAS-FL 96 672.09743 672.09596
CDN-31 mouse cGAS-FL 78 689.05860 689.05747
CDN-32 mouse cGAS-FL 59 648.09743 648.09582
CDN-33 mouse cGAS-TR 64,5 689.06983 689.06894
CDN-34 mouse cGAS-TR 58 705.04699 705.04568
CDN-35 * * 705.04699 705.04688
CDN-36 * * 705.04699 705.04644
CDN-37 * * 705.04699 705.04674

cGAS-TR, truncated version of ¢cGAS, ¢GAS-FL, full length version of ¢cGAS *CDNs prepared by organic
synthesis; nd, not determined. Reaction conversions were determined by HPLC using UV detection at 260 nm.
Conversions are defined as follows; a ratio of AUC of a CDN over the sum of AUCs of the CDN, NTPs and NDPs.
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Table S6. Crystallography data collection and processing

*R

Crystal
Diffraction source
Detector

Space group
Resolution (4)
Roym (deg)*
Completeness (%)
a (A)

b (A)

c(A)

_ Zhk1 Tk —{hkn)|

sym

Yhki 2 Ihklj

wt STING_CDN-1

Rotating Anode, Rigaku Micromax-007 HF
Pixel, Dectris Pilatus 200K

P41212

28

0.1567

99.62

111.441

111.441

35.24

175

wt STING_CDN-24
BESSY ID 14-2

Pixel, Dectris Pilatus 2M
P21212

2.05

0.1350

99.17

93.776

116.478

35.845

where (Ihkl) is the average symmetry-related observations of a unique reflection.
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Table S7. Crystallography structure solution and refinement

Crystal wtSTING_CDN-1  wtSTING_CDN-24
Resolution 3524 -2.802* 33.48 - 2.05*
Reryst* 0.2037 0.1958

Riree 0.2761 0.2431

RMS deviation bond length (&) 0.012 0.014

RMS deviation bond angle (deg) 1.54 1.51

PDB code 6527 6526

* It has been proven that including data with mean Z/6(/) <2.0 leads to improved electron density maps.* We have
decided to cut the data at 2.8 A leading to //6(/) = 1.89 in the highest resolution shell for wtSTING_CDN-1 and 2.05
Aleading to [/o(/) = 1.21 in the highest resolution shell for wtSTING_CDN-24. [/6(]) =2 in case of wtSTING_CDN-
1 corresponds to 3A resolution and in case of for wtSTING_CDN-24 corresponds to 2.2 A.

obs_ ncalc
_ th1|Fhk1—Fhk1
eryst Tkt Fp
were used for its calculation (for R e usually 10% of working set).

#R,

where F is the structure factor. Rfrec differs from Raryst in the set of reflections, which
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Table S8. Effect of CDNs on CD14+ monocyte and CD3+ T-cell populations and cytokine induction in
PBMC Assay (Donor 2).

Componid i\//le?l?l?}’/tf ! 1/}11:3}1)1111?;"yte (fold of 2’3’cG1(%:I¥/[t(I)’kilnn§1jced cytokines)®
INF y TNF o IFN o
CDN-1 2.1% 101.3% 130 1.75 2.48
CDN-2 1.5% 106.0% 0.74 1.37 1.81
CDN-3 1.0% 108.7% 1.05 1.50 1.70
CDN-4 1.95% 97.0% 0.93 1.38 1.97
CDN-5 5.5% 103.3% 1.28 2.48 0.23
CDN-6 0.3% 106.7% 0.11 0.67 0.08
CDN-7 0.5% 109.2% 1.35 1.73 0.71
CDN-8 23% 102.9% 1.10 1.37 1.45
CDN-9 21.3% 109.2% 1.14 1.91 1.25
CDN-10 3.9% 100.4% 171 2.60 2.10
CDN-11 7.8% 107.3% 2.01 2.33 1.79
CDN-12 6.1% 113.7% 1.82 2.84 1.23
CDN-13 nd nd nd. nd. n.d.
CDN-14 3.0% 112.0% 1.14 1.34 1.16
CDN-15 0.4% 97.0% 1.13 241 0.34
CDN-16 3.2% 105.7% 1.84 3.80 0.88
CDN-17 3.6% 106.0% 1.55 1.84 1.05
CDN-18 nd nd nd. nd. n.d.
CDN-19 85.8% 102.2% 0.05 0.08 0.03
CDN-20 6.4% 106.5% 1.59 1.53 0.69
CDN-21 2.5% 108.4% 1.25 1.76 0.46
CDN-22 28.2% 112.6% 1.08 2.00 0.05
CDN-23 nd nd nd. n.d. n.d.
CDN-24 4.0% 100.2% 0.94 2.01 0.45
CDN-25 nd nd nd. nd. n.d.
CDN-26 29.1% 106.4% 0.49 0.27 0.36
CDN-27 35.0% 110.2% 033 0.20 0.13
CDN-28 2.7% 98.5% 091 1.05 0.61
CDN-29 4.7% 109.5% 1.10 1.12 1.28
CDN-30 1.3% 110.0% 1.13 1.63 0.56
CDN-31 1.0% 100.8% 1.83 1.60 1.58
CDN-32 39.8% 110.6% 0.67 0.12 0.70
CDN-33 7.6% 103.6% 1.48 1.42 1.19
CDN-34 1.5% 98.9% 1.44 1.80 3.80
CDN-35 4.7% 107.0% 1.12 0.94 0.64
CDN-36 0.7% 99.8% 031 1.08 0.34
CDN-37 1.0% 95.8% 1.06 0.81 1.61
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2°2’cGAMP 1.6% 105.3% 121 1.40 1.42

33’ c-diGMP 106.5% 104.1% 0.00 0.02 0.02
3’3’cGAMP 3.4% 109.5% 1.05 1.03 0.78
2°3’cGAMP 5.6% 110.5% 1.00 1.00 1.00

? Viability of monocytes in PBMC culture treated with 12.5uM CDN for 16 h. Values are the mean of
three independent determinations from one PBMC donor. Viability of monocytes in untreated control
equals 100%.

® Viability of CD3 T-lymphocytes in PBMC culture treated with 12.5uM CDN for 16 h. Values are the
mean of three independent determinations from one PBMC donor. Viability of T-lymphocytes in
untreated control equals 100%.

¢ Levels of INF o, INF vy and TNFa secreted by PBMC treated with 12.5uM CDN for 16 h relative to
levels secreted by PBMC treated with 12.5uM 2°3’cGAMP. Values are the mean of three independent
determinations from the same PBMC donor as in monocyte/CD3 T-lymphocyte cytotoxicity assay;
Amount of cytokines induced by 2°3’cGAMP treatment: Interferon y: 28579 pg/ml, TNFa: 5340 pg/ml,
Interferon a: 295 pg/ml. nd, not determined
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Figure S1. Correlation of ATm values from DSF Assay and log ECso values from Standard or
Digitonin Assay of prepared CDNs.
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Supplementary files

Structures obtained from computational modeling are provided in file jm9b01062 si 002.zip,
which contains three folders:

confsampl: structures of ligands identified by conform ational sampling as global minima and those
obtained from QM/MM calculation

QMMM: QM/MM structures for a series of ligands. Full system with 2'3'cGAMP is provided.
Only the QM region is provided for the other ligands (non-QM region was kept identical). These
include CDN-1, CDN-10, and four diastereoisomers of CDN-34.

docking: selected CDNs docked into 4K SY pdb structure

Molecular formula strings can be found in SI file jm9b01062 si 003.csv
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SUMMARY

Stimulator of interferon genes (STING) is an adaptor protein of the cGAS-STING signaling pathway involved in
the sensing of cytosolic DNA. It functions as a receptor for cyclic dinucleotides (CDNs) and, upon their bind-
ing, mediates cytokine expression and host immunity. Besides naturally occurring CDNs, various synthetic
CDNs, such as ADU-S100, have been reported to effectively activate STING and are being evaluated in clin-
ical trials for the treatment of cancer. Here, we describe the preparation of a unique new class of STING ag-
onists: isonucleotidic cyclic dinucleotides and the synthesis of their prodrugs. The presented CDNs stimulate
STING with comparable efficiency to ADU-S100, whereas their prodrugs demonstrate activity up to four or-
ders of magnitude better due to the improved cellular uptake. The compounds are very potent inducers of
inflammatory cytokines by peripheral blood mononuclear cells (PBMCs). We also report the X-ray crystal

structure of the lead inhibitor bound to the wild-type (WT) STING.

INTRODUCTION

Sensing of nucleic acids in the cytosolic compartment of cells is
an important component of the innate immunity of mammals,
including humans. The cyclic GMP-AMP synthase-stimulator of
interferon genes (cGAS-STING) signaling pathway plays an
important role in the detection of cytosolic DNA derived from
pathogens such as bacteria and viruses as well as host DNA
released from the nucleus or mitochondria under various stress
conditions such as a malignant transformation of cells (Hopfner
and Hornung, 2020; Cheng et al., 2020) (Figure 1). cGAS is a
DNA-sensing receptor responsible for the detection of double-
stranded DNA in cytosol. When cGAS binds to DNA, itis activated
and begins the synthesis of the 2/,3'-cGAMP (2,3'-cGAMP, 1)
(Figure 2), which acts as a natural agonist of STING (Gao et al.,
2013; Novotna et al., 2019; Pimkova Polidarova et al., 2021).
STING canalso be activated by bacterial 3',3'-cyclic dinucleotide
(CDN) agonists (Kalia et al., 2013) (e.g. 3',3'-cGAMP, 2), synthetic
CDNs (Birkus et al., 2020, 2019; Dubensky and Kanne, 2014; Kim
etal., 2021; Pan et al., 2020; Pimkova Polidarova et al., 2021; Vy-
skocil et al., 2021) (e.g., ADU-8100, 3) or non-CDN STING ago-
nists (Motwani et al., 2019; Ramanjulu et al., 2018).

Inactive STING is a dimeric transmembrane protein located in
the endoplasmic reticulum (ER) that adopts a V-shaped, opened
conformation. When STING binds 2/,3'-cGAMP, it changes to

the closed conformation, translocates from the ER to the ER-
Golgi intermediate compartment, and then moves through the
Golgi apparatus to the perinuclear regions (Hopfner and Hor-
nung, 2020). Subsequently, activated STING recruits TANK-
binding kinase 1 (TBK1). TBK1 phosphorylates both itself and
STING by binding to activated STING. The complex of STING
and TBK1 binds interferon regulatory factor 3 (IRF3), whereas
TBK1 phosphorylates IRF3 (pIRF3). After its phosphorylation,
IRF3 dissociates from STING-TBK1 complex, and, in the nu-
cleus, it induces the expression of type | interferon (IFN) genes.
TBK1 also activates the nuclear factor kB (NF-kB), which can
also be activated by the kinase IkB epsilon (IKKg), through which
it contributes to the expression of cytokines and chemokine-
s.(Hopfner and Hornung, 2020; Balka et al., 2020; Flood et al.,
2019; Du and Su, 2017).

The canonical STING agonist 2/,3'-cGAMP consists of 5-AMP
connected via its phosphate to the 2’ position of 5'-GMP, which
is cyclized through its phosphate to the 3’ position of the afore-
mentioned 5'-AMP (Figure 2). The analogous derivatives are
therefore called 2/,3’-CDNs. Nevertheless, STING can be also
activated by the above-mentioned 3',3"-CDNs that are produced
by bacteria, namely 3',3'-cGAMP, 3,3'-c-di-AMP, and 3',3'-c-di-
GMP (Kaliaetal., 2013). Recently, CDNs have become one of the
extremely active fields in medicinal chemistry due to their poten-
tial application in the therapy of solid tumors (Flood et al., 2019;

Structure 30, 1-11, August 4, 2022 @ 2022 Elsevier Ltd. 1
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Figure 1. Depiction of the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) signaling pathway
CDNSs, eyclic dinucleotides; cGAMP, 2,3 -cyclic GMP-AMP; CM, cell membrane; CP, eytoplasm; ER, endoplasmic reticulum; GA, Golgi apparatus; IFNs, in-
terferons; TBK1, TANK-binding kinase 1; IRF3, interferen regulatory factor 3 transcription factor; P, phosphorylation. Figure adapted from Motwani et al. (2019)

and Zheng et al. (2020) and modified and created with BiocRender.com.

Sivick et al., 2018) and several viral diseases, e.g., chronic hep-
atitis B (Guo et al., 2017; Pimkova Polidarova et al., 2022). A
comprehensive review of CDN modifications was written by
Zhang and coworkers (Zhang et al., 2020). There are several con-
clusions that one can derive from the contemporary knowledge
of these compounds. Firstly, many modifications of the natural
nucleobases do not affect the biological activity of CDNs. Sec-
ondly, the substitutions of free hydroxy groups on the sugar moi-
eties by fluorine, hydrogen, and several other substituents either
retain or increase their affinity to the STING protein. Natural
phosphate linkers can be substituted by phosphorothioates
and masked by certain type of prodrugs (Birkus et al., 2020; Pim-
kova Polidarova et al., 2021).

Despite this extensive research driven mostly by the pharma-
ceutical industry, all the contemporarily unveiled CDN-based
STING agonists bear the nucleobase or its bioisostere in the
1/ position of the sugar or pseudosugar moiety. Here, to the
best of our knowledge, we report on the first example of
CDN in which one nucleoside is substituted by an isonucleosi-
dic derivative, a nucleoside that bears the nucleobase in the 2/
position, resulting in isonucleotidic CDNs (IsoCDNs). We per-
formed physicochemical and biological characterizations of
the novel compounds, proving that these compounds are
able to effectively bind to STING variants and induce the pro-
duction of type | (IFNe) or Il (IFNvy) IFNs, together with tumor ne-
crosis factor alpha (TNF-a). We also demonstrated the superi-
ority of prepared prodrugs based on their cell-based activity
compared with the parent CDNs. This is due to vastly improved
cellular uptake of the otherwise charged and rather polar nature

2 Structure 30, 1-11, August 4, 2022

of CDNs. We were also able to solve a crystal structure of wild-
type STING in complex with one of our IsoCDNs, which clearly
explains the binding mode of these compounds and shows
why even this unusually positioned nucleobase is well accepted
by the protein.

RESULTS AND DISCUSSION

Raticnal design of isonucleosidic CDNs and their
synthesis

Isonucleosides are modified derivatives of nucleosides whose
first representatives were synthesized almost half a century
ago. During this time, they have been used in both medicinal
chemistry for targeting viral diseases (Jiang et al., 2007; Purdy
et al., 1994) and as building blocks for the synthesis of linear di-
nucleotides that possess HIV integrase inhibitory activity (Chi
et al., 2004; Taktakishvili et al., 2000). In neither of these applica-
tions, however, did isonucleosides see any major success. This
can be attributed to the rather significantly altered geometry of
the nucleoside, which seems to prevent their proper recognition
by the proteins they target. In extensive efforts to understand
how the STING protein is able to recognize particular modifica-
tions on CDNs (Novotna et al., 2019; Smola et al., 2021; Vavfina
etal,, 2021), certain modifications of the nucleobase, sugar, and
the phosphate part of CDNs have been shown to be tolerated.
Therefore, we decided to incorporate CDN modifications in the
design of new derivatives that should significantly alter their
overall geometry: we selected isonucleosides as appropriate
candidates (Figure 3).
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Figure 2. Examples of naturally occurring and synthetic CDNs acting as STING agonists

The synthesis of isonucleosides usually consists of the reduc-
tion of a suitably protected ribose to afford anhydro-ribitol, which
is followed by a nucleobase introduction (Bera etal., 1999; Kake-
fuda et al., 1994; Montgomery and Thomas, 1978). This opera-
tion can be achieved by the nucleophilic displacement of a2'-hy-
droxymesylate or by a nucleobase construction on a previously
introduced amino group. However, we instead found it more
convenient to use the Mitsunobu reaction for the transformation,
and thus we prepared isonucleosidic adenosine € (IsoA).
Adenine nucleobase was subsequently protected (benzoyl and
pentenoyl [PNT], respectively), and an H-phosphonate and a
phosphoramidite, respectively, were introduced as phosphate
precursor groups (Figure 4). Guanine-based isonucleoside 86
{IsoG) was synthesized in the same manner as the adenine-
based one, and the experimental details are described in the
supplemental information.

These monomers were subsequently combined with commer-
cially available phosphoramidites (of 2’-fluoro-2’-deoxy-adeno-
sine, 2'-deoxy-adenosine, or guanosine) to form CDNs. We
decided to focus mainly on the fluorinated monomers because
of our recently published discoveries in which the fluorinated
CDNs were always more active than their OH-containing analogs
(Smola et al., 2021). We used a pyridine-trifluoroacetate-medi-
ated coupling of a phosphoramidite-containing unit to a free
5-OH group of an H-phosphonate-containing unit. The obtained
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linear dinucleotide was then cyclized via DMOCP-induced mac-
rocycle closure. Phosphorus(l1l) groups were either oxidized into
phosphates using tBHP and iodine, respectively, or sulfurized to
phosphorothioates using xanthane hydride and Beaucage re-
agent, respectively. Final cleavage of the acyl protection of nu-
cleobases, together with the cyanoethyl protection of the phos-
phate OH group, was performed using methylamine solution in
ethanol (Figure 5). Synthesized CDNs were isolated by reverse
phase chromatography (high-performance liquid chromatog-
raphy [HPLC] or medium-pressure liquid chromatography
[MPLC]) with TEAB as a mobile phase modifier. As expected,
phosphorothioate 20 was obtained as a mixture of 4 diastereo-
mers, where the amounts of the two most polar were negligible,
and the third and fourth were separable by HPLC and character-
ized and tested separately. Meticulous analysis of nuclear
magnetic resonance (NMR) data led us to believe that the
IsoA-3/-phosphorothioate sulfur atom points almost exclusively
below the plane of the macrocycle, whereas the 2’'-fluoro-
2'-deoxy-adenosine phosphorothioate group was formed as a
1:1 mixture. The analysis is further described in detail in the
STAR Methods.

Evaluation of biclegical activity of the parent CDNs
The biological activity of the prepared compounds was
evaluated using the reporter HEK 293T ISRE cell lines in the

NH,

Figure 3. Design of IsoCDNs as potential
STING agonists
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presence of a mild detergent, digitonin A (Figure 6). In this
format, CDNs freely diffuse into cells without the need of an
active uptake, and the assay predicts the activity of optimized
prodrugs of these CDNs in the absence of the detergent (No-
votna et al.,, 2019; Pimkova Polidarova et al., 2021). Further-
more, direct binding of CDNs to STING was determined by
the means of differential scanning fluorimetry (DSF) (Novotna
et al., 2019; Vavfina et al, 2021). The human STING has
been described in five major allelic variants, which were anno-
tated as wild type (WT), HAQ (R71H-G230A-R293Q), REF
(H232R), G230A-AQ (R293Q), and Q (R293Q). These forms
display different binding capacity for CDNs, as, for example,
the REF STING binds the 3'3-CDNs less efficiently (Novotna

et al., 2021). Even though this particular single-nucleotide mu-
tation is not very strongly populated (Lubbers et al., 2021), it is
vital to evaluate the ability of the IsoCDNSs to stimulate all allelic
forms of STING.

Outstanding results of the STING agonistic properties of 19
were revealed, which prompted us to synthesize an additional
seven CDNs and draw a relatively straightforward SAR (struc-
ture-activity relationship). The most active compounds, 19 and
21, contained the nucleoside 6 (IsoA) and a 2'-fluorinated
2'-deoxyribonucleoside (A or G) as a partner. The inverse combi-
nation 22, with the IsoG 86 (synthesis described in the supple-
mental information) as a monomer, resulted in a 2- to 4-fold
decrease of potency compared with the lead compound.
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Figure 5. Synthesis of 33'-c-(2F2 dAMP, S°"°AMP), typical example of isoCDN preparation
(a—d) Reagents and conditions are as follows: (a) py-TFA, {BHP or xanthane hydride, ACN; (b) DCA, DCM; (c) DMOCP, |, or Beaucage reagent, py; and (d)

CH3NH;, EtOH.
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Figure 6. Activities of CDNs in the digitonin HEK 293T cell-based reporter assay

*The values of the melting temperature (AT} obtained by differential scanning fluorimetry (DSF) performed with different STING haplotypes. AT,, values ex-
pressed as mean value + standard error of mean (SEM) of at least two independent experiments.

PResuits from the digitonin assay using 293T reporter cells expressing different STING protein haplotypes. ECsq values expressed as mean values + SEM of at

least two independent experiments measured in triplicate.
“Compound 25 has both units isonucleosidic.

Omitting the fluorine atom and using 2’-deoxyribosides dimin-
ished the activity even more (compounds 23 and 24), and using
isonucleotides as both CDN units resulted in the poorly active
molecule 25. As expected, diastereoisomeric molecules 20A
and 20B containing thiophosphate linkages exerted similar
agonistic potency as the phosphate-linked analogue.

Crystallographic analysis of the STING-19 interaction

To uncover the atomic details of the STING-19 interaction, we
performed a crystallographic analysis of the STING/19 complex.
The STING/19 crystals diffracted to 2.6 A resolution and be-
longed to the tetragonal P4,2,2 space group. The structure
was subsequently solved by molecular replacement using the
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Figure 7. Crystal structure of human STING in complex with 19

(A) Overall view of the STING/19 complex. The protein backbone is shown in cartoon representation; the two STING monomers are depicted in yellow and orange.
The 19 ligand is shown in stick representation and colored according to elements: carbon, green; nitrogen, blue; oxygen, red; phosphorus, orange; flucrine,
magenta. The unbiased Fo-Fc omit map contoured at 3¢ is shown around the ligand 19.

(B) Detailed view of the 19-ligand binding site. The ligand and side chains of selected STING amino-acid residues are shown in stick representation with carbon
atoms colored according to the protein assignment and other elements colored as in (A). Water molecules are shown as gray spheres; hydrogen atoms are not
shown. Selected hydregen bonds involved in the STING-19 interaction are presented as dotted black lines.

(C) Superposition of 3',3-c-GAMP (2, PDB: 6YDZ [Smola et al., 2021)) and 3',3"-¢c-(2’F,2'dAMP, '*°™°AMP) (19, PDB: 7Qa3B, from this publication) bound to
STING. The ligands are shown in stick representation with carbon atoms colored in yellow (2) or green (19), and other elements colored as in (A). The STING pro-

tein molecules are not shown.

crystal structure of the STING/cGAMP complex as a search
model (PDB: 4KSY [Zhang et al., 2013]). The structure was
further refined to Ryee = 23.17% and Ryon = 19.46% (Supple-
mentary Tables 1 and 2). One molecule of STING per one
asymmetric unitand one molecule of the 18 ligand per two asym-
metric units were present, thereby confirming the usual protein:
ligand 2:1 stoichiometry of the complexes formed by STING and
CDNs. We were able to trace the polypeptide chain of STING
from Asn154 to Glu336 except for one short intrinsically disor-
dered loop between residues Tyr186 and Gly192 (Figure 7A).
The binding of 19 to STING was mediated by multiple interac-
tions, including both direct (via Arg238) and indirect water-medi-
ated hydrogen bonds (via Ser162, Arg232, Tyr240, Thr263, or
Thr267) (Figure 7B). We compared our structure of STING in a
complex with 19 with the recently published structure of
STING in a complex with naturally occurring 3,3-c-GAMP 2
(PDB: 6YDZ [Smola et al., 2021]). This comparison revealed a
slightly modified position of the 2’-linked adenine base, although
it was still in an almost parallel orientation with the second
1/-linked adenine base of the 19 ligand (Figure 7C), while the
overall conformation of the STING protein remained unchanged.

6 Structure 30, 1-11, August 4, 2022

The shift of the nucleobase from the 1/ to the 2 position rep-
resents a substantial change in the chemical structure
compared with natural nucleosides. We show here that, despite
this change, the isonucleosidic CDNs bind to the dimer of
STING almost identically as the natural CDNs. It is also
apparent from this crystal structure that the position shift of
the nucleobases is compensated for by the shift of the sugar
moieties (Figure 7C).

Preparation of CDN prodrugs and their evaluation in
cell-based assays

In order to validate the potency of our ligands in cell-based as-
says without the digitonin permeabilization, we were highly moti-
vated to synthesize a prodrug of our lead compound and thus
circumvent the poor cellular uptake of the charged CDNs. As a
promoiety of first choice, we employed a pivaloyloxymethyl|
(POM) group, known from marketed phosphonate-based drugs
(Fosfomycin, Adefovir Dipivoxil [De Clercq, 2003]) as well as
CDNs recently reported by our group (Pimkovéa Polidarova
et al., 2021). Based on our previous experience, we selected
iodomethyl pivalate 27a (Maiti et al., 2013), iodomethyl tert-
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pentanoate 27b, iodomethyl 1-methylcyclohexanoate 27¢, and
iodomethyl octanoate 27d as alkylating agents. These alkylating
reagents were prepared immediately before use from corre-
sponding chlorides using the Finkelstein reaction {(Maiti et al.,
2013). Despite our best efforts, our attempts at a direct introduc-
tion of the POM groups in the same manner unfortunately re-
sulted in rich mixtures of side products containing only traces
of the desired molecule. Different UV characteristics of the prod-
ucts indicated changes on the nucleobase, and it seemed
necessary to protect the exocyclic amino groups prior to the
alkylation step. Because the deprotection of commonly used
acyl groups under basic conditions proved to be incompatible
with the POM pro-moieties, we used a PNT group that could
be cleaved with N-iodosuccinimide (NIS) under neutral condi-
tions, with good results (Figure 8; Wu et al., 1988) Here, all four
diastereomers were formed in a similar ratio and were separated
relatively easily by HPLC.

To confirm prodrug superiority in the STING pathway activa-
tion, this first prodrug molecule of 18, compound 28, and its
parent CDN were examined for their activity in the standard
assay using HEK 293T reporter cells expressing WT STING
haplotype, i.e., without the digitonin permeabilization. Half-
maximal effective concentration (ECsg) values were recorded af-
ter a 30-min pulse compared with a continuous 7-h incubation in
order to elucidate the effect of maximized CDN delivery into cells
and the promoiety cleavage. Comparing the ECgg of the parent
CDN in the digitonin and in the standard assay (~400 times
higher in the permeabilized cells; Figures 6 and 9) as well as
comparing the ECs of the lipophilic prodrug with the ECsq of
the polar, free CDN (3,400 times higher activity of the prodrug;
Figure 9) confirmed that delivery to cells is the decisive factor
for the CDN activities. Excellent results of 28 in the standard
assay prompted us to explore other more lipophilic POM-like
groups that could further enhance the STING agonistic proper-
ties by accelerating the cellular uptake and their intracellular
metabolism. The results of these experiments exceeded our ex-
pectations (summarized in the Figure 9). 31, with the pivaloyl
group substituted with n-octanoyl, displayed potency below
1 nM with an improvement over the parent CDN 13,000-
57,000%. The activity of tert-pentanoyl-based prodrug 29 and
1-methylcyclohanoyl-based prodrug 30 remained the same or
slightly increased compared with 28.

To estimate the implicated therapeutic efficacy of our candi-
date compounds, we tested the cytokine production rate in
response to the cGAS-STING pathway activation in a physiolog-
ically relevant system, based on human peripheral blood mono-
nuclear cells (PBMCs). STING-dependent cytokine production
is of high importance in triggering the innate antimicrobial and
anti-viral immune defense and in amplifying and broadening the
adaptive immune defense to generate a robust, tumor-specific
T cell response (Barber, 2015; Sivick et al., 2018). The most lipo-
philic diastereomer of each prodrug type was employed in the
determination of the values for the production of IFNy, TNF-«,
IFNe. IFNe. and TNF-a secretions are primary responses to the
STING pathway activation, and IFNy production is a late onset re-
action. Thus, the CDN treatment was performed for a continuous
16 h (Pimkova Polidarova et al., 2021) to measure both the initial
and later reactions. The obtained datareflected a higher potency
of lipophilic prodrugs over the related CDNs already shown in
the 293T cell reporter standard assay. Thus, the activity profile
differed from 300 times to 13,000 times compared with the parent
CDN 19. The n-octanoyloxymethy! prodrug 31 stood above all
other pro-moieties, as this modification made an ~2,000 times
difference in the ECgq values for IFNy, 3,000 times for TNF-a,
and even 13,000 times for IFNa se cretion relative to the parent
19. In terms of cytokine-associated ECs, values, the potency of
the acyloxymethyl type prodrugs displayed a trend of n-octanoyl
31 > 1-methylcyclohanoyl 30 > tert-pentanoyl 29 > pivaloyl 28 in
IFNy secretion, octanoyl 31 > methylcyclohanoy| 30 > tert-penta-
noyl 29 > pivaloyl 28 in TNF-a secretion, and n-octanoyl 31 >
pivaloyl 28 > tert-pentanoyl 29 > methylcyclohanoyl! 30 in IFNe
production. Figure 9 also shows a comparison of the isonucleosi-
dic CDN prodrugs with the canonical 2/3'-cGAMP and the clinical
candidate ADU-8100. The improvement of our lipophilic mole-
cules over the polar, charged CDNs is about 4 orders of magni-
tude in the 293T cell reporter standard assay and 3 orders of
magnitude in the cytokine production tested in the PBMC assay.

Conclusion

The STING pathway stands at the forefront of scientific interests
for the development of innovative anti-viral, -cancer, and -inflam-
matory therapies. This has resulted in very intensive research of
STING agonists over the past few years. In this work, we focused
on highly modified STING ligands derived from their natural
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agonists, i.e., CDNs. The main modification is moving the nucle-
obase of one of the CDN nuclectides from the canonical 1/ posi-
tion to the 2 position. Our data show that the STING dimer is able
to tolerate this rather fundamental structural change, and CDNs
modified in this way show marked STING agonism on both iso-
lated proteins and in cell-based assays. Our X-ray structural anal-
ysis answered the question of how it is possible that even such
significantly modified CDNs are recognized as STING agonists.
The structural data show that the position of the nucleobase
and phosphate parts of the molecule is particularly crucial for
agonistic activity, and these positions were almost identical in
IsoCDNs when compared with the nucleobases and phosphates
in 8,3 natural CDNs. Even the limited flexibility of the CDN mac-
rocycle was shown to be able to compensate for the nucleobase
shift and thereby retain the IsoCDN efficient binding to STING.
From a practical point of view, the cell permeability of CDNs is
crucial for the activity of STING agonists derived from CDNs,
which is severely limited by the charged character of natural
CDNSs. Therefore, we also prepared a series of IsoCDN prodrugs
that are able to efficiently deliver the active species into cells. In
particular, we confirmed the vast superiority of prodrugs over
the parent CDNs as well as over the canonical CDNs and the clin-
ical candidate—ADU-S100—in various cell-based assays.
IsoCDNs and their prodrugs represent a new, attractive type of
STING agonists that display excellent in vitro activity and may
therefore be suitable candidates for preclinical testing.
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Materials availability
All unique/stable reagents generated in this study will be made available on request, but we may require a payment and/or a
completed materials transfer agreement if there is potential for commercial application.

Data and code availability
Data Deposition: The structural restraints and structure coordinates have been deposited with accession code PDB: 7Q3B.

This paper does not report original code.

Copies of LCMS traces and 'H and '*C NMR spectra of final compounds are included in the supplementary information document.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All proteins used for biochemical studies were recombinantly expressed in Escherichia coli BL21 DE3 NiCo strain. All cell lines for cell-
based assay studies were performed using commercially available HEK 293T and buffy coats from healthy donors.

METHOD DETAILS

Differential scanning fluorimetry (DSF)

To determine the stability of protein-ligand complex, the DSF was performed as previously described (Novotna et al., 2019; Vavrina
et al., 2021). Briefly, the DSF was run in 96-well optical plates (LightCycler® 480 Multiwell Plate 96 white, Roche). STING protein WT
and AQ allelic forms were used. Thermal denaturation of samples was performed on a LightCycler 480 Instrument Il (Roche). The first
derivative of fluorescence intensity referring to thermal denaturation of the protein was determined as melting temperatures (7,,,) and
the thermal shift (AT,,) was calculated as the difference of T, of ligand-free and protein in complex with CDN (Novotna et al., 2019;
Vavfina et al., 2021; Vyskocil et al., 2021).

Activity of CDN in in vitro cell-based assay

The activity of tested CDNs was determined using reporter HEK 293T ISRE cell lines expressing various STING protein haplotypes in
digitonin (R232 (WT), R293Q (Q), R232H (REF), G230A-R293Q (AQ), R71H-G230A-R293Q (HAQ) allelic forms) and standard (WT
allelic form) reporter assays as previously described (Novotna et al., 2019; Pimkova Polidarova et al., 2021). Digitonin Assay with
293T Reporter Cells: Briefly, the 293T reporter cells stably expressing different STING protein haplotypes were seeded into
poly(D-lysine)-coated 96 white plates. Next day, the cells were treated with serial dilutions of compounds in digitonin buffer. After
30 min incubation, the digitonin buffer was removed, cells were washed and fresh medium was added for the following incubation
time of 5h. The luminiscence was assesed using Bright-Glo Luciferase Assay System reagent measured on Spark (TECAN, Grédig,
Austria). GraphPad Prism (La Jolla, USA) was used to calculate the 50% effective concentration (ECsg).

Standard Assay Using 293T Reporter Cells: Briefly, the 293T reporter cells stably expressing WT STING protein haplotype were
seeded into poly(D-lysine)-coated 96 white plates. The next day, the cells were treated with serially diluted compounds in cell culture
medium. The cells were incubated for 30 min, washed and incubated for further 6.5h or incubated for complete period of 7h. After the
incubation time, cells were washed and incubated for additional 6.5h, or of complete 7h, the luminescence was measured using
Bright-Glo Luciferase Assay System reagent and the EC50 values were calculated.

All incubations were performed at standard conditions (37 °C, 5% CO, atmosphere).

Activity of CDN in PBMC assay

Buffy coats from healthy individuals were obtained from the Institute of Hematology and Blood Transfusion (IHBT, Prague, Czech
Republic). Informed written consent was obtained from each individual enrolled. The study was approved by the institutional review
board of IHBT, with evidence number 13/06/2012. Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats using
SepMate™-50 (Stem Cell Technologies), based on Ficoll® Paque Plus (GE Healthcare) density gradient centrifugation, according to
the manufacturer's protocol and treated as previously described (Pimkova Polidarova et al., 2021). Briefly, the cells were incubated
with compounds for 60 min, the medium was removed, the cells were washed twice with fresh medium. The cells were further incu-
bated in fresh medium for the following 15 h. The levels of human IFNe«, IFNy and TNFa secreted into the cell culture medium were
assessed with ProcartaPlex™ assays (Invitrogen; ThermoFisher Scientific) using a Magpix Luminex Instrument (Merck), according to
the manufacturer’s instruction. Compound-associated ECs, values were calculated using GraphPad Prism (La Jolla) (Novotna et al.,
2019; Pimkova Polidarova et al., 2021).

Crystallography methods

Protein expression and purification

The cytosolic domain of human STING (i.e. residues 140-343, hereafter referred to as "STING protein") was expressed as a fusion
protein with an N-terminal 8x histidine (Hisg) purification tag, followed by a SUMO solubility and folding tag. The protein was ex-
pressed in the E. coli BL21 DE3 NiCo bacterial strain (New England Biolabs) in the autoinduction ZY-5052 medium. Bacterial cells
were harvested by centrifugation and lysed using the French Press Cell Disruptor instrument (Thermo Fisher Scientific) at 1,000
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Psi in the lysis buffer (50 mM Tris pH 8, 300 mM NaCl, 3 mM B-mercaptoethanol, 30 mM imidazole, 10% glycerol). The lysate was
precleared with centrifugation for 30 min at 30,000 g and incubated with the HisPur Ni-NTA Superflow agarose (Thermo Fisher Sci-
entific) for 30 min. Then, the agarose beads were extensively washed with the lysis buffer, and the protein of interest was eluted with
the elution buffer (50 mM Tris pH 8, 300 mM NaCl, 3 mM B-mercaptoethanol, 300 mM imidazole, 10% glycerol). The Hissg-SUMO tag
was removed by overnight cleavage with the recombinant yeast Ulp1 protease. The STING protein was purified using size exclusion
chromatography at the HiLoad 16/600 Superdex 75 prep grade column (GE Healthcare) in the buffer A (50 mM Tris pH 7.4, 50 mM
NaCl), followed by anion exchange chromatography at the HiTrap Q HP column (GE Healthcare) using a gradient from buffer A to
buffer B (50 mM Tris pH 7.4, 1M NaCl). The purified protein was concentrated to 20 mg/mL, aliquoted, flash frozen in liquid nitrogen,
and stored at 193 K.

Crystallization and crystallographic analysis

We used our established protocol for STING crystallization (Smola et al., 2019). Briefly, the STING protein was supplemented with
10 mM EDTA and 0.5 mM 3',3'-c-(2'F,2’dAMP,'*°™°AMP), (19). The protein crystals were obtained at 291 K in sitting drops using
the vapor diffusion method. They were cryoprotected in a mother liquor supplemented with 20% (v/v) glycerol, flash cooled in liquid
nitrogen, and analyzed by X-ray crystallography. The dataset was collected from a single cooled crystal using the home source,
Rigaku MicroMax-007 HF rotating anode, equipped with the Dectris Pilatus 200K pixel detector. The data was integrated and scaled
using XDS (Kabsch, 2010). The structure of the STING/19 complex was solved by molecular replacement using the structure of the
STING/cGAMP complex (pdb entry 4KSY (Zhang et al., 2013)) as a search model. The initial model was obtained with Phaser (McCoy
et al., 2007) from the Phenix package (Adams et al., 2010). The model was further improved using automatic model refinement with
Phenix.refine (Afonine et al., 2012) from the Phenix package (Adams et al., 2010) and manual model building with Coot (Emsley and
Cowtan, 2004). Structural figures were generated with PyMol (The PyMOL Molecular Graphics System, 2015). The atomic coordi-
nates and structural factors were deposited in the Protein Data Bank (https://www.rcsb.org).

The starting structure for the computations was the X-ray diffraction structure of compound 19 in complex with human STING. The
protein and water molecules were deleted and the phosphate oxygen atoms were substituted with sulfur so that four different dia-
stereomers of compound 20 were created. The resulting structures were subjected to geometry optimization at the DFT level, using
the B3LYP functional (Becke, 1993; Lee et al., 1988) (no dispersion correction) with the standard 6-31+G (2d,p) basis set and the
polarizable continuum model used for implicit water solvation.(Barone and Cossi, 1998; Cossi etal., 2003) The vibrational frequencies
and free energies were calculated for all of the optimized structures, and the stationary point (minimum) character was thus
confirmed. The Gaussian16 program package (Frisch et al., 2016) was used in these calculations.

DFT calculation and NMR isted determination of the 20A and 20B configuration

In our previous work,(Polidarova et al., 2021) we observed a good correlation between experimental and calculated chemical shifts of
cyclic dinucleotide phosphonates and phosphorothioates that enabled unequivocal determination of the configuration of the chiral
phosphorus atoms. We also observed that the hydrogen atom H2/, which is close in space to the thiophosphate sulfur atom, has a
significantly higher chemical shift (by 0.4 ppm) than H2' close to the thiophosphate oxygen. Here, we applied the same methodology
for getting an insight into the configuration of phosphorothioates 20A and 20B.

The largest "H chemical-shift difference (0.3 ppm) between compounds 20A (5.78 ppm) and 20B (5.48 ppm) can be observed for
atom H2' in the 2/-fluoro-2’-deoxy unit. This indicates (by analogy with our previous study) that the sulfur atom in the phosphoro-
thioate group in position 3’ of the 2'-fluoro-2'-deoxy unit of compound 20A is in B position (on the same side of the macrocycle as
the bases, supplementary information). This was also confirmed by the DFT calculations, which provided the H2 chemical shift dif-
ference of 0.4 ppm). Therefore, we strongly believe that the structural difference between compounds 20A and 20B is the configu-
ration of the phosphorus atom in position 3’ of the 2'-fluoro-2'-deoxy unit and that the configuration of the other phosphorus atom is
the same in both compounds.

We plotted the experimental proton and carbon chemical shifts of compounds 20A and 20B versus the calculated nuclear shield-
ings and a slightly better linear correlation was observed for the structures with the sulfur atom in position 3’ of the iso-A unit in &
position. We therefore tentatively conclude that the configuration of compound 20A is RpSp and the configuration of 20B is RpRp.

Chemistry methods

Unless stated otherwise, solvents were evaporated at 40°C at 2 kPa, and prepared compounds were dried at 30 °C at 2 kPa. Starting
compounds and reagents were purchased from commercial suppliers (Sigma-Aldrich, Fluorochem, Acros Organics, Carbosynth)
and used without further purification. Acetonitrile was dried using activated 3A molecular sieves. Analytical TLC was performed
on silica gel-precoated aluminum plates with a fluorescent indicator (Merck 60 F254). Column chromatography (both normal and
reverse phase) was performed on a 40-60 um silica gel using an ISCO flash chromatography system.

Analytical HPLC, mass spectra, UV absorbancy and purity of compounds were measured on Waters UPLC-MS system consisting
of a Waters UPLC H-Class Core System, UPLC PDA detector and Mass spectrometer Waters SQD2. The MS method used was ESl+
and/or ESI-, cone voltage = 15V, and mass detector range 200-1000 Da or 200-1250 Da. Two sets of HPLC conditions were used as
indicated: (a) C18 (column: Waters Acquity UPLC BEH C18 column, 1.7 mm, 2.1 x 100 mm; LC method: HO/CH;CN, 0.1% formic
acid as modifier, gradient 0-100%, run length 7 min, flow 0.5 mL/min) and (b) HILIC (column: Hilicon - Fusion iHILIC, 1.8 um,
50 x 2.1 mm; LC method: CH;CN/0.01M aqueous ammonium acetate gradient 10-60%, run length 7 min, flow 0.3 mL/min).
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The final products (CDNs and CDN prodrugs) were purified by semi-preparative HPLC (Luna, 5 um, C18 250 x 21 mm or
150 X 10 mm). In the preparation of free CDNs, triethylammonium bicarbonate (TEAB) was used as a modifier. TEAB was removed
from the collected fractions by 3 cycles of co-evaporation with methanol. The concentrations of CDNs and the respective prodrugs
were measured using an Implen NanoPhotometer N60 Touch system. The purity of all prepared compounds was higher than 95%
unless stated otherwise.

NMR spectra were recorded on Bruker Avance Il HD machines ("H at 400, 500 or 600 MHz), using a solvent signal as a reference.
Tert-butyl alcohol was used as an internal standard in D,O solutions. Chemical shifts (§) and coupling constants (J) were expressed in
ppm and Hz, respectively. All structures were confirmed, and "H and '°C signals were assigned by a combination of 1D and 2D NMR
(H,H-COS8Y, H,C-HSQC, H,C-HMBC) techniques. Standard pulse programs from the spectrometer library were used; gradient se-
lection was used in the 2D experiments. Mass spectra were measured on an LTQ Orbitrap XL using electrospray ionization (ESI).

Description of synthetic experiments

6-Chloro-9-((6aR,9R,9a8)-2,2,4,4-tetraisopropyltetrahydro-6H-furo[3,2-f][ 1,3,5,2,4]trioxadisilocin-9-yl)-9H-purine (5)
A mixture of 4 (1.9 g, 5.05 mmol) (Scheuer-Larsen et al., 1997), 6-chlorpurine (1.169 g, 7.58 mmol) and triphenylphospine {2.66 g,
10.1 mmol) in THF (66 mL) was cooled to 0°C, and DIAD (2.02 mL, 10.1 mmol) was added dropwise for 10 min. After 30 min at ambient
temperature, the reaction mixture was heated to 65°C (bath) for 20 h. Volatiles were evaporated, and the residue was purified by flash
chromatography on a silica gel (ethyl acetate in cyclohexane, 0-35%). Product was contaminated by triphenylphosphine oxide and
was used without further purification in the next step. ESI MS m/z (%): 513.2 (100) [M+H].

(2R, 38,4R)-4-(6-Amino-9H-purin-9-yi)-2-(hydroxymethyl)tetrahydrofuran-3-ol (6)

Intermediate 5 was suspended in a mixture of ethanolic ammonia (60 mL, 4 M) and dioxane (30 mL), and this mixture was heated ina
sealed tube at 90 °C for 24 h. Volatiles were evaporated, and the residue was azeotroped with dioxane (2 X 75 mL). The oily inter-
mediate was dissolved in ag. HCOOH (110 mL. 80%), and the reaction mixture was heated to 65°C for 18 h. Volatiles were evapo-
rated, residue was azeotroped with ethanol (3 X 150 mL), and then dissolved in a mixture of ethanol (70 mL) and aq. ammonia (35 mL,
25%). The resulting solution was stirred for 3 h, volatiles were evaporated, and the residue was azeotroped with ethanol (3 X 150 mL).
Nucleoside 6 was purified by chromatography on silica gel (ethyl acetate to ethyl acetate:acetone:ethanol:water 36:6:5:3, 0-100%) to
afford 3 (981 mg, 77%, over two steps). "H NMR (400 MHz, DMSO-dg) 6 8.19 (s, 1H, H-8), 8.15 (s, 1H, H-2), 7.23 (s, 2H, NHy), 5.77 (s,
1H, 3'-OH), 4.91 (s, 1H, 5-OH), 4.86 (m, 1H, H-2'), 4.39 (m, 1H, H-8'), 4.17 (dd, Jgem = 9.7, J1/a = 6.6 Hz, 1H, H-1'a), 4.09 (dd, Jgerm =
9.7, Jypp = 5.0 Hz, TH, H-1'b), 3.69 (m, 1H, H-4), 3.65-3.51 (dm, 2H, H-5"). "*C NMR (101 MHz, DMSO-dy) 6 156.20 (C-6), 152.54
(C-2), 149.61 (C-4), 139.36 (C-8), 118.91 (C-5), 86.06 (C-4'), 75.86 (C-3'), 69.72 (C-1), 62.11 (C-2'), 61.05 (C-5). HRMS ESI
(C10H13N503) calculated 252.1097, found: 252.1091.
N-(9-((3R,4S,5R)-4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran-3-yi)-9H-purin-6-yl)benzamide (7)

6 (498 mg, 1.98 mmol) was azeotroped with pyridine (3 x 20 mL), dissolved in pyridine (15 mL), cooled to 0°C, and TMSCI (1.89 mL,
14.7 mmol) was added dropwise for 3 min. The reaction mixture was stirred at 0°C for 20 min, and then at ambient temperature for 1.5 h.
Benzoyl chloride (0.45 mL, 3.9 mmol) was slowly added at 0°C, and the resulting solution was stirred overnight at ambient temperature.
The reaction mixture was cooled to 0°C, quenched with water (1.6 mL), and after 15 min, aq. ammonia (4 mL, 25%). After a further
15 min at 0°C and 20 min at ambient temperature, all volatiles were evaporated, the residue was extracted with an ethyl acetate-
ethanol mixture (50 mL, 2:1), and solids were filtered-off on a celite pad. The product was purified ona silica gel (ethyl acetate to ethyl
acetate:acetone:ethanol:water 36:6:5:3, 0-100%) to afford 580 mg (83%) of 7 as white solid. 'H NMR (400 MHz, DMSO-dg) 6 11.17
(s, 1H, NH), 8.75 (s, 1H, H-2), 8.54 (s, 1H, H-8), 8.09-8.01 (m, 2H, Bz-0), 7.64 (m, 1H, Bz-p), 7.60-7.51 (m, 2H, Bz-m), 5.82
(d, Jor-z = 5.4 Hz, 1H, 3-OH), 5.03 (m, 1H, H-2), 4.93 {t, Jon5 = 5.6 Hz, TH, 5-OH), 4.45 (m, 1H, H-3), 4.22 (dd, Jgem = 9.9,
Jya = 6.3, 1H, H-1'a), 8.74 (m, 1H, H-4'), 3.65 (ddd, Jgem = 12.0, Js/a0n = 5.5, J5'a-4' = 3.2 Hz, 1H, H-5a), 3.59 (m, 1H, H-5'b).
8C NMR (101 MHz, DMSO-d) 6 166.0* (CON), 152.47 (C-4), 151.50 (C-2), 150.37 (C-6), 143.16 (C-8), 133.63 (Bz-i), 13257 (Bz-p),
128.63 (Bz-0, Bz-m), 125.57 (C-5), 86.15 (C-4'), 75.90 (C-3'), 69.59 (C-1'), 62.44 (C-2'), 60.92 (C-5'). HRMS ESI (C+ 7H7N5O.,) calculated
356.1359, found: 356.1360.

N-(9-({3R,4S,5R)-5-((Bis(4 th h Dipk ) methoxy)methyl)-4-hydroxytetrahydrofuran-3-yI)-9H-purin-6-yi)
benzamide (9)

Compound 7 (559 mg, 1.57 mmol) was azeotroped with pyridine (2 X 20 mL), dissolved in pyridine (15 mL), and DMTrCI (556 mg,
1.73 mmol) was added in one portion at 0°C. The reaction mixture was stirred at ambient temperature for 15 h, quenched with
satd. aq. NaHCOs (8 mL), and evaporated. The residue was dissolved in ethyl acetate (400 mL) and washed with a saturated aqueous
solution of NaHCO; (2 X 150 mL) and brine (150 mL). The organic phase was dried over sodium sulfate and evaporated. The product
was purified by chromatography (acetone in toluene 50-70%) on a TEA-deactivated silica to afford 5 (882 mg, 85%) as a white foam.
"H NMR (400 MHz, DMSO-de) 6 11.19 (bs, 1H, NH), 8.75 (s, 1H, H-2), 8.50 (s, 1H, H-8), 8.07-8.03 (m, 2H, Bz-0), 7.65 (m, 1H, Bz-p),
7.58-7.52 (m, 2H, Bz-m), 7.43-7.38 (m, 2H, DMTr-0), 7.33-7.19 (m, 7H, DMTr-m,p, DMT¥-2), 6.91-6.86 (m, 4H, DMTr-3), 5.82 (d, 1H,
Jon,3 =5.7 Hz, OH), 5.05 (dt, 1H, Jo 11, = 7.2, Jo 172 = Jp 3 = 6.0 Hz, H-2'), 4.56 (dt, 1H, J» » = 6.8, Jy » = 5.6 Hz, H-3), 4.37 (dd, 1H,
Jeem = 9.6, Jya 2 = 6.1 Hz, H-1"a), 4.30 (dd, TH, Jgem = 9.6, J1p,2r = 7.2 Hz, H-1'b), 3.94 (dt, 1H, Ju 3 = 6.9, Ju 5 = 4.5Hz, H-4'), 3.73 (s,
6H, DMTr-OCHa), 3.19 (d, 2H, Js 4 = 4.4 Hz, H-5). "°C NMR (101 MHz, DMSO-dq) 6 165.62 (CON), 158.23 (DMTr-4), 152.55 (C-4),
151.51 (C-2), 150.49 (C-6), 145.06 (DMTr-j), 143.37 (C-8), 135.82 and 135.79 (DMTr-1), 133.63 (Bz-i), 132.61 (Bz-p), 129.90 (DMTr-2),
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128.66 and 128.65 (Bz-0,m), 128.00 and 127.92 (DMTr-o0,m), 126.83 (DMTr-p), 125.88 (C-5), 113.36 (DMTr-3), 85.51 (DMTr-C), 83.49
(C-4), 75.20 (C-3'), 68.74 (C-1), 63.71 (C-5), 62.32 (C-2'), 55.21 (DMTr-OCHa). ESI MS m/z (%): 658.3 (100) [M + H]; HRMS ESI
{CasH25N50g) calculated: 658.2666; found: 658.2661.

(2R, 3S,4R)-4-(6-Benzamido-9H-purin-9-yl)-2-(hydroxymethyl)tetrahydrofuran-3-yl hydrogen phosphonate (11)
Compound 9 (403 mg, 0.61 mmol) was azeotroped with pyridine (2 X 10 mL), dissolved in pyridine (10 mL), and diphenyl phosphite
(85%, 417 pL, 1.9 mmol) was added in one portion. After stirring at ambient temperature for 20 min, TEA (0.92 mL) was added, fol-
lowed by water (0.92 mL), and the reaction was stirred for a further 20 min. The resulting solution was diluted with DCM (200 mL) and
washed with a saturated aqueous solution of NaHCO; (2 x 75 mL). The organic layer was dried over sodium sulfate and evaporated.
The resulting intermediate was purified on FCC (DCM/1% Et;N-MeOH 0-30%). Water (200 uL, 11.1 mmol) was added to a solution of
obtained intermediate in DCM (10 mL), followed by a solution of DCA (457 uL, 5.6 mmol) in DCM (5.1 mL). The reaction mixture was
stirred at ambient temperature for 30 min, and the volatiles were evaporated. Purification on reverse phase FCC (ACN in 50 mM
aqueous NH,HCO3, 0-30%) afforded 6 (192 mg, 75%, ammonium salt). "H NMR (400 MHz, DMSO-d) 6 11.17 (s, 1H, NH), 8.74
(s, 1H, H-2), 8.63 (s, 1H, H-8), 8.07-8.02 (m, 2H, Bz-0), 7.64 (m, 1H, Bz-p), 7.58-7.52 (m, 2H, Bz-m), 6.48 (d, 1H, Jy, p = 588.2 Hz,
PH), 5.20 (dt, 1H, Jo 4 = 6.8, Jo,1p = Jorz = 5.2 Hz, H-2'), 4.90 (ddd, 1H, Jy p = 10.8, Jy s = 6.1, Jy o = 4.9 Hz, H-3), 4.23
(dd, 1H, Jggm = 9.7, J1a 2 = 6.8 Hz, H-1'a), 4.18 (dd, 1H, Jgem = 9.6, Jip = 5.4 Hz, H-1'b), 3.86 (dt, 1H, Ju 3 = 6.2, Jy g =
4.4 Hz, H-4), 3.71 (dd, 1H, Jogm = 11.9, Jgax = 4.5 Hz, H-5'a), 3.65 (dd, 1H, Joem = 11.9, Jspa = 4.3 Hz, H-5'b). '*C NMR (101
MHz, DMSO-dg) 4 165.81 (CON), 152.46 (C-4), 151.63 (C-2), 150.37 (C-6), 143.51 (C-8), 133.63 (Bz-i), 132.63 (Bz-p), 128.68 (Bz-
o,m), 125.61 (C-5), 84.81 (d, Ju,p = 3.0 Hz, C-4'), 77.35 (d, Jy p = 4.4 Hz, C-3), 69.31 (C-1'), 61.36 (d, Jo p = 5.5 Hz, C-2'), 61.30
(C-5). >'P NMR (162 MHz, DMSO) 5 3.56. ESI MS m/z (%): 420.2 (100) [M + H]; HRMS ESI (C;,HsN504P) calculated: 420.1073;
found: 420.1074.

N-{9-((3R,4S, 5R)-4-Hydroxy-5-{hydroxymethyl)tetrahydrofuran-3-yl)-9H-purin-6-yl)pe nt-4-enamide (8)

Intermediate 6 (1 g, 4 mmol) was azeotroped with pyridine (2 x 10 mL), dissolved in pyridine (15 mL), and TMSCI(2.5 mL, 20 mmol) was
added dropwise. After stirring the reaction mixture at ambient temperature for 1 h, pentenoic anhydride (2.9 mL, 16 mmol)was added
dropwise, and stirring was continued for a further 12 h. TEA (1 mL) was added, and after cooling to 0 °C, water (4 mL) was added and
stirring was continued for 5 min. Then, aqueous ammonia was added (25%, 4 mL) while still at 0 °C, and stirring was continued for
another 30 min. The volatiles were quickly evaporated at 30 °C, and the residue was passed through a plug of silica in DCM-MeOH
19:1 affording product (1.2 g) of ca 80% purity, sufficient for the next reaction. ESI MS m/z (%): 334.2 (100) [M + H].
N-(9-((3R,4S,5R)-5-((Bis(4-methoxyphenyl){phenyl)methoxy)methyl)-4-hydroxytetrahydrofuran-3-yl)-9H-purin-6-yi)
pent-4-enamide {10)

The partially protected nucleoside 8 (1.2 g, 80% purity, 3.0 mmol of pure) was azeotroped with pyridine (2 X 10 mL), dissolved in
pyridine (15 mL), and DMTrCI(1.12 g, 3.2 mmol) was added at 0 °C in five portions. The reaction mixture was stirred at ambient tem-
perature for 12 h, after which all volatiles were evaporated. The residue was dissolved in a small volume of DCM and applied to a TEA-
deactivated silica gel column. Flash chromatography (acetone in cyclohexane 10-60%) afforded 8 (1.6 g, 89%). "H NMR (400 MHz,
DMSO-d;) 0 10.69 (s, 1H, NH), 8.64 (s, 1H, H-2), 8.47 (s, 1H, H-8), 7.42-7.36 (m, 2H, DMTr-0), 7.32-7.18 (m, 7H, DMTr-m,p, DMTr-2),
6.90-6.84 (m, 4H, DMTr-3), 5.88 (ddt, 1H, J3+ 425 = 17.3, J3s 40, = 10.3, J3v o = 6.4 Hz, H-3"), 5.79 (d, 1H, Jop 3 = 5.7 Hz, OH), 5.08 (dq,
1H, Jaraz =173, Jyra o = Joem = 1.7 Hz, H-4"a), 5.05-4.91 (m, 2H, H-2', H-4"b), 4.53 (dt, 1H, J» « = 6.8, J3 » = 5.6 Hz, H-8), 4.36 (dd,
TH, Jgem = 9.6, Jy1a2 = 5.9 Hz, H-1a), 4.27 (dd, 1H, Jggm = 9.6, Jyp 2 = 7.1 Hz, H-1'b), 3.92 (dt, 1H, Jy 5 = 6.7, Jy 5 = 4.5 Hz, H-4),
3.73 (s, 6H, DMTr-OCHs3), 3.16 (d, 2H, Js 4 = 4.5 Hz, H-5), 2.68 (t, 2H, J 112+ = 7.4 Hz, H-1"), 2.36 (dtt, 2H, Jov 30 = 8.7, Jor v = 7.3,
Joi g = 1.6 Hz, H-2). 3C NMR (101 MHz, DMSO-d¢) 6 171.07 (CON), 158.23 (DMTr-4), 152.13 (C-4), 151.59 (C-2), 149.66 (C-6),
145.05 (DMTr-i), 142.94 (C-8), 137.68 (C-3”), 135.80 and 135.77 (DMTr-1), 129.89 (DMTr-2), 127.99 and 127.91 (DMTr-o,m),
126.83 (DMTr-p), 123.77 (C-5), 115.48 (C-4"), 113.35 (DMTr-3), 85.50 (DMTr-C), 83.59 (C-4'), 75.20 (C-3'), 68.70 (C-1'), 63.68
(C-5), 62.34 (C-2'), 55.21 (DMTr-OCHj), 35.56 (C-17), 28.83 (C-2"). ESI MS m/z (%): 636.3 (100) [M + H]; HRMS ESI (C35H37N5O06)
calculated: 636.2822; found: 636.2825.
(2R,38,4R)-2-(Hydroxymethyl)-4-(6-(pent-4-enamido)-9H-purin-9-yl)tetrahydrofuran-3-yl hydrogen phosphonate (12)
Partially protected nucleoside 10 (200 mg, 0.31 mmol) was azeotroped with pyridine (2 x 10 mL), dissolved in pyridine (10 mL), and
diphenyl phosphite (85%, 860 uL, 3.82 mmol) was added in one portion. After stirring at ambient temperature for 20 min, TEA (1.5 mL)
was added, followed by water (1.5 mL), and the reaction was stirred for a further 20 min. The resulting solution was diluted with DCM
(80 mL) and washed with a saturated aqueous solution of NaHCO; (20 mL) and with water (20 mL). The organic layer was dried with
sodium sulfate and evaporated. To a solution of obtained intermediate in DCM (15 mL), water (229 ulL, 12.7 mmol) and a solution of
DCA {0.94 mL, 11.4 mmol) in DCM (10 mL) were added, and the reaction mixture was stirred at ambient temperature for 30 min, after
which it was quenched with pyridine (2 mL). Purification and separation of isomers on reverse phase FCC (ACN in water, 0-50%)
afforded 24 (119 mg, 83%) as triethylammonium salt. 'H NMR (400 MHz, DMSO-de) 6 10.68 (s, 1H, NH), 8.64 (s, 1H, H-2), 8.61
(s, 1H, H-8), 6.45 (d, 1H, Jy, p = 587.4 Hz, PH), 5.87 (ddt, 1H, J4» 5ra = 16.8, Jur 5rp = 10.2, Jav 3» = 6.4 Hz, H-4"), 5.16 (M, 1H, H-2/),
5.08 (dq, TH, Jsraan = 17.2, Jsray = Jsra s = 1.7 Hz, H-5"a), 4.98 (ddt, 1H, Jsup v = 10.2, Jgi, 514 = 2.3, Jsup3» = 1.3 Hz, H-5"b),
4.88 (ddd, 1H, J3 p = 11.1, Jy » = 6.2, Jz » = 5.1 Hz, H-3'), 4.23-4.12 (m, 2H, H-1), 3.84 (dt, 1H, J4 3 = 6.3, Jsr 5 = 4.4 Hz, H-4'),
3.69 (dd, 1H, Jgem = 11.8, Jsaw = 4.7 Hz, H-5a), 3.63 (dd, 1H, Jeem = 11.8, Jgp.4 = 4.3 Hz, H-5'b), 2.99 (q, 1.5H, Joro.crs =
7.3 Hz, TEA-GHp), 2.71-2.65 (m, 2H, H-2"), 2.35 (dtd, 2H, Jg o = 7.3, Jguapr = 6.4, Jgn g = 1.6 Hz, H-3"), 1.12 (t, 2.1H, Jgns.che =
7.3 Hz, TEA-CHa). "*C NMR (101 MHz, DMSO-dg) § 171.09 (H-17), 152.01 (C-4), 151.02 (C-2), 149.57 (C-6), 143.08 (C-8), 137.09
(C-4), 123.50 (C-5), 115.48 (C-5"), 84.60 (d, Jup = 2.9 Hz, C-4), 77.31 (d, Jy p = 4.5 Hz, C-3), 69.15 (C-1'), 61.38 (C-5), 61.27
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(d, Jop = 5.3 Hz, C-2), 4555 (TEA-CHy), 35.54 (C-2), 28.82 (C-3"), 8.62 (TEA-CHj). >'P NMR (162 MHz, DMSO) 6 3.74. ESI MS m/z
(%): 398.2 (100) [M + H]; HRMS ESI (C15H20NsO6P) calculated: 398.1229; found: 398.1229.
hesis of PNT pr d 2'F,2'dA phosphoramidite (14) (Figure S$2)

N {9-({2,3,4,5R)-3-Fluoro-4-hydroxy-5-(hydroxymethyljtetrahydrofuran-2-yl)-9H-purin-6-yl)pent-4-enamide (82). S1 (1 g,
3.7 mmol, CAS: 64,183-27-3, Chemgenes corp.) was azeotroped with pyridine (2 X 10 mL), dissolved in pyridine (15 mL), and
TMSCI (2.36 mL, 18.6 mmol) was added dropwise. After stirring the reaction mixture at ambient temperature for 1 h, pentenoic an-
hydride (1.7 mL, 9.3 mmol) was added dropwise and stirring was continued for further 12 h. TEA (1 mL) was added, and, after cooling
to 0 °C, water (4 mL) was added and stirring was continued for 5 min. Then aqueous ammonia was added (25%, 4 mL), while still at
0°C and stirring was continued for another 30 min. Volatiles were quickly evaporated at 30 °C and the residue was passed through a
plug of silica in DCM-MeOH 19:1 affording product (1.1 g) of ca 90% purity, suitable for next reaction. ESI MS m/z (%): 352.1 (100)
M+ H].
N-{9-({2,3,4,5R}-5-((Bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-3-fluoro-4-hydroxytetrahydrofuran-2-yl)-9H-purin-6-
Vilpent-4-enamide (S3). Partially protected nucleoside S2 (1.09 g, 3.1 mmol) was azeotroped with pyridine (2 X 10 mL), dissolved
in pyridine (15 mL) and DMTrCI (1.15 g, 3.4 mmol) was added at 0 °C in five portions. Reaction mixture was stirred at ambient
temperature for 12 h, after which all volatiles were evaporated. Residue was dissolved in small volume of DCM and applied to a pre-
conditioned silicagel column (10% acetone in cyclohexane, 1% TEA), and flash chromatography (10-80% acetone in cyclohexane)
afforded 12 (1.7 g, 84%). '"H NMR (400 MHz, DMSO-dj) 4 10.76 (s, 1H, NH), 8.64 (s, 1H, H-2), 8.60 (s, 1H, H-8), 7.32-7.28 (m, 2H,
DMTr-0), 7.24-7.14 (m, 7H, DMTr-m,p, DMTr-2), 6.82-6.75 (m, 4H, DMTr-3), 6.40 (dd, 1H, Jy ¢ = 20.0, Jy/ » = 1.5 Hz, H-1’), 5.87
(ddt, 1H, Jar 474 = 16.8, J3v 4, = 10.2, Jyi 20 = 6.4 Hz, H-3"), 5.75 (d, 1H, Jop,3 = 6.9 Hz, OH), 5.65 (ddd, 1H, Jor p = 52.7, Jp 3 =
4.5, Jpr v = 1.4 Hz, H-2), 5.08 (dq, TH, Jarazr = 17.2, Jyrapr = Jeem = 1.7 Hz, H-4"a), 4.98 (ddt, 1H, Jup 3 = 10.2, Jyppr = 2.2,
Jurpr = Jeem = 1.4 Hz, H-4"b), 4.84 (dddd, 1H, Jy r = 23.2, Jy 4 = 8.3, Jy on = 6.9, Jy o = 4.5 Hz, H-3), 4.12 (ddd, TH, Ju 5 =
8.0, Jy sp = 5.1, Ju5a = 2.4 Hz, H-4'), 3.71 (s, 6H, DMTr-OCHy), 3.28 (dd, 1H, Jgem = 10.7, Jg a0 = 2.5 Hz, H-5a), 3.22 (dd, 1H,
Jeem = 10.8, Jspa = 5.3 Hz, H-5'b), 2.68 (t, 2H, J1v o = 7.4 Hz, H-17), 2.35 (dtt, 2H, Jpr 30 = 8.7, Jov 1 = 7.4, Jor 4 = 1.5 Hz, H-2").
BC NMR (101 MHz, DMSO-de) & 171.05 (CON), 158.20 (DMTr-4), 151.99 (C-2), 151.29 (C-4), 149.90 (C-6), 144.91 (DMTr-),
143.24 (C-8), 137.65 (C-3"), 135.63 and 135.60 (DMTr-1), 129.82 (DMTr-2), 127.90 and 127.81 (DMTr-0,m), 126.79 (DMTr-p),
123.83 (C-5), 115.47 (C-4"), 113.27 (DMTr-3), 93.48 (d, Jx r = 184.6 Hz, C-2), 86.83 (d, J ¢ = 34.7 Hz, C-1/), 85.55 (DMTr-C),
81.59 (C-4'), 68.85 (d, Jar = 16.5 Hz, C-3) 62.77 (C-5'), 55.17 (DMTr-OCH3), 35.56 (C-1"), 28.78 (C-2"). '°F NMR (377 MHz,
DMSO-dg) 6 —201.20 (ddd, J = 52.9, 23.2, 20.1 Hz).ESI MS m/z (%): 654.3 (100) [M + +H]; HRMS ESI (C35H3sN506F) calculated:
654.2728; found: 654.2723.
(2R,3R,4R,5R)-2-((Bis (4 hoxyph I)methoxy}methyl)-4-fluoro-5-(6-(pent-4 ido)-9H-purin-9-yl)tetrahy
drofuran-3-yl {2-cyanoethyl) d"sopropylphosphoramidlte (14). To asolution of 83 (688 mg, 1.05 mmol) in DCE (11 mL) under
argon atmosphere was via syringe added 2-cyanoethyl N.N,N' N'-tetraisopropylphosphorodiamidite (0.67 mL, 2.1 mmol) followed
by tetrazole (0.45M in ACN, 5.85 mL, 2.63 mmol). Reaction mixture was stirred at ambient temperature for 30 min, diluted with
DCM (150 mL), washed with sat. ag. NaHCO3 (50 mL), dried over sodium sulfate and evaporated. Crude product was dissolved
in DCM (2 mL) and applied to a preconditioned (10% acetone in cyclohexane, 1% TEA) silicagel column and eluted with a gradient
of acetone in cyclohexane 10-60%. Product was freeze-dried from benzene to afford 13 (700 mg, 78%) as a 3:2 mixture of diaste-
reomers. >'P NMR (162 MHz, Benzene-dg) 6 151.69, 151.66. '°F NMR (377 MHz, Benzene-dg) 6 -198.55 (dt, J = 51.2, 17.7 Hz),
-198.96 (ddd, J = 51.1, 21.6, 15.6 Hz).
Synthesis of 5-DMT-5°""°A(bz) phosphoramidite (S4) (Figure $3)
(2R, 38,4R)-4-(6-Benzamido-9H-purin-9-yl)-2-((bis(4-methoxyphenyl){phenyl)methoxy)methyl) tetrahydrofuran-3-yl (2-cya-
noethyl) diisopropylphosphoramidite {(S4). To a solution of 9 (460 mg, 0.7 mmol) in DCE (7 mL) under argon atmosphere was
viaz syringe added 2-cyanoethyl NN N/ N -tetraisopropylphosphorodiamidite (0.44 mL, 1.4 mmol) followed by tetrazole (0.45M in
ACN, 3.9 mL, 1.74 mmol). Reaction mixture was stired at ambient temperature for 30 minutes, diluted with DCM (150 mL), washed
with sat. aq. NaHCO3 (50 mL), dried over sodium sulfate and evaporated. Crude product was dissolved in DCM (2 mL) and applied to
a preconditioned (10% acetone in cyclohexane, 1% TEA) silicagel column and eluted with a gradient of acetone in cyclohexane 10-
60%. Product was freeze-dried from benzene to afford S4 (370 mg, 62%) as a 2:1 mixture of diastereomers. >'P NMR (162 MHz,
Benzene -de) 6 153.55, 153 16.

Y is of pr d G H-phospt (S9) (Figure $4)
2-Amino-9-((3R,48,5R)-4-hydroxy-5- (hydroxymethyl)tetrahydrofuran-3-yl)-1,9-dihydro-6H-purin-6-one (S6). A mixture of 4
(1.5 g, 4 mmol), 2-amino-6-chlorpurine (1 g, 6 mmol) and triphenylphosphine (2.1 g, 8 mmol) in THF (48 mL) was cooled to 0°C
and DIAD (1.6 mL, 8 mmol) was added dropwise during 10 min. After 30 min at ambient temperature was the reaction mixture heated
to 60°C for 20 h. Volatiles were evaporated and the residue was purified by flash chromatography on silica gel (ethyl acetate in cyclo-
hexane, 0-45%). An inseparable mixture of 85 (ESI MS m/z (%6): 528.2 (100) [M + H]) and its adduct with triphenylphosphine (ESI MS
m/z (%): 788.3 (100) [M + H)) was obtained. This mixture was dissolved in ag. HCOOH (85 mL, 80%) and heated to 100°C for 16 h.
Reaction mixture was then taken down, co-evaporated with ethanol (3 x 100 mL) and re-dissolved in ethanol (40 mL). To this solution,
aq. ammonia (20 mL, 25%) was added and the mixture was stirred at ambient temperature for 3 h, evaporated to dryness and co-
evaporated with ethanol (2 x 100 mL). Product was isolated by FCC on silica (ethyl acetate to ethyl acetate:acetone:ethanol:water
4:1:1:1, 0-100%) to afford S6 (640 mg, 60%) of purity sufficient for the next reaction. "H NMR (400 MHz, DMSO-d) 6 10.57 (s, 1H,
NH), 7.77 (s, 1H, H-8), 6.43 (s, 2H, NH), 5.69 (d, Jon,> = 5.5, 1H, 8-OH), 4.90 {t, Jops = 5.7, 1H, 5-OH), 4.68-4.62 (m, 1H, H-2'),
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4.32-4.25 (m, 1H, H-3), 4.28 (dd, Jgem = 9.7, Jy/5 = 6.8, 1H, H-1'a), 3.98 (dd, Jgem = 9.7, J 2 = 4.7, 1H, H-1"b), 8.67-8.60 (m, 2H,
H-4', H-5'a), 3.60-3.52 (m, 1H, H-5'b). '*C NMR (101 MHz, DMSO-ds) 6 156.98 (C-6), 153.60(C-2), 151.29 (C-4), 135.55 (C-8), 116.55
(C-5), 86.16 (C-4), 76.15 (C-3'), 70.22 (C-1"), 61.60 (C-2'), 60.99 (C-5'). ESI MS m/z: 268.2 (M + H)*. '"H NMR spectrum matches liter-
ature data (Kakefuda et al., 1994).

N-(9-({3R,48,5R)-4-Hydroxy-5-{hydroxymethyljtetrahydrofuran-3-yl)-6-oxo0-6,9-dihydro- 1H-purin-2-yl)isobutyramide  (S7).
Nucleoside S6 (1.07 g, 4 mmol) was azeotroped with pyridine (3 x 40 mL), dissolved in pyridine (45 mL), cooled to 0°C and
TMSCI (4.2 mL, 32.7 mmol) was added dropwise during 5 min. Reaction mixture was stirred at 0°C for 1 h and then at ambient tem-
perature foranother 1 h and cooled to 0°C. Isobutyryl chloride (1.26 mL, 12 mmol) was slowly added at 0°C and the resulting solution
was stirred overnight at ambient temperature. The reaction mixture was cooled to 0°C, quenched with water (17 mL, dropwise) and
then stired at ambient temperature for 30 min. Reaction mixture was re-cooled to 0°C and aq. ammonia (17 mL, 25%) was added
dropwise. After further 15 minat 0°C and 20 min at ambient temperature were all volatiles evaporated and product was isolated by on
reverse phase FCC (ACN inwater, 0-50%) to afford S7 (722 mg, 54%) as white solid. 'H NMR (400 MHz, DMSO-dy) 6 12.06 and 11.64
(2 x bs, 2H, NHCO, NH}), 8.08 (s, 1H, H-8), 5.74 (d, Jop,» = 5.3, 1H, 3'-OH), 4.94 {t, Jon 5 = 5.4, 1H, 5-OH), 4.79-4.73 (m, 1H, H-2'),
4.34-4.29 (m, 1H, H-3), 4.14 (dd, Jgorm = 9.8, /122’ = 6.5, TH, H-12), 4.01 (dd, Jgem = 9.8, J11p,2 = 4.5, 1H, H-1'b), 3.69-3.63 (m, 2H, H-
4, H-5a), 3.62-3.55 (m, 1H, H-5'b), 2.84-2.75 (m, 1H, CH(CHa)), 1.12 (d, Jcpa,cn = 6.8, 3H, CHa), 1.11 (d, Jgps,cr = 6.8, 3H, CHg). 1°C
NMR (101 MHz, DMSO-ds) 5 180.30 (CON), 155.07 and 147.97 (C-2, C-6), 148.77 (C-4), 137.82(C-8), 119.99(C-5), 86.28 (C-4'), 76.41
(C-3), 70.28 (C-1), 62.10 (C-2/), 60.83 (C-5'), 34.88 (CH), 19.06 and 19.06 (2 x CH3). ESI MS m/z: 338.2 (M + H)*.

N-(9-((3R,48,5R)-5-((Bis(4- methoxyphenyl)(phenyl)methoxy)methyl)-4-hydroxyte trahydrofuran-3-yl)-6-ox0-6,9-dihydro-
TH-purin-2-ylisobutyramide (88). Compound S7 (700 mg, 2.08 mmol) was azeotroped with pyridine (3 x 40 mL), dissolved in
pyridine (25 mL) and DMTrCI (773 mg, 2.29 mmol) was added in one portion at 0°C. Reaction mixture was stirred at ambient tem-
perature for 15 h. Second portion of DMTrCl (141 mg, 0.42 mmol) was added at 0 °C and reaction mixture was allowed to stir for
another 4 h, then quenched with satd. aq. NaHCO; (8 mL) and evaporated. Residue was dissolved in ethyl acetate (400 mL) and
washed with saturated aqueous solution of NaHCO; (2 X 150 mL) and brine (150 mL). Organic phase was dried over sodium sulfate
and evaporated. Product was purified by FCC on silica (acetone in dichlormethane, 50-70%) on a TEA-deactivated silica to afford
S8 (1.2 g, 90%) as white foam. 'H NMR (400 MHz, DMSO-dg) 4 12.09 (s, 1H, NH), 11.65 (s, TH, 2-NH), 8.03 (s, H-8), 7.41-7.36 (m, 2H,
DMTr-0), 7.33-7.28 (m, 2H, DMTr-m), 7.27-7.19 (m, 5H, DMTr-p, DMTr-2), 6.92-6.85 (m, 4H, DMTr-3), 5.75 (d, Jor3' = 5.6, 1H,
3'-OH), 4.81-4.75 (m, 1H, H-2), 4.28-4.21 (m, 2H, H-3, H-1'a), 4.16 (dd, Jgem = 9.8, Jyp,> = 5.5, 1H, H-1"b), 3.93-3.87 (m, 1H,
H-4), 3.74 (s, 6H, DMTr-OCHa), 3.23-3.14 (m, 2H, H-5'), 2.84-2.75 (m, 1H, CH(CH3)»), 1.13 (d, Jora.cr = 6.8, 2H, two x CH3). '°C
NMR (101 MHz, DMSO-ds) § 180.32 (CON), 158.22 (DMTr-4), 155.03 and 148.00 (C-6, C-2), 148.97 (C-4), 144.99 (DMTr-i),
137.48 (C-8), 135.73 and 135.67 (DMTr-1), 129.88 (DMTr-2), 127.97 and 127.89 (DMTr-o,m), 126.82 (DMTr-p), 120.22 (C-5),
113.33 (DMTr-3), 85.57 (DMTr-C), 83.96 (C-4), 76.41 (C-3), 69.66 (C-1'), 63.91 (C-%), 61.50 (C-2'), 55.19 (DMTr-OMe), 34.86
(CH), 19.05 and 19.02 (2 x CHj). ESI MS m/z: 640.3 (M + H)*.
(2R,38,4R)-2-(Hydroxymethyl)-4-(2-isobutyramido-6-oxo-1,6-dihydro-9H-purin-9-yl)tetrahydrofuran-3-yl hydrogen phos-
phonate (89):. Compound S8 (600 mg, 0.94 mmol) was azeotroped with pyridine (2 X 15 mL), dissolved in pyridine (10 mL),
and diphenyl phosphite (85%, 636 ulL, 2.8 mmol) was added in one portion. After stirring at ambient temperature for 40 min, TEA
(1.4 mL) was added followed by water (1.4mL), and the reaction mixture was stirred for further 20 min. Resulting solution was diluted
with DCM (350 mL) and washed with saturated aqueous solution of NaHCO; (150 mL). Water phase was extracted with DCM
(2 x 100 mL). Combined organic layers were dried over sodium sulfate and evaporated. Resulting intermediate was purified by
FCC (1% Et;N-MeOH in DCM 0-25%). To a solution of obtained intermediate in DCM (14 mL) was added water (322 ulL,
17.9 mmol) followed by a solution of DCA (0.7 mL, 8.6 mmol) in DCM (7.7 mL). Reaction mixture was stirred at ambient temperature
for 30 min, quenched with pyridine (5 mL) and volatiles were evaporated. Purification on reverse phase FCC (ACN in water, 0-40%)
afforded S9 (332 mg, 84%, triethylammonium salt) as white foam. 'H NMR (400 MHz, DMSO-d) 6 12.07 and 11.80 (bs, TH, H-1/, NH),
8.14 (s, 1H, H-8),6.53 (d, 1H, Jj; p = 590.9 Hz, PH), 4.95 (dt, TH, Jo 175 = 6.5, Jor 11 = Jo 3 = 4.5 Hz, H-2'), 4.74 (ddd, 1H, J3p = 10.4,
Jy 4 =6.0,dy o =4.3Hz, H-3), 4.13(dd, 1H, Jggm = 9.7, J17a» = 6.5 Hz, H-1a), 4.02 (dd, 1H, Jgem = 9.7, J1p,2 = 4.8 Hz, H-1'b), 3.81
(dt, 1H, Js 3 = 6.0, Jy 5 =4.2 Hz, H-4'), 3.71 (dd, 1H, Jgem = 11.9, U5 5+ = 4.4 Hz, H-5'a), 3.64 (dd, TH, Jgem = 11.9, Jsp 2 = 4.2 Hz, H-
5'b), 8.00(q, 2H, Jgpz,crs = 7.3 Hz, TEA-CHy), 2.78 (hept, 1H, Jon,cha = 6.8 Hz, iPr-CH), 1.12 {t, 8H, Jos,cre = 7.8 Hz, TEA-CH), 1.11
and 1.11 (d, 3H, Jora,che = 6.7 Hz, iPr-CHa). "*C NMR (101 MHz, DMSO-de) 6 180.40 (CON), 155.10 (C-6), 148.78 (C-2), 148.05 (C-2),
138.02 (C-8), 119.98 (C-5), 85.12 (d, Ju p = 3.0 Hz, C-4), 78.12 (d, J3 p = 4.6 Hz, C-3)), 70.15 (C-1’), 61.14 (C-5’), 60.95 (d, Jo p =
5.6 Hz, C-2'), 45.57 (TEA-CH>), 34.89 (jPr-CH), 19.14 and 19.03 (iPr-CH3), 8.63 (TEA-CH3). >'P NMR (162 MHz, DMSO) 6 3.60.
Preparation of CDNs with phosphate linkers

3,3-c-(2'F,2’dAMP, °"™“°AMP) (19). A mixture of 12 (36 mg, 0.077 mmol) and pyridinium trifluoroacetate (22 mg, 0.12 mmol) was
codistilled with dry ACN (3 X 3 mL), suspended in dry ACN (1 mL), and stirred overnight in a sealed vessel over activated 3 A mo-
lecular sieves. In a separate flask, 14 (75 mg, 0.10 mmol, CAS: 144,089-97-4, Sigma-Aldrich) was codistilled with dry ACN
(3 x 3 mL), dissolved in dry ACN (1 mL), and stirred overnight in a sealed vessel over activated 3 A molecular sieves. A solution of
14 was transferred via syringe to aflask with the suspension of 12 with py-TFA, and the resulting solution was stirred for 1 hat ambient
temperature. TBHP (5.5M solution in decane, 42 pL, 0.23 mmol) was added, and the reaction mixture was stirred for a further 30 min.
The reaction mixture was quenched with NaHSO3 (39% in water, 31 pL, 0.27 mmol) and evaporated to afford crude tritylated linear
dimer which was used in the next reaction without further purification. To a solution of this residue in DCM (3 mL) was added water
(14 uL, 0.77 mmol) and a solution of DCA (57 pL, 0.7 mmol) in DCM (3 mL) dropwise. After stirring the reaction mixture for 30 min, TES
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(1.2 mL) was added, and the reaction mixture was stirred for a further 80 min, after which it was quenched by the addition of pyridine
(1.2 mL). All solids were removed by filtration and thoroughly washed with pyridine. Volatiles were evaporated, and 16 (29 mg) was
isolated on RP FCC (ACN in 0.05M NH,COOCH, 0-50%) as a mixture of diastereomers. 16 was azeotroped with pyridine (2 X 2 mL),
dissolved in pyridine (2 mL), DMOCP (50 mg, 0.27 mmol) was added, and the reaction mixture was stirred at ambient temperature for
1h. Water (46 uL, 2.54 mmol) followed by iodine (26 mg, 0.1 mmol) were added, and the reaction mixture was stirred at ambient tem-
perature for 10 min, after which it was quenched with NaHSO3 (39% inwater, 31 uL, 0.27 mmol) and evaporated to afford crude cyclic
dimer 18 which was used in the next reaction without further purification. CH3;NH; (33% in ethanol, 1 mL) was added to the crude 18,
and the reaction mixture was stirred at ambient temperature for 3 h. Volatiles were evaporated, and the product was purified ona
preparative HPLC (ACN in 0.1M TEAB, 0-30%). Appropriate fractions were pooled, evaporated, codistilled with water (3 X 5 mL)
and methanol (3 X 5 mL), dissolved in water (1 mL) and slowly passed through a 1 mL column of Dowex 50 (Na* cycle). Freeze-drying
the eluent afforded the sodium salt of 19 (23 mg, 43%). "H NMR (501 MHz, D,0) §8.16 (s, 1H, B-8),8.10 (s, TH, A-2), 8.10 (s, 1H, A-8),
8.05 (s, 1H, B-2), 6.34 (d, 1H, Jy g = 16.5 Hz, A-1'), 5.53 (dd, 1H, Jo g = 51.4, Jp 3 = 4.0 Hz, A-2"), 5.39 (dt, 1H, Jp 112 = 6.9, Jor 1, =
Jox=8.8Hz,B-2),5.29(td, 1H, Jz p=dy 4 =7.1,d5 » =3.7Hz, B-3),4.92 (dtd, 1H, J» ¢ =21.1,J3 p=Jy 4 =9.6,Jy » = 4.0Hz, A-3'),
4.51(ddd, 1H, Jy,3 = 9.4, Jy 52 = 2.0, Jy 5p = 1.4 Hz, A-4'), 4.40(dd, TH, Jgem = 12.1, U5 » = 2.0 Hz, A-5'a), 4.37 (dd, 1H, Jgegm = 10.5,
Jiap = 6.9 Hz, B-17a), 4.35(dd, 1H, Jggm = 11.7, Js 4 = 2.3 Hz, B-5a), 4.23 (dq, 1H, Ju 3 =7.1,Ju 5 = Ju p = 2.3 Hz, B-4'), 4.20 (ddd,
1H, Jgem = 11.7, Js p = 5.2, J5 4 = 2.0 Hz, B-5'b), 4.10 (ddd, 1H, Jgem = 12.1, Jsp = 4.2, Jy o = 1.4 Hz, A-5'b), 4.10 (dd, 1H, Jgem =
10.5, J1iap = 3.9 Hz, B-1’b). ">C NMR (101 MHz, D,0) 6 157.97 (A-6), 157.97 (Bg), 155.36 (B-2), 154.96 (A-2), 151.48 (B-4), 150.21
(A-4), 143.55 (B-8), 141.55 (A-8), 121.36 (A-5), 121.01 (B-5), 94.78 (d, Jo r = 189.2 Hz, A-2'), 90.27 (d, J;- ¢ = 34.0 Hz, A-1), 85.05
(t, Jop = 10.2 Hz, B-4), 82.44 (t, Jor = Jwp = 11.3 Hz, A-4), 80.39 (d, Jy p = 5.5 Hz, B-3'), 74.44 (B-1"), 72.03 (dd, Jy r = 164,
Jz p = 5.5 Hz, A-3), 65.67 (d, Jsp = 4.4 Hz, B-5), 64.58 (d, Js' p = 4.7 Hz, A-5), 64.31 (A-2). >'P NMR (202.4 MHz, D,;0) 4 0.70,
0.36. "°F NMR (470.4 MHz, D,0) 5 —198.17. HPLC retention time (HILIC, min): 3.48.

3,3-c~(2'F,2’dGMP, *°"“°AMP) (21). From 11 and a commercial phosphoramidite (CAS 144089-97-4, Sigma-Aldrich), yield 8 mg,
15%. "H NMR (400 MHz, D,0) 3 8.19 (s, 1H, A-8), 8.10 (s, 1H, A-2), 7.71 (s, 1H, G-8), 6.12 (d, J1 ¢ = 18.1 Hz, 1H, G-1%),5.57 (dd, Jo r =
51.6,Jx 3 = 4.2 Hz, 1H, G-2/), 5.39 (dt, Jo 112 = 6.8, Jor 11p = Jor 3y = 8.4 Hz, TH, A-2), 5.18 (td, J3 4 = J3 p = 7.1, Jy » = 3.5 Hz, 1H, A-3),
4.99 (m, 1H, G-3'), 4.45 (dm, Jy 3 =9.0 Hz, 1H, G-4'), 4.39(dd, Jgem = 10.5, Jyra 0 = 6.8 Hz, 1H, A-1'a), 4.36 (bdd, Jgem = 12.0, Jg a0 =
2.5 Hz, 1H, A-5'a), 4.35 (bdd, Jggm = 12.0, Js » = 1.7 Hz, 1H, G-5a), 4.22 (dq, Ju» 3 = 7.0, Ju 5 = Ju p = 2.3 Hz, 1H, A-4), 4.20 (ddd,
Jeem = 12.0, Jsip p = 5.1, Jsp.4 = 2.1 Hz, 1H, A-5'b), 4.17 (bdd, Jgem = 10.5, J 1,20 = 3.3 Hz, 1H, A-1'b), 4.07 {ddd, Jgem = 12.0, Jspp =
4.0,Jgp,4 = 1.5Hz, TH, G-5'b). "*C NMR (101 MHz, D,0) 6 160.55 (G-6), 157.81 (A-6), 156.27 (G-2), 154.61 (A-2), 152.71(G-4), 151.37
(A-4), 143.38 (A-8), 139.09 (G-8), 120.80 (A-5), 119.04 (G-5), 94.83 (d, Jo r = 188.5 Hz, G-2'), 90.60 (d, J+ r = 34.7 Hz, G-1), 84.97
(t, Jup = 10.1 Hz, A-4), 82.57 (t, Ju p = 10.8 Hz, G-4), 80.88 (A-3'), 74.56 (A-1/), 72.15 (dd, J3 F = 16.1, Jy p = 5.1 Hz, G-3), 65.57
(d, Jsip = 4.8 Hz, A-5), 64.64 (d, Jsp = 4.8 Hz, G-5), 64.08 (A-2"). *'P NMR (162 MHz, D,0) 4 1.00, 0.92. "°F NMR (376 MHz,
D,0) 6 —200.97. HPLC retention time (HILIC, min): 3.40.

3,8 -c-(2'F,2’dAMP, "°"“°GMP) (22). From S9 and a commercial phosphoramidite (CAS 136834-22-5, Sigma-Aldrich), yield
14 mg, 28%. 'H NMR (400 MHz, D,0) 6 8.25 (s, 1H, A-2), 8.16 (s, 1H, A-8), 7.72 (s, 1H, G-8), 6.42 (d, 1H, Jy ¢ = 14.3 Hz, A-1'),
6.12 (dt, 1H, Jy o = 7.2, Jy p = Jy» = 5.8 Hz, G-3), 5.46 (dd, 1H, Jpr = 51.5, Jo 3 = 3.5 Hz, A-2), 5.20 (dt, 1H, Jo 12 = 8.5,
Jo 1 = o,z = 5.8 Hz, G-2/), 4.94-4.83 (m, 1H, A-3'), 4.54 (dm, 1H, Jy 3 = 9.8 Hz, A-4), 4.46 (dd, 1H, Jgem = 12.3, Js:p = 2.3 Hz,
A-5a), 4.35 (dd, 1H, Jgem = 9.9, Jya 2 = 8.5 Hz, G-1'a), 4.29 (dd, TH, Jggm = 11.5, Jsz p = 2.6 Hz, G-5a), 4.25-4.20 (m, 1H, G-4'),
4.16-4.06 (m, 2H, A-5'b, G-5'b), 3.98 (dd, 1H, Jeem = 9.8, Jrba = 6.0 Hz, G-1'b). "°C NMR (101 MHz, D;0) & 159.65 (G-6),
156.24 (A-6), 153.49 (A-2), 152.93 (G-2), 151.87 (G-4), 148.25 (A-4), 141.69 (G-8), 139.02 (A-8), 119.28 (A-5), 117.57 (G-5),
92.91 (d, Jor p = 190.1 Hz, A-2'), 88.05 (d, /1, = 32.8 Hz, A-1’), 82.76 {t, J4 p = 10.8 Hz, G-4'), 80.32 {t, Ju p = 11.1 Hz, A-4), 74.62
(d, Jy p = 5.8 Hz, G-3'), 72.15 (G-1'), 69.71 (dd, J3 r = 16.2, Jy p = 5.1 Hz, A-3), 64.14 (G-2'), 63.93 (d, J5 p = 5.6 Hz, G-5), 62.43
(d, Jg.p = 4.8 Hz, A-5). ®'P NMR (162 MHz, D,0) 5 1.04, 0.81. "°F NMR (376 MHz, D,0) § —202.50 {(ddd, J = 51.5, 23.9, 14.4 Hz).
HPLC retention time (HILIC, min): 4.24.

3,3 -c-(dAMP, "*°"™“°AMP) (23). From 11 and a commercial phosphoramidite (CAS 98796-53-3, Sigma-Aldrich), yield 9 mg, 19%.
"H NMR (400 MHz, D,0) 58.25 (s, TH, B-8), 8.19 (s, 1H, A-8), 8.15 (s, 1H, B-2), 8.10 (5, TH, A-2), 6.48 (dd, J o2 = 7.1, Jy o, = 3.8 Hz,
1H,A-1,5.37(dt, Jor 12 =71, Jo 1p=do 3 =41 Hz, 1H,B-2/), 525 (td, J3 4 =dy p= 7.2, J3 > = 4.1 Hz, 1H, B-3), 4.95 (p, J3 > = dy,p =
Jy 4 =7.0Hz, 1H, A-3), 4.40 (dd, Jgem = 10.3, J1/,22a = 7.1 Hz, 1H, B-17a), 4.30 (ddd, Jeem = 11.8, Jsia,4 = 2.6, Jsap = 1.3 Hz, 1H, B-
5a), 4.27 (ddt, Jy 3 =6.8, Ju 52 =4.3,Jy 5 =Jy p=2.2Hz, 1H, A-4),4.22 (dq, Jor 5 = 7.0, Jy 52 = Ju 5, = Jor p= 2.4 Hz, 1H, B-4'),4.39
(ddd, Jgem = 11.7, Jsap = 2.7, Jsra.a = 2.0 Hz, 1H, B-5'a), 4.35 (dd, Jeem = 10.4, J11a2 = 6.4 Hz, 1H, B-1'a), 4.25(dq, J4,3 = 6.6, Ja 52 =
Ju 502 =dup=2.3Hz 1H, B-4), 4.17 (dd, Jgem = 10.3, J1 o = 4.1 Hz, 1H, B-1'b), 4.15 (ddd, Jgem = 11.8,Jsp o = 2.2, Jgpp = 1.7 Hz,
1H, B-5'b), 4.11 (ddd, Jgem = 11.6, Jsia 0 = 4.3, J5ap = 2.5 Hz, TH, A-5'a), 4.04 (ddd, Jgem = 11.6, Jsap = 4.2, Jsa e = 2.4 Hz, TH, A-
5'b), 2.95 (ddd, Joem = 141, Joz = 7.3, Jop v = 3.8 Hz, 1H, A-2b), 2.78 (dt, Jaem = 141, Jpa s = Jop v = 7.2 Hz, TH, A-2a). "*CNMR
(101 MHz, D,0) 4 158.16 (Bg), 158.11 (A-6), 155.30 (A-2), 155.11 (B-2), 151.67 (B-4), 150.80 (A-4), 143.44 (B-8), 142.18 (A-8), 121.38
(A-5),121.15(B-5), 86.18 (A-1'), 85.34 (t, J» p=10.3Hz, A-4'), 84.90 (t, /4 p = 10.2, 8.6 Hz, B-4'), 80.44 (d, J3 p = 5.6 Hz, B-3), 74.16 (d,
Jy p=5.1Hz, A-1),73.94 (B-1/),65.37 (d, Js p = 4.9 Hz, B-5'), 64.03 (d, Jop = 1.9 Hz, B-2), 64.01 (d, J5: p = 5.0 Hz, A-5'), 41.18 (A-2/).
3P NMR (162 MHz, D,0) 4 1.63, 1.04. 50: HPLC retention time (HILIC, min): 3.57.

3,3'-c-(dAMP, *°™“°GMP) (24). From 89 and a commercial phosphoramidite (CAS 98796-53-3, Sigma-Aldrich), yield 12 mg, 24%.
"H NMR (400 MHz, D,0) 6 8.21 (s, 1H, A-2), 8.19 (s, 1H, A-8), 7.74 (s, 1H, G-8), 6.41 (d, TH, J1/ 21, = 6.7 Hz, A-17), 6.09 (q, TH, J3 » =
Jy 4 =dy p=6.7 Hz, G-3), 5.20 (dt, 1H, Jp 1+ = 8.3, J» 3 = Jo 1 = 5.8 Hz, G-2/), 4.98 (m, 1H, A-3), 4.41-4.19 (m, 5H, A-4', A-5'a, G-1'a,
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G-4', G-5'a), 4.13-3.99 (m, 3H, A-5'b, G-1'b, G-5'b), 2.91 (dd, 1H, Jgem = 13.4, Joa 3 = 6.8 Hz, A-2'a), 2.78 (ddd, 1H, Jgem = 13.3,
Jopz = 10.0, Jop 1 = 6.9 Hz, A-2'b). °C NMR (101 MHz, D,0) ¢ 159.72 (G-6), 156.17 (A-6), 153.12 (A-2), 153.07 (G-2), 152.00
(G-4), 148.12 (A-4), 141.57 (G-8), 139.45 (A-8), 119.29 (A-5), 117.40 (G-5), 85.13 (A-1%), 83.14 (d, Ju4p = 10.9 Hz, A-4 or G-4),
82.93 (d, Jyp = 9.7 Hz, A-4’ or G-4'), 75.00 (d, J p = 5.7 Hz, G-3), 72.02 (G-1), 69.88 (d, J3p = 5.2 Hz, A-3/), 63.99 (G-2'), 63.74
(d,Js p=5.3Hz, A-5' or G-5'), 62.54 (d, J5 p = 5.1 Hz, A-5' or G-5'), 40.35 (A-2"). *'P NMR (162 MHz, D,0) 5 1.77, 1.02. HPLC retention
time (HILIC, min): 3.62.

3,3 -c-(*°"CAMP, °"U°GMP) (25). From S9 and phosphoramidite S4, yield 16 mg, 32%. 'H NMR (400 MHz, D,0) 5 8.24 (s, 1H,
A-2),8.06 (s, 1H, A-8), 7.71 (s, 1H, G-8), 5.78 (m, 1H, G-3'), 5.38 (bd, 1H, J» 5 = 5.2 Hz, A-2'), 5.20-5.13 (m, 2H, G-2/, A-8), 4.40-4.32
(m, 3H, G-1'a, G-5'a, A-5'a), 4.26 (dd, 1H, Jgem = 10.6, Jyap = 5.1 Hz, A-1'a), 4.23-4.13 (m, 3H, A-4', G-4', A-5'b), 4.06 (ddd, 1H,
Joem = 11.1, Jsp o = 4.0, Jspp = 2.3 Hz, G-5'b), 3.93 (bd, 1H, Jgem = 10.4 Hz, A-1'b), 3.89 (dd, 1H, Jgem = 10.3, Jypr = 5.3 Hz,
G-1'b). "*C NMR (101 MHz, D,0) 5 159.61 (G-6), 156.19 (A-6), 153.30 (A-2), 153.02 (G-2), 152.03 (G-4), 149.50 (A-4), 141.43 (G-8),
140.54 (A-8), 118.56 (A-5), 117.08 (G-5), 84.54 (t, Jup = 9.9 Hz, A-4), 83.34 (t, J4 p = 11.4 Hz, G-4'), 79.56 (d, Jz p = 5.6 Hz, A-3),
76.34 (d, Jy p = 5.3 Hz, G-3), 73.53 (A-1'), 72.34 (G-1'), 64.70 (G-2Y), 63.53 (d, Jg p = 5.1 Hz, A-5), 63.13 (d, Js p = 5.1 Hz, G-5'),
61.98 (A-2'). 'P NMR (162 MHz, D,0) 4 1.39, 1.14. HPLC retention time (HILIC, min): 3.64.

Preparation of a CDN with thiophosphate linkers: 3',3'-c-(2'F,2’dAMP(S),’*°""°AMP(S)) (20)

A mixture of 11 (45 mg, 0.1 mmol) and pyridinium trifluoroacetate (29 mg, 0.15 mmol) was codistilled with dry MeCN (3 X 3 mL), sus-
pended in dry MeCN (1 mL), and stirred overnight in a sealed vessel over activated molecular sieves. In a separate flask, 13 (110 mg,
0.125 mmol, CAS # 136,834-22-5, Sigma-Aldrich) was codistilled with dry MeCN (3 x 3 mL), dissolved indry MeCN (1 mL) and stirred
overnight in a sealed vessel over activated molecular sieves. A solution of the commercial phosphoramidite was transferred via sy-
ringe to the flask with the suspension of 11 with py-TFA, and the resulting solution was stirred for 1 h atambient temperature. 3-(N,N-
dimethylaminomethylidene)amino)-3H-1,2,4-dithiazole-5-thione (23 mg, 0.11 mmol) was added, and the reaction mixture was stirred
for a further 30 min. Volatiles were evaporated, and the residue dissolved in DCM (3 mL). Water was then added (18 uL, 1 mmol),
followed by a solution of DCA (74 uL, 0.9 mmol) in DCM (3 mL) added dropwise. After stirring the reaction mixture for 30 min, TES
(1.5 mL) was added, and the reaction mixture was stirred for a further 90 min, after which it was quenched by the addition of pyridine
(1.5mL). Volatiles were evaporated, and the crude 15 was codistilled with dry pyridine (3 x 3 mL) and used inthe next reaction without
further purification. To a solution of the crude 15 in pyridine (2 mL) was added DMOCP (65 mg, 0.35 mmol), and the reaction mixture
was stirred at ambient temperature for 1 h. Water (18 pL, 1 mmol) was added, followed by 3H-1,2-benzodithiol-3-one (25 mg,
0.15 mmol), and the reaction mixture was stirred for 10 min. Volatiles were evaporated and product was isolated on reverse phase
FCC {MeCN in 50 mM aqueous NH,HCO3 0-70%) to afford 17 as a mixture of diastereomers. A solution of 17 in CHaNH> (33% in
ethanol, 1 mL) was stirred at ambient temperature for 3 h. Volatiles were evaporated, and the product was purified on a preparative
HPLC (ACN in 0.1M TEAB, 0-60%). Appropriate fractions were pooled, evaporated, and then codistilled with water (3 X 5 mL) and
methanol (3 x 5 mL). Freeze-drying the eluent afforded the TEA™ salts of 20A and 20B (10 and 11 mg, respectively, total yield 29%).
20A: THNMR (600 MHz, D,0) 68.21 (s, 1H, A-2), 8.20 (s, TH, B-8, 8.11 (s, 1H, A-8), 8.07 (s, 1H, B-2), 6.42 (d, J1. p = 15.8 Hz, TH, A-1%,
5.78 (dd, J» p=51.0, Jor 3 = 3.8 Hz, 1H, A-2'), 5.34 {dt, J» 12 = 6.2, Jp 1, = J2 3 = 3.0 Hz, 1H, B-2'), 5.32 (m, 1H, B-3'), 4.90 (m, 1H, A-
3), 4.56 (m, 1H, A-4), 4.50 (bd, Jgem = 11.8 Hz, 1H, A-5'a), 4.37 (dd, Jgem = 10.5, J1/5» = 6.2 Hz, 1H, B-17a), 4.29 (m, 1H, B-5'a), 4.28
(m, 1H, B-4),4.17 (m, 1H, B-5'b), 4.13 (bdd, Jgem = 10.5, J1, > = 3.0 Hz, 1H, B-1'b), 4.03 (bdd, Jgem = 11.8, Jspp = 4.2 Hz, TH, A-5'b),
3.16 (g, Jopz,ons = 7.3 Hz, 12H, CHy-TEA), 1.24 (t, Jops,ore = 7.4 Hz, 18H, CH3-TEA). "*C NMR (151 MHz, D,0) § 157.74 (A-6 and By),
154.96 (A-2), 154.81 (B-2), 151.60 (B-4), 150.21 (A-4), 143.06 (B-8), 141.42 (A-8), 121.30(B-5), 121.12 (A-5), 94.56 (d, Jo,r = 189.7 Hz,
A-2)),89.74(d, Jy.r =33.7 Hz, A-1'), 84.98 (t, /4 p = 10.7 Hz, B-4'),81.85 (dd, Jy p= 11.6, Ju p= 8.7 Hz, A-4'), 80.94 (d, J3 p =8.3 Hz,
B-3'), 73.18 (dd, J3 = 26.0, Jy,p = 4.7 Hz, A-3'), 74.42 (B-1"), 65.66 (d, J5 p = 4.7 Hz, A-5), 65.44 (d, Jg p = 6.6 Hz, B-5'), 64.47 (B-2)),
49.48 (CH,-TEA), 10.95 (CHz TEA). *' P NMR (243 MHz, D,0) 6 57.87, 55.36. '°F NMR (565 MHz, D,0) § —202.97. HPLC retention time
(C18, min: 2.52. 20B: "H NMR (600 MHz, D,0) 5 8.18 (s, 2H, A-8, B-8), 8.08 (s, 2H, A-2, B-2), 6.40 (d, J1. ¢ = 16.0 Hz, TH, A-1%), 5.48
(dd, Jo p = 51.5, o3 = 8.9 Hz, 1H, A-2'), 5.37 (dt, J» 115 = 6.4, U 11 = Jo, 3 = 3.5 Hz, 1H, B-2'), 5.35 (m, 1H, B-3), 4.96 (m, 1H, A-3'),
4.52(dm, Js 3 = 9.0 Hz, 1H, A-4"), 4.48 (dm, Jeem = 12.2 Hz, 1H, A-5'a), 4.39 (ddd, Jgem = 11.7, Jgap = 2.7, J5a 4 = 2.0Hz, 1H, B-5'a),
4.35(dd, Jgem = 10.4, J 152 = 6.4 Hz, 1H, B-1'a), 4.25(dq, Ju 3 = 6.6, Ju 52 = Ju sba = Jop = 23 Hz TH, B-4'), 4.15 (ddd, Jeem=11.7,
Jsip,p =6.2, g4 = 2.2 Hz, TH, B-5'b), 4.09 (bdd, Jeem = 10.4, Jyip, 2 = 8.5 Hz, 1H, B-1'b), 4.03 (ddd, Jgem = 12.2, Jgpp = 4.8, Jsip 4 =
1.3 Hz, TH, A-5'b), 3.17 (q, Jore,onz = 7.3 Hz, 12H, CH»-TEA), 1.26 {t, Jora,cne = 7.3 Hz, 18H, CHa-TEA). "°C NMR (151 MHz, D»0)
4 157.80 (A-6 and Bg), 155.02 (B-2), 154.66 (A-2), 151.53 (A-4), 150.22 (B-4), 143.24 (A-8), 141.50 (B-8), 121.26 (A-5), 121.07 (B-5),
95.11 (d, J.r = 190.0 Hz, A-2), 89.97 (d, J1r = 33.9 Hz, A-1'), 84.66 (dd, Jsp = 11.3, 8.4 Hz, B-4'), 82.06 (dd, Jup = 11.4, 9.8 Hz,
A-4'), 80.71 (d, Jy p = 8.5 Hz, B-8), 74.39 (B-1'), 72.02 (dd, Jy = 16.4, J3 p = 8.5 Hz, A-3), 66.82 (d, J5 p = 4.7 Hz, B-5'), 65.11
(d, Jsip = 4.4 Hz, A5, 64.45 (B-2'). 49.50 (CH,-TEA), 10.96 (CH5-TEA). >'P NMR (243 MHz, D,0) § 55.76, 53.81. "°F NMR (565
MHz, D;0) 6 —201.15. HPLC retention time (C18, min): 2.59.

Synthesis of alkylating r ts 27b-d

General procedure. Sodium iodide (4.5 g, 30 mmol) was added to a solution of acyloxymethyl chloride (15 mmol) in acetonitrile
(50 mL) and the suspension was allowed to stir at ambient overnight under an argon atmosphere. A mixture of DCM (250 mL) and
water (250 mL) was added. The mixture was allowed to stir for 10 min, then separated into two layers. The aqueous layer was dis-
carded and the organic layer was washed with sodium thiosulfate (2%, 100 mL). The organic layer was dried over anhydrous mag-
nesium sulfate and concentrated under vacuum to give acyloxymethyl iodide (Maiti et al., 2013).
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lod hyl 2,2-dimethylbut (27b).  Clear oil, 79% yield. "H NMR (401 MHz, CDCl3) 6 5.92 (s, 2H), 1.58 (g, J = 7.5 Hz, 2H),
1.15(s, 6H), 0.86 (t,J = 7.5 Hz, 3H). '°C NMR (101 MHz, CDCl3) 6 176.06, 42.94, 33.06, 31.40, 24.25, 24.25, 9.20. HRMS CI (C7H1410,)
calculated: 257.0039; found: 257.0040.

lod thyl 1-methylcycioh te (27c). Clear oil, 86% yield. 'H NMR (401 MHz, CDCls) 6 5.94 (s, 2H), 2.06-1.98 (m, 2H),
1.62-1.49 (m, 3H), 1.43-1.31 (m, 2H), 1.30-1.18 (m, 3H), 1.13 (s, 3H). '*C NMR (101 MHz, CDCly) & 175.81, 43.48, 35.35, 31.59,
25.83, 25.68, 23.15. HRMS CI (CoH16lO2) calculated: 283.0195; found: 283.0196.

lodomethyi octanoate (27d).  Clear oil, 88% yield. 'H NMR (401 MHz, CDCl,) 6 5.90 (s, 2H), 2.32 {t, J = 7.5 Hz, 2H), 1.68-1.57 (m,
2H),1.36-1.22 (m, 8H), 0.91-0.83 (m, 3H). '>*C NMR (101 MHz, CDCl5) § 172.00, 34.41, 31.72,30.71, 29.01, 28.97, 24.62, 22.70, 14.19.
HRMS CI (CgH15lOy) calculated: 285.0352; found: 285.0354.

Preparation of prodrugs

Bis-POM prodrug of 3,3 -c-(2'F,2’d AMP,*°"“°AMP} (28A-D}. Crude 18 (cyclization starting from 46 mg of 12) was treated with
neat tBuNH, (5 mL) at ambient temperature for 20 min. Volatiles were evaporated, and the nucleobase-protected CDN was pu-
rified on RP FCC (ACN in 50 mM TEAB, 0-100%) to afford a base-only protected cyclic dinucleotide (32 mg, TEA™ salt). TEA*
cation was exchanged for a tetrabutylammonium by slowly passing a methanolic solution through a 1 mL column of DOWEX 50
(TBA™ cycle). All volatiles were evaporated afterwards. 26 (2 pmol) was azeotroped with dry toluene (1 x 500 ul) and dry ACN
(2 X 500 uL), dissolved in dry ACN (700 pL), and treated with pivaloyloxymethyl iodide (4.8 mg, 20 umol) under an argon atmo-
sphere at ambient temperature for 1 h. The reaction mixture was quenched with 1 mL of 50% H,O/ACN, further diluted with
3 mL of water, and purified on semi-preparative HPLC. Fractions containing products (all four diastereoisomers) were pooled,
evaporated and azeotroped with dry ACN (3 X 2 mL). NIS (2.2 mg, 10 umol) was added to a solution of this intermediate in dry
ACN (1 mL) under an argon atmosphere. The reaction mixture was stirred at ambient temperature for 1 h, after which water
(100 ul) was added, followed by acetic acid (10 uL). After 30 min of further stirring, the reaction was quenched with a saturated
aqueous solution of Na,S,05 (until decolorization), the mixture was diluted with water (2 mL), and then purified on semi-prepar-
ative HPLC affording 28A-D (separate diastereisomers) in approximately equimolar ratio. From 26 (2 pmol), yield 158 nmol (28A):
"H NMR (501 MHz, CDsCN) 4 8.29 and 7.81 (s, 1H, A-2, B-2), 7.97 and 7.87 (s, TH, A-8, B-8), 6.26 (bs, 2H, NH,), 6.18 (m, 1H,
A-1)), 6.16 (bs, 2H, NHy), 5.60-5.76 (m, 4H, A-2’, A-3',0-CH»-0), 5.52 (m, 1H, B-3’), 5.28 (td, Joy = 6.9, Jp 3 = 4.6 Hz, 1H, B-2'),
4.82-4.91 (m, 2H, O-CH,-0), 4.27-4.45 (m, 8H, B-1/, B-4, B-5/, A-4, A-5/), 1.15 and 0.95 (s, 9H, CHs). >'P NMR (202.4 MHz,
CD5CN) & —4.78 (s), —5.18 (s). "°F NMR (470.4 MHz, CD3CN) 4 —196.67 (dm, Jro = 52.5 Hz). HPLC retention time (C18,
min): 3.42.

Yield 130 nmol (28B): 'H NMR (501 MHz, CD3CN) 6 8.29 and 7.77 (s, 1H, A-2, B-2), 8.03 and 7.87 (s, TH, A-8, B-8), 6.19 (dd, TH,
Jiyp =217, Jy o = 1.1 Hz, A-17), 6.18 and 6.12 (bs, 2H, NHy), 5.63-5.82 (m, 4H, A-2’, A-3',0-CH»-0), 5.32-5.39 (m, 2H, B-2, B-3/),
5.15(dd, Jp,p = 154, Jgem = 5.2 Hz, 1H, O-CH»-0), 5.03 {(dd, J p = 12.6, Jgem = 5.2 Hz, 1H, O-CH,-0), 4.27-4.44 (m, 8H, B-1/, B-4/,
B-5,A-4, A-5), 1.23 and 0.93 (s, 9H, CHa). *'P NMR (202.4 MHz, CD;CN) 5 —2.38, —4.97. "°F NMR (470.4 MHz, CD5CN) 6 —195.22
(dt, Je > =52.5, Jr1 = Jr.y = 21.0 Hz). HPLC retention time (C18, min): 3.61.

Yield 105 nmol (28C): "H NMR (501 MHz, CD3CN) 4 8.21 and 8.01 (s, 1H, A-2, B-2), 7.97 and 7.93 (s, 1H, A-8, B-8), 6.23 (dd, 1H,
Jip=18.8,Jy » = 1.5 Hz, A-17),6.04 (bs, 4H, NH,), 5.47-5.73 (m, 7H, A-2/, A-3', B-3/,0-CH,-0), 5.31 (m, 1H, B-2), 4.27-4.49 (m, 8H,
B-1/,B-4',B-5, A-4', A-5'), 1.16 and 1.14 (s, 9H, CHa). >'P NMR (202.4 MHz, CD,CN) 6 —2.82, —4.78. "°F NMR (470.4 MHz, CD;CN)
5 —198.00 (dt, Jrp = 51.8, Jr ' = Jp.y = 18.7 Hz). HPLC retention time (C18, min): 3.62. 28D: Yield 142 nmol, 'H NMR (501 MHz,
CDsCN) 6 8.22 (s, 1H) and 8.02 (s, 2H) and 7.92 (s, 1H, A-2, B-2, A-8, B-8), 6.23 (dd, J1.r = 20.3, Ji» = 1.2 Hz, 1H, A-1'), 6.05
and 6.04 (bs, 2H, NH,), 5.49-5.77 (m, 7H, A-2/, A-8, B-8/,0-CH»-0), 5.35 (m, 1H, B-2), 4.17-4.49 (m, 8H, B-1’, B-4, B-5/, A-4/,
A-5),1.28 and 1.15 (s, 9H, CHa). >'P NMR (202.4 MHz, CD5CN) 6 —2.15 (s), —2.42 (s). "°F NMR (470.4 MHz, CD3CN) § —195.73
(dt, Jpr =51.9, Jp v =Jr 3 = 19.9 Hz). HPLC retention time (C18, min): 3.84.

Bis-(tert-pentanoyloxymethyl) prodrug of 3,3 -c-(2'F,2’dAMP,*°™“°AMP) (29). From 26 (2 umol), yield 189 nmol: 29A HPLC
retention time (C18, min): 3.61. Yield 164 nmol 29B HPLC retention time (C18, min): 3.83. Yield 137 nmol 29C HPLC retention
time (C18, min): 3.84. Yield 141 nmol 29D: "H NMR (501 MHz, CD5CN) § 8.22 (s, 1H, B-2), 8.02 and 8.02 (s, 1H, A-2, B-8), 7.92 (s,
1H, A-8), 6.24 (dd, 1H, Jy. g = 20.2, J;. > = 1.2 Hz, A-1), 6.05 and 6.03 (bs, 2H, NHy), 5.49-5.77 (m, 7H, A-2/, A-3/, B-3', O-CH,-
0), 5.35 (m, 1H, B-2’), 4.17-4.49 (m, 8H, B-1/, B-4’, B-5, A-4’, A-5'), 1.61 and 1.54 (g, 2H, Jopochs = 7.5 Hz, CHCH3), 1.18 (s,
6H, C(CHs)s), 1.12 and 1.11 (s, 3H, C(CHa)»), 0.86 and 0.79 (t, 3H, Joracke = 7.5 Hz, CH3CHy). *'P NMR (202.4 MHz, CD5CN)
5 —2.16, —2.34. "°F NMR (470.4 MHz, CDsCN) 6 —195.71 (dt, Jpo = 52.0, Jr.vv = Jpa = 19.9 Hz). HPLC retention time (C18,
min): 4.08.

Bis-(1-methyl-1-cyclohexanoyloxymethyl) prodrug of 3,3 -c-(2'F,2’dAMP,"S°"“*AMP) (30). From 26 (2 umol), yield 236 nmol:
30A: HPLC retention time (C18, min): 3.88. Yield 199 nmol 30B: HPLC retention time (C18, min): 4.14. Yield 192 nmol 30C: HPLC
retention time (C18, min): 4.14. Yield 159 nmol 30D: "H NMR (501 MHz, CD;CN) 4 8.22 (s, 1H, B-2), 8.05 (s, 2H, A-2, B-8), 7.91 (s,
1H, A-8), 6.26 (d, 1H, J;.r = 16.4 Hz, A-1"), 6.09 and 6.07 (bs, 2H, NHp), 5.51-5.78 (m, 7H, A-2’, A-3', B-8, O-CH,-0), 5.35 (m,
1H, B-2'), 4.17-4.50 (m, 8H, B-1/, B-4', B-5', A-4', A-5'), 1.98-2.05 (m, 4H, cyclohex), 1.19-1.62 (m, 16H, cyclohex), 1.19 and 1.11
(s, 3H, CHa). >'P NMR (202.4 MHz, CD5sCN) 6 —2.18, —2.27. "F NMR (470.4 MHz, CD3CN) 8 —195.70 (dt, Jeo = 52.0, Jg.1 =
Jr,3 = 19.9 Hz). HPLC retention time (C18, min): 4.41.

Bis-(n-octanoyloxymethyl) prodrug of 3 ,3'-c-(2'F,2’dAMP,"=°™"“AMP) (31)

From 26 (2 umol), yield 127 nmol: 31A: HPLC retention time (C18, min): 4.38. Yield 73 nmol 31B: HPLC retention time (C18, min):
4.58. Yield 66 nmol 31C: HPLC retention time (C18, min): 4.58. Yield 56 nmol 31D: 'H NMR (501 MHz, CD4CN) 6 8.22 (s, 1H, B-2),
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8.05 and 8.02 (s, 1H, A-2, B-8), 7.93 (s, 1H, A-8), 6.24 (dd, TH, Jy r = 20.1, J1.» = 1.3 Hz, A-1"), 6.03 and 6.01 (bs, 2H, NH,),
5.48-5.75 (m, 7H, A-2', A-3, B-8, O-CH,-0), 5.34 (m, 1H, B-2), 4.17-4.48 (m, 8H, B-1', B-4', B-5, A-4, A-5), 2.41 (t, 2H,
Jyopn = 7.5 Hz, A-17), 2.33 (m, 2H, A-17), 1.52-1.63 (m, 4H, 27), 1.20-1.40 (m, 16H, 3"-6"), 0.87 and 0.86 (t, 3H, Jr g =
7.1 Hz, 7). >'P NMR (202.4 MHz, CDsCN) 6 —2.15, —2.37. "%F NMR (470.4 MHz, CDsCN) 6 —195.95 (dt, Jro = 52.1, Jr1 =
Jr,y = 19.9 Hz). HPLC retention time (C18, min): 4.81.

QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification of biochemical and biological data was performed using Prism. Data are reported as the mean in triplicates with

standard error mean. Crystallographic statistics of data collection, processing, structure solution and refinement are summarized
in Supplementary Tables 1 and 2.
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Supplementary Table 1: Statistics of data collection and processing for STING in complex with ligand
19. Numbers in parentheses refer to the highest resolution shell. Related to STAR Methods.

Diffraction source Rigaku Micromax-007 HF
Detector Dectris Pilatus 200K
Wavelength (A) 1.54187
Temperature (K) 100
Crystal-to-detector distance (mm) | 60

Rotation range per image (°) 0.25

Total rotation range (°) 125

Space group P41212

Cell dimensions - a, b, ¢ (A) 110.7 110.7 35.7
Cell dimensions - a, B, y (°) 90.090.090.0
Resolution range (A) 34.02 - 2.56 (2.65 - 2.56)
No. of total reflections 64,342 (6,180)

No. of unique reflections 7,593 (716)
Completeness (%) 99.7 (98.5)
Multiplicity 8.5 (8.6)

Mean I/5(l) 7.70 (1.97)

Wilson B factor (A2) 38.0

R-merge (%) 22.18 (96.21)
R-meas (%) 23.67 (102.3)
CC1/2 (%) 99.0 (77.7)

CC* (%) 99.8 (93.5)

Supplementary Table 2: Statistics of structure solution and refinement of the crystal structure of the
STING/ligand-19 complex. Numbers in parentheses refer to the highest resolution shell. R.m.s., root-
mean-square. Related to STAR Methods.
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R-work (%) 19.46 (25.69)
R-free (%) 23.17 (33.23)
cC-work (%) 95.3 (86.5)
CC-free (%) 90.1 (70.5)
R.m.s. deviations - bonds (A) 0.007

R.m.s. deviations - angles (°) 1.09
Ramachandran favored (%) 97.7
Ramachandran allowed (%) 2.3
Ramachandran outliers (%) 0.0

Rotamer outliers (%) 0.0
Clashscore 0.0

Average B factors - overall (A2) 39.50
Average B factors - protein (A2) 40.01
Average B factors - ligand (A2) 25.40
Average B factors - solvent (A2) 36.93

PDB accession code 7Q3B

Supplementary Figure 1. Optimized structures of compound 20A (RpSp, left) and 20B (RpRp, right).
Related to STAR Methods.

Supplementary Table 3: Experimental 'H chemical shifts of compounds 20A and 20B and calculated
nuclear shieldings of hydrogen atoms in four possible diastereomers of the compound. All values are
in ppm. Related to STAR Methods.

Exp. 20A Exp. 20B SpSp SpRp RpSp RpRp
2'-fluoro  H1' 6.42 6.40 25.07 25.07 25.09 25.09
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H2'
H3’
H4'
H5'a
H5'b
Hl'a
H1l'b
H2'
H3’
H4’
H5a
H5'b

iso-A

5.78 5.48 26.03
4.90 4.96 26.60
4.56 4.52 27.26
4.03 4.03 27.54
4.50 4.48 27.11
4.13 4.09 27.90
4.37 4.35 27.36
5.34 5.37 26.15
5.32 5.35 26.30
4.28 4.25 27.71
4.29 4.39 27.17
4.17 4.15 27.32

26.48
26.44
27.31
27.56
27.14
27.90
27.36
26.14
26.31
27.69
27.20
27.46

26.05
26.63
27.25
27.71
27.17
27.85
27.28
26.28
26.28
27.74
27.19
27.37

26.46
26.49
27.30
27.72
27.20
27.87
27.29
26.26
26.28
27.71
27.24
27.51

Supplementary Table 4: Experimental 3C chemical shifts of compounds 20A and 20B and calculated

nuclear shieldings of hydrogen atoms in four possible diastereomers of the compound. All values are
in ppm. Related to STAR Methods.

Exp. 20A Exp. 20B SpSp SpRp RpSp RpRp
2’-fluoro C1’ 89.74 89.97 102.11 102.00 102.14 101.95
c2’ 94.56 95.11 94.02 93.08 94.02 93.02
c3’ 73.18 72.02 120.11 121.01 119.75 120.57
4’ 81.85 82.06 108.17 108.25 108.12 108.18
5’ 65.66 65.81 128.67 12859 126,56  126.57
iso-A Ccr 74.42 74.39 116.15 116.25 115.88 116.02
2’ 64.47 64.45 127.12 127.21 126,57 126.69
c3’ 80.94 80.71 110.78  110.38 11075 110.30
4’ 84.98 84.66 104.25 10420 104.76 104.62
C5' 65.44 66.82 127.53 125.67 127.77 125.93
Supplementary figure 2: Related to STAR Methods.
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(a) TMSCI, PNT,,0, py; (b) DMTrCI, py; (c} 2-cyanoethyl NN NN DCE.
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Supplementary figure 3: Related to STAR Methods.

oL N B
DMTrO Z
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(a) 2-cyanoethyl N,N,N',N'-tetraisopropylphosphorodiamidite, tetrazole, DCE.

Supplementary figure 4: Related to STAR Methods.
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L~ &7 R- copr
—N o) —N
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(a) 2-amino-6-chloropurine, PPhs, DIAD, THF, 0 °C to 60 °C; (b) 80 % FA, 65 °C, 18 h; (c) TMSCI, isobutyryl
chloride, py; (d) DMTrCI, py; (e) 1. diphenyl phosphite, py, it, 40 min, 2. DCA, DCM, rt, 30 min.
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Data 51. LCVS traces of final compounds. Related to STAR Methods.

PDA - Chromatogram 254 - 256 nm

Intensity

20x10% NH2
N x 3480
¢ JV W
e
15x10°4 OWN N ﬂ
. ]
l
8 roxic®y I
5 |
4 ‘I \
50%10% ‘\ [
||
|
||
00— v — —
0.0 05 1.0 1.5 2.0 25 3.0 5 4.0 5 5.0 55 6.0 6.5 7.0 75 8.0
Retention time (min)
MS ES- MS - pectrum 3.44..3.53
.0
100,005
4.0%x107
3.0x107-
2.0%1074
20871
L.ox107 I e
joas 381
wmae  apues fmars 508,335 AL
e il
i Yy R - A . B —
T 7 T T ; T 7 T T T T : T T T T
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 050 1000
mfz (Da)
., PDA~ Chromatogram 254 - 256 nm
4.0x10%4 25
NH2 58.70%
¢
35%10% N
A \)N
P
3.0x10° OWN N ‘
25x10%4 S
o F ‘
‘. i
20x10% Q=P-sH NH2
! |
15%10° o o} %\J ‘ SN
¢ wN /) ‘
10%10 A N
HS-P——0 |
5.0%10° Ie) 260
20 J oo
0.0+ YF =
0.0 ] 10 L5 20 25 3.0 35 4.0 45 5.0 5.5 6.0 6.5 7.0
MS ES+ MS + spectrum 2.51.2.54
€4
35110 677402
3.0x10°4
25%10°+
2.0x10°4
s
1.5%10°4 1
" 339433 le78201
10x10%4
laao.a3s
sixie] o
390t =
sa0014
| - p I
T T T T T T T T T T T T T - T T
200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
m/z (Da)

212



PDA - Chromatogram 254 - 256 nm

257%
40x10°+ it
3.0x10°+
§ 20x10°
2
1.0x10°
0.
00 05 10 L5 20 25 3.0 35 4.0 45 5.0 5.5 6.0 65 7.0
Retention time (min)
MS ES+ MS + spectrum 2.50..2.67
2.0x10% T
L.5x10%
=
e . ee.128
k 1.0x10° s
s.0x10®
fes.s34
L,
e
o —>
; T T T T T T T T T T T T T r T 3
200 250 300 30 400 450 500 550 600 650 700 750 800 850 900 850 1000
m/z(Da)
PDA - Chromatogram 254 - 256 nm
33%
1.2x10% o v
€.
10%10% P
0\6,“ N7 TNH,
8.0%10°4 —
i g F
§ - 2
£ 60x10% 0=P-0OH N e
3 © o ¢
4.0%10% N
.| HO-P———¢
2.0%10°4 )
21
0.0
’ y u T y T T v T T 7
00 s 1.0 s 20 25 3.0 35 4.0 45 5.0 55 6.0 65 7.0 75 8.0
Retention time (min)
| M8 ES- MS - ectrum 3.00.3.5%
'd 65!
9.0%10 o]
8.0x107
70107
enasr
6.0%107 29421 Sl
100.00%
snx1074
4.0%10™
3.0%107
ecu.as2
2.0%107 15.67%
7.
1.0x107+ o] 25059 29n.052  [B766 exan AR
1 L16%  059% = 2 0% OR%
0.04
T 7 T ; v . : 7 T ; 7 < : 7 T 7 T ; 7
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 00 950 1000
myz (Da)

213



2.0%10°%

1.5%10°%

Lox10°

Absorbanca

5.0%10°

424

3748

ogen

0.0

2.0x10%

1.5x10%

1.0x10%

Intensity

5.0x10™

0.0

o100

23051

20

30051

sl e i’y

l B0

408,018 44253

10 s 40 45 50
Retention time (min)

8116

6533826112
s:4.019

S0am4z (525052 g7mpse 670,

737087

55 7.5 8.

89457
B1s.065 il

1.8%10%
1.6x10°
14x10%
1.2x10%
1.0%10%4
§ 8.0%10%
= 6oxa0®]
4.0%10°

2.0%10%

T T T T T
200 250 300 350 400
PDA - Chromatogram 254 - 256 nm

HHz

[}

|
R R N
o. ¢
N

&
HO-P——0

T T T
450 500 550

3570
100.00%

T T T T T T
750 800 850 500 950 1000

0.04

MS ES- MS - spectrum 3.43..3.68

Lox10

8.0%107

6.0%107

4.0%107

2.0x1074

0.04

312329
2878

133,896
£.3% 233003
i 7% Tein

25 3.0 3.5 4.0 4.5 5.0
Retention time (min)

625466
100.00%

50,285
20.76%

91,316
552%

100

150 200 300

400 450 500 650

550
myz (Da)

214

T
700 750 800 950 100¢



PDA - Chromatogram 254 - 256 nm

3620
NHz 100.00%
L5x10% <;N \)N
e i
;| 5
% L0x10 o o
g Q=P-OH N
2 & <, NH
= N
5.0x10%+ \ N “NH
HO-p——0
[¢]
24 =
004
0.0 1.0 L5 25 30 35 40 45 50 55 .0 65 7.0 75 8.0
Retention time (min)
MS ES- MS - spectum 3.56.3.70
3.0x1074
2.5%107+
2.0%107
1240
1.5%107- 100.00%
7
Lox10™ oL
- e
5.0% 106‘ 1
l L 0 =) prey
0.04 L b o L L
T T T r 7 ; 7 T T T - : ; T i ; y
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800  8S0  900 950  100(
myz (Da)
FDA - Chromatogram 254 - 256 nm
3643
NHz 99.38%
N
TN T
1.5x10%4 | NN
o o
0=h-oH
RSN
E 10105 167/!‘1 NP N
2 HO-B———0
o 25
5.0x10°
1057
2%
0.04 Lot —&
00 05 1.0 15 20 25 3.0 3.5 X . 5.0 55 6.0 65 7.0 75 8.0
Retention time (min)
MS ES- MS - spectum 347..3.76
541456
1.2%¢10% 100.00%
1.0x10%-
7] 3202799
B0 s
60107
4.0%10™
fosz7s:
2.0%107 25,221 13.35%
2330101 12.20%
173,036 293.m7 659,456
Taw SEm o Go ey el
0.0+ . = =
T T
100 150 200 250 200 350 400 450 500 550 650 700 750 800 850 900 950  100¢
mjz (Da)

215



1.0x10%

;2.%

5.0%10°4

0.04

3.0x10%
2.5x1074
2.0x10%
-4
E 1.5%10%
1.ox10%|
5.0x10%-

0.0

1.0x10%

§ s
2 sox10°

3.5x1074
3.0x10°
2.5%10°-
£ 2.0x10™
g 1.5%10°
L.0x10%
5.0x10°

0.0

04 0.5 10 15 20

PDA - Chromatogram 254 - 256 nm

N N

3422
55840

3213

0.0 0.5 10 15 20

MS ES+ MS + spectrum 3.38..346

437

287

®223
A

3.0

40

Retafon time (min)

45

a7
#12% l:ygm

T T T T T
200 250 300 350 400

PDA - Chromatogram 254 - 256 nm

_HO
4

450

T
500

ss0 600
‘mjz (Da)

3612
s505%

1
355%

650

T
750

800

T
850

500

950

1000

MS ES+ MS + spectrum 3.58..3.68

22283

178

a3s.a12

457773

3.0

3. .0
Retention time (min)

45

6.5

7.0

567294

450

500

550 600
mfz (Da)

216

700

T
750

800

T
850

%00

950



PDA - Chromatogram 254 - 256 nm
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FDA - Chromatogram 254 - 256 nm
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PDA - Chromatogram 254 - 256 nm
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Data 52. *H and **C NMR spectra of final compounds. Related to STAR Methods.
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8.3. Supplement S3: Design, Synthesis, and Biochemical and Biological
Evaluation of Novel 7-Deazapurine Cyclic Dinucleotide Analogues as STING
Receptor Agonists

Vavrina, Z., Perlikova, P., Milisavljevi¢, N., Chevrier, F., Smola, M., Smith, J., Dejmek,
M., Havlicek, V., Budesinsky, M., Liboska, R., Vanekovd, L., Brynda, J., Boura, E.,
Rezdacovad, P., Hocek, M., & Birkus, G. (2022). Design, Synthesis, and Biochemical
and Biological Evaluation of Novel 7-Deazapurine Cyclic Dinucleotide Analogues as
STING Receptor Agonists. Journal of medicinal chemistry, 65(20), 14082—14103.
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My contribution:
In vitro screening of tested CDNSs using established DSF and cell-based in vitro assays,

data evaluation and interpretation, participation in manuscript preparation.
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ABSTRACT: Cyclic dinucleotides (CDNs) are second messengers that oY

activate stimulator of interferon genes (STING). The ¢GAS-STING Oy

pathway plays a promising role in cancer immunotherapy. Here, we M T""

describe the synthesis of CDNs containing 7-substituted 7-deazapurine '\.'

moiety. We used mouse cyclic GMP—AMP synthase and bacterial o o

dinucleotide synthases for the enzymatic synthesis of CDNs. i € i J':

Alternatively, 7-(het)aryl 7-deazapurine CDNs were prepared by >4 "

Suzuki—Miyaura cross-couplings. New CDNs were tested in bio- "o

chemical and cell-based assays for their affinity to human STING. Eight S oo s Compound 51
CDNs showed better activity than 2'3’-cGAMP, the natural ligand of Standard 2937 m;m STING bizznf;:i:e reshaping

STING. The effect on cytokine and chemokine induction was also  cell-based assay ECse = 2.58 pM

evaluated. The best activities were observed for CDNs bearing large

aromatic substituents that point above the CDN molecule. We solved four X-ray structures of complexes of new CDNs with human
STING. We observed 7—z stacking interactions between the aromatic substituents and Tyr240 that are involved in the stabilization
of CDN-STING complexes.

M INTRODUCTION STING agonists (diABZ1,”” G10,”%"” MSA-2,°" etc.’’*?). Due

The cyclic GMP—AMP synthase (¢GAS)—stimulator of to the importance of the ¢GAS-STING pathway, there has
interferon genes (STING) pathway is an important player in be.en an increased interest in 1der3t1fyu\g new STING agonists
detecting damage-associated (DAMPs) and pathogen-associ- with improved drug-like properties compared to the natural
ated molecular patterns (PAMPs).'~* Upon dsDNA detection STING ligands. This attention is highlighted by the fact that
in cytosol, cGAS synthetizes a STING ligand 2'3'-cGAMP (1a, seven dvlffer‘ent STING 3g‘m]fts‘ are Fre;c:ntly being inves-
cyclic [G(2',5')pA(3,5")p] with mixed 2'—5° and 3'—5’ tigated in different phases of clinical trials.
phusphodiestler linkag:es).' © Besides eukaryotic 2'3'-cGAMP, Herein, we report the design, synthesis, and biochemical and
STING can be also activated by bacterial cyclic dinucleotides biological evaluation of 7-substituted 7-deazapurine CDNs that
(CDNs) such as 3'3’-cGAMP (1b), ¢-di-GMP (1c), and e-di activate STING signaling. As we reported in our previous
29 y Codl= » s 20 . -~
AMP (1d), containing two 3'—5’ phosphodiester bonds study,” 7-deazapurine CDN (Scheme 1) can be tolerated
(Scheme 1).771° Binding of CDNs to STING triggers a when forming the STING-CDN complex. In an effort to
downstream response that results in the expression of  (urther probe CDN—STING interactions, we decided to
proinflammatory cytokines (TNF-@, IL-1f) via a nuclear explore the effect of 7-substitutions on the activity of CDNs
-t - . . :
factor k-light-chain enhancer of activated B-cells (NF-xB) and/ b}r preparing 24 new 7—sul:»_st.1r.uted. 7—deazapu.rme CDNs.
or the expression of type I interferons (IFN-a, IEN-J) via an Considering the results of the initial trials, we decided to focus
-, ¥ . R R N

interferon regulatory factor 3 (IRF3).''~'* When taking into mainly on 7-deazaadenine derivatives due to the fact that the
consideration this response, STING plays a crucial role in
defense against pathogen infections, immune surveillance of Received: August 9, 2022
tumor cells, and maintenance of the normal immune functions Published: October 6, 2022
of the budy.mfw

Human STING agonists”"** can be divided into two major
groups: (1) CDNs and their derivates (ADU-S100,* MK-
1454, TAK-676,"" etc.”®) and (2) synthetic non-nucleotide

© 2022 The Authors. Published b
American c(";em‘\.:a;SScmetg https://dei.org/10.1021/acs jmedchem. 2¢01205

7 ACS Publications ' 14082 . Med, Chem. 2022, 65, 1408214103
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Scheme 1. Naturally Occurring CDNs (la—d) and 7-Deaza Variants (le,f) Reported in Our Previous Study
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o=p 0 oH o=p 0 oH o=p o oH
o ¢-di-AMP {1d) o 1e o 1f
presence of 7-deazaguanine in compound le caused a Scheme 2. 7-Deazapurine NTPs for Enzymatic Synthesis
substantial drop in affinity to wt hSTING. ** When possible, o
R R=
compounds were prepared enzymatically by mouse cGAS | CHSXL
(mcGAS) as previously shown or with bacterial dinucleotide H )\)T\g -
cyclase from Vibrio cholerae (DncV) and diadenylate cyclase HzN N
from Bacillus thuringiensis (DisA). 2033735 Otherwise, the /\d
HO-! P O P O P o]
compounds were prepared by chemical synthesis, either by O 6 O &
arylation of an enzymatically prepared precursor or by total be
synthesis. All compounds were tested by differential scanning OO
fluorimetry (DSF) and in cell-based assays. For four of the ’ ?
compounds, we determined their structures in complex with
STING by X-ray crystallography to better understand their
binding mode. /\(j f
HO- P O- P O- F’ o
o O O
B RESULTS AND DISCUSSION g‘acfg n oOqH
Enzymatic Synthesis. As shown in previous works, cGAS
and bacterial dinucleotide cyclases DncV and DisA can be used
for the synthesis of CDNs by employing various NTP more than 70 mg of this CDN in one batch, which was further
analogues.””**** This allows for the substltutlon of a long arylated as described below. For the synthesis of the 7-
and multi-step total synthesis of CDNs*® with a one-step substituted 3’3-CDNs 7a and 8a, we used the bacterial
enzymatic reaction, Only the enzymatic synthesis of CDNs enzymes DncV and DisA (Scheme §).
from nucleoside triphosphates (NTPs) beanng small nucleo- Chemistry. Chemical synthesis of 7-aryl-7-deazaadenine
base modifications has been studied so far.*® Therefore, we CDNes relied on a modular approach. The key intermediates, 7-
decided to explore 7-substituted 7-deazaguanosine triphos- iodo-7-deazaadenine CDNs Sa, 7a, and 8a, were converted to
phates 2 (GRTPs) and 7-substituted 7-deazaadenosine the desired aryl-CDNs using Suzuki—Miyaura cross-coupling
triphosphates 3 (ATPs) as substrates for these enzymes reactions, The iodinated CDNs can be prepared by chemical
(Scheme 2). Successful enzymatic synthesis of CDNs 4b (2'3'- synthesis (i.e, Sa) and/or enzymatic synthesis (ie., Sa, 7a, and
¢GRAMP), Sa-fn,0 (2'3'-cGARMPs), and 6f (2'3'-cGRARMP) 8a). The chemical synthesis of iodinated 7-deazaadenine CDN
indicates that mcGAS tolerates small substituents in position 7 Sa started from 7-iodo-7-deazaadenosine (9). First, H-
of 7-deazapurine NTPs including halogen, alkyl, cycloalkyl, phosphonate 12 had to be synthesized (Scheme 6). Iodinated
alkynyl, small hetaryl, and phenyl groups (Schemes 3 and 4—) nucleoside 9 was N-benzoylated using transient silyl
Unfortunately, NTPs with aryls bigger than phenyl, that is, 2 protection.”® The N-benzoylated intermediate was not isolated
naphthyl (3g) and 2-benzothienyl (3q),” caused a dlsruptlon due to its poor solubility that complicated its chromatographic
of the enzymatic reaction, leaving triphosphates unreacted. In purification, The crude product was directly used in a
some cases, such as CDN Sa, the conversions were tritylation step to obtain §’-O-DMTr-protected nucleoside
quantitative; thus, we were able to enzymatically prepare 10 (68% over two steps). Regioselective 2'-O-silylation using
14083
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Scheme 3. Enzymatic Synthesis of 2'3'-cGA®MPs*

Q
HO-B-0-
&

5a-f,n,0

“Reagents and conditions: (i) GTP, Tris—HCI [pH 8.0], MgCl,, dsDNA, mcGAS, 37 °C 16 h.

Scheme 4. Enzymatic Synthesis of 7-Deazaguanine Containing CDNs“

e 9 Q
7= b-0-P-0-b-on
o o O

O:ﬁ’iib
0 6f

“Reagents and conditions: (i) ATP, Tris—HCI [pH 8.0], MgCl,, dsDNA, mcGAS, 37 °C 16 b; (ii) Tris—HCI [pH 8.0], MgCl,, dsDNA, mcGAS,

37 °C 16 h.

silver nitrate catalysis® provided nucleoside 11. 3'-O-Silyl
isomer was also formed during the reaction as a minor product,
but it could not be efficiently separated from the 2’-O-silyl
isomer 11. However, the mixture of silylated products could be
easily deprotected using TBAF in THF to regenerate the
starting material 10. 3’-H-Phosphonate moiety was installed by
the reaction of 11 with diphenyl phosphite. The crude product
was directly used for the next step in order to avoid a loss of
the material during column chromatography. After the removal
of the DMTr-group by DCA, H-phosphonate 12 was obtained
as a triethylammonium salt (77% over two steps).

The reaction of H-phosphonate building blocks with
phosphoramidites is typically performed in acetonitrile in the
presence of a coupling activator,"’ such as py-TFA. However,
due to the low solubility of 12 in acetonitrile, its reaction with
guanosine phosphoramidite 13 proceeded poorly. Efforts to
improve the reaction yield by increasing the amount of py-TFA

14084

or by the use of other coupling activators, such as ethylthio-
1H-tetrazole (ETT), failed. However, when 12 was treated
with DCA in order to convert the triethylammonium salt to a
standard H-phosphonate, the solubility in acetonitrile
improved, and the reaction with guanosine phosphoramidite
13 proceeded even without any coupling activator. After
detritylation, linear dinucleotide 14 was partially purified using
reverse phase flash chromatography. The crude linear product
14 was cyclized using 2-chloro-5,5-dimethyl-1,3,2-dioxaphos-
phorinane 2-oxide (DMOCP)." After oxidation with iodine
and a partial purification on a reverse phase C18 column, the
protected CDN 15 was obtained as a crude material.
Deprotection of nucleobases and the phosphate using
CH;NH, and the removal of silyl groups by Et;N-3HF
provided 7-iodinated 7-deazaadenine CDN Sa in an overall
yield of 18% (starting from H-phosphonate 12, Scheme 7).

https://doi.org/10.1021/acs jmedchem.2c01305
J. Med. Chem. 2022, 65, 14082-14103
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Scheme §. Enzymatic Synthesis with Bacterial Enzymes®

“Reagents and conditions: (i) GTP, HEPES [pH 8.0], MgCl,, NaCl,
DTT, DucV, 37 °C 16 by (i) HEPES [pH 80), MgCl, NaCl, DTT,
DisA, 50 °C 16 h.

Scheme 6°
NH, | NHBz |
N7 N7
Ny p i), i) Ny y
NN ki) NT N
o o
HO DMTrO
HO  ©OH HO OH
9 10, 68%
iii)J
NHBz |
NHBz |
N7
N Y . ~ IR
N S0 S N
HO' 0
Rt DMTrQ
o ‘otEDMS o oTeOMS
o-p-u H TBDM
O NHEty
12,77% 1,40%

“Reagents and conditions: (i) TMSCL, BzCl/py, 0 °C—rt, 16 h; (ii)
DMTrCl/py, tt, 16 h; (iii) TBDMSCI, AgNO,, py/THE, 1t 16 by (iv)
(1) PO(OPh),/py, tt, 1 h, (2) H,0, rt, 5 min; (v) (1) DCA/DCM,
rt, 15 min, (2) TES, rt, 30 min.

The Suzuki—Miyaura cross-coupling reaction is a generally
used method for the introduction of aryl and hetaryl groups
into the position 7 of 7-deazapurine nucleotides."” Hydrolysis
of the phosphodiester backbone was observed during the
synthesis of 8-arylguanosine-containing CDNs using Suzuki—
Miyaura cross-coupling.*® Therefore, we decided to use

reaction conditions that were originally optimized for the
synthesis of 7-deazapurine NTPs that also suffer from
hydrolytic unstability."*** A short reaction time (30 min)
was crucial in order to avoid excessive hydrolysis. The cross-
coupling reactions were performed under Pd(OAc), catalysis
in the presence of a water-soluble ligand, triphenylphosphan-
3,3',3" trisulfonate (TPPTS), and Cs,COj; in water—acetoni-
trile mixture (2:1). The reaction of iodinated CDN Sa with 2
equiv of phenylboronic acid did not provide full conversion so
that phenyl derivative Sf was obtained in low yield (18%,
Scheme 8). With § equiv of arylboronic acids (or arylboronic
acid pinacol esters), the cross-couplings proceeded smoothly.
Nevertheless, the yields were affected by the hydrolysis.
Arylated 2/3'-cGA®MPs 5f—m and p—r were prepared in 30—
59% yield (Scheme 8). From the reaction with dibenzofuran-4-
ylboronic acid, isomerized side product 16 (Figure 1) was
obtained in 13% yield. Similar byproducts were observed in all
cross-coupling reactions, but the byproducts were not isolated.
Due to hindered rotation at room temperature, CDNs Sh—j
were prepared as inseparable mixtures of diastereomers/
atropoisomers. Hindered rotation of bulky aryl substituents
has b::Sen reported among corresponding 7-aryl-7-deazaadeno-
sines.

The conditions for the Suzuki—Miyaura cross-coupling
reaction were also applied for the synthesis of 3'3’-CDNs.
Iodinated CDNs 7a and 8a were converted to corresponding
phenyl derivatives 7f (66%) and 8f (78%), respectively
(Scheme 9). In these reactions, higher yields were achieved
because the hydrolysis rate of 3'3'-CDNs during the cross-
coupling reaction was significantly lower compared to that of
2'3'-CDNs.

Biochemistry and Biology. In order to biochemically and
biologically characterize prepared CDNs, all CDNs were tested
using DSE and 293T cell-based reporter assays. The selected
compounds that showed activity were further evaluated for the
induction of cytokines using human peripheral blood
mononuclear cells (PBMCs). DSF was performed using wild-
type human STING protein (UniProt Q86WV6). This
method provides a useful insight into the STING binding
properties of CDNs by deterrninin% their ability to improve the
thermal stability of the protein.‘w’4 Digitonin 293T cell-based
assays were perforrned using five major allelic variants (wﬂd
type, HAQ, AQ, Q, and REF)* in the presence of digitonin A
that facilitates entry of CDNs into cells due to the
permeabilization of cell membranes.”’ The standard format
of the 293T cell assay was carried out only with cells expressing
wild-type human STING and in the absence of the
permeabilizing agent.”

Qur initial experiments with 7-deaza substituted 2'3’-
¢GAMP showed that 7-methyl is much less tolerated on 7-
deazaguanine (4b) than on 7-deazaadenine (Sb) (Table 1). 7-
Deazaguanine-modified 4b had AT, in a DSF assay of 3.3 °C
while 7-deazaadenine-modified Sb of 11.5 °C. This suggests
that the noncovalent interactions of the NH group at position
7 of the nucleobases have a bigger impact on the CDN binding
to STING for guanine than for adenine. The results are in
agreement with the data for the 7-deaza modification that we
reported on earlier.”” These findings were further confirmed by
improved activity of 5b than of 4b in the 293T cell-based
reporter assay (Table 1). This led to focusing our efforts on the
synthesis of 2'3/-cGARMP-derived CDNs. We prepared
compounds Sc—r, each containing a substituent of different
size at position 7 of 2'3'-cGAMMP. Surprisingly, STING turned
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“Open isomer 16 (13%) was also isolated.

out to tolerate not only relatively small substituents, that is, aromatic substituents, that is, phenyl (5f), 2-furyl (Sn), and 2-
iodine (Sa), cyclopropyl (Sc), and ethynyl (Sd), but also small thienyl (So) substituents, and even relatively large aromatic
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Figure 1. Open isomerized side product of a cross-coupling reaction.

groups such as 2-naphthyl (Sg), 4-biphenylyl (5k), 4-(2-
naphthyl)phenyl (51), 4-[(2-naphthyloxy)methyl]phenyl
(5m), 2-benzofuryl (SP), and 2-benzothienyl (Sq).

When considering AT, for Sc, it decreased by only 0.7 °C,
whereas 5d showed a nearly 3 °C drop compared to Sb. This
minor decrease suggests that in position 7 of 7-deazaadenine,
there is a space for the introduction of larger modifications
than just a methyl group. When tested in a digitonin cell-based
reporter assay, modifications on both S¢ and 5d were tolerated.
However, for §d, the EC;, value obtained from an assay in cells
expressing the REF allelic form increased by nearly 6-fold,
whereas at all other tested allelic forms, the increase was not
higher than 3-fold. This suggests a disruption of interactions
between §d and STING when R232 is replaced by H232. In a

standard cell-based reporter assay for compounds Sc and 5d,
we observed a deterioration of cellular activity, which was not
present when tested with a membrane-permeabilizing agent.
After proving that there might be space for the introduction
of larger substituents in the binding site of STING, we
introduced phenyl (5f), small heterocycles (Sn, So), and pent-
1-ynyl (Se) into position 7 of 7-deazaadenine. Surprisingly, we
found that AT, for 5f, Sn, and So decreased by less than 3 °C,
and EC,; values in the digitonin assay for these compounds did
not increase by more than 2-fold compared to Sc. Moreover,
for compounds Sf, Sn, and So, we observed restored activity in
the standard assay, which was deteriorated for Sc and Sd
(Table 1). In fact, ECy, for So in the assay was even slightly
lower than that for 2'3'-cGAMP. We also solved the
crystallographic structure for 5f in complex with STING.
Considering the structure of 5f, we hypothesized that there
exists a possibility of intramolecular stabilization through 7—7
stacking between phenyl and guanine at Sf that might help to
improve its activity. To prove this possibility, we prepared 2'3'-
GFAPPMP (6f), 3'3'-cGAP™MP (7f), and 3'3'-c-diA™*MP
(8f). Unfortunately, substitutions with phenyl in these
compounds did not show an improvement at STING in
DSF or cell-based reporter assays compared to Sf. For 7f, we
found a decrease in AT, by 3 °C, but in digitonin assay, ECy,
values for allelic form HAQ and AQ remained nearly the same.
For other tested allelic forms, EC;, did not increase more than
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Table 1. Activities of Synthesized 7-Deazapurine CDNs in DSF and Cell-Based Assays

NH; R
N* ] N\
Ly n
o)
o~}
g ©H
o:%—o
[}
o=p o
_ o
4,2'3cGRAMP: X=N,Y=CR 7, 33"cGARMP 8, 3'3cdiARMP
5, 2'3°cGARMP: X =CR, Y =N
6, 2'3'cGRARMP: X =CR, ¥ =CR
DSF AT, standard assay ECy,
cey” digitonin assay ECy, (uM)® (uM)®
compound R wt wt HAQ REF AQ Q wt
4b methyl 33 3.01 1.38 1334 137 2.54 >150
Sa I 83 0.066 0.127 248 0.097 2.30 >150
5b methyl 11.5 0.009 0.082 0.189 0.080 0275 31.30
Sc cyclopropyl 10.8 0.064 0403 0.379 0291 0.302 >150
5d ethynyl 8.7 0.020 0132 1.09 0.111 0.885 >150
Se pent-1-ynyl 6.7 0116 0243 6.77 0.181 271 112.9
5f phenyl 81 0063 0385 5.90 0307 1.70 40.7
58 2-naphthyl 144 0.048 0.695 1.40 0.550 0.700 7.63
Sh 1-naphthyl 44 110 0497 1890 0470 7.23 1245
5i S-acenaphthenyl 25 1.16 1.63 >45 153 35.85 >150
5 9-phenanthrenyl 44 0.061 0900 45 140 »45 65.45
Sk 4-biphenylyl 123 0.013 0173 0.346 0.092 0235 2.95
51 4—(2—naphthyl)phenyl 13.0 0.032 0132 1.00 0.160 0.950 3.06
Sm 4—[(Z—naphthyloxy)methyl]phenyl 131 0.043 0113 175 0.095 129 2.58
Sn 2-furyl 8.9 0.025 0.163 0.816 0115 0.469 41.30
S0 2-thienyl 9.8 0.028 0174 0.647 0.184 1.85 27.30
S5p 2-benzofuryl 12.1 0.076 0.060 0.334 0.085 0.176 10.94
5q 2benzothienyl 135 0035 0195 0350 0330 0250 8.69
Sr 4-dibenzofuryl 7.1 0.367 0.503 8.97 0.869 7.07 19.10
6f phenyl L0 6417 942 19497 10307 02717 »150%
7a I 44 0.101 0.896 >45 0.780 12.85 >150
7f Phenyl 51 0.110 0.367 10.37 0280 4480 >150
8a I 0.5 3.488 >45 >45 >45 >45 >150
8f phenyl —0.6 >45 >45 >45 >45 >45 >150
2/3-cGAMP 153 0.020 0.021 0.074 0.041 0.048 28.37
3'3-cGAMP 51 0.121 0123 426 0.2:60 2.06 68.37
212/-cGAMP 25 0260 0189  $9.54 0173 7.09 >150
ADU-S100 9.3°¢ 0.08° 026° 1.64° 023° 1.01¢ 3.32°

“Values were obtained using DSF assay with wt hSTING as described in the Methods section. Measurements were performed as two independent
experiments (n = 2). “Results of digitonin assay in 293T reporter cells expressing hSTING allelic variants were obtained as described in the
Methods section. BC values are the mean of three independent experiments (n = 3) measured in triplicate with SD < 50% of EC, values. “Results
of standard assay in 293T reporter cells expressing wt hSTING were obtained as described in the Methods section. ECg, values are the mean of two
independent experiments (n = 2) measured in triplicate with SD < 50% of ECy, values. “Data from one experiment only (n = 1). “Data from

Dejmek et al.””

2-fold compared to 5f. However, we observed a deterioration
of activity in the standard cell-based reporter assay similar to
compounds Sc and Sd. According to data from both DSF and
cell-based reporter assays, substitutions in 6f caused a
significant drop of STING activity and led to the inactivity
of 8f. Substitutions in these compounds might potentially lead

14088

to the disruption of interactions with both R238 residues,
which we have already reported to significantly affect the
binding of CDNs. "7

‘When we considered the fact that the results for Sn and So
showed better activity than compounds with phenyl sub-

stituents S—8f, we focused on larger heterocycles like
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benzofuryl (Sp), benzothienyl (Sq), and dibenzofuryl (Sr). For
Sp and Sq, we observed an increase in AT, by more than 3 °C
when compared to 5n and 5o, respectively. Higher AT,
suggests increasing stabilization of complex STING—
CDN.""*® We can only speculate that this stabilization could
be related to the introduction of a benzofused heterocycle,
which might be in a better position to form 7—x stacking with
guanine. Consistent with DSF, we observed that Sp showed
lower ECy, values than Sn, except for wild-type STING.
Derivative 5q showed lower ECs, for REF and Q than So.
Compound Sr did not show any improvement in DSF or in
digitonin assay when compared to Sn, $o, Sp, or 5q.
Nevertheless, all Sp, Sq, and Sr compounds showed an
improvement in a standard assay compared to Sn, So, and
2'3’-cGAMP. In the case of 5q, it was 3-fold better than 2'3'-
cGAMP.

We proved that there is a space for larger modifications
without a reduction in activity in position 7 of 7-deazaadenine
in 2'3'-cGA®MP. When correlated with findings about
improved activity in the standard assay for compounds with
heterocyclic substituents, we designed compounds modified
with large 2-naphthyl (Sg), 1-naphthyl (Sh), S-acenaphthenyl
(5i), and 9-phenanthrenyl (5j) substituents. Interestingly,
derivatives Sh, 5i, and 5j showed lower AT, and considerably
higher EC4ys compared to 5n, 50, Sp, $q, and Sr. On the other
hand, 5g showed a AT, of 14.4 °C and a nearly 4-fold lowered
ECy, in a standard cell-based reporter assay when compared to
2'3"-cGAMP. Unfortunately, Sg showed lower activation of
HAQ, AQ, and REF allelic forms. These results show that
interactions in the STING binding pocket are more likely to
tolerate substitutions pointing above the adenine moiety rather
than substitutions that need additional interactions and space
around the cGAMP molecule.

We designed a 4-biphenylyl-substituted 2'3'-cGA*MP (5k)
by applying our findings about the preference of the STING
protein in the site above AMP in 2'3"-cGAMP and with the
knowledge of the relative flexibility of the lid above the
binding.”" The biphenylyl substituent brings additional lip-
ophilicity to the compound, as in the case of g, but with the
substitution pointing above the ¢cGAMP molecule, as in the
case of Sf. This substitution caused a decrease of only 3 °C in
DSF, and ECgys were comparable to those of 2'3'-cGAMP.
Moreover, Sk showed nearly 10 times better activity than 2'3'-
¢GAMP in the standard assay.

Considering the results for 5k, we designed a substitution
with 4-(2-naphthyl)phenyl (51). This modification resulted in
nearly the same AT, and ECgs despite the change from
phenyl to naphthyl, which might cause more significant
collisions with the lid of the STING binding pocket.

Compound Sm contained the largest modification we
introduced, 4-[(2-naphthyloxy)methyl]phenyl. Despite the
introduction of such a large modification that was expected
to largely clash with a lid of the STING binding pocket, we
observed similar complex stability for Sm and 51 in DSF.
Moreover, we observed comparable activities in cell-based
reporter assays. When comparing the activities of derivatives
Sk—m with those of the clinical candidate ADUfSIOO,B‘SO
similar or better activities were observed in digitonin assay.
Moreover, in the standard 293T cell-based assay, compounds
Sk—m showed lower ECy; values than ADU-S100. To explain
potent activities of compounds Sk—m, we solved the X-ray
crystallographic structure for the complex of STING and
corresponding CDNs.

Structural Studies. To understand the interactions of
large moieties in position 7 of 7-deazaadenine in 2'3'-
¢GA®MPs, we crystallized human wild-type STING truncated
to residues 140—379 in complexes with Sf, Sk, SI, and Sm
using our improved STING crystallization protocols.”” Crystal
structures were determined at resolution 2.69—1.89 A, and the
asymmetric unit consisted of two STING heterodimers (chain
A/B) and one molecule of the ligand (Table S1). Protein
residues were modeled into a well-defined electron density
map, except for several regions belonging to flexible surface
exposed loops that could not be resolved owing to their
dynamic disorder (Table S2). All ligands were modeled into
the binding site with full occupancy; however, some parts of
the maps for substitutions of position 7 of 7-deazaadenine were
not as well defined, suggesting some flexibility of this part of
the molecule (Figure 2A).

Figure 2. Crystal structures of human STING in complex with 2'3'-
¢GARMPs. (A) Binding poses of compounds are shown with 2Fo—Fc
maps contoured at 1. Compounds are distinguished by carbon colors
(8f in green, PDB 8A21; Sk in purple, PDB 8A2]J; Sl in yellow, PDB
8A2[; and Sm in blue, PDB 8A2K), while nitrogen, oxygen, and
phosphorus atoms are colored blue, red, and orange. (B) AMP side
view of Sf, Sk, Sl, and Sm binding poses superposed with 2'3'-
¢GAMP (PDB 4KSY), showing the trend in positions of 7-
deazaadenosine for all of our compounds, which differs from the
position of adenosine in 2’3’-cGAMP (in white). (C) Side view
superposition of ligands showing similarity of localization of
nucleobases in this orientation. (D) Human STING dimer shown
as a biological unit with differently colored monomers with 2'3'-
¢GAMP located in the binding site (PDB 4KSY). (E) Bottom view
and (F) GMP side view of superposed ligands.
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Figure 3. Interaction scheme of Sf (A; PDB 8A2H), Sk (B; PDB 8A2]), 5l (C; PDB 8A2I), and Sm (D; PDB 8A2K) in STING ligand-binding site,
as seen in our structures.

The binding site is formed at the interface of two STING binding of a voluminous ligand (residue Ile235 in 5l complex;

monomers and is covered by two “lids” (residues 227-241). Arg232 in Sm complex; and Tyr240 in 5k, 5, and Sm, Figure
The electron density for the lid region was mostly well defined, S1). Ligands are deeply buried in the binding site (Figure 3),
with some exceptions pointing to residues disordered by the with basic orientation resembling that of natural ligand 2'3'-
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cGAMP (PDB 4KSY).” Most of the interactions observed in
the binding site were similar to those described for a natural
ligand (Figure S2): Tyrl67 m—= stacking with nucleobases,
Arg232 forming a salt bridge with phosphates, a side chain of
Thr263 forming a hydrogen bond with NH, of guanine,
Arg238 interacting through a hydrogen bond with phosphates,
and Arg238 cation—z stacking with nucleobases on the
opposite of the binding site. Ribose moiety and the central
part are linked to the protein residues through a network of
water-mediated hydrogen bonds. In all our structures, we also
observed Val239 carbonyl forming a hydrogen bond with NH,
at 7-deazaadenosine and Tyr240 7z—7 stacking with introduced
aromatic substituents (Figure 3).

‘When comparing the binding pose of the natural ligand with
our compounds, the GMP side for all of the compounds shows
only an insignificant shift in position (Figure 2C,E,F). For the
AMP side, the ribose and nucleobase are slightly shifted
upward, potentially because of our large substitutions at 7-
deazaadenine. The substitutions in all of our structures displace
the side chain of Arg238 from chain B and thus prevent
interaction with guanosine (Figure 2B,C). This shift enables
direct interaction with Tyr240 from chain B that was not
observed for the natural ligand binding, This residue interacts
with 7-deazaadenine through parallel displaced 7—7 stacking,
This interaction is enabled by a change of AMP positioning,
and the extent of its interaction with Tyr240 differs in our
structures due to the different sizes of substituents. Addition-
ally, for the bulky substituent Sm, we observed unique
interactions with Asp234 and Asp210, respectively (Figure
D).

The main difference between the binding of the $f molecule
and the binding of the natural ligand 2'3'-cGAMP that we
observed is the interaction of Sf with Tyr240, as described
earlier (Figure 3A). By modifying 7-deazaadenine with phenyl,
we displaced Arg238 from chain B; we also brought additional
intramolecular stabilization of the ligand conformation through
cation—7 stacking of the phenyl moiety with guanosine on the
opposite side of the molecule. However, this interaction was
not sufficient and resulted in lower stability of STING-5f in
DSF compared to 2'3"-cGAMP and Sb.

Intramolecular interactions were further strengthened in
compound Sk, where the phenyl ring was replaced by
biphenylyl. Similar to Sf, this led to a stacking interaction
between Tyr240 and nucleobase. Additionally, Tyr240 was
involved in a stacking interaction with the phenyl closer to the
nucleobase in biphenylyl substituent (Figure 3B), which
resulted in a 1.5-fold higher stability of STING-Sk complex
in DSF when compared to Sf.

For Sl with a 4-(2-naphthyl)phenyl substitution, we
preserved the interactions that were observed for Sk (Figure
3C); however, naphthyl substitution clashed with lle235 of the
lid, making this residue disordered (Figure S1). Despite this
clash, Sl exhibited a s]ightly better stabilization of complex in
DSF when compared to Sk (Table 1).

Compound Sm showed additional 7-stacking interactions
with Tyr240 and an unexpected change in the binding mode of
the substituent. The structural reason for this is a change in the
position of the naphthyl group, that is, in Sm, observed in the
position regularly occupied by the Arg232 side chain. This
position change is allowed due to the flexibility of the longer
methoxy linker connecting the naphthyl group that enables the
formation of a T-shaped z-stacking between the naphthyl of
Sm and Tyr240, 7—amide interaction with the backbone of

Asp231 and 7—anion interaction with Asp210 (Figure 3D). A
substitution at Sm resulted in just a slightly lower stabilization
in DSF when compared to 2'3'-cGAMP.

PBMC Assay. Selected compounds were further tested for
induction of IFNy, TNFg, and IFN« secretion using PBMCs
(Table 2). None of the tested compounds showed any

Table 2. Cytokine Level Determination in PBMCs upon
Treatment with Synthesized Compounds

ECgo (uM)”

compound TFNy TNFa TFNo
sb 7.8 5060 30.60
sc 129 37.59 495
sf 684 5245 7.36
sg 7.54 98.80 1171
sh 3451 200 2878
si 85.20 200 7473
5 47.54 200 200
sk 208 13.64 743
st 177 5386 5.09
Sm 116 4338 427
sn 224 672 280
50 2.60 266 288
sp 8.33 2456 1284
59 0.87 143 404
s 563 99.70 26.98
7t 12.56 65.77 692
2/3/-cGAMP 7.10 3603 846
3/3/-cGAMP 17.25 1872 7.65
2/2/-cGAMP 1175 44.54 721

“ECj, values are the mean of three independent experiments (n = 3),
each of them performed on PBMCs from a different donor, measured
in triplicate with SD < 50% of ECy, values.

cytotoxicity (Table S4). Most of the tested compounds
induced higher levels of IFNy, TNFa, and IFNa secretion
when compared to 2'3'-cGAMP. ECs, obtained from testing at
PBMC:s correlated with data from a standard 293T cell-based
reporter assay for most of the tested compounds.

B CONCLUSIONS

Here, we report the design, synthesis, and biochemical and
biological evaluation of a novel class of 7-substituted 7-
deazaadenine containing CDNs capable of STING activation.
During the preparation of this class of compounds, we
demonstrated a mixed enzymatic—chemical synthetic approach
for the preparation of CDNs. This approach allowed us to
efficiently overcome the total synthesis of the whole CDN, a
multistep and time-consuming Process,53 In the optimization
process of biochemical binding potency of our compounds,
SAR revealed an unexpected potential for modifications with
large aromatic groups. This potential is applicable for 2'3'-
cGAMP analogues with a preference for modifications that
point above the CDN molecule. We observed 7—# stacking
interactions between the aromatic substituents and Tyr240
that are involved in stabilization of CDN=STING complexes.
In the case of 3'3'-cGAMP and ¢-di-AMP, our modifications
did not lead to increased binding potency. Substitutions with
large aromatic moieties increased lipophilicity and thus
potentially permeability into cells. They might also be more
efficiently transported by an SLC19A1 receptor or an LRRC8A
transporter, which would result in improved cellular activity.**
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B EXPERIMENTAL SECTION

General Synthetic and Enzymatic Methods. Unless otherwise
noted, all starting materials, solvents, and reagents were purchased
from commercial suppliers and used as received. 7-lodo-7-adenosine
9 and 7-deazapurine NTPs 2bf, 3a—d,fn, and o were prepared
according to the literature.”***>* The synthesis of 3e is described in
the Supporting Information (Scheme $1). All chemical reactions were
performed under an argon atmosphere. Reactions were monitored by
thin layer chromatography (TLC) on TLC Silica gel 60 F,g, (Merck)
and detected by UV (254 nm). NMR spectra were measured on a
Bruker AVANCE 500 MHz spectrometer (499.8 MHz for 'H, 125.7
MHz for *C, and *'P at 202.4 MHz) or on a Bruker 600 AVANCE
III HD instrument ("H at 600 MHz, C at 150.9 MHz) equipped
with § mm cryo-probe at 25 °C in D,0 (dioxane used as external
standard, [§(*H) = 3.75 ppm, 5(**C) = 67.19 ppm]) or in CD,0D
(referenced to the residual solvent signal, [5(*H) = 3.31 ppm, §(**C)
= 49.0 ppm]). *'P NMR spectra were referenced externally to the
signal of H;PO,. Chemical shifts are given in ppm (&-scale), and
coupling constants (J) are given in Hz. The complete assignment of
all NMR signals was performed using a combination of H,H-COSY,
H,H-ROESY, H,C-HSQC, and H,C-HMBC experiments. Low
resolution mass spectra were measured using electrospray ionization
(ESI). High resolution mass spectra were measured on LTQ Orbitrap
XL (Thermo Fisher Scientific) using ESI. High performance flash
chromatography (HPFC) was performed with ISCO Combiflash Rf
system on RediSep Rf Gold Silica Gel columns or Reverse Phase
(C18) RediSep Rf Gold columns. Purification of CDNs was
performed using HPLC (Waters modular HPLC system) on a
column packed with 5 #m polar C18 reversed phase (Luna Omega 5
pum Polar C18 column, Phenomenex). The purity of all final
compounds was determined by clean NMR spectra and by UPLC.
The identification of CDNs was performed on ACQUITY UPLC
HClass PLUS chromatographic system with MS SQ Detector 2
(Waters, Milford, USA) using Acquity UPLC BEH CI8 column 50
mm X 2.1 mm, 1.7 gm (Waters, Milford, MA, USA), and 20 mM
ammonium acetate buffer, pH 6.8, with a linear gradient of
acetonitrile (0 to 50% in 4 min, additional 2 min at 50% acetonitrile;
flow rate 0.5 mL/min). Column temperature was kept at 40 °C.
Negative ESI method was used for ionization. ULPC purity (>95%
with exception of enzymatically synthesized CDNs 4b, §b, and Se) is
shown in Table $3.

Enzymatic Synthesis. Bnzymatically prepared 2'3'-CDNs
(Schemes 3 and 4) were synthetized using mcGAS as described
previously.”® Briefly, the appropriate NTPs were mixed to the final 2
mM concentration with 5 4M of mcGAS and 0.1 mg/mL herring
testes DNA in 1 mL buffer containing 20 mM Tris—HCI [pH 8.0]
and 20 mM MgCl, and incubated for 16 h at 37 °C in a heating
shaker. The synthesis of 7a was performed by using 2 mM 3a, 2 mM
GTP, and 2 #M DncV in 1 mL of 50 mM HEPES buffer [pH 8.0]
supplemented with 100 mM NaCl, 10 mM MgCl,, and 1 mM DTT.
The whole mixture was incubated overnight at 37 °C in a heating
shaker. The synthesis of 8a was done overnight at 50 °C ina 1 mL
reaction mixture containing 4 mM 3a, 20 M DisA, and 50 mM
HEPES buffer [pH 8.0] supplemented with 100 mM NaCl, 10 mM
MgCl,, and 1 mM DTT. The next morning, the reactions were spun
at 25,000g for 15 min and supernatants were passed through Nanosep
3K Omega (Pall Corporation, USA). The purification of CDNs was
continued by adding 3 mL of ddH,O to the flow-through fractions,
and CDNs were purified on a semipreparative C18 column (Luna §
p#m C18 250 mm X 10 mm) using a 60 min gradient at a flow rate of
3 mL/min of 0—20% acetonitrile in 0.1 M TEAB buffer [pH 8.5].
TEAB was removed from the collected fractions by 3 cycles of
evaporation/dissolution in 50% methanol.

Cyclo-adenosine 5'-O-Phosphate (3' — 5') 2-Amino-5-methyl-7-
p-p-ribofuranosyl-7H-pyrrolo[2,3-dlpyrimidin-4(3H)-one 5'-O-
Phosphate (2' — 5') Sodium Salt (4b). NTP 2b (2 umol) and
ATP (2 pmol) were enzymatically cyclized using mcGAS. The final
product was purified by HPLC (5—30% MeCN in 0.1 M TEAB). The
conversion to a sodium salt form on a Dowex S0WX8 (in a Na* cycle)
provided CDN 4b (73 nmol, 4%). 'H NMR (600 MHz, D,0): 1.81

(bs, 3H, CH,); 4.14 (ddd, 1H, Jon e = 1.7, Joru = 118, Jynp = 3.4
H5'b-G); 423 (ddd, 1H, Jgr 4 = 2.3, Jeys = 118, Jyryp = 2.7, H5'a-
G); 423 (ddd, 1H, Jgpu = 14, o5 = 12.1, Joup = 3.6, H'b-A);
4.37 (ddd, 1H, Jy s, = 2.3, Jugp = L7, Jup = 3.8, H4'-G); 447 (m,
1H, H5'a-A); 4.49 (dm, 1H, [, = 8.7, H4-A); 4.62 (d, 1H, [y =
4.1, H3"-G); 4.75 (dd, Jp1» = L1, Jp 3 = 4.3, H2'-A); 4.99 (ddd, 1H,
Ty = 43, Jyge = 87, Jyp = 6.9, HY'A); 533 (um, 1H, H2'-G); 6.01
(d, 1H, Jy» = 83, HI'-G); 6.19 (d, 1H, J.» = 1.1, H1-A); 6.83 (q,
1H, Jg o, = 1.3, H8-G); 8.23 (s, 1H, H8-A); 827 (s, 1H, H2-A). °C
NMR (150.9 MHz, D,0): 12.90 (5-CH,;); 65.61 (C5"-A); 68.75
(C5'-G); 73.55 (C3"-A); 74.20 (C3'-G); 76.54 (C2'-A); 79.46 (C2'-
G); 83.02 (C4-A); 85.95 (C4'-G); 87.70 {C1'-G); 92.47 (C1"-A);
103.55 (C5-G); 118.24 (C4a-G); 119.52 (C6-G); 121.67 (CS-A);
14142 (C8-A); 150.64 (C4-A); 15481 (C7a-G); 155.07 (C2-G);
15540 (C2-A); 158.26 (C6-A); *'P NMR (*H-dec, 202.4 MHg,
D,0): —0.20 and —1.02. ESI MS m/z (rel %): 342 (100) [M—
2H]*, 686 (37) [M—H]", 708 (8) [M—2H + Na]~. HR MS (ESI):
for C,,H,N,0,5P, [M—H]", calcd 686.11308; found, 686.11212.

Cyclo-4-amino-5-iodo-7-f-p-ribofuranosyl-7H-pyrrolo{2,3-dj-
pyrimidine 5'-O-Phosphate (3' — 5') Guanosine 5'-O-Phosphate
(2' > 5') Sodium Salt (5a). Enzymatic synthesis: NTP 3a (75 mg,
107 gmol) and GTP (107 semol) were enzymatically cyclized using
mcGAS. The final product was purified by HPLC (5—30% MeCN in
0.1 M TEAB). The conversion to a sodium salt form on a Dowex
S0WX8 (in a Na* cycle) provided CDN 5a (56 mg, 61%) as a white
Iyophilizate (water).

Chemical synthesis: Phosphonate 12 (161 mg, 0.21 mmol) was
dissolved in DCM (2.5 mL). Water (38 xL, 2.11 mmol) and
dichloroacetic acid in DCM (6%, 2.5 mL, 1.81 mmol) were added,
and the solution was stirred for 10 min. Then, pyridine (298 yL, 3.70
mmol) was added, and the mixture was evaporated under reduced
pressure and co-evaporated with anhydrous acetonitrile (3x). The
residue was dissolved in anhydrous acetonitrile (480 xL), and a
solution of phosphoramidite 13 (262 mg, 0.268 mmol) in anhydrous
acetonitrile (1.45 mL) was added. The mixture was stirred at rt for 10
min, then t-butylhydroperoxide (5.5 M solution in decane, 113 L,
0.621 mmol) was added, and the stirring continued for another 30
min. Then, the solution was cooled to 0 °C, and a solution of
NaHSO; (33% wt, 627 L, 2.46 mmol) was added. The mixture was
stirred for 10 min at O °C and then for 5 min at rt. Then, solvent was
removed in vacuo, and the residue was dissolved in DCM (3.22 mL).
Water (38 pL, 2.11 mmol) and dichloroacetic acid in DCM (6%, 3.22
mlL, 2.33 mmol) were added. The mixture was stirred for 10 min, then
pyridine (670 xL, 8.32 mmol) was added, and the mixture was
evaporated under reduced pressure and co-evaporated with water.
Product 14 was partially purified by flash chromatography (C18
column, gradient 5—100% MeCN in 0.1 M TEAB).

Crude 14 was co-evaporated with anhydrous pyridine (3 X 2 mL)
and dissolved in anhydrous pyridine (2.6 mL). DMOCP was added
(85 mg, 0.46 mmol), and the mixture was stirred for 110 min at rt.
Then, water (77 4L, 0.46 mmol) and iodine (44 mg, 0.46 mmol) were
added, and the stirring continued for another 10 min at rt. The
mixture was cooled to 0 °C, and an aqueous solution of NaHSO,
(40% wt, 64 L) was added. After stirring for § min at 0 °C, another
portion of NaHSOj solution (40% wt, 40 L) was added. The clear
solution was evaporated under reduced pressure and co-evaporated
with water. Crude 18 was partially purified by flash chromatography
(C18 column, gradient 5—100% MeCN in 0.1 M TEAB).

Crude 18 was dissolved in ethanolic solution of CH;NH, (33% wt.,
4 mL, 32.1 mmol), and the solution was stirred for 3 h at rt. Then, the
mixture was evaporated under reduced pressure, and the residue was
co-evaporated with anhydrous pyridine (3 X 2 mL). A mixture of
anhydrous pyridine, Bt;N (1:1 v/v, 4 mL), and Et;N-3HF (640 pl,
3.93 mmol) was added, and the mixture was stirred at 50 °C for 3.5 h.
Then, aqueous ammonium acetate (1 M, 6 mL) was added, and the
solvents were removed in vacuo. The residue was co-evaporated with
water. After HPLC purification (0—15% MeCN in 0.1 M TEAB) and
conversion to a sodium salt form on a Dowex 50WX8 (in a Na*
cycle), CDN Sa (32 mg 18% overall yield) was obtained as a white
Iyophilizate (water). "H NMR (600 MHz, D,0): 4.14 (ddd, 1H, Jow,a
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= 1.8, Jon,ga = 117, Jopp = 2.1, HS'D-G); 422 (ddd, 1H, Jy, 4 = 3.1,
Joust = 117, J,p = 4.6, H5'a-G); 4.23 (ddd, 1H, Jon, = 12,0, Joer
=13, Jyp = 22, HS'b-A); 4.41 (ddd, 1H, [, 5, = 3.1, Ju 50, = 1.8, Jurp
=3.6, H4-G); 4.44 (dm, 1H, ], = 9.3, H4'-A); 4.52 (dm, 1H, [, 54,
=12.0, H5'a-A); 4.61 (d, 1H, Jy, = 4.0, H3'-G); 4.67 (bd, 1H, [,/ 5 =
4.0, H2'-A); 4.92 (ddd, 1H, Jy5 = 4.0, Jy,4 = 9.3, Jp = 6.6, H3"-A);
5.62 (ddd, 1H, ]y = 8.6, Jy13 = 4.0, J,1p = 4.4, H2'-G); 5.94 (d, 1H,
Jiar = 8.6, H1'-G); 6.10 (s, 1H, H1"-A); 7.71 (s, 1H, H6-A); 7.88 (s,
1H, H8-G); 8.09 (s, 1H, H2-A). *C NMR (150.9 MHz, D,0): 51.15
(C8-A); 6523 (d, Jep = 4.5, C5™-A); 68.48 (d, Jop = 5.2, CS-G);
72.88 (d, Jop = 5.6, C3"-A); 73.75 (C3'-G); 76.68 (C2'-A); 77.43 (d,
Jop = 54, C2'-G); 82.55 (t, Jepr = Jop, = 11.3, C4™-A); 85.14 (d, Jp
=10.1, C4'-G); 89.10 (d, Jop = 12.0, C1’-G); 92.50 (C1'-A); 106.80
(C4a-A); 120.60 (C5-G); 129.42 (C6-A); 14338 (C8-G); 150.09
(C7a-A); 153.95 (C2-A); 154.71 (C4-G); 155.84 (C2-G); 159.59
(C4-A); 161.74 (C6-G). *'P NMR (*H-dec, 202.4 MHz, D,0):
—0.32 and —1.41. EST MS m/z (rel. %): 398 (100) [M—-2H]*", 798
(97) [M-H]", 820 (30) [M—2H + Na]~. HR MS (ESI): for
CyyH;303NGIP, [M—H]™, caled 797.99407; found, 797.99335.
Cyclo-4-amino-5-methyl-7-p-p-ribofuranosyl-7H-pyrrolo[2,3-d}-
pyrimidine 5'-0-Phosphate (3' — 5') Guanosine 5'-O-Phosphate
(2" = 5') Sodium Salt (5b). NTP 3b (2 smol) and GTP (2 yimol)
were enzymatically cyclized using mcGAS. The final product was
purified by HPLC (5—30% MeCN in 0.1 M TEAB). The conversion
to a sodium salt form on a Dowex SOWXS (in a Na* cycle) provided
CDN 5b (354 nmol, 18%). ‘H NMR (600 MHz, D,0): 1.98 (d, 3H,
Jeuss = 1.1, CHy); 4.17 (m, 1H, H3'b-G); 4.18 (ddd, 1H, Jyus, =
117, Jopu = 24 Jonp = 1.8, HS'b-A); 426 (ddd, 1H, Jy, s = 11.7,
Jrar = 3.2, Jyp = 47, HS'a-A); 443 (m, 2H, H4'-A and H4'-G); 4.44
(m, 1H, H5'a-G); 4.63 (d, 1H, Jy 4 = 4.1, H3'-G); 4.71 (bd, 1H, ], 5
= 4.3, H2"-A); 5.06 (ddd, 1H, Jy» = 4.3, Jyu = 9.0, Jy.p = 6.7, H3'-
A); 5.62 (ddd, 1H, Jr s = 8.5, oy = 4.1, Jp = 6.6, H2'-G); 5.96 (d,
1H, ]y, = 8.5, HI' “GY; 623 (s, 1H, HI'-A); 7.36 (q, 1H, Jscnz = 1.1,
H6-A); 7.92 (s, 1H, H8-G); 8.19 (bs, 1H, H2-A). C NMR (150.9
MHz, D,0; chemical shifts obtained from 2D-HSQC and 2D-HMBC
spectra; ](C,P) and shifts of C4-A, C2-G, and C6-G were not
determined): 13.29 (CH,); 64.98 (C5"-A); 68.33 (C5'-G); 73.32
(C3"-A); 73.85 (C3'-G); 77.08 (C2'-A); 77.49 (C2°-G); 82.64 (C4'-
A); 86.11 (C4'-G); 88.85 (C1'-G); 92.20 (C1"-A); 105.17 (C4a-A);
114.97 (CS-A); 119.83 (C5-G); 123.61 (C6-A); 143.19 (C8-G);
147.84 (C2-A); 149.48 (C7a-A); 154.89 (C4-G). *'P NMR (*H-dec,
202.4 MHz, D,0): —0.27 and —1.18. ESI MS m/z (rel. %): 342
(100) [M—2H]*", 353 (3) [M—3H + Na]*", 686 (36) [M—H]", 708
(8) [M—2H + Na]™. HR MS (BSI): for C;,H;N,0,;P,, caled
686.11308; found, 686.11212.
Cyclo-4-amino-5-cyclopropyl-7--p-ribofuranosyl-7H-pyrrolo-
2,3-djpyrimidine 5'-O-Phosphate (3' — 5') Guanosine 5'-O-
Phosphate (2' — 5') Sodium Salt (5¢). NTP 3¢ (2 umol) and GTP
(2 pmol) were enzymatically cyclized using mcGAS. The final
product was purified by HPLC (5—30% MeCN in 0.1 M TEAB). The
conversion to a sodium salt form on a Dowex SOWX8 (in a Na* cycle)
provided CDN S¢ (387 nmol, 19%). 'H NMR (600 MHz, D,0): 0.16
m and 0.74 m (2H, H3-cyclopropyl); 0.31 m and 0.47 m (2H, H2-
cyclopropyl); 1.52 (m, 1H, Hi-cyclopropyl); 4.18 (dt, 1H, J5,» = 1.8,
Jobga = 117, Jypp = 1.8, HS'b-G); 4.24 (ddd, 1H, Jyu,, = 118, Jop, 00
=26, Jspp ~ 1.0, H5'b-A); 4.26 (ddd, 1H, Jstaar = 3.2y Jorp5n = 117,
Joup = 4.3, H5'a-G); 4.41 (dm, 1H, J, 5 = 9.2, H4"-A); 4.44 (m, 1H,
Jsasn = 11.8, HS'a-A); 4.45 (m, 1H, H4'-G); 4.66 (d, 1H, Jy, = 4.0,
H3'-G); 470 (d, 1H, .5 = 4.2, H2"-A); 5.05 (ddd, 1H, [y, =
Jyw = 92, Jyp = 6.7, H¥"-A); 5.65 (ddd, 1H, ], = 8.6, [ = 4.
Jup =48 H2'-G); 5.98 (4, 1H, ], = 8.6, HI'-G); 6.22 (s, 1H, Hl’
A); 7.10 (s, 1H, H6-A); 7.96 (bs, 1H, H8-G); 8.18 (bs, 1H, H2-A).
3C NMR (150.9 MHz, D,0, chemical shifts of quaternary carbons
C2-G, C4-G, C5-G, C6-G, and C2-A were not determined): 6.49
(C2-cyclopropyl); 8.97 (Cl-cyclopropyl); 10.80 (C3-cyclopropyl);
6531 (d, Jop = 5.0, C5"-A); 68.48 (d, Jop = 4.7, C5'-G); 73.09 (d, Jop
= 5.6, C3"-A); 73.66 (C3'-G); 76.99 (C2-A); 77.63 (d, Jcp = 5.7,
C2'-G); 82.42 (dd, Jep, = 11.3, Jop, = 10.5, C4-A); 86.08 (d, Jop =
102, C4'-G); 89.02 (d, Jep = 12.7, C1'-G); 91.94 (C1'-A); 105.76
(C5-A); 121.01 (C6-A); 121.77 (Cda-A); 14331 (C8-G); 149.79

(C7a-A); 161.15 (C4-A). P NMR (‘*H-dec, 202.4 MHz, D,0):
—0.26 and —1.09. EST MS m/z (rel. %): 356 (100) [M—-2H]*", 367
(6) [M=3H + Na]*7, 712 (7) [M—H]", 734 (8) [M—2H + Na]~.
HR MS (ESI): for C,,H,505N, Pz, calcd 712.12873; found,
712.12814.
Cyclo-4-amino-5-ethynyl-7-f-p-ribofuranosyl-7H-pyrrolo[2,3-d]-
pyrimidine 5-0-Phosphate (3' — 5') Guanosine 5'-O-Phosphate
2' > 5') Sodium Salt (5d). NTP 3d (2 gmol) and GTP (2 xmol)
were enzymatically cyclized using mcGAS. The final product was
purified by HPLC (5—30% MeCN in 0.1 M TEAB). The conversion
to a sodium salt form on a Dowex SOWX8 (in a Na* cycle} provided
CDN 5d (196 nmol, 10%). *H NMR (600 MHz, D,0): 3.41 (s, 1H,
—C=CH); 4.17 (dt, 1H, Joy, 4 = 2.0, Jo,5, = 118, Jopp = 2.2, H5'b-
G); 422 (bdd, 1H, Jo, ¢ = 2.5, Jsn,5 = 12.0, H5'b-A); 4.24 (ddd, 1H,
Joaw = 3.1, Jusn = 118, Jo,p = 4.6, HS'a-G); 4.42 (d, 1H, Jy g, =
3.1, Jugn = 2.0, Jyp = 3.1, H4'-G); 4.46 (bdt, 1H, Juy = 9.4, Ju g, =
2.5, Jugn = 2.5, HA-A); 4.50 (dm, 1H, Jg, 5 = 12.0, HS'a-A); 4.63
(d 1H, Jy 4 = 4.1, H3-G); 4.66 (bd, 1H, J, 5 = 4.0, H2"-A); 4.99
(ddd, 1H, Jy5 = 40, [y = 94, Jyp = 6.6, H3'-A); 5.69 {ddd, 1H,
Jo =85, Ly =41, Jyp = 5.7, H2'-G); 5.96 (d, 1H, ], = 8.5, HI'-
G); 6.26 (s, 1H, H1'-A); 7.86 (s, 1H, H6-A); 7.91 (s, 1H, H8-G);
823 (s, 1H, H2-A). *C NMR (150.9 MHz, D,0; chemical shifts
obtained from 2D-HSQC and 2D-HMBC spectra; J(C,P) and shifts
of C2-G and C6-G not determined): 61.36 (-C=CH); 65.02 (C5'-
A); 68.40 (C5'-G); 72.82 (C3'-A); 73.82 (C3'-G); 76.91 (C2-A);
77.38 (C2'-G); 82.47 (C4"-A); 84.18 (-C=CH); 85.94 (C4'-G);
88.80 (C1-G); 92.31 (Cl"-A); 9730 (C5A); 10567 (C4a-A);
120.22 (C5-G); 130.16 (C6-A); 143.10 (C8-G); 149.06 (C7a-A);
154.62 (C4-G); 151.83 (C2-A); 157.90 (C4-A). *'P NMR (*H-dec,
202.4 MHz, D O) —0.18 and —1.14. ESI MS m/z (rel. %): 348
(100) [M—2H]*", 696 (21) [M—H]", 718 (16) [M—2H + Na]~. HR
MS (ESI) for C23H23013N9P2, calcd 696.09743; found, 696.09637.
Cyclo-4-amino-5-(pent-1-yn-1-yl)-7--p-rib ofuranosyl-7H-
pyrrolof2,3-djpyrimidine 5'-0-Phosphate (3' - 5') Guanosine 5'-
O-Phosphate (2' — 5') Sodium Salt (5e). NTP 3e (2 pmol) and
GTP (2 gmol) were enzymatically cyclized using mcGAS. The final
product was purified by HPLC (5—30% MeCN in 0.1 M TEAB). The
conversion to a sodium salt form on a Dowex S0WX8 (ina Na* cycle)
provided CDN §e (84 nmol, 4%). 'H NMR (600 MHz, D,0): 0.91
(t, 3H, H5-pentynyl); 1.47 (m, 2H, H4-pentynyl); 2.29 (m, 2H, H3-
pentynyl); 4.15 (ddd, 1H, Jype = 2.0, [y 5, = 119, Jypp = 2.0, H5'b-
G); 423 (ddd, 1H, Jy, » = 3.0, [y, o1, = 11.9, Jys,» = 4.7, H5'a-G); 4.25
(dm, 1H, Jgu,s, = 12.0, H§'b-A); 4.41 (td, 1H, Ju 5, = 3.0, Jyrgp, = 2.0,
Jup = 32, H4'-G); 4.45 (dm, 1H, [,y = 9.5, H4"A); 4.51 {dm, 1H,
Joasn = 12.0, HS'a-A); 4.62 (d, 1H, Jy 4 = 4.3, H3'-G); 4.63 (d, 1H,
Jyy = 41, H2"A); 4.98 (ddd, 1H, Jyp = 4.1, Jyp = 9.5, Jyp = 6.6,
H3"-A); 5.75 (dt, 1H, Jonyr = 86, Jpr = 43, Jyp = 4.3, H2- G); 595
(d, 1H, ], = 8.6, H1' -G); 622 (s, 1H, H1"-A}; 7.67 (s, 1H, H6-A);
7.88 (bs, 1H, H8-G); 8.18 (bs, 1H, H2-A). C NMR (150.9 MHz,
D,0; chemical shifts obtained from 2D-HSQC and 2D-HMBC
spectra; J(C,P) and shifts of C2-G, C4-G, C5-G, and C6-G not
determined): 15.55 (CS-pentynyl); 23.44 (C3-pentynyl); 24.04 (C4-
pentynyl); 65.09 (C5-A); 68.48 (C5'-G); 72.73 (C3'-A); 73.80
(C3'-G); 74.50 (Cl-pentynyl); 76.83 (C2'-A); 77.11 (C2'-G); 82.28
(C4'-A); 85.73 (C4'-G); 89.00 (C1'-G); 92.02 (C1'-A); 96.60 (C2-
pentynyl); 98.09 (C5-A); 10593 (Cda-A); 127.64 (C6-A); 143.12
(C8-G); 149.52 (C7a-A); 154.41 (C2-A); 159.83 (C4-A); *'P NMR
('H-dec, 202.4 MHz, D,0): —0.15 and —0.83. ESI MS m/z (rel. %):
368 (100) [M—2H]*", 738 (15) [M—H]", 760 (9) [M—2H + Na]™.
HR MS (ESI) for CysH;,0 3N P, calcd 738.14438; found,
738.14313.
Cyclo-4-amino-5-phenyl-7-f-p-ribofuranosyl-7H-pyrrolo[2,3-d]-
pyrimidine 5'-O-Phosphate (3' — 5') Guanosine 5'-O-Phosphate
(2' > 5) Sodium Salt (5f). Enzymatic synthesis: NTP 3f (2 pmol)
and GTP (2 #mol) were enzymatically cyclized using mcGAS. The
final product was purified by HPLC (5—30% MeCN in 0.1 M TEAB).
The conversion to a sodium salt form on a Dowex 50WX8 (ina Na*
cycle) provided CDN 5f (100 nmol, 5%).
Chemical synthesis: CDN 8a (15 mg, 17.8 #mol), phenylboronic
acid (4.3 mg, 35.6 mol), and cesium carbonate (17.4 mg, 53.4 #mol)
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were mixed with MeCN—H,0 (1:2 v/v, 600 xL) in an argon purged
vial In a separate vial, PA(QAc), (1.0 mg, 4.45 smol) and TPPTS
(12.6 mg, 22.2 gmol) were dissolved in MeCN—H,0 (1:2 v/v, 1.0
mlL), and the solution was sonicated under an argon atmosphere for
30 s. Then, 200 ymol (ie., 1/5) of this solution was transferred into
the mixture containing the CDN Sa, and the reaction was stirred at
100 °C for 30 min. Then, the reaction mixture was cooled to 1t,
diluted with water to approx. 3 mL, and filtered through a 5 #m nylon
syringe filter. The filtrate was directly applied on HPLC for
purification. After two HPLC separations (0—15% MeCN in 0.1 M
TEAB) and conversion to a sodium salt form on a Dowex S0WXS8 (in
a Na* cycle), CDN §f (2.5 mg 18%) was obtained as a white
Iyophilizate (water). "H NMR (600 MHz, D,0): 4.15 (ddd, 1H, Jy,+
=18, Jynga = 118, Jopp = 2.5 H5'b-G); 425 (ddd, 1H, [y, » = 2.8,
Jsasn = 118, Jo,p = 5.0, H5'a-G); 4.29 (m, 1H, H5'b-A); 4.43 (ddd,
TH, Jyrge = 2.8, Jusy = 1.8, Jup = 3.6, H4'-G); 449 (dm, 1H, [, =
9.1, H4-A); 4.51 (m, 1H, H3'a-A); 4.66 (d, 1H, Jy» = 4.1, H3'-G);
4.79 (bd, 1H, Jy 5 = 4.1, H2"-A); 5.02 (ddd, 1H, Jy» = 4.1, Jy.4 = 9.1,
Jop =69, H"-A); 573 (dt, LH, [y = 8.6, Jyy = 41, [yp = 41, H2'-
G); 6.01 (4, 1H, J,,» = 8.6, HI"-G); 6.29 (s, 1H, HI'-A); 7.09 (m,
2H, 0-Ph-A); 7.24 (m, 2H, m-Ph-A); 7.25 (m, 1H, p-Ph); 7.63 (s, 1H,
H6-A); 7.89 (s, 1H, H8-G); 8.22 (s, 1H, H2-A). *C NMR (150.9
MHz, D,0): 65.53 (d, Je» = 4.6, C5'-A); 68.66 (d, Jcp = 5.4, C5'-G);
73.07 (d, Jop = 5.5, C3"-A); 73.93 (C3'-G); 76.96 (C2'-A); 77.87 (d,
Jep = 4.6, C2°-G); 82.61 (t, Jop = 11.3, C4'-A); 86.04 (d, Jcp = 9.7,
C4'-G); 88.70 (d, Jop = 12.5, C1'-G); 92.27 (C1'-A); 103.79 (C4a-
A); 119.40 (C3-A); 119.88 (C5-G); 122.74 (C6-A); 129.47 (p-Ph-
A); 13027 (o-Ph-A); 131.61 (m-Ph-A); 13565 (i-Ph-A); 142.42
(C8-G); 151.35 (C7a-A); 153.88 (C2-A); 154.58 (C4-G); 155.99
(C2-G); 160.08 (C4-A); 161.17 (C6-G). *'P NMR (*H-dec, 202.4
MHz, D,0): —0.19 and —0.90. ESI MS /2 (rel. %): 373 (100) [M—
2H]*, 385 (5) [M—3H + Na]*", 748 (2) [M—H]", 770 (6) [M—2H
+ Na]™. HR MS (ESI): for C,;H,;0,;,N,P, [M—-H]", caled
748.12873; found, 748.12862.
Cyclo-4-amino-5-(naphthalen-2-yl)-7-f-p-ribofuranosyl-7H-
pyrrolof2,3-djpyrimidine 5'-O-phosphate (3' — 5') Guanosine 5'-
O-phosphate (2 — 5') Sodium Salt (5g). CDN 5a (13 mg, 15.4
pmol), naphthalene-2-boronic acid (13.3 mg, 77.1 gmol), and cesium
carbonate (15 mg, 46.2 #mol) were mixed with MeCN-H,0 (1:2 v/
v, 520 L) in an argon purged vial. In a separate vial, Pd(OAc), (1.0
mg, 4.45 gemol) and TPPTS (12.6 mg, 22.2 ptmol) were dissolved in
MeCN-H,0 (1:2v/v, 1.0 mL), and the solution was sonicated under
argon atmosphere for 30 s. Then, 173 gmol of this solution was
transferred into the mixture containing the CDN $a, and the reaction
mixture was stirred at 100 °C for 30 min. Then, the reaction mixture
was cooled to rt, diluted with water to approx. 3 mL, and filtered
through a 5 #m nylon syringe filter. The filtrate was directly applied
on HPLC for purification (5-25% MeCN in 0.1 M TEAB). After
HPLC repurification (9—24% MeCN in 0.1 M TEAB) and
conversion to a sodium salt form on a Dowex S0WXS8 (in a Na*
cycle), CDN Sg (5.7 mg, 44%) was obtained as a white Iyophilizate
(water). "H NMR (600 MHz, D,0): 4.13 (ddd, 1H, Jsy, s = 1.6, Jor,51
=118, Joyp = 2.6, H5'D-G); 4.26 (ddd, 1H, Jy,e = 2.7, Jy, 50 = 11.8,
Jap = 4.5, HS'a-G); 4.36 (ddd, 1H, Jsp = 13, Jon, g, = 12.1, Jinp =
2.9, H5'b-A); 4.45 (ddd, 1H, Jy g, = 2.7, Jysn, = 1.6, Jup = 3.8, H4'-
G); 4.53 (dm, 1H, Jyy = 9.6, H4-A); 4.57 (ddd, 1H, Jy, s = 2.3,
Jsasn = 121, Jo,p = L1, HS'a-A); 473 (d, 1H, J;,4 = 4.0, H3'-G);
4.81 (d, Jyp = 3.9, H2-A); 5.03 (ddd, 1H, Fy5 = 3.9, Jy4 = 9.6, Jyp
= 6.6, H3"-A); 5.67 (um, 1H, H2'-G); 6.07 (d, 1H, J,,»» = 8.6, H1'-
G); 6.34 (s, 1H, H1"-A); 7.32 (dd, 1H, J5, = 1.8, J;, = 83, H3-
naphth); 7.53 (m, 1H, H7-naphth); 7.545 (m, 1H, H6-naphth); 7.64
(dm, 1H, ], ; = 1.8, Hl-naphth); 7.74 (s, 1H, H8-G); 7.75 (s, 1H, H6-
A); 7.77 (dm, 1H, ], ; = 8.3, H4-naphth); 7.82 (m, 1H, H5-naphth);
7.90 (m, 1H, H8naphth); 8.25 (s, 1H, H2-A). *C NMR (150.9
MHz, D,0): 65.66 (d, Jop = 4.7, C5'-A); 68.76 (d, Jp = 5.2, C5'-G);
73.16 (d, Jop = 54, C3"-A); 7391 (C3-G); 76.98 (C2-A); 79.00
(C2"-G); 82.58 (1, Jop = 11.6, C4™-A); 86.13 (d, Jop = 9.6, C4-G);
87.80 (C1-G); 9232 (C1™-A); 103.93 (C5-A); 119.40 (Cda-A);
119.61 (C5-G); 123.09 (C6-A); 128.19 (Cl-naphth); 128.51 (C3-
naphth); 128.70 (C7-naphth); 129.24 (Cé-naphth); 130.26 (C8-

naphth); 130.89 (CS-naphth); 131.18 (C4-naphth); 133.19 (C2-
naphth); 134.43 (C4a-naphth); 135.96 (C8a-naphth); 141.25 (C8-
G); 151.60 (C7a-A); 153.89 (C2-A); 154.34 (C4-G); 155.90 (C2-
G); 160.32 (C4-A); 160.72 (C6-G). *'P NMR (*H-dec, 202.4 MHz,
D,0): —0.12 and —0.96. ESI MS m/z (rel. %): 398 (100) [M—
2H]*, 798 (47) [M—H]", 820 (35) [M—2H + Na]~ HR MS (ESI):
for C3,H,,0,,N,P, [M=2H]?", calcd 398.56855; found, 398.56823.
Cyclo-4-amino-5-(naphthalen-1-yl)-7-p-p-ribofuranosyi-7H-
pyrrofof2,3-dipyrimidine 5'-O-phosphate (3' — 5') Guanosine 5'-
O-phosphate (2' — 5') Sodium Salt (5h). CDN §h was prepared as
described for §g from iodinated CDN $a (15 mg, 17.8 #mol) and
naphthalene-1-boronic acid (17.6 mg, 88.9 #mol). The final product
was purified by HPLC (5—30% MeCN in 0.1 M TEAB). After HPLC
repurification (5—50% MeOH in 0.1 M TEAB) and conversion to a
sodium salt form on a Dowex SOWXS8 (in a Na* cycle), CDN 5h (5.6
mg, 37%) was obtained as a white lyophilizate (water). The final
product was a mixture of two diastereomers (63:37) due to hindered
rotation (at 298 K). Chemical shifts of the resolved signals of minor
isomer are given in italics. "H NMR (600 MHz, D,0): 4.125 (dt, 1H,
Jona = 2.1 Jonga = 118, Jonp = 2.2, HS'b-G); 4.13 (ddd, 1H, Jore =
2.3, Jomsa = 119, Jspp = 3.5, HS'b-G); 423 (dd, 1H, Js s = 2.6,
Jous = 11.8, HS'a-G); 424 (dd, 1H, J,p = 2.6, Jy, 5 = 11.9, HS'a-
G); 4.25 (m, 1H, H5'b-A); 4.28 (ddd, 1H, Joe = 1.5, Jop 5, = 12.1,
Jspp = 2.8, H'D-A); 4385 (m, 1H, H4'-G); 4.39 (m, 1H, H4'-G);
4.44 (dm, 1H, Jg, 51, = 12.1, H5'a-A); 447 (dm, 1H, ], 3 = 8.4, H4'-
A); 4.50 (dm, 1H, Jy 3 = 9.0, H4"-A); 4.615 (d, 1H, Jy,, = 4.1, H3'-
G); 464 (d, 1H, [, = 4.1, H¥'-G); 5.025 (d, 1H, [, = 4.3, H2-A);
$.04 (dd, 1H, J,5 = 4.4, ], = 1.1, H2-A); 5.09 (ddd, 1H, Jy, = 4.3,
Jow =90, Jyp =02, H3'-A); 5,34 (ddd, 1H, Ty =4 Jyg =84 Jap
= 6.6, H3"-A); 5.79 (ddd, 1H, J,» = 8.6, Jp3 = 4.1, Jop = 3.7, H2'-
G); 5.87 (dt, 1H, [, = 86, [y = 4.1, Jpp = 3.9, H2'-G); 5.97 (4,
1H, ], = 8.6, H1'-G); 5.98 (d, 1H, ], = 8.6, H1"-G); 6.38 (s, 11,
H1'-AJ; 6.55 (d, 1H, Jvp =11, HI'-A); 6.895 (dd, 1H, J,5= 7.0, [ 4
= 1.3, H8-naphth); 718 (dd, 1H, J;, = 83, J,, = 7.0, H3-naphth);
721 (s, 1H, H6-A); 7.36 (dd, 1H, J;, = 8.4, J;, = 7.0, H3-naphth);
7.38 (ddd, 1H, J;; = 82, Js5 = 6.8, J¢z = 1.5, H6-naphth); 7.38 (dd,
1H, J,; = 7.0, J,4 = 1.5, H8-naphth); 7.41 (ddd, 1H, J,5 = 6.8, J,5 =
8.2, ;s = 1.4, H7-naphth); 7.485 (ddd, 1H, Js; = 8.5, Js5 = 6.8, Jsg =
1.3, H6-naphth); 7.52 (s, 1H, H6-A); 7.59 (ddd, 1H, J,5 = 6.8, ;5 =
8.5, J,s = 1.3, H7-naphth); 7.64 (dd, 1H, Js¢ = 6.8, J;, = 1.3, HS-
naphth); 7.70 (dd, 1H, Js5 = 6.8, J;; = 1.4, H5-naphth); 7.86 (dd, 1H,
Jis = 83, J, = 1.5, Ha-naphth); 7.90 (dd, 1H, J;; = 6.8, Jo¢ = 1.5,
H8-naphth); 7.905 (dd, 1H, J,; = 8.4, J,, = 1.3, H4-naphth ); 7.91 (s,
1H, H8-G); 7.995 (dd, 1H, J,, = 6.8, J5s = 1.3, H8-naphth); 8.20 (s,
1H, H2-A); 8235 (s, 1H, H2-A). *C NMR (150.9 MHz, D,0):
6548 (d, Jop = 4.5, C5"-A); 68.92 (d, Jop = 5.5, C5'-G); 65.98 (d, Jop
= 5.0, C5"-A); 68.79 (d, Jop = 5.1, C5'-G); 73.59 (d, Jp = 5.4, C3'-
A); 73.71 (d, Jop = 5.3, C3'-A); 74.19 (C3'-G); 74.32 (C3'-G); 76.70
(C2'-A); 76.84 (C2'-A); 7734 (d, Jop = 5.2, C2'-G); 77.50 (d, Jep =
5.5, C2'-G); 82.55 (t, Jop = 11.3, C4-A); 82.83 (t, Jop = 112, C4"-
A); 85.72 (d, Jop = 9.1, C4-G); 85.75 (d, Jop = 9.4, C4-G); 88.63
(d Jep = 12.5, C1'-G); 89.02 (d, J.p = 13.0, C1'-G); 920.32 (C1"-A);
91.67 (C1'-A); 105.81 (C4a-A); 10686 (Cda-A); 117.04 (CS-A);
118.96 (CS-A); 119.75 (C5-G); 119.79 (C5-G); 123.68 (C6-A);
123.73 (C6-A); 127.65 (C5-naphth); 127.82 (CS-naphth); 128.11
(C3-naphth); 128.24 (C3-naphth); 128.92 (C7-naphth); 129.03 (C7-
naphth); 129.64 (C6-naphth); 129.69 (Cé6-naphth); 130.82 (C2-
naphth); 130.97 (C4-naphth); 131.06 (C8-naphth); 13126 (C4
naphth); 131.45 (C2-naphth); 131.48 (C8-naphth); 132.48 (Cda-
naphth); 132.73 (C4a-naphth); 134.11 (C8a-naphth); 134.28 (C8a-
naphth); 136.12 (Cl-naphth); 136.20 (Cl-naphth); 142.91 (C8-G);
142.91 (C8-G); 151.38 (C7a-A); 152.67 (C7a-A); 15421 (C2-A);
154.40 (C4-G); 154.40 (C4-G); 15459 (C2-A); 156.04 (C2-G);
156.89 (C2-G); 159.90 (C4-A); 160.06 (C4-A); 160.28 (C6-G);
160.94 (C6-G). P NMR (*H-dec, 202.4 MHz, D,0): —0.08; —0.25;
—032; —0.61. ESIMS m/z (rel. %): 398 (100) [M—2H]*", 798 (25)
[M—H]". HR MS (ESI): for C;H;0N,P, [M—H]", caled
798.114438; found, 798.14472.
Cyclo-4-amino-5-(1,2-dihydroacenaphthylen-5-yl)-7-f-p-ribofur-
anosyl-7H-pyrrolo{2,3-dJpyrimidine 5'-O-phosphate (3' — 5')
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Guanosine 5'-O-phosphate (2' — 5') Sodium Sait (5i). CDN §i was
prepared as described for 5g from iodinated CDN Sa (15 mg, 17.8
pmol) and acenaphthene-5-boronic acid (17.6 mg, 88.9 gmol). The
final product was purified by HPLC (5—30% MeCN in 0.1 M TEAB).
The conversion to a sodium salt form on a Dowex 50WX8 (in a Na*
cycle) provided CDN Si (7.3 mg, 47%) as a white lyophilizate
(water). The final product was a mixture of two diastereomers
(78:22) due to hindered rotation (at 298 K). The hindered rotation
resulted in the line broadening of most NMR signals. Only a few
resolved proton signals of minor isomer could be detected, and their
chemical shifts are given in italics. ‘H NMR (600 MHz, D,0): 3.38
(um, 2H, 2 X Hl-acenaphtylene); 3.46 (um, 2H, 2 x H2-
acenaphtylene); 4.11 (dm, 1H, 5, = 11.9, HS'b-G); 4.23 (ddd,
TH, Jye = 24 Jyusn, = 11.9, Jyup = 6.0, HS'a-G); 430 (dm, 1H,
Tovga 2 120, HS'b-A); 438 (dt, 1H, Jy g, = 24, Jugy, = 2.2, Jup =
3.4, H4-G); 4.43 (dm, 1H, Jy, ¢y & 12.0, H5'a-A); 4.48 (dm, 1H,
Juy = 9.0, H4"-A); 4.62 (bd, 1H, J,» = 3.9, H3'-G); 4.99 (b, 1H,
H2'-A); 5.13, §.30 (um, 1H, H3'-A); 5.85 (um, 1H, H2'-G); 5.96,
5.90 (bd, 1H, ], ~ 8.0, HI'-G); 6.44, 652 (s, 1H, H1"-A); 7.03,
6.96 (bd, 1H, J;, = 6.9, H3-acenaphtylene); 7.15 (bd, 1H, J;, = 6.8,
Hé-acenaphtylene); 7.24 (bd, 1H, ], ; = 6.9, H4-acenaphtylene); 7.26
(bd, 1H, J,; = 8.0, H8-acenaphtylene); 7.29 (bt, 1H, J,; = 8.0, ], s =
6.8, H7-acenaphtylene); 7.44 (bs, 1H, H6-A); 7.85 (s, 1H, H8-G);
821 (s, 1H, H2-A). C NMR (150.9 MHz, D,0): 3248 (Cl-
acenaphtylene ); 32.83 (C2-acenaphtylene); 65.48 (C5'-A); 68.89 (d,
Jep = 53, C5-G); 73.69 (C3'-A); 74.29 (C3'-G); 76.93 (C2-A);
7737 (d, Jop = 4.8, C2'-G); 82.27 (C4"-A); 85.62 (d, Jop = 9.3, C4'-
G); 88.92 (d, Jep = 13.9, C1-G); 91.06 (C1-A); 105.17 (C4a-A);
117.20 (CS-A); 119.55 (C5-G); 121.73 (Cd-acenaphtylene); 122.41
(C6-acenaphtylene); 122.58 (C8-acenaphtylene); 123.48 (C6-A);
127.73 (CSa-acenaphtylene); 131.66 (C7-acenaphtylene); 132.01
(C3-acenaphtylene); 132.25 (CS5-acenaphtylene); 141.70 (C8b-
acenaphtylene); 142.56 (C8-G); 148.94 (C8a-acenaphtylene);
149.81 (Cla-acenaphtylene); 151.60 (C7a-A); 154.28 (C2-A);
15424 (C4-G); 155.89 (C2-G); 160.11 (C4-A); 160.68 (C6-G);
*'P NMR (*H-dec, 202.4 MHz, D,0): —0.22 and —0.45. ESI MS m/z
(rel. %): 411 (100) [M—2H]*", 824 (22) [M—H]", 846 (26) [M—
2H + Na]~. HR MS (ESI): for Cy;H,,0,N,P, [M—H]", caled
824.16003; found, 824.15900.
Cyclo-4-amino-5-(phenanthren-9-yl)-7-p-p-ribofuranosyi-7H-
pyrrolof2,3-djpyrimidine 5'-O-phosphate (3' — 5') Guanosine 5'-
O-phosphate (2 — 5') Sodium Salt (5j). CDN §j was prepared as
described for Sg from iodinated CDN $a (15 mg, 17.8 gmol) and
phenanthrene-9-boronic acid (19.4 mg, 88.9 yzmol). The final product
was purified by HPLC (5—30% MeCN in 0.1 M TEAB). The
conversion to a sodium salt form on a Dowex SOWX8 (in a Na* cycle)
provided CDN §j (4.7 mg, 30%) as a white lyophilizate (water). The
final product was a mixture of two diastereomers (63:37) due to
hindered rotation (at 298 K). Chemical shifts of the resolved signals
of minor isomer are given in italics. 'H NMR (600 MHz, D,0): 4.07
(dy TH, Jon, 4 = 2.1, Jong = 118, Jon p = 2.1, HS'D-G); 4,125 (dt, 1H,
Jsoa =21 Jousa = 118, Jopp = 2.1, HS'b-G); 4.22 (ddd, 1H, Jy, 4 =
2.4, Jousn = 118, Joup = 5.1, HS'a-G); 4.25 (ddd, 1H, Jg, o = 2.6,
Joust = 118, Jy,p = 5.5, H5'a-G); 4.30 (ddd, 1H, Jyp0 = 1.6, Jop50 =
118, Jypp = 2.8, HS'b-A); 4.33 (m, 2H, H5'a-A and HS'b-A); 4.35
(dt, TH, Jyg, = 24, Jugn = 2.1, Jup = 3.6, H4-G); 4415 (dt, 1H,
Josa =26 Ju 5= 2.1, Jyp = 3.4, H4'-G); 4.47 (dm, 1H, Jy, 5 = 11.8,
HS'a-A); 449 (dm, 1H, [,z = 8.6, H4'-A); 453 (dm, 1H, [, = 9.0,
H4'-A); 4.66 (d, 1H, Jy, = 4.0, H3'-G); 4.67 (d, 1H, J, » = 3.9, H3'-
G); .09 (ddd, 1H, J;,, = 43, Jy.4 = 9.0, Jyp = 6.3, H3"-A); 5.10 (d,
1H, Jy = 4.5, H2-A); §.12 (4, 1H, Jy = 43, H2-A); 5.47 (ddd,
IH, Jyp = 4.5, Jye = 8.6, Jyp = 6.8, H3-A); 5,80 (ddd, 1H, ], =
86, Jyy = 40, [yp = 3.5, H2'-G); 5.86 (d, 1H, ], = 86, HI'-G);
5.92 (um, 1H, H2"-G); 6.06 (d, 1H, ]y = 8.6, H1'-G); 6.35 (s, 1H,
H1"-A); 6.62 (s, 1H, H1'-A); 7.305 (s, 1H, H10-phen); 7.32 (s, 1H,
H6-A); 7.34 (br, 1H, H8-G); 7.515 (ddd, 1H, J,, = 8.3, ;= 69, ],
= 1.2, H2-phen); 7.61 (m,1H, H2-phen); 7.63 (m, 1H, H6-phen);
7.635 (m, 1H, H7-phen); 7.65 (s, 1H, H6-A); 7.725 (m, 2H, H6 and
H8-phen); 7.75 (m, 1H, Hi-phen); 7.765 (m, 1H, H3-phen); 7.77
(m, 1H, H7-phen); 7.785 (s, 1H, H10-phen); 7.79 (m, 1H, H3-

phen); 7.805 (m, 1H, Hi-phen); 7.90 (br, 1H, H8-G); 8.21 (s, 1H,
H2-A); 825 (s, 1H, H2-A); 8.76 (dm, 1H, ], ; = 8.5, H4-phen); 8.79
(dm, 1H, J5¢ = 8.5, HS-phen); 8.795 (dm, 1H, J,; = 8.5, H4-phen);
8.84 (dm, 1H, J;s = 8.5, H5-phen). °C NMR (150.9 MHz, D,0):
65.52 (C5-A); 66.17 (C5"-A); 68.79 (C5'-G); 69.00 (C5'-G); 73.73
(C3"-A); 74.17 (C3'-G); 74.29 (C3'-G); 74.66 (C3'-A); 76.43 (C2'-
A); 76.89 (C2'-A); 77.91 (C2'-G); 77.91 (C2'-G); 82.66 (C4'-A);
82.73 (C4'-A); 85.34 (C4'-G); 85.88 (C4'-G); 88.17 (C1'-G); 88.67
(C1'-G); 90.19 (C1"-A); 91.83 (C1"-A); 105.86 (Cda-A); 106.0§
(C4a-A); 11693 (C5-A); 118.78 (CS-G); 119.24 (C5-A); 119.48
(C5-G); 123.85 (C6-A); 124.16 (C6-A); 125.23 (C4-phen); 12534
(C4-phen); 12560 (CSphen); 12624 (CS-phen); 128.53 (C8-
phen); 128.79 (C8-phen); 129.70 (C7-phen); 129.76 (C7-phen);
129.84 (C3-phen); 129.84 (C6-phen); 130.00 (C2-phen); 130.03
(C2-phen); 130.88 (C8a-phen); 131.18 (C10-phen); 131.48 (C10-
phen); 131.49 (C8a-phen); 131.74 (Cl-phen); 132.33 (C4a-phen);
132.35 (Cl-phen); 132.45 (C4a-phen); 132.84 (C4b-phen); 133.02
(C9-phen); 133.09 (C4b-phen); 133.18 (C9-phen); 141.58 (C8-G);
142,58 (C8-G); 151.23 (C7a-A); 152.86 (C7a-A); 153.68 (C4-G);
154.05 (C2-A); 154.37 (C4-G); 154.57 (C2-A); 15596 (C2-G);
155.98 (C2-G); 159.90 (C4-A); 159.68 (C6-G); 159.74 (C6-G);
160.72 (C4-A). P NMR (‘H-dec, 202.4 MHz, D,0): —0.07; —0.23;
—0.44; —0.68. ESI MS m/z (rel. %): 423 (100) [M—2H]*", 856 (9)
[M=2H + Na]~. HR MS (ESI): for C;4H;,0,;N,P, [M=H]", caled
848.16003; found, 848.15924.
Cyclo-4-amino-5-(biphenyi-4-yi)-7-p-p-ribofuranosy!-7H-
pyrrofof2,3-djpyrimidine 5'-O-phosphate (3' — 5') Guanosine 5'-
O-phosphate (2' — 5') Sodium Salt (5k). CDN Sk was prepared as
described for §g from iodinated CDN Sa (15 mg, 17.8 gmol) and 4-
biphenylboronic acid (17.6 mg 88.9 ymol). The final product was
purified by HPLC (5—25% MeCN in 0.1 M TEAB). The conversion
to a sodium salt form on a Dowex SOWX8 (in a Na* cycle) provided
CDN 5k (9.1 mg, 59%) as a white lyophilizate (water). '"H NMR
(600 MHz, D,0): 4.13 (ddd, 1H, Jg,4 = 1.7, Jpy, 0, = 11.7, T p = 2.5,
HS'b-G); 4.24 (ddd, 1H, Jg, o = 2.7, Jy,sn = 11.7, Jo,p = 4.7, HS'a-
G); 4.32 (ddd, 1H, [y 4 = 2.9, [y, = 118, Jipp = 1.2, HS'D-A);
4.42 (ddd, 1H, Jy5, = 2.7, Jursn, = 1.7, Jup = 3.7, H4'-G); 4.50 (dm,
IH, Jy 3 = 9.3, H4-A); 4.56 (bdd, 1H, Jg, o = 2.1, Jo, 50, = 11.8, Jor,p
=<1, H5'a-A); 4.68 (d, 1H, Jy, = 4.1, H3"-G); 474 (d, 1H, [, =
4.0, H2'-A); 4.97 (ddd, 1H, Jy, = 4.0, Jy» = 9.3, Jyp = 6.5, H3"-A);
5.64 (um, 1H, H2'-G); 6.02 (d, 1H, ], = 8.5, H1"-G); 6.25 (s, 1H,
H1%-A); 7.11 (m, 2H, H3-phenylene + H5-phenylene); 7.41 (m, 1H,
H4'-Ph); 7.48 (m, 2H, H2-phenylene + H6-phenylene); 7.51 (m, 2H,
H3'-Ph + H5'-Ph); 7.66 (s, 1H, H6-A); 7.71 (m, 2H, H2'-Ph + Hé'-
Ph); 7.82 (s, 1H, H8-G); 8.18 (s, 1H, H2-A). **C NMR (150.9 MHz,
D,0): 65.54 (d, Jop = 4.8, C5™-A); 68.72 (d, Jp = 5.2, C5'-G); 73.09
(d, Jop = 6.5, C3"-A); 73.80 (C3'-G); 76.97 (C2"-A); 78.50 (C2"-G);
82.55 (t, Jopr = Jeps = 113, C4-A); 86.10 (d, Jop = 9.2, C4'-G);
88.07 (Cl-G); 92.24 (C1"-A); 103.65 (C4a-A); 119.08 (C5-A);
119.67 (C5-G); 122.79 (C6-A); 129.37 (C2'-Ph + C6'-Ph); 129.67
(C2-phenylene + C6-phenylene); 130.31 (C4'-Ph); 130.49 (C3-
phenylene + CS-phenylene); 131.82 (C3'-Ph + C5'-Ph); 134.81 (C4-
phenylene); 140.79 (Cl-phenylene); 141.33 (C8-G); 142.49 (Cl'-
Ph); 151.25 (C7a-A); 153.39 (C2-A); 154.49 (C4-G); 155.98 (C2-
G); 159.95 (C4-A); 160.98 (C6-G). *'P NMR (*H-dec, 202.4 MHz,
D,0): —0.14 and —0.93. ESI MS m/z (rel %): 411 (100) [M—
2H]>7, 824 (43) [M—H]", 846 (17) [M—2H + Na]~. HR MS (ESI):
for Cy3H;,013N,P, [M—H]", calcd 824.16003; found, 824.16012.
Cyclo-4-amino-5-(4-(naphthalen-2-yl)pheny!)-7-f-p-ribofurano-
syl-7H-pyrrolof2,3-djpyrimidine 5'-O-phosphate (3' — 5') Guano-
sine 5'-O-phosphate (2 — 5') Sodium Salt (5). CDN 8l was
prepared as described for §g from iodinated CDN Sa (15 mg, 17.8
pmol) and 4-(naphthalene-2-yl)phenylboronic acid pinacol ester
(29.4 mg, 88.9 ymol). The final product was purified by HPLC (5—
30% MeCN in 0.1 M TEAB). The conversion to a sodium salt form
ona Dowex S0WX8 (in a Na* cycle) provided CDN 81 (5.3 mg, 32%)
as a white lyophilizate (water). '"H NMR (600 MHz, D,0): 4.14
(ddd, 1H, Jyp, o = 1.8, Js5 = 11.7, Jypp = 2.4, HS'b-G); 4.22 (ddd,
IH, Jone = 2.5 Jyasp = 117, Joup = 4.8, H5'a-G); 435 (ddd, 1H,
Jowsa = 119, Jonu = L1, Jopp = 2.7, HS'b-A); 4.44 (ddd, 1H, Ju g, =
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2.5, Jusn, = 1.8, Jyp = 3.7, H¥-G); 4.52 (dm, 1H, J,,5 = 9.3, H4"-A);
4.58 (bdd, 1H, Jg, s = 119, Jy,4 = 2.0, Jnp = <1, H5'a-A); 4.70 (d,
1H, Jy» = 4.0, H3'-G); 4.76 (overlap, H2'-A); 4.98 (ddd, 1H, Jy, =
4.0, Jy o = 9.3, Jyp = 6.6, H3'-A); 5.61 (um, 1H, H2'-G); 6.03 (d, 1H,
Jup = 8.5, HI'-G); 630 (s, 1H, H1"-A); 7.16 (m, 2H, H2 + Hé-
phenylene); 7.53 (m, 1H, H7-naphth); 7.54 (m, 1H, H6-naphth);
7.57 (m, 2H, H3 + H5-phenylene); 7.65 (s, 1H, H6-A); 7.81 (s, 1H,
H8-G); 7.84 (dd, 1H, J;1 = 1.9, J54 = 8.6, H3-naphth); 7.90 (m, 1H,
H8-naphth); 7.91 (m, 1H, H5-naphth); 7.94 (d, 1H, J,; = 8.6, H4-
naphth); 8.12 (bd, 1H, J,; = 1.9, Hi-naphth); 8.12 (s, 1H, H2-A).
*C NMR (150.9 MHz, D,0): 65.71 (4, Jop = 3.2, C5™-A); 68.78 (d,
Jop = 4.8, C5'-G); 73.19 (d, Jop = 6.5, C3"-A); 73.96 (C3'-G); 76.98
(C2"-A); 78.87 (C2'-G); 82.58 (b, Jep1 = Jopy = 11.4, C4'-A); 86.12
(d Jop = 9.5, C4-G); 87.90 (4, Jep = 13.9, CI-G); 92.18 (CL'-A);
103.64 (C4a-A); 119.16 (C5-A); 119.61 (C5-G); 122.71 (C6-A);
127.76 (Cl-naphth); 127.81 (C3-naphth); 128.93 (C7-naphth);
129.24 (C6-naphth); 129.89 (C3 and C5-phenylene); 130.24 (C8-
naphth); 130.57 (C2 and Cé6-phenylene); 130.82 (C5-naphth);
131.15 (C4-naphth); 134.88 (Cl-phenylene); 134.99 (C4a-naphth);
136.05 (C8a-naphth); 139.85 (C2-naphth); 140.55 (C4-phenylene);
141.08 (C8-G); 151.23 (C7a-A); 153.51 (C2-A); 154.49 (C4-G);
156.00 (C2-G); 159.89 (C4-A); 160.98 (C6-G). *'P NMR (‘H-dec,
202.4 MHz, D,0): —0.14 and —0.93. ESI MS m/z (rel. %): 436
(100) [M—2H]*", 874 (17) [M—=H]", 896 (14) [M—2H + Na]~. HR
MS (ESI): for CyH,;,0,;N.P, [M—H]", caled 874.17568; found,
874.17462.
Cyclo-4-amino-5-[4-{(naphthalen-1-yloxy)methyllphenyl]-7-f-p-
ribofuranosyl-7H-pyrrolof2,3-djpyrimidine 5'-O-phosphate (3' —
5') Guanosine 5'-O-phosphate (2 - 5') Sodium Sait (5m). CDN
Sm was prepared as described for §g from iodinated CDN $a (15 mg,
17.8 pmol) and [(1-naphthyloxy)methyl]phenylboronic acid (24.7
mg, 88.9 gmol). The final product was purified by HPLC (5—32.5%
MeCN in 0.1 M TEAB). The conversion to a sodium salt form on a
Dowex S0WX8 (in a Na* cycle) provided CDN $m (5.7 mg, 34%) as
a white lyophilizate (water). '"H NMR (600 MHz, D,0): 4.13 (dt,
H, Jspa = 1.8, Jon5a = 11.8, Jopp = 1.8, HS'b-G); 4.24 (ddd, 1H,
]5’3,4’ =27, ]s’a,s’b =118, ]S’a,P =48, HS’a—G); 4.30 (d.m, 1H, ]s’b,s’a =
117, H§'b-A); 4.42 (m, 1H, H4'-G); 4.49 (dm, 1H, J, 5 = 9.5, H4"-
A); 4.53 (dm, 1H, Jy, ¢, = 11.7, H5'a-A); 4.66 (d, 1H, Jy, = 4.0,
H3'-G); 4.72 (bd, 1H, ], 5 = 4.0, H2"-A); 4.97 (ddd, 1H, [y, = 4.0,
Jyw = 9.5 Jyp = 6.5, H3'-A); 5.26 (d, 1H, J,up = 115, O-CHaHb);
530 (d, 1H, [, = 11.5, O-CHaHb); 5.68 (dt, 1H, [,y = 8.5, [ =
4.0, Jyp = 40, H2'-G); 5.97 (d, 1H, Ji;p- = 8.5, HI'-G); 6.11 (s, 1H,
H1"-A); 7.09 (bd, 1H, ], ; = 7.6, H2-naphth-A); 7.12 (m, 2H, H2 and
Hé-phenylene); 7.34 (m, 2H, H3 and H5-phenylene); 7.47 (m, 2H,
H3 and H7-naphth-A); 7.54 (s, 1H, H6-A); 7.54 (m, 2H, H4 and H6-
naphth-A); 7.76 (s, 1H, H8-G); 7.87 (bd, 1H, Js¢ = 8.3, HS-naphth-
A); 8.03 (s, 1H, H2-A); 8.17 (bd, 1H, J;; = 8.5, H8-naphth-A). **C
NMR (150.9 MHz, D,0): 65.51 (d, Jop = 4.0, C5"-A); 68.67 (d, Jcp
= 8.1, C58'-G); 73.02 (CH,0); 73.15 (d, Jep = 5.6, C3'-A); 73.91
(C3'-G); 76.88 (C2'-A); 78.06 (d, Jop = 5.8, C2'-G); 82.56 (1, Jop1 =
Jepa = 112, C4"-A); 85.95 (d, Jop = 9.4, C4'-G); 88.51 (d, Jep = 12.2,
C1-G); 92.09 (C1™-A); 103.57 (C4a-A); 109.29 (C2-naphth);
118.94 (C5-A); 119.81 (C5-G); 122.80 (C6-A); 123.49 (C4-naphth);
124.15 (C8-naphth); 127.72 (C4a-naphth); 128.35 (C7-naphth);
129.04 (C3-naphth); 12941 (C6-naphth); 130.23 (CS-naphth);
130.46 (C2 and C6-phenylene); 130.98 (C3 and CS-phenylene);
136.61 (Cl-phenylene); 136.86 (C8a-naphth-A); 137.84 (C4-phenyl-
ene); 142.06 (C8-G); 150.92 (C7a-A); 153.37 (C2-A); 154.50 (C4-
G); 155.92 (C2-G); 156.43 (Cl-naphth-A); 159.61 (C4-A); 161.05
(C6-G). P NMR ('H-dec, 202.4 MHz, D,0): —0.21 and —0.96. ESI
MS m/z (rel. %): 451 (100) [M—2H]*", 462 (5) [M—3H + Na]*",
904 (6) [M—H]". HR MS (ESI): for C3gH,50,,N,P, [M—H]", caled
904.18624; found, 904.18469.
Cyclo-4-amino-5-(furan-2-yl)-7-p-p-ribofuranosyl-7H-pyrrolo-
12,3-dJpyrimidine 5'-O-phosphate (3' — 5') Guanosine 5'-O-
phosphate (2' = 5') Sodium Salt (5n). NTP 3n (2 ymol) and GTP
(2 pmol) were enzymatically cyclized using mcGAS. The final
product was purified by HPLC (5—30% MeCN in 0.1 M TEAB). The
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provided CDN 5n (299 nmol, 15%). *H NMR (600 MHz, D,0):
4.13 (ddd, 1H, Jip,e = 1.9, Jyngn = 118, Fp = 2.0, H3'b-G); 4.23
(ddd, 1H, Jy, 0 = 3.1, Jyusn = 11.8, J,p = 4.5, HS'a-G); 4.34 (ddd,
IH, Jon,gn = 12.0, Jopu = 2.7, Jopp = L1, H5'b-A); 4.42 (ddd, 1H,
Jose =31 Jugy = 1.9, Jup = 3.6, H4'-G); 4.50 (dm, 1H, J, 5 = 9.7,
H4'-A); 4.61 (bdd, 1H, Jy, 1, = 12.0, Jo, 4 = 2.2, g, p < 1.0, HS'a-A);
4.66 (d, 1H, J;,» = 4.0, H3'-G); 4.66 (d, 1H, ], = 4.0, H2"-A); 5.01
(ddd, 1H, Jy o = 4.0, Jyw = 9.7, Jyp = 6.6, H3"-A); 5.74 (ddd, 1H,
Ty =87, Ty = 4.0, Jyp =3.8, H2'-G); 5.93 (d, 1H, J1, = 8.7, H1-
G); 6.27 (s, 1H, H1"-A); 6.26 (dd, 1H, J,; = 3.5, ], s = 1.8, H4-furyl);
6.28 (dd, 1H, J;, = 3.5, J5 5 = 0.8, H3-furyl); 7.42 (dd, 1H, J;, = 1.8,
Js,s = 0.8, H5-furyl); 7.75 (s, 1H, H8-G); 8.00 (s, 1H, H6-A); 8.19 (s,
1H, H2-A). *C NMR (150.9 MHz, D,0): 65.48 (d, Jo» = 4.0, C5'-
A); 68.56 (d, Jop = 5.2, C5'-G); 72.66 (d, Jop = 5.3, C3'-A); 73.70
(C3'-G); 76.92 (C2'-A); 77.59 (br, C2'-G); 82.34 (t, Jop) = Jeps =
115, C4"-A); 85.82 (d, Jop = 10.2, C4'-G); 88.84 (d, Jop = 15.0, C1'-
G); 92.50 (C1'-A); 102.40 (C5-A); 106.58 (C3-furyl); 109.14 (Cda-
A); 114.75 (Ca-furyl); 119.79 (C5-G); 120.95 (C6-A); 142.52 (C8-
G); 143.61 (CSfuryl); 150.48 (C2-furyl); 150.75 (C7a-A); 154.03
(C2-A); 15447 (C4-G); 15582 (C2-G); 159.59 (C4-A); 161.11
(C6-G). P NMR (*H-dec, 202.4 MHz, D,0): —0.16 and —1.18. ESI
MS m/z (rel. %): 368 (100) [M—2H]>, 379 (6) [M—3H-Na]*",
738 (14) [M—H]", 760 (14) [M—2H + Na]~. HR MS (ESI): for
CysH,40,N,P, [M=H]", calcd 738.10799; found, 738.10760.
Cyclo-4-amino-7-p-p-ribofuranosyl-5-(thiophen-2-yl)-7H-
pyrrofof2,3-djpyrimidine 5'-O-phosphate (3' — 5') Guanosine 5'-
O-phosphate (2' = 5') Sodium Salt (50). NTP 30 (2 pmol) and
GTP (2 gmol) were enzymatically cyclized using mcGAS. The final
product was purified by HPLC (5—30% MeCN in 0.1 M TEAB). The
conversion to a sodium salt form on a Dowex S0WX8 (ina Na* cycle)
provided CDN 50 (266 nmol, 13%). 'H NMR (600 MHz, D,0):
4.15 (ddd, 1H, Jope = 1.8, Jong, = 11.8, Jipp = 2.2, H'D-G); 4.29
(ddd, 1H, Jy, 4 = 2.8, Jousn = 11.8, J,p = 4.9, H5'a-G); 4.31 (ddd,
H, Jong. = 120, Jopy = 3.1, Jgyp = 1.2, H3'b-A); 4.44 (ddd, 1H,
Jo,ga =28, Jurgn, = 1.8, Jyp = 3.6, H4'-G); 4.49 (dm, 1H, Ju 5 = 9.2,
H4"-A); 4.52 (dm, 1H, [y, 50, = 12.0, H5'a-A); 4.66 (d, 1H, [, = 4.0,
H3'-G); 4.79 (overlap, H2'-A); 5.00 (ddd, 1H, Jy» =42, Jy.» =92,
Jyp = 6.5, H3"-A); 5.70 (dt, 1H, [y, =87, J53 = 4.0, Jyp = 4.0, H2'-
GY; 599 (d, 1H, ], = 87, HI"-G); 6.28 (s, 1H, HI"-A); 6.82 (dd,
1H, J54 = 3.5, J53 = 1.2, H5-thienyl); 6.98 (dd, 1H, J; = 5.2, J,5 = 3.5,
H4-thienyl); 7.24 (dd, 1H, J3, = 5.2, J;; = 1.2, H3-thienyl); 7.65 (s,
1H, H6-A); 7.87 (s, 1H, H8-G); 8.24 (s, 1H, H2-A). *C NMR
(150.9 MHz, D,0): 65.53 (d, Jip = 4.2, C5'-A); 68.66 (d, Jcp = 5.2,
C5'-G); 73.03 (d, Jop = 5.6, C3"-A); 73.86 (C3'-G); 76.84 (C2-A);
77.74 (C2'-G); 82.62 (t, Jop = 11.1, C4"-A); 85.96 (d, Jop = 9.8, C4'-
G); 88.78 (d, Jop = 9.8, C1'-G); 92.20 (CI'-A); 103.70 (CS-A);
112.08 (C4a-A); 120.00 (C5-G); 123.16 (C6-A); 128.07 (C3-
thienyl); 128.26 (C5-thienyl); 130.70 (C4-thienyl); 137.46 (C2-
thienyl); 142.56 (C8-G); 151.16 (C7a-A); 154.12 (C2-A); 154.69
(C4G); 155.97 (C2-G); 160.00 (C4-A); 161.29 (C6-G). P NMR
(*H-dec, 202.4 MHz, D,0): =024 and —0.93. ESI MS m/z (rel. %):
376 (100) [M—2H]*", 387 (4) [M—H + Na]*", 754 (4) [M-H]",
776 (10) [M—2H + Na]~. HR M$ (ESD): for C,;H,50,;N.P,$ [M—
H], caled 754.08515; found, 754.08502.
Cyclo-4-amino-5-(benzofuran-2-yl)-7-p-p-ribofuranosyl-7H-
pyrrolof2,3-dipyrimidine 5'-O-phosphate (3' — 5') Guanosine 5'-
O-phosphate (2' — 5') Sodium Salt (5p). CDN §p was prepared as
described for §g from iodinated CDN $a (15 mg, 17.8 #mol) and
benzofuran-2-ylboronic acid (14.4 mg, 88.9 pmol). After two HPLC
purifications (5—25% MeCN in 0.1 M TEAB and 5—50% MeOH in
0.1 M TEAB) and conversion to a sodium salt form on a Dowex
S0WX8 (in a Na* cycle), CDN 5p (8.1 mg, 55%) was obtained as a
white lyophilizate (water). "H NMR (600 MHz, D,0): 4.07 (ddd,
IH, Jone = 1.8, Jopgn = 118, Jopp = 2.4, HS'b-G); 4.20 (ddd, 1H,
Joaa =29, Jousn = 118, Jo,p = 42, H5'a-G); 4.35 (ddd, 1H, Jo,4 =
L0, Jon,ee = 11.8, Joup = 2.6, H5'b-A); 438 (ddd, 1H, J,. 5, = 2.9,
Jo,s0 = 1.8, Jup = 3.6, H4-G); 4.51 (dm, 1H, J5 = 9.5, H4-A); 4.59
(d, 1H, 3 = 3.8, H2"-A); 4.65 (bdd, 1H, Jyr, 4 = 2.0, [y, 50 = 11.,
Joap < 1, HS'a-A); 4.67 (d, 1H, Jy = 3.8, H3'-G); 4.93 (ddd, 1H,
Ty =38, g = 9.5, Jyp = 6.5, H3"-A); 5.62 (um, H2'-G); 5.90 (d,
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1H, i = 8.5, HI'-G); 6.18 (s, 1H, H1"-A); 6.65 (d, 1H, J;, = 3.8,
H3-benzofuryl); 7.22 (td, 1H, Js¢ = 6.8, Jo, = 68, J;; = 1.3, H5-
benzofuryl); 7.24 (ddd, 1H, Js5 = 6.8, J;» = 7.1, Jss = 1.6, H6-
benzofuryl); 7.42 (m, 2H, H4-benzofuryl + H7-benzofuryl); 7.47 (s,
1H, H8-G); 8.09 (s, 1H, H2-A); 8.10 (s, 1H, H6-A). 3C NMR
(150.9 MHz, D,0): 65.53 (CS§"-A); 68.59 (d, Jop = 3.7, C5-G);
7268 (d, Jp = 4.3, C3'-A); 73.74 (C3'-G); 7830 (d, Jop = 5.4, C2'-
G); 78.86 (C2'-A); 82.33 (¢, Jop1 = Jops = 10.6, C4'-A); 85.83 (d, Jcp
=63, C4'-G); 88.02 (d, Jop = 12.0, C1'-G); 92.25 (C1-A); 102.44
(C4a-A); 102.51 (C3-benzofuryl); 108.58 (CS-A); 113.48 (C7-
benzofuryl); 119.31 (C5-G); 122.77 (C6-A); 123.46 (C4-benzofur-
y1); 125.99 (CS-benzofuryl); 126.32 (C6-benzofuryl); 131.49 (C3a-
benzofuryl); 141.30 (C8-G); 150.77 (C7a-A); 152.57 (C2-benzo-
furyl); 153.71 (C2-A); 154.26 (C4-G); 155.77 (C2-G); 156.02 (C7a-
benzofuryl); 159.60 (C4-A); 160.54 (C6-G). *'P NMR (*H-dec,
202.4 MHz, D,0): —0.10 and —1.10. ESI MS m/z (rel. %): 393
(100) [M—2H]"", 788 (44) [M—H]", 810 (21) [M—2H + Na]~. HR
MS (ESI): for C,,H,;0,,N.P, [M H] , caled 788.12364; found,
788.12413.
Cyclo-4-amino-5-(benzothiophen-2-yl)-7-f-p-ribofuranosyl-7H-
pyrrolof2,3-dipyrimidine 5'-O-phosphate (3' — 5') Guanosine 5'-
O-phosphate (2' — 5') Sodium Salt (5g). CDN 8q was prepared as
described for Sg from iodinated CDN $a (12 mg, 14.2 gmol) and
benzothiophen-2-ylboronic acid (12.6 mg, 71.1 jmol). After two
HPLC purifications (5—25% MeCN in 0.1 M TEAB and 9-24%
MeCN in 0.1 M TEAB) and conversion to a sodium salt form on a
Dowex 50WX8 (in a Na' cycle), CDN 5q (4.8 mg 40%) was
obtained as a white lyophilizate (water). 'H NMR (600 MHz, D,0):
412 (ddd, 1H, Jppe = 16, Jypg, = 118, Jopp = 2.5, H3'b-G); 4.25
(ddd, 1H, Jy, 4 = 2.6, Jy,sn = 118, Jy,p = 4.4, H5'a-G); 4.35 (ddd,
IH, Jope ~ 1.0, Jopsn = 120, Jpp = 2.5, HS'b-A); 4.44 (ddd, 1H,
Juga = 2.6, Jusn, = 1.6, Jup = 3.8, H4'-G); 4.52 (dm, 1H, Ju 5 = 9.3,
H4'-A); 4.57 (dm, 1H, Jg, s, = 12.0, HS'a-A); 471 (d, 1H, J3.4 = 4.0,
H3'-G); 4.77 (overlap, H2"-A); 4.95 (ddd, 1H, Ty =40, J30 =93,
Jyp = 6.7, H3"-A); 5.60 (um, 1H, H2'-G); 6.03 (d, 1H, Jy, = 8.7,
H1'-G); 630 (s, 1H, HI-A); 7.10 (s, 1H, H3-benzothienyl); 7.36
(ddd, 1H, Js4 = 1.3, Js 5 = 7.0, J5; = 8.0, H6-benzothienyl); 7.41 (ddd,
1H, J5.4 = 8.0, Jis = 7.0, J5; = 1.2, H5-benzothienyl); 7.72 (dd, 1H, J,
=80, J,s=1.3, H4»benmﬂ11enyl), 7.75 (s, 1H, H6-A); 7.78 (s, IH,
H8-G); 7.82 (dd, 1H, J;4 = 8.0, J;5 = 1.2, H7-benzothienyl); 8.23 (s,
1H, H2-A). ®C NMR (150.9 MHz, D,0): 65.61 (b, C§'-A); 68.75
(d, Jop = 4.3, C5'-G); 72.96 (d, Jop = 5.4, C3"-A); 73.90 (C3"-G);
76.89 (C2'-A); 78.91 (C2'-G); 82.52 (1, Jop = 11.3, C4'-A); 86.08 (d,
Jop = 9.6, C4'-G); 87.84 (C1'-G); 9223 (C1-A); 103.70 (C5-A);
112.55 (C4a-A); 119.66 (C5-G); 123.70 (C6-A); 124.04 (C3-
benzothienyl); 124.89 (C7-benzothienyl); 126.22 (C4-benzothienyl);
126.99 (C6-benzothienyl); 127.37 (C6-benzothienyl); 141.14 (C8-
G); 138.36 (C2-benzothienyl); 141.78 (C7a-benzothienyl); 142.94
(C3a-benzothienyl); 151.46 (C7a-A); 154.26 (C2-A); 154.59 (C4-
G); 156.00 (C2-G); 160.18 (C4-A); 160.87 (C6-G). *'P NMR (*H-
dec, 202.4 MHz, D,0): =0.16 and —0.88. ESI MS m/z (rel. %): 436
(100) [M—2H]*", 874 (16) [M—H]", 896 (14) [M—2H + Na]~. HR
MS (ESI) for C;3H,30,,NgP, [M H] B calcd 874.17568; found,
874.17462.
Cyclo-4-amino-5-(dibenzob,d]furan-4-yl)-7-p-p-ribofuranosyi-
7H-pyrrolof2,3-djpyrimidine 5'-O-phosphate (3' — 5') Guanosine
5'-O-phosphate (2' — 5') Sodium Sait (5r) and Open Isomer 16.
CDN $r was prepared as described for $g from iodinated CDN Sa
(15 mg, 17.8 #mol) and dibenzofuran-4-ylboronic acid (19 mg, 89.6
pmol). After two purifications (5—25% MeCN in 0.1 M TEAB) and
conversion to a sodium salt form on a Dowex SOWXS (in a Na'
cycle), CDN §r (6.3 mg, 40%) was obtained as a white Iyophilizate
(water). As a byproduct, compound 16 was isolated and converted to
a sodium salt form on a Dowex S0WXS8 (in a Na* cycle). Open isomer
16 (2.0 mg, 13%) was obtained as a white lyophilizate (water). CDN
5r: 'H NMR (600 MHz, D,0): 4.10 (ddd, 1H, Jy o = 2.1, Jong =
119, Jopp = 2.4, HS'b-G); 4.22 (ddd, 1H, Jg, o = 2.5, Jy, o0 = 11.9,
Joop = 58, H5'a-G); 433 (m, 1H, H5'b-A); 438 (ddd, 1H, J, 5, =
2.5, Ju s = 2.1, Jup = 3.4, H¥-G); 4.48 (m, 1H, H5'a-A); 4.49 (dm,
1H, Jy 3 = 9.0, H4"-A); 4.64 (d, 1H, J;» = 3.5, H3'-G); 4.85 (d, 1H,

Ty = 4.6, H2"-A); 5.10 (ddd, 1H, Jy = 4.6, Jy. = 9.0, Jyp = 6.2,
H3'-A); 5.84 (ddd, 1H, [, = 8.6, Jy5 = 3.5, Jyp = 3.7, H2'-G); 5.92
(d, 1H, Jy» = 8.6, H1'-G); 6.40 (s, 1H, H1'-A); 7.04 (dd, 1H, J,, =
7.5, J,1 = 1.3, Ha-dibenzofuryl); 7.14 (dd, 1H, J,; = 7.5, J,, = 7.8,
Ha-dibenzofuryl); 7.40 (td, 1H, Jyo = 7.4, Jy; = 7.4, Jgs = 1.2, H8-
dibenzofuryl); 7.44 (ddd, 1H, J,5 = 82, 5 = 7.4, J;5 = 1.5, H7-
dibenzofuryl); 7.49 (s, 1H, H6-A); 7.59 (ddd, 1H, J;, = 8.2, J;e = 1.2,
Jss = 0.7, H6-dibenzofuryl-A); 7.68 (s, 1H, H8-G); 7.76 (dd, 1H, J,,
=78, ], = 1.3, Hi-dibenzofuryl); 8.00 (ddd, 1H, J,; = 7.4, J;; = 1.5,
Jos = 0.7, Ho-dibenzofaryl); 8.19 (s, 1H, H2-A). °C NMR (150.9
MHz, D,0): 65.59 (d, Jcp = 4.9, C5'-A); 68.80 (d, Jcp = 4.9, C5'-G);
73.79 (d, Jop = 5.5, C3'-A); 7422 (C3'-G); 77.14 (C2'-A); 77.50 (d,
Jop = 4.5, C2'-G); 82.84 (t, Jep, = Jopy = 11.2, C4'-A); 85.76 (d, Jcp
= 9.5, C4-G); 88.79 (d, Jop = 12.3, C1'-G); 91.31 (C1'-A); 104.21
(C4a-A); 113.84 (C5-A); 114.61 (C6-dibenzofuryl); 119.57 (C4-
dibenzofuryl); 119.60 (C5-G); 122.52 (Cl-dibenzofuryl); 123.72
(C9-dibenzofuryl); 124.05 (C6-A); 125.81 (C8-dibenzofuryl); 126.08
(C2-dibenzofuryl); 126.44 (C%a-dibenzofuryl); 127.01 (C%b-diben-
zofuryl); 130.15 (C7-dibenzofuryl); 130.40 (C3-dibenzofuryl);
142.45 (C8-G); 151.79 (C7a-A); 15422 (C4-G); 15427 (C2-A);
155.08 (C4a-dibenzofuryl); 155.88 (C2-G); 158.29 (CSa-dibenzo-
furyl); 160.13 (C4-A); 160.59 (C6-G). **P NMR (‘H-dec, 202.4
MHL D,0): —0.19 and —0.44. ESI MS m/z (rel. %): 418 (100) [M—
2H]7, 838 (28) [M—H]", 860 (13) [M—2H + Na]~. HR MS (ESD):
for C33H300HN9P2 [M H] , caled 838.13929; found, 838.13778.
Open isomer 16: 'H NMR (600 MHz, D,0): 3.34 (dd, 1H, Jy4 =
4.5, Jonss = 12.8, HS'D-G); 3.46 (dd, 1H, Jy, 0 = 2.5, Jo, 51 = 12.8,
HS'a-G); 3.50 (dd, 1H, Jy = 4.6, Jy» = 7.8, H3'-G); 3.76 (ddd, 1H,
Jog =78 Joga = 2.5, Jug, = 4.5, H¥-G); 4.12 (ddd, 1H, Jy, 0 = 2.6,
Jsn,ga = 11.7, Jopp = 4.2, HS'b-A); 4.19 (ddd, 1H, Jsae =28, Jousp =
117, Joup = 5.1, HS'a-A); 4.42 (ddd, 1H, [, = 2.1, [y = 46, [;p =
7.4, HZ/'G)? 4.58 (m, 1H, ]4’,3’ =32, ]4’,5’3 =28 ]4’,5’}: =256 ]4’,[> =
2.5, H4'"-A); 5.19 (td, 1H, Jy, = 6.6, Jy4 = 3.2, Jyp = 6.6, H3"-A);
542 (ddd, 1H, [, = 43, [,,5 = 6.6, ;.5 = 11.6, H2*-A); 5.60 (d, 1H,
T =21, H1-G); 6.34 (d, 1H, Jv,y =43, HI"-A); 7.00 (dd, 1H, J;,
=74, J;; = 1.3, H3-dibenzofuryl); 7.25 (dd, 1H, J,5 =74, |, = 7.7,
H2-dibenzofuryl); 7.39 (ddd, 1H, Jys = 7.7, Jy; = 7.2, Jy s = 1.0, H8-
dibenzofuryl); 7.47 (s, 1H, H8-G); 7.49 (s, 1H, H6-A); 7.50 (ddd,
1H, [, =82, 5 = 7.2, J;5 = 1.3, H7-dibenzofuryl); 7.56 (ddd, 1H,
Jo7 =82, Jss = 1.0, J5 = 0.7, H6-dibenzofuryl); 7.74 (dd, 1H, J,, =
7.7, J13 = 1.3, Hl-dibenzofuryl); 7.92 (ddd, 1H, Joq = 7.7, Jy, = 1.3,
Jos = 0.7, H9-dibenzofuryl); 8.01 (s, 1H, H2-A). C NMR (150.9
MHz, D,0): 62.76 (C5'-G); 67.72 (d, Jop = 4.1, C5'-A); 71.28 (C3'-
G); 79.98 (d, Jop = 54, C2'-G); 80.78 (d, Jop = 1.5, C3'-A); 84.00
(d, Jep = 1.1, C2"-A); 85.52 (C4'-G); 86.02 (d, Jp = 13.6, C4"-A);
89.95 (d, Jop = 6.7, C1'-G); 90.99 (d, Jop = 2.8, C1'-A); 103.36
(C4a-A); 114.12 (CS-A); 114.35 (C6-dibenzofuryl); 118.64 (C5-G);
119.57 (C4-dibenzofuryl); 122.29 (Cl-dibenzofuryl); 123.51 (C9-
dibenzofuryl); 124.43 (C6-A); 125.85 (C8-dibenzofuryl); 126.16
(C2-dibenzofuryl); 126.20 (C%a-dibenzofuryl); 127.03 (C9b-diben-
zofuryl); 129.87 (C3-dibenzofuryl); 130.34 (C7-dibenzofuryl);
139.26 (C8-G); 152.46 (C7a-A); 152.86 (C4-G); 154.06 (C2-A);
154.96 (C4a-dibenzofuryl); 155.58 (C2-G); 158.12 (CSa-dibenzo-
furyl); 159.44 (C4-A); 160.77 (C6-G). 'P NMR (*H-dec, 202.4
MHL D,0): 0.66 and 20.92. ESI MS m/z (rel. %): 418 (100) [M—
2H]*, 838 (12) [M—H]", 860 (17) [M—2H + Na]", 882 (4) [M—
3H+2Na] HR MS (ESI) for Cs3H;,0 NP, [M—H]’, caled
838.13929; found, 838.13853.
Cyclo-4-amino-5-phenyl-7-f-p-ribofuranosyl-7H-pyrrolo[2,3-d]-
pyrimidine 5'-O-phosphate (3' — 5') 2-Amino-5-phenyl-7-f-p-
ribofuranosyl-7H-pyrrolof2,3-d]pyrimidin-4(3H)-one 5'-O-phos-
phate (2' — 5') Sodium Salt (6f). NTPs 2f (2 umol) and 3f (2
pmol) were enzymatically cyclized using mcGAS. The final product
was purified by HPLC (5—30% MeCN in 0.1 M TEAB). The
conversion to a sodium salt form on a Dowex S0WX8 (ina Na* cycle)
provided CDN 6f (128 nmol, 6%). '"H NMR (600 MHz, D,0): 4.14
(ddd, 1H, Jgp,e = 1.2, Jon,g5 = 11.6, Jop = 3.0, H5'b-G); 4.26 (ddd,
1H, Jo g = 2.1, Jougp = 116, Jo,p = 2.7, H5'a-G); 4.36 (ddd, 1H,
Joww = 1.2, Jonn = 122, Jop,p = 3.2, HS'b-A); 4.46 (m, 1H, H4'-G);
4.475 (dm, 1H, Jy 5 = 9.4, H4'-A); 4.52 (d, J,5 = 4.2, H2"-A); 4.53
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(m, 1H, H5'a-A); 4.76 (d, 1H, Jy 4 = 3.8, H3'-G); 4.99 (ddd, 1H,
Ty = 42, Jyrgr = 9% Jyp = 7.2, H3'-A); 5.28 (um, 1H, H2'-G); 6.22
(s, 1H, H1'-A); 6.34 (d, 1H, ]y = 8.4, H1'-G); 6.98 (m, 3H, m- and
p-Ph-G); 7.11 (m, 2H, 0-Ph-A); 7.26 (m, 3H, m- and p-Ph-A); 7.31
(m, 2H, 0-Ph-G); 7.37 (s, 1H, H6-G); 7.54 (s, 1H, H6-A); 7.98 (s,
1H, H-2-A). BC NMR (150.9 MHz, D,0): 66.04 (CS5'-A); 69.04
(C5'-G); 73.11 (C3-A); 74.29 (C3'-G); 77.29 (C2-A); 81.50 (C2'-
G); 82.55 (C4'-A); 85.90 (C1'-G); 86.40 (C4'-G); 92.42 (Cl'-A);
104.12 (C5-A); 117.34 (C6-G); 119.53 (Cda-A); 122.67 (C6-A);
123.20 (p-Ph-G); 124.93 (C4a-G); 129.29 (0-Ph-G); 129.85 (o-Ph-
A); 130.10 (m-Ph-G); 131.27 (m-Ph and p-Ph-A); 151.02 (C7a-A);
153.39 (C2-A); 155.51 (C7a-G); 160.00 (C4-A); 163.10 (C4-G). >P
NMR (*H-dec, 202.4 MHz, D,0): 0.28 and —1.33. ESI MS m/z (rel.
%): 411 (100) [M—2H]>", 422 (13) [M—3H + Na]*", 823 (11) [M—
HJ", 845 (19) [M—2H + Na]~. HR MS (ESI): for C;,H;;N;0;P,
[M-HT, calcd 823.16478; found, 823.16454.
Cyclo-4-amino-5-iodo-7-p-p-ribofuranosyl-7H-pyrrolof2,3-d]-
pyrimidine 5'-O-phosphate (3' —» 5') Guanosine 5'-O-phosphate
(3" > 5') Sodium Sait (7a). NTP 3a (13 gmol) and GTP (13 gmol)
were enzymatically cyclized using DncV. The final product was
purified by HPLC (5—30% MeCN in 0.1 M TEAB). The conversion
to a sodium salt form on a Dowex SOWXS (in a Na* cycle) provided
CDN 7a (5.3 mg, 48%) as a white lyophilizate (water). "H NMR
(600 MHz, D,0): 4.11 {m, H5'b-A); 412 (m, 1H, H5'b-G); 4.36
(m, 1H, H5'a-A); 4.39 (m, 1H, H4'-A); 4.42 (m, 2H, H4'-G + H5'a-
G); 4.55 (dd, 1H, Jy1s = 1.0, Jyy = 4.6, H2'-A); 4.73 (overlap water,
H3"-A); 4.79 (overlap water, H2'-G); 4.85 (m, 1H, H3'-G); 6.01 (4,
1H, Jp = 1.0, HI'-G); 6.24 (d, 1H, Jy» = 1.0, HI-A); 7.75 (s, 1H,
H6-A); 8.05 (s, 1H, H8-G); 8.10 (s, 1H, H2-A). *C NMR (150.9
MHz, D,0): 53.44 (C5-A); 64.77 (d, Jcp = 5.0, C5'-A); 64.92 (d, Jp
=49, C5'-G); 7332 (d, Jop = 4.8, C3"-A); 73.34 (d, Jop = 4.8, C3'-
G); 76.57 (C2'-A); 76.74 (C2'-G); 81.85 (t, Jop) = Jep, = 10.4, C4'-
A); 82.43 (¢, Jep, = Jepp = 10.8, C4'-G); 91.90 (C1°-A); 92.86 (d, Jcp
= 12.0, C1'-G); 106.75 (C4a-A); 119.66 (C5-G); 12922 (C6-A);
139.65 (C8-G); 151.10 (C7a-A); 153.43 (C4G); 154.33 (C2-A);
158.62 (C2-G); 159.91 (C4-A); 161.62 (C6-G). >'P NMR (*H-dec,
202.4 MHz, D,0): —0.56 and —0.89. ESI MS m/z (rel. %): 398
(100) [M—2H]*", 798 (45) [M—H]", 820 (27) [M—2H + Na]~. HR
MS (ESI) for canomN 1P, [M 2H] -, caled 398.49340; found,
398.49324.
Cyclo-4-amino-5-phenyl-7-p-p-ribofuranosyl-7H-pyrrolo[2,3-d}-
pyrimidine 5'-O-phosphate (3' —» 5') Guanosine 5'-O-phosphate
(3" = 5') Sodium Saft (7). CDN 7f was prepared as described for 5g
from iodinated CDN 7a (13 mg, 15.4 gmol) and phenylboronic acid
(9.4 mg, 77.1 gmol). The final product was purified using HPLC (0—
15% MeCN in 0.1 M TEAB). The conversion to a sodium salt form
on a Dowex SOWX8 (ina Na* cycle) provided CDN 7f (8.1 mg, 66%)
as a white lyophilizate (water). '"H NMR (600 MHz, D,0): 4.10
(ddd, 1H, Jype = 09, Jonga = 12,0, Jip = 4.4, H5'b-A); 413 (dd,
IH, Jsng, = 110, Jopp = 4.3, HS'D-G); 437 (bdd, 1H, Jo, 0 = 2.5,
Tasn = 120, Jor,p = <1, H5'a-A); 441 (m, 1H, H4"-A); 4.43 (m, 1H,
H4'-G); 444 (dd, 1H, Jy, ¢ = 11.0, Jy,p = 2.8, HS'a-G); 4.52 (d, 1H,
Jyy = 44, H2'-G); 4.61 (d, 1H, ], = 4.4, H2-A); 4.78 (overlap,
H3'-A); 4.80 (overlap, 1H, H3'-G); 5.98 (s, 1H, H1'-G); 6.42 (s, 1H,
H1"-A); 7.18 (m, 3H, 2X m-Ph + p-Ph); 7.28 (m, 2H, 2X o-Ph); 7.47
(s, 1H, H6-A); 8.03 (s, 1H, H8-G); 8.18 (s, 1H, H2-A). *C NMR
(150.9 MHz, D,0): 64.73 (d, Jop = 5.9, C5"-A); 64.77 (d, Jep = 4.7,
C§'-G); 72.94 (d, Jop = 4.8, C3-A); 73.55 (d, Jop = 5.0, C3'-G);
76.74 (C2'-A); 76.86 (C2'-G); 81.62 (4, Jop1 = Jep; = 10.8, C4™-A);
8211 (1, Jop = 11.5, C4'-G); 91.51 (C1"-A); 92.46 (C1'-G); 103.77
(C4a-A); 119.48 (C5-G); 120.80 (CS5-A); 12227 (C6-A); 129.37 (p-
Ph); 130.68 (2X o-Ph); 131.16 (2X m-Ph); 13581 (i-Ph); 138.74
(C8-G); 152.17 (C7a-A); 152.78 (C4-G); 154.17 (C2-A); 156.67
(C2-G); 160.35 (C4-A); 161.40 (C6-G). *'P NMR (*H-dec, 202.4
MHz, D,0): —0.36 and —0.75. ESI MS m/z (rel. %): 373 (100) [M—
2H]*", 748 (6) [M—H]~, 770 (5) [M—2H + Na]~. HR MS (ESI): for
CNHZEOl P, [M— H] , caled 748.12873; found, 748.12726.
Cyclic-di-4-amino-5-iodo-7-f-p-ribofuranosyl-7H-pyrrolof2,3-dj-
pyrimidine 5-O-phosphate (3' — 5') Sodium Salt (8a). NTP 3a
(26 pmol) was enzymatically cyclized using DisA. The final product

was purified by HPLC (5—30% MeCN in 0.1 M TEAB). The
conversion to a sodium salt form on a Dowex SOWXS (ina Na* cycle)
provided CDN 8a (7.0 mg, 57%) as a white lyophilizate (water). 'H
NMR (600 MHz, D,0): 4.15 (dd, 1H, Jg5, = 117, Jypp = 5.1,
H5'b-A); 4.42 (dt, 1H, Jyp = 9.8, Jy 5, = 2.7, Jyp = 2.8, H4"-A); 4.47
(bdd, 1H, Jy, 4 = 2.7, Jousn = 11.7, Jg,p < 1, H5'a-A); 4.60 (ddd, 1H,
Ty =40, [y =98, Jp = 6.2, HY -A); 4.69 (4, 1H, Ty = 4.0, H2'-
AJ; 6.28 (s, TH, H1"-A); 7.91 (s, 1H, H6-A); 8.12 (s, 11, H2-A). °C
NMR (150.9 MHz, D,0): §2.38 (C5-A); 64.69 (d, Jop = 5.1, C5"-A);
7345 (d, Jop = 53, C3'-A); 77.15 (C2-A); 81.80 (b, Jop) = Jop =
10.9, C4"-A); 92.67 (C1'-A); 107.78 (C4a-A); 128.45 (C6-A); 150.57
(C7a-A); 154.11 (C2-A); 160.03 (C4-A). *'P NMR (‘H-dec, 202.4
MHz, D,0): —2.00. ESI MS /2 (rel. %): 452 (100) [M—2H]*", 906
(28) [M—H], 928 (35) [M—2H + Na]~. HR MS (ESI): for
CZZHBOHNBI P, [M—H]", caled 906.90055; found, 906.90021.
Cyclic-di-4-amino-5-p henyl-7-f-p-ribofuranosyl-7H-pyrrolo[2,3-
dipyrimidine 5'-O-phosphate (3' — 5') Sodium Salt (8f). CDN 8a
(15 mg, 15.8 #mol), phenylboronic acid (19.2 mg, 157.5 ymol), and
cesium carbonate (30.8 mg, 94.5 ymol) were mixed with MeCN—
H,0 (1:2 v/v, 1.065 mL) in an argon-purged vial. In a separate vial,
Pd(OAc), (1.0 mg, 4.45 gmol) and TPPTS (12.6 mg 22.2 ymol)
were dissolved in MeCN—H,0 (1:2 v/v, 1.0 mL), and the solution
was sonicated under argon atmosphere for 30 s. Then, 353 umol of
this solution was transferred into the mixture containing CDN 8a, and
the reaction was stirred at 100 °C for 30 min. Then, the reaction
mixture was cooled to rt, diluted with water to approx. 3 mL, and
filtered through a § sm nylon syringe filter. The filtrate was directly
applied on HPLC for purification (0—17.5% MeCN in 0.1 M TEAB).
The conversion to a sodium salt form on a Dowex S0WX8 (ina Na*
cycle) provided CDN 8f (10.5 mg, 78%) as a white Iyophilizate
(water). 'H NMR (600 MHz, D,0): 4.18 (ddd, 1H, Js,5, = 11.3,
Jowu = 1.5, Jopp = 4.8, HS'b-A); 428 (d, 1H, 5 = 3.9, H2"-A); 4.45
(m, 2H, H4"-A + HS'a-A); 4.79 (overlap, H3"-A); 6.37 (s, 1H, H1'-
A); 6.90 (m, 4H, 0-Ph + m-Ph); 7.04 (m, 1H, p-Ph); 7.61 (s, 1H, H6-
A); 8.16 (s, 1H, H2-A). *C NMR (150.9 MHz, D,0): 64.78 (d, Jcp
= 5.0, C8-A); 73.41 (d, Jop = 5.1, C3'-A); 77.32 (C2'-A); 81.62 (1,
Jep = 10.9, C4-A); 91.84 (C1'-A); 103.96 (C4a-A); 120.61 (CS-A);
121.74 (C6-A); 129.62 (p-Ph); 130.32 (o-Ph); 130.85 (m-Ph);
13528 (i-Ph); 151.20 (C7a-A); 153.87 (C2-A); 159.85 (C4-A). °'P
NMR (*H-dec, 202.4 MHz, D,0): —0.84. ESI MS m/z (rel. %): 403
(100) [M-2H]*", 807 (3) [M—H], 829 (4) [M—2H + Na]™. HR
MS (BSI): for CygHyOnNoP; [M "HT", caled 807.16986; found,
807.16888.
4-Benzamido-5-iodo-7-{5-0-(4,4'-dimethoxytrityl)-p-o-ribofura-
nosylj-7H-pyrrolof2,3-dJpyrimidine (10). 7-lodo-7-deazaadenosine
(9, ref 55, 500 mg, 1.28 mmol) was co-evaporated with anhydrous
pyridine (2 X 3 mL) and suspended in anhydrous pyridine (5§ mL).
The suspension was cooled to 0 °C, and trimethylsilyl chloride (728
#L, .74 mmol) was added dropwise over a period of 30 min. Then,
benzoyl chloride (222 ¢, 1.91 mmol) was added, and the mixture
was stirred at rt overnight. The reaction mixture was then cooled to 0
°C, and water (1.25 mL) was added. After stirring for 15 min,
aqueous ammonia (25%, 2.5 mL) was added, and the stirring was
continued for another 30 min. Solvents were then evaporated, and the
residue was co-evaporated with anhydrous pyridine (2 X 3 mL) and
dissolved in anhydrous pyridine (§ mL). DMTrCl (432 mg, 1.25
mmol) was added in two portions over 1 h, and the reaction mixture
was stirred overnight. Then, DMTrCl (432 mg, 1.25 mmol) was
added again in two portions over 1 h, and the reaction mixture was
stitred for another 1.5 h. The solvent was removed in vacuo, the
residue was suspended in DCM (35 mL), and the solid phase was
filtered off through a pad of Celite. The filtrate was washed with
saturated aqueous NaHCO,, dried over magnesium sulfate, and
evaporated. Flash chromatography on silica (0—10% MeOH in DCM
+ 1% Bt;N) provided nucleoside 10 (689 mg 68%) as a white
amorphous solid. ‘H NMR (500.0 MHz, CD,0D): 3.39 (dd, 1H, Tgem
=107, [y = 2.9, H-5'b); 342 (dd, 1H, Jp, = 107, Jo, 4 = 3.7, H-
5'a); 3.757,3.760 (2 X 5, 2 X 3H, CH;0-DMTr); 4.19 (ddd, 1H, ],
=41, Jyse = 3.7, Jygy = 2.9, H4'); 446 (dd, 1H, J3p = 5.0, Jyp =
4.1, H-3'); 472 (dd, 1H, J,,1s = 54, Jyy = 5.0, H-2'); 637 (d, 1H,
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Juy = 5.4, H-1'); 6.81-6.88 (m, 4H, H-m-CsH,-DMTr); 7.21 (m,
IH, H-p-C¢Hg-DMTr); 7.25-7.32 (m, 2H, H-m-C¢Hs-DMTr);
7.30—7.37 (m, 8H, H-o-C;H,DMTr); 7.42—7.48 (m, 2H, H-o-
CoHeDMTr); 7.54—7.59 (m, 2H, Hom-Bz); 7.64 (m, 1H, H-p-Bz);
7.86 (s, 1H, H-6); 8.08—8.12 (m, 2H, H-0-Bz); 8.65 (s, 1H, H-2). *C
NMR (125.7 MHz, CD,0D): 52.84 (C-3); 55.75, 55.76 (CH,O-
DMTr); 64.74 (CH,-5'); 72.42 (CH-3'); 76.35 (CH-2'); 85.43 (CH-
4'); 88.01 (C-DMTr); 89.41 (CH-1'); 114.23 (CH-m-C,H,-DMTr);
114.68 (C-4a); 127.99 (CH-p-CsHg-DMTr); 128.96 (CH-m-CeHs-
DMTr); 129.23 (CH-0-Bz); 129.41 (CH-o-C{H-DMTr); 129.90
(CH-m-Bz); 131.29, 131.40 (CH-0-C;H,-DMTr); 13330 (CH-6);
13378 (CH-pBz); 13494 (C-i-Bz); 136.87, 137.15 (C-CiH,
DMTr); 146.04 (C--C;H-DMTr); 152.24 (CH-2); 152.41 (C-4);
153.87 (C-7a); 160.17, 160.19 (C-p-C¢H,-DMTr); 169.21 (C-i-Bz).
ESIMS m/z (rel. %): 799 (23) [M + HJ*, 821 (100) [M + Na]*, 837
(9) [M + KJ*. HR MS (ESI): for C3,H;0,N,I [M + HJ, caled
799.16232; found, 799.16154.
4-Benzamido-5-iodo-7-[2-O-tert-butyldimethyisilyl-5-O-(4,4'-di-
methoxytrityl)-p-p-ribofuranosyl}-7H-pyrrolo[2,3-d]pyrimidine
(11). Nucleoside 10 (555 mg, 0.70 mmol) was co-evaporated with
anhydrous pyridine (2 X § mL) and dissolved in anhydrous THF (10
mL). Anhydrous pyridine (485 4#L) and silver nitrate (195 mg 1.15
mmol) were added. The reaction flask was covered with aluminum
foil, and the mixture was stirred at rt for 15 min. Then, TBDMSCI
(183 mg, 121 mmol) was added, and the mixture was stirred
overnight in the dark. The reaction mixture was then filtered through
a pad of Celite. The filtration pad was washed with DCM, and the
filtrate was evaporated. Flash chromatography on silica (5—50%
EtOAc + 1% Et;N in cyclohexane) provided nucleoside 11 (251 mg,
40%) as a white foam. "H NMR (500.0 MHz, CD,0D): —0.13, 0.01
(2 X5, 2 X 3H, CH;Si); 0.81 (s, 9H, (CH,);C); 343 (dd, 1H, Jyur, =
10.7, Joma = 3.0, H-3'b); 3.46 (dd, 1H, J .0, = 10.7, Jo 4 = 2.7, H-
5'a); 3.779, 3.782 (2 X 5, 2 X 3H, CH;0-DMTr); 4.29 (ddd, 1H, J,. 5
=31, Juga = 27, Jugy = 3.0, Hd'); 438 (dd, 1H, [,y = 50, ;. =
3.1, H-3'); 4.80 (dd, 1H, ],y = 59, J,15 = 5.0, H-2"); 639 (4, 1H,
Ty = 5.9, H-1'); 6.85—6.90 (m, 4H, H-m-C;H,-DMTr); 7.24 (m,
1H, Hp-CHDMTr); 7.28-7.33 (m, 2H, H-m-C(H,-DMTr);
7.34=7.39 (m, 8H, H-0-C;H,DMTr); 7.45-7.49 (m, 2H, H-o-
CsHgDMTr); 7.55—7.60 (m, 2H, H-m-Bz); 7.66 (m, 1H, H—p—Bz);
7.91 (s, 1H, H-6); 8.09—8.13 (m, 2H, H-0-Bz); 8.65 (s, 1H, H-2). **C
NMR (125.7 MHz, CD;OD): —4.94, —4.68 (CH;Si); 18.99
((CH,);C); 26.15 ((CH,);C); 53.05 (C-5); 55.80 (CH,O-DMTr);
64.80 (CH,-5'); 72.98 (CH-3'); 78.48 (CH-2'); 86.02 (CH-4');
8827 (C-DMTr); 8924 (CH-1'); 11432 (CH-m-C{H,DMTr);
114.57 (C-4a); 128.11 (CH-p-CiHs-DMTr); 129.05 (CH-m-CsHj-
DMTr); 129.23 (CH-0-Bz); 129.35 (CH-0-C4H-DMTr); 129.93
(CH-m-Bz); 131.33, 131.43 (CH-0-C;H,-DMTr); 133.16 (CH-6);
133.82 (CH-p-Bz); 134.94 (C-+Bz); 136.74, 136,99 (C-+CsH,-
DMTr); 145.99 (C-+-CHgDMTr); 15229 (CH-2); 152.55 (C-4);
153.92 (C-7a); 160.25, 160.26 (C-p-CsH,-DMTr); 169.22 (C--Bz).
ESI MS m/z (rel. %): 913 (100) [M + H]*. HR MS (BSD): for
CysHyoO,N,ISi [M + HJ", caled 913.24880; found, 913.24853.
4-Benzamido-5-iodo-7-[2-O-tert-butyldimethylsilyl-p-o-ribofura-
nosyl]-7H-pyrrolof2,3-dlpyrimidine 3'-O-Phosphonate Triethylam-
monium Salt (12). Nucleoside 11 (525 mg, 0.58 mmol) was co-
evaporated with anhydrous pyridine (2 X § mL) and dissolved in
anhydrous pyridine (5 mL), and diphenyl phosphite (216 xL, 1.44
mmol) was added. The reaction mixture was stirred for 1 h, and then,
water (8 mL) was added. The reaction mixture was stirred for 5 min,
and it was then diluted with EtOAc and washed with brine. Aqueous
phase was extracted twice with EtOAc. Combined organic phases
were dried over MgSO, and evaporated. The residue was dissolved in
DCM (7 mL), and then, water (104 gL) and a solution of
dichloroacetic acid in DCM (6%, 6.58 mL, 5.0 mmol) were added.
The solution was stirred at rt for 15 min, and then, triethylsilane (919
uL, 5.75 mmol) was added. The reaction mixture was stirred for
another 30 min. The reaction was quenched with pyridine (823 xL),
and solvents were removed in vacuo. Flash chromatography on C18
column (gradient 5—100% MeCN in 0.1 M TEAB) provided
phosphonate 12 (354 mg, 77%) as a white foam. "H NMR (500.0

MHz, CD,0D): —0.24, 0.01 (2 X s, 2 X 3H, CH,Si); 0.77 (s, 9H,
(CH;);C); 131 (b 9H, [, = 7.3, CH;CH,N); 3.20 (g, 6H, . = 7.3,
CH,CH,N); 3.87 (d 2H, Jy 0 = 2.6, H8'); 433 (g IH, Jy 3= oy =
2.6, H-4'); 4.73—4.79 (m, 2H, H-2',3"); 6.33 (d, 1H, ], = 6.1, H-
1'); 6.96 (d, 1H, Jyy = 630.1, HP); 7.54=7.59 (m, 2H, H-m-Bz); 7.65
(m, 1H, H-p-Bz); 8.07 (s, 1H, H-6); 8.10-8.15 (m, 2H, H-0-Bz);
8.67 (s, 1H, H-2). ®C NMR (125.7 MHz, CD,0D): —5.22, —4.60
(CH,Si); 9.22 (CH,CH,N); 18.84 ((CH;);C); 26.13 ((CH,);C);
47.86 (CH,CH,N); 52.61 (C-3); 62.66 (CH,-5'); 75.43 (d, Jop =
5.1, CH-3"); 77.09 (d, Jc » = 3.0, CH-2'); 87.07 (d, Jcp = 3.4, CH-4);
89.77 (CH-1'); 114.84 (C-4a); 129.24 (CH-0-Bz); 129.89 (CH-m-
Bz); 133.74 (CH-p-Bz); 13393 (CH-6); 13503 (C-i-Bz); 152.05
(CH-2); 152.68 (C-4); 153.65 (C-7a); 169.10 (C-i-Bz). *'P{*H}
NMR (202.4 MHz, CD;0D): 5.24. ESI MS m/z (rel. %): 673 (100)
[M=H]~. HR MS (ESI): for C,,H,,O,N,IPSi [M—H]", calcd
673.07498; found, 673.07515.

Differential Scanning Fluorimetry. Measurements were per-
formed with wt hSTING as described earlier.”” Briefly, thermal
denaturation was performed in a 20 L mixture consisting of 0.1 mg/
mL wt hSTING, 150 M CDN, 100 mM Tris—HC [pH 7.4], 150
mM NaCl, and 1:500 (v/v) SYPRO Orange (Thermo Fisher
Scientific, USA). Measurements were taken in a 96-well format on
a LightCycler480 Instrument II (Roche, Switzerland). Thermal shift
(AT,) for each CDN was determined by subtracting the melting
temperature (T) of the reference sample (ligand-free STING) from
the melting temperature of the STING—CDN complex.

Standard 293T Cell-Based Reporter Assay. The generation of
293T reporter cells expressing different full-length STING protein
allelic variants and the assay procedure itself was described
previously.”” Briefly, the day before testing, the cells were seeded
into 96-well transparent plates in a DMEM High glicose medium
containing 10% (v/v) heat inactivated fetal bovine albumin (FBS).
The medium was removed the next day, and the cells were incubated
for 7 h (37 °C, 5% CO,) with serially diluted compounds. After
incubation, the collected cell culture medium was mixed with Bright-
Glo Luciferase Assay System reagent (Promega, USA) in white 96-
well plates (Corning, USA). Luminescence readout was performed on
a SPARK instrument (Tecan, Austria), and the values were used to
calculate EC, values using nonlinear regression and software Prism
(GraphPad, USA).

Digitonin 293T Cell-Based Reporter Assay. Cells were plated
as described above for a standard 293T cell-based reporter assay. The
following day, the medium was removed, and serially diluted
compounds were incubated with cells for 30 min at 37 °C, 5% CO,
in buffer containing 50 mM HEPES [pH 7.0], 100 mM KCl, 3 mM
MgCl, 0.1 mM DTT, 85 mM sucrose, 0.2% (w/w) BSA, 1 mM ATP,
0.1 mM GTP, and 10 pg/mL digitonin A. Next, the buffer was
removed, and the cells were washed with a cell culture medium twice
and then incubated for § h (37 °C, 5% CO,) with fresh medium.
Finally, the levels of Lucia Luciferase in medium were determined
using Bright Glo (Promega, USA), and ECgs were calculated as
described above.

PBMC Assay. Buffy coats from healthy individuals were obtained
from the Institute of Hematology and Blood Transfusion (IHBT,
Prague, Czech Republic). An informed written consent was obtained
from each individual enrolled The study was approved by the
Institutional Review Board of IHBT (ev. nb. 13/06/2012). The assay
was performed as previously described.” Briefly, the isolation of
PBMCs was performed using Ficoll density gradient centrifugation
(Ficoll Paque Plus, GE Healthcare) in SepMate tubes (SepMate
PBMC Isolation Tubes, Stemcell Technologies). Next, isolated
PBMCs were seeded into a 96-well U-shape plate in RPMI 1640
media containing 10% (v/v) heat inactivated fetal bovine serum
(Capricorn Scientific, Germany). Serially dituted CDNs were added,
and the plates were incubated for a predetermined 16 h (37 °C, 5%
CO,). Finally, secreted IFNo, IFNy, and TNFo were determined in
the collected medium using ProcartaPlex Assays using a MAGPIX
System (Merck, Germany) according to manufacturer’s instruction.
The cytotoxic effect of CDNs on PBMCs was determined using
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CellTiter-Glo Luminescent Cell Viability Assay (Promega Corpo-
ration, USA) according to manufacturer’s instruction.

Protein Expression and Purification. The expression and
purification of mouse cGAS were performed as previously described
with minor changes. The recombinant plasmid was transformed in
Escherichia coli BL21 (DE3) cells (Thermo Fisher, USA). The
bacteria were grown at 37 °C until ODjg,,, of 0.6—0.8 units and
cooled down to 20 °C, and then, cGAS expression was induced with
0.4 mM IPTG for 16 h in an orbital shaker. After cell collection, the
pellet was resuspended in ice-cold lysis/wash buffer (50 mM Tris—
HCl [pH 8], 300 mM NaCl, 20 mM imidazole, 10% (w/v) glycerol, 3
mM f-mercaptoethanol). The cells were lysed by sonication, and cell
debris was removed by centrifugation. The supernatant was incubated
with equilibrated Ni-NTA beads (Macherey-Nagel, Germany). The
beads were loaded into a gravity flow column and washed with lysis/
wash buffer. Next, the resin was washed with lysis/wash buffer
supplemented with NaCl to 1 M concentration, then washed with
lysis/wash buffer. The mcGAS was eluted with lysis/wash buffer
supplemented with imidazole to a 300 mM concentration. The
collected protein was further purified on a size-exclusion chromatog-
raphy column HiLoad 26/60 Superdex 200 pg in buffer containing 50
mM Tris—HCl [pH 7.4] and 150 mM NaCl The eluate was
concentrated to about 5 mg/mL and stored in 20% glycerol at —80
°C.

Expression and purification of DncV and DisA proteins were
performed as described previously.’® Briefly, proteins were overex-
pressed in E coli BL21 (DE3) cells (ThermoFisher, USA).
Purification steps consisted of cell disintegration, Ni-NTA chroma-
tography, and SEC chromatography using Hil.oad 26/60 Superdex
200 pg. The DncV and DisA proteins were concentrated using an
Amicon Ultra-15 10K device (Merck Millipore Ltd), and enzymes
were flash-frozen in liquid nitrogen.

The expression and purification of wt hSTING were performed as
described previously.”” Briefly, the expression, lysis, and purification
using Ni-NTA resin were done following mcGAS protocol. Eluate
from the Ni-NTA resin was supplied with Ulpl protease and
incubated for 2 h at 4 °C. Digested wt hSTING protein was further
purified by size exclusion with Hil.oad 26/60 Superdex 200 pg (GE
Healthcare, USA) equilibrated in buffer containing 50 mM Tris—HCl
[pH 7.4] and 150 mM NaCl Finally, the purified protein was
concentrated to about 5 mg/mL and stored in 20% glycerol at —80
°C, for usage in DSF. For the crystallography experiments, wt
hSTING was further purified on HiTrap Capto S (GE Healthcare,
USA), equilibrated in 50 mM Tris—HCl [pH 8] buffer, and eluted
with a gradient of 50—1000 mM NaCl in the same buffer. Fractions
corresponding to wt hSTING were concentrated to about 20 mg/mL
and stored at —80 °C without glycerol supplement.

Crystallization and Structure Determination. Crystallizations
were done using our previously optimized protocol.”” wt hSTING-5f
was co-crystalized at 18 °C using sitting drop vapor diffusion in a
condition composed of 200 mM ammonium nitrate, 20% (w/v) PEG
3350, with additive 10 mM EDTA. Crystals were cryoprotected in
mother liquor supplemented with 20% (v/v) glycerol. A complete
diffraction data set was collected for a single crystal to 2.69 A. wt
hSTING-Sk was co-crystalized at 18 °C using sitting drop vapor
diffusion in a condition composed of 100 mM tri-sodium citrate [pH
5.0] and 20% (w/v) PEG 6000, with additives of 10 mM EDTA and
100 mM tri-sodium citrate. Crystals were cryoprotected in mother
liquor supplemented with 20% (v/v) ethylene glycol. A complete
diffraction data set was collected for a single crystal to 2.32 A. wt
hSTING-§1 was co-crystalized at 18 °C using sitting drop vapor
diffusion in a condition composed of 100 mM citric acid, 20% (w/v)
PEG 6000, with additive 10 mM EDTA. Crystals were cryoprotected
in mother liquor supplemented with 20% (v/v) ethylene glycol. A
complete diffraction data set was collected for a single crystal to 2.16
A wt hSTING-8m was co-crystalized at 18 °C using sitting drop
vapor diffusion in a condition composed of 100 mM PIPES [pH 7.0],
100 mM magnesivm formate dihydrate, 100 mM rubidium chloride,
25% (w/v) PEG smear high, with additives 10 mM EDTA and 100
mM tri-sodium citrate. Crystals were cryoprotected in mother liquor

14100

supplemented with 20% (v/v) ethylene glycol. A complete diffraction
data set was collected for a single crystal to 1.89 A. Measurements for
hSTING-8f and hSTING-Sk were carried out at an in-house
diffractometer (Rigaku, Japan) at 100 K. Measurements for
hSTING-51 and hSTING-§m were carried out at MX14.1 operated
by the Helmholtz-Zentrum Berlin (HZB) at the BESSY II electron
storage ring (Berlin-Adlershof, Germany) at 100 K.°° Data were
reduced and processed by XDS.” The structures were solved by the
molecular replacement method with MOLREP®® using the structure
of human STING (PDB entry 4KSY) as the search model. Model
refinement was done using REFMAC from CCP4 suite,” PHENIX,*
and Coot.” Parameters for structures and their geometry are
summarized in Table S1.
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CDN, cyclic dinucleotide; cGAS, cyclic GMP—AMP synthase;
DAMP, damage-associated molecular pattern; DisA, diadeny-
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dimethyl-1,3,2-dioxaphosphorinane 2-oxide; DMTr, 4,4'-dime-
thoxytrityl; DncV, dinucleotide cyclase from Vibrio cholerae;
DSF, differential scanning fluorimetry; ETT, ethylthio-1H-
tetrazole; FBS, fetal bovine albumin; IRF, interferon regulatory
factor; J, coupling constant in Hz; mcGAS, mouse variant of
cyclic GMP—AMP synthase; NF-xB, nuclear factor x-light-

chain enhancer of activated B-cells; NMR, nuclear magnetic
resonance; NTP, nucleoside triphosphate; PAMP, pathogen-
associated molecular pattern; rt, room temperature; SAR,
structure—activity relationship; STING, stimulator of interfer-
on genes; TBAF, tetrabutylammonium fluoride; TFA,
trifluoroacetic acid; TLC, thin layer chromatography;
TPPTS, triphenylphosphan-3,3’,3"-trisulfonate; UV, ultravio-
let; wt hSTING, wild type variant of human stimulator of
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Synthesis of 3e

NHy | NH ) NHe )
k\N N ) k\N N ) k\N N
O (o] 9 9 (l? O
HO HO HO-P-0-P-0-P-0
HO  OH HO  ©OH O 0 0O 45 ou
) 17, 57% 3e, 41%

Scheme S1: Reagents and conditions: i) pentyne, Cul, EtN, Pd(PPhs),, DMF /i) 1. POCL, PO(OMe)s,
0 °C, 1.5 h; 2. (NHBus),H;P,O-, Bu;N, DMF, 0 °C, 2 h; 3. TEAB

7-(Pent-1-yn-1-yl)-7-deazaadenosine (17)

A suspension of 7-10do-7-deazaadenosine (9, 200 mg, 0.51 mmol) and Cul (6 mg, 0.03 mmol) in anhydrous
DMF (4 mL) was treated with pentyne (869 mg, 12.75 mmol), anhydrous EtsN (77 mg, 0.77 mmol), and
Pd(PPhs)s (30 mg, 0.03 mmol). This mixture was stirred under argon atmosphere at 70 °C for 48 h to form
a clear solution. The resulting suspension was evaporated in vacuo, resuspended in methanol, coevaporated
with silica gel, and purified by phase flash chromatography (C18 column, 0 to 100% MeOH in water).
Product 17 (97 mg, 57%) was isolated as a white solid. Ry= 0.6 (SiO;; CHCl;/MeOH 5:1). 'H NMR (500.0
MHz, DMSO-ds): 1.00 (t, 3H, Juc = 7.4, CH:CH,CHy); 1.57 (qt, 2H, Juc = 7.4, 7.0, CH;CH,CH,); 2.45 (t,
2H, Jyic = 7.0, CHsCH,CH>); 3.53 (ddd, 1H, Jgem = 11.9, Jss0m = 6.2, Jsp4 = 3.8, H-5'b); 3.62 (ddd, 1H,
Jeem = 11.9, Jsaon = 5.0, Jsua = 3.8, H-5'a); 3.88 (td, 1H, Jarse = Jarsr = 3.8, Juz- = 3.2, H-4'); 4.07 (ddd,
1H, J3r2 = 5.0, J3.0n = 4.7, 3o = 3.2, H-3"); 4.36 (td, 1H, J23- = J2r0m = 6.2, J23 = 5.0, H-2'); 5.12 (d, 1H,
Jonz = 4.7, OH-3); 5.20 (dd, 1H, Jorse = 5.0, Jorsy = 6.2, OH-5'); 5.32 (d, 1H, Jom, = 6.2, OH-2'); 6.00
(d, 1H, Ji» = 6.2, H-1'); 7.66 (s, 1H, H-6); 8.10 (s, 1H, H-2). *C NMR (125.7 MHz, DMSO-ds): 15.63
(CH;CH,CH,); 21.05 (CH;CH,CH,); 21.90 (CH;CH,CHy); 61.74 (CH,-5"); 70.73 (CH-3"); 73.94 (deazaA-
C=C-nPr), 74.12 (CH-2'), 85.39 (CH-4'); 87.26 (CH-1'); 92.62 (deazaA-C=C-nPr); 95.65 (C-5); 102.60
(C-4a); 126.06 (CH-6); 149.60 (C-7a); 152.75 (CH-2); 157.79 (C-4). ESI MS m/z (rel. %): 333 (100)
[M+H]", 355 (18) [M-H+Na]". HR MS (ESI) for C;6H,1 OsN, [M + HJ*": caled 333.15573; found 333.15569.
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7-(Pent-1-yn-1-yl)-7-deazaadenosine 3’-O-triphosphate sodium salt (3e)

Nucleoside 17 (30 mg, 0.11 mmol) was dissolved in PO(OMe)s (300 pl). POCl; (14 uL, 0.14 mmol) was
added, and the reaction mixture was stirred for 1.5h. Then, a solution of (NHBu3),H,P,O; (293 mg, 0.54
mmol) and tributyl amine (110 pL, 0.48 mmol) in anhydrous MeCN (1 mL) was added, and stirring
continued for another 2 hours. Then, aqueous solution of TEAB (2M, 2 mL, 4 mmol) was added, and the
mixture was evaporated under a reduced pressure. The residue was coevaporated with water several times.
The product was purified by chromatography on HPLC (C18 column, 0. 1M TEAB in water to 0.1IM TEAB
in 50% aq. MeOH), was coevaporated several times with water, and converted to a sodium salt form
(Dowex 50WX8 in a Na* cycle). Triphosphate 3e (21 mg, 41 %) was obtained as a white lyophilizate
(water). '"H NMR (500.0 MHz, D,O, ref(fBuOH) = 1.24 ppm): 1.03 (t, 3H, Jui. = 7.4, CH;CH,CH,); 1.64
(qt, 2H, Jvie = 7.4, 7.1, CH;CH>CHz); 2.46 (t, 2H, Juic = 7.1, CHsCH:CHo); 4.12 (ddd, 1H, Jeem = 11.7, Jup
=4.7, Jsva = 3.2, H-5'b); 4.27 (ddd, 1H, Jgew = 11.7, Jup = 6.8, Jsuu = 3.0, H-5'a); 4.34 (dddd, 1H, Jy5 =
3.2,3.0,Jy3 =27, Jup = 1.7, H-4); 4.58 (dd, 1H, J3» = 5.4, J34- = 2.7,H-3"); 4.68 (dd, 1H, J».1-= 7.0, /25
=5.4, H-2"); 6.22 (d, 1H, J12- = 7.0, H-1'); 7.68 (s, 1H, H-6); 8.16 (s, 1H, H-2). ®C NMR (125.7 MHz,
D:O, ref(fBuOH) = 32.43 ppm): 15.78 (CH;CH,CH,); 23.67 (CH;CH:CH.,); 24.38 (CH;CH:CH.); 68.21
(d, Jep = 5.6, CH,-5"); 73.29 (CH-3'); 75.48 (deazaA-C=C-nPr); 76.43 (CH-2'); 86.70 (d, Jcp = 8.8, CH-
4'); 88.36 (CH-1"); 97.65 (deazaA-C=C-nPr); 100.57 (C-5); 106.08 (C-4a); 128.00 (CH-6); 152.21 (C-7a);
155.35 (CH-2); 160.65 (C-4). **P{'"H} NMR (202.3 MHz, D;0): -20.45 (dd, J = 19.9, 19.4, P+); -9.68 (d, J
=194, P );-4.56 (d,J = 19.9, P ). ESIMS m/z (rel. %): 491 (100) [M-H,PO5-H], 513 (50) [M-H,POs-
2H+Nal, 571 (18) [M-HJ, 593 (29) [M-2H+Na]’, 615 (34) [M-3H+2Na] . HR MS (ESI) for C;6H,013N4P5
[M-H] caled 571.04017; found 571.03961.
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Table S1: Crystal data and diffraction data collection and refinement statistics

STING-5f STING-5k STING-51 STING-5m
PDB code SA2H 8A2J 8A2I 8A2K
Data collection statistics
Space group P222 P2,22 P2,22 P2,22
Cell parameters (A; °) 95.187 117.98 36.48 94.29 116.91 35.98 94.12117.28 35.93 93.90 117.26 35.88
90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00
Wavelength (&) 1.5418 1.5418 0.9184 0.9184
Resolution (&) 36.35-2.7 36.0-2.3 47.06 - 2.16 49.7-1.9
(2.8-2.7) (24-23) (2.26-2.16) 2.0-1.9
Number of unique reflections 21745 (3435) 32835 (3194) 21423 (2860) 32622 (3180)
Multiplicity 3334 4.6(2.6) 6.5 (4.0) 7.9(1.7)
Completeness (%) 99.2 (95.5) 98.6 (97.1) 96.4 (81.1) 99.9 (99.8)
Rinerse* 7.0 (40.9) 14.8 (38.0) 16.1 (133.1) 14.5 (183.6)
Average /o(I) 9.0 (1.6) 7.6(2.4) 9.1 (1.1) 11.0 (1.0)
CCl1/2 99.1 (70.9) 98 (72.9) 99.7 (51.0) 99.9 (42.1)
Wilson B (A%) 47.160 39.391 42.118 36.485
Refi t statistics
Resolution range A) 36.35-2.7 36.0-2.3 47.06 - 2.16 49.7-1.9
(2.8-2.7) (2.4-23) (2.26-2.16) (1.957 - 1.890)
No. of reflections in working set 11928 (1122) 17820 (1745) 20347 (1616) 32622 (3021)
No. of reflections in test set 598 (57) 888 (88) 1071 (85) 1632 (159)
R value (%)° 0.21(0.32) 0.22(0.23) 0.21(0.32) 0.22(0.34)
S5
Rieee value (%)° 0.28 (0.37) 0.26 (0.29) 0.25 (0.43) 0.26 (0.37)
RMSD bond length (4) 0.008 0.014 0.013 0.005
RMSD angle (°) 1.5 1.7 1.6 0.9
Number of atoms in AU Total 2953 Total 2933 Total 3047 Total 2969
(protein/ligand/water molecules) Protein 2800  Protein 784  Protein 2871  Protein 2740
Ligand 51 Ligand 57 Ligand 61 Ligand 63
Water 102 Water 92 Water 115 Water 149
Mean B value (%) 31.17 54.45 41.89 33.62
R handran plot statistics?
Residues in favored regions (%) 96.00 97.46 96.11 97.42
Residues in allowed regions (%) 4.00 2.54 3.89 2.58
The data in th refer to the highest-resolution shell.
* Rmerge = ZnaZili(hkl) - (I(hkl))|/EnaZi Li(hkl), where the Ii(hkl) is an individual intensity of the ith observation of reflection
hkl and (I(hkl)} is the average intensity of reflection hkl with summation over all data.
® R-value = |[F,| - |Fe||/|Fol, where F, and F. are the observed and calculated structure factors, respectively.
¢ Riree is equivalent to R value but is calculated for 5 % of the reflections chosen at random and omitted from the refinement
process (Brunger, 1992).
das determined by Molprobity
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Table S2: Residues missing in the crystallographic models due to disordered maps.

Complex Chain N-term ol-B1loop a4-B7 loop B7-a5 loop C-term
5f A 140-152 317-318 336-379
B 140-154 186-192 318 340-379
Sk A 140-150 317-318 337-379
B 140-153 188-192 317 336-379
51 A 140-147 317-320 338-379
B 140-153 188-192 318 336-379
Sm A 140-147 318-319 338-379
B 140-153 184-195 306 317-318 336-379
Table S3: UPLC purity of CDN.
Compound  Retention time [min]  Purity [%] | Compound  Retention time [min] Purity [%]
4b 0.77 93.9 51 3.12 100
Sa 0.89 98.67 Sm 3.34 100
5b 1.93 92.24 5n 2.22 100
Sc 1.58 97.18 So 1.98 99.98
5d 1.58 97.2 S5p 1.76 100
Se 0.87 87.79 5q 1.78 100
S5f 1.36 98.67 Sr 2.32 100
Sg 1.87 100 6f 1.31 97
Sh 1.91 99.53 7a 1.35 98.57
Si 2.23 100 7t 1.53 99.79
5j 2.51 99.47 8a 1.43 100
sk 2.38 99.71 8f 1.89 100
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UPLC traces of CDNs.
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Compound Se:
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Compound Se:
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Compound Sg:
Purity PAS933
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Compound 5i:
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Compound 5k:
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Purity PAS902
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Table S4: Top signals and CCsos for compounds tested on PBMCs.

Compound Top® CCso

IFNy TNFa IFNa (uM)

5b 2.6 3.9 1.0 >200
Sc 0.6 1.5 0.2 >200
5t 1.7 4.0 3.1 >200
Sg 1.3 2.9 2.8 >200
Sh 1.9 4.2 5.6 >200
5i 1.8 4.2 2.9 >200
5j 2.9 6.5 32 >200
5k 0.8 1.6 1.0 >200
51 0.8 2.1 1.7 >200
Sm 1.2 3.5 1.8 >200
Sn 1.8 2.2 0.6 >200
S0 2.1 0.9 0.3 >200
5p 1.2 2.6 22 >200
5q 0.3 1.0 0.6 >200
5r 1.6 4.8 5.0 >200
7t 0.9 2.1 2.3 >200
2'3"-¢cGAMP 1.0 1.0 1.0 >200
3'3"cGAMP 1.8 1.6 5.4 >200
22"-¢cGAMP 1.3 1.8 1.9 >200

*Maximal measured concentration of IFNa, TNFa and IFNy, relative to folds
of concentration measured for 2'3-cGAMP. The amount of cytokines induced
by 2'3-¢cGAMP treatment: INF vy, 10482 pg/mL; TNFa, 1878 pg/mL; INF a,
710 pg/mL. Values are the mean of three independent experiment (n=3), each
of them performed on PBMCs from different donor, measured in triplicates

288



ARG A:238

ARG A:232

ARGB:232

[] Water Hydrogen Bond [Jilll] Conventional Hydrogen Bond

i sait Bridge I Pi-Pi Stacked [Ill] Pi-lon

Figure S2: Interaction scheme of 2'3-cGAMP in STING ligand-binding site.
S22

289



8.4. Supplement S4: Development and characterisation of a chronic hepatitis B
murine model with a mutation in the START codon of an HBV polymerase
This paper was accepted 9.11.2022 for publication in Physiological research.

Vanekova L, Polidarova M, Charvat V, Vavrina Z, Veverka V, Birkus G, Brazdova A.
(2022) Development and characterisation of a chronic hepatitis B murine model with

a mutation in the START codon of an HBV polymerase. Physiological research,
doi:10.33549/physiolres. 934979

My contribution:
Development, establishment, and characterisation of HDI induced mouse model, data

evaluation and interpretation, manuscript preparation and revision.

290



Development and characterisation of a chronic hepatitis B murine model with a mutation in the

START codon of an HBV polymerase

Lenka Vanekova'?, Marketa Polidarova?, Vilem Charvat'?, Zdenek Vavrina®?, Vaclav Veverka'?, Gabriel

Birkus', and Andrea Brazdova'”

!nstitute of Organic Chemistry and Biochemistry of the Czech Academy of Sciences, Prague, Czech

Republic

2Faculty of Science, Charles University, Prague, Czech Republic

3First Faculty of Medicine, Charles University, Prague, Czech Republic
*Corresponding Author:

Andrea Brazdova, Ph.D., Institute of Organic Chemistry and Biochemistry of the Czech Academy of

Sciences, Flemingovo namesti 542,/2, 160 00 Prague 6, Czech Republic; andrea.brazdova@uochb.cas.cz
Short title

Development of murine model reflecting chronic hepatitis B

Summary

Chronic hepatitis B (CHB) is caused by the Hepatitis B virus (HBV) and affects millions of people
worldwide. Developing an effective CHB therapy requires using in vivo screening methods, such as
mouse models reflecting CHB based on hydrodynamic delivery of plasmid vectors containing a
replication-competent HBV genome. However, long-term expression of HBV proteins is accompanied
by production of progeny virions, thereby requiring a Biosafety Level (BSL) 3 animal facility. In the
present study, we introduced a point mutation in the START codon of the HBV polymerase to develop
amouse model reflecting chronic hepatitis B infection without formation of viral progeny. We induced
the mouse model by hydrodynamic injection of adeno-associated virus plasmid vector (pAAV) and

minicircle plasmid (pMC) constructs into C57BI/6 and C3H/HeN mouse strains, monitoring HBV
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antigens and antibodies in blood by enzyme-linked immunosorbent assay and analysing liver
expression of HBV core antigen by immunohistology. Persisting expression of viral antigens over 140
days (study endpoint) was observed only in the C3H/HeN mouse strain when using pAAV/1.2HBV-A
and pMC/1.0HBV-D with pre-C and pre-S recombination sites. In addition, pAAV/1.2HBV-Ain C3H/HeN
sustained HBV core antigen positivity up to the study endpoint in C3H/HeN mice. Moreover,
introducing the point mutation in the START codon of polymerase effectively prevented the formation
of viral progeny. Our study establishes an accessible and affordable experimental paradigm for
developing a robust mouse model reflecting CHB suitable for preclinical testing of anti-HBV

therapeutics in a BSL2 animal facility.

Keywords

chronic hepatitis B murine model, HBsAg, HBcAg, pAAV system, minicircle HBY
Introduction

Hepatitis B is a viral infection caused by the hepatitis B virus (HBV), small, enveloped DNA virus
classified into ten genotypes (A-J) [1] that specifically target liver tissue. Approximately 95% of adults
suffering from acute HBV infection recover within 6 months by developing anti-HBYV immunity. Those
who do not develop immunity suffer from chronic hepatitis B (CHB), defined as the continuous blood
circulation of a hepatitis B surface antigen (HBsAg) for more than six months. Moreover, up to 30% of
HBV-infected children under 5 years and up to 95% of neonates develop CHB [2]. CHB may result in
liver cirrhosis, steatosis, hepatocellular carcinoma, or adenoma [3-6].

The two available CHB therapies, interferon a-based therapy and nucleos(t)ide analogues, rarely result
in the complete cure and often require life-long application [7], causing side effects [8]. Additionally,
the long-term application of the first generation of nucleosit)ide analogues (lamivudine and adefovir,
among others) most likely lead to viral resistance [9]. For these reasons, research and development of

novel CHB therapeutics requires preclinical safety and efficacy validation.
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Preclinical safety and efficacy research relies on animal models. However, the human HBV virus can
only chronically infect humans and chimpanzees [10]. Alternatively, the human HBV-like family of
viruses, which includes the woodchuck [11], domestic duck [12] and Beechey ground squirrel [13]
subtypes, could be used as in vivo CHB models, but they require complying with stringent ethical,
handling, and administrative procedures. Another difficulty with using these models is the lack of
research tools for monitoring host-virus immune responses.

Murine CHB models, by contrast, are well established and much simpler to use. For example,
transgenic HBV [14] and chimeric [15] mouse models are based on tail vein delivery of adeno-
associated virus (AAV), whereas other models are induced by hydrodynamic injection (HDI [16]) of
plasmid vectors carrying replication-competent DNA genome [17]. For these purposes, researchers
usually resort to adeno-associated virus plasmid vector (pAAV) and covalently closed circular DNA
plasmid produced by minicircle technology (pMC), which was primarily invented to address HBV
cccDNA in vivo [17]. However, long-term HBV protein expression yields progeny virions, thereby
requiring a Biosafety Level (BSL) 3 animal facility. Furthermore, sustained expression of viral markers
in HDl-induced mouse models of CHB [18] depends on the selected mouse strain. In particular, major
histocompatibility complex (MHC)-associated immune response to HBsAg affects model sustainability
[19]. In terms of response to HBsAg, three different MHC genotypes are defined [19]: high (alleles H-
249), intermediate (alleles H-22>H-2>H-2%), and low/non-responders (alleles H-2%7).

To overcome these limitations, in this study, we aimed to develop and characterise a mouse model
reflecting CHB induced by HDI delivery of HBY genome-encoding plasmids with a mutation in the
START codon of the polymerase, which prevents the secretion of progeny virions by hepatocytes
[17,20], in two different immunocompetent mouse strains, C57BI/6 and C3H/HeN. In addition, we
compared two different plasmid systems that encode HBV genomes of genotypes A and D, more
specifically pAAV/1.2HBV genotype A (pAAV/1.2HBV-A) and D (pAAV/1.2HBV-D), pMC/1.0HBV
genotype D with pre-C (pMC/1.0HBV-D-pre-C; encoding HBeAg [21]) and pre-S (pMC/1.0HBV-D-pre-S;

encoding envelope proteins [21]) residual recombination sites. Ultimately, the main purpose of this
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study was to create a mouse model that stably expresses HBsAg and HBeAg and is therefore suitable

for robust preclinical testing of novel CHB therapeutics in a BSL2 animal facility.
Methods
Plasmids and mutagenesis

Two different types of plasmid constructs, a pAAY and minicircle, were used for mutated HBVY genome
delivery to establish a mouse model reflecting CHB. Plasmids carrying 1.2mer of HBY genome,
genotype A (GenBank: AF305422.1, kindly provided [22]) or D (GenBank: MN645906.1, prepared in
house) were inserted between inverted terminal repeats from AAV2 [23] (Fig.1). Minicircle constructs
[17,24] of 1.0mer of HBV genotype D genome with a residual recombination site in the pre-S or pre-C
region were prepared according to Yan Z., et al. [17] and to Wang L., et al. [25]. A point mutation
T2308C [17] of the polymerase START codon was introduced to prevent the formation of HBV virions.
The pAAV plasmids were isolated using the Nuclebond Xtra Midi EF kit (Macherey Nagel) according to
the manufacturer’s instructions. The minicircles were prepared from pre-MC plasmids, also according
to the manufacturer's instructions (MC-Easy Minicircle DNA Production Kit, BioCat), and isolated using
the Nucleobond Xtra Maxi EF kit {(Macherey Nagel). The endotoxin level in DNA was quantified using
HEK-Blue™ LPS Detection Kit 2 (InvivoGen) in HEK-Blue™hTLR4 cells {InvivoGen), according to the
manufacturer’s instructions. Plasmid integrity, quality and functionality were tested {data not shown,
plasmids were tested in vitro using HepG2-NTCP transfection system and the levels of HB-Ag secreted
into media were tested; in vivo viral progeny absence was verified using gPCR).

In vive mouse model reflecting CHB

All animal procedures were approved by institutional and national committees for the care and use of
laboratory animals (CAS 77/2018, MSMT 29416/2020-7, Czech Republic). All animal experiments were
performed in accordance with European Guidelines on Laboratory Animal Care. The HDI model was
induced in male C3H/HeN and C57BI/6 mice (aged 4-6 weeks [26], purchased from the Charles River

Laboratories) by tail vein injection of 10 pg of endotoxin free pAAV/1.2HBV plasmid DNA [27] or 5 pg
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of endotoxin free pMC/1.0HBV DNA [17] in a tempered saline solution within 5-8 s in a volume equal
to 10% of the mouse body weight [28]. Blood samples were collected into lithium-heparin tubes
{Microvette CB 300, Sarstedt) every 1-3 weeks for up to 20 weeks. The mice were housed in specific,
pathogen-free conditions in an individually ventilated cage-system with food and water ad libitum
under controlled temperature and light settings and monitored weekly for general appearance
(weight, fur ruffling, and mobility/activity).

HBV antigen secretion analysis

The blood levels of the HBV surface, the HBV envelope-relevant antigens (HBsAg and HBeAg), and the
antibody against HBsAg (HBsAb) were determined using an ELISA kit {Bioneovan Co., Ltd.) according to
the adapted manufacturer’s recommendations. The absorbance was measured on a Spark reader
(Tecan). The internally established positivity threshold was determined as 5x the mean of HDI controls
for HB-Ag markers and as 3x the mean of HDI controls for the HBsAb marker.

HBcAg immunohistochemistry

The liver was preserved in 4% paraformaldehyde (Sigma-Aldrich) for 24-48 h and kept in 70% ethanol
(Penta s.r.0.) until analysis. Liver tissue was stained with polyclonal rabbit anti-HBcAg antibody (DAKO-

Agilent). HBcAg positivity was defined as a percentage of positive cells in the entire sample.
Statistical analysis

All statistical tests of experimental data were performed in GraphPad Prism software (La Jolla, CA,
version 8.0.1). Data were presented as Kaplan-Meier curves or mean + standard error of mean (SEM).
HB-Ag positivity was analysed using the Log-rank comparison test. The normality of distributions was
tested using the Shapiro-Wilk test. The trend of HB-Ag levels over time was assessed according to the
Spearman's rank correlation test, and the HB-Ag terminal levels was analysed using the Mann-Whitney

U-test.

Results

T2308C mutation of the polymerase START codon does not affect in vitro plasmid functionality.
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Both pAAV [22] and pMC [17,24] plasmids carrying the replication-competent HBY DNA genome
{henceforth referred to as wild type, wt) or the HBY DNA genome with a mutation of the START codon
of the polymerase (T2308C [17], Fig.1) were produced. The in vitrofin vivo quality, purity, and
functionality were tested (data not shown). The T2308C point mutation was effectively introduced and
had a non-significant effect on the in vitro expression of HB-Ag when compared to the wt plasmid using
an in vitro HepG2-NTCP infection system [29]. The absence of HBV virions using plasmids with a point
mutation in the START codon of polymerase was verified in mouse plasma by quantitative polymerase

chain reaction (gPCR), showing that HBV DNA was below the limit of detection.

The in vivo mouse model was hydrodynamically induced via tail vein (Fig.2a). We compared PBS to a
physiologic solution. The physiologic solution increased the HDI survival rate up to 100% (data not
shown) in contrast to 20% using commercially available PBS (without calcium and magnesium chloride,

Sigma Aldrich, cat.no. D8537).

C57BI/6 and C3H/HeN male mice were hydrodynamically injected with either 10 pg of pAAV/1.2HBV
or 5 pg of pMC/1.0HBV plasmids with the point mutation T2308C (Fig.2a). These doses were previously
described as optimal when using nonmutated wild type (wt) plasmids for long-term HBV persistence
without HBsAg seroconversion [17,27]. The models were evaluated based on the HB-Ag levels, and
sustainability was determined by seroconversion in the presence of anti-HBsAg antibodies (HBsAb) in
blood (Fig.2, Fig.3, Fig.4) and further confirmed by HBcAg expression in the liver (Fig.5).

Hydrodynamic injection of pAAV/1.2HBV and pMC/1.0HBV with a START codon mutation of the

polymerase into C57BI/6 mice results only in transient expression of viral proteins.

In C57BI/6 mice, the blood levels of HBsAg and HBeAg started decreasing within the first week post
HDI. Mice injected with pAAV/1.2HBV-D showed a rapid loss of HBsAg (no animal was positive by D35,
Fig.2b). In addition, 80% of animals had cleared HBeAg within D21 post HDI (Fig.2c), and 80% of mice

were positive for HBsAb (Fig.2d) by D35.
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Due to this rapid clearance of HB-Ag (Fig.2b,c) and to the very low HBV persistence rate observed when
using pAAV/1.2HBV-D, the minicircle construct [17] of genotype D was prepared. pMC/1.0HBV-D-pre-
C injection into C57BI/6 mice resulted in a relatively fast clearance of HBsAg (only 10% positive mice
by D35, Fig.2b) and in lower HBsAg levels (Fig.3a) than when injecting the pAAV/1.2HBV-D (Fig.3a),
albeit with 10% positivity up to D105 (Fig.2b). HBeAg positivity decreased from 70% (D7) to 30% (D49)
and finally up to 10% (D77) and sustained to the terminal point of experiment (D105, Fig.2c), with more
than 10x higher HBeAg levels than those observed in animals injected with pAAV/1.2HBV-D (Fig.3b).
HBsAb were detected within 4 weeks post HDI, and by the end of the study, up to 40% animals had

seroconverted (D105, Fig.2d).

By D21, mice injected with pMC/1.0HBV-D-pre-S showed a mild decrease of HBsAg-related positivity
(10-20% loss every week, Fig.2b) with mean plasma HBsAg values >100 ng/ml (Fig.3a). However,
HBsAg-related positivity rapidly dropped to 10% until D35 {Fig.2b), while HBeAg positivity decreased
gradually to 20% until D49 (Fig.2c), with HBeAg plasma levels similar to but less consistent than those
measured when injecting pMC/1.0HBV-D-pre-C (Fig.3b). HBsAb related positivity increased up to 50%

until D28 (Fig.2d).

Even though C57BI/6 mice injected with pAAV/1.2HBV-A showed the most promising results (with a
mean peak HBsAg concentration of 4500 ng/ml, which was considerably higher than those of other
induction systems, Fig.3a), all animals showed total loss of HBsAg and HBeAg by D49 (Fig.2b, Fig.2c,
Fig.3a, Fig.3b), while HBsAg seroconversion rapidly increased from 10% (D21, Fig.2d) to 90% within 2-
3 weeks post HDI (Fig.2d). Based on our results, when using pAAV/1.2HBV-A, we also tested
pMC/1.0HBV-A-pre-C in CB7BI/6 mice. However, we observed only acute expression of HB-Ag (total

loss of HB-Ag by D28), as in pAAV/1.2HBV-D (data not shown).

Hydrodynamic injection of pAAV/1.2HBV-A with a mutated polymerase START codon into C3H/HeN

mice leads to a persistent expression of viral proteins.
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HDI injection of the plasmids into the C3H/HeN mouse strain led to a much more consistent and
sustainable expression of viral proteins. More than 80% of animals remained HB-Ag-positive up to the
end of the study (D140, the study endpoint) when using pMC/1.0HBV-D-pre-C, pMC/1.0HBV-D-pre-S,
and pAAV/1.2HBV-A (Fig.2b,c, Fig.4a,b). However, pAAV/1.2HBV-D induced only a transient expression
of viral proteins, albeit for a longer period time in C3H/HeN mouse strain than in C57BIl/6 mice
(Fig.2b,c}). On D7 after HDI, 70-80% of animals were HB-Ag-positive, but this positivity had dropped to
10% by D62 (Fig.2b,c). Furthermore, only 10% of the mice injected with pAAV/1.2HBVY-D developed
HBsAb (Fig.2d). In contrast to pAAV/1.2HBV-D, pAAV/1.2HBV-A, pMC/1.0HBV-D-pre-C and
pMC/1.0HBV-D-pre-S showed a similar chronic expression of viral antigens (nonsignificant, Fig.2b,c).
Interestingly, pMC/1.0HBV-A-pre-C showed only a transient expression of viral proteins (total loss of

HB-Ag by D49, data not shown) similar to that of pAAV/1.2HBV-D.

We also observed differences in the average values of detected HB-Ag between all constructs. The
minicircle constructs using genotype D had low HBsAg levels (pMC/1.0HBV-D-pre-C <200 ng/ml,
pMC/1.0HBV-D-pre-S <500 ng/ml, Fig.4a), while pAAV/1.2HBV-A had >40x higher average values of
HBsAg (<20000 ng/ml, Fig.4a). The endpoint HBsAg values were significantly different between
pAAV/1.2HBV-A and pMC/1.0HBV-D-pre-S and pre-C, but the plasma endpoint levels of HBeAg were
significantly higher when using the minicircle constructs {(120-200 ng/ml, Fig.4b) than when using

PAAV/1.2HBV-A (<30 ng/ml, Fig.4b).

HBcAg was detected only in C3H/HeN mice hydrodynamically injected with both pAAV/1.2HBV and

pMC/1.0HBV with a mutation of polymerase at the terminal point of the experiment.

The expression of HBcAg in mouse hepatocytes was determined by immunohistochemical analysis of
liver tissue on D7 [27] post HDI and at the terminal point of the experiment. In C57BI/6 mice, IHC
confirmed the presence of HBcAg positive cells on D7 post HDI regardless of HBV construct, with
pAAV/1.2HBV-A resulting in 20-25% HBcAg-positive cells; pAAV/1.2HBV-D, 10-25% HBcAg-positive

cells; and both pMC/1.0HBV-D-pre-C and pre-S, <10% HBcAg-positive cells (Fig.5). However, not a
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single liver tissue showed the HBcAg positivity at the end of the study (Fig.5). C3H/HeN mice showed
20-25% HBcAg-positive hepatocytes for pAAV/1.2HBV-A and 10-15% HBcAg-positive hepatocytes for
genotype D on D7 post HDI regardless of plasmid induction system. The HBcAg positivity of the
genotype D of both systems, pAAV and pMC, decreased to <10% of positive cells at the terminal point
of the experiment. Conversely, HBcAg positivity remained unchanged when using pAAV/1.2HBV-A in
C3H/HeN mice. The positive hepatocytes were unevenly distributed in most samples. Mice injected
only with physiologic solution (HDI control, Fig.5) were HBcAg-negative throughout the experiment

regardless of induction construct.

Regardless of mouse strain or HBV genotype, HBY transduction was latent. In both mouse strains, none
of the induction systems affected physiology, as confirmed by the absence of weight changes (Fig.2e).
The mice were also monitored weekly for general appearance (fur ruffling, mobility, and activity),

showing no pathologic changes.
Discussion

Our immunocompetent CHB mouse model induced by HDI delivery of plasmid vector [18] stably
expresses the viral markers HBsAg and HBeAg for 20 weeks without viral progeny. As such, this model
is suitable for robust preclinical safety and efficacy testing of novel CHB therapeutics. Although
research on CHB mouse models has recently led to the development of several other murine models
[18], such as transgenic [14] and chimeric [15] mouse models, as well as models based on tail vein
delivery of viral vectors carrying HBY DNA genome [16], they all have some limitations, including
requiring BSL3 animal facilities [30]. To overcome these limitations, we first compared two most
commonly used vehicles for HDI injection, physiologic solution [27] and PBS [22] particularly regarding
their formulation in terms of acid-base balance disruption (e.g., calcium, magnesium and/or potassium
chloride). Despite the broad use of PBS as a vehicle for in vivo transfection (e.g., targeted [31] and
pressurised [22]), the physiologic solution dramatically positively affected HDI survival. We also used

pAAY [22,27] and pMC [17] plasmid vectors carrying 1.2mer and 1.0mer HBY DNA genome respectively
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{genotype A and D) dosed as previously described [17,27] with a T2308C [17] point mutation of the
START codon of the polymerase to prevent the production of infectious HBV progeny [17], as
confirmed using all induction systems, without affecting HBV transcription and antigen expression.

Therefore, this point mutation allows us to operate in a BSL2 animal facility.

We chose two mouse strains of different MHC classes with different immune responses to HBsAg that
prevent spontaneous healing [19] namely C57BI/6 and C3H/HeN, to comparatively assess HB-Ag
persistence. HBsAg is considered a general marker of HBV in both mouse and human plasma [32],
regardless of acute or chronic infection. Unlike HBsAg, HBsAb indicates the generation of specific
immunity leading to host recovery. Since HBsAb production is affected by S region-encoding MHC class
IIl complement components, including C* and C? [19], we tested mouse strains from an intermediate
MHC genotype group with different haplotypes, i.e., C57BI/6 (haplotype b) and C3H/HeN

{haplotype k).

In line with Peng, et al. [20], we demonstrated that the C57BI/6 mouse strain bearing the S° region
with a sufficient response to HBsAg leads to HB-Ag clearance (Fig.2b, Fig.3), as observed across all
induction systems, resulting in only an acute HBY model, unlike other studies [22,27], where HB-Ag
expression persisted for more than 6 months when using replication-competent HBV genome in
C57BI/6 mice. This result could be explained by differences in positivity threshold setting and in animals
from different vendors. Moreover, the introduced point mutation may also partly account for this

discrepancy between studies.

The C3H/HeN mouse strain markedly increased and sustained viral antigen expression, as also
demonstrated by Peng, et al. and Yan, et al. [17,20] using non-mutated pAAV/1.2HBV and
pMC/1.0HBV. Based on humoral immunity in C3H/HeN mice (S* region), we assume that the
insufficient HBsAg response reflects its persisting levels and the low levels of seroconversion (Fig.2b,d,

Fig.4a).
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We confirmed the persistence and clearance of viral markers by immunohistochemical analysis of
HBcAg in liver tissue, showing HBV clearance through the decreased HBsAg and HBeAg positivity in
C57BI/6 mice over time (Fig.2b,c, Fig.3a,b) along with increased HBsAb levels (Fig.2d) matching the
decreased HBcAg positivity. These results also corroborate Li L, et al. [27], who quantified HBcAg-levels
in C57BI/6 mice after using pAAV/1.2HBV. Unlike them [27], nevertheless, we detected lower HBcAg
positivity on D7 after HDI and no HBcAg positivity at the terminal point of the experiment (D49). A
possible reason for this difference may be the point mutation of the polymerase START codon. HBcAg
positivity was sustained at a max. of 25% using pAAV/1.2HBV-A in C3H/HeN mice, matching the
persisting levels of HBsAg expression (Fig. 2b, Fig. 4a). Our results using both mouse strains correlate
with the findings of Peng, et al. [20] who reported that C3H/HeN mice were superior to C57BI/6 mice

in HBcAg positivity when using a non-mutated pAAV/1.2HBV induction system.

Considering the plasma levels of the viral markers, the efficacy of the induction systems in both C57BI/6
and C3H/HeN mice was reflected as a trend of pAAV/1.2HBV-A > pMC/1.0HBV-D-pre-5> pMC/1.0HBV-
D-pre-C >> pAAV/1.2HBV-D. Unlike all induction plasmids in C57BI/6 mice and pAAV/1.2HBV-D in
C3H/HeN mice, HB-Ag positivity persisted until the terminal point of the experiment (D140) using
PAAV/1.2HBV-A and both minicircle constructs in C3H/HeN mice. In contrast to genotype A, genotype
D has a 33-nucleotide deletion in the N terminus of the PreS1 region [33]. This deletion changes the
ratio of the three S antigen forms and affects their secretion [34], which may thus explain why the

HBsAg-levels were significantly lower in mice induced with genotype D.

The differences in HBeAg-levels among plasmids in both mouse strains might be associated with the
use of different induction systems. Unlike pAAV, the pMC HDI induction system was primarily
developed to address cccDNA in vivo [17]. As previously described [35], HBeAg secretion and cccDNA
formation may be correlated; if so, significantly higher HBeAg levels should be found when using
minicircle constructs. However, the point mutation of the START codon of the polymerase adversely

affected the viral replication cycle. Consequently, the formation of new cccDNAs [36] resulted in similar
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if not lower HBeAg-levels during the experiment. Nevertheless, HBeAg persistence is variable even

among CHB patients and thus not a definitive CHB marker [37].

In conclusion, the C3H/HeN mouse strain is more suitable than C57BI/6 for developing a long-term in
vive model reflecting CHB. Based on the pAAV/1.2HBV-A-associated HBsAg-levels, in contrast to
pMC/1.0HBVY-D-pre-S-associated HBsAg-levels, we believe that the pAAV induction system provides
more suitable experimental paradigm for various immunopathology studies aimed at assessing the
efficacy and safety of novel therapeutic approaches requiring robust yet simple in vivo testing.
Notwithstanding previously published mouse models, we firmly believe that the persistence of HBsAg
levels in our mouse model using pAAV/1.2HBV-A with a T2308C point mutation in the polymerase
START codon could last much longer than 20 weeks. Thanks to the T2308C [17] point mutation of the
polymerase START codon and the resulting lack of virion progeny; such in vivo testing can be routinely
performed in a BSL2 animal facility. Our model provides several advantages, including its accessibility,

convenience, and affordability.
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Fig.1: Plasmid maps: pAAV/1.2HBV-A (a) and D (b), pMC/1.0HBV-D-pre-C (c) and pre-S (d}; mutation
T2308C [17] eliminating the START codon of the HBV polymerase pointed as an arrow; the orange
represents the HBV sequence; green represents open reading frames encoding the polymerase, HBx = HBV
X protein, pre-C region encoding HBeAg and HBcAg, pre-S domain encoding 3 forms of HBsAg; grey
represents the bacterial origin of replication; yellow represents inverted terminal repeats from AAV2 virus;
blue represents promoter, and purple represents the ATT recombination site (resulting from a minicircle
preparation from the parental plasmid [17]).
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Fig.2: CHB in vivo model establishment and characterisation in C57BIl/6 and C3H/HeN mice: (a) scheme
of the experiment and continuous monitoring of HBsAg (b), HBeAg (c} and HBsAb (d) blood levels; the
positivity proportions of allinduction systems (pAAV/1.2HBV-A and D, pMC/1.0HBV-D-pre-C and pre-S) are
shown as Kaplan-Meier curves and compared using the Log-rank test. (b, ¢, d) n=5-20 mice/group. (e}
Weight as stratified by induction system groups for both mouse strains, data were analysed using
Spearman correlation test, p expressing Spearman’s rank correlation coefficient. Data expressed as
mean value per group + SEM. n=5-20 mice/group.
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Fig.4: HBV marker levels in C3H/HeN mice: HBsAg (a) and HBeAg (b) were monitored in animals
hydrodynamically injected with plasmids. Data were compared using the Spearman correlation test (all
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Fig.5: HBcAg expression in liver sections of C57BL/6 and C3H/HeN mice detected by
immunohistochemistry: HBcAg detected on day 7 (D7) post HDI and at the terminal point of the
experiment (T, C57BI/6: D35 pAAV/1.2HBV-D, D49 pAAV/1.2HBV-A and pMC/1.0HBV-D-pre-S, D105
PMC/1.0HBV-D-pre-C; C3H/HeN: D62 pAAV/1.2HBV-D, D140 pAAV/1.2HBV-A, pMC/1.0HBV-D-pre-C and
PMC/1.0HBV-D-pre-S); representative results of HBcAg (brown spots) per induction system group.
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Abstract: The liver is a complex organ that governs many types of metabolisms, including energy
metabolism and other cellular processes. The liver also plays a crucial role in important functions
in immunity, and the activity of liver tissue-associated immunity affects the outcome of many liver
pathologies. A thorough characterization of the liver immune microenvironment may contribute to a
better understanding of immune signaling, the mechanisms of specific immune responses, and even
to improved predictions about therapy outcomes. In this paper, we present an optimized, simple,
and rapid protocol to characterize the liver-associated immune cell milieu. We believe that the most
suitable technique for obtaining a complex immune cell suspension and for removing contaminating
blood cells is to perform mouse liver perfusion, using only phosphate buffer saline. Combining
an enzymatic digestion and a mechanical dissociation of liver tissue, followed by cell purification,
improves downstream applications. This combination is an essential prerequisite for immune cell
determination and characterization. We then demonstrate a flow cytometry-based multiparametric
immunophenotyping along with a gating strategy to detect and quantify liver endothelial cells, T
cells (helper and cytotoxic), B cells, NK cells, NKT cells, neutrophils, monocytes (subsets included),
dendritic cells (subsets included), macrophages and Kupffer cells.

Keywords: flow cytometry; immunophenotyping; mouse liver; PBS-based liver perfusion; non-
parenchymal cells

1. Introduction

The liver is a complex organ, consisting of multiple cell types. The majority of them,
60-80%, are the parenchymal cells—hepatocytes. The remaining cells form a heterogeneous
population of non-parenchymal cells (NPC), primarily composed of liver endothelial cells
(LEC), hepatic stellate cells (IISC) and immune cells [1-3]. Intrahepatic immune cells
are the most prominent component (up to 50%) of NPC [4], consisting of T cells (both
cluster of differentiation (CD) 8+ and CD4+), B cells, natural killer (NK) and natural killer
T (NKT) cells, neutrophils, monocytes and various subtypes of dendritic cells (DCs) and
macrophages [2,3,5]. The relative composition of the liver immune cells varies depending
on the physiologic conditions and species, e.g., the NKT cells are more abundant in the liver
of mice than humans [2]. Liver immune cell composition differs from lymphoid organs
or blood, as the liver is enriched with CD4+ T cells, NK, NKT and gamma delta (y5) T
cells [2,6]. In general, liver is mostly tolerogenic organ, which is important to prevent
inflammatory responses to diet and intestinal microflora [7]. As such, NPC actively con-
tribute to the immune tolerance [7], e.g., hepatocytes, Kupffer cells (KC) and LEC induce
anergy of T cells [8,9]. In addition, sinusoidal LEC (LSEC) produce lectin called LSECtin
that triggers CD8+ T cell tolerance [10]. Moreover, KC secrete the anti-inflammatory cy-
tokine interleukin 10 (IL10) [11], and the liver-resident NK cells can suppress T cells via
interaction with immune check-point pathways [12]. Under certain pathological conditions
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such as infection, an inflammatory disorder, or cancer, the liver immune cell distribution
or function may change. This can lead to a potential imbalance and alteration of immune
cell crosstalk [1,2,5,13,14]. To better understand various pathologies affecting the liver, the
resident/infiltrating immune populations need to be isolated, immunophenotyped and
quantified. The goal is to obtain a single cell suspension of high yield, while still preserving
antigen/epitope profiles (minimum epitope degradation) and retaining cell viability for
subsequent downstream applications [4,15-21]. In order to avoid cross-contamination of
the liver residing in immune subsets from those found in the blood, the in situ perfusion of
the liver is performed via the vena cava or the portal vein [22]. The next crucial step is the
proper processing of the liver tissue. The tissue dissociation can be performed either by a
mechanical disruption, by an enzymatic digestion using a collagenase, or a combination
of both approaches [21-23]. For liver immune cell phenotyping, the hepatocytes need to
be removed from the obtained homogenate, as they may interfere with later downstream
immune profiling [18,19]. The cell suspension can be further purified, either by multiple
centrifugation steps [3,18] or by purification through a Percoll or Iodixanol density gradi-
ent [4,18-21,23]. However, this procedure is time and material consuming. In addition, the
harsh conditions of the purification methods may also affect the viability and/or function
of cells intended for any downstreamn application. After the isolation of NPC, the cells
can be further analyzed and/or cultivated. Although several studies have focused on the
characterization of a single or a few populations, such as macrophages [24], KC [18,19],
LEC [17,18,22] or NK cells [16], we and others [21,25] aim to analyze multiple immune
populations. Several immunophenotyping methods are available. Conventional or spectral
flow cytometry is often used for various immunophenotyping [26,27]. Different approaches
are cytometry by time-of-flight (CyTOF), in which mass spectrometry analysis of single
cells labeled with isotope-conjugated markers is used [15], or automated paralle]l RNA
single-cell sequencing combining fluorescence-activated cell sorting techniques [28] and
massive multiplexing RNA sequencing [29]. Although CyTOF and an automated massively
parallel single-cell RNA sequencing approach allow analysis of more than 20 colors in one
panel, the costs and instrumental setup, both make it rarely available in regular academic
laboratory conditions.

In the presented protocol, we describe a robust yet low-cost, fast, effective, practi-
cal, and straightforward procedure for the isolation of mouse liver NPC that relies on a
mouse liver dissociation kit from Miltenyi Biotec [30]. Moreover, we present a thorough
immunophenotyping protocol using conventional flow cytometry that allows for the detec-
tion and quantification of various immune populations in one single sample. To specifically
analyze hepatic immune microenvironment avoiding red blood cell contamination, the
procedure consists of liver perfusion with PBS, liver tissue dissociation by combining
mechanical disruption and enzymatic digestion, followed by the purification of cells and
immunophenotyping. We address a multiparametric flow cytometry analysis, valuable for
both regular and large-scale screenings, including a gating strategy to detect and quantify
LEC, T cells (helper and cytotoxic), B cells, NK cells, NKT cells, neutrophils, monocytes
(reparative and inflammatory), DCs (including their subsets), macrophages and KC. The
method can be useful in research focusing on the characterization of the liver immune
milieu in mouse models of human pathologies, or in studies of the liver immune response
to different treatments. This method could also be valuable for regular small as well as
large-scale screenings, e.g., a preclinical evaluation of drug efficacy.

2. Experimental Design

2.1. Materials

1. Debris removal solution (Miltenyi Biotec, Bergisch Gladbach, Germany; Cat. no.:
130-109-398; store protected from light at 4 °C, do not freeze)

2. DMEM High Glucose w/stable glutamine, w/sodium pyruvate (Biowest, Riverside,
MO, USA; Cat. no.: L0103-500; store protected from light at 4 °C, do not freeze)
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Aerrane (Isoflurane UPC, Baxter, Deerfield, IL, USA; Cat. no.: FDG9623; store pro-
tected from light at room temperature (RT))

Liver dissociation kit, mouse (Miltenyi Biotec, Bergisch Gladbach, Germany; Cat. no.:
130-105-807; individual components store at 4 °C, reconstituted components store for
max. 6 months at —20 °C, avoid freeze/thaw cycles)

Phosphate buffered saline w/o calcium, w/o magnesium (Biowest, Riverside, MO,
USA; Cat. no.: PO750; store at 4 °C)

Red blood cell lysis buffer (RBL; store at RT; see Reagent Setup)

Trypan blue solution (Sigma-Aldrich, Burlington, MA, USA; Cat. no.: T8154, store
at RT)

Fixation buffer (BD Biosciences, Franklin Lakes, NJ, USA; Cat. no.: 554655, store
protected from light at 4 °C, do not freeze), optional reagent

Flow cytometry (FC) staining buffer (store for max. 1 month at 4 °C, do not freeze; see
Reagent Setup)

Fluorescently labeled antibodies for FC purposes (see Table 1; store protected from
lightat 4 °C)

2.2. Equipment

® &6 6 o o o o o 0 o

.

25 mL tissue sample vessel (Carl Roth, Karlsruhe, Germany; Cat. no.: AYX2.1)

Blunt dissecting scissors (VWR®, Radnor, PA, USA; Cat. no.. HAMMHSB120-14)
Cotton pads (Batist Medical a.s., Cerveny Kostelec, Czech Republic; Cat. no.: 5670)
Dry bath incubator (Major Science, Saratoga, CA, USA; Cat. no.: MD-02N)

15 mL conical centrifuge tubes (VWR®, Radnor, PA, USA; Cat. no.: 525-1084)

1.5 mL microcentrifuge tubes (VWR®, Radnor, PA, USA; Cat. no.: 89000-028)
Forceps with round blade (VWR®, Radnor, PA, USA; Cat. no.: 232-0106)

Forceps with straight blade (VWR®, Radnor, PA, USA; Cat. no.: BSNCO0DSA)
gentleMACS C-tube (Miltenyi Biotec, Bergisch Gladbach, Germany; Cat. no.: 130-093-237)
gentleMACS Octo dissociator with heaters (Miltenyi Biotec, Bergisch Gladbach, Ger-
many; Cat. no.: 130-096-427)

Ismatec IPC pump (Ismatec, Wertheim, Germany; Cat. no.: ISM 930)

Luna-IT automated cell counter (Logos Biosystems, Anyang-si, Gyeonggi-do, Korea;
Cat. no.: L40002)

Cell counting slides (Logos Biosystems, Anyang-si, Gyeonggi-do, Korea; Cat. no.: L12003)
MACS SmartStrainer, 100 um (Miltenyi Biotec, Bergisch Gladbach, Germany; Cat. no.:
130-098-463)

Neo Delta Ven T cannula 24G (Delta Med, Viadana, Lombardia, Italy; Cat. no.: 3113122)
R540 Enhanced Anesthesia Machine (RWD, Baltimore, MD, USA; Cat. no.: R540IE)
Refrigerated centrifuge with swinging buckets (ThermoFisher Scientific, Waltham,
MA, USA; Cat. no.: 15253457)

Sharp scissors (VWR®, Radnor, PA, USA; Cat. no.: 233-1104)

Extension tubes (Gama group, Ceske Budejovice, Czech Republic; Cat. no.: 606301-ND)
Pump tubing (Tygon®, Ismatec, Wertheim, Germany; Cat. no.: ISMCSC0024T, ISM-
CSC0048T)

Tweezers (VWR®, Radnor, PA, USA; Cat. no.: 229-0374)

Water bath (Polysciences, Warrington, PA, USA; Cat. no.: WBE20A12E)

BD LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) or any
multiparametric flow cytometer with at least 13-fluorescence detectors)

2.3. Software

*

Diva software (Becton Dickinson, Franklin Lakes, NJ, USA, v8.0.1. or later, BD FACS-
Diva™ Software www.bdbiosciences.com, accessed on 4 August 2022) or any equivalent
Flow]Jo analysis software (BD Biosciences, Franklin Lakes, NJ, USA, v10 or later,
www.bdbiosciences.com, accessed on 4 August 2022) or any equivalent
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Table 1. Materials for immunophenotyping.

Cell Staining (cat. no.) Clone Dilution Isotype Controls (cat. no.) Manufacturer Staining Buffer FC Compensations

rat anti-mouse CD3 BV6Q5 (564009) 17A2 1/100 BV605 Rat IgG2b,  (563145) BD Biosciences FC

rat anti-mouse CD4 BV421(562891) GK1.5 1/50 BV421 Rat IgG2b, « (562603) BD Biosciences FC

rat anti-mouse CD8 BV510 (563068) 53-6.8 1/50 BV510 Rat IgG2a, k (562952) BD Biosciences FC

rat anti-mouse CD11b APC-R700 (564985) M1/71 1/100 APC-R700 Rat IgG2b, k (564984) BD Biosciences FC CompBead Anti-Rat and
hamster anti-mouse CD11c PE-CF594 (565591)  N418 1/50 PE-CF594 Hamster [gG2, A1 BD Biosciences FC P

rat anti-mouse CD19 BUV395 (563557) 1D3 1/100 BUV395 Rat [gG2a, « (563556) BD Biosciences FC Anti-Hamster I

rat anti-mouse Ly-6C PE (560592) AL-22 1/50 PE Rat IgM,  (553943) BD Biosciences FC k/Negative Control
Compensation Particles

rat anti-mouse Ly-6G APC (560599) 1A8 1/50 APC Rat IgG2a k (553932) BD Biosciences FC Set (552845)
rat anti-mouse CD45 PerCP (561047) 30-F11 1/100 PerCP Rat IgG2b, k (552991) BD Biosciences BC

rat anti-mouse CD49b FITC (553857) DX5 1/100 FITC Rat IgM, x (553942) BD Biosciences FC

rat anti-mouse CD31 BUV496 (741084) 390 1/100 BUV496 Rat Ig(G2a, k (564663) BD Biosciences FC

rat anti-mouse F4 /80 BV650 (743282) T45-2342 1/50 BV650 Rat I5G2a, k (563236) BD Biosciences BC

live/dead marker Zombie NIR (423106) n/a* 17200 n/a® Biolegend PBS cells

NOTE: working concentrations of either FC antibodies or related isotype controls were identical. * n/a: not applicable.
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3. Procedure

Note: In this protocol (Figures 1-3), we perform a PBS-based perfusion via portal vein
using C3H/HeN mice. However, the same method can be applied on any mouse strain. We
process the mouse liver by combining a mechanical disruption and an enzymatic digestion.
NPC are then purified based on a gradient centrifugation.

A B c

SN " =l .
I od =
Q:? b e .- — U E—— \DD ————— IMIUNOPHENOTYPING
el PAS pertusion dasociater — single cell
cell count waporsion
anesthetized mouse perfused liver automated tissue dissociaticn:  density gradient-based
mechanical disruption call purification
enzymatc digestion

Figure 1. Workflow as a schematic description. (A) in vivo manipulation part. (B) liver processing.
(C) downstream procedure.

Figure 2. [llustrated work procedure. (A) Uncovered and stretched portal vein to perform perfusion.
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(B) Gradual liver perfusion. (C) Perfused liver. (D) Material preparation for dissociation. C-tube with
cell culture medium, dissolved particular components of the liver dissociation kit (all Miltenyi Biotec,
described from the left). (E) Liver placed into C-tube with the dissociation mix. (F) Liver homogenate
after dissociation. (G) Filtrate of dissociated tissue. (H) Density gradient-based cell purification (layer
of debris removal solution on top of the cell suspension; before centrifugation). (I) Obtained cells
contaminated with leftover of red blood cells. (J) Final NPC yield after the removal of red blood cells.

SSC-Avs. FSC-A —> FSC-H vs. FSC-A —> SSC-A/zombie viability

wlo debris singlets negative [live | —l
CD31 vs. CD45
positive negative [LEC]
negative positive | hematopoetic cells —l
SSC-A/ICD3
positive
ﬁ negative —l
CD19 vs. CD4%b SSC-A/CD49b
positive  negative |B cells positive | NKT cells
negative  positive |NK cells negative [T cells|
negative negative —l
v CD4 vs.CD8
F4/80 vs. CD11b positive negative helper T cells\
cD11b cotte
positive  positive |macrophages negative positive cytotoxic T cells|
high low [KC|
SSC-A/Ly6G CD8 vs. CD11b

positive neutrophiles

r negative

SSC-A"/Ly6C

monocytes"™

positive negative
negative positive
Ly6C —l Ly6C

cDC1 cDC2

Figure 3, Schema of gating strategy for flow cytometry data acquisition. SSC-A: side scatter-area;
FSC-A/H: forward scatter-area/height; hi/lo: high/low population.

3.1. Liver Perfusion
1.

Set up of instruments: prime peristaltic pump with tempered PBS, set the flow rate to
2.5 mL/min.

Anesthetize a mouse using 2-5% isoflurane in air or oxygen mixture until the deep
loss of sensitivity.

Place the fully anesthetized mouse to a supine position in a breathing mask, attach
paws to the pad to stretch the mouse.

Disinfect the abdomen with 70% ethanol. Lift the skin with tweezers. Using blunt
dissecting scissors, cut the skin and peritoneum horizontally in the lower abdomen.
Continue with a lateral cut on both sides of the abdomen, up to the lower rib cage.

A CcRITICAL STEP Continuously observe breathing rate to be low and deep without
any sign of choking. Be sure not to cut any of the organs or diaphragm.

Use forceps to grab the abdominal skin and peritoneum and roll the skin up to the
rib cage to reveal the abdominal cavity. Move intestines to the side to expose the
portal vein.

A CRITICAL STEP For optimal procedure, no bleeding should occur.

Straighten the vein. Place the needle of the cannula in parallel to the portal vein with
the bevel up (Figure 2A). Inject the lower part of the vein with the cannula needle,
then pull out the needle from the cannula, and move the polymer part further into the
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vein. A blood backflow should be visible. Note: It is not necessary to immobilize the
cannula by a vein ligation.

Adjust the pump flow rate to 2.5 mL/min, ensure there are no bubbles in the tubing,
place the tubing into the cannula, cut one kidney, and immobilize the tubing onto
the pad.

A CRITICAL STEP Observe an immediate liver color change as a proof of correct
perfusion setting (Figure 2B).

Wash the liver with 30-40 mL of PBS until the liver completely lightens and no blood
appears in the wash volume.

Remove the cannula and turn off the pump. Carefully remove the gallbladder and
harvest the liver into 50 mL sample vial with PBS (Figure 2C).

OPTIONAL STEP Carefully remove the gallbladder to prevent bile contamination of
the liver; if contaminated, thoroughly wash the liver with PBS,

3.2. Liver Disseciation

Note: The protocol below does not differ from the manufacturer’s instructions (liver

dissociation kit from Miltenyi Biotec [30]).

1.

Cut off 1 g of liver tissue (weight should not exceed 1.2 g of tissue per one dissocia-
tion [30]).

Wash the liver with preheated cell medium and place it into C-tube with liver dis-
sociation mix (according to the manufacturer’s instruction). After attaching C-tube
onto the dissociator with heater, launch a 37C_m_LIDK_1 program predefined by the
manufacturer (Figure 2D,E).

A CRITICAL STEP Aliquoted components should be thawed right before use, re-
peated freeze-thaw cycles should be strictly avoided.

Detach C-tube from the dissociator when the program terminates. Gently resuspend
obtained liver homogenate and filter it through a pre-wetted 100 um cell strainer
into a 15 mL falcon tube. To avoid loss of cells within the C-tube, wash the tube and
strainer with 5 mL of cell culture medium (Figure 2EG).

Centrifuge the homogenate sample for 10 min at 300 x g, RT. Discard supernatant and
resuspend the pellet in PBS (RT).

3.3. Liver Homogenate Processing to Prepare Single Cell Suspension

5.

11.
12.
13.

14.

Centrifuge the obtained cell suspension for 10 min at 300x g, 4 °C and discard
the supernatant.

Resuspend the pellet in pre-cooled PBS, add the debris removal solution and overlay
gently with the pre-cooled PBS (according to the manufacturer’s instruction).

A CRITICAL STEP Observe phase formation to control the step (Figure 2H).
Centrifuge for 10 min at 3000x g, 4 °C.

A CRITICAL STEP Reduce the centrifugation break as well as acceleration rate
(level 4 out of 9 applied on centrifuge used in this protocol), 3 phases have to be
well defined.

Aspirate the two upper phases and add up to 15 mL of pre-cooled PBS, mix the
suspension by gentle inverting the tubes.

Centrifuge for 10 min at 1000 g, 4 °C and discard the supernatant (Figure 2I).
Resuspend pellet in 1 mL of RBL to remove remaining red blood cells and incubate
for 5min at RT.

Fill the tube with PBS, mix the suspension by gentle inverting the tube.

Centrifuge for 5 min at 500x g, RT and discard the supernatant (Figure 2]).
OPTIONAL STEP Repeat the steps C.10-C.12 if pelleted cells are still contaminated
with red blood cells, eventually platelets.

Resuspend the pellet in at least 1 mL of PBS to count the cells.
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15.

16.

18.

19.

Use any cell counter to determine cell concentration, viability on the basis of Trypan
blue exclusion, size distribution and clustering.

OPTIONAL STEP Using the LUNA cell counter, follow the steps below (17-19).
Prepare a 1:1 mixture of cells and Trypan blue (10 uL. + 10 uL) to determine the
cell count (concentration), viability, distribution, and clustering. Apply 10 uL of the
mixture into a cell counting slide chamber, wait until the equilibrium is established.
Set the counting protocol to the following settings: dilution factor 2, min. cell size 3
wm, max. cell size 30 wm, size gating 3-30 um, live cell sensitivity 7, roundness 60%,
declustering level medium.

Apply the loaded protocol on a sample, verify the autofocus and count the cells, verify
the gating strategy of the program (Figure 4).

EE

W W w W oW W 0 W 0 T 8 CRE

A
B
C
Dm‘

Figure 4. Characteristics of the obtained single cell suspension. (A) Evaluation of cell viability and
total cell concentration (Trypan Blue stain, 1 and 4 x magnification in Luna cell counter). Green
circles represent live cells (82%); red circles dead cells (18%). Total yield of 2.2 x 107 live cells/mL
from 1 g of liver tissue. (B) Cell size distribution by cell number. Green histograms represent live
cells; red histograms represent dead cells. (C) Cell size distribution by cell concentration. Green
histograms—Ilive cells; red histograms—dead cells. (D) Cell cluster map.

3.4. FC Based Immunophenotyping

Note: Type of samples: immunophenotyping samples, unstained control, antibody

isotype controls, fluorescence minus one (FMQ) controls, positive control for live/dead
marker (dead cells), single stained controls for compensation matrix (set up using compen-
sation beads).
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10.

11.

12.

13.
14.

15.

16.

17.

18.
19.

20.

Centrifuge the obtained cell suspension for 10 min at 300x g, 4 °C and discard the
supernatant. Wash with an excessive volume of PBS and centrifuge for 5 min at
500 g, RT. Discard the supernatant.

Resuspend cells in 40 uL of PBS.

To distinguish live and dead cells, add the live/dead Zombie NIR marker ata pre-
determined dilution (Table 1) and incubate for 20 min at RT, avoid light. Note:
Any other viability dye can be used. The used Zombie viability kit is a fixable
(paraformaldehyde or methanol), an amine-reactive fluorescent dye that is non-
permeant to live cells.

In parallel, prepare a positive control of dead cells by boiling 0.3-0.5 x 106 cells in
40 uL PBS for 5 min at 65 °C, cool the sample down to RT, perform staining as in
D.3 step. This sample is also used as a single stain control to create a compensation
matrix.

Wash the cells by adding 150 L of PBS (RT) and centrifuge for 5 min at 500x g, RT.
Discard the supernatant.

Perform specific staining by resuspending the pellets in 40 uL of FC staining buffer
(see Reagent Setup), incubate with the staining antibody mixture or relevant isotype
controls at a pre-determined concentration (Table 1) for 30 min at 4 °C, avoid light.
Wash the cells by adding 150 uL of FC buffer and centrifuge for 5 min at 500x ¢, RT,
discard the supernatant.

OPTIONAL STEP Fix the cells by resuspending the pellets in 80 uL of Fixation buffer,
incubate for 1545 min at RT, avoid light; wash the cells by adding 150 uL of FC buffer
and centrifuge for 5 min at 500x g, RT, discard the supernatant.

Resuspend the cells in 250 (L of FC buffer and transfer cell suspension into a FC tube
through its cell strainer snap cap. Samples without the fixation step are intended for
immediate analysis; however, fixed samples can be stored at 4 °C for up to one week
and then assayed.

For a compensation matrix set up, prepare single stained samples using a drop of both
types of compensation beads (anti-rat/hamster and negative particle set, Table 1) into
30 uL of FC buffer (1 drop is approximately of 50 uL. equivalent). Perform staining
directly in FC tubes to minimize potential losses.

Add the specific staining antibody in the same dilution as for the immunophenotyping
(count sample volume as a composition: 50 uL drop of specific + 50 uL negative beads
+ 30 uL of FC buffer), incubate under the same conditions as in step 6.

Wash the beads by adding 2 mL of FC buffer and centrifuge for 10 min at 200x g, RT,
discard the supernatant.

Resuspend the pelleted beads in 250 uL of FC buffer, vortex thoroughly.

Launch a calibration procedure at the flow cytometer, create the compensation matrix
using the unstained and single stained samples, and calculate the compensations.
OPTIONAL STEP If required, define the acquisition mode in terms of cells or beads
used for the compensation set up depending on the flow cytometer available,
Formulate the gating strategy (Figure 3) to monitor cell subsets of interest, respect
subset hierarchy and marker exclusivity.

Run samples for the immunophenotyping purposes by gating on a rare population
(either KC or neutrophils).

Acquire and record data by collecting at least 10,000 events of the population of interest.
OPTIONAL STEP If necessary, record the same sample several times by gating on
various immune populations to then easily define and characterize any population.
Export fsc files to evaluate the data in Flow]o software or any equivalent.

3.5. Data Analysis

1.

Start the gating strategy first by the debris exclusion, looking at forward and side
scatter, followed by a doublet and dead cell exclusion.
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Gate the particular immune population by exclusion of non-desired cells and the
selection of those specific cells (Table 2, Figures 3 and 5).

Note: Zombie viability dye is permeant only to cells with compromised membranes,
therefore a negative population needs to be gated as live subset.

OPTIONAL STEP To quantify individual populations and their subsets, export the
frequency of various subsets as a percentage in either the live cells or the parent
population regarding the data representation.

i waz

Figure 5. [llustration of gating strategy for individual immune populations. (Shown images represent

a composition of three independent measurements).
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Table 2. Phenotypes of particular immune populations.

Immune Population Immunophenotype
liver endothelial cells CD31+ CD45—
hematopoietic cells (leukocytes) CD31—- CD45+
T cells CD31— CD45+ CD3+ CD49b—
helper T cells CD31— CD45+ CD3+ CD49b— CD4+ CD8—
cytotoxic T cells CD31— CD45+ CD3+ CD49b— CD4— CD8+
B cells CD31— CD45+ CD3— CD49b— CD19+
NK cells CD31— CD45+ CD3— CD49b+
NKT cells CD31— CD45+ CD3+ CD49b+
neutrophils CD31— CD45+ CD3— CD19— CD49b— CD11b+ Ly6G+
: CD31— CD45+ CD3— CD19— CD49b— CD11b+
reparative monocytes Ly6G— Ly6C1°
inflammatory monocytes CD31— CD45+ CD3— CD19— CD49b— CD11b+
Ly6G— Ly6Chi
CD31— CD45+ CD3— CD19— CD49b— CD1lc+ CD8+
D8 chCL CDI1b— Ly6C—
CD31— CD45+ CD3— CD19— CD49b— CD11c+ CD8—
CD11b cDC2 CD11b+ LyéC—
KC CD31— CD45+ CD3— CD19— CD49b— CD11blo F4/80hi
macrophages CD31— CD45+ CD3— CD19— CD4%b— CD11b+ F4/80+

4. Expected Results and Discussion

The key to a successful isolation and characterization of liver immune cells is an
effective PBS-based liver perfusion. The perfusion via the liver portal vein can be technically
challenging, considering the relative size of the vein (internal radius about 0.12 cm [31]).
Here, the critical step is the selection of the correct size and length of the cannula. In this
protocol, we recommend using a 24G cannula without wings and a safety lock, 19 mm
length and 0.74 mm external catheter to achieve a stable and continuous perfusion. The
next important step is the portal vein stretching (e.g., with forceps as shown in Figure 2A),
thanks to which the vein is more visible, accessible, and easily injectable. Then, during
the perfusion, the PBS flow needs to be continuous to avoid blockage in terms of bumps
around the vein, liver, pancreas, stomach, and no PBS leakage should occur. The sign of
correct perfusion is an immediate and gradual color change of the liver from dark red,
through brown and pinkish, to beige. Overall, the liver becomes blanched and slightly
swollen. In the case of limited areas of re-coloring, the cannula should be slightly moved
backwards and forwards, and/or the liver can be smoothly and gently rolled over with a
wet cotton pad to free a potentially blocked PBS flow.

If the protease-based perfusion of the liver alters cell surface markers on immune
cells [4], a thorough optimization process would be required, unlike the simple PBS-based
technique used in this protocol. The PBS-based perfusion allows removing immune cells
present in blood, and it is faster and technically not as challenging as the enzymatic
perfusion [22]. In addition, the PBS-based perfusion is compatible with the immuno-
histopathology analysis. The detailed identification and potential quantification of specific
subsets relies on one in time combination of a mechanical disruption and an enzymatic
digestion of the liver tissue, optimized by Miltenyi Biotec [30]. In order to avoid incomplete
tissue dissociation, it is important not to exceed the maximum weight of 1.2 g of a tissue
per cell isolation. Inappropriate temperature settings or an incorrect order of individual
protocol steps would provide potentially misleading data.

To obtain high quality flow cytometry data, it is also essential to remove cell debris
and the remaining hepatocytes from samples, as this detritus can create an irrelevant
background as well as interfering autofluorescence during the sample acquisition. For
further FC staining of NPC, knowledge of the cell concentration and viability is mandatory.
For this purpose, we have chosen the LUNA cell counter to simplify the workflow, to focus
on reproducibility, and to determine the cluster map (Figure 4). The typical yield of NPC
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from one 1 g of liver tissue has been more than 20 x 106 cells, yet it may differ based on
the mouse strain used and the age of the mouse [14,32,33]. This protocol is optimized to
produce not only a high number of cells with viability more than 80% (Figure 4A), but also
to obtain a single cell suspension (more than 95% of single cells, (Figure 4D)). Nevertheless,
a slow and harsh workflow and/or inappropriate cell processing can rapidly decrease the
viability of cells and may also negatively affect the FC data as antigen/epitope may degrade.
Unlike Medina-Montano, et al. [34], we believe that combination of liver perfusion and
mechanical disruption with enzymatic digestion is mandatory to obtain exclusively hepatic
immune microenvironment thus avoiding blood specific immune cell contamination. Using
a multiparametric flow cytometry-based phenotyping requires a precise compensation
matrix due to the high spillover signals. To determine the undesirable autofluorescent
character of tissue and to correctly quantify cells, an unstained sample is required. This issue
can be overcome by using spectral flow cytometer as it measures full range of emission
spectrum of each fluorochrome across all lasers [27] or CyTOF-based technique which
uses unique isotope-conjugated markers without need of compensation [15]. However,
different sets of controls such as single stain controls need to be used. Regarding the
basic immunophenotype determination as well as the particular quantification, it is crucial
to define a proper gating and a non-specific antibody binding, thanks to the FMO and
antibody isotype controls, The so-called isoclonic antibody control could be an alternative
to the antibody isotype controls, as it is based on the staining with the excess of an identical,
yet unlabeled antibody related to the specific immune marker. However, we present the
use of a relevant isotype control.

The gating strategy for the presented multicolor FC panel (Figures 3 and 5) is based
on the gradual elimination of unwanted populations and further identification of targeted
subsets. The additional combination of immune profiling can expand the obtained datasets.
The introduced FC panel (Table 1) is not limited by the determination of basic populations
as it can be extended to particular (sub)phenotypes of NK or NKT subsets, e.g., cytotoxic
CD8+ subpopulations. In the presented gating strategy, we show the simple approach
of gating the inflammatory (or classical) Ly6Cheh monocytes and reparative (also called
non-classical or patrolling) Ly6C1°W monocytes in order to monitor the overall changes of
many immune subsets. However, recent studies describe multiple subsets of monocytes
with distinct functions [35]. As such, if monocytes were the center of focus, a monocyte-
specific panel should be designed. In addition, although neutrophils are characterized
as Ly6G+, which is their distinguishing feature, they also express Ly6C [36]. However,
the low Ly6C expression characterizes the myeloid-derived suppressor cells of neutrophil
origin [37]. These alternative gating strategies can provide supplementary information
on ongoing immune reactions such as inflammation, immunosuppression [38], and even
tumor immune responses [39]. Accordingly, the gating of functional cells could be a
useful approach in therapeutic studies (cancer, autoimmune diseases, etc.). Concerning
data exportation and interpretation, the frequency of cell population in live cells can be
used for monitoring the changes of immune subset ratios in various pathophysiological
conditions [40]. In addition, the frequency of parent population is suitable for monitoring
the expression of a particular marker within the population of interest.

In addition to the FC-based immunophenotyping, the quality control of isolated cells
could be verified by functional assays. For example, in vitro lipopolysaccharide (LPS)
treatment induces tumor necrosis factor alpha (TNFe) production by KC [18]. Alternatively,
other functional analyses can be applied for KC, HSC or LSEC [41] or any other population
of interest.

Taken all together, our complete protocol allows a highly effective and comprehensive
progression in liver immune research and in the understanding of various pathologies.
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5. Reagents Setup
1. RBL buffer

a. 0.1 mM EDTA

b. 12 mM NaHCO;

c. 155 mM NH,4Cl1

d. Store at RT, no contamination should appear.

2. FCstaining buffer
a.  0.5%BSA (w/v)
b.  2mMEDTA
c. Prepare a solution in 1x PBS. Store at 4 °C up to 1 month without any preserva-
tive such as 0.02% (v/7) thimerosal or 0.02-0.05% (w /7) sodium azide.
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