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

as monotherapy which makes it interesting for clinical studies. 
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ABSTRAKT 

cGAS-STING signální dráha hraje klíčovou roli v imunitní obraně hostitele proti 

různým patologiím včetně autoimunitních a autozánětlivých onemocnění, rakoviny, 

senescenci a patogenních infekcí, a to jak bakteriálních, tak virových (např. virus 

hepatitidy B (HBV)). Infekce virem HBV může vyústit buď v akutní či chronickou 

formu (CHB) s širokým rozsahem imunitních invazivních mechanismů vedoucích 

až k jaterní cirhóze, steatóze nebo hepatocelulárnímu karcinomu. V současné době 

jsou schváleny dvě CHB terapie, z nichž obě zřídka vedou k úplnému vyléčení a často 

vyžadují celoživotní aplikaci.  

Vývoj a validace nových CHB terapeutik závisí na výběru vhodného in vivo 

modelu. Hlavním cílem této práce bylo vyvinout CHB myší model vhodný pro 

robustní preklinické testování nových terapeutik založený na hydrodynamické injekci. 

Byly porovnávány dva transportní systémy, adeno-asociovaný plazmidový vektor 

(pAAV) a minikruhový konstrukt kódující HBV genomy dvou genotypů (A nebo D) 

se zavedenou bodovou mutací ve START kodonu polymerázy u dvou 

imunokompetentních myších kmenů, C57Bl/6 a C3H/HeN. Přetrvávající exprese 

virových antigenů byla pozorována pouze u myšího kmene C3H/HeN při použití 

pAAV konstruktu kódujícího HBV genom genotypu A se zavedenou bodovou mutací 

T2308C ve START kodonu polymerázy bránící tvorbě virového potomstva. Vyvinutý 

CHB myší model byl použit následně ke studiu a identifikaci nejúčinnějších CHB 

terapeutik založených na aktivaci STING proteinu přirozeným cyklickým 

dinukleotidem. Naše hlavní sloučenina vybraná na základě in vitro testování velké 

knihovny nových agonistů STING exkluzivně připravených na Ústavu organické 

chemie a biochemie AV ČR vykazovala skvělé výsledky v CHB myším modelu jako 

monoterapie, proto by mohla být vhodným kandidátem pro klinické studie.  
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ABBREVIATIONS 

AAV   adeno-associated virus 

AGS   Aicardi-Goutières syndrome  

AIM2   absent in melanoma 2  

AMP   adenosine monophosphate 

Banf1   barrier-to-autointegration factor 1 

BAX   IRF3 - BCL-2 associated X gene 

BRCA2  breast cancer gene 2  

CARD   caspase recruitment domain 

cccDNA  covalently closed circular DNA 

CDN   cyclic dinucleotides 

cGAS   cyclic GMP-AMP synthase 

CHB   chronic hepatitis B 

CLR   C-type lectin receptor 

CpG   cytosine-phosphate-guanine  

DAMP  damage-associated molecular pattern 

dsDNA/RNA  double stranded DNA/RNA 

DSF   differential scanning fluorimetry 

EC50   half maximal effective concetration 

EMA   European Medicines Agency 

ENPP1  ectonucleotide pyrophosphatase/phosphodiesterase 1 

ER   endoplasmic reticulum 

ERGIC  ER-Golgi intermediate compartment 

ERIS   endoplasmic reticulum interferon stimulator 

FC   flow cytometry 

FDA   U.S. Food and Drug Administration 
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G3BP1  Ras-GTPase - activating protein binding protein 1  

GA   Golgi apparatus  

GMP   guanosine monophosphate  

HBc/s/eAg  HBV core/surface/e antigen 

HBsAb  antibody against HBsAg 

HBV   hepatitis B 

HDI   hydrodynamic injection 

i.p.   intraperitoneal 

IFN   interferon 

IFNAR  interferon-α receptor  

IHC   immunohistochemistry 

IKKε   inhibitor of NF-κB kinase ε 

IRF3   IFN regulatory factor 3 

KRAS   Kirsten rat sarcoma 

MHC   major histocompatibility complex  

MITA   mediator of IRF3 activations  

mtDNA  mitochondrial DNA 

NET   neutrophil extracellular trap 

NF-κB   nuclear factor kappa B 

NK cells  natural killer cells  

NLR   NOD-like receptor 

NLRC3  NLR family CARD-containing 3 

NOD   nucleotide-binding oligomerization domain 

NPC   non-parenchymal cells  

NTCP   sodium taurocholate co-transporting polypeptide  

pAAV   adeno-associated plasmid vector  
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PAMP   pathogen-associated molecular pattern 

PBMC   peripheral blood mononuclear cells 

pgRNA  pregenomic RNA 

pMC   minicircle 

PRR   pattern recognition receptor 

RA   rheumatoid arthritis 

rcDNA  relaxed circular DNA 

RLR   retinoic acid-inducible gene I-like receptor 

RNASEH2  RNase H2 endonuclease  

SAMHD1  SAM domain and HD domain-containing protein 1 

SASP   senescence-associated secretory phenotype 

SAVI   STING-associated vasculopathy 

SCAP  sterol regulatory element-bindingprotein cleavage-activation protein  

SEM   standard error of the mean 

SLE   systemic lupus erythematosus  

STING  stimulator of interferon genes 

TBK1   TANK-binding kinase 1 

TFAM   mitochondrial transcription factor A 

TLR   toll-like receptor 

TM173  transmembrane protein 173  

TNF   tumour necrosis factor 

TREX1  three prime repair exonuclease 1 

TRIM38  tripartite motif-containing protein 38 

ZZCHC3  CCHC-type zinc-finger protein 
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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 (TLR5), 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 I 

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. Glück 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-κB), 

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-Goutières 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 Zn2+ 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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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. 



 21 

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) 

DNA or other (e.g., Y-form DNA, mtDNA, chromatin fragments, micronuclei). cGAS 

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 

cGAS may inhibit DNA repair resulting in cGAS activation. Activated cGAS catalyses 

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 c 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. Glück 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. 

  



 24 

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), AQ (G230A, R293Q), 

and Q (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 R293Q 

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-κB 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 

structural domains. (B) Structure of ligand-free and ligand-bound STING dimer. 

Binding of 2'3'-cGAMP results in the closure of the lid, rotation of ligand-binding 

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 TBK1 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 180º 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 

TBK1 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 TBK1. Activated TBK1 than 

phosphorylates the C-terminal tail of adjacent STING dimer (S. Liu et al., 2015; G. 
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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-κB 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-κB 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 TBK1 and inhibitor of NF-κB kinase ε (IKKε) activate the IKK 

complex leading by the activation of the transcription factor NF-κB (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-

κB downstream signalling and suggested that TBK1 is not required. The unresolved 

question is how NF-κB STING region interacts with IKK for NF-κB activation. 

Alternatively, it has also been observed that STING can activate NF-κB 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 
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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 TBK1 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). 
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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 (BRCA2) 

tumour suppressor (X. Lai et al., 2017; T. Reisländer 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. Reisländer 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 (TREX1) 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 (Banf1) 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 Beclin1 (H. Ishikawa & G. N. Barber, 2008). 

The presence of Beclin1 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‘,5‘phosphodiester 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 TRIM30α 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 
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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-Goutières 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 

TREX1 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 

et al., 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 et al., 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 TBK1 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 TREX1 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 Sting1 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.Faslpr 

mice, homozygous for the lymphoproliferation spontaneous mutation (FASlpr) 

showing systemic autoimmunity, worsen the symptoms (S. Sharma et al., 2015). The 

patients with SLE have been also diagnosed with the mutations of DNase1 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-kB 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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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 

cGAS 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. An et al., 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-Mut1 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) 

NO2-Fas bond with N-terminal domain, blocking palmitoylation (A. L. Hansen et al., 2018b) 

Astin C occupying cGAMP binding pocket (S. Li et al., 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. Glück 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. Glück et al., 2017; H. 

Yang et al., 2017). On the other hand, metastatic tumour cells present high genome 

instability leading to chronic activation of cGAS-STING signalling pathway to 

facilitate cellular invasion mediated by STING-dependent noncanonical NF-κB 

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 (MIW815) Head and neck cancer Phase 2 (Inc. Chinook Therapeutics, 2022) 

ADU-S100 (MIW815) +/− Ipilimumab Solid tumors/lymphomas Phase 1 (Novartis Pharmaceuticals, 2022) 

ADU-S100 (MIW815) + PDR001 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. 

König, 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) 

 

 

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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HBV 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-Rivière 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 

HBV to CHB resulting in liver cirrhosis, steatosis, or hepatocellular carcinoma. (H. L. 

Ha et al., 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 

et al., 1991; D. R. Milich et al., 1990) or full-genome transgenic mice (L. G. Guidotti 

et al., 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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HBV genome integrated into the adeno-associated virus (AAV) (Y. Du et al., 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 α-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. Pimková 

Polidarová, 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 

HBV 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 III (G. Fernández 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/IIa (E. Gane et al., 2019) 

Monoclonal antibodies GC1102  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 

against the virus 

I (S. Bourgeois et al., 2022) 
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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 C57Bl/6 mice (aged 4-6 

weeks, purchased from the Charles River Laboratories) by tail vein injection of 10 µg 

of endotoxin free pAAV/1.2HBV plasmid DNA or 5 µg 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. 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 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.o.) 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. In vivo efficacy of lead compound 

Plasma cytokine profiling (IFNa, IFNb, IFNg 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: 

Novotná, B., Vaneková, L., Zavřel, M., Buděšínský, M., Dejmek, M., Smola, M., Gutten, 
O., Tehrani, Z. A., Pimková Polidarová, M., Brázdová, A., Liboska, R., Štěpánek, I., 
Vavřina, Z., Jandušík, T., Nencka, R., Rulíšek, L., Bouřa, E., Brynda, J., Páv, O., & 
Birkuš, 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 293T 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 WT STING protein and 

participation in manuscript preparation. 

 
Dejmek, M., Šála, M., Brazdova, A., Vanekova, L., Smola, M., Klíma, M., Břehová, P., 
Buděšínský, M., Dračínský, M., Procházková, E., Zavřel, M., Šimák, O., Páv, O., 
Boura, E., Birkuš, G., & Nencka, R. (2022). Discovery of isonucleotidic CDNs as 
potent STING agonists with immunomodulatory potential. Structure (London, 
England : 1993), 30(8), 1146–1156.e11. https://doi.org/10.1016/j.str.2022.05.012 
 
My contribution: 

In vitro screening of tested CDNs using established DSF and cell-based in vitro assays, 

data evaluation and interpretation, participation in manuscript preparation. 
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Vavřina, Z., Perlíková, P., Milisavljević, N., Chevrier, F., Smola, M., Smith, J., Dejmek, 
M., Havlíček, V., Buděšínský, M., Liboska, R., Vaneková, L., Brynda, J., Boura, E., 
Řezáčová, P., Hocek, M., & Birkuš, 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 CDNs 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. Novotná et al., 2021, 2019; M. Pimková 

Polidarová 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 Birkuš, 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 



 58 

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 (DTm). As demonstrated in Tab. 4, newly 

prepared CDNs (enzymatically prepared 2'3'-CDNs (B. Novotná 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 CDNs such as 3'3'-c-di-

AMP or STING agonist ADU-S100, the clinical candidate terminated in the Phase II 

clinical trial (Inc. Chinook Therapeutics, 2022). In comparison with 2'3'-cGAMP 

(DTm = 15.29 ºC), the natural second messenger of cGAS-STING signalling pathway, 

only a few of our enzymatically prepared 2'3'-CDNs had higher binding affinity (DTm 

< 20.5 ºC) to WT STING protein (B. Novotná et al., 2019). Chemically synthetized 

isonucleosidic 3'3'-CDNs (DTm <13.5 ºC, Dejmek et al., 2022) and our lead 

compound CDN-L (DTm = 8.6 ºC), had slightly lower DTm to WT STING protein 

compared to 2'3'-cGAMP suggesting lower binding affinity to WT 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 (EC50) values were 

then determined.   

All enzymatically prepared 2'3'-CDNs had 10-100x better or comparable EC50 

values than control 3'3'-CDNs 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 µM), REF (<2 µM), AQ (<0.17 µM) 

and Q (<0.7 µM) STING haplotypes than ADU-S100 (0.26 µM; 1.64 µM; 0.23 µM; 

1.01 µM, 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 µM), HAQ (<0.77 µM) and AQ 

STING (<0.68 µM) haplotypes than with REF (>45 µM) and Q (<26.90 µM). Our lead 

compound, CDN-L had similar EC50 value as 2'2'-cGAMP and 2'3'-cGAMP for WT 

STING (0.02 µM) and AQ STING (0.09 µM) and much lower EC50 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 WT STING. Only CDN-L 

(0.8 µM) and some of enzymatically prepared 3’3’- CDNs (>2,58 µM) had much lower 

EC50 value than natural STING agonists (>9.83 µM) or ADU-S100 (3.32 µM). 
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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 

PBMCs reflecting physiologically relevant in vitro cell-based model. The production 

of IFNγ, TNF-α, IFNα was measured as proinflammatory cytokine TNF-α and IFNα 

represent the primary and IFNγ 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 EC50 value for TNF-α (2.73 µM) and IFNγ (1.02 µM) than all naturally 

occurring STING agonists as well as clinical candidate ADU-S100, unlike IFNα, 

where CDN-L had slightly higher EC50 (28.53 µM) than all control compounds. 

Interestingly, ADU-S100 had the highest EC50 values (>140 µM) 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 CDNs.  

Compound 
DSF DIGITONIN assay Standard assay PBMC 

ΔTm (°C) EC50 (µM) EC50 (µM)  EC50 (µM) 
  WT WT HAQ REF AQ Q WT IFNg 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 5.45 14.50 8.48 
2'2'-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 – 85.20 1.43 - >200 2.80 - >200 
Isonuc- CDNs 1.8 – 11.0 0.01 – 1.35 0.06 – 0.77 0.40 - >45 0.06 – 0.68 0.20 – 26.90 4.93 - >150 0.66 – 58.83 1.29 - 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-2d,q), intermediate (H-2a>H-2b>H-2k), and 

low/non-responders (H-2s,f). 

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, C57Bl/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 C57Bl/6 were hydrodynamically injected with either 

10µg  (L. R. Huang et al., 2006; L. Li et al., 2017) of pAAV/1.2HBV (Fig. 9A, B) or 

5µg (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 Pimková Polidarová, 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. Pimková Polidarová, 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. Pimková Polidarová, 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. 

  



 66 

 

 

  

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 = 

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). 
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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. Pimková Polidarová, 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/1.2HBV 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). 

 

 
 

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 

(pAAV/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/1.2HBV 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/1.2HBV 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 

as mean ± standard error of mean (SEM) per group. (a, b) n=5-20 mice/group 

 



 72 

 

 

Fig. 13: Characterisation of mouse model reflecting CHB. In vivo model 

establishment in C57Bl/6 and C3H/HeN mice. (A) Continuous monitoring of HBsAb 

blood levels. Positivity proportion related to all induction systems (pAAV/1.2HBV 

genotype A and D, pMC/1.0HBV genotype D pre-C and pre-S) shown as Kaplan-

Meier curves. (B) Weight as stratified by induction system groups for both mouse 

strains. Data were expressed as mean value per group ± standards error of mean (SEM). 

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 C57Bl/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; C57Bl/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 C57Bl/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 α-

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-II), 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 naïve 

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). 
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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 naïve 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 IFNα, IFNb and TNF-α 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 IFNγ occurred after 4h post injection at 1.5 and 5 mg/kg CDN-L. Eight hours 

post CDN-L application, the decrease of INFa, IFNb and TNF-α plasma levels was 

observed. However, IFNγ 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 

CD8+ T cell activation using all dosages of CDN and decreased CD4+ T cell activation. 
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Fig. 15: in vivo immune response of naïve 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 

µg 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 
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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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Fig. 16: in vivo efficacy of CDN-L compound using C3H/HeN CHB murine model: 

(A) schema of the experiment and continuous monitoring of HBsAg (B), HBeAg (C) 

blood levels. Data were expressed as a relative fold of HB-Ag to week 5 (mean ± 

standard error of the mean (SEM)), the positivity proportions of all treatment groups 

were shown as Kaplan-Meier curves. A1-16 = administration of the compound 1-16; 

n=5-10 mice/group 
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Fig. 17: Characterisation of in vivo efficacy. Weight as stratified by treatment groups 

for CDN-L efficacy (A) and interferon-α receptor (IFNAR) based CDN-L study (B), 

data were expressed as a mean ± standard error of the mean (SEM); A1-16 = 

administration of the compound 1-16; n=5-20 mice/group. 

 

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. 
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Signalling through interferon-α 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-α 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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Fig. 19: in vivo CDN-L efficacy dependent on interferon-α receptor using 

C3H/HeN CHB murine model: (A) schema of the experiment and continuous 

monitoring of HBsAg (B), HBeAg (C) blood levels. Data were expressed as a relative 

fold of HB-Ag to week 5 (mean ± standard error of the mean (SEM)), the positivity 

proportions of all treatment groups were shown as Kaplan-Meier curves. IFNAR = 

anti-mouse IFN-a receptor antibody; A1-16 = administration of the compound 1-16; 

n=5-10 mice/group  
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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 

et al., 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).  

 

 

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) Ly6Chigh monocytes and 

reparative (patrolling, non-classical) Ly6Clow 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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Fig. 22: Illustration of gating strategy for individual immune populations. (Shown 

images represent a composition of three independent measurements). 
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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 cGAS-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 α-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. Novotná et al., 2021, 2019; M. Pimková Polidarová et al., 2021; Z. Vavrina et al., 

2022; Z. Vavřina 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 CDNs, 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, 

R293Q 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. Novotná et al., 2021, 2019; M. Pimková Polidarová et al., 2021; Z. Vavrina et al., 

2022; Z. Vavřina 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. Pimková Polidarová et al., 2021). The 

vast majority of our newly prepared CDNs had comparable or even lower EC50 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 CDNs 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-α, IFNα, an early onset immune response, 

and IFNγ, 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 CDNs 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-

HBV 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 C57Bl/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 C4 and C2 (D. R. Milich & G. G. Leroux-

Roels, 2003), we tested mouse strains from an intermediate MHC genotype group with 

different haplotypes, i.e., C57Bl/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 C57Bl/6 mice, we demonstrated that the C57Bl/6 mouse strain bearing the 

Sb 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 ³ 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 NOD1 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 naïve C3H/HeN mice and dose response T cell activation was observed. As CD69 

represents early activation marker (D. Cibrián & F. Sánchez-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 

et al., 2018) and as we show CDN-associated T cell activation in naïve 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. Yi et 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-α 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 Birkuš, 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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8. SUPPLEMENTS 

8.1. Supplement S1: Enzymatic Preparation of 2’-5’, 3’-5’-Cyclic Dinucleotides, 

Their Binding Properties to Stimulator of Interferon Genes Adaptor Protein, 

and Structure/Activity Correlations 

Novotná, B., Vaneková, L., Zavřel, M., Buděšínský, M., Dejmek, M., Smola, M., Gutten, 
O., Tehrani, Z. A., Pimková Polidarová, M., Brázdová, A., Liboska, R., Štěpánek, I., 
Vavřina, Z., Jandušík, T., Nencka, R., Rulíšek, L., Bouřa, E., Brynda, J., Páv, O., & 
Birkuš, 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 293T 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 WT STING protein and 

participation in manuscript preparation. 
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8.2. Supplement S2: Discovery of isonucleotidic CDNs as potent STING agonists 

with immunomodulatory potential 

 
Dejmek, M., Šála, M., Brazdova, A., Vanekova, L., Smola, M., Klíma, M., Břehová, P., 
Buděšínský, M., Dračínský, M., Procházková, E., Zavřel, M., Šimák, O., Páv, O., 
Boura, E., Birkuš, G., & Nencka, R. (2022). Discovery of isonucleotidic CDNs as 
potent STING agonists with immunomodulatory potential. Structure (London, 
England : 1993), 30(8), 1146–1156.e11. https://doi.org/10.1016/j.str.2022.05.012 
 

My contribution: 

In vitro screening of tested CDNs using established DSF and cell-based in vitro assays, 

data evaluation and interpretation, participation in manuscript preparation. 
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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 

Vavřina, Z., Perlíková, P., Milisavljević, N., Chevrier, F., Smola, M., Smith, J., Dejmek, 
M., Havlíček, V., Buděšínský, M., Liboska, R., Vaneková, L., Brynda, J., Boura, E., 
Řezáčová, P., Hocek, M., & Birkuš, 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 CDNs using established DSF and cell-based in vitro assays, 

data evaluation and interpretation, participation in manuscript preparation. 
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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.  
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8.5. Supplement S5: Multiparametric Flow Cytometry-based 

Immunophenotyping of Mouse Liver Immune Cells 

 
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.  
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