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A B S T R A C T   

Cyclic dinucleotides (CDNs) trigger the cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) 
pathway, which plays a key role in cytosolic DNA sensing and thus in immunomodulation against infections, cell 
damage and cancer. However, cancer immunotherapy trials with CDNs have shown immune activation, but not 
complete tumor regression. Nevertheless, we designed a novel class of CDNs containing vinylphosphonate based 
on a STING-affinity screening assay. In vitro, acyloxymethyl phosphate/phosphonate prodrugs of these vinyl-
phosphonate CDNs were up to 1000-fold more potent than the clinical candidate ADU-S100. In vivo, the lead 
prodrug induced tumor-specific T cell priming and facilitated tumor regression in the 4T1 syngeneic mouse 
model of breast cancer. Moreover, we solved the crystal structure of this ligand bound to the STING protein. 
Therefore, our findings not only validate the therapeutic potential of vinylphosphonate CDNs but also open up 
opportunities for drug development in cancer immunotherapy bridging innate and adaptive immunity.   

1. Introduction 

Cancer is a major public health problem and a leading cause of 
mortality worldwide, accounting for 10 million deaths in 2020. The 
incidence of breast, colon, esophagus, kidney, liver, and pancreatic 
cancers, among others, has increased around the world over the last 
decade [1,2]. But an auspicious alternative to common cancer treat-
ments, i.e., surgery, chemotherapy, and radiation or hormonal therapy, 
has been emerging in recent years. This approach consists of targeted 
immunomodulation whereby the host immune system is activated to 
target cancer cells [3]. 

Antibody-associated immunotherapy based on immune-checkpoint 
blockade (ICB) initially targeted molecules that affect T cell function, 
such as cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed 
cell death protein 1 (PD-1). However, many tumors were found to be 
resistant to ICB [4–7]. For this reason, immunotherapy strategies have 

more recently aimed at turning these ‘cold tumors’ into ‘hot tumors’ by 
improving their immunogenicity. Direct immunomodulation of specific 
immune subsets combined with tumor cell stimulation is a particularly 
promising modality of tertiary care for terminally ill cancer patients [6, 
8,9]. In this context, the cyclic guanosine monophosphate-adenosine 
monophosphate synthase (cGAS)- Stimulator of Interferon Genes 
(STING) signal pathway is an excellent pharmaceutical target for its key 
role in both bridging innate and adaptive immune responses and 
inducing host anti-tumor immune responses [10,11]. 

cGAS is a sensor enzyme that recognizes cytoplasmic self or pathogen 
DNA. After binding to DNA, cGAS catalyzes the synthesis of a cyclic 
dinucleotide (CDN) 2′,3′-cGAMP 1, which acts as a second messenger for 
STING [12]. STING activation enhances cancer antigen presentation, 
contributing to priming of tumor-specific cytotoxic CD8+ T cells and to 
trafficking and further infiltration of T cells into tumors (Figure 1) [13, 
14]. Both systemic (intravenous, IV) and localized (intratumoral, IT) 
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application of STING agonists can lead to tumor regression in mouse 
models and induce specific adaptive antitumoral immunity [15]. 
Moreover, STING can be directly activated by various agonists (Fig. 2), 
including canonical ((e.g., eukaryotic 2′,3′-cGAMP 1, bacterial 3′, 
3′-cGAMP 2) [16–18] and synthetic (e.g., ADU-S100 3, 3′,3′-c-(2′F, 

2′dAMP, isonucAMP)) [19–21] CDNs, in addition to non-CDN small 
molecules (e.g., diABZI or DMXAA) [22,23]. Accordingly, considerable 
research efforts have been made to develop CDNs as anticancer 
therapeutics. 

Among the CDNs that have been at the forefront of research on 

Figure 1. STING agonist-based strategy in anticancer therapy. IT STING agonist administration activates immune system factors within the tumor microenvironment 
by sensing the cGAS-STING pathway, leading to downstream signaling based on TBK1 and IRF3. The resulting type I interferon-driven immune response facilitates 
adaptive immunity, further eradicating tumor cells. CDN: cyclic dinucleotides, ER: endoplasmic reticulum, GA: Golgi apparatus, IFN: interferons, IRF3: interferon 
regulatory factor 3, NK: natural killer cell, STING: stimulator of interferon genes, TBK1: TANK-binding kinase 1, P: phosphorylation. Figure adapted [24–26] and 
modified with BioRender.com. 

Fig. 2. Examples of naturally occurring and synthetic CDNs acting as STING agonists and the proposed vinylphosphonate-based CDN explored in this study.  

Scheme 1. Synthesis of the key vinylphosphonate 
monomer and its complementary phosphoramidite.a. 
aReagents and conditions: a) TBDMSCl, py, r. t., 17 h; 
b) DMTrCl, py, 60 ◦C, 24 h; c) TBAF, THF, r. t., 24 h, 
75% over 3 steps; d) EDCI, DMSO, TFA, py, DMF, r. t. 
2h; e) tetraethyl methylenediphosphonate, nBuLi, 
THF, − 78 ◦C, 15 min, 55% over 2 steps; f) TMSBr, py, 
r. t., 12 h; g) (4-methoxy-pyridin-2-yl)-methanol, 
DMOCP, py, r. t., 1 h then H2O, 70 ◦C, 48 h, 60% over 
2 steps; h) (iPr2N)2P-OCE, tetrazole, MeCN, r. t., 2 h, 
88%.   
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immunomodulators, 2′,3′-c-di-AM(PS)2 (Rp,Rp) (ADU-S100 3) stood out 
in clinical trials in patients with advanced/metastatic solid tumors or 
lymphomas [27], followed by MK-1454 [28] and E7766 [29]. Increased 
levels of inflammatory cytokines were observed in the clinical trial of 
ADU-S100 and MK-1454, suggesting immune activation. However, the 
primary goal of tumor eradication was not achieved when using these 
first-generation CDNs [30]. Therefore, new STING agonists must be 
developed to improve their potency. 

Here, we present the development, optimization and characteriza-
tion of a novel type of CDNs in which one phosphate linkage is 
substituted for a vinylphosphonate group in the 4′ position of the 
nucleoside sugar ring (3′,3′-c-(2′F,2′dAMP,2′F,2′dACH=CHP), 4; Fig. 2). 
The resulting CDNs were biophysically characterized for their ability to 
bind to STING, and the crystal structure of the best ligand bound to the 
STING protein was solved by X-ray crystallography. The biological ac-
tivity was further validated in reporter cell-based assays and translated 
into cytokine production using a physiologically relevant cell system of 
peripheral blood mononuclear cells (PBMCs). Moreover, acyloxymethyl 
prodrugs of the lead CDNs were prepared, showing up to 1000-fold 
higher potency in vitro cell-based assays than their parent CDNs and 
the clinical candidate ADU-S100. To assess the therapeutic potential of 
these vinylphosphonate CDNs, the lead prodrug was validated for its 
anti-cancer efficacy in the 4T1 syngeneic mouse model of breast cancer. 

2. Results and discussion 

Naturally occurring CDNs (e.g., 1 and 2) consist of adenosine and/or 
guanosine bound to phosphate groups connecting 2′–5′ and 3′–5′ or 3′–5′ 
and 3′–5′ hydroxy groups, respectively. In synthetic CDNs, various 
modifications have been introduced to purine nucleobases [31,32], 
sugar rings (e.g., 2′-deoxyribose, using carbasugars) [28,33] and phos-
phate linkers (e.g., phosphorothioate, phosphoramidate and bor-
anophosphate) [34,35], in addition to substitutions of nucleobases for 
(hetero)aromates [19]. But as far as we know, no vinylphosphonate CDN 
has been reported thus far even though vinylphosphonate nucleotide 
units have been integrated into oligonucleotide strands targeting viral 
diseases as S-antigen transporting inhibitors [36]. In this study, we 
substituted one of the phosphate linkers for a rigid moiety – vinyl-
phosphonate – to alter the macrocycle geometry and thus improve the 
CDN properties. 

In previous studies, we had demonstrated that CDNs containing 2′- 
deoxy-2′-fluoro-modified nucleosidic units outperform CDNs with other 
functional groups on the sugar ring [20,31,37,38]. Accordingly, we 
started our synthesis from 2′-fluoro-2′-deoxynucleosides and from 

simple 2′-deoxynucleosides. For brevity, the schemes and text only 
describe the synthesis of the lead CDN, 4. Other CDNs were synthesized 
using similar procedures starting from different nucleosides. The syn-
thetic experiments are described in detail in Supporting Information 
(SI). 

By Wittig-Horner-Emmons olefination, the vinylphosphonate group 
was attached to the 4′ position of 2′-fluoro-2′-deoxyadenosine, yielding 
diethylphosphonate 7. In turn, the phosphonate diester was transformed 
to 4-methoxypyridine-2-methyl monoester with a free 3′ hydroxy group 
(8), affording a monomer appropriately protected for CDN cyclization 
(Scheme 1). Under phosphite triester synthesis conditions, the reverse 
phosphoramidite 9 was attached to the free 3′ position, leading to a 
linear dinucleotide 10. After macrocycle closure with 5,5-dimethyl-2- 
oxo-2-chloro-1,3,2-dioxaphosphinane (DMOCP), the 4-methoxypyri-
dine-2-methyl and nucleobase protections were cleaved, yielding the 
final cyclic dinucleotide 4 (Scheme 2). This synthetic approach was 
inspired by a known oligonucleotide synthesis protocol [39] never 
before used in the synthesis of CDNs. 

Using this method, we prepared a set of CDNs. These CDNs were then 
assessed for their ability to bind to the STING protein (Table 1) based on 
the STING-ligand complex stability using a previously described DSF 
assay [20,31]. The results showed that most of our molecules increased 
the melting temperature of wild-type (WT) and AQ STING haplotypes, 
some of which by a margin similar to that of canonical 3′,3′cGAMP 2, as 
outlined in Table 1. 

Determining the in vitro STING agonistic potency of our CDNs 
required circumventing their poor cellular uptake as negatively charged 
molecules. For this reason, we performed a cell-based reporter assay 
including a mild detergent (digitonin A) for cell membrane per-
meabilization. Membrane permeabilization enabled us to easily measure 
STING activation by our CDNs in cells, without involving CDN trans-
porters such as SLC19A1 [40] (Table 1). As expected, we found the 
highest agonistic potencies in CDNs with the 2′-fluorine modification 
[38]. 

Even removing one of the fluorine atoms increased the EC50 values. 
However, this increase was lower when the other fluorine remained on 
the 4′-vinylphosphonate unit. The A-G combination of nucleobases 
provided the best results, whereas the A-A combination had similar 
potencies, except for the REF haplotype of STING, which showed the 
strongest increase. Most importantly, the two best compounds, 4 and 16, 
displayed similar or better agonistic properties than the canonical 1 or 2 
and the ADU-S100 3. 

To delve into the CDN binding mode, we grew crystals of the STING/ 
4 complex, which diffracted to 2.3 Å resolution and belonged to the 

Scheme 2. Typical example of the synthesis of 3′,3′-c-(2′F,2′dAMP,2′F,2′dACH=CHP) 4 and its prodrugs 11–15a. 
aReagents and conditions: a) py-TFA, tBHP, ACN, r. t., 1 h; b) DCA, DCM, r. t., 10 min; c) DMOCP, py, r. t., 1 h then H2O, 70 ◦C, 12 h; d) CH3NH2, r. t., 1 h, 24% over 4 
steps; e) DOWEX 50(TBA+), "alkylating agent”, r. t., 1 h, 49% for 11. 
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tetragonal P41212 space group. Subsequently, the structure was solved 
by molecular replacement and further refined to Rwork = 23.1% and 
Rfree = 25.8% and good geometry (Table S2). In line with the 2:1 pro-
tein:ligand stoichiometry of complexes formed by STING and CDNs, our 
STING/4 complex contained one molecule of STING per asymmetric unit 
and one molecule of compound 4 per two asymmetric units (Fig. 3A). 
Compound 4 was bound to STING through multiple interactions, 
including both direct (via Arg238) and indirect water-mediated 
hydrogen bonds (via Ser162, Arg232, Tyr240, Thr263, and Thr267) 
(Fig. 3B). 

When comparing the structure of STING in the STING/4 complex 
with its previously published structure in a complex with 3′,3′-c-di 
(2′F,2′dAMP) (pdb entry 6Z0Z [38]) by superposition, we found similar 
positions of adenine bases, sugar rings, including 2′-deoxy-2′-fluoro 
modifications, and the canonically linked phosphate group. Neverthe-
less, the macrocycle geometry was altered, showing a different orien-
tation of the rigid vinylphosphonate group (Fig. 3C), albeit without 
significantly affecting the conformation of the ligand binding site of 
STING. Moreover, the rigidity of the vinylphosphonate group was 
compensated for by a conformational change of Ser162 and by a minor 
shift of a water molecule involved in an indirect water-mediated 
hydrogen bond between Ser162 and the phosphate/phosphonate 

group of the ligand (Fig. 3D). Therefore, our results highlight the plas-
ticity of the ligand binding site of STING, which is mainly mediated by 
several coordinated water molecules at the bottom of the ligand binding 
pocket of STING. 

Optimizing our CDN design required improving the cellular uptake 
of the negatively charged CDNs to enhance their cellular potency. For 
this purpose, we followed a prodrug strategy. More specifically, we 
attached pivaloyloxymethyl (POM)-like groups successfully used in 
commercially available phosphonate-based antiviral drugs [41] to both 
phosphate and phosphonate groups. In other words, we masked the 
charge of CDN linkers, a strategy that had already proved successfully in 
our group [20,42]. 

The synthetic method was adapted also for this class of CDNs. In this 
reaction, a tetrabutylammonium salt of the parent CDN was mixed with 
a suitable acyloxymethyl iodide in acetonitrile, resulting in a mixture of 
three HPLC separable diastereomers at an approximately 1:1:5 ratio. 
Based on our previous findings [42], we concluded that the main and 
most lipophilic isomer bears both prodrug moieties, which are posi-
tioned below the plane of the macrocycle (further listed as isomer “C”). 
Furthermore, we determined that, in the minor isomers, the prodrug 
moieties are either in a trans configuration (inseparable mixture, listed 
as “B”) or positioned above the plane (listed as “A”). Our NMR study 

Table 1 
In vitro activity of the CDNs in the digitonin HEK 293T cell-based reporter assay. 
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combined with DFT calculations supported these conclusions (see sup-
porting information). 

In a proof-of-concept experiment, we synthesized a bis-POM prodrug 
of 3′,3′-c-(2′F,2′dAMP,2′F,2′dACH=CHP) 11, which showed an excellent 
performance in the 293T cell-based reporter assay without membrane 
permeabilizing digitonin A. Moreover, the EC50 of compound 11 sur-
passed that of benchmark compounds 1 and 3 b y 24 000 and 2400 fold, 
respectively (Table 2). Ultimately, we validated the choice of our lead 
CDN by comparing its bis-POM prodrug with the bis-POM of prodrug 
3′,3′-c-(2′F,2′dAMP,2′dACH=CHP) 24, whose EC50 value was significantly 
higher. 

We also explored four further types of promoieties ranging in po-
larity from the more polar isopropyloxycarbonyloxymethyl (POC) to the 
very lipophilic n-octyloxymethyl. In the standard assay using HEK 293T 
reporter cells, the most active prodrug was 15C, which outperformed the 
parent CDN by over 11 000 fold and ADU-S100 by almost 5000 fold. 

STING-dependent cytokine induction is responsible for amplifying 
and broadening the immune response to trigger antibacterial and anti-
viral host immune defense and specific antitumor immunity [15,37,43, 
44]. Thus, we assessed the cytokine induction effectiveness of our 
compounds in a biologically relevant system, using human peripheral 
blood mononuclear cells (PBMCs). In addition, because IFNα, among 
other IFNs, is crucial for tumor-initiated T cell priming in mice [44], we 
also looked into cGAS-STING-dependent tumor necrosis factor alpha 
(TNFα) and IFNγ secretion, as early and late reactions to cGAS-STING 
activation [45]. To mimic in vivo clearance of our compounds, cells 
were pulsed with CDNs for only 1 h and washed before determining the 
level of cytokines after another 15 h of incubation. 

As in the 293T cell-based reporter assays, even our CDN prodrugs 
were markedly more potent than their parent compounds and the 
benchmark molecules 2′,3′cGAMP 1 and ADU-S100 3 in this PBMC assay 

(Table 3). In fact, all POM-like prodrugs outperformed their parent 
compounds, with differences ranging from 380 to 7600 times. Consid-
ering these findings, we used the in vitro plasma stability of our prodrugs 
as a criterion to select the best promoiety for subsequent in vivo tests of 
our CDNs aimed at assessing their anticancer efficacy. 

We feared that our prodrugs could be unstable in vivo because mouse 
plasma esterases, in particular, can quickly cleave promoieties before 
the intracellular uptake of active species, thereby preventing the prac-
tical use of candidate CDNs [46]. Even though our compounds were 
relatively stable in human plasma (T1/2 19–130 min), our promoieties 
were rapidly (<4 min) cleaved in carboxyesterase-rich mouse plasma. 
Nevertheless, compound 14C was able to withstand the environment of 
mouse plasma, with a half-life of 21 min. Based on these results, we 
selected 14C as the best candidate for assessing the therapeutic potential 
of a vinylphosphonate-based CDN in vivo, using the 4T1 syngeneic 
mouse model of breast cancer. 

4T1 tumor-bearing mice (Fig. 4A) responded to intratumoral (IT) 
administration of both parent (4) and prodrug (14C) STING agonists in a 
dose-dependent manner (Fig. 4B). This post-treatment effect reached 80 
and 70% tumor growth inhibition (TGI) in the groups treated with 2 and 
0.67 mg/kg of prodrug 14C, respectively (Fig. 4C), surpassing 60% TGI 
throughout the experiment. Although the difference between the two 
doses (2 and 0.67 mg/kg prodrug) was nonsignificant (Fig. 4B), at a dose 
of 2 mg/kg, the prodrug potently induced tumor regression in 7 of 8 
mice, and only 1 mouse was completely non-respondent (Fig. 4D), 
possibly due to a poor T-cell dependent anti-tumor response (Fig. 4F). 
The lowest dose of prodrug 14C, i.e., 0.22 mg/kg, and all doses of the 
parent molecule 4 showed a limited response. IT administration of 14C 
enhanced TGI by eliciting a more robust tumor-specific T cell response 
than the parent molecule 4 (Fig. 4F and S5D). 

The induction of tumor antigen-specific T cells, particularly the 

Fig. 3. Crystal structure of human STING in complex 
with 4; A - Overall view of the STING/4 complex; the 
protein backbone is shown in cartoon representation, 
and the two STING monomers are depicted in yellow 
and orange. Compound 4 is shown in stick represen-
tation according to the following elements and 
respective colors: carbon in green, nitrogen in blue, 
oxygen in red, phosphorus in orange, and fluorine in 
magenta. The Fo-Fc omit map contoured at 3σ is 
shown around the ligand. B - Detailed view of the 
ligand binding site; compound 4 and side chains of 
selected STING amino acid residues are shown in stick 
representation, and the carbon atoms are colored 
according to the protein/ligand assignment and other 
elements as in A. Water molecules are shown as grey 
spheres. Hydrogen atoms are not shown. Selected 
hydrogen bonds involved in the STING-4 interaction 
are presented as dashed black lines. C -Superposition 
of 3′,3′-c-(2′F,2′dAMP,2′F,2′dACH=CHP) (4) and 3′,3′-c- 
di(2′F,2′dAMP) (pdb entry 6Z0Z [38]) bound to 
STING. The ligands are shown in stick representation 
with carbon atoms colored in green (4) or grey (3′, 
3′-c-di(2′F,2′dAMP)) and other elements colored as in 
A. The STING protein molecules are not shown. D - 
Plasticity of the ligand binding site. Ligand 4 and 3′, 
3′-c-di(2′F,2′dAMP) were superposed and depicted as 
in C. STING in a complex with 4 is depicted as in B, 
whereas STING in a complex with 3′,3′-c-di(2′F, 
2′dAMP) is depicted with carbon atoms colored in 
grey. Water molecules and selected hydrogen bonds 
involved in STING-4 and STING-3′,3′-c-di(2′F,2′dAMP) 
interactions are presented as green and grey spheres 
and dashed lines, respectively. The changed confor-
mation of Ser162 and the position of a water mole-
cule are indicated with black and green arrows, 
respectively.   
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AH1+ CD8 T cell subset, was also dose dependent. This response was the 
highest in the group of mice treated with 2 mg/kg prodrug, leading to 
effective tumor eradication (Fig. 4B–D). Mice treated with 2 mg/kg 
prodrug had significantly higher levels of the AH1-positive subset than 
mice treated with the vehicle (Fig. 4F). The potency of the parent and 
prodrug molecules displayed an efficacy trend of 2 mg/kg prodrug ≫ 
0.67 mg/kg prodrug >0.22 mg/kg prodrug ~6, 2 and 0.67 mg/kg parent 
in inducing a systemic tumor-specific immune response. The induced 
activity was ten times higher in the prodrug group than in the vehicle- 
treated group. By contrast, activity was only four times higher in the 
parent group than in the vehicle-treated group. 

The tumor burden gradually decreased without systemic toxicity as 
none of the tested STING agonist treatments affected the mice, neither 
their physiology, as shown by weight change (Fig. 4E), nor their survival 
(Figure S5A,B). All parent/prodrug doses were well tolerated. The 
maximum weight loss was 3%, on D7 after IT administration of 6 mg/kg 
parent CDN (Fig. 4E). A few animals in the study had to be prematurely 
sacrificed due to tumor rupture on D15 in the group treated with 0.67 
mg/kg parent CDN and to the tumor size limit on D19 for mice in the 
parent- (6, 2, 0.67 mg/kg) and prodrug-administered (2, 0.22 mg/kg) 
groups (Figure S5A,B,C). 

The in vivo anti-tumor activity of compound 14C reported above 
matches that of the most potent compounds currently known [19,28], 
which are 2′,3′-CDNs with phosphorothioate linkages. Our observations 
also corroborate previous findings [47], which provided strong evidence 

that 3′,3′ CDNs act as competent anti-cancer agents in various cancers (e. 
g., colon and lung cancer). Other studies have previously demonstrated 
[19,28] that the STING pathway-dependent activation of innate im-
munity induces the expression of stimulatory markers on human DCs in 
vitro and type I IFN and pro-inflammatory cytokine secretion in vivo. 
Furthermore, our results suggest that tumor eradication by 14C is 
modulated by systemic immune activation. 

Our lead CDN is also more potent than the most prominent CDN- 
based STING agonists despite the lower dose [15,28] and fewer IT ad-
ministrations [48]. Furthermore, the activity of compound 14C may be 
higher in humans than in mice because 14C is more stable in human 
plasma than in mouse plasma. Overall, our results build on previous 
findings [15,19,28,48], which have also demonstrated enhanced tumor 
shrinkage following IT administration of modified STING agonists using 
in vivo syngeneic colon, melanoma, hepatocellular, breast mouse cancer 
models, thus highlighting CDNs as potent cancer therapeutic targets. 
Considering the properties of the vinylphosphonate CDNs discussed 
above, these compounds are suitable preclinical candidates for cancer 
therapy. In their ongoing development, we aim at further boosting their 
efficacy by administering them with suitable immunotherapy anti-
bodies, using them as antibody-drug conjugates (ADCs) and assessing 
their activity in vivo alongside checkpoint inhibitors. This research may 
open up opportunities for developing immunotherapy approaches based 
on IT administration of vinylphosphonate CDNs for terminally ill cancer 
patients. 

Table 2 
In vitro activity of the CDNs and prodrugs in a standard HEK 293T WT STING cell-based reporter assay. 
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Table 3 
In vitro activity evaluation of prodrugs in a peripheral blood mononuclear cells (PBMC) assay. 

Fig. 4. STING pathway intratumorally activated by 
the STING agonist modulates a potent anti-cancer 
immune response. A - Flowchart of the experiment 
created with BioRender.com. Mice bearing s. c. 4T1 
tumor in a single flank (right side) were IT adminis-
tered with either vehicle or test compounds, 4 and 
14C, at 6, 2, 0.67 mg/kg parent CDN 4 and 2, 0.67, 
0.22 mg/kg prodrug 14C, on day 1, 4, and 7 (D1, D4, 
and D7; dotted lines), respectively, monitoring 
tumor-specific AH1+ CD8 T cell response in blood 
seven days after the third injection (D14). B – Tumor 
volume expressed as percentage of the mean tumor 
volume at day 1. The mean end-point tumor volume 
of each experimental group was compared with that 
of the vehicle group by Kruskal-Wallis one-way 
analysis of variance (ANOVA) with post hoc Dunn’s 
test for multiple comparisons. Treatments with doses 
of 2 and 0.67 mg/kg significantly differed from the 
treatment with vehicle **p = 0.0015, and *p =
0.0268, respectively. C - TGI in the post-treatment 
period. D - Tumor volume curves of the individual 
groups. E – Weight change expressed as percentage of 
the mean weight at day 1, stratified by groups. The 
mean end-point weight of each experimental group 
was compared with that of the vehicle by Kruskal- 
Wallis ANOVA, showing no significant difference. F- 
Tumor specific AH1+ CD8 T cell response; using the 
one-tailed Mann-Whitney U test, the groups were 
compared with the vehicle. The dose of 2 mg/kg 14C 
significantly differed from the dose of the vehicle (*p 
= 0.0278); *p < 0.05, **p < 0.01; ns = non-signifi-
cant; 8 mice per test group.   
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3. Conclusion 

Vinylphosphonate CDNs act as potent STING agonists. Based on their 
biophysical and biological activity in vitro cell-based assays, POM-like 
prodrugs display excellent cellular uptake and STING agonistic proper-
ties, outperforming canonical CDNs and the clinical candidate ADU- 
S100 3 and showing EC50 values 3–4 orders of magnitude lower than 
these benchmarks. In vivo, IT administration of 14C reduces tumor 
volume in a mouse model of breast cancer, thus demonstrating the pre- 
clinical potential of 14C as a highly promising activator of the cGAS- 
STING signaling pathway. Ultimately, in the tumor microenvironment, 
14C harnesses the host immune system to eradicate tumors by eliciting 
an innate and specific adaptive immune response. 

4. Experimental section 

Unless stated otherwise, all solvents were evaporated at 40 ◦C at 2 
kPa, and the compounds were dried at 30 ◦C at 2 kPa. Starting com-
pounds and reagents were purchased from commercial suppliers (Sigma- 
Aldrich, Fluorochem, Acros Organics, Carbosynth) and used without 
further purification. Acetonitrile was dried using activated 3A molecular 
sieves. Analytical Thin-Layer Chromatography (TLC) was performed on 
silica gel-precoated aluminum plates with a fluorescent indicator (Merck 
60 F254). Column chromatography (both normal and reverse phase) 
was performed on a 40–60 μm silica gel using an ISCO flash chroma-
tography system. Purity of the final compounds was determined by 
UPLC MS and was 95% or higher. 

Analytical High-Performance Liquid Chromatography (HPLC), mass 
spectra, UV absorbance and compound purity were measured on a 
Waters Ultra-high Performance Liquid Chromatography-Mass Spec-
trometry (UPLC-MS) system consisting of a Waters UPLC H-Class Core 
System, a UPLC photodiode array (PDA) detector and a Waters SQD2 or 
QDa mass spectrometer. The MS method used was electrospray ioniza-
tion (ESI)+ and/or ESI-, cone voltage = 15 V, mass detector range 
200–1000 Da or 200–1250 Da. Two sets of HPLC conditions were used as 
indicated: (a) C18 (column: Waters Acquity UPLC BEH C18 column, 1.7 
mm, 2.1 × 100 mm; LC method: H2O/CH3CN, 0.1% formic acid as a 
modifier, gradient 0–100%, run length 7 min, flow 0.5 ml/min) and (b) 
HILIC (column: SeQuant ZIC-pHILIC, 5 μm, polymeric, 50 × 2.1 mm; LC 
method: CH3CN/0.01 M aqueous ammonium acetate gradient 10–60%, 
run length 7 min, flow 0.3 ml/min). 

The final products (CDNs and CDN prodrugs) were purified by 
semipreparative HPLC (Luna, 5 μm, C18 250 × 21 mm or 150 × 10 mm). 
The free CDNs were prepared using triethylammonium bicarbonate 
(TEAB) as a modifier. TEAB was removed from the collected fractions by 
3 cycles of co-evaporation with methanol. The concentrations of CDNs 
and the respective prodrugs were measured using an Implen Nano-
Photometer N60 Touch system. The purity of all compounds was higher 
than 95% unless stated otherwise. 

CAUTION! The CDN prodrugs (11–15, 24) are highly biologically 
active molecules with very high lipophilicity. We expect good skin and 
cell permeability and possible systemic reaction on inhalation of lyo-
philizate or on skin contact with a prodrug solution in organic solvents 
(ACN and DMSO). We recommend that adequate safety precautions be 
taken in the preparation of these compounds. 

NMR spectra were recorded on Bruker Avance III HD machines (1H at 
400, 500 or 600 MHz) using a solvent signal as a reference. Tert-butyl 
alcohol was used as an internal standard in D2O solutions. Chemical 
shifts (δ) and coupling constants (J) were expressed in ppm and Hz, 
respectively. All structures were confirmed, and 1H and 13C signals were 
assigned by combining 1D and 2D NMR (H,H–COSY, H,C-HSQC, H,C- 
HMBC) techniques and using standard pulse programs from the library 
of the spectrometer; gradient selection was used in the 2D experiments. 
Mass spectra were measured on an LTQ Orbitrap XL using electrospray 
ionization (ESI). 

N-(9-((2R,3R,4R,5R)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)-3- 

fluoro-5-(hydroxymethyl) tetrahydrofuran-2-yl)-9H-purin-6-yl)benza-
mide (6). 

Commercially available 5 (Carbosynth Ltd., 12 g, 32 mmol) was 
azeotroped with pyridine (2x 50 mL), dissolved in pyridine (130 mL) 
and TBDMSCl (4.85 g, 32 mmol) was added in one portion. The reaction 
mixture was then stirred for another 5 h, a further portion of TBDMSCl 
(9.7 g, 64 mmol) was subsequently added, and the reaction mixture was 
stirred for 12 h. Excess TBDMSCl was quenched with MeOH (50 mL), 
and all volatiles were evaporated. The resulting sticky syrup was azeo-
troped with pyridine (2x 20 mL), dissolved in pyridine (150 mL) and 
DMTrCl (22 g, 64 mmol) was added in one portion. The reaction mixture 
was stirred at 60 ◦C for 24 h and then quenched with methanol, and all 
volatiles were evaporated. The resulting crude, protected nucleoside 
was azeotroped with toluene (3x 100 mL) and dissolved in THF (150 mL) 
and TBAF (1 M in THF, 96 mL) was added in one portion. The reaction 
mixture was then stirred at room temperature for 12 h. All volatiles were 
evaporated; subsequently, FCC on a silica gel (acetone in cyclohexane, 
10–100%) afforded 6 (16.2 g, 75% over 3 steps). 

Diethyl ((E)-2-((2R,3R,4R,5R)-5-(6-benzamido-9H-purin-9-yl)-3-(bis 
(4-methoxyphenyl)(phenyl) methoxy)-4-fluorotetrahydrofuran-2-yl) 
vinyl)phosphonate (7). 

6 (5 g, 7.4 mmol) was azeotroped with dimethylformamide (DMF; 2x 
30 mL) and dissolved in anhydrous DMF (50 mL). Dimethyl sulfoxide 
(DMSO; 3.2 mL, 44.4 mmol) and 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC HCl; 4.3 g, 22.2 mmol) were added followed by a 
dropwise addition of a solution of pyridine (0.6 mL, 7.4 mmol) and 
trifluoroacetic acid (TFA; 0.3 mL, 3.7 mmol) in DMF (25 mL). The re-
action mixture was stirred at room temperature for 2 h, diluted with 
ethyl acetate (500 mL) and washed with saturated aqueous NaHCO3 
solution (250 mL) and brine (250 mL). The organic layer was dried with 
sodium sulfate and evaporated. The residue was azeotroped with 
toluene (3x 100 mL) and used in the following reaction without further 
purification. LCMS analysis showed a single product: [598]+ (hydrate). 

Under argon, nBuLi (1.6 M in hexanes, 4.6 mL) was added dropwise 
to a − 78 ◦C solution of tetraethyl methylenediphosphonate (2.8 mL, 
11.1 mmol) in anhydrous THF (50 mL). The reaction mixture was stirred 
at − 78 ◦C for 15 min. A solution of the crude aldehyde in anhydrous THF 
(50 mL) was added dropwise, and the reaction mixture was stirred at 
− 78 ◦C for 15 min. LCMS analysis showed approximately 75% conver-
sion, which remained unchanged in the next 15 min. The reaction was 
quenched by adding 50 mL of saturated aqueous NH4Cl solution. The 
residue was diluted with ethyl acetate (500 mL) and washed with water 
(100 mL) and brine (100 mL). The organic phase was dried with sodium 
sulfate and evaporated. Flash chromatography (acetone in cyclohexane, 
20–60%) afforded 7 (3.3 g, 55%). Electrospray ionization high- 
resolution mass spectrometry (ESI HRMS) (C43H44FN5O8P) calculated: 
808.8236; found: 808.8241; 1H NMR (401 MHz, DMSO‑d6) δ 11.23 (s, 
1H, NH), 8.63 (s, 1H, H-2), 8.51 (s, 1H, H-8), 8.06–7.99 (m, 2H, Bz-o), 
7.68–7.61 (m, 1H, Bz-p), 7.58–7.48 (m, 4H, Bz-m, DMTr-o), 7.42–7.36 
(m, 4H, DMTr-2), 7.36–7.29 (m, 1H, DMTr-m), 7.29–7.21 (m, 1H, DMTr- 
p), 6.94–6.83 (m, 4H, DMTr-3), 6.51 (dd, J5’,P = 21.2, J5’,6’ = 16.9, J5’,4’ 
= 6.7 Hz, 1H, H-5′), 6.35 (dd, J1’,F = 20.5, J1’,2’ = 1.6 Hz, 1H, H-1′), 6.17 
(dd, J6’,P = 20.1, J6’,5’ = 17.2 Hz, 1H, H-6′), 4.88 (dd, J3’,F = 19.4, J3’,2’ 
= 7.8, J3’,2’ = 4.3 Hz, 1H, H-3′), 4.70 (t, J4’,3’ = J4’,5’ = 7.3 Hz, 1H, H-4′), 
4.16 (dd, J2’,F = 51.2, J2’,3’ = 3.2 Hz, 1H, H-2′), 4.00–3.85 (m, 4H, 
Et–CH2), 3.71 and 3.69 (s, 3H, DMTr-OCH3), 1.19 and 1.17 (t, JCH3,CH2 
= 7.1 Hz, 6H, Et–CH3). 13C NMR (101 MHz, DMSO‑d6) δ 165.78 (CON), 
158.64 (DMTr-4), 151.73 (C-2), 151.18 (C-4), 150.77 (C-6), 146.71 (d, 
J5’,P = 5.5 Hz, C-5′), 145.02 (DMTr-i), 144.07 (C-8), 135.41 and 135.37 
(DMTr-1), 133.40 (Bz-i), 132.72 (Bz-p), 130.45 and 130.40 (DMTr-2), 
128.68 (Bz-o,m), 128.08 (DMTr-o,m), 127.27 (DMTr-p), 125.95 (C-5), 
122.10 (d, J6’,P = 182.6 Hz, C-6′), 113.48 and 113.42 (DMTr-3), 91.91 
(d, J2’,F = 188.2 Hz, C-2′), 87.30 (d, J1’,F = 35.6 Hz, C-1′), 87.07 (DMTr- 
C), 81.46 (d, J4’,P = 23.6 Hz, C-4′), 75.01 (d, J3’,F = 15.0 Hz, C-3’), 61.59 
and 61.57 (d, JCH2,P = 5.7 Hz, Et–CH2), 55.22 (DMTr-OCH3), 16.38 and 
16.34 (d, JCH3,P = 5.7 Hz, Et–CH3). 31P NMR (162 MHz, DMSO‑d6) δ 
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18.76.19F NMR (377 MHz, DMSO‑d6) δ − 195.11 (dt, J = 51.0, 19.9 Hz). 
(4-Methoxypyridin-2-yl)methyl hydrogen ((E)-2-((2R,3R,4R,5R)-5- 

(6-benzamido-9H-purin-9-yl)-4-fluoro-3-hydroxytetrahydrofuran-2-yl) 
vinyl)phosphonate (8). 

TMSBr (2.6 mL, 20 mmol) was added to a solution of 7 (2 g, 2.5 
mmol) in pyridine (25 mL), and the reaction mixture was stirred at room 
temperature for 12 h. Volatiles were evaporated, the residue was dis-
solved in chloroform (150 mL), washed with 0.2 M TEAB (3x 30 mL), 
dried with sodium sulfate and evaporated to dryness. This crude free 
phosphonate was combined with 4-methoxypyridine N-oxide hydrate 
(1.1 g, 7.4 mmol), azeotroped with pyridine (2x 10 mL) and dissolved in 
pyridine (20 mL). (4-Methoxy-pyridin-2-yl)-methanol (1.04 mg, 0.75 
mmol) was added followed by DMOCP (1.37 mg, 7.4 mmol), and the 
reaction mixture was stirred at ambient temperature for 1 h. The reac-
tion was quenched by adding water (10 mL), and the resulting mixture 
was heated to 70 ◦C for 48 h. All volatiles were evaporated forming a 
crude phosphonate monoester with the DMTr protection cleaved. RP 
FCC (ACN in water 0–50%) afforded 850 mg (60% over 2 steps) of 8: 
HRMS ESI (C25H25FN6O7P) calculated: 571.4816; found: 571.4808; 13C 
NMR (101 MHz, DMSO‑d6) δ 166.14 (Pic-4), 165.81 (CON), 160.89 (d, 
J2,P = 7.5 Hz, Pic-2), 152.01 (C-2), 151.80 (C-4), 150.74 (C-6), 149.88 
(Pic-6), 143.59 (C-8), 140.06 (C-5′), 133.52 (Bz-i), 132.66 (Bz-p), 128.71 
and 128.66 (Bz-o, Bz-m), 128.56 (d, J6’,P = 171.3 Hz, C-6′), 125.96 (C-5), 
108.81 (Pic-5), 106.70 (Pic-3), 93.58 (d, J2’,F = 185.9 Hz, C-2′), 85.59 (d, 
J1’,F = 34.7 Hz, C-1′), 82.85 (d, J4’,P = 21.1 Hz, C-4′), 72.80 (d, J3’,F =

16.0 Hz, C-3′), 65.95 (d, JCH2,P = 4.5 Hz, Pic-CH2), 55.39 (OCH3). 1H 
NMR (401 MHz, DMSO‑d6) δ 11.24 (s, 1H, NH), 8.73 (s, 1H, H-2), 8.63 
(s, 1H, H-8), 8.26 (d, J6,5 = 5.7 Hz, 1H, Pic-6), 8.08–8.02 (m, 2H, Bz-o), 
7.68–7.61 (m, 1H, Bz-p), 7.58–7.52 (m, 2H, Bz-m), 7.01 (d, J3,5 = 2.6 Hz, 
1H, Pic-3), 6.81 (dd, J5,6 = 5.8, J5,3 = 2.6 Hz, 1H, Pic-5), 6.42 (dd, J5’,P 
= 19.1, J5’,6’ = 16.9, J5’,4’ = 6.3 Hz, 1H, H-5′), 6.38 (dd, J1’,F = 20.5, 
J1’,2’ = 1.6 Hz, 1H, H-1′), 5.99 (t, J6’,5’ = J6’,P = 16.5 Hz, 1H, H-6′), 5.57 
(dd, J2’,F = 52.4, J2’,3’ = 4.7, J2’,1’ = 1.8 Hz, 1H, H-2′), 4.72 (d, JCH2,P =

7.5 Hz, 2H, Pic-CH2), 4.65 (dd, J3’,F = 22.1, J3’,4’ = 8.1, J3’,2’ = 4.7 Hz, 
1H, H-3′), 4.42 (bt, J4’,3’ = J4’,5’ = 7.2 Hz, 1H, H-4′), 3.78 (s, 3H, OCH3). 
31P NMR (162 MHz, DMSO‑d6) δ 11.26.19F NMR (377 MHz, DMSO‑d6) δ 
− 200.74 (dt, JF,2’ = 52.6, JF,3’ = JF,1’ = 21.2 Hz). 

((2R,3R,4R,5R)-5-(6-benzamido-9H-purin-9-yl)-3-(bis(4-methox-
yphenyl)(phenyl)methoxy)-4-fluorotetrahydrofuran-2-yl)methyl (2- 
cyanoethyl) diisopropylphosphoramidite (9). 

Through a syringe, 2-Cyanoethyl N,N,N′,N′-tetraisopropylphosphor-
odiamidite (3.6 mL, 11.8 mmol), followed by tetrazole (0.45 M in ACN, 
33 mL) were sequentially added to a solution of 6 (4 g, 5.9 mmol) in 1,2- 
dichloroethane (DCE; 40 mL) under argon atmosphere. The reaction 
mixture was stirred at room temperature for 30 min, diluted with DCM 
(300 mL), washed with sat. Aq. NaHCO3 (100 mL), dried over sodium 
sulfate and evaporated. The crude product was dissolved in DCM (10 
mL) and applied to a preconditioned silicagel column (10% acetone in 
cyclohexane, 1% triethylamine (TEA)) and eluted with a gradient of 
acetone in cyclohexane 10–50%. The product was freeze-dried from 
benzene to afford 9 (4.57 g, 88%) as a mixture of diastereomers. 31P 
NMR (162 MHz, Benzene-d6) δ 151.69, 151.66.19F NMR (377 MHz, 
Benzene-d6) δ − 198.55 (dt, J = 51.2, 17.7 Hz), − 198.96 (dd, J = 51.1, 
21.6, 15.6 Hz). 

(2R,3R,3aR,7aR,9R,10R,10aR,14aR,E)-2,9-Bis(6-amino-9H-purin-9- 
yl)-3,10-difluoro-5,12-dihydroxy-3,3a,7,7a,9,10,10a,14a-octahydro- 
2H-difuro[2,3-e:2′,3′-k][1,3,7]trioxa[2,8]diphosphacyclododecine 
5,12-dioxide (4). 

A mixture of 8 (250 mg, 0.44 mmol) and pyridinium trifluoroacetate 
(127 mg, 0.66 mmol) was azeotroped with dry ACN (3 × 10 mL), sus-
pended in dry ACN (10 mL) and stirred overnight in a sealed vessel over 
activated 3 Å molecular sieves. In a separate flask, 9 (480 mg, 0.55 
mmol) was codistilled with dry ACN (3 × 10 mL), dissolved in dry ACN 
(5 mL) and stirred overnight in a sealed vessel over activated 3 Å mo-
lecular sieves. Through a syringe, a solution of 9 was transferred to the 
flask with the suspension of 8 with py-TFA, and the resulting solution 

was stirred for 1 h at room temperature. tert-Butyl hydroperoxide 
(TBHP; 5.5 M solution in decane, 239 μL, 1.32 mmol) was added, and the 
reaction mixture was stirred for another 30 min. The reaction mixture 
was quenched with NaHSO3 (39% in water, 316 μL, 1.18 mmol) and 
evaporated to afford crude tritylated linear dimer, which was used in the 
next reaction without further purification. 

To a solution of this residue in DCM (20 mL), water (79 μL, 4.38 
mmol) and then a solution of DCA (509 μL, 3.9 mmol) in DCM (10 mL) 
were added dropwise. After a stirring period of for 30 min, the reaction 
mixture was quenched by adding pyridine (5 mL). All solids were 
removed by filtration and thoroughly washed with pyridine. Volatiles 
were evaporated, and the linear dimer was isolated by reversed phase 
flash column chromatography (RP FCC; acetonitrile (ACN) in 0.05 M 
NH4COOH, 0–100%) as a mixture of diastereomers. 

Subsequently, the linear dimer was azeotroped with pyridine (2x 10 
mL) and dissolved in pyridine (10 mL), DMOCP (283 mg, 1.53 mmol) 
was added, and the reaction mixture was stirred at room temperature for 
1 h. Water (4 mL) was added, and the reaction mixture was stirred at 
60 ◦C for 12 h to cleave the phosphonate ester group. During this re-
action, the cyanoethyl protection was partly cleaved as well. All volatiles 
were evaporated, and the residue was treated with methylamine (33% 
ethanolic solution, 10 mL) for 1 h. The deprotected cyclic dinucleotide 
was purified on semipreparative HPLC (ACN in 0.1 M TEAB, 0–30%). 
Appropriate fractions were pooled, evaporated, codistilled with meth-
anol (5 × 20 mL), dissolved in water (1 mL) and slowly passed through a 
3 mL column of Dowex 50 (Na+ cycle). Freeze-drying the eluent afforded 
the sodium salt of 4 (70 mg, 24%). HPLC retention time (HILIC, min): 
4.02.1H NMR (501 MHz, D2O) δ 8.40 (s, 1H, A1-8), 8.16 (s, 1H, A2-8), 
8.11 (s, 1H, A1-2), 8.07 (s, 1H, A2-2), 6.69 (dd, J5’,P = 19.6, J5’,6’ =

17.0, J5’,4’ = 8.2 Hz, 1H, A2-5′), 6.39 (d, J1’,F = 16.5 Hz, 1H, A1-1′), 6.36 
(dd, J1’,F = 19.4, J1’,2’ = 0.8 Hz, 1H, A2-1′), 6.24 (td, J6’,5’ = J6’,P = 17.0, 
J6’,4’ = 1.0 Hz, 1H, A2-6′), 5.61 (dd, J2’,F = 52.0, J2’,3’ = 4.6, J2’,1’ = 0.8 
Hz, 1H, A2-2′), 5.45 (dd, J2’,F = 51.6, J2’,3’ = 4.2 Hz, 1H, A1-2′), 5.01 
(ddd, J3’,F = 23.0, J3’,P = 10.4, J3’,4’ = 9.2, J3’,2’ = 4.6 Hz, 1H, A2-3′), 
4.80 (m, 2H, A1-3′, A2-4′), 4.45 (m, 2H, A1-4′, A1-5′a), 4.04 (dd, JGEM =

11.0, J5’b,4’ = 2.5 Hz, 1H, A1-5′b). 31P NMR (202 MHz, D2O) δ 13.76, 
− 0.60.19F NMR (470 MHz, DMSO‑d6) δ − 196.80, − 197.47. 

{[(1R,6R,9R,10S,15R,17R,18R)-9,17-Bis(6-amino-9H-purin-9-yl)- 
12-{[(2,2-dimethylpropanoyl)oxy]methoxy}-18-fluoro-3,12-dioxo- 
2,4,7,11,13,16-hexaoxa-3λ⁵,12λ⁵-diphosphatricyclo[13.3.0.0⁶,1⁰] 
octadecan-3-yl]oxy}methyl 2,2-dimethylpropanoate (11). 

Na+ or TEA+ cation was exchanged for a tetrabutylammonium by 
slowly passing an aqueous solution of CDN through a DOWEX 50 col-
umn (TBA+ cycle, 1 mL of resin per 2 μmol of CDN). All volatiles were 
evaporated subsequently. 4 (25 mg, 22 μmol, TBA+) as azeotroped with 
dry toluene (2 × 5 mL) and dry ACN (2 × 5 mL), dissolved in dry ACN (5 
mL) and treated with iodomethyl pivalate (53 mg, 220 μmol) under 
argon atmosphere at room temperature for 4 h while monitoring its 
progress by LCMS. Full conversion to dialkylated products failed: at one 
point, overreacted products were formed faster than monoalkylated 
CDN was consumed. The reaction mixture was quenched with 2 mL of 
water, most of the acetonitrile was evaporated, and the residue was 
purified on semi-preparative HPLC affording 11A-C (separate di-
astereomers, HPLC ratio ca 1:1:5). 11A, 1.4 mg (7%); HPLC retention 
time (C18, min): 3.31.11B, 1.0 mg (5%); HPLC retention time (C18, 
min): 3.45.11C, 7.1 mg (37%): HPLC retention time (C18, min): 3.64.1H 
NMR (501 MHz, CD3CN) δ 8.22 (s, 1H) and 8.02 (s, 2H) and 7.92 (s, 1H, 
A-2, B-2, A-8, B-8), 6.23 (dd, J1′,F = 20.3, J1′,2′ = 1.2 Hz, 1H, A-1′), 6.05 
and 6.04 (bs, 2H, NH2), 5.49–5.77 (m, 7H, A-2′, A-3′, B-3′,O–CH2–O), 
5.35 (m, 1H, B-2′), 4.17–4.49 (m, 8H, B-1′, B-4′, B-5′, A-4′, A-5′), 1.23 and 
1.15 (s, 9H, CH3). 31P NMR (202.4 MHz, CD3CN) δ − 2.15 (s), − 2.42 (s). 
19F NMR (470.4 MHz, CD3CN) δ − 195.73 (dt, JF,2′ = 51.9, JF,1′ = JF,3′ =
19.9 Hz). 
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4.1. Differential scanning fluorimetry (DSF) 

The stability of protein-ligand complex was examined by the DSF 
method as previously described [20,49]. Briefly, the DSF was run in 
96-well optical plates (LightCycler® 480 Multiwell Plate 96 white, 
Roche). STING protein WT and AQ allelic forms were used. Thermal 
denaturation of samples was performed on a LightCycler 480 Instrument 
II (Roche). The first derivative of fluorescence intensity referring to 
thermal denaturation of the protein was determined as melting tem-
peratures (Tm), and the thermal shift (ΔTm) was calculated as the dif-
ference of Tm of ligand-free and protein in complex with CDN [19,49]. 

4.2. In vitro cell-based activity of CDNs 

The activity of tested CDNs was determined using reporter HEK 293T 
ISRE cell lines expressing various STING protein haplotypes in digitonin 
(R232 (WT), R293Q (Q), R232H (REF), G230A-R293Q (AQ), R71H- 
G230A-R293Q (HAQ) allelic forms) and standard (WT allelic form) re-
porter assays as previously described31, 42. 

Digitonin reporter assay: 293T reporter cells stably expressing 
different STING protein haplotypes were seeded into poly(D-lysine)- 
coated 96 (white) plates. The next day, the cells were treated with serial 
dilutions of compounds in digitonin buffer. After 30 min incubation, the 
digitonin buffer was removed, cells were washed, and fresh medium was 
added for the following incubation time of 5h. The luminescence was 
assessed using Bright-Glo Luciferase Assay System reagent measured on 
Spark (TECAN, Grödig, Austria). GraphPad Prism (La Jolla, USA) was 
used to calculate the 50% effective concentration (EC50). 

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

All incubations were performed at standard conditions (37 ◦C, 5% 
CO2 atmosphere). 

4.3. Activity of CDNs in PBMC assay 

Buffy coats from healthy individuals, who signed an informed con-
sent form, were obtained from the Institute of Hematology and Blood 
Transfusion (IHBT, Prague, Czech Republic). The study was approved by 
the institutional review board of IHBT, under evidence number June 13, 
2012. Peripheral blood mononuclear cells (PBMC) were isolated from 
buffy coats using SepMate™-50 (Stem Cell Technologies), by Ficoll® 
Paque Plus (GE Healthcare) density gradient centrifugation, according 
to the manufacturer’s protocol, and treated as previously described [31, 
42]. The cells were incubated with compounds for 60 min, then were 
washed twice and further incubated for the following 15 h. The levels of 
human IFNα, IFNγ and TNFα secreted into the cell culture medium were 
determined in ProcartaPlex™ assays (Invitrogen; ThermoFisher Scien-
tific) using a Magpix Luminex Instrument (Merck), according to the 
manufacturer’s instruction. Compound-relevant EC50 values were 
calculated using GraphPad Prism (La Jolla) [31,42]. 

4.4. In vitro plasma stability assay 

The in vitro plasma stability of compounds was evaluated with 
midazolam as an internal standard and propantheline as a positive 
control. Stability was assessed in both human (cat# S4180-100, VWR) 
and mouse (cat# S2162-100, VWR) plasma. Prodrugs were pre-diluted 
in DMSO and transferred into the plasma pre-heated to 37 ◦C. This 
mixture of prodrugs (5 μM final concentration) and plasma was then 

continuously incubated at 37 ◦C, and at each time point (0, 2, 4, 8, 16, 
30, 120 min), the aliquot was collected and mixed with a solution of 
acetonitrile/1 μM midazolam in ratio 1:3. All timepoint samples were 
tempered at − 80 ◦C for 30 min to precipitate the proteins and spun down 
at 6000×g for 20 min at − 20 ◦C. The supernatant was then mixed with 
deionized water in a ratio of 2.5:1 towards analysis. For analysis, the 
ACQUITY UPLC ®H-Class PLUS System was used with an MS SQ De-
tector 2 (Waters, USA) with an ACQUITY UPLC BEH C18 1.7 μm 2.1 ×
50 mm column (Waters, USA). The column was pre-heated to 40 ◦C. The 
mobile phase – a gradient of 10 mM ammonium acetate to acetonitrile in 
4 min – was used at a flow rate of 0.5 ml/min. The data were acquired 
and processed in MassLynx (Waters, USA) and TargetLynx (Waters, 
USA). 

4.5. In vivo mouse syngeneic model of breast cancer 

All animal procedures were approved by the Institutional Ethical 
Committee, Academic Animal Care Committee and in line with national 
guidelines, ensuring the welfare of experimental animals (ev. nb. 09/ 
2020, 89/2020, Czech Republic). Female adult BALB/c mice were pur-
chased from Charles River Laboratory and housed in specific pathogen- 
free conditions in an individually ventilated cage system with access to 
food and water ad libitum. All mice were housed under controlled tem-
perature and light settings. 

The 4T1 mouse breast cancer cell line was purchased from ATCC 
(ATCC® CRL-2539™). Cells were cultivated and maintained in a hu-
midified incubator (5% CO2 atmosphere) at 37 ◦C in RPMI-1640 Me-
dium (Biowest) supplemented with 10% (v/v) heat-inactivated fetal 
bovine serum (FBS, Capricorn Scientific) and 1% (v/v) penicillin- 
streptomycin (P/S, Biowest). 

A single flank tumor model was initiated by subcutaneously (s.c.) 
implanting 50.000 4T1 cells in 100 μL of PBS mixed with matrigel 
(Corning® Matrigel® Basement Membrane Matrix, Corning) at a 1:1 
ratio into the right flank of each test animal. Tumor size was measured in 
two dimensions, twice a week, using a digital caliper. Tumor volume 
was calculated according to the formula: tumor volume [mm3] = (lenght 
x width [2])/2. Once they reached the target range of 60–70 mm3 tumor 
volume, the mice were randomized into treatment and control groups. 

4.6. In vivo immunotherapy 

Mice randomized based on tumor volume (mean value of 65 mm3, 
described above) were intratumorally (IT) treated with the lead com-
pounds, parent (4) and prodrug (14C). Therapeutic agents were freshly 
diluted on each day of administration to yield dosing to the designed 
concentration in a volume of 20 μL. The compounds were dissolved in 
the tempered formulation buffers (10% ethanol, 40% PEG300 (Sigma- 
Aldrich) in Hank’s Balanced Salt Solution (HBSS, Sigma Aldrich, 
cat#H6648). Towards IT administration, mice were anesthetized with 
inhalation anesthesia. The tumors were IT treated with 6, 2, 0.67 mg/kg 
of parent CDN (4) and 2, 0.67, 0.22 mg/kg of prodrug (14C) three times, 
on D1, D4 and D7, respectively. The mice were monitored on daily basis 
for overt signs of any adverse, treatment-related side effect, and were 
weighed twice a week. Notes were taken for each individual mouse. 
Seven days after the third IT injection (experimental D14), blood was 
collected into heparin microvette tubes (Microvette CB 500, Sarstedt) 
and centrifuged for 3000×g, 5 min at RT. Blood immune cells were 
immunophenotyped for tumor specific immune response (see below). 
The mean percentage of tumor growth inhibition (%TGI) was calculated 
post treatment using the following equation: TGI [%] = ((mean tumor 
volume of control vehicle group – mean tumor volume of treated group) 
x 100. 

4.7. Tumor-specific immune response 

Tumor-specific immune response was determined by 
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immunophenotyping based on flow cytometry (FC) approach. Blood 
immune cells were collected, and red blood cells were lysed using red 
blood cell lysis buffer (0.1 mM EDTA (Sigma-Aldrich), 12 mM NaHCO3 
(Penta), 155 mM NH4Cl (Sigma-Aldrich); sterile filtered (0.45 μm, 
Sigma-Aldrich)) for 5min at RT. Immune cells were immunophenotyped 
as previously described [45,50] using viability dye (Zombie NIR™ 
Fixable Viability Kit, BioLegend), monoclonal antibodies: BUV395 
hamster anti-mouse CD3e, BV605 rat anti-mouse CD4, V450 rat 
anti-mouse CD8a (all BD Biosciences). Specific staining using MHCI 
dextramer: PE labelled AH1 peptide (SPSYVYHQF, Immudex) was per-
formed according to the manufacturer’s instructions. Specific and con-
trol samples of unstained cells, positive control for dead cells (cells in 
PBS incubated for 5 min at 65 ◦C and further stained with a live/dead 
marker), and fluorescence minus one (FMO) and isotype controls (ISO) 
were prepared. Samples were measured immediately without a fixation 
step in a single tube format in 250 μL of Flow cytometry buffer (FC 
buffer, PBS containing 5% FBS) using a BD LSRFortessa flow cytometer 
(BD Biosciences). Data were acquired using FACS Diva software (version 
8.0.1, BD Biosciences). Debris were excluded by forward and side scatter 
gating followed by doublet and dead cell exclusion. Populations of in-
terest were gated by exclusion of non-desired cells and by specific se-
lection as follows: AH1+ CD8+ CD3+ T cells. The data were analyzed 
using FlowJo software (version 10, BD Biosciences). Individual pop-
ulations and their subsets were quantified as a frequency (%) of cells in a 
superior parent population. 

4.8. Statistical analysis 

GraphPad Prism (La Jolla, CA) version 8.0.1 was used to analyze all 
experimental data. All data are expressed as means ± standard error 
mean (SEM). Relative tumor volume and mouse weight were both 
normalized to D1-related. The normality of distributions was tested 
using the Shapiro-Wilk test. Mann-Whitney U test was used to analyze 
differences in AH1 CD8 T cell cytotoxic response. The endpoint (D22) 
values of tumor volume and mouse weight, and then individual times to 
endpoints, were analyzed using Kruskal-Wallis; si significantly different 
data (p < 0.05), were analyzed by post hoc Dunn’s multiple compari-
sons. The survival of mice was compared with Logrank test. No animals 
or related samples were excluded from the analysis. Significance levels 
were set as following: nonsignificant (ns) at p > 0.5, significant at *p <
0.05, **p < 0.01. 

5. PDB ID codes 

The PDB code for human WT STING with bound compound 4 is 
7Q85. Authors will release the atomic coordinates and experimental 
data upon publication of the article. 
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Dr. Lenka Vaneková for her help with the manuscript figures and to Dr. 
Carlos V. Melo for editing the manuscript. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ejmech.2023.115685. 

Abbreviations used 

CDN cyclic dinucleotide 
GMP guanosine monophosphate 
AMP adenosine monophosphate 
cGAS cyclic GMP-AMP synthase 
STING stimulator of interferon genes 
ICB immune-checkpoint blockade 
CTLA-4 cytotoxic T-lymphocyte antigen 4 
PD-1 programmed cell death protein 1 
TBK1 TANK-Binding Kinase 1 
IRF3 interferon regulatory factor 3 
IFN interferon 
PBMC peripheral blood mononuclear cells 
ACN acetonitrile 
TBDMS tert-butyldimethylsilyl 
EDCI 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 
DMOCP 2-Chloro-5,5-dimethyl-1,3,2-dioxaphosphorinane 2-oxide 
CE cyanoethyl 
DCA dichloroacetic acid 
DSF differential scanning fluorimetry 
POM pivaloyloxymethyl 
IT intratumoral 
TGI tumor growth inhibition 
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