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Stimulator of interferon genes (STING) is an ER resident cytosolic pattern recognition receptor involved in innate
immune signaling and is a promising therapeutic target in immuno-oncology and vaccine adjuvant design. While
canonical STING agonists typically activate the receptor via direct engagement with the cytosolic cyclic dinu-
cleotide (CDN)-binding domain (CBD), recent high-resolution structural studies have uncovered a distinct allo-
steric binding site within the transmembrane domain (TMD). Here, we report the identification and
characterization of a novel STING agonist, compound 7k, which uniquely engages the TMD rather than the
cytosolic domain. Through comparative molecular docking and binding site validation, the TMD of STING was
computationally identified as the preferential site of engagement, diverging from the classical CBD. This mode of
activation is functionally significant, as it leads to a demonstrably distinct set of downstream molecular phe-
notypes. Furthermore, our study led to the discovery of structurally related series of potent, small-molecule
human STING activators with potential utility as immunomodulatory therapeutics. A lead compound, 7k,
emerged with potent STING-dependent activity in vitro and displayed adjuvant efficacy in vivo, as shown by
enhanced antigen-specific IgG production and Th1/Th2 cytokine responses in a genetically humanized STING
mouse model. These findings support the TMD as a druggable allosteric site and highlight 7k as a promising
candidate for next-generation STING-targeted immunotherapeutics.

1. Introduction

The innate immune system is vital to protecting hosts from prolif-
erative threats such as microbial infection and cancer. This is rapidly
initiated following detection of pathogen- and danger-associated mo-
lecular patterns (P/DAMPs) by germline encoded pattern-recognition
receptors (PRRs) [1-3]. The stimulator of interferon genes (STING)
protein is a cytosolic PRR that detects cyclic dinucleotides (CDNs) and
acts as a critical adaptor in the cyclic GMP-AMP synthase (cGAS)
signaling cascade. Upon recognition of cytosolic double-stranded DNA,
cGAS catalyzes the formation of 2'3-cyclic GMP-AMP (cGAMP), a sec-
ond messenger that directly binds to and activates STING [4-6]. The
c¢GAS-STING axis plays an essential role in the host immune defense and
is activated in response to a variety of viral [7] and bacterial [8]
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infections as well as transformed cells [9]. STING activation leads to
recruitment and phosphorylation of TANK-binding kinase 1 (TBK1),
which subsequently phosphorylates transcription factors interferon
regulatory factor 3 (IRF3) and nuclear factor kB (NF-kB). These tran-
scription factors translocate to the nucleus, where they induce the
expression of type I interferons (IFN-I) and proinflammatory cytokines
[10,11]. These cytokines orchestrate the regulation of
co-stimulatory molecules and antimicrobial effectors, thus
bridging innate and adaptive immune responses. Pharmacologic
activation of STING has demonstrated therapeutic promise across mul-
tiple preclinical models, including cancer immunotherapy, infectious
diseases, and vaccine adjuvanticity [12-17]. STING activation has been
shown to enhance antigen presentation, support cytotoxic T cell prim-
ing, and promote both humoral and cellular immune responses, key
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features of an effective vaccine adjuvant [18-20]. As a result, STING
agonists are being actively explored as adjuvants that can improve
vaccine potency, breadth, and durability, particularly in the context of
subunit and inactivated vaccines [21].

Historically, STING therapeutic development has been dominated by
CDN analogs and non-CDN small molecules designed to target the CDN-
binding domain (CBD). Prominent CDN agonists, such as ADU-S100 [22,
23] and MK-1474 [24], demonstrate effectiveness in preclinical models;
however, their application is limited by poor membrane permeability,
rapid enzymatic degradation, and suboptimal drug-like properties. To
overcome these challenges, attention has turned to non-CDN small
molecules, which offer improved pharmacokinetic properties and
greater flexibility for medicinal chemistry optimization [25-28]. This is
exemplified by DMXAA, a flavone-based murine STING agonist with
robust antitumor, antiviral, and adjuvant activity [29]. Although effi-
cacious in mice, they fail to activate human STING due to
species-specific structural differences [20,30-32]. More recent efforts
have produced cross-reactive non-CDN agonists, such as diABZI (GSK), a
dimeric amidobenzimidazole [33] with systemic efficacy in murine
tumor models, and MSA-2 (Merck) [27], an orally bioavailable
non-nucleotide dimer that stabilizes human STING in a closed-lid
conformation. Additional candidates include SR-717 (Scripps) [34],
HG381 (HitGen) [35], and SNX281 (Silicon Therapeutics) [36] shown in
Fig. 1. While promising, many of these agents still target the canonical
cytosolic binding pocket, which remains subject to interspecies variation
and structural constraints.

An emerging and increasingly promising strategy for modulating
STING activity involves targeting a cryptic binding site located within its
transmembrane domain (TMD). In contrast to the well-characterized
CBD, which is situated in the cytosolic region of STING, the four pass
TMD is embedded in the endoplasmic reticulum membrane and com-
prises a helical bundle that plays a central role in receptor activation.
Recent cryo-electron microscopy (cryo-EM) studies have revealed that
small molecules such as C53 engage this membrane-associated interface
by binding between adjacent transmembrane helices in a partially
solvent-exposed, hydrophobic groove [37-40]. Ligand binding at this
site induces conformational changes that stabilize the active form of
STING and promote its oligomerization, an essential step for full
downstream signaling. In addition to providing an alternative mode of
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STING activation, the TMD offers several practical and pharmacological
advantages. These include improved membrane permeability, reduced
species-specific variability in target engagement and activation (i.e.,
compounds binding the TMD tend to show more consistent activity
across STING orthologs in different species compared to CBD ligands),
and greater flexibility for allosteric modulation. Collectively, these
features make the TMD an attractive and feasible target for the devel-
opment of next-generation STING agonists, especially where traditional
CBD-directed approaches have faced pharmacokinetic or translational
limitations [41-44]. At the same time, prior examples such as C53
highlight key challenges, including species-restricted activity (limited to
human STING), partial dependence on cGAMP co-stimulation, and a
lack of comprehensive in vivo pharmacology. These limitations under-
score the need to identify new chemotypes that can better exploit the
TMD while overcoming these drawbacks.

2. Results and discussions

Previous work identified a novel small molecule activator of human,
but not mouse, STING called G10 (Fig. 1) [45,46]. The potency of this
molecule was low and, as such, we adopted a cheminformatic approach
to improve the potency, pan-isoform selectivity and physiochemical
properties of the G10 pharmacophore against human STING with better
understanding of the binding region of these molecules. To explore the
structural determinants of STING agonism and guide the rational design
of new analogs, a structure-based computational approach was
undertaken.

2.1. Computational docking and binding site assessment

To explore the potential binding modes of G10 and its STING ana-
logs, comparative molecular docking studies were carried out targeting
the CBD or TMD regions of the STING protein. Docking to the CBD was
performed using the X-ray crystal structure of human STING in complex
with the synthetic agonist diABZI (PDB ID: 8STH), while TMD docking
utilized the cryo-EM structure of STING co-crystallized with the non-
canonical agonist C53 (PDB ID: 7SII). To validate the reliability of the
docking protocol, each co-crystallized ligand was redocked into its
respective site. The resulting root-mean-square deviation (RMSD) values
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Fig. 1. Known examples of cyclic dinucleotide (CDN)-based ligands non-CDN based ligands.
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were below 0.5 A, indicating excellent agreement with the experimen-
tally observed binding poses and validating the robustness of the
docking methodology.

Initially, G10 was docked into both the canonical CBD and the TMD
of STING (Fig. 2A and C). At the TMD site, G10 adopted a conformation
closely resembling the C-shaped binding pose of the non-canonical
agonist C53 and maintained key interactions, notably a hydrogen
bond with Tyr106 (Fig. 2B). In contrast, molecular docking at the CBD
revealed that although G10 maintained hydrophobic interactions with
Tyrl67 [471], it failed to reproduce key hydrogen bonding interactions
with Ser162 and Thr263, which are also essential for STING activation
(Fig. 2D). These finding indicate that G10 preferentially binds to TMD,
suggesting this site as primary site for its STING agonist activity.

2.2. First-generation analogs: synthesis and functional evaluation

To elucidate structural determinants underlying STING agonism, we
examined two 1-oxo derivatives of G10, 7a and 7b, that invert the
donor-acceptor geometry of the central pharmacophore, thereby mis-
aligning both the carbonyl and NH groups. Literature reports have
demonstrated that substituting the thio moiety with its bio-isosteric
analog, a carbon, can lead to improved biological activity [48]. There-
fore, we decided to include that version in our studies as well.

The synthesis of the target benzothiazine derivatives was carried out
through a modular three-step sequence, as depicted in Scheme 1. Unless
otherwise stated, all starting materials are commercially available. For
some analogs, the 1,4-benzothiazine core (3) was synthesized in-house
via cyclization of methyl anthranilate with carbon disulfide under
basic conditions. In other cases, the compounds were prepared by
treating methyl 2-oxo-2H-1,4-benzothiazine carboxylate or 1-oxo-2H-
1,4-benzothiazine carboxylate (3) with substituted benzyl bromide
gave compound (4), which underwent a hydrolysis reaction to give the
key intermediate. Final compounds were obtained by coupling these
acids with a diverse set of aryl methylamines under standard amide
bond-forming conditions to give the corresponding compound (6)
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respectively in good to excellent yields. All intermediates and final
products were purified by silica gel chromatography, and their struc-
tures were confirmed by NMR and mass spectrometry. Several analogs
were synthesized using a generalized synthetic route (Scheme 1).

Docking analysis of 7a and 7b (Fig. 3A) were performed at both the
CBD and TMD sites. Within the CBD, both analogs exhibited similar
binding poses and hydrophobic contact patterns to those of G10, sug-
gesting that if this site were the principal determinant of activity, these
compounds might be expected to retain biological function. However, in
vitro assays revealed a complete loss of STING activation, implying that
CBD binding is insufficient to drive functional response in this chemo-
type. Strikingly, docking of 7a and 7b at the TMD site revealed a
markedly altered binding mode. Unlike G10 and C53, these analogs
failed to adopt the characteristic C-shaped conformation. Instead, they
assumed a flipped orientation that disrupted optimal packing within the
pocket and abolished the key hydrogen bond interaction between the
core carbonyl and Tyr106. This interaction was previously identified as
critical for productive TMD engagement (Fig. 3B and C). These findings
are consistent with the observed lack of in vitro activity (Fig. 3D) and
underscore the importance of correct spatial orientation and interaction
geometry within the TMD as a determinant of functional STING
activation.

2.3. Second-generation analogs: positional substitutions and SAR insights

To assess the tolerance of the TMD bind site to substituent posi-
tioning, analogs incorporating shifts of the furan ring were synthesized
following the general procedure in Scheme 1. Specifically, 7¢, 7d, and
7e each featuring a positional shift of the furan ring from the original 7-
position, were prepared (Fig. 4A). These analogs were found to be
inactive in the cellular assay (Fig. 4B).

Computational docking analysis revealed that this structural modi-
fication disrupted the ligands’ ability to adopt the characteristic C-sha-
ped conformation associated with productive binding at the TMD site.
While some peripheral interactions with residues such as Leul23,

B

Fig. 2. Molecular docking poses of G10 within the STING protein domains; A) Binding pose of G10 within the TMD; B) Superimposition of G10 and the reference
TMD-binding compound C53, (C) Docking pose of G10 within the CBD; D) Overlay of G10 with the canonical STING agonist diABZI in the CBD.
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Fig. 3. Comparison of TMD docking poses and cellular activity of compounds G10, 7a and 7b; A) Compounds 7a and 7b; B) Overlay of docking poses for 7a and G10
within the STING TMD; C) Superimposition of 7b and G10 within the TMD; D) Luciferase activity results of 7a and 7b in human THF cells. The assay measured
relative luminescence units (RLU) for each compound at 50 pM, 35 pM, 12.5 pM and 6.25 pM. Triplicate values were averaged and normalized to luciferase activity of

1 % DMSO. Luciferase fold-change relative to DMSO was plotted using Prism. Compounds were considered active if they induce > 2-fold luciferase activity compared
to DMSO. G10 was included as a positive control.
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Fig. 4. A) Compounds 7¢, 7d and 7e; B) THF luciferase reporter assay by 7¢, 7d, 7e and G10. The assay measured average relative luminescence units (RLU) for
each compound at 50 pM, 35 pM, 12.5 pM and 6.25 pM. The values were averaged across triplicates and normalized to the luciferase activity of 1 % DMSO. Fold-

change in luciferase activity relative to DMSO was plotted using Prism. Compounds were considered active if they induce > 2-fold luciferase activity compared to
DMSO. G10 was included as a positive control.

Met120, and Ser53 were retained, the central pharmacophoric align-
ment was lost, and the critical hydrogen bonding network was not
maintained (Fig. S1). These observations provide a structural rationale
for the lack of in vitro STING activation and highlights the importance of
precise spatial positioning of key substituents to preserve conforma-
tional fidelity required for TMD engagement. Collectively, these findings
suggest that the TMD of the STING receptor is the most probable binding
site for G10-based analogs.

2.4. Targeted substitutions and discovery of 7k

Guided by this mechanistic insight, we next pursued structural
optimization through a focused structure-activity relationship (SAR)
investigation. This effort systematically evaluated the impact of stra-
tegic substituent modifications on biological activity, with the objective
of delineating molecular features critical for potency, selectivity, and
receptor engagement. Fig. 5A summarizes the compounds synthesized
based on our computational studies targeting the TMD region, with the
aim of enhancing agonistic efficacy and optimizing the pharmacophoric
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Fig. 5. A) Compounds 7f, 7g, 7h, 7i and 7j; B) Luciferase activity results of 7f, 7g, 7j, 7h, 7i and 7j in human THF cells. The assay measured average relative
luminescence units (RLU) for each compound at 50 pM, 35 pM, 12.5 pM and 6.25 pM. The values were averaged across triplicates and normalized to the luciferase
activity of 1 % DMSO. Fold-change in luciferase activity relative to DMSO was plotted using Prism. Compounds were considered active if they induce > 2-fold
luciferase activity compared to DMSO. 7g was excluded from further evaluation. C) STING specificity in human THF-ISRE TRIF/MAVS ™~ cells, assessed using
the same procedure as B. Compounds 7h, 7i and 7j showed significant luciferase activity through the human STING pathway. G10 was the positive control for both
assays in B and C. D) Luciferase activity in THF-ISRE STING ™~ cell to confirm STING specificity. None of the tested candidates shown luciferase activity using the
TRIF/MAVS pathway. IFNf was used as a positive control.

profile of the series. Among these synthesized analogs in the first series, docking studies were performed at both the TMD and CBD. At the TMD

7f, incorporating a 6-fluoro group and a 2-bromo substitution, retained site, 7k exhibited a stabilizing hydrogen bond with Ser53, absent in the
STING activity, suggesting that the receptor tolerates bulkier halogens at parent G10, correlating with enhanced bioactivity (Fig. 7). 71
the 2-position. In contrast, 7g, bearing a methyl ester at the 6-position, (methoxy), 7n (nitro), and 7m (amine) also showed favorable non-
exhibited no agonistic activity, implicating poor accommodation of covalent interactions, including alkyl-n contacts and electrostatic
polar ester groups at this site and underscoring a preference for halogen- complementarity, supporting their activity profiles (Fig. S2). In contrast,
based substituents, likely due to favorable van der Waals or halogen docking to the CBD revealed no significant additional interactions,
bonding interactions (Fig. 5B). To further probe the electronic tolerance reinforcing the notion that G10-based analogs predominantly exert their
of the 6-position, we evaluated polar substituents including nitro (7h), effects via TMD engagement. Docking analysis also revealed the pres-
amine (7i), and methoxy (7j). Both nitro and amine analogs showed ence of a hydrophobic cavity adjacent to the thiazine core in the TMD
minimal activity, while 7j demonstrated markedly enhanced potency region (Fig. 7C), suggesting an opportunity to further enhance binding
(Fig. 6B). Furthermore, evaluation in TRIF/MAVS KO (TRIF/MAVS ") affinity by introducing methyl substitution at the 6-position of the benzo
and STING KO (STING /™) cell lines confirmed that the observed ac- [b] [1,4]thiazine ring.
tivity of these compounds is STING-dependent (Fig. 5C and D). These To exploit this feature, we introduced a methyl substituent at the 3-
findings suggest that optimal STING activation depends on a delicate position of the benzo[b] [1,4]thiazine ring, hypothesizing that this
balance of hydrogen bonding potential, polarity, and steric fit, with the modification would improve hydrophobic packing and overall receptor
methoxy group offering an advantageous profile. engagement. Based on prior SAR data, we selected representative ana-
To enhance hydrophobic interactions and leverage the inductive logs for this targeted optimization. Specifically, 7q (nitro) and 7r
effects of fluorine atoms, the furyl group of the G10 scaffold was (amine), 7p (methoxy) and 7o (hydroxyl) were synthesized using
replaced with a trifluorobenzyl substituent [48]. A series of analogs, 7m generalized synthesis scheme (Fig. 8). All four compounds demonstrated
(amine), 7n (nitro), 71 (methoxy) were synthesized following the gen- robust STING agonistic activity, as confirmed in cellular assays (Fig. 8B,

eral synthetic scheme (Scheme 1; Fig. 6A). Compound 7k were synthe- C and 8D). Notably, the methylated analogs exhibited superior activity
sized by treating compound 71 with BBrs in DCM. These compounds relative to the parent G10 scaffold, providing strong support for the role

were screened for luciferase activity and subsequently screened for of the adjacent hydrophobic cavity in mediating productive
human STING agonistic activity (Fig. 6B). Among these, 7k exhibited ligand-receptor interactions. These findings further validate the utility
the most potent activity, likely due to a stabilizing hydrogen bond of structure-guided design in fine-tuning agonist potency via TMD
interaction facilitated by the hydroxyl group, which may enhance engagement.

ligand-receptor binding within the transmembrane domain (Fig. 6).
To elucidate the structural basis for these observations, molecular
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Fig. 6. A) Compounds 7k, 71, 7m and 7n; B) Luciferase activity results of 7k, 71, 7m and 7n in human THF cells. The assay measured average relative luminescence
units (RLU) for each compound at 50 pM, 35 pM, 12.5 uM and 6.25 pM. The values were averaged across triplicates and normalized to the luciferase activity of 1 %
DMSO. Fold-change in luciferase activity relative to DMSO was plotted using Prism. Compounds were considered active if they induce > 2-fold luciferase activity
compared to DMSO. C) STING specificity in human THF-ISRE TRIF/MAVS " ~cells, assessed using the same procedure as in B. Compounds 7k, 71, 7m and 7n showed
significant luciferase activity through the human STING pathway. G10 was the positive control for both assays in B and C. D) Luciferase activity in THF-ISRE STING
~ cells to confirm STING specificity. None of the candidates shown luciferase activity using the TRIF/MAVS pathway. IFNf was used as a positive control.
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Fig. 7. Docking pose in the TMD of STING receptor, A) 7k (in blue), B) Analog of 7k with hydroxyl replaced with Chlorine (which lacks the SER53 hydrogen bond
interaction). C) Hydrophobic receptor surface of STING receptor TMD region with docked 7k.
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units (RLU) for each compound at 50 pM, 35 pM, 12.5 pM and 6.25 pM. The values were averaged across triplicates and normalized to the luciferase activity of 1 %
DMSO. Fold-change in luciferase activity relative to DMSO was plotted using Prism. Compounds were considered active if they induce > 2-fold luciferase activity
compared to DMSO. C) STING specificity in human THF-ISRE TRIF/MAVS ' cells, assessed using the same procedure as in B. All compounds showed significant
luciferase activity through the human STING pathway. G10 was the positive control for both assays in B and C. D) Luciferase activity in THF-ISRE STING ™/~ cells to
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considered active if they induce > 2-fold luciferase activity compared to DMSO. G10 was included as a positive control.



A. Junaid et al.
2.5. Rational design to probe binding site

To further test our hypothesis that specific interactions within the
TMD drive the activity of G10-based STING agonists, we performed
targeted binding site analysis using aromatic and hydrogen bond surface
maps (Fig. 9). Our aim was to identify nearby residues that could form
favorable enthalpic contacts if appropriately positioned functional
groups were introduced. The analysis highlighted Asn111 as a potential
interaction partner, suggesting that adding a hydrogen bond donor at
the 6-position of the benzothiazine core could strengthen binding
(Fig. 9A). Supporting this, docking studies revealed that introducing an
amino group at the 6-position resulted in a stable hydrogen bond with
Asn111 (2.27 A) while preserving the characteristic C-shaped binding
pose (Fig. 9B). In contrast, shifting the amino group to the 5-position led
to a flipped binding orientation that disrupted key interactions within
the TMD pocket (Fig. 9C). Based on these findings, we hypothesized that
the 6-amino-substituted analog would retain STING agonistic activity,
whereas the 5-amino variant would exhibit a loss of function.

To experimentally validate this model, we synthesized two analogs
7s and 7t with amino position at 6 and 5 position, respectively (Fig. 9E).
7s retained comparable activity to the active molecule, consistent with
our hypothesis. In contrast, 7t, with the amine at the 5-position, lost all
activity, reinforcing the importance of spatial placement for TMD
engagement (Fig. 9F). Additionally, we also explored whether bulkier
groups could be tolerated at the 6-position. A bromo-substituted analog
(7u) retained the productive C-shaped conformation and showed addi-
tional n-alkyl interactions with Tyr46 (Fig. 9D), suggesting increased
steric bulk is compatible with activity. However, when we introduced a
phenyl group at the same site (7v), docking showed a disrupted binding
pose, and as predicted, the compound was inactive in vitro. Together,
these results strongly support our initial hypothesis: that G10-derived
compounds exert their agonistic effects through the TMD, and that
strategic modifications at the 6-position can meaningfully influence
both binding and functional output.

From these collective SAR insights observed across compounds
7a-7v support a ligand-based pharmacophore model for TMD-directed
STING agonism. Key features include a central carbonyl group on the
benzothiazine core that serves as a hydrogen-bond acceptor, an aro-
matic/hydrophobic benzyl substituent with an ortho hydroxyl or
methoxy group that enhances potency through additional polar in-
teractions, and a small hydrophobic substituent at the 4-position of the
core that boosts activity. The 6-position pocket accommodates only
small groups such as NHy or Br, whereas bulky substituents such as
phenyl are not tolerated, consistent with an excluded volume in this
region. Together, these features define the minimal pharmacophore
required for activity and provide a framework to guide future optimi-
zation. For clarity, detailed SAR data for all synthesized analogs (7a-7v),
including chemical structures, physiochemical properties, and quanti-
tative parameters, are consolidated in Table S2.

To confirm TMD-specific engagement of 7k, we also conducted a
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thermal shift assay (TSA) using the isolated STING cytosolic domain. As
detailed in a separate study [49], this cell-free assay did not show any
thermal stabilization of the cytosolic domain in the presence of 7k, in
contrast to the positive control cGAMP, which robustly increased ther-
mal stability. Additionally, forward genetic studies identified amino
acids in the STING TMD that were necessary for 7k-mediated activation
of STING signaling, further confirming engagement of this region. These
findings are consistent with our docking results and cellular data, rein-
forcing the conclusion that G10-based analogs do not engage the ca-
nonical CBD, but instead act through the TMD to activate STING
signaling.

Following the initial 4-point screen shown in Figs. 6 and 8, we
expanded testing to an 8-point dilution series to determine ECs values
for the most active compounds. Compounds 70, 7p, 7q, and 7r displayed
ECsp of 1.02 + 0.27 pM, 3.28 + 0.55 pM, 1.45 + 0.19 pM, and 0.85 +
0.21 pM, respectively (Fig. 10A). Among the second-generation analogs,
71, 7k, 7m, and 7n exhibited ECso values of 5.41 + 0.60 pM, 4.02 +
0.94 pM, 2.28 + 0.25 pM, and 2.41 + 0.28 pM, respectively, while the
reference compound G10 was used as positive control (Fig. 10B).
Counter-screens in THF-ISRE TRIF/MAVS /" cells and THF-ISRE
STING /~ cells confirmed STING-dependent activity: 7k and 7n
showed strong, dose-dependent activation that was lost in STING ™/~
cells; 7m displayed weaker but still STING-dependent activity, whereas
71 showed minimal activity (Fig. S3). These results demonstrate that the
most active analogs engage the human STING pathway selectively, with
7k emerging as the lead candidate for further in vitro and in vivo
characterization.

Additionally, to complement our experimental findings, we compu-
tationally predicted key ADMET properties of the active analogs using
ADMETlab 2.0 [47b]. All compounds displayed physicochemical pa-
rameters consistent with drug-like space (MW < 500 Da, logP within the
Lipinski range, TPSA <140 A?), favorable absorption (high predicted
intestinal uptake and acceptable oral bioavailability probabilities),
moderate distribution (VDss within the expected range), and half-lives
consistent with sustained exposure. Importantly, none of the com-
pounds showed a strong liability for CYP3A4 inhibition, the most clin-
ically relevant isoform for drug-drug interactions. Full predicted
ADMET values are provided in Table S1 and Fig. S4.

The dose-response profiling of active analogs further corroborated
their engagement with STING, with several compounds showing low
micromolar ECsg values in human THF cells. These potency data along
with TSA results demonstrate that these compounds do not stabilize the
canonical CBD but instead support engagement of the TMD, in line with
SAR and docking analysis. Collectively, these findings highlight an
important mechanistic distinction with downstream consequences.
Upon canonical LBD activation, STING forms a channel in the Golgi
membrane that allows organellar deacidification through luminal pro-
ton leakage. This conserved primordial process occurs independently of
TBK1 and triggers additional molecular phenotypes with important
implications for immune function. First, detection of elevated organellar
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Fig. 10. Dose-response curves of active STING agonist analogs in human THF cells. Compounds were tested across an expanded concentration range, and luciferase
activity was normalized to 1 % DMSO. ECs, values were determined by non-linear regression and are shown as mean + SEM of three biological replicates. G10 was
used as positive control. A) First-generation analogs 70 (1.02 + 0.27 pM), 7p (3.28 £ 0.55 pM), 7q (1.45 + 0.19 pM), and 7r (0.85 + 0.21 pM). B) Second-generation
analogs 71 (5.41 + 0.60 uM), 7k (4.02 £ 0.94 pM), 7 m (2.28 + 0.25 pM), and 7n (2.41 + 0.28 pM), compared with the reference agonist G10 (15.78 + 3.47 uM).
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pH by vacuolar ATPase (V-ATPase) leads to induction of noncanonical
LC3B-mediated autophagy. Next, cytosolic protons lead to secretion of
IL-1B and pyroptosis through activation of the NLRP3 inflammasome.
Finally, proton leakage stimulates lysosomal biogenesis through deac-
tivation of the kinase mTORC1 which induces TFEB, a transcription
factor responsible for expression of genes involved in this process.
Activation of STING following agonist engagement of the TMD impairs
proton efflux, even in the presence of LBD agonism. As such, while TMD
agonists elicit typical TBK1-dependent IFN-I responses, they fail to
induce TBK1-independent responses such as autophagy, lysosomal
biogenesis, and inflammasome activation [49].

2.6. In vivo evaluation of vaccine adjuvanticity

Given its robust in vitro performance, favorable synthetic accessi-
bility, and human STING selectivity, 7k was selected as the lead
candidate for in vivo immunogenicity studies in a vaccine setting. 7k is a
human-selective STING agonist. Therefore, to characterize the immune
response to 7k, we utilized C57BL/6 humanized STING (huSTING) mice,
in which the murine STING coding region has been replaced with that of
the wildtype human allele. huSTING mice (n = 8 per group) were left
unimmunized or intramuscularly immunized and boosted at a two-week
interval with either detergent-split A/Victoria/210/2009 (H3N2, A/Vic)
alone or in combination with 7k formulated in DMSO. Two weeks post-
boost, serum and spleens were collected to evaluate A/Vic-specific IgG
titers and Th cell responses, respectively. Inclusion of 7k resulted in
significantly higher levels of A/Vic-specific IgG1, IgG2, and total IgG in
the serum as compared to mice immunized with A/Vic alone (Fig. 11A).

European Journal of Medicinal Chemistry 301 (2026) 118201

In line with this, stimulation of splenocytes from these mice with A/Vic
resulted in significant increases in the production of Thl- (IFN-y) and
Th2- (IL-4, IL-5) associated cytokines (Fig. 11B). Taken together, these
results demonstrate that the inclusion of the STING agonist 7k signifi-
cantly enhances antigen-specific Thl- and Th2-biased antibody and T
cell responses.

3. Conclusion

In this study, we employed a structure-guided approach to optimize
the human-selective STING agonist G10, leading to the development of
more potent analogs with improved pharmacological properties.
Through comparative molecular docking combined with focused SAR,
we identified that this chemotype preferentially interact with TMD of
STING, in contrast to the canonical CBD. Thermal shift assays and in
silico binding profiles further validated that the agonistic effect of these
compounds occur through TMD engagement, not CBD binding. Struc-
ture-activity relationship studies revealed that subtle modifications at
the 6-position of the benzothiazine core significantly influenced binding
affinity and functional activity via TMD interactions. Cellular assays
using THF-ISRE reporter lines, along with TRIF/MAVS and STING
knockout models, confirmed STING-dependent activity for several an-
alogs, with 7k emerging as the top candidate based on potency, speci-
ficity, and synthetic tractability. 7k significantly enhanced both Thl-
and Th2-associated cytokine responses, as well as antigen-specific IgG
production, in a huSTING mouse model when used as a vaccine adju-
vant. Collectively, these results establish the TMD as a viable and
druggable site for STING activation and highlight 7k as a promising lead
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Fig. 11. Inclusion of 7k enhances antigen-specific B and T cell responses. Mice (8/group) were left unimmunized or immunized and boosted 14 days apart with A/
Vic alone or in combination with 20 pg 7k in DMSO. A) Serum was harvested two weeks post-boost and A/Vic-specific antibodies were measured by ELISA. B)
Splenocytes were also harvested and restimulated with A/Vic for 72 h. Supernatants were harvested and T cell assoaated cytokines were measured by Mesoscale

Discovery analysis. Ordinary one-way ANOVA statistical analysis; *

=p < 0.05* =p < 0.0

J% = p < 0.001,**** = p < 0.0001.
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for the development of next-generation immunotherapeutics and vac-
cine adjuvants. Future development of 7k will require comprehensive
PK/PD and safety profiling, mitigation of cytokine release risks, and
optimization of formulation and delivery strategies, which represent
important milestones toward clinical translation.

4. Materials and methods
4.1. Chemistry

All reagents and solvents were used without further purification.
Reaction progress was monitored using thin-layer chromatography
(TLC) on Merck Silica gel 60 F254 plates, with visualization under UV
light at 254 nm, followed by staining with either vanillin solution (0.2 g
vanillin in 5 mL water, 5 mL ethanol, and 1 mL sulfuric acid) or phos-
phomolybdic acid (PMA) in ethanol, then heated to develop the spots.
Product purity was confirmed to be greater than 95 % based on NMR and
HRMS. Proton (lH) and carbon (13C) NMR spectra were acquired on
Agilent or Bruker 400 MHz spectrometers, calibrated using TMS or re-
sidual solvent peaks as internal standards. High-resolution mass spec-
trometry (HRMS) was performed on an Agilent 6520 Q-TOF instrument
equipped with an electrospray ionization (ESI) source operating in both
positive and negative ion modes. Flash chromatography was carried out
using Isco or Biotage automated medium-pressure systems with pre-
packed Buchi silica gel cartridges. Compound 2,3,4 and 5 were pre-
pared following the methods in literature [46].

Amide Coupling: To a stirred solution of a carboxylic acid 5 (1 eq.) in
a suitable solvent, such as DCM or DMF (10 mL) was added amine (1.3
eq.) and a coupling reagent i-e HATU (2.0 eq.) followed by addition of
TEA (2.0 eq.) dropwise to the solution and the mixture allowed to stir at
room temperature for 2-3 h. When TLC showed completion of the re-
action, the reaction mixture was diluted with ice-cooled water and
extracted with EtOAc. The combined organic layers were washed with
water and then dried over anhydrous MgSO,4. The solvent was evapo-
rated under reduced pressure to obtain the crude material which was
purified by column chromatography using mixtures of EtOAc in heptane
as eluent to afford a compound (70-80 % yield). Some of the compounds
on addition of the crude product into ice-cooled water were precipitated
out and collected using filtration technique. The collected precipitate
was washed it with water 3 times and dried in high vacuum for 12 h to
use it for next step without further purification.

Methyl ether deprotection: The corresponding compound 71 or 7p (1
eq.) was dissolved in dry dichloromethane using a heat-dried three neck
round bottom flask equipped with a magnetic stirrer. This solution was
cooled down using ice and acetone, to about —20 °C; then a solution of
boron tribromide (1 M in CHyCly; 3 eq.) was added dropwise. After
adding the deprotecting agent, the ice bath was withdrawn to allow the
reaction mixture to warm up to room temperature and it was stirred for
1-4 h. The reaction was quenched by adding ice-cooled water (60 mL;
very slowly), and the product was extracted with dichloromethane (20
mL). The combined organic phases were dried using sodium sulfate, and
the solvent was evaporated under vacuum. Finally, the product was
purified by column chromatography using a mixture of ethyl acetate/
heptane to afford the corresponding hydroxylated compound.

Substitution of Bromine with Amine: The compound was prepared
using literature procedure with some modification [50]. Compound 7u
was dissolved in anhydrous DMSO (30 mL) and Cul (0.2 eq), L-Proline
(0.5 eq), and Potassium carbonate (3 eq) were added to it under argon at
room temperature. After stirring for 10 min, 28 % ammonium hydroxide
(1 mL) was added, and the reaction mixture was heated to 85 °C for 20 h
until the bromide was consumed as indicated by TLC. After cooling the
reaction mixture to room temperature, it was quenched by adding water
(50 mL) and extracted with ethyl acetate (50 mL x 3). The combined
organic layers were washed with brine, dried over sodium sulfate, and
evaporated under reduced pressure. The resulting residue was purified
by silica gel chromatography to afford the corresponding primary aryl
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amine.

Substitution of Bromine with Aryls [51]: Compound 7u was dis-
solved in a mixture of THF (20 mL) and H5O (2 mL) and Pd(OAc), (0.1
eq), Phenylboronic acid (1.5 eq) and NapCO3 was added to it at room
temperature. The reaction mixture was then stirred for 12 h at 65 °C
until the complete consumption of bromide as indicated by TLC and
LC-MS. After cooling the crude mixture to room temperature, it was
filtered, and the filtrate was extracted with ethyl acetate (50 mL x 3).
The organic layer was washed with brine, dried over sodium sulfate, and
evaporated under reduced pressure. The resulting residue was purified
by silica gel chromatography to afford the corresponding aryls (45 %
yield). All final compounds (7a-7v) were determined to be >95 % pure
by analytical HRMS. The purity traces are provided in the Supplemen-
tary information.

The analytical data of all the synthesized final compounds 7a-v are
described below. A consolidated summary of structures, yields, HRMS
purity and biological activities of all analogs (7a-7v) is provided in
Table S2.

2-(2-chloro-6-fluorobenzyl)-N-(furan-2-ylmethyl)-1-oxo-1,2-dihy-
droisoquinoline-7-carboxamide (7a): This compound was prepared ac-
cording to the general procedure for coupling. (white powder; 78 %). 'H
NMR (400 MHz, DMSO-dg) § ppm 4.48 (d, J = 5.62 Hz, 2H) 5.32 (s, 2H)
6.26-6.31 (m, 1H) 6.38-6.41 (m, 1H) 6.68 (d, J = 7.46 Hz, 1H)
7.21-7.28 (m, 1H) 7.37 (d, J = 7.58 Hz, 1H) 7.39-7.46 (m, 1H)
7.46-7.50 (m, 1H) 7.58 (d, J = 0.86 Hz, 1H) 7.72 (d, J = 8.31 Hz, 1H)
8.11-8.17 (m, 1H) 8.73 (s, 1H) 9.20-9.25 (m, 1H) *C NMR (100 MHz,
DMSO-dg) § ppm 165.32, 162.79, 160.81, 160.31, 152.32, 142.03,
138.92, 134.47, 132.06, 131.03, 126.50, 126.31, 125.78, 124.78,
122.03, 114.89, 114.67, 110.47, 106.92, 104.71, 44.21, 36.13; HRMS
(ESI™) m/z [M+H]" cale. for CgoHp7CIFN2O3: 411.0907 found:
411.0904.

N-(furan-2-ylmethyl)-1-oxo-2-(2-chloro-6-fluoro)benzyl-1,2,3,4-tetra-
hydroisoquinoline-7-carboxamide (7b): This compound was prepared
according to the general procedure for coupling. (white powder; 80 %).
'H NMR (400 MHz, DMSO-dg) § ppm 2.95 (t, J = 6.48 Hz, 2H) 3.43 (t, J
= 6.54 Hz, 2H) 4.47 (d, J = 5.50 Hz, 2H) 4.90 (s, 2H) 6.28 (d, J = 2.81
Hz, 1H) 6.40 (dd, J = 3.06, 1.83 Hz, 1H) 7.24-7.30 (m, 1H) 7.35-7.47
(m, 3H) 7.59 (d, J = 0.86 Hz, 1H) 7.96 (dd, J = 7.89, 1.77 Hz, 1H) 8.43
(d, J = 1.59 Hz, 1H) 9.14 (s, 1H); *C NMR (100 MHz, cdcls) 6 ppm
165.15; 162.40, 160.21, 152.16, 141.79, 141.47, 134.69, 132.59,
130.32, 128.66, 127.31, 126.31, 125.57, 122.09, 114.61, 114.38,
110.25, 106.64, 44.23, 41.11, 35.86, 27.04; HRMS (ESI") m/z [M+H]™
calc. for C2oH19FN203Cl: 413.1063 found: 413.1065.

1-(2-chloro-6-fluorobenzyl)-N-(furan-2-ylmethyD-2-oxo-1,2,3,4-tetra-
hydroquinoline-6-carboxamide (7c): This compound was prepared ac-
cording to the general procedure for coupling. (white powder; 86 %). 'H
NMR (400 MHz, CDCl3) § 7.61 (d, J = 1.56 Hz, 1H), 7.52 (dd, J = 1.96,
8.61 Hz, 1H), 7.34-7.37 (m, 1H), 7.11-7.18 (m, 2H), 6.98 (d, J = 8.22
Hz, 1H), 6.86-6.93 (m, 1H), 6.37 (t, J = 5.09 Hz, 1H), 6.31-6.34 (m,
1H), 6.27 (d, J = 3.52 Hz, 1H), 5.43 (s, 2H), 4.59 (d, J = 5.48 Hz, 2H),
2.91-2.97 (m, 2H), 2.68-2.76 (m, 2H); 13¢ NMR (100 MHz, CDClg) &
170.66, 166.67, 163.22, 160.73, 151.39, 142.60, 141.91, 135.17,
129.77, 128.81, 127.97, 127.27, 126.32, 115.46, 115.00, 114.77,
110.80, 108.03, 38.10, 37.23, 32.20, 25.36. HRMS (ESI") m/z [M+H]™
calc. for C2oH19CIFN2O3: 413.1063 found: 413.1066.

1-(2-chloro-6-fluorobenzyl)-N-(furan-2-ylmethyD-2-oxo-1,2,3,4-tetra-
hydroquinoline-5-carboxamide (7d): This compound was prepared ac-
cording to the general procedure for coupling. (white powder; 80 %). 'H
NMR (400 MHz, cdclg) 6 7.35-7.38 (m, 1H), 7.09-7.15 (m, 3H),
7.01-7.07 (m, 2H), 6.87-6.93 (m, 1H), 6.33-6.35 (m, 1H), 6.29 (d, J =
3.13 Hz, 1H), 6.21 (t, J = 5.28 Hz, 1H), 5.40 (s, 2H), 4.59 (d, J = 5.87 Hz,
2H), 3.05 (dd, J = 6.26, 8.22 Hz, 2H), 2.65 (dd, J = 6.26, 8.22 Hz, 2H;
13C NMR (100 MHz, cdcl3) 6 170.56, 168.58, 162.93, 160.44, 150.73,
142.35, 139.61, 135.30, 134.92, 129.25, 127.02, 126.45, 125.88,
121.37, 117.25, 114.65, 110.52, 107.75, 37.68, 36.87, 31.65, 21.85.
HRMS (ESIT) m/z [M+H] " calc. for CaoH19CIFN2O3: 413.1063 found:
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413.1069.

4-(2-chloro-6-fluorobenzyl)-N-(furan-2-ylmethyl)-3-oxo-3,4-dihydro-
2H-benzo[b] [1,4]thiazine-2-carboxamide (7e): This compound was pre-
pared according to the general procedure for coupling. (white powder;
73 %). 'H NMR (400 MHz, DMSO-dg) § 10.45-10.62 (m, 1H), 7.70 (br.
s., 1H), 7.03-7.20 (m, 5H), 6.82-6.99 (m, 3H), 6.04-6.17 (m, 1H), 5.68
(d, J = 8.07 Hz, 1H), 3.98-4.31 (m, 2H), 3.42-3.78 (m, 2H) '3C NMR
(100 MHz, DMSO-dg) 6 166.29, 165.48, 162.78, 160.3, 149.96, 141.23,
135.97, 129.01, 127.07, 124.82, 122.78, 121.17, 117.33, 116.68,
113.43,113.20, 109.65, 106.31, 54.96, 36.37, 31.08; HRMS (ESI*) m/z
[M+H]" calc. for Co1H;7CIFN,05S: 431.0627 found: 431.0629.

4-(2-bromo-6-fluoro)benzyl-N-(furan-2-ylmethyl)-3-oxo-3,4-dihydro-
2H-1,4-benzothiazine-6-carboxamide (7f): This compound was prepared
according to the general procedure for coupling. (white powder; 75 %).
'H NMR (400 MHz, DMSO-dg) § 8.94 (t, J = 5.56 Hz, 1H), 7.76 (s, 1H),
7.58 (s, 1H), 7.46-7.53 (m, 2H), 7.41 (d, J = 7.82 Hz, 1H), 7.18-7.25 (m,
1H), 7.09-7.17 (m, 1H), 6.37-6.44 (m, 1H), 6.26 (d, J = 3.06 Hz, 1H),
5.35 (s, 2H), 4.46 (d, J = 5.62 Hz, 2H), 3.57 (s, 2H). 13C NMR (100 MHz,
DMSO-dg) § 165.47, 165.03, 162.28, 159.78, 152.24, 142.04, 138.75,
132.73,130.43,128.98,128.04, 123.99, 123.52,123.38, 122.0, 117.47,
115.30, 110.46, 106.88, 42.91, 36.05, 30.78; HRMS (ESI") m/z [M+H]"
calc. for Co1H17BrFN,,03S: 475.0122, found: 475.01227.

Methyl 3-fluoro-2-((6-((furan-2-ylmethyl)carbamoyl)-3-oxo-2,3-dihy-
dro-4H-benzo[b] [1,4]thiazin-4-yl)methyDbenzoate (7g): This compound
was prepared according to the general procedure for coupling. (white
powder; 82 %). 1 NMR (400 MHz, CDCl3) 6 7.67 (s, 1H), 7.38 (dd, J =
15.3,7.9 Hz, 2H), 7.32 (d, J = 0.9 Hz, 1H), 7.28 (d, J = 8.0 Hz, 1H), 7.15
(td, J = 8.0, 5.4 Hz, 1H), 7.05-6.95 (m, 1H), 6.64 (s, 1H), 6.32-6.26 (m,
1H), 6.20 (d, J = 2.9 Hz, 1H), 5.63 (s, 2H), 4.52 (d, J = 5.3 Hz, 2H), 3.81
(s, 3H), 3.36 (s, 2H); 3¢ NMR (100 MHz, cdclg) § 167.70, 167.67,
165.74, 160.34, 151.30, 142.09, 142.06, 138.42, 129.04, 128.77,
128.52,128.48,122.45,117.11,117.09,110.49, 110.45, 107.57, 52.79,
39.40, 39.36, 36.90, 31.74; HRMS (ESI") m/z [M+H]" calc. for
Ca3Ho0FN20sS: 455.1072 found: 455.1076.

4-(2-fluoro-6-nitrobenzyl)-N-(furan-2-ylmethyl)-3-oxo-3,4-dihydro-
2H-benzo[b] [1,4]thiazine-6-carboxamide (7h): This compound was
prepared according to the general procedure for amidation coupling.
(white powder; 77 %). TH NMR (400 MHz, DMSO-dg) 6 9.01 (t, J = 5.62
Hz, 1H), 7.91 (s, 1H), 7.69-7.78 (m, 1H), 7.46-7.63 (m, 5H), 6.36-6.45
(m, 1H), 6.29 (d, J = 2.93 Hz, 1H), 5.47 (s, 2H), 4.49 (d, J = 5.62 Hz,
2H), 3.46 (s, 2H); 1°C NMR (100 MHz, DMSO-ds) & 166.17, 164.96,
161.94, 159.44, 152.21, 150.32, 142.08, 139.42, 132.80, 130.05,
128.18, 127.77, 122.44, 120.39, 119.47, 119.29, 117.01, 110.47,
106.97, 36.05, 30.56; HRMS (ESI") m/z [M+H]' calc. for
C21H17FN305S: 442.0868 found: 442.0866.

4-(2-amino-6-fluorobenzyl)-N-(furan-2-ylmethyl)-3-oxo-3,4-dihydro-
2H-benzo[b] [1,4]thiazine-6-carboxamide (7i): This compound was pre-
pared according to the general procedure for coupling. (yellow powder;
81 %). 'H NMR (400 MHz, DMSO-dg) 6 8.88 (t, J = 5.62 Hz, 1H), 7.94 (s,
1H), 7.59 (d, J = 0.73 Hz, 1H), 7.40-7.52 (m, 2H), 6.79-6.95 (m, 1H),
6.35-6.45 (m, 2H), 6.27 (d, J = 2.93 Hz, 1H), 6.17 (dd, J = 8.62, 9.96
Hz, 1H), 5.45 (s, 2H), 5.22 (s, 2H), 4.48 (d, J = 5.50 Hz, 2H), 3.59 (s,
2H); *C NMR (100 MHz, DMSO-de) § 166.22, 165.03, 163.16, 160.75,
152.28, 148.87, 142.03, 138.02, 132.54, 129.25, 128.33, 128.00,
122.10, 118.01, 110.89, 110.46, 106.76, 106.09, 102.42, 36.08, 30.70;
HRMS (ESI™) m/z [M+H]™ calc. for Cp;H19FN303S: 412.1126 found:
412.1121.
4-(2-fluoro-6-methoxybenzyl)-N-(furan-2-ylmethyD)-2-methyl-3-oxo-

3,4-dihydro-2H-benzo[b] [1,4]thiazine-6-carboxamide (7j): This com-
pound was prepared according to the general procedure for coupling.
(white powder; 87 %). 'H NMR (400 MHz, cdclg) § 7.56 (d, J = 1.5 Hz,
1H), 7.40-7.38 (m, 1H), 7.33 (dd, J = 8.0, 1.5 Hz, 1H), 7.27 (d, J = 7.9
Hz, 1H), 7.07 (td, J = 8.3, 6.8 Hz, 1H), 6.56-6.45 (m, 3H), 6.35 (dd, J =
3.1, 2.0 Hz, 1H), 6.28 (d, J = 3.2 Hz, 1H), 5.39 (dd, J = 56.8, 15.4 Hz,
2H), 4.59 (d, J = 5.4 Hz, 2H), 3.73 (s, 3H), 3.52 (q, J = 7.0 Hz, 1H), 1.46
(d,J=7.1Hz, 3H); 13C NMR (101 MHz, cdcl3) § 167.40, 166.21, 163.03,
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160.64, 158.75, 151.07 (s), 142.29 (m), 137.84, 132.42, 128.69
(m),121.94 (d), 116.92 (m), 111.78 (d), 110.75 (d), 110.40 (d), 108.38
(s), 107.98 (m), 106.84 (m), 56.28(d), 38.39, 38.05, 37.03, 15.31(d);
HRMS (ESI") m/z [M+H]" calc. for CosHoFN2O4S: 441.1279 found:
441.1276.

4-(2-fluoro-6-hydroxybenzyl)-3-oxo-N-(2,4, 6-trifluorobenzyl)-3,4-
dihydro-2H-benzo[b] [1,4]thiazine-7-carboxamide (7k): This compound
was prepared according to the general procedure for deprotection of
methyl ether with BBrs. (yellowish powder; 67 %). 'H NMR (400 MHz,
cdsod) 6§ 7.83 (s, 1H), 7.33 (d, J = 2.1 Hz, 2H), 6.95 (dd, J = 14.9, 8.2 Hz,
1H), 6.86 (t, J = 8.4 Hz, 2H), 6.50 (d, J = 8.2 Hz, 1H), 6.38 (t,J = 9.2 Hz,
1H), 5.35 (s, 2H), 4.58 (s, 2H), 3.46 (s, 2H). 13C NMR (101 MHz, cdsod) &
167.41, 166.15, 163.38, 160.94, 157.03, 138.24, 132.34, 129.29,
128.90, 127.63, 121.84 (d, 2C), 118.07 (d, 2C), 110.81, 109.84 (d, 2C),
105.73, 99.75, 99.49, 36.32, 31.14, 30.84; HRMS (ESI") m/z [M+H]™"
calc. for Co3H17F4N20O3S: 477.0891 found: 477.0898.

4-(2-fluoro-6-methoxybenzyl)-3-oxo-N-(2,4,6-trifluorobenzyl)-3,4-
dihydro-2H-benzo[b] [1,4]thiazine-7-carboxamide (71): This compound
was prepared according to the general procedure for amidation via
HATU coupling. (white powder; 87 %). 'H NMR (400 MHz, cdcl3) 6§ 7.54
(d, J = 1.7 Hz, 1H), 7.33-7.22 (m, 2H), 7.06 (dd, J = 8.4, 1.7 Hz, 1H),
6.68 (dd, J = 8.6, 7.6 Hz, 2H), 6.57 (s, 1H NH peak), 6.55-6.43 (m, 2H),
5.35 (s, 2H), 4.62 (d, J = 5.6 Hz, 2H), 3.74 (s, 3H), 3.41 (s, 2H); 1*C NMR
(101 MHz, cdels) & 166.02, 164.86, 162.99 (), 161.07, 160.51 (1),
158.89 (d), 138.24, 132.39, 129.50, 128.79, 122.00 (d), 117.16, 117.05
(d), 111.46 (d), 110.19, 108.07, 107.85, 106.76, 100.61, 100.18 (d),
56.24 (d), 36.27, 36.24, 31.62. HRMS (ESI") m/z [M+H]" calc. for
C24H19F4N20352 491.1048 found: 491.1050.

4-(2-amino-6-fluorobenzyl)-3-oxo-N-(2,4, 6-trifluorobenzyl)-3,4-dihy-
dro-2H-benzo[b] [1,4]thiazine-6-carboxamide (7 m): This compound was
prepared according to the general procedure for coupling. (white pow-
der; 67 %). 'H NMR (400 MHz, DMSO-dg) 6 8.79 (t, J = 5.07 Hz, 1H),
7.91 (s, 1H), 7.37-7.51 (m, 2H), 7.10-7.25 (m, 2H), 6.80-6.96 (m, 1H),
6.40 (d, J = 8.19 Hz, 1H), 6.16 (dd, J = 8.62, 10.09 Hz, 1H), 5.43 (br. s.,
2H), 5.21 (s, 2H), 4.48 (d, J = 5.01 Hz, 2H), 3.58 (s, 2H); 13C NMR (100
MHz, DMSO-dg) § 166.29, 164.98, 163.16, 162.54, 160.75, 159.92,
148.81, 137.97, 132.43, 129.27, 128.36, 127.96, 122.13, 118.06,
110.08, 105.98, 105.83, 102.33, 102.10, 100.43, 100.14, 37.03, 31.16,
30.71; HRMS (ESI") m/z [M+H] " calc. for CasH;gF4N30,S: 476.1051
found: 476.1052.

4-(2-fluoro-6-nitrobenzyl)-3-0xo-N-(2,4, 6-trifluorobenzyl)-3,4-dihy-
dro-2H-benzo[b] [1,4]thiazine-6-carboxamide (7n): This compound was
prepared according to the general procedure for coupling. (white pow-
der; 85 %). 'H NMR (400 MHz, DMSO-dg) 6 8.90 (t, J = 5.01 Hz, 1H),
7.85 (s, 1H), 7.68-7.75 (m, 1H), 7.46-7.59 (m, 4H), 7.19 (t, J = 8.62 Hz,
2H), 5.45 (s, 2H), 4.48 (d, J = 4.89 Hz, 2H), 3.45 (s, 2H); 13C NMR (100
MHz, DMSO-dg) § 166.19, 164.91, 162.53, 161.93, 160.26, 159.44,
150.21, 139.34, 132.64, 129.98, 128.14, 127.83, 122.40, 120.23,
119.21, 117.02, 110.92, 100.76, 100.47, 100.19, 31.18, 30.58; HRMS
(ESIT) m/z [M+H]" cale. for Co3H;F4N304S: 506.0793 found:
506.0798.

4-(2-fluoro-6-hydroxybenzyl)-2-methyl-3-o0xo-N-(2,4,6-tri-
fluorobenzyl)-3,4-dihydro-2H-benzo[b] [1,4]thiazine-7-carboxamide (70):
This compound was prepared according to the general procedure for
deprotection of methyl ether with BBr3 (yellowish powder; 73 %). 'H
NMR (400 MHz, cd3od) 6 7.83 (s, 1H), 7.43-7.27 (m, 2H), 6.97 (dd, J =
15.2, 7.7 Hz, 1H), 6.80 (t, J = 8.4 Hz, 2H), 6.53 (d, J = 8.2 Hz, 1H),
6.44-6.29 (m, 1H), 5.36 (dd, J = 35.9, 15.5 Hz, 2H), 4.59 (s, 2H), 3.56
(q,J = 7.2 Hz, 1H), 1.42 (d, J = 7.1 Hz, 3H); '*C NMR (101 MHz, cdzod)
5 168.44, 167.48, 163.31, 162.98, 161.12, 160.78, 157.09 (d), 137.88,
132.44, 128.84, 128.85, 121.74, 117.85, 117.74, 110.68, 110.17,
109.85, 105.80, 99.74, 86.70(d), 37.89 (d), 37.11, 31.14, 14.05 (d);
HRMS (ESI™) m/z [M+H]" calc. for Ca4H19F4N203S: 491.1048 found
491.1045.

4-(2-fluoro-6-methoxybenzyl)-2-methyl-3-0xo0-N-(2,4,6-tri-
fluorobenzyl)-3,4-dihydro-2H-benzo[b] [1,4]thiazine-6-carboxamide (7p):
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This compound was prepared according to the general procedure for
coupling. (white powder; 77 %). 'H NMR (400 MHz, cdcl3) 6§ 7.53 (d, J
= 1.4 Hz, 1H), 7.30 (dd, J = 8.0, 1.4 Hz, 1H), 7.25 (dd, J = 7.8, 4.3 Hz,
1H), 7.10-7.01 (m, 1H), 6.68 (t, J = 8.1 Hz, 2H), 6.56 (t, J = 5.3 Hz,
1H-NH), 6.50 (dd, J = 18.1, 8.7 Hz, 2H), 5.35 (dd, J = 58.3, 15.4 Hz,
2H), 4.62 (d, J = 5.6 Hz, 2H), 3.73 (s, 3H), 3.50 (q, J = 7.1 Hz, 1H), 1.44
(d,J = 7.1 Hz, 3H); '3C NMR (101 MHz, cdels) 5 167.38, 166.11, 163.00,
160.57 (d), 158.93, 137.34 (d), 132.34(d), 129.75(d), 129.06(m),
128.28, 127.63(d), 122.26, 121.61, 116.96, 116.54, 111.72(d), 110.21
(1), 107.90(dd), 106.80(m), 100.42 (m), 56.22(d), 38.38, 38.05, 31.65,
15.27(d); HRMS (ESI™) m/z [M+H] ™ calc. for CosHaF4N203S: 505.1204
found: 505.1201.
4-(2-fluoro-6-nitrobenzyl)-2-methyl-3-oxo-N- (2,4, 6-trifluorobenzyl)-
3,4-dihydro-2H-benzo[b] [1,4]thiazine-6-carboxamide (7q): This com-
pound was prepared according to the general procedure for coupling.
(white powder; 77 %). IH NMR (400 MHz, DMSO-dg) 6 8.92 (s, 1H),
7.87 (s, 1H), 7.68-7.76 (m, 1H), 7.46-7.58 (m, 4H), 7.20 (t, J = 8.62 Hz,
2H), 5.31-5.54 (m, 2H), 4.48 (d, J = 4.89 Hz, 2H), 3.62 (d, J = 7.09 Hz,
1H), 1.21 (d, J = 7.09 Hz, 3H); 3C NMR (100 MHz, DMSO-ds) 5 168.08,
164.95, 162.53, 161.92, 160.02, 159.43, 150.39, 138.86, 132.78,
130.06, 128.44, 126.56, 122.56, 120.43, 120.29, 119.49, 116.94,
110.93, 100.50, 37.21, 31.19, 14.51; HRMS (ESI") m/z [M+H]" calc.
for Ca4HigF4N304S: 520.0949 found: 520.0950.4-(2-amino-6-fluo-
robenzyl)-2-methyl-3-0xo0-N-(2,4, 6-trifluorobenzyl)-3,4-dihydro-2H-benzo
[b] [1,4]thiazine-6-carboxamide (7t): This compound was prepared ac-
cording to the general procedure for coupling. (yellow powder; 80 %).
'HNMR (400 MHz, CHLOROFORM-d) § 7.66 (s, 1H), 7.47-7.54 (m, 1H),
7.36 (d, J = 8.07 Hz, 1H), 6.91-7.01 (m, 1H), 6.69-6.78 (m, 2H), 6.59
(br. s., 1H), 6.46 (d, J = 8.07 Hz, 1H), 6.20-6.32 (m, 1H), 5.35-5.44 (m,
1H), 5.22-5.33 (m, 1H), 4.67-4.74 (m, 2H), 3.52 (q, J = 7.05 Hz, 1H),
1.47 (d, J = 6.97 Hz, 3H); '3C NMR (100 MHz, DMSO-ds) 5 169.06,
166.10, 163.39, 162.91, 161.00, 160.42, 137.18, 132.82, 130.12,
129.21, 128.11, 123.42, 116.41, 112.25, 110.11, 106.95, 104.34,
100.42, 38.17, 37.47, 31.69, 29.01, 22.68, 14.78; HRMS (ESI") m/z
[M+H]" calc. for Co4HooF4N30,S: 490.1207 found: 490.1209.
7-bromo-4-(2-fluoro-6-methoxybenzyl)-3-oxo-N-(2,4,6-tri-
fluorobenzyl)-3,4-dihydro-2H-benzo[b] [1,4]thiazine-6-carboxamide (7s):
This compound was prepared according to the general procedure for
coupling. (yellow powder; 78 %).'H NMR (400 MHz, DMSO-dg) 6 8.82
(t,J = 5.2 Hz, 1H), 7.62 (s, 1H), 7.31-7.15 (m, 4H), 6.78 (d, J = 8.4 Hz,
1H), 6.67 (dd, J = 9.9, 8.4 Hz, 1H), 5.22 (s, 2H), 4.40 (d, J = 5.2 Hz, 2H),
3.70 (s, 3H), 3.56 (s, 2H); 13C NMR (101 MHz, DMSO-dg) § 166.50,
165.06, 162.94, 160.49, 158.96, 158.88, 138.03, 137.02, 131.82,
130.34, 130.23, 127.56, 119.02, 112.67, 111.53, 111.37, 108.33,
108.11, 107.64, 100.90 (t), 56.32, 36.05, 31.24, 30.97; HRMS (ESI") m/
2z [M+H] ™" calc. for Co4H1gBrF4N304S: 569.0153 found: 569.0154.
Methyl 8-amino-4-(2-fluoro-6-methoxybenzyl)-3-oxo-3,4-dihydro-2H-
benzo[b] [1,4]thiazine-6 carboxylate (7t): This compound was prepared
according to the general procedure for the substitution of bromine with
amine.*® (white powder; 47 %). 'H NMR (400 MHz, DMSO-ds) & 8.55 (s,
1H), 7.17 (t, J = 8.8 Hz, 3H), 7.07-6.96 (m, 1H), 6.79-6.74 (m, 1H),
6.71 (d, J = 8.4 Hz, 1H), 6.60 (t, J = 9.1 Hz, 1H), 5.21 (d, J = 6.2 Hz,
4H), 4.39 (d, J = 5.0 Hz, 2H), 3.66 (s, 3H), 3.42 (s, 2H); 3C NMR (101
MHz, DMSO) 6 166.72, 165.54, 160.47, 159.16, 159.08, 145.98, 139.29,
133.28, 129.89, 129.79, 112.35, 112.19, 111.38, 109.01, 108.15,
107.93, 107.41, 106.62, 101.16, 100.89 (1), 56.41, 36.38, 31.49, 31.24;
HRMS (ESI") m/z [M+H]" calc. for Ca4H2oF4N305S: 506.1157 found:
506.1152.
7-bromo-4-(2-fluoro-6-hydroxybenzyl)-3-oxo-N-(2,4,6-tri-
fluorobenzyl)-3,4-dihydro-2H-benzo[b] [1,4]thiazine-6-carboxamide (7w):
This compound was synthesized following the general procedure for
coupling and obtained as a yellow solid (75 %). 'H NMR (400 MHz,
DMSO-dg) §10.20 (s, 1H), 8.76 (s, 1H), 7.63 (d, J = 1.2 Hz, 1H), 7.26 (s,
1H), 7.18 (t, J = 8.5 Hz, 2H), 7.05 (q, J = 7.8 Hz, 1H), 6.61 (d, J = 8.2
Hz, 1H), 6.48 (t, J = 9.3 Hz, 1H), 5.19 (s, 2H), 4.40 (d, J = 5.2 Hz, 2H),
3.56 (s, 2H); 13C NMR (101 MHz, DMSO-dg) 6 166.35, 165.10, 163.29,
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160.86, 157.65, 157.57, 138.24, 136.97, 131.83, 129.68, 129.57,
127.30, 112.64, 111.66, 111.63, 110.03, 109.88, 106.35, 110.93,
100.86 (m), 36.88, 31.26, 30.88; HRMS (ESI") m/z [M+H]" calc. for
Co4H16BrF4N-203S: 554.9996 found: 554.9999.
4-(2-fluoro-6-hydroxybenzyl)-3-oxo-7-phenyl-N-(2,4, 6-tri-

fluorobenzyl)-3,4-dihydro-2H-benzo[b] [1,4]thiazine-6-carboxamide (7v):
This compound was synthesized following the general procedure for the
substitution of bromine with aryls °° and obtained as a yellow solid (45
%). 'H NMR (400 MHz, DMSO-dg) 6 10.25 (s, 1H), 8.52 (t, J = 5.5 Hz,
1H), 8.25 (t, J = 5.4 Hz, 2H), 7.96 (s, 1H), 7.40-7.31 (m, 2H), 7.20 (s,
5H), 6.65 (d, J = 8.2 Hz, 1H), 6.51 (t, J = 9.4 Hz, 1H), 5.25 (s, 2H), 4.25
(s, 2H), 3.58 (s, 2H); 13C NMR (101 MHz, DMSO-d) & 169.36, 168.19,
165.30, 162.77, 160.35, 157.66, 157.59, 139.05, 137.86, 135.37,
134.31, 129.67, 129.56, 129.45, 128.41, 127.52, 125.11, 117.98,
111.66, 111.61, 111.57, 110.34, 110.19, 106.46, 106.24, 100.93 (1),
36.24, 30.61, 22.76; HRMS (ESI") m/z [M+H]" calc. for
CaoHo1F4N503S: 553.1204 found: 553.1208.

4.2. Biological evaluation

Cell Lines: Human fibroblast cell lines (THF-ISRE IRF3, THF-ISRE
STING KO, and THF-ISRE TRIF/MAVS KO) were gifted to us by Dr.
Victor DeFilippis from OHSU. Each of the cell lines were maintained in
DMEM (Cytiva) media supplemented with 10 % heat-inactivated Fetal
Bovine Serum (FBS- Cytiva) and 1X Penicillin/Streptomycin (Cytiva).
Cells were kept at 37 °C with 5 % CO».

Luciferase Activity Screening: THF-ISRE IRF3 cell lines are human fi-
broblasts stably transfected with a luciferase reporter gene downstream
of IRF3 transcription. Cells produce measurable luciferase upon acti-
vation of IRF3. Cells were cultured at a density of 15,000 for 28 h before
treatment. Candidate compounds were formulated in DMSO to final
concentration of 2 mg/mL and added to corresponding wells at 50 pM,
25 pM, 12.5 pM, and 6.25 pM concentrations. Each concentration was
plated in triplicate. The treated cells were incubated for 24 h, after
which Promega Steady-Glo reagent was added at a 1:1 vol ratio and
luciferase was measured using Molecular Devices iD5 plate reader.

The average relative luminescence units (RLU) from each compound
were calculated and normalized to the 1 % DMSO control. Results are
displayed as fold-change over DMSO. Compounds were considered
active if they induce > 2-fold luciferase activity compared to DMSO.
G10 was used as a positive control.

Secondary screening was performed to evaluate specificity for
human STING using THF-ISRE STING KO cells (STING /" lacks STING
pathway) and THF-ISRE TRIF KO/MAVS KO cells (TRIF/MAVS ™~ has
only STING pathway). IFN-p was used as a positive control for THF-ISRE
STING ™/~ cells. Cells were expanded, treated, and luciferase activity
measured as in the primary screen.

In vivo experimental: Animal studies were carried out in an OLAW and
AAALAC accredited vivarium in accordance with University of Mon-
tana’s IACUC guidelines for the care and use of laboratory animals. 7k is
a human-selective STING agonist. Therefore, to characterize the im-
mune response to 7k, we utilized C57BL/6 humanized STING (huS-
TING) mice, in which the murine STING coding region has been replaced
with that of the wildtype human allele. Both Male and Female mice,
between the ages of 6-12 weeks, were randomized into groups of 8. The
HuSTING mice were either unimmunized or intramuscularly immunized
and boosted (at a two week interval) with 50 pL of either detergent-split
A/Victoria/210/2009 (H3N2, A/Vic) alone or in combination with 7k
formulated in DMSO. Previous in vivo studies had determined 1 %
DMSO alone group had immune responses similar to naive mice and the
optimum dose for 7k was 20 pg with 1 % DMSO (data not shown). Two
weeks post-boost, blood and spleens were collected to evaluate A/Vic-
specific IgG titers and Th cell responses, respectively. A/Vic-specific
serum antibody titers were measured by ELISA. Capture plates were
prepared by coating with 0.3 pg of A/Vic and incubating overnight at
4 °C. Serum samples were initially diluted in the top row of the capture



A. Junaid et al.

plate and then serially diluted 1:3 down the plate. After 2 h of incubation
at 37 °C, plates were treated with HRP-conjugated secondary antibody
for 1 h. Then TMB substrate was added. The substrate color reaction was
stopped after 20 min. The OD450 was measured on a SpectraMax iD5
plate reader from Molecular Devices. Data was analyzed using XL-Fit
and Prism. To measure splenic Th cell cytokine responses, splenocytes
were plated at 5 x 106 cells/well, restimulated with 1 pg of A/Vic an-
tigen for 72 h at 37 °C with 5 % CO2. Supernatants were then collected
to be analyzed using a custom cytokine panel from Meso Scale Di-
agnostics, which included Thl cytokines (IFNy, TNFa, and IL-2), Th2
cytokines (IL-4 and IL-5), and the Th17 cytokine, IL-17A. The plate was
read using Meso QuickPlex reader and analyzed the date using Prism
(version 10).

4.3. Molecular docking

The 3D structure of the target proteins, STING CBD complexed with
diABZI (PDB ID: 8STH) and STING TMD complexed with C53 (PDB ID:
7SII) were obtained from the Protein Data Bank [52]. Proteins prepa-
rations were performed in AutoDock Tools [53]. For the protein, water
molecules were removed, hydrogens were added, and Gasteiger charges
were assigned prior to saving the file in PDBQT format. Docking grids
were centered on the co-crystallized ligand positions with a spacing of
10 A. The 3D structures of all compounds were drawn in Discovery
Studio Visualizer [54] and then subject to energy minimization. The
ligand structures were then converted to PDBQT format using AutoDock
Tools. Molecular docking analysis were performed using AutoDock
Vina. The docking parameters ‘exhaustiveness’ was set to 9 and other
parameters were set to ‘default’. The docking results were visualized
using Discovery Studio Visualizer.
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