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In this study, we explored the chemical modification of toll-like
receptor 9 (TLR9) agonist DNA using a highly fluorescent thymine
analogue, ""°*T, focusing on its structural and photophysical
characteristics. ""**T-labelled CpG oligonucleotides effectively
demonstrated intracellular localisation within macrophage cell
lines. Notably, immunostimulatory activity varied depending on
the site of ""**T incorporation within the TLR9 agonist sequence.
The
approach for visualising immunostimulatory oligonucleotides and

introduction of fluorescent nucleobases offers a useful

for modulating immune responses.

Introduction

Nucleic acid sensing plays a crucial role in the detection of
and response to pathogens in the innate immune system.
Certain toll-like receptors (TLRs), a type of pattern recognition
receptor (PRR), are designed to recognise nucleic acids as
pathogen-associated molecular patterns (PAMPs) that initiate
innate immune responses. This mechanism is an essential
component of the first line of defence against invading patho-
gens such as viruses and bacteria. Toll-like receptor 9 (TLR9) is
predominantly expressed in immune cells such as plasmacy-
toid dendritic cells (pDCs), B cells, and macrophages. TLR9
recognises unmethylated CpG motifs (cytosine-phosphate-
guanine), which are common in bacterial and viral DNA but
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are rarely found in vertebrate methylated DNA. The CpG motif
is characterised by the sequence PuPuCGPyPy, where Pu
denotes purine (adenine or guanine) and Py denotes pyrimi-
dine (cytosine or thymine). When this motif is detected, TLR9
initiates a potent innate immune response, triggering a
cascade of signalling pathways that result in the production of
pro-inflammatory cytokines and subsequent activation of the
adaptive immune response, allowing the host to effectively
combat infection. Several oligonucleotides containing un-
methylated CpG motifs have been identified as TLR9 agonists,
and these molecules have gained attention for their potential
as therapeutic agents capable of modulating immune
responses.’ ™ Exploiting the DNA-induced activation of innate
immunity, chemically synthesised oligodeoxynucleotides
(ODNGs) containing CpG motifs have been investigated for clini-
cal applications such as vaccine adjuvants, protection against
infections, mitigation of allergic reactions, and cancer
immunotherapy.>® Very recently, Jovasevic et al. demonstrated
that TLR9 signalling is required for genomic DNA repair and
the formation of learning-induced memories in mice.’ This
seminal study suggests a close connection between the
nervous and immune systems in cognitive processes. This
suggests that TLR9 may be a potential therapeutic target for
degenerative neurological diseases and learning disabilities.
However, the immunogenic nature of CpG ODNSs raises safety
concerns regarding therapeutic antisense oligonucleotides,
prompting investigations into chemical modifications to avoid
innate immune activation.'®'! In this context, various chemi-
cal modifications have been explored to improve and regulate
the immunostimulatory activity of CpG ODNs."*'* Amongst
these, studies on nucleobase modifications have primarily
focused on the CpG dinucleotide recognised by TLR9.'>™°
Although structural studies have shown that nucleobases
outside PuPuCGPyPy interact with TLR9 residues,”’ the effects
of chemical modifications of other nucleobases and those
beyond the CpG motifs on immunostimulatory activity have
not been well studied.”*

Fluorescent nucleobase analogues are potent tools for
detecting nucleic acid molecules and examining biomolecular
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dynamics, interactions, and reactions associated with nucleic
acids.>*?° These modified nucleobase analogues not only
possess fluorescent properties but also provide insights into
the structure-activity relationships of nucleic acid ligands due
to their unique structures that differ from canonical nucleo-
bases.?® Unlike the attachment of fluorescent organic dyes at
oligonucleotide termini, fluorescent nucleobase technology
allows for site-specific labelling within oligonucleotides,
making it suitable for elucidating interactions and reactions of
oligonucleotides at the molecular level. However, there are few
reports on the visualisation of chemically synthesised oligonu-
cleotides labelled with fluorescent nucleobases in cellular
environments,®** likely because fluorescence is quenched
within polymerised nucleotides,®® resulting in insufficient
fluorescence intensity for cellular observation. Agrawal et al.
demonstrated that substitution of cytosine in the CpG dinu-
cleotide with a fluorescent bicyclic nucleobase could induce
immunostimulatory activity.'”*> Our group found that substi-
tution of guanines outside the CpG motif with a fluorescent
thieno[3,4-d]pyrimidine guanine mimic could induce the
immunostimulatory activity of CpG DNAs.*>?® Although these
fluorescent nucleobases improved the immunostimulatory
activity of modified ODNs, cellular observations using their
fluorescence have not been reported.

Recently, our group reported a highly emissive molecular
rotor-type thymine analogue termed ™*T (Fig. 1).® This modi-
fied pyrimidine nucleoside has thiophene and dimethylaniline
moieties connected through an olefinic bond to the 5-position
of thymine. In the visible region (470-530 nm), the ™T
nucleoside exhibited significant fluorescence (@ = 0.61 in
DMSO). Oligonucleotides containing ™T exhibit significant
fluorescence changes that are visible to the naked eye in
response to structural changes in nucleic acids and binding
interactions with target proteins. The n-extended hydrophobic
structure and intense fluorescence of ™T prompted us to
investigate the potential cellular applications of oligonucleo-
tides that contain fluorescent nucleobases.

In this study, we incorporated fluorescent nucleobases into
oligonucleotides and assessed their fluorescence properties
and functionality. Specifically, we investigated the chemical
modification of TLR9 agonist DNA with the ™T nucleobase,
focusing on its structural features and emissive properties.
Although interactions between TLR9 and thymine have been
previously reported,® few studies have examined the effect of
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Fig. 1 Structures of native thymidine (T) and chemically modified thy-
midine (T*T).
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structural alterations in thymine on TLR9 agonist activity.
Recognising this gap, we sought to understand the conse-
quences of integrating ™T at specific sites with TLR9 ago-
nists. Our experiments, conducted using the murine macro-
phage cell line RAW 264.7, revealed that this fluorescent
nucleobase allowed effective visualisation of agonist DNA
inside the cells. Furthermore, we found that immunostimula-
tory activity varied based on the position of the ™T modifi-
cation within the TLR9 agonist sequence.

Results and discussion

Synthesis of chemically modified immunostimulatory
oligodeoxynucleotides

CpG ODNs can be divided into three distinct classes based on
their sequences and structural characteristics. Each class of
CpG ODNs exhibits distinct immunostimulatory properties
and activates different immune cell types. In this study, we
focused on ODN 1668, a prototypical sequence within the
CpG-B class (also known as K-type CpG ODN), as a configur-
able synthetic TLR9 agonist. To evaluate the effect of substitut-
ing thymine nucleobases with the chemically modified fluo-
rescent analogue "™T, we identified substitution sites as the
1st, 5th, 10th, 11th, 14th, and 17th thymine from the 5'-termi-
nus of ODN 1668 (ODN™**T1 to ODN™*T17, Table 1).

Additionally, the phosphodiester backbones of ODN 1668
were replaced by nuclease-resistant phosphorothioate back-
bones. Synthetic oligonucleotides (ODNs) with phosphorothio-
ate modifications enhance nuclease resistance and improve
cellular uptake. These chemical modifications have facilitated
their widespread application as vaccine adjuvants, enhancing
immunogenicity by activating innate immune receptors, such
as TLRY, and in cancer therapy, where they are employed to
elicit antitumour immune responses. Using solid-phase syn-
thesis and ™ T phosphoramidite prepared as previously out-
lined (Fig. S11), a series of CpG ODNs with various ™T sub-
stitution positions were synthesised. The synthesised ODNs
were characterised by ESI-MS (Table S17).

Photophysical property of ™*T-modified immunostimulatory
oligodeoxynucleotides

To investigate the fluorescence behaviour of ™*T-modified
ODNs, we measured the absorption and emission spectra of

Table 1 Sequences of oligodeoxynucleotides®®

Name Sequence (5 to 3', X = TheT)
ODN 1668 TCCATGACGTTCCTGATGCT
ODN™*T1 XCCATGACGTTCCTGATGCT
ODN™T5 TCCAXGACGTTCCTGATGCT
ODN™¢110 TCCATGACGXTCCTGATGCT
ODN"™T11 TCCATGACGTXCCTGATGCT
ODN'™*T14 TCCATGACGTTCCXGATGCT
ODN™T17 TCCATGACGTTCCTGAXGCT

“The CpG motif (GACGTT) is underlined. ?All phosphate linkages
were replaced with phosphorothioates.

This journal is © The Royal Society of Chemistry 2025
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ODN™*T1-ODN™T17 (Fig. S21). The absorption spectra
revealed peaks at approximately 260 and 385 nm, which corre-
sponded to the native nucleobase and ™*T-modified nucleo-
base, respectively. At the same concentration (2 pM), all ™*T-
modified ODNs displayed a comparable absorbance at
260 nm, originating from intrinsic nucleobases. The
maximum fluorescence intensity was observed at ~445 nm.
Notably, the fluorescence intensity varied depending on the
position of ™*T within ODNs. As a result, ODN""**T14 exhibi-
ted relatively low fluorescence intensity, whereas ODN"™**T17
showed relatively high fluorescence intensity. This was likely
due to the fluorescent feature of ™T as a molecular rotor,
indicating distinct microenvironments within ODNs. While we
could not directly examine interactions between ™T-modi-
fied ODN and the TLR9 protein in this study, the microenvi-
ronment formed upon binding to the protein could influence
fluorescence intensity of ™T.

Cellular uptake of "™*T-modified oligodeoxynucleotides

To investigate the fluorescence behaviour of ™T-containing
CpG ODNs in a cellular context, we examined their cellular
uptake and localisation using confocal microscopy.
Macrophages exhibit a strong response to bacterial DNA and
biologically active CpG ODN owing to the presence of un-
methylated CpG motifs, which the immune system recognises
as pathogen-associated molecular patterns (PAMPs). These
motifs trigger macrophage activation, resulting in the upregu-
lation of MHC class II and co-stimulatory molecules, and the
release of pro-inflammatory cytokines such as TNF-a, IL-1,
IL-6, and IL-12. Macrophages serve as an appropriate immune
cell model for evaluating the biological activity of synthetic
CpG ODN given their crucial role in mediating innate immune
responses. We selected the murine macrophage cell line RAW
264.7 which can internalise the designed oligonucleotides
without the need for transfection reagents. Upon treating live
RAW 264.7 cells with 10 pM of ™T-labelled ODNs, we
observed distinct cellular fluorescence of ™T-labelled
ODN™*T1 to ODN™T17 using confocal microscopy with
405 nm laser excitation (Fig. 2). In contrast, cells treated solely

Medium ODNThexTq ODNT™hexT5
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with the medium exhibited much weaker signals, likely owing
to autofluorescence. This indicated that the highly emissive
nucleobases in ™T effectively visualised internalised CpG oli-
gonucleotides. Co-staining with the nuclear stain DRAQ5 con-
firmed that the ™T-labelled ODNs were localised outside the
nucleus (Fig. S31), consistent with previous reports of immunos-
timulatory ODNs with fluorescent dyes co-localising with cyto-
plasmic proteins.’” Furthermore, these results indicate that
Thex is a reliable tool for visualising the cellular localisation of
oligonucleotides, providing crucial insights into their internalis-
ation, transport, and function within cellular compartments.

This highlights the importance of visualising nucleic acid-
based drug delivery and cellular interactions, emphasising
their indispensable roles in these processes.

Effect of "™*T-modification on immunostimulatory activity

To examine the effect of the substitution of ™T on the immu-
nostimulatory properties of ODN 1668, we evaluated the pro-
duction of pro-inflammatory cytokine TNF-o by RAW 264.7
cells following the treatment of modified immunostimulatory
ODNs. In this experiment, none of the ODNs contained a
5-methylated CpG motif, as this modification could reduce the
immunostimulatory activity of TLR9 agonists. ODN 1668 used
in this study contains six thymine sites at the 1st, 5th, 10th,
11th, 14th, and 17th positions from the 5-end of the oligo-
nucleotide. We generated "™™T-modified ODNs by sequentially
replacing each thymine site. Fig. 3 shows the levels of TNF-a
release from RAW 264.7 cells in response to unmodified ODN
1668 and the series of ™™T-modified CpG ODNs. Notably,
immunostimulatory activity varied significantly depending on
the position of ™T (Fig. 3). ODN™T14 and ODN™T17
induced cytokine release comparable to that induced by ODN
1668, whereas treatment with ODN'™®T1 to ODN™®T11
resulted in a marked decrease in TNF-a release, with some
responses close to the baseline levels observed in untreated
cells. Agrawal et al. reported that substituting these thymine
bases in the two adjacent nucleotide positions on the 3'-side
to the CpG dinucleotide with abasic nucleoside severely
impaired immunostimulatory activity.*® Our finding suggests

ODNT™hexT11 ODNT™exT14 ODNThexT17
V @ »

- e

Fig. 2 Confocal microscopic images of living RAW 264.7 cells treated with emissive ™"**T-modified ODNs for 4 hours. Images of only medium and

10 puM of DNA-treated cells are shown. Scale bars: 20 pm.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Effect of the substitution site of chemically modified nucleo-
bases ™"**T on TNF-« release from RAW 264.7 cells. The mean values of
four independent experiments is presented; the error bar represents the
standard deviation of the four experiments. **P < 0.01 compared with
ODN 1668, ODN™*T14 and ODN™"**T17.

that ODN"™*T10 and ODN™*T11 substitutions substantially
reduced immunostimulatory activity in RAW 264.7 cells. This
implies that the two pyrimidine bases on the 3'-side of CpG
dinucleotides are critical for TLR9 recognition. In addition to
the absence of pyrimidine moieties,*® the m-extension of
nucleobases at these locations can significantly influence
TLR9 activation. Regarding the substitution outside core CpG
motif (PuPuCGPyPy), ODN™T1 and ODN"™*T5, with altera-
tions in the 5-flanking sequence of the CpG motif, exhibited
significantly weaker immunostimulatory effect. In contrast,
both ODN™*T14 and ODN™*T17, with ™*T sites located in
the 3'-flanking sequence of the CpG motif, elicited immunosti-
mulatory activity comparable to ODN 1668.

This result aligns with our previous finding that chemical
modification of guanines in the 3'-flanking sequence of the
CpG motif not only maintained the interaction between TLR9
and CpG ODNs but also enhanced immunostimulatory
activity.”

To gain structural insight, we performed a molecular mod-
elling study based on the previously published crystal structure
of the TLR9-agonistic CpG ODN complex.>* Shimizu et al. pre-

View Article Online
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viously reported the crystal structure of TLR9 complexed with
an agonistic CpG-DNA, which consists of 12 mer sequences
derived from ODN 1668.

Structural analysis demonstrated that agonistic DNA
formed a 2:2 dimeric complex with TLR9, and thymine bases
in the core hexamer CpG motif formed van der Waals inter-
actions with TLR residues.

We selected ODN™T11 and ODN"™T14 for our model-
ling study. Both variants had thymine bases substituted with
Thexy  However, we observed significant differences in their
immunostimulatory activities depending on the ™T incor-
poration site. Using the PDB structure (3WPC), in which the
agonistic ODN 1668_12 mer was bound to TLR9, we con-
structed a molecular model in which ODN™T11 and
ODN"™T14 were bound to TLR9 (Fig. 4). By comparing these
two, we sought to comprehend how ™T incorporation posi-
tion affects the binding propensity, anticipating that this
would provide valuable insights.

The agonistic ODN 1668-bound TLR9 structure revealed
that the core hexamer CpG motif (GACGTT) and the surround-
ing bases interact with the proximal amino acids in TLR9. For
instance, the thymine base at the 11 position forms a hydro-
gen bond with Ser72 and stacks upon Trp96 (Fig. 5A and C).

Compared with the unmodified ODN 1668-bound TLR9
structure, the energy-minimised model of the ODN"™*T11-
TLR9 complex appeared to reduce the original interactions.
Visualisation of van der Waals interactions revealed the spatial
arrangement and contact regions between Trp96 and T11, with
the binding mode of the incorporated ™T appearing to
weaken this interaction (Fig. 5B and D). This suggests that the
alteration in T11 through Thexy incorporation may decrease the
binding affinity, potentially explaining the observed reduction
in immunostimulatory activity.

In contrast, the adjacent base T14 not only forms hydrogen
bonds with Arg262 and Glu616 but also engages in multiple
van der Waals interactions (Fig. 6A and C).

Notably, Glu616, a residue located at interface 2, suggested
that the thymine base at position 14 contributes to inter-
actions with both interfaces 1 and 2.

Fig. 4 Overall structural models of TLR9-agonistic DNA complexes; (A) crystal structure of TLR9 with unmodified ODN1668_12 mer (PDB 3WPC),
(B) plausible energy minimized binding model of TLR9 with (B) ODN™*T11_12 mer (C) ODN™®*T14_12 mer based on PDB 3WPC. The DNA mole-
cules are shown in stick representation and semi-transparent surface representation. Sequences of ODN 1668_12 mer, ODN™**T11_12 mer and
ODN™*T14_12 mer are 5'-CATGACGTTCCT-3', 5'-CATGACGT ""**TCCT-3' and 5'-CATGACGTTCC ™ **T-3’, respectively.

3538 | Org. Biomol. Chem., 2025, 23, 3535-3541
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Fig. 5 Ligand interaction between TLR9 and agonistic DNA complexes, (A) ligand interaction diagram of native T11 of ODN 1668_12 mer, (B) ligand
interaction diagram of T"*T11 of ODN™**T11_12 mer, (C) magnified view of ligand interaction of native T11 of ODN1668_12 mer in TLR9, (D) super-
position of ODN 1668_12 mer and ODN™*T11_12 mer by MOE, yielding an root-mean-square deviation (RMSD) value of 0.66 A. T"**T is depicted as
a green stick representation.

(A) (B) @

©

Fig. 6 Ligand interaction between TLR9 and agonistic DNA complexes, (A) ligand interaction diagram of native T14 of ODN1668_12 mer, (B) ligand
interaction diagram of ™**T ODN™**T14_12 mer, (C) magnified view of ligand interaction of native T14 of ODN 1668_12 mer in TLR9, (D) electro-
static map of the superposition of ODN 1668_12 mer and ODN™*T14_12 mer generated by MOE, yielding a root-mean-square deviation (RMSD)
value of 0.64 A. The Glu616 residue of second TLR9 is represented with asterisk.

This journal is © The Royal Society of Chemistry 2025 Org. Biomol. Chem., 2025, 23, 3535-3541 | 3539
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The energy-optimised model of the ODN™®T14-TLR9
complex revealed that the original interactions observed in the
unmodified ODN 1668-bound TLR9 structure were largely
conserved.

An electrostatic model visualisation of the interaction
between T14 and the TLR9 binding site demonstrated that
incorporated ™T at 14 position exhibits a well-aligned
spatial fit and overlapping contact regions with Arg262 and
Glué616, thus reinforcing the proposed binding mode (Fig. 6B
and D).

These findings align with the experimental results showing
that ODN"™*T14 retains immunostimulatory activity compar-
able to ODN 1668. This suggests that the modification at
T14 may allow it to function as an adaptable flanking base.
This alteration is expected to contribute to interactions with
both interfaces 1 and 2 while maintaining CpG motif binding
in the core hexamer (Fig. S4 and S5%).

Conclusions

Fluorescent nucleobases are versatile tools for tagging oligonu-
cleotides and monitoring their interactions and reactions in
biological environments. They are also being explored for
potential use as nucleic acid surrogates. In this study, we
demonstrated that ™T, a fluorescent thymidine nucleoside
with a mextended structure at the 5th position of thymine,
effectively highlights oligonucleotides internalised within
cells. Furthermore, ™T modification of the TLR9 agonist
ODN influences immunostimulatory responses in a position-
dependent manner. Notably, ™T inhibited immunostimula-
tory activity at specific locations without the need for methyl-
ated CpG motifs.

The incorporation of fluorescent nucleobases permits the
visualisation of immunostimulatory oligonucleotides within
immune cells and represents a promising strategy to modulate
oligonucleotide-mediated immunostimulatory response to
infections and other immune-related diseases. These findings
provide valuable insight into the structural design of immu-
nostimulatory oligonucleotides. Building on this research, our
laboratory is currently developing therapeutic oligonucleotides
with reduced immunogenicity and enhanced functional pro-
perties, guided by the structural information of the agonistic
CpG ODN-TLR9Y complex.
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