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DNA lesion-gated dumbbell nanodevices enable
on-demand activation of the cGAS-STING pathway
for enhancing cancer immunotherapy
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Utilizing the cGAS-STING pathway to combat immune evasion is one of the most promising strategies for
enhancing cancer immunotherapy. However, current techniques for activating the cGAS-STING pathway
often face a dilemma, mainly due to the balance between efficacy and safety. Here, we develop a uracil
base lesion-gated dumbbell DNA nanodevice (UBLE) that allows on-demand activation and termination
of the cGAS-STING pathway in tumor cells, thereby enhancing cancer immunotherapy. The UBLE
integrates two deoxyuridines (dU) in the stem for DNA lesion recognition, two locked complementary
primer sequences (primers A and B) for DNA self-assembly, and a Forster resonance energy transfer pair
(Cy3 and Cy5) attached to the loop for activation assessment. Upon the orthogonal recognition of
tumor-specific repair indicators (UDG and APE1), the UBLE undergoes a conformational change to
create massive nicked double-stranded DNA (dsDNA) units. These units self-assemble to generate long
fluorescent dsDNA structures, permitting selective evaluation and on-demand activation of the cGAS-
STING pathway. Furthermore, we demonstrate that the UBLE can effectively activate the cGAS-STING
pathway in tumor cells, enhancing NK cell-targeted cancer immunotherapy. This work develops a DNA
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Introduction

Cancer immunotherapy is a revolutionary clinical technology
that holds immense promise in combating tumors by offering
systemic treatment, long-lasting outcomes, and fewer side
effects.”™ Until now, classical anti-tumor immunity technolo-
gies, such as immune checkpoint blockade therapy and
chimeric antigen receptor T-cell immunotherapy, have made
tremendous advancements in cancer treatment.”” However,
these technologies still face the challenge of immune escape,
leading to low efficiency in cancer immunotherapy.®*™
Numerous recent studies have demonstrated the potential of
the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon
genes (STING) pathway in combating immune escape.’>™® Upon
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an innovative avenue for enhancing cancer immunotherapy.

activating the cGAS-STING pathway, it induces the secretion of
type 1 interferons (IFNs) to promote antigen presentation and
initiate immune cell infiltration, thereby improving the effec-
tiveness of cancer immunotherapy.””® Therefore, the on-
demand activation of the cGAS-STING pathway is a promising
avenue for enhancing cancer immunotherapy.

To date, several types of agonists, including organic
chemotherapeutic agents (such as cisplatin and carbopla-
tin),2*** biomolecule agonists (e.g., cyclic dinucleotides and
their derivatives),”>*® and inorganic metal ions (like Mn** and
Zn>"),>*2% have been developed to activate the cGAS-STING
pathway for cancer immunotherapy. However, these agonists
often suffer from low metabolic stability and unpredictable
toxicity, which limit their clinical applicability.?”*®* Recent
studies have shown that long double-stranded (dsDNA) can be
recognized by cGAS for activating the cGAS-STING pathway in
a sequence-independent but length-dependent manner.>*-** For
example, exogenous DNA circles and DNA hairpins have been
used to assemble long dsDNA structures (>45 bp) that serve as
agonists for activating the cGAS-STING pathway.*>** Despite the
encouraging progress of these DNA agonists in cancer immu-
notherapy, current techniques for activating the cGAS-STING
pathway often face a dilemma, mainly due to the balance
between efficacy and safety. On one hand, effective stimulation
of the cGAS-STING pathway enhances anti-tumor immunity by
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promoting the production of IFNs and other pro-inflammatory
cytokines. On the other hand, excessive activation of this
pathway might heighten the risk of various health complica-
tions, including inflammation, autoimmune disorders, and
chronic diseases. Therefore, there is an urgent need to develop
new DNA agonists that allow on-demand activation and termi-
nation of the cGAS-STING pathway.

Logic-gated DNA nanodevices have been widely used in
molecule sensing, disease diagnosis, and cancer therapy,
benefiting from their excellent programmability, high flexi-
bility, and controllable recognition.**** Recent studies have
demonstrated that multiple-gated operations enable successive
or simultaneous responses to multiple stimuli, showing higher
specificity and stronger anti-interference ability than a single
input.*** Thus, utilizing multiple-gated nanodevices to activate
the cGAS-STING pathway may be a powerful approach for
enhancing the specificity of cancer treatments. It is well-
documented that the DNA lesion-driven base excision repair
pathway remains highly active during tumorigenesis and
progression, due to the overexpression of various repair
enzymes that repair damaged bases in tumor cells.**** For
instance, uracil DNA glycosylase (UDG) can recognize damaged
uracil bases, leading to the production of abasic (AP) sites,
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which are then cleaved by apurinic/apyrimidinic endonuclease
1 (APE1) to initiate downstream repairs for tumor survival.*-*
Recently, our group demonstrated that APE1 serves as an indi-
cator for evaluating NK cell-targeted cancer immunotherapy
through granzyme A-induced inactivation of APE1.%® Therefore,
APE1 could act as a modulator for on-demand activation and
termination of the cGAS-STING pathway during NK cell-targeted
cancer immunotherapy, which has not yet been explored.
Herein, we develop a uracil base lesion-gated dumbbell DNA
nanodevice (UBLE) that allows on-demand activation and
termination of the cGAS-STING pathway in tumor cells and
effectively enhances cancer immunotherapy (Fig. 1). The UBLE
integrates two deoxyuridines (dU) in the stem for lesion recog-
nition, two locked complementary primer sequences (primers A
and B) for DNA self-assembly, and a Forster resonance energy
transfer (FRET) pair (Cy3 and Cy5) attached to the loop for
activation assessment. The UBLE exhibits three notable
advantages in cancer immunotherapy compared to the existing
DNA-based activation strategies. Firstly, the UBLE utilizes the
orthogonal recognition of UDG and APE1 in tumor cells to
create massive nicked dsDNA units, offering a highly specific
avenue to activate the cGAS-STING pathway. Secondly, the
nicked dsDNA units self-assemble into long fluorescent dsDNA
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Fig.1 Schematic illustration of UBLE for on-demand activation of the cGAS-STING pathway and enhancement of cancer immunotherapy. (a)
Design of UBLE with DNA lesion recognition and activation assessment. (b) Operating mechanism of UBLE for activating the cGAS-STING

pathway in tumor cells and enhancing cancer immunotherapy.
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structures, enabling specific imaging and selective evaluation of
the activation of the cGAS-STING pathway in tumor cells.
Thirdly, the UBLE with an enclosed structural feature shows
superior biostability in tumor cells, ensuring its functional
integrity for precise and effective cancer immunotherapy.
Finally, we demonstrate that the UBLE is capable of effectively
activating the cGAS-STING pathway in tumor cells, thereby
enhancing NK cell-targeted cancer immunotherapy. This work
offers an innovative DNA lesion-gated avenue for on-demand
activation and termination of the cGAS-STING pathway and
effectively enhances cancer immunotherapy.

Results and discussion
Design and operation principle of UBLE

In this work, we have designed a DNA lesion-gated nanodevice
(i.e., UBLE) for on-demand activation of the cGAS-STING
pathway in tumor cells and the effective enhancement of
cancer immunotherapy (Fig. 1). The UBLE integrates three
functional domains, including two artificial dU sites in the stem
for DNA lesion recognition, two locked complementary primer
sequences (primers A and B) for DNA self-assembly, and a FRET
pair (Cy3 and Cy5) attached to the loop for activation assess-
ment (Fig. 1a). When the UBLE is recognized and cleaved
orthogonally by the tumor-specific indicators UDG and APE1
(Fig. 1b), it undergoes a conformational change, outputting
massive nicked dsDNA units. Subsequently, these units self-
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assemble through the hybridization of the exposed primers,
generating long fluorescent dsDNA structures. Notably, the long
dsDNA can be directly recognized by cGAS to activate the cGAS-
STING pathway, producing abundant IFNs (i.e., IFN-B) and
enhancing cancer immunotherapy. As a result, the UBLE
provides a reliable avenue for the on-demand activation of the
cGAS-STING pathway and effective enhancement of cancer
immunotherapy.

Preparation and characterization of the UBLE

The UBLE was constructed through three main steps (Fig. 2a).
First, phosphorylated DNA (p-DNA) was annealed to form
a middle-opened dumbbell nanodevice (MOD). The MOD was
then ligated with T4 DNA ligase (T4) to generate an enclosed
configuration. Finally, a mixture of exonuclease I and exonu-
clease III (Exo I/III) was added to degrade any unconnected
MOD or other by-products, resulting in a pure UBLE. The
formation of the UBLE was confirmed through native poly-
acrylamide gel electrophoresis (PAGE) analysis (Fig. 2b). After
annealing the p-DNA, two distinct bands appeared in lane 1,
representing the MOD and the hybrid dsDNA by-products.
When T4 was added, no new bands appeared following the
ligation reaction (lane 2). Notably, upon the addition of Exo I/III
to the T4-treated MOD, only a clean and distinct band was
observed in lane 3, confirming the successful formation of
a pure UBLE with an enclosed configuration. In contrast, when
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Fig. 2 Preparation and biostability characterization of the UBLE. (a) Schematic illustration of the formation of the UBLE through ligation by T4
and purification with Exo I/Ill. (b) PAGE analysis of the formation of the UBLE. Lane 1, MOD; lane 2, MOD + T4; lane 3, MOD + T4 + Exo I/l
(equivalent to UBLE); lane 4, MOD + Exo I/lll. (c) Schematic design of the UBLE (without open sides) and two dumbbell probes including 1-OD
(with one open side) and 2-OD (with two open sides). (d) and (e) Resistance comparison of the UBLE, 1-OD, and 2-OD treated with Exo I/I1I (d)

and 10% FBS (e) at different time points, respectively.
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T4 was absent, the addition of Exo I/III led to the complete
degradation of the MOD and the hybrid dsDNA by-products
(lane 4). These results validate that the formation of the UBLE
is dependent on the co-presence of T4 and Exo I/III.

To assess the structural stability of the UBLE, the degrada-
tion rates of the UBLE were measured in Exo I/III and 10% fetal
bovine serum (FBS). As a comparison, we designed alternative
dumbbell probes, 1-OD and 2-OD, with one and two open sides,
respectively (Fig. 2c) (detailed sequences in Fig. S1 and Table
S1+). First, we added the UBLE, 1-OD, and 2-OD into Exo I/III for
different time points at 37 °C, and then analyzed the treated
samples using PAGE. As shown in Fig. 2d, most 1-OD and 2-OD
were degraded within 30 min, while the UBLE exhibited great
structural integrity even after 100 min. The quantitative analysis
demonstrated that the UBLE exhibited an extremely lower
degradation rate, approximately 653-fold and 1820-fold lower
than 1-OD and 2-OD, respectively (Fig. S21). We further evalu-
ated the nuclease resistance of the UBLE in the biological
environment. After incubation with 10% FBS for different time
points at 37 °C, the UBLE remained stable with almost no
discernible degradation after 24 h, while 1-OD and 2-OD
exhibited an obvious degradation trend (Fig. 2e). Quantitative
analysis showed that the UBLE had a degradation time 95-fold
and 271-fold longer compared to 1-OD and 2-OD, respectively
(Fig. S31). Additionally, we also carried out a comparison
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evaluation of the UBLE towards phosphorylation-modified
hairpin and traditional hairpin (Fig. S4 and S5t), further con-
firming the superior biostability of the UBLE. These results
suggest that the enclosed configuration confers significantly
enhanced nuclease resistance, indicating minimal impact from
nucleases and the biological environment on the UBLE.

On-demand activation of the UBLE by DNA lesion repair
enzymes

DNA lesion repair enzymes such as UDG and APE1 are widely
recognized as being overexpressed in the occurrence and
progression of tumor cells. Therefore, we chose UDG and APE1
as tumor-specific indicators to activate the UBLE, triggering the
DNA lesion-gated long dsDNA self-assembly to stimulate the
cGAS-STING pathway (Fig. 3a). Initially, we performed PAGE
analysis and FRET-based assays to investigate the orthogonal
recognition of UDG and APE1 on UBLE activation. PAGE anal-
ysis showed no new bands when individual UDG or APE1 was
added to the UBLE (lanes 2 and 3) compared to the UBLE alone
(lane 1), demonstrating that neither UDG nor APE1 could acti-
vate the UBLE (Fig. 3b). However, upon the addition of both
UDG and APE1, a distinct ladder-like band emerged (lane 4),
indicating the successful formation of long dsDNA structures.
We further evaluated the orthogonal recognition of UDG and
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Fig. 3 On-demand activation of the UBLE by lesion repair enzymes of UDG and APEL. (a) Schematic illustrating the orthogonal recognition of
UDG and APE1 on UBLE to trigger long dsDNA self-assembly. (b) PAGE analysis of long dsDNA formation by DNA lesion-gated self-assembly of
the UBLE. Lane 1, UBLE; Lane 2, UBLE + UDG; lane 3, UBLE + APEL; lane 4, UBLE + UDG + APEL. (c) Schematic illustration of the FRET response to
DNA lesion-gated long dsDNA formation. (d) and (e) FRET response (d) and kinetic analysis (e) of the UBLE in the presence of UDG and APE1 alone
or together. (f) Calibration curves for quantifying different concentrations of UDG on the UBLE (where the concentration of APEL is consistent
with UDG concentration). (g) FRET response analysis of the UBLE in response to various interfering enzymes. Data are represented as mean + SD

(n = 3). ***p < 0.001 by two-tailed Student's t-test.
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APE1 on the UBLE using FRET-based assays (Fig. 3c). As shown
in Fig. 3d, a strong FRET signal for dsDNA (i.e., Fys/Fcy3) was
detected when UDG and APE1 were co-present. In contrast,
weak signals were observed when either UDG or APE1 was
added alone, or in the absence of both enzymes. This result
demonstrated that the orthogonal recognition of UDG and APE1
could activate the UBLE to form long fluorescent dsDNA.
Additionally, as shown in Fig. 3e, a significant kinetic increase
was observed when the UBLE was incubated with UDG and
APE1, further confirming the orthogonal recognition of UDG
and APE1 in triggering DNA lesion-gated long dsDNA self-
assembly. Moreover, to validate the essential role of DNA
lesions in UBLE activation, we designed a control probe (nBLE,
lacking dU sites) for identical FRET-based assays. The nBLE
remained inactive in the co-presence of UDG and APE1,
demonstrating the necessity of DNA lesion-gated recognition
for UBLE activation (Fig. S61). These results confirm that the
orthogonal recognition of UDG and APE1 allows on-demand
activation of the UBLE and triggers DNA lesion-gated self-
assembly for long dsDNA formation.

We next evaluated the response of the UBLE by co-incubating
it with varying concentrations of UDG. The FRET signals for
dsDNA progressively increased within the concentration of UDG
from 0 to 50 U mL™' and reached a plateau at 10 U mL ™"
(Fig. S77). Calibration analysis showed a gradual enhancement
of the FRET signals for dsDNA in a linear range of 0.5-10 U
mL " and with a detection limit (LOD) of 0.46 U mL ™" (Fig. 3f).
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In addition, we investigated the effect of the UDG inhibitor
(uracil glycosylase inhibitor, UGI) on UDG by incubating it with
different concentrations of UGI. With the increased concen-
trations of UGI, it was observed that the FRET signals for dSDNA
gradually decreased (Fig. S8%), confirming the key role of repair
enzymes in UBLE activation. We also evaluated the specificity of
the UBLE by testing the FRET response in the presence of other
interfering enzymes. As shown in Fig. 3g, the FRET signals for
dsDNA were significantly higher in the co-presence of UDG and
APE1 compared to those with other interfering enzymes. This
result indicated that the UBLE can strongly ensure high speci-
ficity in indicator recognition. Collectively, these results
confirm that the UBLE can be activated to form long fluorescent
dsDNA via the orthogonal recognition of UDG and APE1,
demonstrating its potential for the on-demand activation of the
c¢GAS-STING pathway in tumor cells.

Validation of DNA lesion-gated self-assembly of the UBLE

To validate the capacity of UBLE for long dsDNA self-assembly
in tumor cells, we performed a comparison analysis of the
UBLE and nBLE in human cervical cancer cell line (HeLa) and
human normal hepatocytes (LO2) cells. Fig. 4a illustrates the
operating procedures, including probe preparation, sample
transfection, and FRET imaging. As shown in Fig. 4b, fluores-
cence imaging results showed that only UBLE-incubated HeLa
cells exhibited strong FRET signals for dsDNA. In contrast, no
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Fig.4 Validation of DNA lesion-gated self-assembly of the UBLE in tumor cells. (a) Operating procedures of the UBLE for UDG and APE1 imaging
analysis. (b) and (c) Fluorescence imaging (b) and quantitative analysis (c) of UDG and APE1 in LO2 and Hela cells after incubation with the UBLE
or nBLE, respectively. (d) Schematic illustration of the inhibitor analysis in Hela cells. (e) and (f) Fluorescence imaging (e) and quantitative analysis
(f) of Hela cells treated with UGI and NCA before incubation with the UBLE. Scale bars: 10 um. Data are represented as mean =+ SD. ns, not

significant, **p < 0.01 and ***p < 0.001 by two-tailed Student's t-test.
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significant signal was observed in nBLE-incubated HeLa cells,
nor in LO2 cells incubated with either UBLE or nBLE. Quanti-
tative analysis confirmed the significant difference (p < 0.001)
after incubation with the UBLE (Fig. 4c). These results indicate
that overexpressed UDG and APE1 in HeLa cells can effectively
activate the UBLE for long fluorescent dsDNA formation.

To further assess the role of UDG and APE1 in UBLE acti-
vation, we then selected the UDG inhibitor (UGI) and APE1
inhibitor (7-nitroindole-2-carboxylic acid, NCA) to pre-treat
HeLa cells (Fig. 4d). Both fluorescence imaging (Fig. 4e) and
quantitative analysis (Fig. 4f) showed that the FRET signals for
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significantly reduced when compared to untreated HeLa cells,
indicating the necessity of UDG and APE1 for activating the
UBLE for long dsDNA formation. Additionally, we also
assessed the inhibition effect by transfecting UDG and APE1
into LO2 cells for comparisons. Further analysis demon-
strated an obvious signal difference (p < 0.001) in LO2 cells
compared to those pre-treated with UGI or NCA (Fig. S9%).
These findings demonstrate that the presence of UDG and
APE1 is the necessary condition to trigger lesion-gated self-
assembly of long fluorescent dsDNA, providing a selective
approach to activate the cGAS-STING pathway in tumor cells.

dsDNA in HeLa cells pre-treated with UGI or NCA were
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sample collection of key markers (i.e., cGAMP and IFN-B mRNA) in the cGAS-STING pathway and a pivotal cytokine (i.e., IFN-B) in modulating
anti-tumor immune response from Hela cells after incubation with the UBLE or nBLE at different times. (e) ELISA analysis of the abundance of
cGAMP in LO2 and Hela cells. (f) RT-gPCR analysis of the expression levels of IFN-B mRNA in LO2 and Hela cells. (g) ELISA analysis of the
production of IFN-f by LO2 and Hela cells. (h) Schematic illustration of a co-culture system of Hela cells and NK cells without treatment
(control), and with UBLE or nBLE treatment. (i) Flow cytometry analysis of Hela cell apoptosis with Annexin V-FITC/PI staining in the co-culture
system derived from (h). Data are represented as mean =+ SD (n = 3). ns, not significant, *p < 0.05, **p < 0.01 and ***p < 0.001 by two-tailed
Student's t-test.
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Evaluation of UBLE activation for enhancing cancer
immunotherapy

To evaluate whether the UBLE can effectively activate the cGAS-
STING pathway and enhance cancer immunotherapy, we per-
formed comparative analyses by monitoring the changes in
HelLa cells after incubation with the UBLE or nBLE. Before this
analysis, the cell viability effects of UBLE and nBLE on LO2 and
HeLa cells were assessed by using the cell counting kit-8 (CCK-8)
assay. Notably, the UBLE caused a significant decrease in HeLa
cell viability with increasing UBLE concentration while no such
effect was observed in UBLE-incubated LO2 cells (Fig. 5a and b).
Meanwhile, as the concentration of nBLE increased in LO2 and
HelLa cells, the cell viability remained at a relatively stable level.
These results indicated that the UBLE could selectively induce
HeLa cell death. Furthermore, calcein acetoxymethyl ester
(Calcein-AM) and propidium iodide (PI) staining assays were
employed to verify the cell death visually. As shown in Fig. 5c,
only UBLE-incubated HeLa cells exhibited extensive red fluo-
rescence, further confirming the capability of UBLE to induce
tumor cell death.

We next compared the quantity of key markers including
cGAMP, IFN-B mRNA, and IFN-§ at different times after trans-
fecting the UBLE into HeLa cells (Fig. 5d). To evaluate the
potential of the UBLE in activating the cGAS-STING pathway, we
quantified the production of cGAMP—a critical intermediate in
this pathway—and the mRNA expression levels of downstream
cytokines using enzyme-linked immunosorbent assay (ELISA)
and real-time quantitative polymerase chain reaction (RT-qPCR)
analysis, respectively. Interestingly, the treatment with the
UBLE led to a marked increase in ¢cGAMP abundance and
significant upregulation of IFN- mRNA expression levels in HeLa
cells, but no detectable changes were observed in LO2 cells or
nBLE-treated cells (Fig. 5e and f). Additionally, RT-qPCR analysis
also demonstrated the significant upregulation of other pro-
inflammatory cytokines-related mRNAs such as tumor necrosis
factor-a. (TNF-az) and interleukin-6 (IL-6) after treatment with the
UBLE in HeLa cells (Fig. S10t). These results reveal that the UBLE
can effectively activate the cGAS-STING pathway in tumor cells.

To further assess the impact of UBLE-induced activation of
the cGAS-STING pathway on cancer immunotherapy, we first
measured the production of IFN-f (a pivotal cytokine in modu-
lating the anti-tumor immune response) using ELISA. As shown
in Fig. 5g, the ELISA results revealed a significant elevation in
IFN-B production in HeLa cells following UBLE treatment,
whereas the UBLE-treated LO2 cells exhibited no detectable
increase in IFN-B production, indicating the robust production
of IFN-B after the on-demand activation of the cGAS-STING
pathway. Most notably, we further established a co-culture
system of tumor cells (HeLa) and immune cells (natural killer,
NK cells). HeLa cells were pre-treated with the UBLE for 20 h,
followed by co-culture with NK cells at a ratio of 1:5 for 8 h
(Fig. 5h). Flow cytometry analysis revealed an obvious increase in
apoptosis (Q2 + Q3) within the UBLE-treated co-culture system,
approximately 2.54-fold higher than that observed with NK cell-
mediated cancer immunotherapy alone (Fig. 5i), indicating the
significant effect of UBLE in enhancing cancer immunotherapy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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against tumor cells. Taken together, these findings demonstrate
that the UBLE allows on-demand activation of the cGAS-STING
pathway and effectively enhances cancer immunotherapy.

Conclusions

In summary, we developed a DNA lesion-gated nanodevice (UBLE)
that allows on-demand activation and termination of the cGAS-
STING pathway in tumor cells and effectively enhances cancer
immunotherapy. Compared to the existing DNA-based activation
strategies, we have demonstrated that the UBLE exhibits three
notable advancements in this work. Firstly, the DNA lesion-gated
activation strategy affords an innovative and high-specificity
avenue to activate the cGAS-STING pathway in tumor cells.
Secondly, the UBLE-triggered long fluorescent dsDNA enables
specific imaging evaluation and on-demand activation of the
cGAS-STING pathway. Thirdly, the enclosed structure of the UBLE
ensures functional integrity for precise and effective cancer
immunotherapy. Owing to the high tumor-specificity and supe-
rior nuclease-resistance of the UBLE, this work developed
a precise and reliable approach to selectively activate the cGAS-
STING pathway and effectively enhance cancer immunotherapy.
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