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Abstract

Cyclic dinucleotides (CDNs), such as c-di-GMP (CDG), are agonists for stimulator of interferon
genes (STING) and are promising for cancer immunotherapy. Yet, the therapeutic efficacy of
CDN:s has been limited by poor delivery and biostability. Here, STING-activating DNA
nanovaccines (STING-NVs) are developed, which biostabilize, deliver, and conditionally release
CDG in the endosome of immune cells, elicit potent antitumor immune responses in murine and
human immune cells, ameliorate immunosuppression in vitro and in the tumor microenvironment,
and mediate potent cancer immunotherapy in a murine melanoma model. STING-NVs have PLA-
b-PEG in the core and cytosine (C)-rich i-motif DNA on the surface. i-Motif DNA undergoes
characteristic pH-responsive conformational switch, allowing efficient CDG loading via C:G base
pairing at physiological pH, and CDG release in sensitive response to acidic environment such as
cell endosome. STING-NVs protect CDG from enzymatic degradation. STING-NVs facilitate cell
delivery. Remarkably, STING-NVs promote the endosome escape of CDG by ninefold, and
potentiate antitumor immunity. STING-NVs repolarize immunosuppressive M2-like macrophages
into antitumor M1-like macrophages in vitro and in the tumor microenvironment of melanoma. In
a poorly immunogenic murine melanoma model, intralesional STING-NVs outperform liposomal
CDG and fluoride-CDG for melanoma immunotherapy. These results suggest the great potential of
STING-NVs for cancer immunotherapy.

Keywords

cancer immunotherapy; DNA engineering; i-motif; nanovaccines; STING agonists

1. Introduction

The past decade has witnessed the historical breakthrough of cancer immunotherapy.[!]
However, current immunotherapy approaches, especially immune checkpoint blockade, have
only benefited a small subset of cancer patients.[2l Immunostimulants hold great potential to
elicit or augment antitumor immune responses, ameliorate immunosuppression systemically
and locally in the tumor microenvironment (TME), and synergize or complement current
immunotherapy approaches.[3] Stimulator of interferon genes (STING) agonists are a novel
class of immunostimulants.[4] STING, also known as transmembrane protein 173
(TMEM173), is a cytosolic DNA sensor and an adaptor protein that primarily resides in the
endoplasmic reticulum of a wide variety of immune cells, and STING activation has been
involved in microbial infection, autoimmune diseases, and cell senescence.[38] Natural
STING agonists that are directly or indirectly derived from viruses, bacteria, protozoa, and
dying self-cells can activate the STING signaling pathway and hence upregulate the
expression of a variety of proinflammatory cytokines and chemokines, including type I
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interferons (IFNs), in a wide range of cells such as macrophages, dendritic cells (DCs),
monocytes, myeloid derived suppressor cells (MDSCs), as well as cancer cells.[42 P] STING
agonists, such as CDNs, have been developed and tested for the immunotherapy of cancer
and infectious diseases caused by coronavirus and influenzal®! Naturally derived CDNs are
particularly attractive as candidates for immunotherapy, such as cyclic dimeric guanosine
monophosphate (CDG), cyclic dimeric adenosine monophosphate (CDA), and cyclic GMP-
AMP (cGAMP).I8] In addition to activate innate immune responses that are important for
cancer immunotherapy, STING agonists have been reported to elicit adaptive immune
responses by promoting cancer antigen presentation.[>d¢l Moreover, recent studies
demonstrated that STING activation stimulated immunogenic cell death, and elicited
antitumor CD4* and CD8* T cells, which promoted the cancer immunotherapeutic efficacy
when combined with immune checkpoint blockade.[9] However, the development of CDN
immunotherapeutics, typically administered intralesionally, has been hampered by the poor
pharmacokinetics given their hydrophilicity, small molecular sizes, negative charges, and
susceptibility to enzymatic degradation.[3¢4¢] Current approaches to address these
complications include chemical modifications that enhance the biostability of CDNs,[7] and
drug delivery systems based on passive loading or electrostatic loading into liposomes, >8]
polymer nanoparticles (NPs),[5d] polymersomes, €91 inorganic NPs,[2%] and hydrogels.[1]

Herein, by leveraging a novel CDG loading and release mechanism, we report STING-
activating DNA nanovaccines (STING-NVs) that protect CDG from enzymatic degradation,
promote CDG delivery, enable conditional CDG release in the acidic endosome, and
facilitate endosome escape of CDG in immune cells to remodel the tumor immune
microenvironment for cancer immunotherapy. Specifically, CDG was loaded into i-motif
DNA nanoparticles to form STING-NVs under physiological pH via hydrogen bonding (i.e.,
G:C base pairing) between the guanosine (G) in CDG and the C in i-motif DNA that was
coated on the surface of polymer NPs; when delivered into the acidic endosome of immune
cells, CDG was released from STING-NVs in response to acidic pH to modulate the tumor
immune microenvironment for cancer immunotherapy (Scheme 1). i-Motifs are DNA with
multiple domains of consecutive C. i-Motifs are featured with pH-responsive conformational
reconfiguration between 1) linear strands under neutral or physiological pH, and 2)
intermolecular or intramolecular four-stranded C-quadruplexes that are formed via
protonated C:C+ base pairing under a dynamic pH range of 5-7.[12] Taking advantage of this
feature of i-motifs, we modified i-motif DNA on the surfaces of poly(p L-lactide)-b/ock-
poly(ethylene glycol) (PEG-4-PLA) NPs to enable 1) CDG loading by binding with i-motifs
at physiological pH, and 2) conditional CDG release upon the formation of C-quadruplexes
under acidic conditions that competed with CDG for C:C+ base pairing. We optimized the
lengths of i-motifs for CDG loading into NPs, and validated conditional CDG release from
the resulting STING-NVSs under a range of acidic conditions. STING-NVs protected CDG
from enzymatic degradation. STING-NVs were efficiently delivered into immune cells, and
facilitated the endosome escape of CDG into cytosol where CDG can interact with STING.
STING-NVs dramatically potentiated the immunostimulatory efficacy of CDG in both
murine and human immune cells. STING-NVs elicited potent antitumor immune responses
in vitro and in vivo, via, for example, repolarizing immunosuppressive M2-like macrophages
to antitumor M1-like macrophages. Consequently, in a poorly immunogenic melanoma
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mouse model, STING-NVs showed superior immunotherapeutic efficacy relative to free
CDG, fluoride-modified CDG (F-CDG), which is a current gold standard of biostable CDG,
and liposomal CDG (Lipo-CDG).

2. Results and Discussion

2.1. Characterization of STING-NVs

To synthesize the core of STING-NVSs, we used biocompatible amphiphilic diblock
copolymer PEG-b-PLA to self-assemble micellular NPs with hydrodynamic diameters of 78
+ 35 nm in water solution as measured by dynamic light scattering (DLS) (Figure S1a,
Supporting Information). Next, thiol-modified i-motif DNA, which consisted of 4 segregated
domains of consecutive Cs (sequences in Table S1 in the Supporting Information), were
conjugated with the terminal maleimide of PEG-4-PLA on the surfaces of the above NPs. To
optimize the lengths of i-motifs for CDG loading, we synthesized NPs with four different i-
motifs that respectively have 3, 5, 7, and 9 consecutive Cs in each C domain, as well as a
scramble DNA as a control (Table S1, Supporting Information). UV-vis absorption spectra
and gel electrophoresis verified the conjugation of DNA with PEG-6-PLA NPs (Figure 1a,b;
Figure S2, Supporting Information). The resulting DNA-modified NPs have hydrodynamic
sizes of 80-90 nm (Figure Sla, Supporting Information). The zeta potential of i-motif-NPs
(=30 mV) decreased relative to PEG-4-PLA NPs (*—20 mV) (Figure S3, Supporting
Information), which further verified the conjugation of negatively charged DNA on NPs. To
optimize i-motif lengths for CDG loading, CDG was incubated with the above five DNA-
modified NPs, respectively, followed by purification via centrifuge filtration and
quantification of loaded CDG in the NPs by UV-vis spectrometry. As a result, 5C-i-motif-
modified NPs (5C-NPs) exhibited the highest loading efficiency (53% % 1%) and loading
capacity (2.93% + 0.17% wi/w) (Table S1, Supporting Information). Therefore, 5C-NPs and
the corresponding CDG-loaded NPs (thereafter termed as STING-NVs) were used for the
following studies. The hydrodynamic diameters of STING-NVs were 81 + 36 nm (Figure
1c), as verified by transmission electron microscope (TEM) (Figure 1d). Due to the negative
charges of i-motifs and CDG, the zeta potential of all CDG-loaded i-motif-NPs showed
strong negative charge, whereas a control of CDG-loaded cationic liposomes (Lipo-CDG)
was still positively charged (Figure 1e). Note that a 20:1 of PEG-4-PLA to 5C-i-motif molar
ratio in the initial reaction yielded the highest loading efficiency (53% + 1%), and this ratio
was used for further studies (Table S2, Supporting Information). Interestingly, STING-NVs
dramatically improved the biostability of CDG. After incubation in cell culture medium
supplemented with 10% serum for 7 days, STING-NVs showed 91.4% intact CDG as
determined by the characteristic absorption of CDG at 254 nm, in contrast to only 2.3% for
free CDG (Figure 1f). The ability of STING-NVSs to promote the biostability of CDG is
presumably due to the sterical hindrance of i-motif-NPs that prevent the access of nucleases.
Using HPLC and microscale thermophoresis (MST), we further studied the binding of CDG
with 5C-i-maotifs, which is the basis for CDG loading into i-motif-modified NPs. In HPLC,
relative to free CDG and 5C-i-motif, the delayed elution time of physically mixed CDG and
5C-i-motif indicated the complexation of CDG and 5C-i-motif (Figure S4, Supporting
Information). By MST, the binding affinity (Kj) of CDG with 5C-NPs was determined to be
47 x 1079 m (Figure 1g,h), in contrast to negligible binding of CDG with scramble-NPs
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(Figure S5a,b, Supporting Information). The strong and specific binding between CDG and
5C-NPs provided the foundation for efficient CDG loading in 5C-NPs.

2.2. pH-Responsive Cumulative CDG Release from STING-NVs

Next, we evaluated the pH-responsive CDG release from STING-NVs. We hypothesize that
under acidic condition, the formation of i-motif C-quadruplexes via protonated C:C+ base
pairing competes with CDG binding with the Cs in i-motifs, leading to CDG release from
the i-motifs in STING-NVs. By MST, we verified negligible binding of CDG with 5C-NPs
at pH 5.0 (Figure S5¢,d, Supporting Information). A release study in different pH at 37 °C
showed that slightly acidic condition (pH 6.8) already significantly promoted CDG burst
release from STING-NVs, and CDG release was further facilitated by lowering the pH down
to pH 5.0 (Figure 2). Specifically, at pH 5.0, the CDG release half-lives from 3C-NPs,
STING-NVs, 7C-NPs, and 9C-NPs are 0.10, 0.13, 0.14, and 0.16 h, respectively. CDG
release from STING-NVs was increased by over five times within 1 h at pH 5.0 (*65%)
relative to pH 7.4 (~12%). CDG release plateaued at 55-65%, presumably due to the
equilibrium of CDG: i-matif binding and C-quadruplex formation. These results provide the
basis for conditional CDG release from STING-NVs in the acidic endosome of immune
cells.

2.3. STING-NVs Promoted the Intracellular Delivery of CDG and Facilitated Endosome
Escape of CDG in Macrophages

We then studied the intracellular delivery of STING-NVSs in macrophages, which are
commonly involved in STING activation, with free CDG and Lipo-CDG[!3] as controls.
Fluorescein-conjugated CDG (FluoCDG) was used to monitor CDG uptake by flow
cytometry and fluorescence confocal laser scanning microscopy (CLSM). RAW264.7
murine macrophages treated with free CDG showed only slight FluoCDG signal
enhancement over 2 h; in contrast, cells treated with Lipo-CDG and STING-NVs showed
significant FluoCDG fluorescence signal enhancement 0.5 h postincubation, which reached
an order of magnitude higher FluoCDG fluorescence signal intensities than untreated cells
within 1 h (Figure 3a). Interestingly, the intracellular FluoCDG signal of cells treated with
STING-NVs outperformed cells treated with cationic Lipo-CDG that is typically efficient at
intracellular delivery. This is presumably due to the less efficient release [only 10% CDG
release from Lipo-CDG in 12 h (Figure S6, Supporting Information)] and less efficient
endosome escape of CDG in Lipo-CDG than CDG in STING-NVs (Figure 3b,c). Indeed,
CLSM revealed massive colocalization of endolysosome with STING-NVs as well as Lipo-
CDG, respectively (Figure 3b). Remarkably, the ratio of intracellular FluoCDG fluorescence
signal intensities outside over inside endolysosome is 0.52 for STING-NVs, which is nearly
nine times of the ratio for Lipo-CDG (0.06) (Figure 3c). These results indicated that STING-
NVs mediated efficient endosome escape of CDG, which is essential for CDG to activate
STING that is located in the endothelium reticulum.

2.4. Potent Immunostimulation by STING-NVs

Given efficient intracellular delivery and endosome escape of STING-NVs, we then
evaluated STING-NVs for STING activation in macrophages and DCs, both of which are
critical for tumor immunotherapy. Given the ability of CDNs to repolarize protumorigenic
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M2-like phenotype to antitumor M1-like phenotype in mouse and human macrophages, ¢!
we studied STING-NVs for macrophage repolarization using a model of murine
macrophage. Specifically, M2-like macrophages were generated by treating RAW264.7
murine macrophages with interleukin-4 (IL-4) (Figure 4a). As a control, M1-like
macrophages were generated by treating RAW264.7 cells with lipopolysaccharide (LPS) and
IFN-y. In M2 cells, STING-NVs treatment for 24 h significantly enhanced the secretion of
proinflammatory factors IL-6, 1L-12p40, and IFN-a, compared to free CDG and F-CDG
(Figure 4b). Moreover, immunostaining and flow cytometry revealed that, STING-NVs
significantly upregulated the expression of M1 markers MHC class Il (I1-A/I-E) and
costimulatory factor CD86, and downregulated the expression of M2 marker CD206 (Figure
4c; Figures S7-S9, Supporting Information). Consistently, as shown by quantitative reverse
transcription PCR (RT-gPCR), compared to free CDG, F-CDG, and 5C-NPs, STING-NV
treatment in M2 cells significantly decreased the mRNA levels of M2 gene markers Ym1,
Fizz1, Arg1, and Mrcl (Figure 4d), and significantly increased the mRNA levels of M1 gene
markers Nos2, Tnf, IL6, and /L 12b (Figure 4e). These results indicated that STING-NVs
promoted the ability of CDG to repolarize M2-like macrophage to M1-like cells, which is
expected to elicit innate and adaptive antitumor immune responses. Worth noting, STING-
NVs outperformed Lipo-CDG, which is perhaps one of the current gold standards of CDN
carriers, for immunostimulation (Figure 4).

We further studied STING-NVs for immunostimulation in DCs using murine DC2.4 cells.
Cells were again treated with STING-NVs for 24 h, followed by flow cytometric analysis of
cell surface expression levels of MHC class Il (IA/IE) and costimulatory factor CD80 and
CD86, as well as ELISA analysis of IL-6, IL-12p40, and IFN-a in cell culture medium.
Consistent with the studies in macrophages, compared with free CDG and F-CDG, STING-
NV treatment in DC2.4 cells significantly promoted the secretion of IL-6, IL-12p40, and
IFN-a (Figure S10a—c, Supporting Information). Further, STING-NVs elevated the
expression levels of MHC-11, CD86, and CD80 on DC2.4 cells, relative to soluble CDG or
CDG-F (Figure S10d, Supporting Information). Given the discrepancy of the responsiveness
of human and murine STINGs to agonists, we also evaluated STING-NVSs to activate type |
IFN responses in human monocytes (Figure 5). Specifically, in human THP-1 cells, STING-
NVs dramatically promoted IFN-a/ production in THP-1 cells, especially compared to F-
CDG. Overall, STING-NVs showed potent immunostimulatory efficacy in mouse and
human immune cells.

2.5. STING-NVs Modulated the Immune Milieu in TME and Mediated Potent
Immunotherapy

Encouraged by the above in vitro results, we then studied STING-NVs to modulate the
tumor immune microenvironment in poorly immunogenic B16F10 melanoma tumors in
syngeneic C57BL/6 mice. Subcutaneous tumor (60 mms3) were intratumorally administered
with STING-NVs, with controls of PBS, CDG-F, 5C-NPs, and Lipo-CDG at a low dose of 3
ug every 3 days for five times (Figure 6a). 3 days after the last treatment, tumor tissues were
harvested, homogenized, and lysed, followed by using RT-qPCR to analyze the tumor
immune milieu related mRNA transcript levels in the TME. As a result, relative to all control
regimens, STING-NVs significantly decreased M2-associated gene transcripts Ymi, Argl,
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and Mrcl (Figure 6b), and increased M1-associated gene transcripts 7nf, /L6, and Nos2
(Figure 6c¢). Moreover, STING-NVs also increased the expression of /fnb1, Cxcl9, and
Cxcl10 (Figure 6d), which are critical mediators of antitumor T cell activation and
recruitment.[82.92.14] These results demonstrate the ability of STING-NVs to repolarize
macrophages from an M2-like phenotype toward an M1-like phenotype and promote the
activation of antitumor T cell responses in vivo. Overall, STING-NVs showed the ability to
reprogram tumor immune milieu to reduce immunosuppression in vivo, which is critical for
tumor immunotherapy.

Given the ability of STING-NVs to remodel the TME, we studied STING-NVs for tumor
immunotherapy in the above B16F10 melanoma mouse model in C57BL/6 mice. STING-
NVs were administered intralesionally, as typically performed in current clinical studies of
CDN-based immunotherapy. With the same treatment scheme as above (Figure 6a), STING-
NVs significantly reduced tumor growth (Figure 6e) and prolonged mouse survival (Figure
6f), compared with blank 5C-NPs and F-CDG. Worth noting, STING-NVs showed the trend
of superior therapeutic efficacy and survival benefit than Lipo-CDG, presumably due to the
pH-responsive CDG release and efficient endosome escape. Remarkably, after STING-NV
treatment, 5/10 melanoma tumors showed no significant tumor growth within the
observation period (Figure S11, Supporting Information), whereas F-CDG only slowed
tumor growth. Further, no significant body weight changes in STING-NVSs treatment were
observed over the study period of 22 days, indicating good biocompatibility of these
STING-NVs (Figure 6g). By contrast, treatment with cationic Lipo-CDG led to significant
weight lose despite its ability to slow down tumor growth. The ability of STING-NVs to
significantly reduce tumor growth rate and prolong mouse survival without significant
toxicity in a poorly immunogenic melanoma mouse model demonstrated the potential of
intralesional STING-NVs for potent tumor immunotherapy.

3. Conclusion

In summary, by leveraging the pH-conditional structural reconfiguration of C-rich DNA i-
motif and the resulting pH-responsive interaction between CDG and i-motifs, we developed
pH-responsive STING-NVs for CDG delivery to modulate tumor immune microenvironment
for cancer immunotherapy. STING-NVs efficiently loaded CDG at physiological pH, and
dramatically protected CDG from enzymatic degradation. STING-NVs promoted CDG
delivery into immune cells such as DCs and macrophages, and mediated pH-responsive
CDG release in the acidic endosome upon C-quadruplex formation that led to CDG
dissociation from i-motifs. Interestingly, STING-NVs facilitated the endosome escape of
CDG into cytosol, which allow CDG to access and activate STING in the endothelium
reticulum. In both mouse and human immune cells (macrophages, DCs, or monocytes),
STING-NVs elicited potent immune responses, including type | IFN responses which are
characteristic of STING activation. STING-NVs repolarized immunosuppressive M2-like
macrophages into antitumor M1-like macrophages in a macrophage model in vitro. This was
recapitulated in vivo, where STING-NVs repolarized M2-like macrophages toward M1-like
macrophages in the TME of a poorly immunogenic melanoma model. Specifically, STING-
NVs downregulated M2 gene markers and upregulated M1 gene markers in vitro and in
vivo, and also promoted antitumor T cell activation and recruitment in vivo. In a poorly
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immunogenic melanoma model in syngeneic mice, STING-NVs showed superior
immunotherapeutic efficacy relative to F-CDG and Lipo-CDG, which are perhaps the
current gold standards of CDNs. Taken together, STING-NVs represent a novel CDG
delivery system featured with efficient CDG loading presumably via G:C base pairing and
conditional CDG release under acidic endosome of immune cells; STING-NVs exhibited
potent immunostimulation in vitro and in vivo, resulting in potent immunotherapy with
undetectable side effects in an aggressive melanoma mouse model. These results suggest the
potential of STING-NVs to expand the armamentarium to promote the efficacy of cancer
immunotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Characterization of STING-NVs. a) UV-vis absorbance spectra of PEG-6-PLA NPs, 5¢c-i-
motif DNA, and 5¢-NPs. b) An agarose electrophoresis image that showed conjugation of i-
motifs on NPs. Lane legends: 1) 25 bp DNA ladder; 2) 9C-i-motif; 3) 3C-NPs; 4) 5C-NPs;
5) 7C-NPs; 6) 9C-NPs. ¢) DLS graphs showing the hydrodynamic diameters of 5C-NPs (79
+ 34 nm, PDI 0.157) and STING-NVs (81 + 32 nm, PDI 0.131). d) A TEM image of
STING-NVs. e) Zeta potential of blank NPs, CDG-loaded NPs, and Lipo-CDG. STING-
NVs: CDG-loaded 5C-NPs. f) Stability of free CDG and CDG loaded in STING-NVs over 7
day incubation in 10% FBS-supplemented cell culture medium (37 °C). Agsanm: 254 nm
absorption from CDG; Asgonm: 560 hm absorption from medium as an internal reference. g)
MST traces and h) fitting curve of the kinetic interaction between 5C-NPs and CDG at pH
7.4. Data represent mean + standard deviation (SD) (7= 3).
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Figure 3.
Efficient intracellular uptake and endosome escape of STING-NVs in macrophages. a) Flow

cytometry results of RAW264.7 macrophages treated with free CDG, Lipo-CDG, and
STING-NVs, respectively, for 0.5, 1, and 2 h. b) CLSM images of RAW264.7 cells treated
with the above formulations for 1 h. Blue: nuclei stained with Hoechst33342. Red:
endolysosome stained with LysoTracker Red DND-99. Green: FluoCDG. Insets: close-up
views of single cells. ¢) The signal ratio of FluoCDG outside/inside (O/1) endolysosome,
which was stained using Lysotracker Red in RAW264.7 cells after treatment for 1 h.
FluoCDG: 0.5 pg mL~1 CDG equiv. Data represent mean + SD (7= 10). ****p < 0.0001, by
Student’s #test.
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Figure 4.

STING-NVs promoted the conversion of M2-like macrophages into M1-like macrophages.
a) Murine RAW264.7 macrophages were treated with LPS and IFN-y to induce an M1-like
phenotype, and were treated with IL-4 to induce an M2-like phenotype. UT Mg, untreated

macrophage. On day 2, M2 cells were treated with free CDG, F-CDG, 5C-NPs, STING-

NVs, or Lipo-CDG, respectively (1.5 pg mL™1 CDG equiv.) (7= 3). b) ELISA analysis of

IL-6, IL-12, and IFN-a levels in supernatants collected on day 3. ¢) On day 3, treated cells
were analyzed by flow cytometry for the levels of M1 markers (I-A/I-E and CD86) and M2
marker (CD206). d) On day 3, treated cells were lysed for the RT-qPCR analysis of mMRNA
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levels of M2 markers (Yml1, Fizz1, Argl, and Mrcl) and e) M1 markers (NOS2, Tnf, IL6,
and /L12). N.D.: not determined. Data represent mean + SD. b—e) **p < 0.01; ***p < 0.001;
**** 1< 0.0001, by one-way ANOVA with a Tukey’s post-hoc test (vs STING-NVS).
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Potent immunostimulation by STING-NVs in human THP-1 monocytes. Shown is the dose-
responsive IFN-a/ production after treatment with STING-NVs and controls for 24 h, as
measured using HEK-Blue IFN-a/p reporter cells. Absorption: 630 nm.
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STING-NVs remodeled the tumor immune microenvironment for potent immunotherapy. a)
Study scheme using B16F10 melanoma in syngeneic C57BL/6 mice. When tumor reached
~60 mm3, mice were intratumorally administered with PBS, F-CDG, 5C-NPs, Lipo-CDG,
or STING-NVs, respectively, every 3 days for five times (dose: 3 ug CDG equivalents). b—d)
3 days after the last treatment (day 22), RT-gPCR was used to analyze the transcript levels of
b) M2 gene markers ( Ym1, Arg1, and MrcI), c) M1 gene markers ( 7nf, 1/6, and Nos2), and
d) antitumor markers /fnb1, Cxcl9, and Cxc/10in B16F10 tumors (7= 5). After the same
treatment as above, e) tumor volumes, f) mouse survival, and g) mouse body weights were
monitored (/7= 5-10 biologically independent samples, respectively). b—d) Data represent
mean + SD or e,g) mean + s.e.m. b—g) *p < 0.05; **p < 0.01; ***p < 0.001, by one-way
ANOVA with a Tukey’s post-hoc test (vs STING-NVS).
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Scheme 1.
Schematic illustration of pH-responsive STING-NVs that efficiently load CDG at

physiological pH, stabilized CDG, delivered CDG to immune cells, conditionally release
CDG in the acidic endosome, and facilitated endosome escape of CDG for cancer
immunotherapy. CDG was loaded in DNA i-motif-coated PEG-6-PLA NPs by hydrogen
bonding (i.e., G:C base pairing) under physiological pH (linear i-motifs). Under acidic
conditions such as immune cell endosome, i-motifs form C-quadruplexes through protonated
C:C+ base-pair formation, leading to dissociation of CDG from i-motifs and hence CDG
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release from STING-NVs. TBK1: TANK-binding kinase 1; IRF3: interferon regulatory
factor 3; IKK: I« B kinase.
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