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Cytoplasmic Escape of Mitochondrial DNA Mediated by
Mfn2 Downregulation Promotes Microglial Activation via

cGas-Sting Axis in Spinal Cord Injury

Fei-Long Wei, Tian-Fu Wang, Chao-Li Wang, Zhen-Peng Zhang, Jing-Wei Zhao, Wei Heng,

Zhen Tang, Ming-Rui Du, Xiao-Dong Yan, Xiao-Xiang Li, Zheng Guo,* Ji-Xian Qian,*

and Cheng-Pei Zhou*

Neuroinflammation is associated with poor outcomes in patients with spinal
cord injury (SCI). Recent studies have demonstrated that stimulator of
interferon genes (Sting) plays a key role in inflammatory diseases. However,
the role of Sting in SCI remains unclear. In the present study, it is found that
increased Sting expression is mainly derived from activated microglia after
SCI. Interestingly, knockout of Sting in microglia can improve the recovery of
neurological function after SCI. Microglial Sting knockout restrains the
polarization of microglia toward the M1 phenotype and alleviates neuronal
death. Furthermore, it is found that the downregulation of mitofusin 2 (Mfn2)
expression in microglial cells leads to an imbalance in mitochondrial fusion
and division, inducing the release of mitochondrial DNA (mtDNA), which
mediates the activation of the cGas-Sting signaling pathway and aggravates
inflammatory response damage after SCI. A biomimetic microglial
nanoparticle strategy to deliver MASM7 (named MSNs-MASM7 @MI) is
established. In vitro, MSNs-MASM7 @M!I showed no biological toxicity and
effectively delivered MASM7. In vivo, MSNs-MASM7 @ MI improves nerve
function after SCI. The study provides evidence that cGas-Sting signaling
senses Mfn2-dependent mtDNA release and that its activation may play a key
role in SCI. These findings provide new perspectives and potential therapeutic
targets for SCI treatment.

1. Introduction

Spinal cord injury (SCI) is the most se-
vere complication of spinal trauma, caus-
ing loss of sensory and motor functions
below the level of injury!!l Loss of inde-
pendence and increased lifetime mortality
rates are the hallmark effects of SCL[' Life-
time direct care costs per patient with SCI
ranged from $1.1 to $4.6 million.! Be-
cause SCI cannot be prevented, the develop-
ment of effective treatments is critical. The
primary injury period often occurs during
acute crush contusions, laceration injuries,
shear injuries, and other injuries, followed
by a secondary injury period during which
ischemia and hypoxia occur in the extra-
neuronal environment.?! Therefore, treat-
ment of SCI focuses on blocking the gen-
eration and development of this damage
cascade amplification effect. However, the
underlying mechanisms remain unclear.

Microglia are innate immune cells
of the central nervous system (CNS)
that play a key role in the regulation
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of neuroinflammatory processes.}] They have dual effects
on neuroinflammation and neurogenesis depending on their
polarization.l The classic M1 phenotype of macrophages se-
cretes pro-inflammatory cytokines, such as tumor necrosis fac-
tor (INF)-a and interleukin (IL)—1p, which can negatively affect
neurogenesis. Microglial activation and neuroinflammation play
key roles in secondary injury.’! Therefore, regulating activated
microglia opens new avenues for the treatment of SCI.

In recent years, research on activating the stimulator of in-
terferon genes (Sting, Stingl, or Tmem173) signaling pathway
has gained significant momentum.l®! Sting is an innate im-
mune adapter protein that cooperates with cyclic GMP-AMP syn-
thase (cGas) to initiate interferon-based responses that protect
the host.”l cGas is a nuclear and cytoplasmic protein that re-
sponds to cytoplasmic double-stranded DNA (dsDNA) molecules
by catalyzing the formation of cyclic GMP-AMP (cGAMP), a sec-
ond messenger that initiates inflammatory responses via Sting.®!
There is an increasing consensus that self-DNA promotes the
activation of Sting, similar to pathogenic DNA.! Self-DNA, 1]
which includes nuclear DNA (nDNA) fragments and mitochon-
drial DNA (mtDNA), leaks into the cytoplasm or extracellular
space following DNA damage. Leakage of mtDNA after tissue
injury activates Sting signaling."! Liao et al.l*?l found that the
histone deacetylase 3 (HDAC3)-p65-cGas-Sting pathway is key
to neuroinflammation induced by ischemic stroke. In addition,
Sting can regulate the polarization of microglia, and thereby
regulate inflammation and neuroinflammation after ischemic
stroke.['®! Cellular stress can disrupt the balance within mito-
chondria, leading to the opening of the mitochondrial permeabil-
ity transition pore (mPTP) and the release of mtDNA into the cy-
toplasm. mtDNA can activate inflammatory responses through
the cGas-Sting signaling axis.["}] However, whether SCI leads to
mtDNA release, Sting signal activation, and proinflammatory re-
sponses remains unknown.

Accordingly, we investigated the effects of cGas-Sting signal-
ing activation in microglia on SCI and explored the underlying
mechanisms. By combining the results of bulk-RNA sequencing
(bulk RNA-seq) and single-cell mRNA sequencing (scRNA-seq),
we found that Sting was activated after SCI and triggered an in-
flammatory response. Using C-X3-C motif chemokine receptor 1
(Cx3cr1)-Cre ER™?/Sting®/f mice as an animal model, we demon-
strated that Sting plays a key role in SCI. In addition, we found
that the downregulation of mitofusin 2 (Mfn2) expression in mi-
croglial cells led to an imbalance of mitochondrial fusion and di-
vision, inducing the release of mtDNA, which in turn mediated
the activation of the cGas-Sting signaling pathway and aggravated
the inflammatory response damage after SCI. Nanomaterials de-
veloped on this basis may have protective effects and are expected
to provide a potential therapeutic approach for SCI.

2. Results

2.1. The cGas-Sting Pathway Was Activated in SCI Mice

Bulk RNA-seq data from uninjured mice and mice with SCI
were analyzed to characterize the changes in gene expression in
SCI. Sting was upregulated in mice with SCI compared to un-
injured mice, along with significantly upregulated immune re-
sponse, TNF, and interferon (IFN)-sensitive response elements
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(Figure 1la—c). Ingenuity Pathway Analysis (IPA) was used to
predict regulators of upregulated differentially expressed genes
(DEGs), which confirmed components of IFN, nuclear factor
kappa B (NF-kB), and Janus kinase-signal transducer and activa-
tor of transcription (Jak-Stat) signaling (IFNB1, STAT3, STAT1,
NF-«B1, and interferon regulatory factor 3 [IRF3]). The cGas-
Sting pathway (STING and TANK-binding kinase 1 [TBK1]) was
predicted to activate the upregulated DEGs (Figure 1d). In the
scRNA-seq data, Sting was primarily detected in microglial clus-
ters (Figure 1le). Microglia is the most abundant cell type found in
the spinal cord following SCI.['*l A total of seven microglial sub-
population clusters were identified (Figure Sla, Supporting In-
formation). Cluster 1 is associated with inflammatory responses
(Figure 1f). One day after the injury, cluster 5 cells were the main
microglial subtype detected. With increasing injury time, cluster
1 became the predominant homogeneous microglial subtype. In-
terestingly, Sting was mainly expressed in cluster 1 (Figure 1g).
In addition, a dot plot showed that Sting exhibited the highest
expression 7 d after SCI (Figure 1h). Importantly, trajectory and
pseudo-time analyses via Monocle showed that the cells mainly
transformed from uninjured cluster 0 to other clusters, and fi-
nally transformed into cluster 1 (Figure 1i-k). We then analyzed
the DEGs in these two clusters (cluster 0 and cluster 1). Sting was
upregulated in cluster 1 compared to cluster 0, and the immune
response, TNF, and INF-sensitive response elements were en-
riched (Figure S1b,c, Supporting Information). IPA was used to
predict the regulators of the upregulated DEGs, which confirmed
the components of IFN, NF-«B, and Jak-Stat signaling (STAT3,
STAT1, NF-xB, and IRF3). The cGas—Sting pathway (STING and
TBK1) was predicted to activate the upregulated DEGs (Figure 11).
Overall, the above findings indicate the activation of the cGas-
Sting pathway after SCI and its association with neuroinflamma-
tion.

2.2. Activation of the cGas-Sting Pathway Played a Key Role in
Secondary SCI

The expression of Sting and cGas proteins increased significantly
with time after SCI and peaked on day 7 (Figure 2a). Using dou-
ble immunostaining of Sting with a cell marker (ionized calcium-
binding adaptor molecule 1, Ibal), we further confirmed the in-
creased expression of Sting in activated microglia of mice with
SCI (Figure 2b). It has been reported that activation of Sting can
promote the phosphorylation of 1rf3 and P65.1'2] In the present
study, we consistently found that Irf3 and p65 phosphorylation
levels significantly increased in mice with SCI (Figure 2c). To bet-
ter understand the role of Sting in mice with secondary SCI, we
created microglia-specific Sting knockout (MKO) mice using the
Cre-LoxP system (Figure 2d). In MKO mice, Sting expression was
significantly reduced in microglia. Neurological function was as-
sessed on days 1, 7, and 14 after SCI. We found that Cx3cr1-Cre
ER™/Sting® mice had higher Basso Mouse Scale (BMS) and
inclined-plane method scores than Sting® mice at 14 d after
SCI (Figure 2e). It is well established that the quantity and shape
of Nissl bodies reflect the degree of metabolic activity and the
functional state of neurons.[">] The number of Nissl-positive cells
in Cx3cr1-Cre ER™/Sting® mice was significantly higher than
that in Sting®® mice (Figure 2f; Figure S2a, Supporting Informa-
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tion). The expression of inducible nitric oxide synthase (iNOS)
was significantly reduced in Cx3cr1-Cre ER™/Sting®/f mice 7 d
after SCI (Figure 2g; Figure S2b, Supporting Information). In
addition, pro-inflammatory cytokines (IFN-g, TNF-q, and IL-1p)
were significantly reduced (Figure 2h). In conclusion, the acti-
vation of the cGas-Sting pathway plays a key role in secondary
SCI.

2.3. The cGas-Sting Pathway Was Activated in
Lipopolysaccharide (LPS)-Induced Microglia

First, microglia were treated with different concentrations of LPS.
The expression of Sting and cGas peaked 24 h after treatment
with 5 ug mL~! LPS (Figure 3a). Western blotting results showed
that Sting and cGas expression and Irf3 and P65 phosphoryla-
tion levels were significantly increased in LPS-induced microglia
(Figure 3b). The expression of Sting increased in LPS-induced
microglia and decreased after treatment with C-176 (Sting in-
hibitor) (Figure 3c; Figure S3a, Supporting Information). The ex-
pression of Sting and phosphorylation levels of P65 and Irf3 were
also downregulated after treatment with C-176 (Figure 3d). An
immunofluorescence assay was performed to assess the effect of
C-176 on M1 polarization in LPS-induced microglia. This block-
ing reduced iNOS expression (Figure 3e; Figure S3b, Supporting
Information). The levels of IFN-g, TNF-a, and IL-1p were signif-
icantly increased in LPS-induced microglia. Moreover, the levels
of these pro-inflammatory cytokines were significantly decreased
after treatment with C-176 (Figure 3f). Flow cytometric analysis
showed that C-176 reduced the proportion of cluster of differen-
tiation (CD86%) microglia (Figure 3g).

2.4. cGas-Sting Pathway Activation in LPS-Induced Microglia
Enhanced Neuron Death

Neuronal destruction in SCI has been associated with pro-
inflammatory activation of microglia.l*!l The role of Sting signal-
ing in SCI was first analyzed in this study; Sting-deficient mice
were generated using cell-specific knockout (KO) only in mi-
croglia. The level of cleaved poly-ADP-ribose polymerases (Parp)
was significantly increased after SCI, which was reversed in the
Cx3crl-Cre ER™?/Sting®/® mice (Figure 4a). Terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) staining
showed that neuronal apoptosis was significantly reduced in
Cx3crl-Cre ER™/Sting/® mice after SCI (Figure 4b). To further
confirm the effect of microglial activation on neurons, we per-

www.advancedscience.com

formed in vitro experiments. Neurons were treated with differ-
ent groups of microglia-conditioned medium (CM) to verify the
effects of microglial activation on neurons (Figure 4c). The level
of cleaved Parp was increased significantly after LPS treatment,
which was reversed by C-176 treatment (Figure 4d). Flow cyto-
metric analysis showed that neuronal death was lower in LPS-
and C-176-treated microglial CM incubation than in LPS-treated
CM incubation (Figure 4e). Collectively, these results demon-
strate that the activation of cGas—Sting pathway in microglia en-
hances neuronal death.

2.5. Reduced Expression of Mfn2 After SCI

Ultrastructural changes in microglia after SCI were observed us-
ing transmission electron microscopy (TEM). The shape of the
microglia in the sham group was normal, and most mitochondria
were oval, with a highly folded inner membrane protruding in-
ward to form cristae and a uniform outer membrane completely
covering the organelles (Figure 5a,al,a2). In the SCI group, mi-
croglia showed mitochondrial swelling, destruction and disap-
pearance of mitochondrial cristae, and mitochondrial membrane
integrity (Figure 5a,a3,a4). These results suggest that damage
to mitochondrial structure occurs after SCI. In mammals, mi-
tochondrial fission is mediated by a single dynein-related pro-
tein, Drpl, while mitochondrial fusion is primarily mediated
by Mfnl and Mfn2.[1) In this study, we detected changes in
the expression of these proteins in LPS-induced microglia. Re-
sults showed that Drpl levels increased and Mfn2 levels de-
creased in LPS-induced microglia; however, Mfn1 levels did not
exhibit a statistically significant difference (Figure 5b). To deter-
mine which protein played a more important role in Sting ac-
tivation, we performed rescue experiments. Mitofusin Activator
Small Molecule-7 (MASM7) is a molecule activator of mitochon-
drial fusion via Mfnl and Mfn2 and the mitochondrial mem-
brane (Opal).['”! Mitochondrial division inhibitor-1 (Mdivi-1) is
a chemical compound used to modulate the regulation of mi-
tochondrial dynamics; specifically, Mdivi-1 allows for the inhibi-
tion of Drp1 in mitochondrial fission.!"®] The results showed that
MASMY7 significantly reversed the increase in Sting levels in LPS-
induced microglia, whereas Mdivi-1 downregulated Sting expres-
sion; however, the differences were not statistically significant
(Figure 5c). We further investigated the effects of Drp1 and Mfn2
on microglial phenotypes. Immunofluorescence staining con-
firmed that MASM?7 and Mdivi-1 downregulated the expression
of the M1 marker, iNOS, with a more pronounced effect observed
with MASM7 (Figure 5d). Moreover, MASM7 induced a more

Figure 1. The cGas-Sting pathway is activated in SCI mice. a) Volcano plot of RNA-seq data from spine tissue from 8-week-old C57BL/6 uninjured and
SCI mice. Red and blue dots represent genes with a log2 FC (fold change) of >0.5 and < —0.5, respectively. All other genes are colored gray. Selected
genes such as Irf, Cxcl, and Ccl are labeled. b) The GO enrichment analysis revealed hallmark pathways associated with the DEGs, which are upregulated
in the control samples compared to the SCI samples. c) KEGG enrichment analysis revealed hallmark pathways associated with the DEGs, which are
upregulated in control samples compared to SCI samples. d) IPA prediction of Sting (Sting1, Tmem173) as an upstream regulator of upregulated
DEGs identified using an activation z score of >1 and a p-value overlap of <0.05. e) Dot plot of normalized cell-type expression of Sting (Sting1,
Tmem173) in snRNA-seq samples (n = 1); OPCs, oligodendrocyte progenitor cells; ODC, oligodendrocytes. f) The GO enrichment analysis revealed
hallmark pathways associated with spinal cord microglia clusters (subtypes). g) UMAP plots showing temporal changes of spinal cord microglia clusters
(subtypes) and indicating temporal changes of Sting in microglia. h) Dot plot indicating temporal expression changes of Sting (Sting1, Tmem173) in
spinal cord microglia clusters (subtypes). i,k) Single-cell trajectory and pseudo-time analysis of microglia clusters defined the proliferation advantage
cluster and the metabolism advantage one. |) IPA prediction of Sting (Sting1, Tmem173) as an upstream regulator of upregulated DEGs identified using
an activation z score of >1 and a p-value overlap of < 0.05.
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Figure 2. Activation of cGas-Sting signal played a key role in the secondary SCI. a) Western blots analysis of cGas and Sting levels in the perilesional
tissues at 1, 7, and 14 d after SCI. b) Sting /Ibal double immunostaining in the perilesional tissues 7 d after SCI (Scale bar: 50 um). c) Western blot
analysis of cGas, Sting, Irf3, p-Irf3, P65, and p-P65 protein expression in the perilesional tissues 7 d after SCI. d) Diagram for construction of microglia-
specific Sting knockout mice. e) Effects of Sting knockout on neurological function scores at 1d, 7 d, and 14 d after SCI. f) Representative confocal
images of M1 state (iNOS*/Iba1%) were obtained from the perilesional tissues 7 d after SCI. g) Nissl staining in the perilesional tissues 7 d after SCI
(Scale bar = 20 um). h) Levels of pro-inflammatory cytokines, including IL-18, IFN-$, and TNF-a in the perilesional tissues 7 d after SCI. n = 6 for each
group. Error bars denote mean + SEM, ns, no significance, ™" p < 0.001 versus sham group in each strain of mice, # p < 0.05 versus Cx3cr1-Cre ERT2;
Stingfl/fl group.

significant reduction in the expression of pro-inflammatory cy-  (Figure 5g). Using double immunostaining for Mfn2 and Ibal,
tokines (IFN-g, TNF-a, and IL-1p) (Figure 5e). Furthermore, we further confirmed the decreased expression of Mfn2 in the
treatment with MASM?7 significantly reduced the proportion of  activated microglia of mice with SCI (Figure 5h). These results
CD86* microglia (Figure 5f). Flow cytometry analysis showed  suggest that the downregulation of Mfn2 can lead to activation of
that MASM7 was more effective at reducing neuronal death  the Sting signaling pathway.
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Figure 3. cGas-Sting signaling pathway was activated in LPS-induced microglia. a) Western blot and quantitative analysis of cGas and Sting in LPS-
induced microglia of 0, 1, 5, and 10 ug mL~" after 24 h. b) Western blot analysis of cGas, Sting, Irf3, p-Irf3, P65, and p-P65 protein expression in LPS
(5 ug mL™")-induced microglia. c) Representative of immunofluorescence staining of Sting in microglia (Scale bar: 20 um). d) Western blot and quanti-
tative analysis of cGas, Sting, Irf3, p-Irf3, P65, and p-P65 in microglia of Control, LPS, LPS + vehicle, and LPS + C-176. €) Representative immunostained
images of M1 state (iNOS) microglia. f) Levels of pro-inflammatory cytokines, including IL-18, IFN-$, and TNF-« in the microglia medium. g) Flow cyto-
metric analysis on the expression levels of M1 microglia ratio (F4/80/ CD86+). n = 6 for each group. Error bars denote mean + SEM, ns, no significance,
%p < 0.05, **p < 0.01, and *¥*¥p < 0.001.
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Figure 4. Sting signaling activation in LPS-induced microglia enhanced neuron death. a) Western blot analysis of cleaved-Parp expression in the perile-
sional tissues at 7 d after SCI. b) NeuN/TUNEL double immunostaining in the perilesional tissues 7 d after SCI (Scale bar: 50 um). c) The protocol of in
vitro experiments for detecting neurons (CATH.a) death regulated by Sting activation in primary microglia (by Figdraw). Primary microglia treated with
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was collected as neurons conditioned medium for 24 h. d) Western blot analysis of cleaved-Parp expression in neurons in each group. ) The neuron

death rate was measured by Annexin V and Pl staining. n = 6 for each group. Error bars denote mean + SEM, ns, no significance, *p < 0.05, "p < 0.01,

and “*p < 0.001.

2.6. Mfn2-Dependent Mitochondrial Fusion Inducing mtDNA
Release Mediates Activation of Sting Signaling in LPS-Induced
Microglia

To further verify whether Mfn2 is an important target pro-
tein of mitochondrial morphological changes and functional
damage caused by LPS, we chose the Mfn2 agonist, MASM7,
for reverse intervention experiments. The immunofluorescence
results showed that the expression of Mfn2 decreased in
LPS-induced microglia and increased after MASM?7 treatment

Adv. Sci. 2024, 11, 2305442

(Figure 6a). We then detected the levels of Sting pathway-related
proteins using western blotting. We found that the levels of cGas,
Sting, phosphorylated Irf3, and phosphorylated P65 were de-
creased after treatment with MASM7 (Figure 6b). Current ev-
idence suggests that mtDNA can trigger the Sting pathway.""]
We performed triple-labeling of dsDNA, heat shock protein fam-
ily D (HSP60) (a mitochondrial marker), and nuclei to assess
whether mtDNA leaked into the microglial cytoplasm after LPS
treatment. Immunofluorescence images showed that a large
amount of mtDNA was released into the microglial cytoplasm

2305442 (7 Of16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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after LPS treatment, which was reduced after MASM7 treatment
(Figure 6¢). After MASMY7 treatment, the damage to mitochon-
drial morphology and function caused by LPS was significantly
reduced, with reduced mitochondrial fragmentation (Figure 6d).
Deep red staining for MitoSOX was used to determine mitochon-
drial reactive oxygen species (mtROS) levels, whereas matrix met-
alloproteinase (MMP) levels were measured using JC-1 dye. LPS
treatment significantly decreased MMP and increased ROS pro-
duction, and these effects were alleviated by MASM?7 treatment
(Figure 6e,f). Taken together, these results suggest that abnor-
mal Mfn2-dependent mitochondrial fusion induces the release
of mtDNA, which mediates the activation of the cGas-Sting path-
way (Scheme 1).

2.7. MSNs-MASM7 @ M| Efficiently Promoted Neuroprotection
and Functional Recovery After SCI

Treatment of SCI is challenging because of the presence of
the blood—spinal cord barrier.[?] Previous studies have shown
that nanoparticles coated with neutrophil and microglial mem-
branes can pass through the blood-brain barrier,”!! mediated
by proteins expressed by these cells on the cell membrane.ll To
efficiently and accurately promote Mfn2 expression, we estab-
lished a biomimetic nanodelivery platform for the targeted de-
livery of MASM?7 into microglia. The preparation of membrane-
biomimetic MASM7@CM consisted of four steps: first, meso-
porous silica nanoparticles (MSNs) were synthesized; second,
MASM?7 was adsorbed onto mesoporous channels of MSNs
(termed MSNs-MASM?7); third, cell membranes were extracted
using ultracentrifugation; and fourth, the pre-extracted mi-
croglia, neurons, and astrocyte cell membranes were coated on
the surface of the nanoparticles by extrusion to form MSNs-
MASM7@MI, MSNs-MASM7@NE, or MSNs-MASM7@AS
(Scheme 1). The pore diameter of MSNs was mainly around
3 and 20 nm (Figure S4a, Supporting Information). The sur-
face area and pore volume of MSNs were 35.7280 m? g™' and
0.117047 cm? g1, respectively (Figure S4b, Supporting Informa-
tion). The pore size (adsorption average pore diameter) of MSNs
was 12.6670 nm (Figure S4c, Supporting Information).

As shown in Figure 7a, the size of MSNs was 169.9 nm,
the MSNs-MASM7@AS was 229.8 nm, the MSNs-MASM7@NE
was 197.6 nm, and the MSNs-MASM7@MI was 229.8 nm. In
addition, the surface of the MSNs became negatively charged
after being coated with the cell membrane (Figure 7b). Flow
cytometry results showed that microglial membranes (MSNs-
MASM7@MI) could enter microglia better compared to neu-
rons (MSNs-MASM7@NE) and astrocyte membranes (MSNs-
MASM7@AS) (Figure 7c). The TEM images of the MSNs and
MSNs-MASM7@MI nanoparticles are shown in Figure 7d. The
size of MSNs-MASM7@MI was 229.8-242 nm for 15 d and in-

www.advancedscience.com

dicated good stability (Figure S4d, Supporting Information). The
numerous pores provide space for loading MASM7 molecules.
In vitro, MSNs-MASM7@MI showed no biological toxic-
ity (Figure 7e) and delivered MASM7 to the mitochondria
(Figure 7f). In vivo, MSNs-MASM7@MI had no biological tox-
icity (Figure S4e, Supporting Information). In vivo, the mice
treated with MSNs-MASM7@MI had higher BMS and inclined-
plane method scores (Figure 7g). MSNs-MASM7@MI-treated
mice showed a significant fluorescence signal from the spinal tis-
sue (Figure S4f, Supporting Information), suggesting that MSNs-
MASM7@MI efficiently crossed the blood-spinal cord barrier.
In addition, the number of Nissl-stained positive cells in mice
treated with MSNs-MASM7@MI was significantly higher than
that in the other groups (Figure 7h). Taken together, these data
suggest that MSNs-MASM7@MI can protect neurons and pro-
mote the recovery of neurological function in injured mice.

3. Discussion

SCI inflicts catastrophic physical and psychological trauma on
patients and imposes a significant economic burden on the so-
ciety owing to prolonged hospital stays, poor recovery outcomes,
and increased reliance on nursing care.l?”l However, the mech-
anisms underlying the secondary injuries in SCI remain un-
clear. Microglia, the innate immune cells of the CNS, play a piv-
otal role in secondary SCI through excessive activation. In the
current study, we established a link between hyperactive cGas-
Sting response and SCI. We demonstrated that the microglia-
specific KO of Sting attenuated the inflammatory response and
promoted recovery from SCI. Mechanistically, we discovered that
LPS-induced activation of the cGas-Sting pathway in microglia
may be mediated through cytoplasmic mtDNA, which is released
as a result of abnormal mitochondrial fusion caused by Mfn2 and
the subsequent production of mtROS. Furthermore, the activa-
tion of Mfn2 by MASM?7 significantly reduced the activation of
Sting signaling in SCI. Collectively, our findings confirm that
the Mfn2-mtDNA-cGas-Sting axis is a potential target for SCI
treatment. Additionally, we successfully developed a biomimetic
microglial nanoparticle strategy for delivering MASM7 (named
MSNs-MASM7@MI), which showed promising results. These
findings provide a new perspective on the occurrence of sec-
ondary SCI.

Sting is an innate immune adapter protein in the endoplas-
mic reticulum (ER) that functions synergistically with cGas to
initiate an interferon-based response to protect the host.l”! The
Sting pathway plays an important role in many CNS diseases.!”-?]
However, little is known regarding the role of Sting in SCI.
Our study found that Sting was significantly elevated after SCI.
Moreover, by analyzing single-cell data,!'*! we found that Sting
was mainly expressed in microglia after SCI and was correlated
with inflammation-related pathways. Immunofluorescence anal-

Figure 5. Mitochondria swelling and expression of mitofusin decreased after SCI. a) Representative ultrastructure of microglia in the perilesional tissues
at 7 d after SCI (Scale bar: 1 um (a1,a2) and 0.5 um (a3,a4)). b) Western blot analysis of the Drp1, Mfn1, and Mfn2 levels in microglia of Control and LPS.
c) Western blot analysis of cGas, Sting, Drp1, and Mfn2 levels in microglia of Control and LPS, LPS+MASM?7, and LPS+Mdivi-1. d) Representative of
immunofluorescence staining of M1 state (iNOS) in microglia (Scale bar: 20 um). e) Levels of pro-inflammatory cytokines, including IL-18, IFN-4, and
TNF-a in the medium of microglia. f) Flow cytometric analysis on the expression levels of M1 ratio (F4/80/ CD86+). g) The neuron death rate measured
by Annexin V and PI staining. n = 6 for each group. h) Mfn2 /Iba1 double immunostaining in the perilesional tissues 7 d after SCI (Scale bar: 50 um).
Error bars denote mean + SEM, ns, no significance, “p < 0.05, “*p < 0.01, and “p < 0.001.
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Figure 6. Mitochondrial fission-induced mtDNA release mediates activation of Sting signaling in LPS-induced microglial. a) Representative of im-
munofluorescence staining of Mfn2 in microglia in different groups (Scale bar = 20 um). b) Western blot and quantitative analysis of Mfn2, cGas,
Sting, Irf3, p-1rf3, P65 and p-P65 in microglia of Control, LPS, LPS + vehicle, and LPS + MASM?7. c) dsDNA and HSP60 double immunostaining mi-
croglia in different groups (Scale bar: 20 um). d) Representative MitoTracker fluorescence images illustrating mitochondrial morphology in microglia
(Scale bar: 20 um). e) Representative fluorescence staining of JC-1 aggregates (red)/JC-1 monomers (green) illustrating the MMP (Scale bar: 20 um).
f) Representative MitoSOX fluorescence images of mitochondria-derived ROS (Scale bar: 20 pm). Error bars denote mean + SEM, ns, no significance,
*p < 0.05, p < 0.01,and “p < 0.001.
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Scheme 1. Schematic process of the activation of cGas-Sting signaling mediated by Mfn2-dependent release of mtDNA in microglia in SCI.

ysis further confirmed these results. Consistent with these find-
ings, a study examining the function of Sting in mice with sub-
arachnoid hemorrhage concluded that Sting is mainly expressed
in microglia.?*! In addition, our IPA experiments validated that
cGas-Sting is an upstream molecule of these inflammation-
related molecules.

Microglia primarily originate in the embryonic yolk sac and
populate the entire CNS during early neural development.!?] Mi-
croglia can also regulate the innate and adaptive immune re-
sponses during pathological injury. The dysregulation of these
responses is the basis for the pathogenesis of secondary SCL.[26]

Adv. Sci. 2024, 11, 2305442

It is widely acknowledged that microglia are the most dynamic
cell population in the spinal cord after SCLI'*! To further study
the role of Sting in secondary SCI, we generated MKO mice. The
results showed that Cx3cr1-Cre ER™/Sting mice exhibit better
neurological function. Our western blot, TUNEL staining, and
flow cytometry results showed that downregulating the expres-
sion of Sting could rescue the apoptosis of neurons. Interestingly,
one study found that the Sting inhibitor C-176 significantly atten-
uated neuroinflammation, thereby reducing neurological deficits
in ischemic stroke mice.l'") Li et al.?’] showed that activation
of the cGas-Sting pathway could produce microglial inflamma-
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Figure 7. Nanomaterials carrying MASM7 promoted neuroprotection and functional recovery after SCI. a) The diameter distribution of MSNs, MSNs-
MASM7@AS, MSNs-MASM7@NE, or MSNs-MASM7@MI. b) The zeta potential distribution of MSNs, MSNs-MASM7@AS, MSNs-MASM7@NE, or
MSNs-MASM7@MI. c) Flow cytometric analysis of nanomaterials (coated by microglia membranes, neuron, and astrocyte membranes) uptake by
primary microglial. d) TEM images of the MSNs and MSNs-MASM7@MI (Scale bar = 50 nm). e) Fluorescence images of cellular morphology (F-actin)
in primary microglial, neuron, and astrocyte cells after 24 h (Scale bar = 20 um). f) Fluorescence images of MSNs-MASM7@MI and mitochondria
(HSP60) in primary microglial after 24 h (Scale bar = 20 um). g) Effects of different treatments on neurological function scores at 1, 7, and 14 d after
SCI. h) Nissl staining in the perilesional tissues 7 d after SCI (Scale bar = 20 pm).
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somes and pyroptosis in microglial cells, thereby amplifying the
inflammatory response during brain ischemia/reperfusion in-
jury. These results reveal that cGas-Sting activation is the key
to CNS injury. However, the role of Sting in the SCI model has
not yet been fully understood. The cGas-Sting pathway senses
both microbial- and host-derived dsDNA in the cytoplasm and
initiates cellular innate immune responses in a Sting-dependent
manner.”) A potential source of cytosolic cGas-agonistic self-
DNA is mtDNA."! Our current study observed that microglia
in the SCI group exhibited mitochondrial swelling, destruction,
loss of mitochondrial cristae, and compromised mitochondrial
membrane integrity. These findings suggest that Sting-mediated
neural cell death and inflammation may be attributed to mito-
chondrial dysfunction.

Mitochondria are the only organelles in cells that contain
their own genome and are highly dynamic organelles that
constantly undergo fission and fusion.[?®! Qur results substanti-
ate that Mfn2-dependent abnormal mitochondrial fusion leads
to Sting activation and suggest that MASM7 may be a poten-
tial drug for treating SCI. Mitochondrial dysfunction involves
various processes, including mtDNA damage, depletion, and
release.”®] Leakage of mtDNA into the cytoplasm activates the
cGas-Sting immune pathway, which in turn, regulates innate im-
mune responses and sterile inflammation.[""®°] In the current
study, activation of the Sting pathway in LPS-induced microglia
was associated with the release of mtDNA into the cytoplasm.
Meanwhile, upregulation of Mfn2 expression in microglia sig-
nificantly reduced LPS-induced mtDNA release. Mfn2 deficiency
significantly reduced mitochondrial fusion, leading to mitochon-
drial fragmentation.[?) Our results showed that MASM7 attenu-
ated mitochondrial fragmentation in LPS-induced microglia. Mi-
tochondrial fragmentation has been reported to regulate mtROS
production.[%) In this study, we found that increased mtROS lev-
els in LPS-activated microglia were significantly downregulated
by Mfn2 activation, suggesting that Mfn2-mediated mitochon-
drial fusion regulates mtROS levels. Interestingly, it has been
shown that the release of mtDNA in the cytoplasm is depen-
dent on mtROS,*! and exogenous ROS (hydrogen peroxide) in-
duces the release of mtDNA into the cytoplasm in mouse embryo
fibroblasts.?? Based on these findings, it is probable that Mfn2
reduces mtDNA release by enhancing mitochondrial fragmenta-
tion and reducing mtROS production.

Nanomaterials possess significant potential for biomedical ap-
plications because of their ability to fine-tune properties, such
as loading capacity, drug protection, controlled drug release, and
targeting capability.[**] However, once inside the body, nanoma-
terials may absorb proteins and cellular components, leading to
changes in their properties and recognition and elimination by
the immune system.** In recent years, functionalizing nano-
materials with cell membranes has emerged as a promising
approach to endow nanomaterials with excellent biointerfacial
properties.*] In the present study, we developed a microglial cell
membrane-coated silica nanoparticle drug delivery system that
can deliver MASM?7 to the site of SCI. This nanodelivery system
was effective in improving dysfunction after SCI.

Taken together, our findings indicate that the activation of
Sting signaling in microglia promotes neuronal death and in-
flammatory responses in SCI. Abnormal mitochondrial fusion
mediated by Mfn2 promotes the generation of mtROS and the re-
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lease of mtDNA into the cytoplasm. This mediates the activation
of cGas-Sting signaling pathway in microglia. In addition, we es-
tablished a biomimetic microglial nanoparticle strategy to deliver
MASM7 (named MSNs-MASM7@MI) to improve dysfunction
after SCI. These findings provide new evidence for the involve-
ment of cGas-Sting in the development of microglia-mediated
SCI and provide new therapeutic strategies for treating SCI.

4. Experimental Section

Animals and Ethical Considerations: Male wild-type (WT) C57BL/6
mice weighing 20-25 g and aged 8-12 weeks were obtained from the An-
imal Center of Fourth Military Medical University. MKO mice were gen-
erated by breeding Sting-flox mice with Cx3cr1-Cre ER™ mice (Shanghai
Model Organisms Center, Inc, Shanghai, China). All the mice were raised
in a standard animal room under controlled environmental conditions.
The indoor temperature was kept at 20-25 °C, the relative humidity of the
air was kept at 40-70%, the number of air changes was 15 times h™', and
the alternating time between day and night was 12 h/12 h. During the rear-
ing process, mice had free access to food and water. All experimental pro-
cedures were approved by the Ethics Committee and Institutional Review
Board of the Fourth Military Medical University (Air Force Military Med-
ical University). Animal experiments were conducted in accordance with
the National Institute of Health Guide for the Care and Use of Laboratory
Animals.

SCI Model:  The mice were anesthetized with 1% sodium pentobarbi-
tal (60 mg kg™"), followed by laminectomy of the vertebrae T9 to expose
the spinal cord. In the spinal cord contusion model, an impactor weighing
10 g was dropped vertically from a height of 30 mm onto the surface of
the exposed T9 spinal cord for 3 s. The mice were monitored daily to avoid
infection and abnormal wound healing. Additionally, to assist the mice in
voiding their bladders, they were manually stimulated by gentle squeezing
once daily until they were euthanized.

Behavioral Analysis: In this study, BMS was used to evaluate the
hindlimb motor function of mice.[*¢] The inclined-plane method was used
to indirectly evaluate trunk stability and hindlimb strength after SCL.[>] To
minimize any potential subjective bias in the scoring process, a double-
person and double-blind approach was adopted.

Analysis of Bulk RNA-Seq and scRNA-Seq from Spine Tissue:  Bulk RNA-
seq and scRNA-seq datasets were obtained from Figsharel3®] and ana-
lyzed using the R package. The thresholds for identifying DEGs were a
p-value < 0.05 and an absolute fold change > 2. scRNA-seq data (n = 1)
were normalized and clustered using Seurat (version: v3.1.5). The top
2000 DEGs were selected for principal component analysis (PCA). The
JackStraw function in Seurat was used to identify the optimal number
of PCA components. Graph-based algorithms in the PCA space and Uni-
formed Manifold Approximation and Projection (UMAP) dimensionality
reduction techniques were employed for cell clustering and visualization.
Pseudotime analysis and single-cell trajectory analysis of microglia were
performed using Monocle 2 (version: v14.0.80) in R. Dimensionality re-
duction was achieved using the DDRTree algorithm, and single-cell trajec-
tories were constructed using the orderCells function. Trajectories were vi-
sualized using the plot_cell_trajectory function. To identify the differential
genes in the two microglial cell subpopulations, Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were used
for pathway enrichment analysis, with a resolution of 0.05. IPA was per-
formed using QIAGEN’s Ingenuity Pathway Analysis (IPA; QIAGEN Red-
wood Coty, www.giagen.com/ingenuity).

Cell Culture: Primary mouse microglia (CP-M110) were purchased
from Procell Life Science & Technology Co. Ltd. (Wuhan, China), which
were cultured in a cell culture incubator with medium containing fetal
bovine serum (FBS), growth supplements, and penicillin/streptomycin at
a concentration of 5% CO, at 37 °C. Mouse nerve cell lines (CATH.a)
were grown in Dulbecco’s modified Eagle medium (DMEM) (Gibco,
USA) supplemented with 10% FBS (InCellGene, USA) and 1% penicillin-
streptomycin solution. All the cells were validated by the suppliers. Primary
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cultures of cortical astrocytes were prepared as described previously.3!

Primary astrocytes were grown in DMEM/F12 (Gibco, USA) supplemented
with 10% FBS (InCellGene, USA) and 1% penicillin-streptomycin solution.
Drug Administration: To inhibit Sting, microglia were treated with
1 um C-176 (MedChemExpress, USA).[“°l To inhibit Drp1, microglia were
treated with 10 um Mdivi-1 (Selleck, USA).["8] To activate Mfn2, microglia
were treated with 1 um MASM7 (MedChemExpress, USA).['7] The same
volume of PBS was used as the control. MASM7 (30 ug g~ ") or vehicle (1%
DMSO + corn oil) was administered intraperitoneally 30 min after SCI.

Enzyme-Linked Immunosorbent Assay (ELISA): The mice were sacri-
ficed before and after SCI and spinal cord samples were collected from
the injury site. Cell culture supernatants containing secreted components
were collected by transferring the medium to sterile tubes, followed by
centrifugation at 2000-3000 rpm for 20 min. After centrifugation, the su-
pernatant was collected. The collected supernatant samples were then an-
alyzed using the respective ELISA kits (RK00420, RK00027, and RK00006,
ABclonal) to measure IL-14, IFN-$, and TNF-a levels. All the ELISA tests
were performed in accordance with the manufacturer’s instructions (AB-
clonal, Wuhan, China).

Niss| Staining: On day 7 after SCI, axial spinal cord sections of
C57BL/6 mice were stained with formyl violet (for Nissl bodies). The Nissl-
positive cells in each visual field were counted for statistical analysis.

Western Blotting: Proteins from trauma tissues, primary microglia,
and neurons were prepared using ice-cold radioimmunoprecipitation as-
say lysis buffer containing phosphatase and protease inhibitors. Pro-
tein samples (20 ug per lane) were separated by 10-12% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and transferred to
polyvinylidene fluoride membranes (Millipore). The membranes were in-
cubated at 4 °C overnight with the primary antibodies after blocking
them with 5% nonfat milk. Primary antibodies were anti-Sing (1:1000;
19851-1-AP, ProteinTech); anti-cGas (1:1000; A8335, ABclonal); anti-P65
(1:1000; 80979-1-RR, ProteinTech); anti-p-P65-S536 (1:1000, #11014, Sig-
nalway Antibody); anti-Irf3 (1:1000, A2172, Abclonal), anti-p-1rf3-S396
(1:1000, AP0623, Abclonal); anticleaved Parp (1:1000, #94 885, Cell Sig-
naling Technology); anti-Drp1 (1:1000; D6C7, Cell Signaling Technol-
ogy); anti-Mfn2 (1:1000, 12186-1-AP, ProteinTech); anti-Mfn1 (1:1000,
A9880, ABclonal); and antiglyceraldehyde 3-phosphate dehydrogenase
(Gapdh) (1:1000, 60004-1-lg, ProteinTech). The membranes were then
incubated with antimouse or antirabbit secondary antibodies (1:5000;
AS003, AS014, ABclonal, Wuhan, China). Finally, the membranes were in-
cubated with an enhanced chemiluminescence reagent (ABclonal, Wuhan,
China).

Immunofluorescence:  Staining was performed using standard im-
munohistochemical procedures as previously described.[*'l Sections and
primary microglia were washed 3 times with 1 x PBS and blocked with
5% normal goat serum (Gibco) and 0.2% Triton X-100 for 1 h. Then, sec-
tions were incubated with specific antibodies at 4 °C overnight: anti-Sting
(1:200; 19851-1-AP, ProteinTech), anti-Mfn2 (1:200; ab124773, Abcam),
anti-Iba1 (1:200; ab289874, Abcam), and anti-iINOS (1:200; ab178945, Ab-
cam). 4',6-diamidino-2-phenylindole (DAPI) (1:1000, Invitrogen) was used
to label the nuclei. All sections and microglia were imaged using a Nikon
confocal microscope and analyzed using Image] software.

Flow Cytometry Analysis on the Activation Status of Primary Microglia:
PE anti-CD86 (ProteinTech, China) and APC anti-F4/80 (BioLegend Co.,
USA) were used to detect the activation status of primary microglia in dif-
ferent groups. Different groups of primary microglia were washed with PBS
and resuspended in the binding buffer. Then the primary microglia were
stained with PE anti-CD86 and APC anti-F4/80 at 4 °C for 15 min in the
dark. Flow cytometry (BD Biosciences) was used to immediately detect the
samples, and FlowJo software (v10.6.2) was used to analyze the results.

Flow Cytometric Analysis on the Apoptosis Levels of Neurons: Different
groups of neurons were stained using annexin V/propidium iodide (Pl)
staining kits (ABclonal, China). Different groups of neurons were washed
with PBS and resuspended in the binding buffer. The neurons were stained
with annexin V-fluorescein isothiocyanate (FITC) and Pl for 15 min at 4 °C
in the dark. Flow cytometry (BD Biosciences) was used to immediately
detect the samples, and FlowJo software (v10.6.2) was used to analyze the
results.
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TUNEL Staining:  For NeuN and TUNEL costaining, cryosections were
first stained with NeuN antibody (1:200; GB11138, Servicebio) overnight
at 4 °C. TUNEL staining was used to detect apoptosis according to
the manufacturer’s protocol (Servicebio). The results are expressed as
the number of double positives for live TUNEL and NeuN neurons in
cells mm=1.[42]

Analysis of Mitochondrial Morphology and Function: ~ Mitochondria were
analyzed for morphology and function as previously described.[*}] Primary
microglia were seeded in confocal dishes and subjected to appropriate ma-
nipulations. A confocal microscope was used to analyze the mitochondrial
morphology of the cells incubated for 30 min with 10 nm MitoTracker green
(M7514, Life Technologies). MMP and mtROS production was assessed
after 30 min of incubation with 10 nm JC-1 (C2006, Beyotime) and 5 nm
MitoSOX (M36008, Invitrogen). Image) software was used to quantify the
relative fluorescence levels of cells captured under a confocal microscope.

Synthesis of MSNs:  MSNs were prepared as previously reported.[*4]
The SiO, nanoparticles were synthesized via three-phase emulsion poly-
merization. Briefly, cetyltrimethylammonium bromide (CTAB, 0.1 g) was
dissolved in a solution of n-hexyl alcohol (8 mL), cyclohexane (37 mL),
deionized water (2 mL), and Triton X-100 (12 mL). After stirring for 0.5 h,
tetraethoxysilane (TEOS, 0.5 mL), and ammonia water (0.5 mL) were
added to the solution and stirred at 100 °C for another 24 h. After cool-
ing, the mixture was separated by centrifugation at 12 000 rpm for 10 min
and washed several times with ethanol and water. Then, the CTAB was
removed at 550 °C for 6 h and the MSNs were obtained.

To encapsulate MASM7, the MSNs (10 mg) were added to 10 mL of
MASM7 solutions (500 pg mL™") and stirred for 12 h at room tempera-
ture. MSNs-MASM7 were separated from the unincorporated MASM7 by
centrifugation.

The cell membrane-cloaked MSNs-MASM7 nanoparticles (MSNs-
MASM7@CM) were obtained as follows (Scheme 1): Extraction of lipids
from cells: The collected cells (primary microglia, neuron, and astrocyte)
were treated with 10 mm Hepes buffer (0.25 m sucrose and T mm MgCl,)
at pH 7.5, and then treated with ultrasound for 50 times, 30 s each
time. The cell membrane (precipitate) was separated by centrifugation at
6000 rpm for 5 min. After mixing silica and the cell membrane equally,
SiO, coated with the cell membrane (MI, NE, and AS) was used to pre-
pare nanoparticles using a hand-pushed liposome extruder.

Flow Cytometry Analysis on the Uptake of the Nanoparticle by Primary
Microglia:  The primary microglia were seeded into 6-well plates at a
density of 1 x 10° units per well and incubated overnight; fresh culture
media supplemented with MASM7@MI, MSNs-MASM7@ NE, or MSNs-
MASM7@AS were then added for another 30 h of incubation at 37 °C. Flow
cytometry (BD Biosciences) was used to immediately detect the samples,
and Flow)o software (v10.6.2) was used to analyze the results.

Characterization of MSNs-MASM7@MI:  The morphologies of MSNs-
MASM7 and MSNs-MASM7@MI| were examined using TEM (JEM-1230,
Japan). For TEM imaging, the treated samples were dropped onto the
surface of an ultrathin copper grid and then stained with a 1% phospho-
tungstate solution for 1 min. The hydrodynamic size of nanoparticle aggre-
gates was characterized using a Zetasizer Nano-ZS dynamic light scatter-
ing device. The zeta potentials of MSNs-MASM7 and MSNs-MASM7@MI
were evaluated by dynamic light scattering (DLS) using the Delsa Nano C
Particle analyzer (BECKMAN Coulter Instruments, USA).

Statistical Analysis:  Statistical analyses were performed by using
GraphPad Prism (version 9.0). The continuous variables are presented as
the means + standard error of the mean (normal distribution) or medians
with interquartile ranges (skewed distribution) from at least three indepen-
dent experiments. Unpaired two-tailed Student’s t-test was used to com-
pare two independent groups, and multiple groups were compared using
a one-way analysis of variance. A two-sided p-value < 0.05 was considered
statistically significant.
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