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IF1204 in microglia mediates traumatic brain
injury-induced mitochondrial dysfunction and pyroptosis

via SENP7 interaction
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Abstract

Objectives Traumatic brain injury (TBI) is a pri-
mary contributor to chronic functional impairment
in human populations, initiating complex neuroin-
flammatory cascades and neurodegeneration. Despite
extensive research efforts, the precise pathophysi-
ological pathways remain incompletely characterized.
This investigation aims to establish a novel therapeu-
tic strategy that targets critical molecular pathways
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post-injury, potentially addressing the current limita-
tions in the clinical management of TBI patients.

Methods The single-cell data of cortical tissue from
mice with TBI were obtained from public databases
(GSE160763), which was utilized to identify altera-
tions in in the composition of disease-associated
cells and related molecules as the disease progresses.
Functional and pathway enrichment analyses were
conducted to elucidate the functional characteristics
of microglia and astrocyte subpopulations. Trajec-
tory analysis was employed to investigate cell differ-
entiation characteristics. Subsequently, we examined
the expression and function of microglia-specific
molecules, such as IFI204, along with their underly-
ing molecular mechanisms using Western blotting,
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immunofluorescence, co-immunoprecipitation (CO-
IP), histopathology, behavioral tests, and molecular
docking to assess binding status, as well as molecu-
lar dynamics simulations. Finally, we used molecu-
lar docking technology to find small molecule com-
pounds that IFI204 can stably bind to.

Results We identified nine major cell populations,
most of which undergo dynamic changes following
TBI. Astrocytes and microglia were the predominant
populations in each group, and further cluster analysis
revealed that the proportions of interferon (IFN) and
axonogenesis-related microglial subtypes increased
after TBI. Trajectory inference analysis indicated that
the expression of Ifi204 is upregulated in microglia
during disease progression. Conditional microglial
knockdown of IFI204 significantly improved neuro-
logical deficits in mice, and alleviated mitochondrial
dysfunction and microglial pyroptosis. Mechanisti-
cally, SENP7, identified as a novel molecule, interacts
with IFI204 in microglia, catalyzes the deSUMOyla-
tion of IFI204, and promotes STING signal activa-
tion, ultimately driving microglial pyroptosis and
mitochondrial dysfunction.

Conclusions The interaction between IFI204 and
SENP7 promotes microglial pyroptosis and related
mitochondrial dysfunction. Furthermore, in the case
of TBI, we hypothesize that targeting IFI204 might
yield therapeutic benefits.

Keywords IFI204 - SENP7 - Mitochondria -
Microglial pyroptosis - Traumatic brain injury

Introduction

Concerning the elderly, Traumatic brain injury
(TBI) is one of the most notable contributors to the
mortality rate, as well as death due to neurodegen-
erative diseases, and mental illnesses (Khellaf et al.
2019). Nearly 69 million individuals are affected by
TBI annually (Dewan 2018). There is a lack of ade-
quate and proper treatment methodologies for TBI.
Therefore, thorough comprehension of the molecu-
lar pathways altered in TBI is essential for develop-
ing targeted therapies. Emerging research has iden-
tified multiple molecular indicators linked to TBI
pathogenesis. Nevertheless, current findings derived
from isolated datasets or limited cohort sizes present
methodological constraints that compromise their
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reliability. This underscores the critical need for sys-
tematic validation through large-scale multicenter
studies. Consequently, precise molecular characteri-
zation of TBI-associated signatures remains impera-
tive for advancing diagnostic precision and therapeu-
tic development in clinical neurology.

One way to study how cells respond to injury is
through transcriptome analysis of the different cell
types present at the injury site. However, previous
studies have been limited to focusing on only one
type of cell, lacking information on the diversity of
subpopulations and various cellular conditions. The
more recent advances in single-cell RNA sequenc-
ing (scRNA-seq) technology has now accurately
represent particular distinct subpopulations within a
particular cell type, which overcomes the prior limita-
tions (Heiman 2008;, Sanz et al. 2009). Furthermore,
it is now possible to obtain and analyze multiple cell
types from one tissue sample which enables the study
of the relationships and the means of communica-
tion among different cells. In one of my prior stud-
ies, we focused on the analysis of 13,471 cells from
the control group and 9,482 cells from the test group
(TBI). All the data we generated using the numer-
ous advanced analytical techniques at our disposal
strongly suggest that there are multiple states of
microglial cells present as we move towards Day 7
post TBI, indicating a temporal shift towards a more
non-steady condition. In addition, Ifi204 may be asso-
ciated with disease progression and poor prognosis
in mice after TBI, and is anticipated to emerge as a
potential therapeutic target for precision medicine in
the future.

Post-traumatic ~ neuroinflammatory  processes
within the compromised cerebral tissue constitute a
critical component of secondary injury mechanisms
following TBI, primarily marked by the activation
of microglia (Wang et al. 2014). Moreover, excessive
or prolonged neuroinflammation can result in neuro-
logical deficits following TBI (Song 2022). Pyrop-
tosis, is mediated through inflammasome activation
and subsequent gasdermin D (GSDMD) cleavage.
The proteolytically liberated amino-terminal frag-
ment (GSDMD-NT) induces transmembrane pore
formation, facilitating extracellular release of inflam-
matory mediators, thereby amplifying inflammatory
signaling cascades (Xu 2019). Experimental evidence
from both in vitro microglial models and murine trau-
matic brain injury studies confirms the operational
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involvement of the NOD-like receptor thermal pro-
tein domain associated protein 3(NLRP3)/Caspase-1/
GSDMD axis in neuroinflammatory responses. This
molecular pathway demonstrates particular signifi-
cance in modulating post-traumatic glial activation
dynamics and associated neuropathological sequelae
(Li 2024). These studies indicate targeted strategies
to restrain microglial pyroptosis may be of significant
therapeutic importance.

After TBI, a variety of post-injury cascades are
triggered, which encompass mechanisms such as
apoptosis, pyroptosis, inflammation, and oxidative
stress. These processes can lead to systemic effects
that exacerbate the overall impact of TBI (Xu 2023).
Recent research indicates that elevated oxidative
stress, resulting from overly activated microglia, pro-
moting neuronal apoptosis and exacerbating brain
injury after TBI (Judrez-Rebollar et al. 2017;, Su
2021). The overproduction of ROS, along with the
reduced activity of antioxidant enzymes like GSH-
Px, has been noted during oxidative stress episodes,
which in turn exacerbates the oxidative stress (Guo
2023;, Liu 2018). Therefore, developing novel com-
pounds to mitigate mitochondria oxidative stress may
help ameliorate neuronal death and aid in the treat-
ment of TBIL.

stimulator of interferon genes (STING) specifically
activates innate immunity signaling pathways, ini-
tiating a response characterized by type I interferon
(Zhou et al. 2022). Research indicates that inhibiting
STING can alleviate neuroinflammation and reduce
neuronal apoptosis in mice suffering from TBI (Shi
2023). Furthermore, STING is implicated in eliciting
various stress responses in vascular smooth muscle
cells (VSMCs), which contribute to aortic degenera-
tion and aneurysm formation (Luo 2020). Additional
studies have shown that the upregulation of STING
can lead to neuroinflammation, synaptic deteriora-
tion, and the death of neural cells in vitro under con-
ditions of chronic oxidative stress (Sanders 2023;,
Gaidt 2017). While various aspects of STING’s
impact have been explored, its specific contribution
to TBI, along with its potential regulatory impact on
microglial pyroptosis and mitochondrial dysfunction,
remains unexamined.

Interferon-inducible  protein 204  (IF1204)
belongs to the p200 family of proteins that are
induced by interferon. A previous study has shown
that the IfI204, whose gene product, p204, p204

overexpression in Mouse squamous cell carcinoma
(SCCVID) cells significantly inhibited cell growth
(Yamaguchi et al. 2019). P204 can promote apopto-
sis of various cell types and inhibit cell viability and
migration (Liu 2000). Emerging evidence suggests
IFI204 mediates chronic inflammatory processes and
autoimmune pathogenesis. This molecular cascade
demonstrates how aberrant immune activation may
ultimately drive tissue destruction through sustained
pro-inflammatory signaling pathways (Mondini et al.
2010;, Choubey 2010). In a spontaneous model of
prostate cancer, IFI204 reduces the density of intra-
ductal microvessels and the proliferation of tumor
cells (Persano 2009). Although the effects of IFI1204
have been discussed, it is still necessary to investigate
whether IFI204 serves as a key regulator in mito-
chondrial dysfunction and cell pyroptosis induced by
microglia following TBIL.

SUMOylation, a dynamic and reversible enzymatic
process governing post-translational protein modifi-
cations, entails the site-specific covalent conjugation
of small ubiquitin-like modifier (SUMO) proteins of
select lysine residues in substrate polypeptides. This
molecular mechanism, characterized by its cyclical
nature, regulates diverse cellular functions through pre-
cise modulation of protein interactions and subcellular
localization (Cao et al. 2023). This dynamic process is
counterbalanced by specialized cysteine proteases that
catalyze SUMO-protein dissociation. Notably, the sen-
trin-specific protease (SENP) family serves as critical
regulators in maintaining cellular homeostasis through
precise control of SUMO deconjugation from substrate
proteins (Lin 2020). SUMOylation serves as a pivotal
modulator of diverse biological pathways by dynami-
cally regulating substrate localization, enzymatic activ-
ity, protein—protein interactions, and metabolic stability.
This post-translational modification critically influences
fundamental cellular mechanisms including transcrip-
tional regulation, chromatin remodeling, ion transport
dynamics, and oxidative stress adaptation (Hwang et al.
2022). Among key regulatory enzymes, sentrin-specific
protease SUMO1/sentrin/SMT3 specific peptidase 3
(SENP3) demonstrates particular significance in car-
diovascular pathophysiology. This protease catalyzes
the deconjugation process of SUMO-2/3-modified
proteins, with its deSUMOylation activity emerging as
a critical determinant in mitigating ischemic myocar-
dial injury at the cellular level (Zhou 2019;, Du 2021).
Moreover, SENP3 has been found to promote the
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inflammatory response activated by lipopolysaccharide
(LPS) in macrophages (Chen et al. 2020;, Lao 2018).
It has also been observed that oxidative stress induces
the interaction between IFI204 and SENP3, leading
to IFI204 deSUMOylation, which subsequently facili-
tates STING-mediated antitumor activity (Hu 2021).
SUMO-specific protease 7 (SENP7), a critical regulator
of SUMO2/3 conjugation dynamics, modulates essen-
tial biological pathways including epithelial-mesen-
chymal plasticity, genomic stability maintenance, and
innate immunity regulation (Bawa-Khalfe 2012; Garvin
2013; Cui 2017). Experimental evidence demon-
strates that SENP7 deficiency significantly attenuates
cell pyroptotic. This phenomenon likely stems from
dysregulated protein hyperSUMOylation induced by
compromised SENP7 activity, which disrupts normal
post-translational modification homeostasis (Li et al.
2020). IFI204 has previously been described to regu-
late by SUMOylation modification (Hu 2021). How-
ever, whether SENP7 interacted with IFI204, leading
to IF1204 deSUMOylation, affecting microglia-induced
mitochondrial dysfunction, cell pyroptosis, and inflam-
mation after TBI, has not previously been defined.

In this study, we conducted a thorough exami-
nation of scRNA-seq data derived from an earlier
investigation (GSE160763) to capture and study cel-
lular and molecular adaptations associated with TBI
at single-cell resolution (Witcher 2021). The patho-
logical role of IFI204 in microglia-induced mito-
chondrial dysfunction and pyroptosis after TBI was
explored. Our results indicate that the interaction
between SENP7 and IFI204 leads to deSUMOyla-
tion of IF1204. Following STING activation, it leads
to mitochondrial dysfunction and microglial pyropto-
sis after TBI. In contrast, IFI204 knockout effectively
improves neurological function after TBI by reducing
mitochondrial dysfunction and microglial pyroptosis.
This research indicates that therapeutic approaches
aimed at modulating IFI204 expression or its inter-
action with SENP7 have the potential to be used as
therapeutic strategies for treating TBI.

Materials and methods
scRNA-seq data preprocessing and analysis

The scRNA-seq dataset for TBI in mice was sourced
from GSE160763 (https://www.ncbi.nlm.nih.gov/
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geo/query/acc.cgi?acc=GSE160763)(Witcher 2021),
which contained 2 Control and 2 TBI mice. The
raw gene expression matrix was converted into a
Seurat object utilizing the Seurat R package. Genes
expressed in at least five cells per sample were
retained, along with cells that expressed more than
200 genes. To further filter out low-quality cells, we
retained only those cells that expressed between 200
and 2000 genes, had lower than 5% mitochondrial
reads. Following this, we normalized the data matrix
by applying the “NormalizeData” function in Seurat.
The logarithmized normalized data matrix was scaled
based on the top 3000 most variable genes by using
the “FindVariableFeatures” function in Seurat. After
preprocessing the data, we reduced its dimensional-
ity through principal component analysis (PCA).
Batch correction was performed on various Seurat
objects utilizing the “RunHarmony” function found
in the harmony package. Data clustering was per-
formed using the graph-based clustering method from
the “FindNeighbors” function of the Seurat package
based on the top 20 principal components, followed
by the “FindClusters” function (resolution =0.5).
Visualization was achieved using the “RunTSNE”
function to generate a two-dimensional t-distributed
stochastic neighbor embedding (t-SNE) plot with the
“dims” parameter set to 1:15. Subsequently, cell clus-
ters were manually categorized into major cell types
according to established markers. The COSG pack-
age, with default parameters, was utilized to identify
marker genes for each cell type. For subclustering of
the main cell types (Microglia and Astrocytes), the
same procedures for identifying the most variable
genes, batch correction, dimensionality reduction,
and cell annotation were repeated.

Functional-enrichment analysis

The COSG package was employed to identify mark-
ers associated with each cell type in order to investi-
gate their functions. The top 25 genes across different
cell types underwent Gene Ontology (GO) functional
annotation analysis utilizing the clusterProfiler R
package (Yu et al. 2012). Furthermore, Gene Set
Enrichment Analysis (GSEA) was conducted to eval-
uate the status of pathway enrichment based on the
differentially expressed genes (DEGs) among subcell
types (Subramanian 2005).
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Trajectory analysis

The Monocle2 R package was utilized to elucidate
the differentiation trajectories of the cell subtypes
(Qiu 2017). Briefly, the expression profiles from
interesting cell clusters were converted into Monocle
CellData-Set using the “newCellDataSet” function
of monocle2 (set lowerDetectionLimit =0.5). The
low-quality cells and genes were then removed uti-
lizing the “detectGenes” function with (set min_exp
=0.1). Significant DEGs among subcellular types
along pseudotime were identified using the “differ-
entialGeneTest” function (qval <0.01). The “DDR-
Tree” method from the “reduceDimension” function
was employed to reduce the dimensions. The “plot_
cell_trajectory”, plot_genes_in_pseudotime”, and
“plot_pseudotime_heatmap2” functions were applied
for visualization after cell ordering.

Animals

The IFI204floxed (IF1204"") and Cx3cr1“ERT? Jines
of mice were produced by Shanghai Model Organ-
isms Center in China. To create mice with a specific
knockout of microglia, the homozygous IFI2047f
mice were intercrossed with Cx3crl“ERT2 mice
which have tamoxifen (TAM) inducible Cre-recom-
binase under the control of the Cx3crl promoter.
TAM was administered to the mice through intragas-
tric administration for attaining the desired microglia
knockout. Mice were housed in standardized filter-top
enclosures under controlled 12-h light/dark cycles.

Tamoxifen administration

TAM (Sigma) citrate was gavaged at 200 pg/g twice
a day for three days starting at one month of age (Li
2020). For postnatal mice, 100 pg of corn oil-soluble
TAM was injected intraperitoneally on postnatal days
1 and 2, initiating Cre recombination during the two
days of injection.

Traumatic brain injury (TBI) model and experimental
groups

A TBI model was established in mice using craniot-
omy and impact, as previously described (Shi 2023).
During the surgical procedure, the mice were admin-
istered anesthesia using sodium pentobarbital (40 mg/

kg, intraperitoneally). The mice was carefully secured
in a stereotaxic instrument designed for precise posi-
tioning and immobilization of small animals during
surgical procedures. Subsequently, a cranial window
with a diameter of 3.5 mm was created above the
right parietotemporal region of the skull. This spe-
cific location was determined to be 2.5 mm poste-
rior to the bregma and 2.5 mm lateral to the sagittal
suture. The cranial window was made using a preci-
sion motorized drill, ensuring accuracy and minimiz-
ing trauma to the surrounding tissues during this deli-
cate procedure. TBI was generated using a flat probe
with a diameter of 3 mm, 3.5 m/s impact speed, 200
ms dwelling time, which resulted in an impact depth
of 2.2 mm. In contrast, the mice in the sham group
experienced identical handling protocols, although
craniotomy and impact were not performed. The
experimental groups were categorized as follows: the
IF12047"-Sham group, the IFI204 cKO-Sham group,
the IFI2047.TBI group, and the IFI204 cKO-TBI

group.
Evaluation of neurological function

Neurological deficiencies were identified before
experiencing a TBI, as well as within 24 h, 72 h,
and one week after TBI. The evaluation of different
groups’sensorimotor abilities was performed through
the utilization of modified neurological severity
scores (mNSS) (Zhu 2014). The appraisal of neuro-
logical deficiencies was carried out by implementing
a scoring system that spanned from O to 18.

The evaluation of dynamic balance in experimen-
tal animals was primarily conducted using the mouse
rota-rod 47,600 (Ugo Basile, Milan, Italy) (Fukuoka
2018). To ensure proper preparation for the test, a
3-day training period was dedicated prior to initiat-
ing TBI. The equipment parameters were adjusted to
gradually increase the rotational speed from 4 rota-
tions per minute to 40 rotations per minute over a
duration of 300 s. Three evaluations were performed
daily, with a 15-min interval between each session.
The recorded measurement was how long the ani-
mals held onto the rotating rod. Subsequently, statis-
tical analysis was conducted using the mean values
obtained from the test data.

The neuromuscular performance of the ani-
mals was examined by conducting a grip strength
assessment. The adaptive training was initiated
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seventy-two hours before the TBI (Shen 2019). In
this assessment, the mice firmly gripped the grip
plate of the grip strength tester (Yiyan Technology
Development Co Ltd, Shan Dong) with their two
front limbs. The highest amount of force needed
for the mouse to slip off the plate was recorded by
applying backward force on the mouse’s tail using
the right hand.

In the foot fault assessment, the sensorimotor
functions of the forepaw were evaluated using a
previously established method, and we have made
some changes. To put it simply, Mice were allowed
to navigate freely on a metallic grid surface for a
duration of 2 min, with a foot fault recorded when
a forepaw slipped or fell between the wires. Prior
to the surgical procedure, the mice underwent train-
ing for three consecutive days, participating in three
sessions each day, with each session lasting 2 min.
The proportion of contralateral forepaw staggered
steps after TBI in mice =the number of contralat-
eral forepaw staggered steps/the total number of
steps taken by the contralateral forepaw*100%. The
training results from the final day before surgery
served as the baseline reference. Assessments were
conducted on 1d, 3d, and 7d following the surgery.

Hematoxylin—Eosin (HE) staining

Briefly, a perfusion of 0.1 M PBS was conducted
initially, and this was succeed by a perfusion with
4% PFA. Post-extraction, cerebral specimens were
immersion-fixed in 4% PFA, followed by sequen-
tial dehydration through a graded ethanol series
(70% to 100%), xylene-mediated transparency, and
paraffin embedding. The desired brain slices were
obtained by sectioning the brain tissue with a rotary
microtome (Leica, Germany), and these slices were
subsequently placed on glass slides. For histologi-
cal analysis, deparaffinized sections were subjected
to hematoxylin staining (1 min), rinsed thrice with
deionized water, and differentiated in 1% acid etha-
nol for 30 s. Counterstaining with eosin (50 s) pre-
ceded final dehydration via absolute ethanol. Cov-
erslips were applied using neutral balsam mounting
medium. Morphological evaluation was conducted
under bright-field microscopy (Olympus, Japan),
with digital image acquisition performed at stand-
ardized magnifications.
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Nissl staining

Initially, a perfusion of 0.1 M PBS was conducted
initially, and this was succeed by a perfusion with
4% PFA. The mouse brain tissue from the mice were
submerged immersed in 4% PFA and then treated
with a gradient series of alcohol, xylene, and other
solvents prior to dehydration and wax immersion.
Using a microtome (Leica, Germany), the brain tissue
from paraffin-embedded mice was cut into transverse
slices. The paraffin sections were dewaxed and then
subjected to staining using Nissl staining solution
(Sodium tetraborate and toluidine blue), incubating
the sections at room temperature for 5 min. Follow-
ing this, they were differentiated with 1% glacial ace-
tic acid for 3 s and subsequently rinsed with distilled
water. Subsequently, the sections were cleared and
covered. Microscope images were obtained using an
Olympus device from Japan.

Primary culture of microglia

Microglia was cultured according to established
methods (Gao 2019). Following enzymatic dissocia-
tion of cortical tissue, cells were plated in culture ves-
sels and incubated under controlled conditions (37
°C, 5% CO,, 95% humidity) using growth medium
consisting of Minimum Essential Medium (MEM,
Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS, Fisher Scientific) and 1% anti-
biotic—antimycotic solution (penicillin—streptomycin,
Fisher Scientific). All reagents were sterile-filtered
prior to use. Following a culture period of 12-14
days, mature microglia were obtained from mixed
glial cultures through a rapid shaking process, then
resuspended in MEM with an addition of 3% FBS,
and subsequently transferred to plates.

Establishment of a microglia oxygen and glucose
deprivation/reoxygenation (OGD/R) model and
experimental groups

In brief, the standard culture medium was substi-
tuted with DMEM devoid of glucose (Gibco), and
cellular injury was induced by incubating the cul-
tures under hypoxic conditions (95% N2 and 5%
CO02) for 2 hours (Xia 2021). Post-OGD, cells were
replenished with standard culture medium and
maintained in a normoxic incubator (5% CO2) for
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24 h to allow recovery. The negative control group
did not undergo OGD treatment. Cell transfection,
along with the application of LV-sh_SENP7 (MOI
=10), was performed following the manufacturer’s
guidelines (Hanbio). The transfection efficiency was
assessed three days after the procedure. For in vitro
experiments, microglia cells were pre-incubated
with DMXAA. DMXAA at 20 pg/ml 6 h before
oxygen—glucose deprivation (OGD) according to
a previous study (Kerr et al. 2019;, Downey et al.
2014). The experimental groups were categorized
as follows: for the early stage: the IF1204""-Control,
IFI204 cKO-Control, the IFI204"-OGD/R, and
the IFI1204 cKO-OGD/R; for the late stage: the
IF1204"-Control, the IFI204”-OGD/R, the IF1204
cKO-OGD/R, the LV-sh_SENP7-OGD/R, the
IFI1204 cKO-DMXAA-OGD/R.

Lipid peroxidation and antioxidant measurements and
reactive oxygen species activity detection

Malondialdehyde (MDA) concentrations were
determined via a Lipid Peroxidation Assay Kit
(Beyotime), while Superoxide Dismutase (SOD)
enzymatic activity was analyzed using a corre-
sponding SOD Detection Kit (Beyotime). The glu-
tathione redox status, expressed as the GSH/GSSG
ratio, was quantified with a dedicated Glutathione
Assay Kit (Beyotime). Additionally, Glutathione
Peroxidase (GSH-PX) activity was evaluated
through a commercially available GSH-PX Activity
Assay Kit (Nanjing Jiancheng Bioengineering Insti-
tute). Reactive Oxygen Species (ROS) levels in tis-
sue samples were measured utilizing a Tissue ROS
Detection Kit (Biolab).

ROS detection assay

Intracellular ROS were quantified employing a com-
mercial detection kit (Beyotime). For ROS genera-
tion study, different groups cells were incubated with
2'7'-dichlorodihydrofluorescein diacetate (DCFH-
DA, 10 pM) in fresh medium at 37 °C for 20 min.
The nucleus and mitochondria were stained with
6-diamin-2-phenylindole-dihydrochloride =~ (DAPI).
Observations of the images were conducted with a
confocal microscope (LSM 750, Zeiss, Gottingen).

Mitochondrial staining

MitoTracker Red CMXRos (Invitrogen) was
employed to evaluate mitochondrial structure accord-
ing to the manufacturer’s guidelines. In summary, pri-
mary microglia that were plated on coverslips under-
went washing with pre-heated PBS. The nucleus and
mitochondria were stained with DAPI and a concen-
tration of 100 nM MitoTracker Red CMXRos, respec-
tively. Subsequently, the cells were preserved using
formalin to facilitate morphological visualization.
Observations of the images were conducted with a
confocal microscope (LSM 750, Zeiss, Gottingen).

Mitochondrial membrane potential measurement
(A¥m)

The assessment of the AWm was performed using
a JC-1 kit (Beyotime). In summary, primary micro-
glia were grown in 25 cm? flasks (with a density of
3x 10° cells/flask), followed by centrifugation. The
resulting pellet was then incubated in the dark with
2 mL of the prepared solution. This was followed by
another centrifugation step. After washing with the
buffer solution, samples were analyzed using a BD
LSRFortessa (BD Biosciences, CA). Data processing
was performed using FlowJo 10.8.1 (BD Biosciences,
CA), and results are presented in terms of red fluores-
cence/green fluorescence ratio.

Western blot

Briefly, protein was applied to electrophoresis, elec-
troporation, blocking, and incubation with the pri-
mary antibodies: IFI204 (Abcam), GSDMD (Abcam),
GSDMD-N (Cell Signaling Technology, CST), Pro
caspase-1 (Adipogen), caspase-1 p20 (Cell Signaling
Technology), SENP7 (Santa Cruz Biotechnologies),
SUMO2/3 (Proteintech), TBK1 (Cell Signaling Tech-
nology), phospho-TBK1 (CST), p-STING (CST),
STING (CST), p-actin Immunoway). After perform-
ing three washes, HRP-conjugated goat antibodies
that are specific to rabbit or mouse IgG (both sourced
from Millipore) were applied at room temperature for
a duration of 60 min. Post incubation, visual imaging
of the bands was done using a FluorChem M system
(ProteinSimple, San Jose).
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Immunofluorescence staining

To perform immunofluorescence staining, the slices
were first treated with glycine. Then, a blocking
solution was applied to the slices. Next, the tissue
slices were treated overnight with primary antibod-
ies. The antibodies employed were Iba-1 (Service-
bio) and GSDMD (Proteintech). Following this
procedure, the slices underwent three washes. The
slices were incubated with the secondary antibod-
ies: CoraLite488-conjugated Goat Anti-Rabbit
(Proteintech) and Alexa Fluor 594 Goat Anti-mouse
(Abcam). Following three more washes, nuclear
staining of brain slices was performed using DAPI
(Servicebio). After conducting three more washes,
the slides were examined with a confocal micro-
scope (LSM 750, Zeiss). The immunofluorescence
values were determined through the use of Image-
Pro Plus 6.0.

Real-time quantitative PCR (qQRT-PCR)

qRT-PCR was conducted with a kit from Yeasen
(Shanghai). qRT-PCR was performed with the
Applied Biosystems 7500 Real-time PCR System,
utilizing SYBR Green Master Mix (Yeasen). p-actin
was employed as the internal control in this analysis.
The primers used for RT-PCR were summarized in
Table S1. The relative mRNA expression of IL-1f,
IL-18 was measured using the 272ACT method and
normalized against the mRNA levels of pB-actin.

Co-immunoprecipitation assay (Co-1P)

Co-immunoprecipitation experiments were per-
formed by homogenizing cellular material in IP
lysis buffer containing protease inhibitors (Progena,
Madison), phosphatase inhibitors (Roche), and 5 mM
N-ethylmaleimide (Sigma). Lysates were subjected
to immunoprecipitation with target-specific antibod-
ies under gentle rotation. Protein-A/G agarose beads
(Calbiochem) were subsequently added and incubated
with the complexes at 4 °C for 4 h. After sequential
washing and elution steps, the immunoprecipitated
proteins were resuspended in Laemmli buffer and
resolved by SDS-PAGE for immunoblotting. Primary
antibodies targeting IFI204 (Abcam), SENP7 (Santa
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Cruz Biotechnology), and SUMO?2/3 (Santa Cruz
Biotechnology) were employed for antigen detection.

Molecular dynamics (MD) trajectories analysis and
molecular docking

The molecular system, comprising a sodium ion (Na
+) equilibrium configuration and a solvation box,
employed the TIP3P water model for solvation rep-
resentation. Long-range electrostatic forces were
calculated through the particle mesh Ewald (PME)
approach. Simulations implemented Verlet and con-
jugate gradient (CG) algorithms with a 1.2 nm cutoff
distance, while non-bonded interactions were evalu-
ated within a 10 A range. Energy minimization was
achieved via the steepest descent algorithm, capped
at 50,000 optimization cycles. Van der Waals and
Coulombic interaction thresholds were set at 1.4 nm.
System equilibration sequentially employed NVT
(constant particle number, volume, and temperature)
and NPT (constant particle number, pressure, and
temperature) ensembles. Independent 200-ns MD
simulations were executed for IFI204 and SENP7 sys-
tems. Hydrogen-bond constraints were implemented
through the LINCS protocol with 2-femtosecond time
steps. Thermal regulation at 300 K was maintained
using a velocity-rescale thermostat, while semi-
isotropic pressure control at 1 bar was ensured via a
Berendsen pressure coupling scheme. Both NVT and
NPT equilibration phases spanned 30 picoseconds
under stable 300 K conditions.

Trajectory data from 200-ns MD simulations
were evaluated to investigate system dynamics. The
computational runs were executed via the Gromacs
2019.6 package47 (Van Der Spoel et al. 2005), with
protein modeling based on the Amber 14SB force
field. Key parameters including radius of gyration
(Rg), Root mean square deviation (RMSD), hydrogen
bonding variations, and solvent-accessible surface
area (SASA) were systematically assessed throughout
the simulation period.

Models of IFI204 and SENP7 were sourced from
the Uniport Protein Data Bank (UPJINAR 2021). The
structures of IFI204 and SENP7 were downloaded
from AlphaFold2 (Jumper 2021). The results of the
docking studies were processed using HDock (https://
pubmed.ncbi.nlm.nih.gov/28521030/) and visual-
ized with Pymol, with subsequent analysis conducted
using LigPlot +.
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The IF1204 model was obtained from the Uniport
Protein Data Bank (UPJINAR 2021), while its struc-
ture was downloaded from AlphaFold2 (Jumper
2021). In the modeling results, the initial region
of the protein, along with the area exhibiting high
B-Factor flexibility and low accuracy, was removed.
Molecules were sourced from the Zinc 20 (Zinc
Drug Database) (Irwin 2020), selecting those with a
molecular weight of less than 250 and a logP range
of 1-5 for download. RDKit was utilized to read
the small molecule structures, and the Descriptors
module was employed to calculate indicators such
as molecular mass, logP, and HIA, as well as to
evaluate Lipinski and ESPSIM rules for screening
purposes. Call the MMFOptimizeMolecule module
through RDKit to optimize the structure and energy
of molecules (under MMFF94) (Thomas and Rob-
ert 1996). Pocket prediction was conducted using
ProteinPlus (Katrin 2020), and the docking process
utilized smina software with a docking approxima-
tion degree of 20 (exhaustiveness), generating 20
conformations each time. Finally, PLIP was used to
analyze the protein—ligand interaction results, while
PyMOL 2.5.1 and LigPlot 2.1 were employed for
visualization.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism software (version 8.4.3, GraphPad Inc., San
Diego, USA). Quantitative data are presented as mean
values +standard error of the mean (SEM). Data
normality and variance homogeneity were evaluated
through Shapiro—-Wilk and Brown-Forsythe tests,
respectively. Datasets conforming to normality and
equal variance were subjected to one-way ANOVA
with Bonferroni’s post hoc analysis. Behavioral met-
rics-specifically mNSS, rotarod performance, grip
strength, and foot fault assessments-were analyzed
via two-way repeated measures ANOVA with Bon-
ferroni’s post hoc test was conducted. Statistical sig-
nificance was defined at P < 0.05. The statistical sig-
nificance was defined as follows: **p < 0.01, ***p <
0.001 as compared with the IFI2047"-Sham group or
IF1204""-Control group; *p < 0.05, #p < 0.01, ##p <
0.001 as compared with the IFI2047“TBI group or
IF1204"-OGD/R group; ¥p < 0.05 as compared with
the IF1204 cKO-OGD/R group.

Results

Single-cell RNA-sequencing analysis identifies cell
lineages in the subacute phase of the TBI

In order to assess the cellular heterogeneity during
the subacute phase of TBI, specifically at seven days
post-injury (dpi), One TBI-related scRNA-seq dataset
(GSE160763) were analyzed utilizing an integrated
bioinformatics approach. Our investigation focused
on a control group, which comprised a total of 13,471
individual cells, and a TBI group that included 9,482
cells. Following quality control and filtration, cells
from cortical were clustered into 15 unique cell clus-
ters (Fig S1A). A total of 9 cell types were annotated
according to their corresponding gene markers and
were visualized:microglia (P2ryl2, Tmeml119, and
Csflr), astrocyte (F3, Aqp4, and Gjal), oligodendro-
cyte (Mog, Plpl, and Trf), neuron (Meg3, Rbfox3,
and Rtn1), endothelial cell (Cldn5, Flt1, and Abcbla),
pericyte (Dcn, Lum, and Gsn), T cells (Cd3d, Cd3e),
B cells (Cd79a, Ly6d, and Ms4al) and smooth mus-
cle cells (SMCs,Tagin, Acta2, and Myl9) (Fig. 1A-
C). Cell proportion analysis indicated that microglia
cells and astrocyte cells accounting for approximately
42% and 30% respectively in the control group, but
the number of cells was approximately 50% in case
of microglia cells and 17% in case of astrocyte cells
in the TBI group (Fig. 1D and Fig S1B). The nine
clusters encompassed all primary cell types identi-
fied at the TBI site, and the expression levels of the
top six DEGs are shown in Fig. 1E. The differentially
expressed genes across microglia, astrocytes, B cells,
and T cells were acquired by comparing the Control
and TBI groups and were visualized using the vol-
cano plots (Fig S1C-F). Taken together, our results
revealed significant alterations in major cell types
between the normal group and the TBI injury group.

Dissection and clustering of microglia cells in
cortical TBI samples

To better understand phenotypic heterogeneity on
Day 7 after TBI, we performed further cluster analy-
sis of microglia. In total, 10,441 cells were clustered
into 7 separate subclusters (Fig. 2A). Significant dif-
ferences in cell proportions were observed between
the two groups. Specifically, the proportions of MO
and M1 cells decreased markedly after TBI, whereas
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Fig. 1 Single-cell RNA-sequencing determines major cell
types and cell type-specific genes in the cortex on Day 7 after
TBI. A t-SNE plots illustrate the arrangement of various cell
types in both control and TBI groups. Each colored dot cor-
responds to an individual cell. B Dot plot showing the expres-

the proportions of M2 and M4 were increased in the
microglia of the TBI group (Fig. 2B). In addition,
MGO, MG1, and MG3 were identified as homeostatic
microglia, characterized by the expression of mark-
ers of steady-state microglia, such as P2ry13, Selplg,
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sion of previously reported marker genes in nine cell types. C
t-SNE visualizations emphasize the primary cell types based
on marker gene expression. D Bar plot showing the fraction of
each cell type in control and TBI group. E Heatmap showing
the expression of the top six DEGs of each cell type

Cx3crl, Tmeml119, and P2ryl2. MGS5 was distin-
guished by the increased expression of inflammation-
related genes, including Ccl3, Ccl4, Ccrl2, Nfkbia,
Osm, Socs3, and Zfp36. MG6 showed high expres-
sion of Atplb2, Ptprzl, Ptn, and Gpm6b, which are
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Fig. 2 Molecular profile of microglia subset phenotypic het-
erogeneity on Day 7 after TBI. A t-SNE plots showing the
distribution of various microglia clusters in both control and
TBI groups. Each colored dot corresponds to a microglia sub-
cluster. B Bar plot showing the fraction of each microglia sub-
cluster between control and TBI groups. C Dot plot showing
the expression of conserved marker genes in seven microglia

closely associated with cell migration. MG2 dem-
onstrated an increased expression of axonogenesis-
related genes, such as Cldnl1, Cldn5, Pllp, Plpl, and
Mal. Furthermore, in MG4, the elevated expression
of interferon-related genes, including Ifi204, Ifi2712a,
Isgl5, Ifitl, and Ifitm3, was also observed (Fig. 2C,
D). In the control group, homeostatic, axonogen-
esis, and IFN microglia accounted for approximately
84%, 0.7%, and 5.7%, respectively. However, in the
TBI group, the proportion of homeostatic microglia
decreased to 59.1%, while the proportions of axono-
genesis and IFN microglia increased to 22.6% and
12.6%, respectively (Fig. 2E). Analysis of biologi-
cal function enrichment showed that inflammatory
microglia were mainly connected to pathways related
to cell chemotaxis and cytokine-mediated signaling,
while migrating microglia were associated with pro-
cesses of cell migration and adhesion. Axonogenesis
microglia predominantly pertained to axon ensheath-
ment. Furthermore, IFN-related microglia exhibited a
strong enrichment for viral interactions. In contrast,
revealed specific enrichment for biological func-
tion related to microglial cell migration and cellular
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extravasation (Fig. 2F). Subsequently, we performed
differential expression analysis on microglia and
astrocytes in both the Control and TBI groups. Com-
pared to the control group, the expression of multi-
ple interferon-related genes (Ifi27 12a, Ifitm3, and
Ifi204) in microglia of the TBI group was signifi-
cantly increased, and these genes ranked relatively
high among all upregulated genes (Fig S1D). In addi-
tion, we found Ifi204 was highly expressed in micro-
glia relative to astrocyte, neuron, endothelial cell, and
was significantly higher than the Control group after
TBI (Fig. S2). For these reasons, 1fi204 was selected
for further analysis. In summary, our findings indicate
that several distinct cellular states within the micro-
glia undergo a temporal evolution. Notably, this pro-
gression moves towards a more non-steady-state con-
dition on Day 7 after TBI.

Transcriptional trajectory of microglia cells
To investigate the origin of microglial cells in the

occurrence of brain injury on day 7 after TBI, trajec-
tory analysis was carried out based on the five unique
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cell types. A total of seven different differentiation
states and three independent branch points were
finally determined. The migrating microglia cells
appeared at the beginning of the trajectory. Steady-
state microglia were mainly located in the center,
while the inflammation, IFN and axonogenic micro-
glia cells appeared at the trajectory ends (Fig. 3A-C).
Notably, with the development of brain injury, the
migrating microglia population is divided into two
unique branches, suggesting the internal heterogene-
ity of these microglia. Subsequently, the identified
1182 differentiation-related genes utilizing pseudo-
time trajectory analysis were further clustered into

A B B

4o

Component 2
Component 2

3 subgroups (Fig. 3D). Among them, the expression
of genes associated with microglial IFN and inflam-
mation response in the C1 subgroup, such as Ccl3,
Ccl4, 1fi204, and Isgl5, were gradually increased
during the progression of brain injury. Consistently,
as pseudochron progression, the enhanced expres-
sion of genes related to microglial axonogenesis
(Cldn5, Cldnll1, Mal, Nkx6-2, Plpl, Pllp) and IFN
microglia (Ifitm3, Oasl2 and 1fitl) in the C2 pattern
were also observed. In addition, genes enriched in the
C3 pattern and closely related to microglial migra-
tion, including Atplb2, Ptn, and Ptprzl, increased
at the start of trajectory and gradually decreased as
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the disease progressed (Fig. 3C, D). Subsequently,
we evaluated the underlying mechanisms of this het-
erogeneity of pseudotime trajectory. Estimating the
activity of known pathway members in IFN and axo-
nogenic microglia populations indicated that metabo-
lism- and transport-related biological functions were
mainly enriched in cell fate 1. Strikingly, cell fate 1
also showed specific enrichment of biological func-
tions associated with AP formation and the response
of Cu**. However, immune-induced pathways were
predominant increased in cell fate 2 (Fig. 3E, F). Col-
lectively, these findings revealed that the existence of
these activated microglia could contribute to the pro-
gression of TBI.

TBI induced astrocyte dissection and clustering

To better understand phenotypic heterogeneity on Day
7 after TBI, we performed further cluster analysis of
astrocyte. Further analysis of astrocyte revealed four
(AST1-4) cell clusters (Fig. 4A). Then, we defined
these clusters as different astrocyte states according to
their marker genes and molecular functions. The oxi-
dative phosphorylation (OXPHOS)-related astrocyte
(ASTO) was annotated due to the significant enrich-
ment of ATP generation (Chchd10, Cox5a, Cycs, and
Nuprl). We also found two reactive states (AST1 and
AST?2) showing high expression of several catabolic
process (Apoe, Cd81, Clu, Gjal, Pla2 g7, and Psap)
and strong functional enrichment in cell chemotaxis
and neuron death. Therefore, AST1 was annotated as
reactitivityl (Apoe and Clu) and AST2 was defined
as reactitivity2 (Enpp2, Padi2, Plec, and Thbs4). In
addition, AST3 exhibited apparent enrichment of
neurogenesis and neuron differentiation (Fig. 4B-D).
These results reveals novel subsets and myriad func-
tions of astrocytes at 7 dpi after TBI.

Transcriptional trajectories of astrocyte

To investigate the impact of TBI on the evolution of
astrocyte subsets, we analyze, the cortical samples of
mice subjected to brain injury at 7dpi or in the con-
trol condition with trajectory analysis. The results
determined one independent branch point (Fig. SA).
The synapse astrocyte appeared at the beginning of
the trajectory, OXPHOS and reactivity2 astrocyte
gradually increased, and the reactivityl astrocyte
appeared at the end of the trajectory (Fig. 5B). Next,

we performed volcano plots for the DEG expression
of the synapse and reactivityl astrocyte (Fig. 5C).
There were numerous genes significantly increased
in synapse astrocyte including Igfbpll, Sox4, Stmnl,
Tmsb10, and Tubb5, whereas Atpla2, Gpr37 11,
Mfge8, Slc7al0, Gnn2c¢ and Hltral were signifi-
cantly downregulated. Enrichment analysis of DEGs
along the pseudotime trajectory revealed that cyto-
plasmic translation, ribonucleoprotein complex bio-
genesis, subunit organization, comp assembly, and
ribosome biogenesis were positive enrichment at the
initial stage. Subsequently, it evolved into the bio-
synthetic processes of carboxylic acids and organic
acids, as well as mechanisms for detoxification and
responses to zinc ions and toxic substances. At the
end of progression, signaling pathway, including glial
cell differentiation, gliogenesis, amino acid import
across plasma membrane, steroid metabolic process
and L-alpha-amino acid transmembrane transport
(Fig. 5D). Subsequently, the findings derived from
the DEG-based functional analysis were validated
through the implementation of GSEA. The results
revealed Lipid metabolic process signaling pathway
was significantly enriched in reactivityl astrocyte.
However, synapse astrocyte was mainly enriched
in cytoskeleton organization (Fig. SE, F). The gene
expression pattern across pseudotime showed that the
expression curves of Dkk3 were relatively smooth
(Fig. 5G). These results revealed that astrocyte fol-
lowed a differentiation trajectory that primarily began
with clusters of synapse astrocyte, from which they
differentiated into reactivity1 astrocyte.

Microglial IFI204 knockout ameliorates TBI-induced
neurological functions deficit in mice

To investigate the role of IFI204 in a living organ-
ism, we created inducible IFI204 microglia-specific
knockout mice, referred to as IFI204 cKO mice. The
absence of IFI204 in microglia was verified through
Western Blot analysis (Fig. 6A, B). Figures 6B
illustrate that the cKO mice exhibited signifi-
cantly lower levels of IFI204 in comparison to the
IF12047" mice. We conducted several tests, includ-
ing evaluation of mNSS scores, rotarod test, grip
force test, and foot fault tests before and after TBI at
different time points (1 d, 3d, and 7d), to evaluate
the usefulness of IFI204 cKO in the mouse model
of TBI. The mNSS scores indicated that treatment
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with IFI204 cKO effectively mitigated neurobehav-
ioral deficits at 1d and 7d post-TBI, compared to
the IFI2047"-TBI group (Fig. 6C). Similarly, mice in
the IFI204 cKO-TBI group exhibited significantly

trajectory. E Representative GSEA plots for a lipid metabolic
process. F Representative GSEA plots for the cytoskeleton
organization. G Dynamic gene expression with pseudotime tra-
jectory

longer duration on the rotarod at 7d, compared to
the IF1204""TBI group (Fig. 6D). Likewise, the
grip strength assessment demonstrated enhanced
grip force in the IFI204 cKO-TBI group at 1d,
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Fig. 6 The improved neurological functional recovery by
IFI204 knockout after TBI. A Representative immunoblots
and (B) Western Blot analysis of IFI204 in the cortical region
of different groups; n= 3. C Modified neurological severity
scores (mNSS), (D) Rotarod test, (E) Grip force test, (F) The

3d, and 7d, when compared to the grip strength
observed in the IFI204""TBI group (Fig. 6E). Com-
pared to the IFI204""TBI group, the IF1204 cKO-
TBI group exhibited a reduction in the number of
forepaw fault steps in the foot fault test at 1d, 3d,
and 7d (Fig. 6F). Further, using Nissl and HE stain-
ing, we found that the brain coloboma was markedly
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forepaw foot fault assessment was conducted in various groups
prior to TBI and at 1 day, 3 days, and 7 days following TBI;
n= 10. G Representative images of different groups by Nissl,
HE staining at 7 days after TBI; Scale bar =20 pm. H Quanti-
tative analysis of Nissl-positive cells; n=3

decreased in IFI204 cKO mice in comparison to
the IF1204"" group at 7d after TBI (Fig. 6G). Nissl
staining revealed that, compared to the sham-oper-
ated group, the number of Nissl-positive stained
cells in mice after brain injury decreased, and the
neuronal survival rate significantly declined. IFI204
cKO treatment significantly increased the number
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of Nissl-positive stained cells and improved the
neuronal survival rate (Fig. 6H). Overall, these
findings suggest that microglia specific deletion of
IF1204 attenuates sensorimotor deficits and tissue
loss in mice after TBI.

Microglial IFI204 knockout attenuates TBI-induced
mitochondrial structure and function damage in mice

To further understand the impact of IFI204 knockout
on mitochondrial structure and function, we evalu-
ated various mitochondria-related biochemical mark-
ers. The findings revealed elevated levels of MDA
and reduced activity of SOD, as well as a decline
in the GSH/GSSG ratio and GSH-Px activity in the
IF12047TBI group compared to the IFI204"-Sham
group. However, the IFI204 cKO mice maintained
optimal levels of SOD, GSH/GSSG, and GSH-Px, and
significantly suppressed MDA production when com-
pared to the IFI2047-TBI group (Fig. 7A-D). Given
the essential role of ROS in injury caused by TBI, we
further examined how IFI204 influences resistance to
oxidative stress. The results demonstrated a substan-
tial rise in ROS production in the IFI204”-TBI group
and IF1204"-OGD/R group. However, the IFI204
cKO mice exhibited a notable decrease in ROS levels
in the cortical tissue 7 days after TBI and in cultured
microglia after OGD/R (Fig. 7E-G). Next, changes in
mitochondrial morphology in vitro were visualized
using confocal microscopy. Under normal conditions,
microglial cells predominantly display elongated
tubular mitochondria. In contrast, 24 h post-OGD/R
injury, the mitochondrial structure of the majority of
microglial cells appeared to be nearly entirely frag-
mented in comparison to the IF12047"-Control micro-
glial cells. However, the IFI204 cKO-OGD/R group
mice significantly reduced the rate of mitochondrial
fragmentation and alleviated OGD/R-induced mito-
chondrial damage (Fig. 7H). The analyses indicated
that OGD/R led to a notable reduction in the ratio
of JC-1 aggregates (red fluorescence) to JC-1 mono-
mer (green fluorescence) in cultured microglia. In
contrast, the IFI204 cKO-OGD/R group relieved
this membrane depolarization when compared to the
IF1204"-OGD/R group (Fig. 71, J). Overall, these
results suggest that the IFI204 cKO mitigates oxida-
tive stress damage and mitochondrial network frag-
mentation following TBI.

Microglial IFI204 knockout attenuated TBI-induced
microglial pyroptosis in mice

To assess if the knockout of IF1204 suppressed pyrop-
tosis following TBI, we analyzed the expression lev-
els of pyroptosis-related proteins by Western blot.
As illustrated in Fig. 8A, the levels of the pyroptosis-
associated proteins were markedly elevated post-TBI,
and remarkably blocked by IFI204 cKO mice in com-
parison with IFI204""TBI mice. To further evaluate
the precise role of IFI204 in microglial pyroptosis
in a laboratory setting, we conducted OGD/R injury
experiments. RT-PCR results show that IFI204 cKO
group decreased IL-1p and IL-18 secretion (Fig. 8B,
C). In a similar fashion, the GSDMD, GSDMD-N,
Pro caspase-1, Caspase-1 p20 protein upregulation
induced by OGD/R injury were reversed in IFI204
c¢KO microglia (Fig. 8D). Immunofluorescence anal-
ysis revealed that treatment with IFI204 cKO led to
a considerable reduction in the average fluorescence
intensity of GSDMD-positive microglia following
OGD/R injury (Fig. 8E, F). Collectively, these results
suggest that IFI204 cKO can reduce TBI-induced
microglial pyroptosis and inhibit inflammatory
activation.

The simulations of molecular dynamics and
SENP7-mediated IF1204 deSUMOylation after
OGD/R

Our subsequent aim was to investigate if SENP7
facilitates deSUMOylation in the regulation of
IFI204. Initially, we verified whether IF1204 is sub-
ject to modification through SUMOylation. CO-IP
assays demonstrated that the IFI204 can be conju-
gated by SUMO2/3 and SUMOylation of IFI204 was
obviously decreased in cortical tissue after OGD/R
(Fig. 9A). We examined whether SENP7 interacts
with IF1204. The CO-IP assay further indicated that
the natural interaction between SENP7 and IFI204
was significantly increased in cells following OGD/R
(Fig. 9B). Taken together, these findings imply that
SENP7 interacts with IFI204 and facilitates the deS-
UMOylation of IFI204 after OGD/R.

Molecular dynamics simulations (MDS) represent
an essential technique for exploring for investigat-
ing the structural equilibrium and dynamic behav-
ior of molecular complexes in aqueous systems.
The RMSD of atomic positions provides a critical
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Fig. 7 The attenuated mitochondrial function injury and mito-
chondrial network fragmentation by IFI204 cKO after TBI.
A Expression levels of MDA, (B) SOD, (C) GSH/GSSG, (D)
GSH-Px, (E) ROS in the cortical tissues of different groups;
n= 6. F A diagram illustrating the timeline of experiments
conducted for the analysis of microglial cultures. G Measure-

metric for assessing system stability. During the ini-
tial 60-ns simulation period, all analyzed systems
exhibited consistent structural integrity, with RMSD
values maintained at approximately 5.0 nm (Fig. 9C).
The fluctuations in Fig. 9D correspond precisely to
the twists and turns in the RMSD. Notably, Rg first
decreases and then increases, indicating that the pro-
tein undergoes a contraction followed by a relaxation
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ment of ROS levels in cells of different groups using ROS
detection reagent. H Depicted are representative confocal
images highlighting the mitochondrial structures across vari-
ous experimental groups. Scale bar =20 um. I Flow cytometry
of JC-1 expression and (J) Quantified results of red/green in
cultured microglial of different groups; n=5

phase. Analyzing the trajectory reveals that certain
structures of the complex protein exhibit relative free-
dom of movement, suggesting an outward expansion
trend during the simulation. The root mean square
fluctuation (RMSF) illustrates the movement state
of each residue in the protein, showing that the first
200 residues exhibit significant mobility, indicating
a trend of movement in this region (Fig. 9E). The
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Fig. 8 The inhibition of TBI-induced microglial pyroptosis
and inflammatory activation by IFI204 knockout. A Repre-
sentative immunoblots of GSDMD, GSDMD-N, Pro caspase-
land Caspase-1 p20 protein in the cortical region of different
groups. B RT-PCR analysis of IL-1f levels in microglia cells.
n= 4. C RT-PCR analysis of IL-18 levels in microglia cells.

SASA reflects the protein’s surface exposure to sol-
vent. It was observed that SASA steadily decreased
from O to 100 ns, suggesting advantageous bind-
ing and a gradual tightening of the protein structure;
however, some residues moved outward, resulting
in a slight overall increase in surface area (Fig. 9F).
The hydrogen bond change curve indicates that as the
simulation progresses, the protein contracts, leading
to a decrease in hydrogen bonds between the protein
and water (Fig. 9G), while hydrogen bonds between
protein molecules increase (Fig. 9H). By analyz-
ing the conformation during docking, the interac-
tion between the two proteins can be examined.
Figure 91 illustrates that the two proteins possess a
broad contact surface. The IFI204 protein envelops
the SENP7 protein, with the beta-sheet of the SENP7
head embedded within the loop of the IFI204 head.
Additionally, the head of IFI204 exhibits a swinging
motion throughout the simulation process. The con-
tact fingerprint was additionally illustrated to reflect

n= 4. D Representative immunoblots of GSDMD, GSDMD-
N, Pro caspase-land Caspase-1 p20 protein in microglia 24 h
post-OGD/R injury of different groups. E, F Immunofluores-
cence staining of GSDMD and Iba-1 in different groups and
quantitation of signals. n= 3. Scale bar =20 um

the characteristics and force of the contact (Fig. 9J).
Following the calculation of binding free energy for
protein—protein complexes, we proceeded to evalu-
ate the variation in binding free energy between two
solvents containing the same proteins, considering
both their bound and unbound states. Furthermore,
we conducted a comparison of the free energy asso-
ciated with different solvation conformations of the
same molecule (Fig. 9K). Our analysis of the binding
free energy changes using MDS revealed that the total
free energy values were negative, indicating a strong
likelihood of interaction between the proteins. Break-
ing this down into individual components, total gas
phase free energy (GGAS) denotes the free energy
of the gas phase, originating from the van der Waals
energy (VDWAALS), and it is likewise negative.
Specifically, a negative VDWAALS value suggests
that hydrophobic interactions facilitate binding. Addi-
tionally, electrostatic energy (EEL), which represents
electrostatic interactions, is negative as well, further
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supporting the notion that these interactions are ben-
eficial for binding. On the other hand, the overall sol-
vation free energy, represented as total solvation free
energy (GSOLV), has a positive value, suggesting
that binding is not favorable. GSOLV is influenced
by the interplay between non-polar solvation energy
(ESURF) and polar solvation energy (EGB). The pos-
itive value of EGB implies that polar solvation is det-
rimental to binding, while non-polar interactions are
favorable. These interactions demonstrate the strong
links between IFI204 and SENP7.
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IFI1204 deSUMOylation boosts the STING signaling
pathway in microglia following OGD/R

To investigate the role of SENP7 in OGD/R, we uti-
lized lentiviral (LV) vectors to knockdown SENP7
expression in microglia. Additionally, we employed
DMXAA, a pharmacological activator of STING,
to assess the effects of STING on microglial pyrop-
tosis in cultured cells. Our results indicated a sig-
nificant increase in p-TBKI1, p-STING, GSDMD,
GSDMD-N, Pro-caspase-1 and caspase-1 p20
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levels in the IFI204"-OGD/R group compared to
the IFI204"-Control group. Conversely, a notable
reduction in the levels of these proteins was noted
in the IFI204 cKO-OGD/R and IFI204"-LV-sh_
SENP7-OGD/R group relative to the
IF1204"-OGD/R group. Furthermore, the IFI204
cKO-OGD/R-DMXAA group showed significantly
elevated levels of p-TBKI1, p-STING, GSDMD,
GSDMD-N, Pro-caspase-1 and caspase-1 p20 com-
pared to the IF1204 cKO-OGD/R group (Fig. 10A).
Immunofluorescence analysis revealed that LV-sh_
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Fig. 10 The inhibition of TBI-induced STING signaling path-
way by IFI204 knockout. A Representative immunoblots of
GSDMD, GSDMD-N, p-TBK1, p-STING, GSDMD, GSDMD-
N, Pro caspase-land caspase-1 p20 protein in microglia 24 h
post-OGD/R injury of different groups; B Immunofluores-
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_ Il IF1204 cKO-DMXAA-OGD/R

SENP7 treatment led to markedly reduced mean
fluorescence intensity values for GSDMD-posi-
tive microglia following IFI204"-OGD/R injury,
DMXAA reverses this phenomenon (Fig. 10B, C).
RT-PCR results show that IFI204"-LV-sh_ SENP7
decreased IL-1p and IL-18 secretion, DMXAA
reverses this phenomenon (Fig. 10D, E). Collec-
tively, these results indicate that IFI204 deSU-
MOylation enhances the STING signaling pathway
in microglia after OGD/R.
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cence staining of GSDMD and Iba-1 in different groups and
(C) quantitative analysis. n= 3. Scale bar: 20 pm. D RT-PCR
analysis of IL-18 levels in microglia cells. n= 4. E RT-PCR
analysis of IL-1p levels in microglia cells. n= 4
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IFI204 stably binds to small molecule compounds

We initially identified 17,936,637 molecule com-
pounds (Fig. 11 A). To expedite the process, we
eliminated certain molecules with particularly
poor scores, ultimately narrowing our selection to
1,048,575 molecules. We selected the top 5%, result-
ing in a total of 6,005,501 molecules (Fig. 11 B).
Next, we will use ProteinPlus for protein pocket pre-
diction. Figure 11 C presents the results of the pro-
tein pocket prediction, where the yellow and purple
regions in the center indicate potential pockets. Their
volumes are 1304.1 and 1143.82 A"3, and the inner
surface areas of the pockets are 1758.15 and 1326.54
A2, These two pockets are candidates for docking.
Subsequently, we utilized smina software to perform
molecular docking and assess the binding energy
between the compound and the core target to pre-
dict their affinity. A more negative binding energy

Kind
8! h =3 Shape _Score

‘ ESP_Scor
‘ 3 Toul_Seore

ESP Seore

Fig. 11 Analysis of the results of combining IFI204 with mol-
ecule compounds. A The results of Lipinski rule screening
(RDK:it) from the database. B The top 5% of molecule com-
pounds further screened by Espsim. C Schematic diagram of
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value suggests greater stability of the conformation.
In Fig. 11 D, it is evident that molecule compound
resides in the middle-left pocket of IFI204, forming
hydrophobic interactions with PRO-528, ALA-526,
and LYS-420, as well as m-m stacking interactions
with TYR-532. The docking score for this interac-
tion is —8.2 kcal/mol. Figure 11 E illustrates that the
molecule compound stays in the middle-left pocket of
IFI204, forming hydrophobic interactions with PRO-
528, TYR-532, THR-540, and GLU-421, and estab-
lishing hydrogen bonds with LYS-424 and GLN-536,
yielding a docking score of —8.0 kcal/mol. Figure 11
F further demonstrates that molecule compound
stays in the middle-left pocket of IFI204, forming
hydrophobic interactions with PRO-528, TYR-532,
LYS-420, and GLU-421, while also forming hydro-
gen bonds with ARG-523. The docking score for this
interaction is —7.9 kcal/mol. These results indicate
that molecule compounds can effectively bind to key

Density
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LYs-424 e
& 3 TYR-532

PRO-528

=
N

protein pocket prediction. D-F The binding mode of IF1204 to
molecule compounds, respectively. The blue cartoon is the pro-
tein, the dark blue stick is the residue, and the ligand (molecule
compounds) is the yellow stick
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targets, providing a theoretical basis for subsequent
drug development.

Discussion

Impairment of mitochondrial function and microglia
pyroptosis caused by overactivated microglia is a cru-
cial factor in traumatic brain injury (Robertson et al.
2007). However, there is limited knowledge regarding
the brain factors that control this impairment and the
underlying mechanisms. This study aims to explore
how IFI204 contributes to the impairment of mito-
chondrial function and the pyroptosis of microglia,
and elucidates its underlying molecular mechanisms.
This work demonstrated that IFI204 in microglia and
IFI204 expression was significantly increased fol-
lowing TBI. Eliminating IFI204 markedly enhances
neurological impairments caused by TBI, which was
found to have a positive correlation with reduced
microglial activation, decreased pro-inflammatory
responses, microglial pyroptosis, infarct sizes, and
so on. Additionally, our investigation revealed that
IFI204 can interact with SENP7, establishing a foun-
dation for a clear physical connection between these
two effectors. Following the genetic suppression
of SENP7, the microglial pyroptosis influenced by
STING and the associated mitochondrial dysfunction
were mitigated, suggesting that STING signaling is
essential for the occurrence of microglial pyroptosis.
In this research, we discovered 9 distinct cell types,
such as astrocytes, endothelial cell, pericytes, neuron,
microglia, T cells, B cells, SMCs and oligodendro-
cyte utilizing scRNA-seq data before and after TBI.
Among various cell types, microglia and astrocytes
represented the largest proportion of total cells after
TBI. This finding aligns with previous observations
that microglia and astrocytes constitute the main pop-
ulation of glial cells in mice affected by TBI (Todd
et al. 2021). Microglia, the most abundant glial cells,
exhibit significant activation and proliferation fol-
lowing TBI, which is crucial for the brain’s response
to injury (Ahmad et al. 2022). Microglia are natural
immune cells that are quickly stimulated after brain
injury, resulting in morphological and functional
alterations and increased expression of surface mark-
ers. In contrast, astrocytes, known for their support-
ive function in maintaining homeostasis and protect-
ing neurons, may undergo reactive astrogliosis after

TBI as well as astrocyte morphology and Functional
changes often lead to a reduction in either the over-
all population of astrocytes or a decrease in specific
markers (Witcher 2018; Jayakumar 2014). Our results
showed that an increase in microglia and a relative
decrease in astrocytes after brain trauma, which is
consistent with previous studies. Activated microglia
can be categorized into various subpopulations based
on their response to injury or disease. For instance,
Ma et al. identified eight distinct subpopulations of
microglia (three homeostatic clusters and five reac-
tive clusters primarily appeared following ischemic
stroke, referred to as Mic_M1L1, Mic_M1L2, Mic_
npl, Mic_np2, and Mic_np3), including neurodegen-
eration-associated and interferon pathway-activated
clusters, which highlight the diverse roles microglia
can adopt in response to pathological conditions (Ma
2023). It has been reported that microglia are divided
into two phenotypes, M1 and M2, and this classifica-
tion is of great significance in understanding the func-
tion of microglia and regulating neuroinflammation
(Yang 2023). Our results showed that sub-clustering
analysis identified one homeostatic microglia and
four non-steady-state microglia subpopulations based
on marker genes namely axonogenesis, migration,
interferon, and inflammatory microglia. We report,
the identification of a novel microglia subpopulation
that exhibits unique transcriptional profiles and func-
tional characteristics distinct from the traditional M1
and M2 classifications. This discovery could improve
our comprehension of the alterations in microglial
phenotypes occurring during the initial stage of TBI.
The extensive alterations and specificity of gene
expression during different periods effectively
reflect the transcriptional features associated with
the differentiation of microglia. Initially, microglia
are activated within minutes of injury, as the injury
evolves, microglia can further polarize into dis-
tinct phenotypes. The transition to an inflammatory
state is marked by the production of pro-inflamma-
tory cytokines and interferon signaling. Wu et al.
highlighted that microglial activation leads to M1
polarization, which exacerbates neuroinflamma-
tion and neuronal dysfunction (Wu 2021). Emerg-
ing evidence demonstrates that genetic ablation of
the type-1 interferon receptor confers neuroprotec-
tion in murine models of TBI, thereby underscoring
the pivotal role of interferon signaling in perpetuat-
ing neuroinflammatory cascades associated with TBI
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pathogenesis (Fritsch 2022). This transition is critical
as it can influence the overall outcome of the injury,
with M1 microglia contributing to further neuronal
damage through excessive inflammatory responses.
Our trajectory analysis suggested that the expres-
sion of genes Ccl3, Ccl4, 1fi204, and Isg15 related to
microglial IFN and inflammatory responses in the C1
subpopulation gradually increases during the progres-
sion of TBI. Consistently, as pseudotime progressed,
genes related to microglial axonogenesis (Cldn5,
Cldnl1, Mal, Nkx6-2, Plpl, Pllp) and IFN microglia
(Ifitm3, Oasl2 and Ifitl) expression was enhanced.
Furthermore, genes enriched in the C3 pattern and
closely related to microglial migration, including
Atplb2, Ptn, and Ptprzl, increased at the beginning
of the trajectory and gradually decreased as the dis-
ease progressed. We have supplemented previous
research reports and reported for the first time that
microglia gradually transform from migrating cells
into inflammatory, interferon and axonal microglia
after TBI. In summary, inflammation, IFN and axono-
genic microglia-related signaling pathways promote
the progression of TBI.

Astrocytes, are crucial in reacting to brain inju-
ries. Long et al. demonstrate that astrocyte-derived
exosomes can inhibit neuroinflammation by modu-
lating microglial phenotypes after traumatic brain
injury (Long 2020). Therefore, it is very necessary to
study astrocytes. Astrocytes exhibit a range of reac-
tive states when responding to brain injury, which
can be classified into at least two distinct reactivity
profiles: reactivity 1 and reactivity 2. Research indi-
cates that reactive astrocytes can adopt both neu-
roprotective and neurotoxic roles depending on the
context of the injury (Jiwaji 2022;, Price et al. 2021).
Chen et al. explored the mitochondrial oxidative
phosphorylation protein levels in astrocytes, indicat-
ing that alterations in these pathways could be criti-
cal in understanding astrocytic responses to injury
(Chen 2022). Such insights suggest that the meta-
bolic state of astrocytes is a key factor in their func-
tional classification post-injury. Moreover, the role
of astrocytes in synaptic maintenance and plasticity
is crucial in the context of brain trauma. Research by
Hulshof et al. indicates that reactive astrocytes are
involved in synapse loss during Alzheimer’s disease,
which could be extrapolated to other forms of brain
injury (Hulshof et al. 2022). This synaptic involve-
ment is further supported by studies indicating that
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astrocytes actively participate in synaptic remodeling
and stabilization, particularly following traumatic
events (Diaz et al. 2019;, Schiweck et al. 2018). Our
results indicate that sub-clustering analysis identi-
fied several distinct astrocyte populations, including
oxidative phosphorylation (OXPHOS)-related astro-
cytes (Chchd10, Cox5a, Cycs, and Nuprl), reactive
astrocytes type 1 (Apoe and Clu), reactive astrocytes
type 2 (Enpp2, Padi2, Plec, and Thbs4), and synap-
tic astrocytes (DIx1 and DIx2). Additionally, AST3
displayed a significant enrichment of neurogenesis
and neuronal differentiation markers. These findings
reveal novel subsets and diverse functions of astro-
cytes at 7 days post-injury (dpi) following TBI, which
aligns with previous research. We further employed
trajectory analysis, which demonstrated that synaptic
astrocytes emerged at the beginning of the trajectory,
while OXPHOS and reactive type 2 astrocytes gradu-
ally increased, and reactive type 1 astrocytes were
observed at the end of the trajectory. GSEA revealed
that the lipid metabolism signaling pathway was sig-
nificantly enriched in reactive astrocytes, whereas
synaptic astrocytes were predominantly enriched in
cytoskeletal organization. These results suggest that
oxidative stress and reactive astrocytes play a critical
role in brain injury following TBIL.

Data from single-cell RNA sequencing identified
the upregulation of interferon-responsive genes as
a key pathway in microglia 7 days after injury (Sen
2020). Recent studies indicate that after contusion
TBI, neuronal stress results in heightened levels of
STING expression in affected neurons. This activa-
tion triggers the release of type-1 interferon from neu-
rons, leading to subsequent cytokine and chemokine
release from microglia. STING expression has also
been observed in postmortem human tissue during
later stages of injury (Abdullah et al. 2018). Studies
using IFN-f knock-out mice demonstrated a decrease
in lesion size, protection against the loss of hip-
pocampal neurons, and improved chronic behavioral
deficits (Barrett 2020). Notably, these studies utilized
a focal controlled cortical impact (CCI) injury model,
revealing increased STING expression in the cortex
following diffuse TBI, where neurons suffer injury
(Greer et al. 2011)and mitochondrial dysfunction
(Harris et al. 2001). Our Single-cell RNA sequencing
dataset identified specific cell types responsible for
producing interferons 7 days after injury. Our find-
ings suggest that certain subpopulations of microglia
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exhibit a strong response to IFN signals at this time,
probably triggered by neurons and glia in reaction to
cellular and mechanical injury following TBIL.

The brain tissue and neurological function are par-
ticularly vulnerable to damage resulting from TBI
(Ritzel 2019). Following a TBI, motor coordination
deteriorates and muscular strength weakens. In this
research, we investigated the impact of IFI204 cKOon
neurological function in mice after TBI by evaluating
their performance on the rotarod, mNSS scores, and
grip force. Our findings provide the initial evidence
that IFI204 knockout promotes neurological recov-
ery by enhancing locomotor coordination and muscle
strength. In addition, HE and Nissl staining revealed
that IFI204 knockout significantly reduced neuronal
damage following TBI. These results suggest that the
depression of IFI204 mitigates TBI-induced cortical
damage and improves behavioral deficits.

TBI often induces oxidative stress, which is
strongly linked to the death of neurons (Wang 2022;,
Kim et al. 2023). During periods of oxidative stress,
an overproduction of ROS and MDA occurs (Sun
et al. 2022). MDA, a key biomarker of ROS metab-
olism, is formed as a result of the breakdown of
unsaturated lipids due to ROS. The concentration of
MDA within cells may serve as an indicator of oxi-
dative stress-induced cellular damage. Antioxidant
mechanisms are capable of directly eliminating free
radicals like ROS. Oxidative stress leads to a sig-
nificant rise in ROS within cells, which impairs the
mitochondrial membrane potential, harms the struc-
tural integrity of the mitochondrial membrane, dam-
ages mitochondrial DNA, and disrupts the electron
transport chain, ultimately affecting mitochondrial
function. Consequently, these oxidative stress effects
can result in neuronal apoptosis, degeneration, and
cell death (Apostolova et al. 2010). Our results dem-
onstrate that IFI204 knockout decreases the levels
of ROS and MDA induced by TBI by enhancing the
antioxidant system. In addition, IFI204 knockout can
reduce the mitochondrial membrane potential. Over-
all, these findings indicate that IFI204 knockout can
protect microglia cells from oxidative stress-induced
mitochondrial dysfunction after TBI, highlighting a
promising and innovative therapeutic strategy.

Pyroptosis is initiated by inflammatory mecha-
nisms across various cell types in diseases (Bian
2020).This process is activated by inflammasomes,
which induce Caspase-1 to cleave GSDMD and

release its N-terminal fragment (Ding 2016). The oli-
gomerization of this fragment facilitates membrane
pore formation, driving the extracellular release of
inflammatory mediators (Chang 2020; Zhang 2019).
This process holds particular significance in the realm
of TBI, where the activation of microglial cells and
the subsequent pyroptotic cell death contribute signif-
icantly to the neuroinflammatory response observed
post-injury (Feng 2022). Emerging evidence suggests
that the absence of Caspase-1 may alleviate neuroin-
flammatory processes in stroke, encephalomyelitis,
TBI, and related neurological disorders. This thera-
peutic approach has been shown to promote neural
repair mechanisms through the downregulation of key
inflammasome components and pyroptotic media-
tors, including IL-1f, IL-18, and GSDMD, within
the central nervous system (Ray et al. 2000;, Ross
et al. 2007). Evidence indicates that direct inhibition
or obstruction of GSDMD cleavage can significantly
reduce cellular pyroptosis and enhance neurobehav-
ioral outcomes, thereby aiding in the preservation
of brain functionality (Yang 2018).Consequently,
addressing NLRP3 inflammasome-mediated neuro-
inflammation and pyroptosis is vital for enhancing
neurological function in mice affected by TBI. Pre-
vious research has shown that TBI in mice resulted
in heightened expression of interferon type I-related
genes (such as Ifnbl, Irf7, IF1204, Isg15). This eleva-
tion might play a role in the harmful neuroinflamma-
tory reactions and neurological deficits seen in TBI
models (Chunfa 2017). Our results showed that the
increase in pyroptosis-associated proteins induced by
TBI was diminished after the treatment with IFI1204
knockout. These results indicate that IFI204 knockout
can reduce the translocation of the N-terminal domain
of GSDMD to the cell membrane by decreasing
the activity of Caspase-1, inhibit the occurrence of
pyroptosis, and decrease pro-inflammatory cytokines.

The cGAS-STING signaling pathway is essen-
tial in the modulation of diverse cellular processes
(Shi 2023). cGAS catalyzes the synthesis of cyclic
GMP-AMP (cGAMP) by combining ATP and GTP.
This secondary messenger binds to the C-terminal
ligand-binding domain (LBD) within STING dimers.
Ligand engagement triggers STING conformational
changes, facilitating TBK1 recruitment and subse-
quent phosphorylation of STING, TBKI1, and IRF3.
Activated IRF3 translocates to the nucleus to initiate
IFNP mRNA transcription and ISG expression. These
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processes synergize with transcription factors such
as NF-xB and STAT6, amplifying proinflammatory
gene activation through cooperative transcriptional
regulation (Wang 2018). Recent studies indicate
that the STING-dependent signaling pathway can be
activated and promote neuroinflammation, neuronal
apoptosis, and neurological deficits through in mice
with TBI (Shi 2023). Additional research indicates
that STING signaling exerts dual regulatory func-
tions in innate immunity. Beyond augmenting pro-
inflammatory pathways and immune responses via
TBK1-mediated activation of transcription factors,
this molecular cascade concurrently activates mul-
tiple programmed cell death mechanisms. These
encompass classical apoptotic pathways, necrop-
totic signaling cascades, pyroptotic inflammasome

Microglia
Cytoplasm
SENP7
IF1204
: :
1
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Fig. 12 Schematic diagram of IFI204 and its mechanism of
regulating microglia-mediated TBI injury. IFI204 contributes
to neurodegenerative deficits following TBI through the media-
tion of mitochondrial dysfunction and induction of microglial
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activation, and lysosome-dependent cellular demise
(Tang et al. 2019). Following cerebral ischemia—rep-
erfusion (I/R) injury, studies have demonstrated that
STING interacts with NLRP3, facilitating pyrop-
tosis in microglial cells (Li 2024). Furthermore, the
STING signaling pathway, which is critical for type
I interferon responses during antibacterial immune
processes, is triggered by IFI204 (Storek et al. 2015).
Recent studies involving mouse B16 melanoma cells
and bone marrow-derived macrophages have further
highlighted the necessity of IFI204 for STING acti-
vation (Chen 2019). Importantly, STING is predomi-
nantly found in neurons and microglia within the
brain (Sen 2020). Therefore, it is plausible to sug-
gest that IFI204 may promote microglial pyroptosis
in TBI through activation of STING. Similarly, our

I
'Neuron

SENP7 inhibition

IF1204 cKO

Neuronal Survival

Neuronal Damage

pyroptosis. Mechanistic analyses demonstrate that SENP7
interacts with IFI204, leading to deSUMOylation of IFI204.
Activation of STING leads to mitochondrial dysfunction and
microglial pyroptosis after TBI
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study revealed that the STING-dependent signaling
pathway was predominantly activated in microglia
in mice subjected to TBI. IFI204 depression led to a
loss of inducible phosphorylation of STING, moreo-
ver, the STING activator can significantly activate the
STING signaling pathway inhibited by IFI204 knock-
out, which suggests that IFI204 is crucial for STING
activation. Collectively, these results indicated that
STING-dependent signaling pathway promotes
microglia pyroptosis after TBI, IFI204 knockout can
inhibit STING activation, reduce caspase-1 activity,
decrease the formation of GSDMD-N, suppress cell
pyroptosis.

SUMOylation’s regulation of STING signal-
ing in antiviral immunity has been well-documented
(Cui 2017;, Hu 2016), however, the involvement of
SUMOylation in STING-induced TBI is still unknown.
The human SENP family comprises six isoforms (Liu
2023). Emerging evidence indicates that SENP7 plays
a regulatory role in augmenting cGAS-mediated sign-
aling pathways, thereby driving the proliferation of
yOT lymphocytes with proinflammatory characteris-
tics in inflammatory bowel disease (IBD) (Cui 2017;,
Suhail 2019). Recent investigations have revealed that
the binding between SENP3 and IFI204, thereby cata-
lyzing IFI204 deSUMOylation, subsequently enhanc-
ing the activation of STING-dependent signaling path-
ways in murine models. This molecular mechanism
promotes dendritic cell-mediated antitumor responses
within the tumor-associated microenvironment (Hu
2021). By employing lentivirus to reduce SENP7
expression, we demonstrated an interaction between
SENP7 and IF1204, which promotes the deSUMOyla-
tion of IFI204 and enhances the activation of STING
signaling in microglial cells. Moreover, the findings
from MD simulation and molecular docking studies
demonstrated a robust and stable interaction between
IFI204 and SENP7. Additionally, these results indi-
cated a strong and lasting association of IFI204 with
molecular compounds, which provides a theoretical
basis for future drug development. For a visual rep-
resentation, please refer to Fig. 12, which presents a
schematic diagram elucidating the findings.

While the current investigation confirms the
involvement of IFI204 in cerebral injury pathogen-
esis, several constraints remain unresolved. Subse-
quent investigations should prioritize elucidating
prolonged neurological and mitochondrial function

recovery using in vitro primary microglial cultures
and murine brain injury models. Furthermore, future
research could further explore how IFI204 may influ-
ence overall inflammatory outcomes by modulating
the interaction between microglia and astrocytes,
thereby avoiding the limitations of focusing solely on
a single cell type.

Conclusion

Our research shows that IFI204 knockout improves
neurological function in mice with cerebral TBI
by inhibiting microglial mitochondrial dysfunction
and pyroptosis. Specifically, we observed that the
interaction between SENP7 and IFI204 results in
the deSUMOylation of IF1204, which in turn acti-
vates the STING signaling pathway after TBI. This
activation results in motor function deficits, mito-
chondrial dysfunction, and cell pyroptosis. Findings
from this study demonstrate that IFI204 knockout
emerges as a potential therapeutic strategy for the
treatment of TBI.
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