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Abstract

Background: Post-ischemic inflammation is strongly influenced by interactions between neurons andmicroglia. We previously observed
that spermatogenesis-associated protein 2 (SPATA2) alleviates inflammatory injury following cerebral ischemia/reperfusion; however,
the relationship between SPATA2, cylindromatosis (CYLD)-associated inflammatory signaling, and microglial inflammatory responses
remains incompletely understood. Methods: Adult Sprague-Dawley (SD) rats were subjected to transient middle cerebral artery occlu-
sion followed by reperfusion. SPATA2 expression was knocked down in vivo via intracerebroventricular lentiviral delivery. Neurologi-
cal function and infarct volume were evaluated after reperfusion. Selected pro-inflammatory and anti-inflammatory/reparative markers
were assessed by immunofluorescence, real-time quantitative polymerase chain reaction (RT-qPCR), and enzyme-linked immunosor-
bent assay (ELISA). Double immunofluorescence staining of SPATA2 with neuronal nuclei (NeuN), ionized calcium-binding adapter
molecule 1 (Iba1), or glial fibrillary acidic protein (GFAP) was performed to examine the cellular localization of SPATA2 in the peri-
ischemic cortex. To further assess neuron-to-microglia regulation, primary neurons and microglia were cultured in a Transwell system
and exposed to oxygen-glucose deprivation/reperfusion. SPATA2 knockdown and overexpression, together with CYLD knockdown in
SPATA2-overexpressing cells, were used to investigate CYLD-associated signaling. Co-immunoprecipitation (Co-IP) was performed to
assess CYLD-heme-oxidized IRP2 ubiquitin ligase 1L-like interacting protein (HOIP) association. Results: SPATA2 knockdown exac-
erbated neurological deficits and increased infarct volume following middle cerebral artery occlusion (MCAO). In peri-ischemic cortex
tissue, SPATA2 knockdown increased the proportion of Iba1+/cluster of differentiation 86 (CD86)+ cells while reducing the propor-
tion of Iba1+/CD206+ cells. Representative double-immunofluorescence images showed that SPATA2 immunoreactivity predominantly
overlapped with NeuN-positive neurons, with relatively limited overlap with Iba1-positive microglia or GFAP-positive astrocytes. In the
Transwell-based neuron–microglia system, depletion of SPATA2 in neurons shifted microglia toward a stronger inflammatory profile,
as reflected by elevated secretion of interleukin-1 beta (IL-1β), IL-6, tumor necrosis factor alpha (TNF-α), and soluble C-X-C motif 3
chemokine ligand 1 (CX3CL1). By contrast, neuronal SPATA2 overexpression attenuated these inflammatory changes. At the mech-
anistic level, SPATA2 overexpression strengthened the association between CYLD and HOIP, together with reduced nuclear factor-κB
(NF-κB) p65 expression and decreased soluble CX3CL1 release. When CYLD was silenced, the suppressive influence of SPATA2
overexpression on NF-κB p65 expression and soluble CX3CL1 release was partly weakened, indicating that CYLD contributes to this
regulatory process. Conclusion: SPATA2 attenuates inflammatory injury following focal cerebral ischemia/reperfusion and modulates
selected microglial inflammatory markers. In vitro results further support the role of neuron-derived SPATA2 in regulating microglial
inflammatory responses in a Transwell co-culture system. Based on these observations, SPATA2 may be involved in CYLD-related
inflammatory signaling and the regulation of CX3CL1/CX3C chemokine receptor 1 (CX3CR1) pathway activity.
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1. Introduction
Ischemic stroke remains a leading cause of morbid-

ity and mortality worldwide [1]. As the predominant form
of stroke, acute ischemic stroke (AIS) is usually caused by
thrombus-mediated blockage of cerebral arteries and of-
ten leads to neurological impairment [2]. Among AIS-
related vascular occlusions, middle cerebral artery occlu-
sion (MCAO) is especially severe, as it can produce exten-
sive infarction and predispose patients to malignant cere-
bral edema, a complication linked to unfavorable prognosis
[3]. AIS involves multiple pathological mechanisms, in-
cluding neuroinflammation, excitotoxicity, Ca2+ overload,
and oxidative stress. Neuroinflammation is orchestrated by
chemokines and cytokines (e.g., tumor necrosis factor al-
pha (TNF-α) and interleukin-1 beta (IL-1β)) and involves
complex crosstalk among multiple cell types, particularly
neurons and microglia [4]. Clarifying how neurons and mi-
croglia interact after ischemic injury may help identify new
targets for stroke intervention.

Under physiological conditions, microglia in the cen-
tral nervous system (CNS) exhibit a quiescent, ramified
morphology in the absence of external stimulation. As
resident immune sentinels, they are essential for sensing
insults and initiating repair processes to maintain neu-
ronal homeostasis [5]. In response to external stimuli, mi-
croglia become activated and undergo dynamic morpho-
logical remodeling, thereby coordinating immune defense
and facilitating lesion clearance; they also contribute to
tissue homeostasis by removing cellular debris and dena-
tured proteins [6]. Activated microglia can adopt diverse
inflammatory phenotypes, which have traditionally been
described using simplified pro-inflammatory/M1-like and
anti-inflammatory/reparative/M2-like classifications [7,8].
Microglia can influence neuronal function by releasing
cytokines, while neurons also shape microglial behavior
through chemokine-mediated signaling. Among these neu-
ronal cues, C-X-C motif 3 chemokine ligand 1 (CX3CL1)
acts on CX3C chemokine receptor 1 (CX3CR1) expressed
by microglia and thereby contributes to neuron–microglia
communication [9,10,11]. The CX3CL1/CX3CR1 axis has
also been linked to nuclear factor-κB (NF-κB)-dependent
inflammatory signaling in different pathological settings
[12,13]. Several studies have suggested that modulation
of this signaling axis can alter neuron-microglia commu-
nication and influence inflammatory responses and tissue
homeostasis [14,15].

Accumulating evidence indicates that cylindromatosis
(CYLD), a deubiquitinase (DUB), acts as a negative reg-
ulator of inflammation, partly because it restrains NF-κB
signaling activity [16,17]. For example, CYLD suppresses
myeloid differentiation factor 88 (MyD88)-mediated sig-
naling by removing K63-linked polyubiquitin chains from
MyD88 [18]. Our earlier work showed that increased
CYLD expression in the peri-infarct cortex limited ex-
cessive microglial activation and decreased the produc-

tion of pro-inflammatory cytokines, accompanied by re-
duced NF-κB pathway activity [19]. CYLD is also known
to interact with the linear ubiquitin chain assembly com-
plex (LUBAC), thereby contributing to the suppression of
LUBAC activity [20,21,22]. The LUBAC complex con-
tains three core components: shank-associated RH do-
main interacting protein (SHARPIN), heme-oxidized IRP2
ubiquitin ligase 1L (HOIL-1L), and HOIL-1L interact-
ing protein (HOIP), the catalytic E3 ligase subunit [23].
Spermatogenesis-associated protein 2 (SPATA2) functions
as an adaptor that recruits CYLD to HOIP via its PN-
Gase/UBA or UBX-containing proteins (PUB) domain
[24]. Although initially described as widely expressed,
SPATA2 shows the highest expression levels in the testis
and brain [25]. We previously demonstrated that SPATA2 is
predominantly expressed in cortical neurons in rats follow-
ing ischemic stroke [26]. At the molecular level, SPATA2
serves as a linker between CYLD and HOIP. This link-
age is mediated by the interaction of the SPATA2 PUB
domain with the CYLD USP domain and with the PUB-
interacting motif (PIM) of HOIP [27]. This interaction en-
hances the deubiquitinase activity of CYLD and modulates
LUBAC signaling. For example, SPATA2 can promote the
recruitment of CYLD, which contributes to the inhibition of
NEK7-dependent NOD-like receptor family, pyrin domain-
containing 3 (NLRP3) inflammasome activation [28]. In
addition, SPATA2 has been linked to the control of NF-κB
signaling [29]. In line with these observations, we previ-
ously found that reducing SPATA2 expression in the peri-
ischemic cortex aggravated microglial activation in rats
subjected to focal cerebral ischemia/reperfusion. This ef-
fect was associated with activation of the NF-κB/p38 path-
way and the NLRP3 inflammasome [26]. It is still un-
certain whether SPATA2 modulates specific microglial in-
flammatory markers after ischemic injury by acting through
CYLD-related signaling and neuron–microglia communi-
cation.

Therefore, the present study was designed to define
the role of SPATA2 in post-ischemic inflammatory injury
and in the regulation of selected microglial inflammatory
markers after focal cerebral ischemia/reperfusion. In addi-
tion, a Transwell neuron–microglia co-culture system was
used to assess how neuron-derived SPATA2 affects mi-
croglial inflammatory responses, with emphasis on CYLD-
related signaling and CX3CL1/CX3CR1 pathway activity.

2. Materials and Methods
2.1 Animals

For the in vivo MCAO experiments, 60 adult male
Sprague-Dawley (SD) rats weighing 280–300 g were used.
Postnatal day 1 SD pups were used for primary cortical neu-
ron and microglial cultures. The animals were obtained
from the Experimental Animal Center of Chongqing Med-
ical University (Chongqing, China). Animals were housed
at a 12 h light/dark schedule with a temperature of 20–24

2

https://www.imrpress.com


℃ unrestricted access to chow and water. The reporting
of this study follows the ARRIVE 2.0 guidelines, and the
completed ARRIVE 2.0 checklist is provided in the Sup-
plementary Materials.

2.2 Establishment of the Focal Cerebral
Ischemia/Reperfusion Model

A transient focal cerebral ischemia/reperfusion model
was generated by occluding the middle cerebral artery and
subsequently restoring blood flow, with minor modifica-
tions to the previously reported procedure. Adult rats were
anesthetized with pentobarbital sodium (60 mg/kg, i.p.,
Y0002194, Sigma-Aldrich, St. Louis, MO, USA). A nylon
filament (MSRC40B200PK50, RWD, Shenzhen, Guang-
dong, China) was inserted via the right external carotid
artery and advanced about 2.0 cm into the internal carotid
artery until it blocked the origin of the middle cerebral
artery. After 2 h of occlusion, reperfusion was initiated by
gently withdrawing the filament. In the sham group, rats
received identical surgical exposure, but the filament was
not inserted.

During surgery, body temperature was maintained at
37.0–37.5 °C using a heating pad (69023, RWD, Shen-
zhen, Guangdong, China). After surgery, rats were mon-
itored until recovery from anesthesia and then returned to
temperature-controlled cages. After the rats recovered from
anesthesia, neurological impairment was evaluated with the
Longa scoring system [30] by an investigator who was un-
aware of the group assignments. Longa scores of 2 or 3
were used as prespecified inclusion criteria for successful
MCAO. Animals with scores of 0 or 1 were excluded be-
cause of insufficient ischemic injury, whereas animals with
a score of 4 were excluded because of excessive injury
severity. Animals that died before the experimental end-
point or developed surgical complications such as subarach-
noid hemorrhage were also excluded from the final analy-
sis.

A total of 36 rats underwent MCAO surgery. Among
them, 3 rats were excluded because of Longa scores of 0
or 1, 4 rats were excluded because of a Longa score of 4, 2
rats died before the experimental endpoint. The remaining
animals were included for the following experiments.

Regional cerebral blood flow was not monitored by
laser Doppler flowmetry in the present study. There-
fore, ischemic injury was evaluated using prespecified
neurological deficit criteria and was further confirmed by
2,3,5-triphenyltetrazolium chloride (TTC, T8877; Sigma-
Aldrich) staining in the relevant experimental cohorts.

Unless otherwise indicated, rats were deeply anes-
thetized with pentobarbital sodium (60 mg/kg, i.p.) at 72 h
after reperfusion, followed by transcardial perfusion as ter-
minal euthanasia. Death was verified by cessation of heart-
beat and respiration. Peri-ischemic cortical samples were
harvested for molecular assays, whereas brain sections in-

cluding this region were prepared for immunofluorescence
analysis.

2.3 Lentivirus Production and Administration
Lentivirus administration was performed as pre-

viously described [19]. GeneChem (Shanghai, China)
supplied the recombinant lentiviral vectors carrying
either SPATA2-specific shRNA (LV-shSPATA2) or a
non-targeting control sequence (lentiviral vector (LV)-
scramble). The lentiviral construct was driven by a broad
promoter and did not contain a fluorescent reporter. There-
fore, the in vivo viral manipulation was not considered
neuron-specific.

At 14 days before MCAO induction, 5 μL of LV-
shSPATA2 or LV-scramble was administered into the right
lateral ventricle at an infusion rate of 0.3 μL/min. The
stereotaxic coordinates were as follows: 1.5 mm lateral to
the midline, 1.1 mm posterior to bregma, and 3.8 mm be-
low the skull surface. After completion of the infusion, the
needle remained in position for an additional 5 min to re-
duce backflow. SPATA2 knockdown efficiency was ver-
ified by real-time quantitative polymerase chain reaction
(RT-qPCR) and Western blotting in peri-ischemic cortical
tissue.

2.4 Primary Microglial Cultures
A primary microglial culture was prepared as previ-

ously described, with some modifications [31]. Rats were
also disinfected with 75% alcohol. Meninges were gen-
tly isolated from postnatal day 1 SD rats and incubated
in 4 ℃ anatomical fluid (Hanks’ balanced salt solution,
HBSS, 14175095, Gibco, Grand Island, NY, USA). Tis-
sues were chopped with scissors and digested with 1.5 mL
of 0.25% trypsin (25200056; Gibco) at 37 ℃ for 20 min.
Digestion was terminated by Dulbecco’s modified Eagle’s
medium/F12medium (DMEM/F12, 11320033, Gibco) sup-
plemented with 10% fetal bovine serum (FBS, 10099141,
Gibco). The cell suspension was then centrifuged at 900
rpm for 10 min, and the harvested cells were transferred to
a humidified incubator (3111GP, Thermo Fisher Scientific,
Waltham, MA, USA) containing 5% CO2 for culture. Af-
ter 3 h of incubation, the culture medium was refreshed to
remove cell debris. Cells were fed every third day by re-
placement with fresh culture medium. After 2 weeks, in
the mixed culture, astrocytes lay at the bottom, and mi-
croglia grew on top of the astrocytic layer. Microglial cells
were isolated by shaking the culture vessels at 200 rpm for
4 h at 37 ℃. Cultured microglia were detected by ion-
ized calcium-binding adaptor molecule 1 (Iba1; NB100-
1028SS, Novus, Centennial, CO, USA, 1:50) immunocy-
tochemical staining.

2.5 Primary Cortical Neuron Cultures
Postnatal day 1 rats were disinfected with 75% ethanol

before surgery. Meningeal tissues from postnatal day 1
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SD rats were carefully removed and promptly placed in
HBSS (14175095, Gibco) pre-cooled to 4 °C. The tissues
were chopped and digested with papain (P4762, Sigma-
Aldrich) for 10–20 min. The enzymatic activity of pa-
pain was neutralized with DMEM/F12, followed by gen-
tle trituration. The cell suspension was centrifuged at 1000
rpm for 5 min. The dissociated cells were seeded in poly-
L-lysine-coated flasks (P4707, Sigma-Aldrich) containing
DMEM/F12 with 10% FBS and were allowed to adhere
for 6–8 h at 37 °C in a humidified 5% CO2 atmosphere.
After cell attachment, the medium was changed to Neu-
robasal medium containing 2% B27 (17504044; Gibco)
and 0.5 mM glutamine (25030081, Gibco). Half of the
medium was replaced with fresh medium every 3 days. Im-
munofluorescence staining was performed to identify cul-
tured cells using an anti-neuronal nuclei (NeuN) antibody
(MAB377, Millipore, Darmstadt, Germany; 1:200). The
primary microglia and primary cortical neurons were tested
for mycoplasma contamination using the Mycoplasma De-
tection Kit (PCR) (MedChemExpress, Monmouth Junction,
NJ, USA, HY-K0552), both primary cell preparations were
confirmed to be mycoplasma-negative. Primary cortical
neurons were identified based on their characteristic neu-
ronal morphology and positive NeuN immunofluorescence
staining using an anti-NeuN antibody (MAB377, Millipore,
1:100, for neuron labeling).

2.6 Co-Culture
A Transwell neuron–microglia co-culture system was

established to investigate neuron–microglia communica-
tion. Primary cortical neurons were seeded onto poly-L-
lysine-coated plates or coverslips and cultured for 5 days.
Primary microglia were then seeded into Transwell inserts
at a neuron-to-microglia ratio of 2:1. This configuration al-
lowed paracrine signaling between neurons and microglia
without direct cell–cell contact.

For SPATA2 knockdown or overexpression experi-
ments, primary neurons were transfected with si-SPATA2,
siRNA negative control, pcDNA3.1-SPATA2, or empty
pcDNA3.1 vector prior to the addition of microglia. Af-
ter transfection, microglia were introduced to establish the
Transwell co-culture system, which was maintained for 24
h before subsequent analyses.

For immunofluorescence quantification, multiple ran-
domly selected microscopic fields were analyzed for each
independent culture. Technical field values were averaged,
and each independent neuronal preparation was considered
a single biological replicate.

2.7 Oxygen-Glucose Deprivation/Reperfusion
Oxygen-glucose deprivation/reperfusion (OGD/R)

was performed in the Transwell neuron–microglia co-
culture system. Once the co-culture system had been
established, the medium was changed to glucose-free
D-Hanks’ solution (8.0 g/L NaCl, 0.4 g/L KCl, 0.06 g/L

KH2PO4, 0.06 g/L Na2HPO4, and 0.35 g/L NaHCO3, pH
7.2–7.4). The cells were then exposed to an anaerobic
environment consisting of 94% N2, 1% O2, and 5% CO2
at 37 °C for 2 h. Reperfusion was initiated by replacing
the glucose-free solution with normal culture medium,
followed by incubation under normoxic conditions.

After reperfusion, neuronal lysates from the lower
chamber were collected for Western blotting, whereas co-
culture supernatants were collected for enzyme-linked im-
munosorbent assay (ELISA) analysis of soluble cytokines
and soluble CX3CL1 (E‑EL‑R0385, Elabscience, Wuhan,
Hubei, China). In this assay, the ELISA result repre-
sents soluble CX3CL1 in the culture supernatant rather than
membrane-associated CX3CL1 or total cellular CX3CL1.

2.8 Neurobehavioral Evaluation
Neurological function was evaluated 72 h after reper-

fusion by an investigator who was unaware of the experi-
mental grouping. Motor deficits were scored according to
the Longa scale (Supplementary Table 1), in which higher
values represent greater neurological injury. Rats with
scores of 2 or 3 were enrolled in the study, while those scor-
ing 0, 1, or 4 were excluded. Sensorimotor function was
further evaluated using the Garcia score (Supplementary
Table 2).

2.9 TTC Staining
At 72 h after reperfusion, rats were deeply anes-

thetized with an overdose of pentobarbital sodium (150
mg/kg, i.p.) and sacrificed. Brains were rapidly removed
and cut into 2 mm coronal sections. Brain sections were
stained with 2% TTC (T8877; Sigma-Aldrich) at 37 °C
for 20 min, followed by fixation in 4% paraformaldehyde
(P6148, Sigma-Aldrich). Infarcted tissue appeared pale,
whereas viable tissue was stained red. Infarct volume was
quantified using ImageJ software (1.54f, National Institutes
of Health, Bethesda, MD, USA) by an investigator blinded
to group allocation. To correct for brain edema, relative
infarct volume was calculated as follows: [(contralateral
hemisphere volume − non-infarcted ipsilateral hemisphere
volume) / contralateral hemisphere volume] × 100%.

2.10 Immunofluorescence
Intact brains were postfixed in 4% paraformaldehyde

for 24 h, followed by dehydration in 30% sucrose (S0389,
Sigma-Aldrich). Briefly, brain sections were rewarmed
for 20 min at room temperature (RT). Cells were perme-
abilized with 0.3% Triton X-100 (T8787, Sigma-Aldrich)
for 20 min at 37 °C. Non-specific binding was blocked by
treating the sections with goat serum (16210064, Gibco)
at 37 °C for 1 h. After washing, the sections were ex-
posed to primary antibodies overnight at 4 °C, including
rabbit anti-CYLD (11110-1-AP, Proteintech, Rosemont, IL,
USA, 1:100), rabbit anti-SPATA2 (1:100, NBP2-56803,
Novus), mouse anti-NeuN (MAB377, Millipore, 1:100, for
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neuron labeling), goat anti-Iba1 (NB100-1028SS, Novus,
1:50, for microglia labeling), rabbit anti-HOIP (16289-1-
AP, 1:100, Proteintech), mouse anti-cluster of differenti-
ation 86 (CD86, NBP2-25208, 1:100, Novus), and rabbit
anti-CD206 (ab64693, 1:100, Abcam, Cambridge, UK).
The sections were then reacted with the appropriate fluo-
rescent secondary antibodies for 1 h at 37 °C under light-
protected conditions: CoraLite594-conjugated goat anti-
rabbit (1:200, SA00013-4, Protein, Wuhan, Hubei, China),
CoraLite488-conjugated goat anti-rabbit (1:200, SA00013-
2, Protein), CoraLite594-conjugated goat anti-mouse
(1:200, SA00013-3, Protein), CoraLite488-conjugated goat
anti-mouse (1:200, SA00013-1, Protein), CoraLite594-
conjugated donkey anti-rabbit (1:200, SA00013-8, Pro-
tein), and fluorescein isothiocyanate (FITC)-conjugated
donkey anti-goat (1:200, SA0000334, Protein). The nu-
clei were stained by using 4′,6-diamidino-2-phenylindole
(DAPI; C1005, Beyotime, Shanghai, China). Images
were captured on an LSM inverted Confocal Microscope
(LSM800, Carl Zeiss Micro-Image, Jena, Germany) and
a Nikon A1R Confocal Microscope (Nikon Corporation,
Tokyo, Japan). Fields of the peri-ischemic cortex were an-
alyzed in each group.

2.11 RT-qPCR
At 72 h after reperfusion, peri-ischemic cortical tis-

sues were collected, and total RNAwas extracted with TRI-
zol reagent (9108, TaKaRa, Shiga, Japan). Purified RNA
was reverse-transcribed into cDNA using the PrimeScript
RT reagent kit with gDNA Eraser (RR047A, TaKaRa).

RT-qPCR was performed using a CFX96 Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA)
with SYBR Green chemistry (SYBR Premix Ex Taq II,
RR820A; Takara Bio, Kusatsu, Shiga, Japan). The primer
sequences are reported in (Table 1). Melting-curve anal-
ysis was used to verify primer–target specificity for each
sample. The data were normalized to the gene expression
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Relative mRNA expression was calculated using the 2-△△Ct
method.

Table 1. Primer sequences for RT-qPCR.
Name Sequence

SPATA2-F CCCTCAAAGGCCTCACTGAG
SPATA2-R ACATGGTCAGCAATGAGGGG
GAPDH-F ATGATTCTACCCACGGCAAG
GAPDH-R CTGGAAGATGGTGATGGGTT
RT-qPCR, real-time quantitative polymerase chain
reaction; SPATA2, spermatogenesis-associated pro-
tein 2; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase.

2.12 Western Blot Analysis
Tissues were homogenized in radioimmunoprecip-

itation assay (RIPA) lysis buffer (Beyotime, P0013B)
supplemented with phenylmethylsulfonyl fluoride (PMSF,
ST505, Beyotime). Supernatants from peri-ischemic sam-
ples were centrifuged at 12,000 rpm for 15 min at 4
°C. For each sample, 30 μg of protein was separated on
8–12% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE, P0012A, Beyotime) gels and then
electrotransferred to 0.46/0.22 μm polyvinylidene fluo-
ride (PVDF) membranes (0.2 μm pore size; ISEQ00010,
Millipore, Burlington, MA, USA). Membranes were first
blocked for 1 h and then exposed to the indicated pri-
mary antibodies overnight at 4 °C: anti-CYLD rabbit
(1:1500, 11110-1-AP, Proteintech), anti-CX3CL1 rabbit
(ab25093, Abcam, 1:1000), mouse anti-GAPDH (60004-1-
Ig, Proteintech, 1:5000), anti-CX3CR1 mouse (sc-30030,
Santa Cruz, 1:1000, Dallas, TX, USA), anti-SPATA2 rab-
bit (NBP2-56803, Novus, 1:1000) and anti-HOIP rab-
bit (16289-1-AP, Proteintech, 1:1500). The membranes
were subsequently reacted with horseradish peroxidase-
conjugated secondary antibodies for 1 h at room tem-
perature, including goat anti-rabbit (SA00001-2, Protein-
tech, 1:3000) and goat anti-mouse (SA00001-1, Protein-
tech, 1:3000). Immunoreactive bands were visualized and
recorded using a gel imaging system (Fusion FX7 Spectra,
Vilber Lourmat, Collégien, France). Band intensity quan-
tification was performed using the corresponding FUSION-
CAPT analysis software (version 15.12; Vilber Lourmat).

2.13 Co-Immunoprecipitation
Lysates from the Transwell neuron-microglia co-

culture system were homogenized in immunoprecipitation
(IP) lysis buffer (87787, Thermo Fisher Scientific) to ex-
tract total proteins. For the immunoprecipitation step, equal
quantities of protein from the supernatants were mixed
with antibodies against HOIP (16289-1-AP, Proteintech)
or CX3CR1 (sc-30030, Santa Cruz), or with control im-
munoglobulin G (IgG, A7016, Beyotime), and maintained
overnight at 4 °C. Next, 20 μL of Protein A/G agarose beads
(20241, Thermo Fisher Scientific) was added to each sam-
ple, followed by rotation at 4 °C for 4–6 h. After wash-
ing with lysis buffer (87787, Thermo Fisher Scientific), the
beads were resuspended in 40 μL of SDS loading buffer and
processed for Western blotting.

2.14 ELISA
Culture supernatants were collected from Transwell

neuron–microglia co-cultures after the indicated treatments
and centrifuged to remove cell debris. Concentrations
of IL-1β (E-EL-R0012, Elabscience), IL-6 (E-EL-R0015,
Elabscience), TNF-α (E-EL-R2856, Elabscience), IL-10
(E-EL-R0016, Elabscience), and CX3CL1 (E-EL-R0385,
Elabscience) were quantified with commercially available
ELISA kits following the protocols supplied by the manu-
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Fig. 1. SPATA2 knockdown worsens neurological performance and increases infarct volume in a rat MCAO model. (A) SPATA2
mRNA levels in rats receiving LV-scramble or LV-shSPATA2 were detected using RT-qPCR (n = 3) and normalized to GAPDH. (B)
Neurological function was assessed using the Garcia score in four experimental groups: sham, MCAO, MCAO + LV-scramble, and
MCAO + LV-shSPATA2. Higher scores indicate better neurological function. (C) Representative TTC-stained brain sections from rats
in each group. (D) Relative cerebral infarct volume was quantified after MCAO in the indicated groups. Infarct volume is expressed
as a percentage of the contralateral hemisphere. Data are presented as mean ± SEM; n = 3 rats per group. Statistical comparisons
were performed using one-way ANOVA followed by Tukey’s multiple comparisons test. **p < 0.01 and ****p < 0.0001; ns, not
significant. MCAO, middle cerebral artery occlusion; LV-shSPATA2, lentiviral vectors carrying either SPATA2-specific shRNA; TTC,
2,3,5-triphenyltetrazolium chloride; SEM, standard error of the mean; ANOVA, analysis of variance.

facturers. CX3CL1 measured by ELISA was operationally
defined as soluble CX3CL1 released into the culture su-
pernatant. This assay did not measure membrane-bound
CX3CL1 or total cellular CX3CL1.

2.15 Primary Cortical Neurons Electroporation
Before plating, primary cortical neurons were sub-

jected to electroporation with Gene Pulser Xcell Electro-
poration System (1652660, Bio-Rad) following the man-
ufacturer’s protocol. For SPATA2 knockdown, neurons
were transfected with SPATA2-specific siRNAs or siRNA
negative control. For SPATA2 overexpression, neurons
were electroporated with pcDNA3.1-SPATA2 or empty
pcDNA3.1 vector. For rescue experiments, CYLD-specific
siRNA or siRNA negative control was introduced into
SPATA2-overexpressing neurons by electroporation.

Following electroporation, neurons were plated on
poly-L-lysine-coated plates or coverslips and maintained
in Neurobasal medium containing B27 and L-glutamine.
Following neuronal gene manipulation, primary microglia
were added to establish the Transwell neuron-microglia co-
culture system. Microglia were not subjected to electropo-
ration.

2.16 Statistical Analysis
All statistical analyses were performed using Graph-

Pad Prism 8.0 (GraphPad Software, San Diego, CA, USA).
Data are presented as mean ± standard error of the mean
(SEM). The number of independent biological replicates is
3. For in vivo experiments, each rat was considered one
independent biological replicate. For primary cell culture

and Transwell co-culture experiments, independent biologi-
cal replicates were defined as independent cell preparations.
Values obtained from technical replicates or from multiple
microscopic fields within the same animal or culture prepa-
ration were first averaged, and only the corresponding bi-
ological replicate was entered into the statistical analysis.
Biological replicates were used as the unit of statistical anal-
ysis for all experiments.

Differences between two groups were analyzed using
an unpaired two-tailed Student’s t-test. When more than
two groups were compared, one-way analysis of variance
(ANOVA) was performed, followed by Tukey’s multiple
comparisons test. For experiments with two independent
factors, such as transfection condition and OGD/R expo-
sure, data were evaluated by two-wayANOVAwith Sidak’s
multiple comparisons test. A value of p < 0.05 was consid-
ered statistically significant.

3. Results
3.1 SPATA2 Knockdown Exacerbates Infarct Burden and
Worsens Neurological Deficits After MCAO

To assess the contribution of SPATA2 to ischemic
injury, LV-shSPATA2 was used to reduce SPATA2 ex-
pression in the rat brain. RT-qPCR confirmed that
SPATA2 mRNA expression was significantly lower in LV-
shSPATA2-treated rats than in LV-scramble controls (Fig.
1A). We next evaluated the effects of SPATA2 knockdown
on stroke outcomes in an MCAO model. The Garcia neu-
rological score was markedly lower in the MCAO + LV-
shSPATA2 group than in the MCAO + LV-scramble group,
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suggesting that SPATA2 knockdown aggravated neurolog-
ical deficits (Fig. 1B). Consistently, TTC staining fur-
ther showed a larger infarct volume in the MCAO + LV-
shSPATA2 group than in the MCAO + LV-scramble group
(Fig. 1C,D). These findings indicate that SPATA2 silencing
exacerbates neurological deficits and ischemic brain injury
following MCAO.

3.2 SPATA2 Knockdown Enhances Pro-Imflammatory
Microglial Marker Expression In Vivo

Separate double-immunofluorescence staining of
SPATA2 with NeuN, Iba1, or glial fibrillary acidic protein
(GFAP) was performed to examine the cellular localization
of SPATA2 in the peri-ischemic cortex. Representative
images showed that SPATA2 immunoreactivity predomi-
nantly overlapped with NeuN-positive neurons, whereas

Fig. 2. SPATA2 knockdown alters selected microglial inflammatory markers in the peri-ischemic cortex after MCAO. (A) Im-
munofluorescence staining of brain sections from sham, MCAO, MCAO + LV-scramble, and MCAO + LV-shSPATA2 groups. Sections
were stained for CD86, Iba1, and DAPI. Scale bar = 25 μm. (B) Representative images of CD206, Iba1, and DAPI staining are shown
for the corresponding experimental groups. (C) Quantitative analysis of the proportion of Iba1+/CD86+ cells relative to the total number
of Iba1-positive cells in the peri-ischemic cortex across groups. (D) Quantitative analysis of the proportion of Iba1+/CD206+ cells rel-
ative to the total number of Iba1-positive cells in the peri-ischemic cortex across groups. Data are presented as mean ± SEM; n = 3 rats
per group. Statistical comparisons were performed using one-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05
and ###p < 0.001; ns, not significant. Iba1, ionized calcium-binding adapter molecule 1; DAPI, 4′,6-diamidino-2-phenylindole; CD86,
cluster of differentiation 86.
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relatively limited overlap was observed with Iba1-positive
microglia or GFAP-positive astrocytes (Supplementary
Fig. 1). We next examined microglial activation-related
markers in ischemic brain tissue to evaluate how SPATA2
loss affected the inflammatory profile of microglia.
Compared with the Sham group, MCAO significantly
increased the proportions of both Iba1+/CD86+ and
Iba1+/CD206+ cells among total Iba1-positive cells,
indicating that MCAO induced marked changes in mi-
croglial inflammatory marker profiles in the peri-ischemic
cortex (Fig. 2A–D). No significant differences were
observed between the MCAO and MCAO + LV-scramble
groups, suggesting that LV-scramble administration did
not substantially affect these marker profiles (Fig. 2C,D).
Immunofluorescence staining revealed a higher proportion
of Iba1+/CD86+ cells among total Iba1-positive cells in
the MCAO + LV-shSPATA2 group than in the MCAO +
LV-scramble group (Fig. 2A,C). In contrast, the proportion
of Iba1+/CD206+ cells among total Iba1-positive cells was
lower in the MCAO + LV-shSPATA2 group than in the
MCAO + LV-scramble group (Fig. 2B,D). Overall, these
results show that MCAO induced significant microglial
inflammatory marker changes, whereas SPATA2 knock-
down further shifted these changes toward an increased
proportion of Iba1+/CD86+ cells and decreased proportion
of Iba1+/CD206+ cells in the peri-ischemic cortex after
MCAO.

3.3 SPATA2 Regulates Microglial Inflammatory Responses
In Vitro

To manipulate SPATA2 expression in primary cor-
tical neurons, cells were electroporated with si-SPATA2
(siRNA 1, siRNA 2, and siRNA 3) and pcDNA3.1-SPATA2
to establish SPATA2 knockdown and overexpression mod-
els. RT-qPCR analysis showed that siRNA1 achieved
higher knockdown efficiency than siRNA2 and siRNA3
(Fig. 3A). In addition, SPATA2 mRNA expression was
significantly higher in the pcDNA3.1-SPATA2 group than
in the pcDNA3.1 negative control group (Fig. 3B). West-
ern blotting further confirmed the corresponding decrease
or increase in SPATA2 protein expression in neurons (Fig.
3C,D).

To assess neuron-to-microglia regulation, we con-
structed a Transwell co-culture model using SPATA2-
manipulated primary neurons and microglia. SPATA2 was
knocked down or overexpressed in primary cortical neu-
rons by electroporation before the addition of microglia to
the Transwell inserts (Fig. 4A). This configuration allowed
communication between neurons and microglia predomi-
nantly through soluble paracrine factors without direct cell–
cell contact.

Immunofluorescence staining showed that neuronal
SPATA2 knockdown increased CD86 expression in Iba1-
positive microglia, whereas SPATA2 overexpression re-
duced CD86 expression (Fig. 4B). Morphologically, mi-

croglia in the SPATA2 knockdown condition exhibited a
more amoeboid appearance, whereas SPATA2 overexpres-
sion attenuated these changes (Fig. 4A). ELISA assays
showed that supernatants from the SPATA2 knockdown
condition contained higher amounts of IL-1β, IL-6, and
TNF-α but lower IL-10 levels. Conversely, overexpres-
sion of SPATA2 produced the opposite cytokine pattern,
with reduced IL-1β, IL-6, and TNF-α and elevated IL-10
(Fig. 4C–F). These results suggest that neuron-derived
SPATA2 attenuates microglial pro-inflammatory responses
in the Transwell co-culture system.

3.4 SPATA2 Modulates CYLD Related NF-κB/CX3CR1
Signaling

To explore how SPATA2 affects inflammatory sig-
naling, we analyzed CYLD, NF-κB, and CX3CR1-related
proteins in Transwell neuron–microglia co-culture model.
Western blotting revealed opposite changes after SPATA2
loss and gain of function: neuronal SPATA2 knockdown
lowered CYLD expression but elevated NF-κB p65 levels
(Fig. 5A–C, the original uncropped Western blot images
are available in the Supplementary Material), whereas
SPATA2 overexpression increased CYLD and reduced NF-
κB p65. These results link SPATA2 expression to changes
in CYLD abundance and NF-κB-related inflammatory sig-
naling.

Given the reported adaptor role of SPATA2 in re-
cruiting CYLD to HOIP/LUBAC-containing complexes,
we next used co-immunoprecipitation (Co-IP) assays to as-
sess protein associations in the neuron–microglia co-culture
system. Co-IP using an anti-HOIP antibody revealed de-
tectable CYLD-HOIP association, which was enhanced by
SPATA2 overexpression and reduced by SPATA2 knock-
down (Fig. 5D, the original uncropped Western blot im-
ages are available in the Supplementary Material). In
addition, Co-IP using an anti-CX3CR1 antibody indicated
that SPATA2 manipulation altered CX3CL1/CX3CR1-
associated protein complexes in cell lysates (Fig. 5E, the
original uncroppedWestern blot images are available in the
SupplementaryMaterial). Because these assays were per-
formed using lysates from the Transwell co-culture system,
they do not identify the precise cellular source of each pro-
tein and do not directly measure ligand-receptor binding on
the intact cell surface.

To determine whether CYLD contributes to SPATA2-
mediated regulation of inflammatory signaling, CYLD was
knocked down in SPATA2-overexpressing neurons. West-
ern blot analysis confirmed that SPATA2 overexpression in-
creased CYLD expression and reduced NF-κB p65 expres-
sion (Fig. 5F–I, the original uncropped Western blot im-
ages are available in the SupplementaryMaterial). CYLD
silencing reduced CYLD protein abundance and partially
reversed the suppressive effect of SPATA2 overexpression
on NF-κB p65 expression. In parallel, ELISA showed that
CYLD silencing partially reversed the reduction in soluble
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Fig. 3. Efficient knockdown and overexpression of SPATA2 in primary neurons. (A) Relative SPATA2 mRNA expression in un-
treated control neurons, siRNA NC-transfected cells, and neurons transfected with SPATA2 siRNAs (siRNA1, siRNA2, and siRNA3),
as determined by RT-qPCR and normalized to GAPDH. (B) Relative mRNA expression of SPATA2 in cells transfected with pcDNA3.1
NC or pcDNA3.1-SPATA2 was measured by RT-qPCR. SPATA2 expression was normalized to GAPDH. (C) Representative Western
blot images showing SPATA2 protein levels in SPATA2 knockdown (siRNA NC, siRNA 1) and SPATA2 overexpression (pcDNA3.1
NC, pcDNA3.1-SPATA2) cells. GAPDH was used as a loading control. (D) Quantification of SPATA2 protein levels from Western blot
experiments. Protein levels were normalized to GAPDH. Data are presented as mean ± SEM. n = 3 independent cell preparations per
group. Statistical comparisons were performed using one-way ANOVA followed by Tukey’s multiple comparisons test for (A) and an
unpaired two-tailed Student’s t-test for the two-group comparisons in (B,D). ***p < 0.001 and ****p < 0.0001 vs. siRNA NC group; ###p
< 0.001 and ####p < 0.0001 vs. pcDNA3.1 NC group; ns, not significant. NC, negative control.

CX3CL1 release induced by SPATA2 overexpression (Fig.
5J). Together, these results indicate that CYLD contributes
to SPATA2-associated regulation of NF-κB p65 expression
and soluble CX3CL1 release, although they do not establish
CYLD as the sole mediator of this process.

3.5 SPATA2 Alters Soluble CX3CL1 Release Under
OGD/R Conditions in Transwell Co-Culture

To further examine SPATA2-associated responses un-
der ischemia-like conditions in vitro, the Transwell neuron–
microglia co-culture system was subjected to OGD/R.
Western blotting revealed lower SPATA2 and CYLD pro-
tein expression after OGD/R exposure than under the cor-
responding normoxic control conditions (Fig. 6A–C, the
original uncropped Western blot images are available in
the Supplementary Material). Under OGD/R conditions,
SPATA2 knockdown caused an additional reduction in
SPATA2 expression but was accompanied by a relative de-
crease in CYLD expression compared with the correspond-
ing siRNA NC group. SPATA2 overexpression restored
SPATA2 expression and was accompanied by changes in
CYLD expression under OGD/R conditions. These obser-
vations indicate that the relationship between SPATA2 ma-
nipulation and CYLD abundance differs between normoxic
and OGD/R conditions.

We next measured soluble CX3CL1 levels in the co-
culture supernatants by ELISA. OGD/R significantly in-
creased soluble CX3CL1 release. SPATA2 knockdown
further enhanced the OGD/R-induced increase in soluble
CX3CL1, whereas SPATA2 overexpression attenuated this
increase (Fig. 6D). Taken together, these data show that
SPATA2 is associated with changes in soluble CX3CL1 re-

lease in the Transwell neuron–microglia co-culture system
exposed to OGD/R.

4. Discussion
As the resident innate immune cells in the central ner-

vous system, microglia are key participants in the inflam-
matory cascade triggered by ischemic stroke [32]. Their
effects are context dependent: microglia may support de-
bris removal and tissue remodeling, whereas excessive ac-
tivation can worsen inflammation by promoting the pro-
duction of pro-inflammatory mediators [33,34,35]. In this
study, loss of SPATA2 worsened neurological outcomes
and enlarged the infarct area following middle cerebral
artery occlusion/reperfusion (MCAO/R). At the same time,
SPATA2 deficiency was accompanied by a higher pro-
portion of Iba1+/CD86+ cells and a lower proportion of
Iba1+/CD206+ cells in the peri-ischemic cortex. These re-
sults link SPATA2 to the control of post-ischemic inflam-
mation and to changes in selected microglial inflammatory
marker profiles.

After ischemic injury, microglial activation encom-
passes diverse cellular states that are not adequately cap-
tured by a binary M1/M2 framework [32]. CD86, CD206,
morphology, and cytokine measurements do not compre-
hensively define the heterogeneous microglial states that
emerge after ischemic injury. However, we recognize
that these markers do not define complete microglial state
transitions. Accordingly, the revised manuscript describes
these observations more conservatively as alterations in se-
lected pro-inflammatory and anti-inflammatory/reparative
markers. The increase in the proportion of Iba1+/CD86+
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Fig. 4. SPATA2modulates microglial inflammatory marker profiles and inflammatory cytokine secretion in vitro. (A) Representative
morphology of microglia following Transwell co-cultural system. Scale bar = 100 μm. (B) IF staining of microglia. Cells were co-stained
for CD86 (a pro-inflammatory-associatedmicroglial marker, green), Iba1 (pan-microglial marker, red), andDAPI (nuclear, blue). Merged
images show the co-localization of CD86 and Iba1. Scale bar = 100 μm. (C–F) ELISA-based quantification of IL-10 (C), IL-1β (D),
IL-6 (E), and TNF-α (F) levels in culture supernatants collected from the indicated groups. Data are presented as mean ± SEM. n
= 3 independent cell preparations per group. Statistical comparisons were performed using one-way ANOVA followed by Tukey’s
multiple comparisons test. *p < 0.05 and **p < 0.01 vs. siRNA NC group; #p < 0.05 and ##p < 0.01 vs. pcDNA3.1 NC group. IF,
immunofluorescence; ELISA, enzyme-linked immunosorbent assay; IL-10, interleukin-10; TNF-α, tumor necrosis factor alpha.

cells after SPATA2 knockdown is consistent with a stronger
pro-inflammatory marker pattern, whereas the reduction in
the proportion of Iba1+/CD206+ cells indicates attenuation
of a selected anti-inflammatory/reparative feature. When
considered alongside the cytokine results from the Tran-
swell co-culturemodel, these findings indicate that SPATA2
affects microglial inflammatory responses rather than es-
tablishing a complete transition between predefined M1-
like and M2-like states. Recent experimental studies have
similarly linked modulation of microglial inflammatory re-
sponses and NLRP3-related signaling to reduced ischemic
brain injury [36].

Neuron–microglia communication is an important
contributor to neuroinflammation after ischemic injury
[37]. In this study, we used a Transwell neuron–microglia
co-culture model to examine whether neuron-derived

SPATA2 affects microglial inflammatory responses. Be-
cause neurons and microglia were separated by the Tran-
swell membrane, this model mainly reflects paracrine com-
munication rather than direct cell–cell contact. Within this
co-culture setting, loss of neuronal SPATA2 increased mi-
croglial CD86 staining and promoted the secretion of IL-
1β, IL-6, and TNF-α. In contrast, neuronal SPATA2 over-
expression attenuated these pro-inflammatory changes and
elevated IL-10 levels. These observations indicate that neu-
ronal SPATA2may influence inflammatory communication
between neurons and microglia through soluble mediators.
Nevertheless, this in vitro system cannot capture the full
complexity of the ischemic brain microenvironment, which
involves dynamic interactions among neurons, microglia,
astrocytes, endothelial cells, infiltrating immune cells, and
extracellular matrix components [38].
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Fig. 5. SPATA2 modulates CYLD-associated inflammatory signaling in vitro. (A) Representative Western blot images showing
SPATA2, CYLD, and NF-κB p65 protein expression after SPATA2 knockdown or overexpression in the Transwell neuron–microglia
co-culture system. GAPDH was used as the loading control. (B,C) Quantification of CYLD and NF-κB p65 protein levels normalized
to GAPDH. (D) Co-IP using lysates from the Transwell co-culture system immunoprecipitated with an anti-HOIP antibody or control
IgG, followed by immunoblotting for CYLD and HOIP. (E) Co-IP using an anti-CX3CR1 antibody or control IgG, followed by im-
munoblotting for CX3CL1 and CX3CR1. These Co-IP results indicate detectable protein associations in co-culture lysates and do not
directly demonstrate ligand–receptor binding at the intact cell surface. (F) Representative Western blot images showing SPATA2, CYLD,
and NF-κB p65 expression in the control, SPATA2-OE, siCYLD, and SPATA2-OE + siCYLD groups. (G–I) Quantification of SPATA2,
CYLD, and NF-κB p65 protein levels normalized to GAPDH. (J) ELISA-based quantification of soluble CX3CL1 in culture supernatants
from the control, SPATA2-OE, siCYLD, and SPATA2-OE + siCYLD groups. Data are presented as mean ± SEM; n = 3 independent
cell preparations per group for quantitative experiments. Statistical comparisons were performed using one-way ANOVA followed by
Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01 and ***p < 0.001; ##p < 0.01; ns, not significant. CYLD, cylindromatosis; NF-
κB, nuclear factor-κB; HOIP, heme-oxidized IRP2 ubiquitin ligase1-like interacting protein; IgG, immunoglobulin G; CX3CR1, CX3C
chemokine receptor 1; CX3CL1, C-X-C motif 3 chemokine ligand 1; Co-IP, co-immunoprecipitation; OE, overexpression.
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Fig. 6. SPATA2 modulates CYLD expression and soluble CX3CL1 release under OGD/R conditions in vitro. (A) Representative
Western blot images showing SPATA2 and CYLD expression in neuronal lysates collected from the lower chamber of the Transwell
co-culture system under normoxic or OGD/R conditions. Neurons were electroporated with siRNA NC, siSPATA2, pcDNA3.1 NC, or
pcDNA3.1-SPATA2 before co-culture. (B,C) Quantification of SPATA2 and CYLD protein levels normalized to GAPDH. (D) ELISA-
based quantification of soluble CX3CL1 in co-culture supernatants collected from the indicated groups under normoxic or OGD/R
conditions. Data are presented as mean ± SEM; n = 3 independent cell preparations per group. Data were analyzed using two-way
ANOVA followed by Sidak’s multiple comparisons test. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. control group; ns, not significant.
OGD/R, oxygen-glucose deprivation/reperfusion.

An important issue raised by the reviewers concerns
the cell-type specificity of SPATA2 in vivo. In the present
study, the in vivo knockdown was performed by intrac-
erebroventricular lentiviral delivery using a broad pro-
moter, and the virus did not contain a fluorescent reporter.
Therefore, the in vivo manipulation cannot be considered
strictly neuron-specific. To better characterize SPATA2 lo-
calization, we added separate double-immunofluorescence
staining experiments for SPATA2/NeuN, SPATA2/Iba1,
and SPATA2/GFAP. Representative images showed that
SPATA2 immunoreactivity predominantly overlapped with
NeuN-positive neurons and showed relatively limited over-
lap with Iba1-positive microglia or GFAP-positive astro-

cytes in the peri-ischemic cortex. Because quantitative
colocalization analysis was not performed, these images
provide qualitative support for neuron-enriched SPATA2 lo-
calization but do not establish neuron-specific expression.
Potential contributions from non-neuronal cells therefore
cannot be fully excluded in the in vivo experiments. Ac-
cordingly, the in vivo data indicate that reducing SPATA2
expression in the peri-ischemic cortex worsens inflam-
matory injury, whereas the Transwell experiments more
specifically implicate neuron-derived SPATA2 in the reg-
ulation of microglial inflammatory responses.

CYLD, a deubiquitinase, has been widely recognized
as an anti-inflammatory regulator, in part because it re-
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strains NF-κB signaling [39]. SPATA2 has been reported
to act as an adaptor that links CYLD to HOIP/LUBAC-
containing signaling complexes [20]. Here, altering
SPATA2 expression changed the abundance of CYLD and
NF-κB p65, and the Co-IP results were consistent with an
association between CYLD and HOIP. Notably, the ad-
ditional CYLD loss-of-function experiment demonstrated
that CYLD silencing weakened, but did not completely
abolish, the suppressive effects of SPATA2 overexpression
on NF-κB p65 expression and soluble CX3CL1 release.
These findings strengthen the evidence that CYLD con-
tributes to SPATA2-associated suppression of inflammatory
signaling. However, the data do not establish every step
of the SPATA2–CYLD–HOIP pathway as a direct causal
sequence in vivo. Therefore, we interpret CYLD as an
important contributor to, rather than the sole mediator of,
SPATA2-regulated inflammatory responses.

The relationship between SPATA2, CYLD, and
CX3CL1/CX3CR1-related signaling also requires cautious
interpretation. CX3CL1 is a key neuron–microglia commu-
nication molecule and may exist in both membrane-bound
and soluble forms [15,40]. In our ELISA experiments,
CX3CL1 refers specifically to soluble CX3CL1 released
into the culture supernatant of the Transwell co-culture sys-
tem. By comparison, the Co-IP assay using lysates from the
Transwell co-culture system detected CX3CL1/CX3CR1-
associated protein complexes. Because the lysates con-
tained material from the co-culture system, this assay does
not identify the precise cellular source of each protein.
Moreover, Co-IP cannot directly assess ligand–receptor
engagement on the intact cell surface. Accordingly, the
present results are best interpreted as evidence that SPATA2
is associated with changes in CX3CL1/CX3CR1-related
pathway activity, without demonstrating direct inhibition of
CX3CL1–CX3CR1 binding at the cell surface.

The OGD/R experiments further suggest that SPATA2
influences soluble CX3CL1 release under ischemia-like in-
flammatory stress. In the Transwell co-culture supernatant,
soluble CX3CL1 release was elevated after OGD/R expo-
sure. This response was further amplified when SPATA2
was knocked down, whereas SPATA2 overexpression re-
duced the OGD/R-induced increase. Interestingly, CYLD
regulation under OGD/R appeared context dependent. Al-
though OGD/R reduced CYLD expression compared with
the corresponding normoxic controls, SPATA2 knockdown
produced a relative increase in CYLD under the same
oxygenation condition. This apparent discrepancy may
reflect a stress-associated compensatory response in the
OGD/R setting rather than enhanced CYLD functional re-
cruitment. Because SPATA2 is required for efficient CYLD
association with HOIP/LUBAC-containing complexes, to-
tal CYLD abundance alone may not fully reflect CYLD
functional activity [20]. The CYLD knockdown experi-
ment further indicates that CYLD is functionally involved
in SPATA2-dependent regulation of NF-κB p65 expres-

sion and soluble CX3CL1 release. Nevertheless, additional
work is needed to clarify how ischemic stress affects CYLD
abundance, subcellular localization, and recruitment.

On the basis of these observations, we suggest that
SPATA2 may limit post-ischemic inflammatory injury
through effects on CYLD-related inflammatory signaling
and CX3CL1/CX3CR1-related neuron–microglia commu-
nication. Within this framework, SPATA2 may facilitate
CYLD-linked control of NF-κB-related signaling and de-
crease soluble CX3CL1 release during OGD/R, which may
contribute to the restraint of selected pro-inflammatory mi-
croglial responses. However, this model should be consid-
ered hypothesis-generating rather than fully proven. Fur-
ther investigation using neuron-specific viral promoters,
conditional genetic models, CX3CR1 blockade, CX3CL1
neutralization, HOIP/LUBAC inhibition, and single-cell or
spatial transcriptomic approaches will be necessary to re-
solve the causal sequence and cell-type-specific mecha-
nisms underlying this pathway.

5. Limitation
Several limitations of this study should be acknowl-

edged. First, the intracerebroventricular lentiviral vector
used in vivo was driven by a broad promoter and lacked
a fluorescent reporter; therefore, the manipulation was not
neuron-specific, and contributions from non-neuronal cells
cannot be excluded. Second, microglial inflammatory re-
sponses were evaluated using selected markers, including
CD86, CD206, morphology, and a limited cytokine panel.
These measurements do not provide comprehensive char-
acterization of the heterogeneous microglial states present
after ischemic injury. Third, the Transwell system reflects
soluble paracrine communication without direct neuron–
microglia contact and does not reproduce the full cellular
complexity of the ischemic brain. Fourth, CX3CL1 was
operationally assessed differently across assays: ELISA
measured soluble CX3CL1 in culture supernatants, whereas
Co-IP detected associated protein complexes in co-culture
lysates and did not directly measure ligand–receptor bind-
ing at the intact cell surface. Fifth, the context-dependent
changes in total CYLD abundance under OGD/R require
further investigation and may not directly represent CYLD
recruitment or enzymatic activity. Sixth, regional cerebral
blood flow was not monitored during MCAO/R surgery, al-
though neurological deficit criteria and TTC staining were
used to confirm ischemic injury. Finally, quantitative as-
sessment of primary microglial purity and baseline activa-
tion was not performed, which may limit the characteriza-
tion of the in vitro culture system.

6. Conclusions
In summary, our findings indicate that SPATA2

may limit inflammatory damage after focal cerebral is-
chemia/reperfusion and is associated with changes in se-
lected microglial inflammatory markers within the peri-
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ischemic cortex. In vitro, neuron-derived SPATA2 reg-
ulated microglial inflammatory responses in a Transwell
neuron–microglia co-culture system. At the mechanistic
level, these results are consistent with a model in which
SPATA2 affects CYLD-related NF-κB/CX3CR1 signaling
and soluble CX3CL1 release. However, additional in vivo
studies are needed to clarify the causal sequence of this
pathway.
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