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Abstract

Subarachnoid hemorrhage induces extensive neuronal cell death, leading to the release of damage-associated
molecular patterns (DAMPs). These DAMPs, along with hemoglobin and cell corpses, trigger localized inflammation.
Signal regulatory protein alpha (SIRPa) plays a crucial role in efferocytosis by acting as a “don't eat-me” signal,
modulating inflammation and tissue homeostasis. However, the precise function and regulatory mechanisms of
SIRPa in efferocytosis remain unclear. Proteomic analysis of cerebrospinal fluid (CSF) reveals that SIRPa levels are
significantly elevated in the CSF of SAH patients and correlate with clinical outcomes. In vivo and in vitro studies
show that microglial knockdown of SIRPa promotes efferocytosis and attenuates neuroinflammation following SAH.
SIRPa inhibits efferocytosis by recruiting and phosphorylating SHP1 and SHP2 through phosphorylation of four
tyrosine residues in its cytoplasmic domain, with SHP1 playing a particularly critical role. Mutation of these tyrosine
residues to non-phosphorylatable alanine residues enhances efferocytosis and reduces neuroinflammation in vitro.
RNA-seq analysis suggests that this mutation upregulates the expression of “eat-me” signals, MerTK and CD36, and
identifies STAT6 as a key transcription factor involved in this process. In conclusion, SIRPa plays a central role in
regulating microglia efferocytosis and neuroinflammation after SAH via the SHP1/STAT6 axis. Targeting this pathway
may provide a promising therapeutic approach for SAH.
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Introduction

Subarachnoid hemorrhage (SAH) is a specific type of
stroke primarily resulting from the rupture of intra-
cranial aneurysms, which account for approximately
5% of all strokes. This condition is associated with high
mortality and morbidity rates [1]. Despite significant
advancements in pharmacological, microsurgical, and
endovascular interventions, the mortality and morbidity
rates among SAH patients remain elevated, posing sub-
stantial challenges to individuals and society [2, 3]. The
pathophysiological mechanisms underlying SAH can be
categorized into early brain injury (EBI), occurring within
72 h of onset, and delayed cerebral ischemia (DCI), which
manifests between 3 and 15 days post-onset [4]. Early
research indicated that DCI is a primary contributor to
poor outcomes in SAH patients; however, therapeutic
approaches targeting DCI have not yielded substantial
improvements in patient recovery. Consequently, recent
investigations have increasingly concentrated on EBI [5,
6]. The pathophysiological mechanisms of EBI following
SAH encompass neuroinflammation, neuronal oxidative
stress, apoptosis, blood-brain barrier (BBB) disruption,
and microthrombosis resulting from direct blood expo-
sure and global ischemia-hypoxia [7, 8].

Efferocytosis, the phagocytic removal and recycling
of dead/dying cells by specialized phagocytes at specific
sites, is pivotal in regulating inflammatory responses and
facilitating tissue repair [9]. The stimulation of toxic sub-
stances and global ischemia-hypoxia lead to neuronal cell
death via mechanisms such as apoptosis, pyroptosis, and
ferroptosis, with apoptosis being the most prominent
[10, 11]. Following blood enters into subarachnoid space,
extensive cell death results in the release of damage-
associated molecular patterns (DAMPs). These DAMPs,
along with hemoglobin and cellular corpses, trigger local-
ized inflammation [12, 13]. Simultaneously, apoptotic
cells (ACs) release “find-me” signals that recruit phago-
cytes especially microglia to the injury site, binding with
the “eat-me” signals on the membrane to promote the
engulfment and clearance of ACs and DAMPs to mitigate
inflammation and restore homeostasis [14]. After engulf-
ing and recycling ACs and DAMPs, phagocytes facilitate
the resolution of inflammation by secreting anti-inflam-
matory cytokines while inhibiting the release of pro-
inflammatory cytokines [15-17]. Therefore, targeting
efferocytosis in modulating inflammatory responses and
facilitating tissue repair represents a promising strategy
following SAH.

In addition to “eat-me” signals, ACs also express “don’t
eat-me” signals to inhibit efferocytosis, such as CD47.
CD47 interacts with SIRPa on phagocytes to prevent
their engulfment [18]. Signal regulatory protein alpha
(SIRP«x), also known as CD172a, was initially identi-
fied as a membrane protein predominantly present on
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macrophages and myeloid cells. SIRP«a is character-
ized by three immunoglobulin-like domains, a single
transmembrane region, and a cytoplasmic domain that
contains four tyrosine residues with immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) [19]. During
apoptosis, CD47 on apoptotic cells similarly engages with
SIRPq, resulting in the phosphorylation of SIRP«’s four
tyrosine residues on the cytoplasmic domain and subse-
quent recruitment and activation of Src homology region
2 (SH2) domain-containing phosphatases, specifically
SHP1 and SHP2, which inhibit efferocytosis [20, 21]. The
loss of myeloid cell-specific SIRPa, but not CD47, dimin-
ishes inflammation and suppresses atherosclerosis [22].
In nonalcoholic steatohepatitis (NASH), blockade of the
CD47-SIRPa axis enhances necroptotic hepatocyte clear-
ance by liver macrophages and reduces hepatic fibrosis
[23]. Additionally, blockade of this axis accelerates hema-
toma clearance and alleviates neuroinflammation follow-
ing intracerebral hemorrhage [24, 25]. SIRPa deficiency
has been shown to accelerate pathological processes in
models of Parkinson’s disease [26]. Our preliminary study
indicated that SIRPa levels are aberrantly elevated in the
cerebrospinal fluid of patients with SAH and are signifi-
cantly correlated with patient prognosis. These findings
suggest that SIRPa may serve as a promising target for
the regulation of inflammation and efferocytosis.

This study aims to investigate the precise role and
mechanisms of efferocytosis mediated by SIRPa. Our
findings demonstrate that SIRPa levels are aberrantly
elevated following SAH. Knockdown of SIRPa in microg-
lia promotes efferocytosis and mitigates neuroinflamma-
tion in both in vivo and in vitro models, mediated by the
dephosphorylation of key transcription factors of “eat-
me” signals, specifically STAT6, by SHP1. Targeting the
CD47-SIRPa-SHP1 axis holds significant potential for the
development of neuroprotective therapies.

Materials and methods

Ethics statement

The study protocol was approved by the Ethics Com-
mittee of Nanjing Jinling Hospital, Affiliated Hospital of
Medical School, Nanjing University and was conducted
in accordance with the principles of Good Clinical Prac-
tice and the Declaration of Helsinki. All patients signed
an informed consent form. All animal procedures were
approved by the Animal Care and Use Committee of
Nanjing University and were performed in accordance
with institutional guidelines.

SAH patients and CSF sample

The SAH patients’ inclusion criteria were as follows:
(1) written informed consent from either the patient
or a family member; (2) age>18 and <70 years; and (3)
diagnosis of subarachnoid hemorrhage by computed
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tomography (CT scan). Aneurysms were verified through
digital subtraction angiography (DSA). Exclusion. criteria
included: (1) Patients with a history of CNS diseases (e.g.,
stroke, traumatic brain injury, CNS infection) or accom-
panied by serious comorbidities before SAH onset (e.g.,
severe coagulation disorders, malignant tumor, uncon-
trollable heart disease, and hypertension) or other organ
dysfunctions within 6 months; (2) non-aneurysmal SAH
(e.g., trauma, arteriovenous malformation, and angio-
gram-negative SAH). All CSF samples of the control
group were obtained from intraspinal anesthesia before
surgery in patients with non-neurological diseases. This
research included 40 SAH patients admitted to Nanjing
Jinling Hospital within 1 day of their SAH onset and
the CSF sample was obtained by lumbar puncture. All
patients received standard medical care after admission
and the Hunt-Hess Grade was used to evaluate patient
prognosis. The samples were centrifuged at 3000 rpm for
10 min at 4 °C to remove cells (erythrocytes and immune
cells) and stored at -80 °C until analysis.

4D label-free quantitative proteome and analysis
Proteomics was conducted to explore the variation in
protein content in CSF of SAH patients and was car-
ried out at Allwegene Co., Ltd (Beijing, China). Protein
extraction and trypsin digestion were conducted, fol-
lowed by LC-MS/MS. The MaxQuant search engine
(1.5.3.17) was used for MS/MS data analysis. FDR was
adjusted to <1%.

ELISA

Commercial kits were utilized to quantify concentra-
tions of IL-1B (ABclonal, RK00001), IL-18 (ABclonal,
RKO00176) and SIRPa (FineTest, EH3784) in the Human
CSF according to the manufacturer’s instructions. Com-
mercial kits were utilized to quantify concentrations of
IL-1B (ABclonal, RK00006), IL-18 (ABclonal, RK00104),
IL-10 (ABclonal, RK00016) and TGEF-f1 (ABclonal,
RK00057) in the culture medium according to the manu-
facturer’s instructions. Absorption at 450 nm was deter-
mined using a microplate reader (Thermo Scientific) and
the IL-1p, IL-18, SIRPa, IL-10, TGF-B1 concentration
was determined according to the standard curve gener-
ated at the same time.

Primary neuron culture

Primary cortical neurons were prepared from the cortex
of fetal (E16-18) C57BL/6] mice with a modified method
as previously described [27]. In brief, the fetal mice were
decapitated and placed in 75% alcohol for sterilizing. The
brain was separated in HBSS (Thermo Fisher Scientific,
Waltham, MA, USA) with the aid of a dissection micro-
scope. After the leptomeninges and white matter were
carefully removed, the cortex was digested in 0.125%
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trypsin for 15 min at 37 °C in a humidified atmosphere
of 5% CO2 and 95% air. Then, 20% FBS was added to the
brain tissue suspension to terminate digestion and the
brain tissue suspensions were passed through a 40 pm
filter and centrifuged at 1000 r/min for 5 min. The cell
pellets were re-suspended in Dulbecco’s modified Eagle’s
medium (DMEM, Thermo Fisher Scientific, Waltham,
MA, USA) with 20% Fetal Bovine Serum (FBS, Thermo
Fisher Scientific, Waltham, MA, USA) and penicillin-
streptomycin (Thermo Fisher Scientific, Waltham, MA,
USA). After that, the suspensions were seeded into
poly-D-lysine-coated plates. Two hours later, the culture
medium was replaced with Neurobasal Medium (Thermo
Fisher Scientific, Waltham, MA, USA) containing Gluta-
MAX-I (Thermo Fisher Scientific, Waltham, MA, USA),
B27 supplement (Thermo Fisher Scientific, Waltham,
MA, USA) and penicillin-streptomycin. Cultures were
maintained at 37 °C in a humidified atmosphere of 5%
CO2 and 95% air. Subsequently, half of the medium was
replaced every 2 days.

Primary microglia culture

Cells were dissociated from the cortex of fetal (E16-
18) C57BL/6] mice, plated on flasks, and cultivated in
DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin at 37 °C in a humidified atmosphere of
5% CO2 and 95% air. After 12—-14 d of culture, mature
microglia were separated from mixed glial cultures by
quick and gentle shaking, resuspended in DMEM supple-
mented with 10% FBS and penicillin-streptomycin, and
plated onto plates. Cultures were maintained at 37 °C in
a humidified atmosphere of 5% CO2 and 95% air. Subse-
quently, the medium was replaced every 2 days.

SAH model

In in vivo experiments, the experimental SAH model
was achieved by pre-chiasmatic injection of autologous
blood according to a previous study [28]. Male C57BL/6]
mice (8—10 weeks old, GemPharmatech Co., Ltd, Nan-
jing, China) were placed under general anesthesia with
2% isoflurane in 100% O, and maintained with 1% isoflu-
rane. After induction of anesthesia, the head was fixed in
a stereotactic apparatus. With a midline incision, the skin
overlying the anterior skull was opened. A burr hole was
drilled into the skull 4.5 mm anterior to the bregma with
a caudal angle of 40° using a 0.9-mm drill. Blood (60 uL)
was withdrawn from a C57BL/6 WT blood donor and
injected over a 10-second period with a 29-gauge needle
advanced through the burr hole at a 40° angle until reach-
ing the base of the skull. The needle was kept in this posi-
tion for 5 min to prevent backflow or CSF leakage. After
the injection, the burr hole was plugged immediately
with bone wax. Sham treated controls received the same
procedure with injection of physiologic saline.
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In in vitro experiments, OxyHb (Millipore Sigma, Burl-
ington, MA, USA) was prepared and resolved into 20uM
with culture medium and sterilized by filtration through
a 0.22-pm sterile filter. Neurons and microglia were stim-
ulated with 10uM OxyHb to mimic SAH condition as
determined in a prior study.

Adeno-associated virus delivery in vivo

SIRPa knockdown of microglia in vivo specifically was
achieved by AAV transfection which was designed and
synthesized by Genechem Co., Ltd (Shanghai, China).
The SIRPa RNAi sequence is 5-CCTCCGGATCAAAC
AGAAGAA-3] and the scrambled NC sequence is 5-T
TCTCCGAACGTGTCACGT-3! The shRNA was ligated
into the pAAV-CD68p-EGFP-MIR155(MCS)-WPRE-
SV40 PolyA GV684 plasmid. The expressing plasmid
was co-transfected with pHelper (carrying adenoviral
origin genes) and pAAV-RC (carrying AAV replication
and capsid genes) plasmids into AAV-293 cells for pack-
aging AAV9 particles. The shRNA-SIRPa AAV particles
have a titer of 1.62 x 10'® v.g./mL determined by real-time
PCR. In in vivo experiments, mice were anesthetized and
placed in a stereotaxic frame. A total of 5 pL of the AAV-
NC, AAV-SIRPa was injected into the lateral ventricles at
a rate of 0.3 pL/min. The SAH model was established 30
days after the AAV injection.

Transfections and RNA interference, site mutant
Transfection was achieved using jetPRIME® transfec-
tion reagent (Polyplus, 101000046) according to the
manufacturer’s protocol. All plasmids were constructed
by GeneChem Co. Ltd (Shanghai, China) and verified
by sequencing. After 24 h to 48 h incubation, the trans-
fection mixture was removed and replaced with a fresh
complete medium. The plasmid vector expressing short
hairpin RNA (shRNA) targeting the sequence of SIRPa
gene (CCTCCGGATCAAACAGAAGAA), STAT6 gene
(GGCTTTCCGGAGTCACTATAA) and negative con-
trol (TTCTCCGAACGTGTCACGT) were synthesized
and cloned into GV684 vector (purchased from Shanghai
Genechem Co., Ltd.), recombinant vector was detected
by DNA sequencing. The final products were then trans-
fected into Escherichia coli. DH5« followed by extrac-
tion with Endofree plasmid Mega kit (Qiagen, Hilden,
Germany) obtained shRNA-SIRPa and shRNA-STAT6
plasmid.

Mouse SIRPa NM_001291019.2(Y440/464/481/505
A) was obtained from the cDNA library of Genechem
(Shanghai, China) with the following primers: SIRPa for-
ward:5-GAGGATCCCCGGGTACCGGTCGCCACCA
TGCTTCTGGCCATGGTC-3 and reverse: 5-CACAC
ATTCCACAGGCTAGTCATATCTTGCCTCTCATCC
CTCTCATC-3. The vector plasmid CV702 and SIRPoa_
mut gene sequence were digested by BamHI and HindIII
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restriction enzymes, and complete cloning through the
In-fusion recombination method. The recombinant vec-
tor was detected by DNA sequencing. The final prod-
ucts were then transfected into Escherichia coli. DH5a
followed by extraction with Endofree plasmid Mega kit
(Qiagen, Hilden, Germany) obtained SIRPa_mut overex-
pression plasmid.

Western blot

The total protein and surface membrane protein samples
were extracted from brain tissues of C57BL/6] mice or
primary cultured neurons and microglia for immunob-
lotting analysis. For the total protein, the brain sample
of mice was removed rapidly after saline perfusion and
rinsed in 0.9% normal saline (4 °C) to wash away the
blood and blood clots. The samples were lysed in radio-
immunoprecipitation assay buffer (Beyotime, Nantong,
China) containing 1% protease and phosphatase inhibitor
cocktails (Beyotime, Nantong, China). The homogenate
after ultrasonic lysis was then centrifuged at 12,000 x g
for 15 min and supernatants (containing cytosolic and
membrane fractions) were collected. Total protein con-
centrations were measured with the BCA Protein Assay
Kit (Beyotime, Nantong, China). Equal amounts of pro-
tein were separated by 7.5-12.5% SDS-PAGE (EpiZyme,
Shanghai, China) and PVDF membrane (Millipore Sigma,
Burlington, MA, USA). The membrane was blocked
with 5% defatted milk for 2 h at room temperature then
incubated overnight at 4 °C with primary antibodies
against SIRPa (1:1000, ABclonal, A9001), CD47(1:1000,
ABclonal, A21904), SHP1 (1:1000, Abcam, ab227503),
SHP2(1:1000, Abcam, ab300579), PY20 (1:1000, Bio-
legend, 309301), p-SHP1 (1:1000, Cell Signaling Tech-
nology, 8849), p-SHP2 (1:1000, ABclonal, AP0267),
STAT6 (1:1000, ABclonal, A19120), p-STAT6(1:1000,
Cell Signaling Technology, 56554), CD36(1:1000,
ABclonal, A19016), MerTK (1:1000, Abcam, ab300136),
IL-1p(1:1000,  ABclonal, = A22257), IL-18(1:1000,
ABclonal, A23076), TGF-p1 (1:1000, ABclonal, A21244),
IL-10 (1:1000, ABclonal, A12255), Bax (1:1000, ABclonal,
A19684), Bcl-2 (1:1000, ABclonal, A19693), Cleaved Cas-
pase-3 (1:1000, Cell Signaling Technology, 9664), Flag
(1:1000, ABclonal, AE063), B-actin (1:2000, ABclonal,
AC038), GAPDH(1:2000, ABclonal, A19056) in primary
antibody dilution buffer (Servicebio, Wuhan, China).
After the membrane was washed for 10 min each of
three times in TBST, the membrane was incubated in the
appropriate HRP-conjugated secondary antibody (1:5000,
ABclonal) in secondary antibody dilution buffer (Service-
bio, Wuhan, China) for 2 h at room temperature. The
blotted protein bands were visualized by enhanced che-
miluminescence (ECL) western blot detection reagents
(MilliporeSigma, Burlington, MA, USA). Image] software
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version 1.54f (National Institutes of Health, Bethesda,
MD, USA) quantified band intensities.

Immunofluorescence staining

Immunofluorescence staining was performed as previ-
ously described [29]. Briefly, frozen brain Sect. (8 um)
and cultured cells on coverslips were fixed in 4% parafor-
maldehyde, respectively. Following treatment with 0.3%
Triton X-100, the samples were blocked with Immunol
Staining Blocking Buffer (Beyotime, Shanghai, China)
for 60 min. These samples were incubated with specific
primary antibodies for Neun (1:400, Cell Signaling Tech-
nology, 24307), Ibal(1:100, Abcam, ab283319), MAP2
(1:200, ABclonal, A22206) in Universal Antibody Diluent
(New Cell & Molecular, Suzhou, China) at 4 °C overnight.
Then, the samples were slowly washed three times with
phosphate-buffered saline with 0.5% Tween-20 (PBST)
and incubated with corresponding secondary antibod-
ies (Alexa Fluor 488/555, 1:200, Thermo Fisher Scientific,
Waltham, MA, USA) for 2 h at room temperature (RT).
After washing 3 times with PBST, the samples were coun-
terstained with 4,6-diamidino-2-phenylindole (DAPI,
MilliporeSigma, 1:2000) for 10 min at RT. Fluorescence
was visualized by a fluorescence microscope (Leica,
THUNDER Imaging Systems, Germany).

Nissl staining

Tissue sections were stained with cresyl violet (Nissl)
(Beyotime, Shanghai, China). Nissl staining was per-
formed to evaluate neuronal survival after SAH. Brain
Sect. (8 um) were hydrated in 1% toluidine blue for
10 min. After washing with double distilled water, they
were dehydrated and mounted with Permount. Normal
neurons have relatively big cell bodies, rich in cytoplasm,
with one or two big round nuclei, whereas damaged cells
have shrunken cell bodies, condensed nuclei, dark cyto-
plasm, and numerous empty vesicles.

TUNEL assay
TUNEL staining was performed according to the manu-
facturer’s instructions (E-CK-A320, Elabscience, Wuhan,
China). Brain sections were incubated with primary anti-
body against NeuN at 4 °C overnight. Following washing
with PBST, the slides.

were sequentially incubated with a TUNEL reaction
mixture for 1 h at 37 °C. After washing again, the slides
were counterstained with DAPI for 10 min. The positive
cells were identified, counted, and analyzed by two inves-
tigators blinded to the grouping.

Efferocytosis assay

Efferocytosis assay was performed as previously
described [30]. In in vitro experiments, approxi-
mately 5x 10° microglia were seeded in a 24-well plate,
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exposed to experimental SAH stimuli and incubated
with CMFDA (HY-126561, MedChemExpress)-labeled
apoptotic neurons at a ratio of 1:5 at 37 °C for 30 min.
The cells were collected and resuspended and blocked
with Fc block antibody (BD, Biosciences) for 20 min
at room temperature. Then, anti-Ibal (1:200, Abcam,
ab178846) and ABflo® 647-conjugated Goat anti-Mouse
IgG (H+L) (1:100, ABclonel, AS059) were added to
the cells and stained for 30 min at room temperature
in the dark. The proportion of microglia that exhibited
increased fluorescence (corresponding to phagocytosis
of fluorescent-labeled apoptotic cells) was determined by
flow cytometry on a NovoCyte™ flow cytometer (ACEA
Biosciences) or by a fluorescence microscope (Leica,
THUNDER Imaging Systems, Germany). For fluorescent
observation, at least three images per well were captured
for the efferocytosis assay. To inhibit the phagocytic
activity of microglia, the cells were pretreated with 10 uM
Cytochalasin D (C8273, Sigma-Aldrich) for 1 h and then
washed before incubated with CMFDA-labeled apoptotic
neurons.

Neuron-microglia cocultures

Neuron-microglia cocultures were performed as previ-
ously described [31]. 10uM Hb was added in ten-day-
old neurons cultured in a 24-well plate (3 x 10°/well) for
12 h. Primary microglia (7.5 x 10*/well) were then seeded
and cultured together with neurons for 12 h in a co-
culture medium (250 pL neural basal medium and 250
uL DMEM/F12-based glia cell medium). To inhibit the
phagocytic activity of microglia, the cells were pretreated
with 10 uM Cytochalasin D (C8273, Sigma-Aldrich) for
1 h and then washed before coculturing.

Behavioral testing

The method of the Morris water maze test has been pre-
viously described [32]. The test was conducted in a circu-
lar tank with a diameter of 180 cm and a depth of 50 cm.
A circular platform, measuring 12 cm in diameter, was
positioned 2 cm below the water surface. All mice under-
went training for 4 consecutive days, starting on the 18th
day post-modeling, with three trials per day. Each trial
lasted for 1 min, with a 5-minute intertrial interval. If
the mice successfully located the platform within 1 min,
it was allowed to remain on the platform for 15 s. If the
mice failed to find the platform within the time limit,
it was gently guided to the platform. The testing phase
occurred from the 22nd to the 26th day post-SAH.

RNA isolation and quantitative real-time polymerase chain
reaction (QRT-PCR)

Total RNA was extracted from both cultured cells and
tissue utilizing the RNA isolater Total RNA Extrac-
tion Reagent (Vazyme, Nanjing, China) according to the
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manufacturer’s instructions. A NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific, USA) was subse-
quently used to accurately determine the concentration
of total RNA in each sample. Afterward, the RNA sam-
ples were converted into cDNA through reverse tran-
scription using the HiScript’III RT SuperMix for qPCR
along with gDNA wiper (Vazyme, Nanjing, China). RT-
qPCR was subsequently conducted using the Mx3000/
Mx3005P real-time PCR system (Agilent, USA) and
Taq Pro Universal SYBR® qPCR Master Mix (Vazyme,
China). The mRNA expression was normalized to -actin
and GAPDH, and the relative expression was quantified
using the 224" method. The primers were synthesized
(Generay Biotech, Shanghai, China) using the sequences
shown in Table 1.

Co-IP

Co-IP was performed according to the manufacturer’s
instructions (88804, Thermo Fisher Scientific, Waltham,
MA, USA). Total protein was extracted from brain tissues
of C57BL/6] mice and cultured microglia utilizing a com-
prehensive lysis buffer mixture. Following centrifugation
at 12,000 x g for 15 min at 4 °C, the protein concentration
in the supernatant was measured using a BCA kit. A total
of 500 pg of protein was incubated with with control IgG
(ACO005, ABclonal), anti-SIRPa (144001, Biolegend, USA)
and anti-STAT6 (5397, Cell Signaling Technology) at 4 °C
overnight with constant rotation. The samples were sub-
sequently combined with magnetic protein beads for 2 h
at RT. Finally, the protein bound to the beads was eluted
and analyzed by Western blot.

RNA-seq and analysis

The RNA-seq and analysis was carried out at Genechem
Co., Ltd (Shanghai, China). The RNA of cells was first
extracted (SIRPa_mut versus Ctrl; n =3 each). After qual-
ity control of RNA, the Illumina RNA libraries were con-
structed with the NEBNext Ultra RNA Library Prep Kit.
The RNA library was sequenced by the Illumina NovaSeq
platform, and then 150-base pair paired-end reads were

Table 1 Primers for quantitative real-time polymerase chain
reaction (QRT-PCR)

Targets Primers

SIRPa-MOUSE-F GGCTCCTGGTGAATGTATCTGC
SIRPa-MOUSE-R GTGTTCTCAGCGGCGGTATT
MerTK-promoter-MOUSE-F GGTCACTCCAGGTGCTAGAT
MerTK-promoter-MOUSE-R GGAATGAAGCACTGGCCATTTTA
CD36-promoter-MOUSE-F GCCTGACAGCCATTGACATC
CD36-promoter-MOUSE-R ACTGAGGCACAAAATGAGGGT
ACTB-MOUSE-F CGCAGCGATATCGTCATCCA
ACTB-MOUSE-R TCCTTTGTCCCCTGAGCTTG
GAPDH-MOUSE-F TTCGCACCAGCATCCCTAGA
GAPDH-MOUSE-R GTGCAGTGCCAGGTGAAAAT
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produced. In-house Perl scripts were used to process all
raw data of fastq format, and then the clean data were
acquired with strict quality control. The Hisat2 was cho-
sen as a mapping tool to construct the database of splice
junctions following the gene model annotation file.

A differential expression analysis of cells (SIRPa_mut
versus Ctrl; n=3 each) was performed using the DESeq2
R package (1.16.1). For controlling the false discov-
ery rate, Benjamini and Hochberg’s approach was per-
formed to adjust the resulting P values. The genes with
an adjusted P value less than 0.05 tested by DESeq2 were
considered differentially expressed. GO/KEGG enrich-
ment analysis based on the differentially expressed genes
was performed by the clusterProfiler R package. GO/
KEGG terms with adjusted P value <0.05 were assigned
as significantly enriched by differentially expressed genes.

Chromatin Immunoprecipitation (ChIP) assay

The microglia were fixed using formaldehyde (F809702,
Macklin) after the corresponding treatment. ChIP assay
was performed using a Sonication ChIP Kit (RK20258,
ABclonal). The prepared chromatin-protein complexes
were immunoprecipitated using protein A/G magnetic
beads (RM02915, ABclonal) coated with anti-p-STAT6
antibody (#56554T, Cell Signaling Technology) or anti-
IgG antibody (RM20712, ABclonal). DNA was released
from the chromatin-protein complex and purified using
AFTSpin Multifunction DNA Purification Kit (RK30100,
ABclonal). Diluted DNA was further subjected to PCR
using primers and quantified using agarose gel electro-
phoresis, followed by staining with Ultra GelRed (GR501,
Vazyme).

Luciferase reporter assays

The putative or mutated promoter regions of MerTK and
CD36 were synthesized by Genechem (Shanghai, China)
and the fragments were digested by Nhel and HindIII
restriction endonucleases. Then they were cloned into
the pGL3-basic plasmid. The luciferase reporter plas-
mid containing the putative or mutated promoter region
of MerTK and CD36 and the pRL-TK reporter plasmid
(cDNA encoding Renilla luciferase) were co-transfected
into the microglia. After 24—48 h, microglia were stimu-
lated with 10 uM OxyHb and co-cultured with apoptotic
neurons at a 1:5 ratio. After 12 h, the cells were lysed, and
luciferase activity was determined using the Dual Lucif-
erase Reporter Gene Assay Kit (11402ES60, YEASEN)
according to the manufacturer’s protocols. All plasmids
were purchased from GeneChem Co. Ltd (Shanghai,
China).

Statistical analysis
The data were demonstrated as means+SEM and ana-
lyzed with GraphPad Prism software (version 10.0), of
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Fig. 1 SIRPalevels are elevated in CSF of patients with SAH and associated with prognosis. (A) Schematic diagram of lumbar puncture for CSF collection
and proteomic analysis. (B) Volcano plot of upregulated proteins and downregulated proteins in CSF of patients with SAH. X-axis: log2 ratio of protein
levels between CSF of patients with SAH and healthy control. Y-axis: the p-value (-log10 transformed) of proteins, fulfilling the criteria|log2 (fold change)|
> 1 and P<0.05 (n=7 each group). (C) KEGG enrichment analysis of differential protein levels between CSF of patients with SAH and healthy control,
fulfilling the criteriallog2 (fold change)| > 1 and P<0.05 (n=7 each group). (D) Heatmap representing differential protein levels in the “Regulation of In-
flammatory Response” pathway from GO enrichment analysis, fulfilling the criteriallog?2 (fold change)| = 1 and P< 0.05 (n=7 each group). (E) LFQ intensity
of SIRPa protein levels in the CSF of SAH patients and healthy controls (n=7 each group). (F) IL-18 levels in the CSF of SAH patients compared to healthy
controls (n=8 each group). (G) IL.-1(3 levels in the CSF of SAH patients compared to healthy controls (n=7 each group). (H) SIRPa levels in the CSF of
SAH patients compared to healthy controls (n=9 each group). (I) Simple linear regression analysis between SIRPa and IL-1(3 levels in SAH patients (n=14
each group). (J) Simple linear regression analysis between SIRPa and IL-18 levels in SAH patients (n= 14 each group). K. Simple linear regression analysis
between SIRPa levels and Hunt-Hess grade in SAH patients (n=14 each group). All values are means+SEM, P<0.05, "P<0.01, “P<0.001, "P<0.0001,

ns, no significant changes

which the P<0.05 was considered significant. The data
were obtained from the results of at least three indepen-
dent experiments. A t-test was utilized to analyze the
differences between groups. And one-way analysis of
variance or two-way analysis of variance (ANOVA) test
with Tukey’s post hoc test was utilized for assessing the
differences in mean values of more than two groups.

Results

SIRPa levels are elevated in CSF of patients with SAH and
correlate with prognosis

The metabolites present in CSF can provide an accurate
representation of changes in the microenvironment of
the CNS, offering valuable insights for the treatment of
CNS diseases [33]. To identify differential protein levels
in the CSF of patients with SAH compared to healthy
controls, a 4D label-free quantitative proteomic analysis
was performed (Fig. 1A). Principal component analysis
(PCA) revealed a distinct separation between the CSF of
patients with SAH and that of healthy controls (Fig. S1).
The proteomic analysis revealed 69 upregulated proteins
and 174 downregulated proteins (Fig. 1B). KEGG enrich-
ment analysis indicated that these differential proteins
are significantly enriched in pathways related to “Lyso-
some”, “Regulation of cytoskeleton’, and “Phagosome” all
of which are components of efferocytosis (Fig. 1C). GO
enrichment analysis further highlighted that these pro-
teins are involved in the “Regulation of inflammatory
response’, with a heatmap analysis of this pathway reveal-
ing that SIRPa was markedly elevated in the CSF of SAH
patients (Fig. 1D-E). After conducting proteomic analy-
sis, we assessed the levels of SIRPq, IL-1f, and IL-18 in
the CSF of patients with SAH using ELISA. The results
demonstrated a significant increase in the levels of SIRPa,
IL-1B, and IL-18 in the CSF of SAH patients (Fig. 1F-H).
Moreover, SIRPa levels were found to be positively cor-
related with the Hunt-Hess grade, a key prognostic indi-
cator in SAH patients (Fig. 1I). Additionally, a positive
correlation was observed between SIRPa and the levels
of IL-1p and IL-18 in the CSF, suggesting an association
between SIRPa and the inflammatory response in SAH
(Fig. 1J-K). Taken together, these findings support the

potential role of SIRPa as both a biomarker for inflamma-
tion and a prognostic indicator in SAH patients. Further-
more, SIRPa-induced efferocytosis may represent a novel
therapeutic target for mitigating EBI following SAH.

Knockdown of SIRPa enhances efferocytosis by microglia
and mitigates neuroinflammation following SAH in vivo

To explore the role of SIRPa in modulating efferocy-
tosis and neuroinflammation after SAH, we generated
SIRPa knockdown microglia using adeno-associated
viruses (AAVs) with a CD68(microglia-specific marker)-
specific promoter and EGFP tags. Immunofluorescence
assays confirmed efficient gene knockdown (Fig. S2). WB
analysis was conducted to assess the expression levels
of SIRPa and CD47 over different time points follow-
ing SAH. SIRPa expression was low in the sham group
but significantly elevated in the experimental groups,
peaking at 24 h and gradually diminishing by 72 h post-
SAH. In contrast, the expression of CD47, the ligand for
SIRPa, did not exhibit significant changes (Fig. 2A-B).
RT-qPCR further corroborated these findings, showing
a similar temporal pattern of SIRPa expression (Fig. 2C).
Co-IP assays were performed in vivo using SIRPa as the
target protein to assess the interaction between CD47
and SIRPa. The results demonstrated that CD47 estab-
lished interaction with SIRP« following SAH and the
levels of CD47/SIRPa did not exhibit significant altera-
tions (Fig. S3). Subsequently, immunofluorescence and
three-dimensional imaging were employed to evaluate
the extent of efferocytosis. The percentage of phagocytic
microglia (Neun(red)*Ibal(green)* cells) was signifi-
cantly higher in the SAH + AAV-SIRPa group compared
to the SAH + AAV-NC group, indicating that efferocyto-
sis was enhanced following specific knockdown of SIRP«
in microglia (Fig. 2D-E). WB analysis was performed to
assess the expression levels of inflammatory cytokines
IL-1B, IL-18, IL-10, and TGF-P1, as well as apoptosis-
related proteins Bax, Bcl-2, and cleaved caspase-3. In the
SAH + AAV-SIRPa group, the expression levels of the
pro-inflammatory cytokines IL-1B and IL-18 were sig-
nificantly reduced, while the levels of the anti-inflamma-
tory cytokines IL-10 and TGEF-B1 were notably increased
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when compared to the SAH + AAV-NC group. Addition-
ally, the expression of cleaved caspase-3 was reduced, and
the ratio of Bcl-2/Bax was elevated in the SAH+AAV-
SIRPa group compared to the SAH+AAV-NC group
(Fig. 2F-G).

Morphological and fractal analyses revealed that, fol-
lowing SAH stimulation, microglia exhibited pronounced
retraction, a shortened, less branched morphology, and
an increase in size, indicating a significant polariza-
tion toward a reactive phenotype. These morphologi-
cal changes were notably mitigated by the knockdown
of microglial SIRPa (Fig. 2H-I). To evaluate long-term
neurological outcomes, Morris water maze (MWM)
tests were performed between days 22 and 26 post-SAH
to assess the impact of microglial SIRPa knockdown on
cognitive function. The results from the training trial
showed no significant differences in escape latency or
swimming distance among the experimental groups.
However, the MWM test revealed that microglial SIRPa
knockdown significantly reduced both the escape latency
to the platform and the total swimming distance (Fig. 2J-
K). TUNEL staining further demonstrated a significant
reduction in the number of TUNEL-positive neurons
after SAH when microglial SIRPa was knocked down
(Fig. 2L). Nissl staining also showed that, although the
temporal cortical neurons were substantially damaged
following SAH, this damage was largely reversed upon
microglial SIRPa knockdown (Fig. 2M). These findings
suggest that microglial SIRPa knockdown may promote
efferocytosis, alleviate neuroinflammation and confer
sustained neuroprotective effects following SAH.

Knockdown of SIRPa enhances efferocytosis by microglia

and mitigates neuroinflammation following SAH in vitro

In the CNS, SIRPa is expressed in both neurons and
microglia, but its expression is minimally detectable in
astrocytes and oligodendrocytes [26]. To investigate the
changes in SIRPa expression following SAH in vitro, neu-
rons and microglia were stimulated with 10 pM OxyHb,
a classical in vitro model for SAH. WB analysis was per-
formed to assess SIRPa expression at various time points
following SAH. In microglia, SIRPa expression was low
in the sham group but significantly elevated in the experi-
mental groups, peaking at 12 h post-SAH and gradu-
ally decreasing by 48 h. In contrast, SIRPa expression in
neurons did not show significant changes over the time
course (Fig. 3A-B). To explore the role of SIRPa in modu-
lating efferocytosis and neuroinflammation after SAH in
vitro, we constructed microglia with SIRPa knockdown
efficiencies of 70% and 90%, respectively, through the
transfection of plasmids. WB assays confirmed efficient
gene knockdown (Fig. S4A-B). To further explore the role
of SIRPa in efferocytosis and neuroinflammation follow-
ing SAH in vitro, microglia were stimulated with 10 pM
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OxyHb and co-cultured with Green CMFDA-labeled
apoptotic neurons at a 1:5 ratio, where the apoptotic
neurons were induced by 20 pM OxyHb. This co-culture
system was used to mimic efferocytosis and the SAH
condition simultaneously. Flow cytometry and immu-
nofluorescence analyses revealed that the number of
Green CMFDAIbal* cells, a marker for efferocytosis,
was significantly increased in the Hb + ACs + shSIRP«-70
and Hb+ ACs+shSIRPa-90 group, compared to the
Hb+ACs+shCtrl group. This effect was inhibited by
pre-treatment of microglia with 10 uM Cytochalasin D
(an inhibitor of actin polymerization and efferocytosis)
for 1 h (Fig. 3C-F). Subsequently, microglia were stimu-
lated with OxyHb and co-cultured with non-labeled
apoptotic neurons at a 1:5 ratio. And lysosomal activity
was assessed using the lysosomal acidity probe Lysosen-
sor, which serves as an indicator of lysosomal activity.
The fluorescence intensity in the Hb + ACs + shSIRPa-70
and Hb+ACs+shSIRPa-90 groups were significantly
higher compared to the Hb + ACs + shCtrl group, indicat-
ing enhanced lysosomal activity. This increase was also
inhibited by Cytochalasin D pre-treatment of microg-
lia (Fig. 3G-H). To assess the inflammatory response in
vitro, the culture medium from the co-culture system
was collected, and the levels of extracellular cytokines
were measured using ELISA. The results showed that in
the Hb+ACs +shSIRPa-70 and Hb +ACs+shSIRPa-90
group, the levels of the pro-inflammatory cytokines IL-1p
and IL-18 were significantly reduced, while the levels of
the anti-inflammatory cytokines IL-10 and TGE-B1 were
significantly elevated, compared to the Hb + ACs + shCtrl
group (Fig. 3I). Next, we investigated whether SIRP« is
essential for microglia-mediated neuronal protection as
previously described [31]. Neurons were exposed to 10
uM OxyHb for 12 h, after which microglia were co-cul-
tured with the OxyHb-treated neurons for an additional
12 h (Fig. 3]). Consistent with our previous findings, the
number of surviving neurons was significantly higher in
the Hb+ACs +shSIRPa-70 and Hb +ACs+shSIRPa-90
group compared to the Hb + ACs + shCtrl group (Fig. 3K-
L). Through these experiments, we found that SIRPa
knockdown enhances efferocytosis and mitigates neuro-
inflammation following SAH in vitro, although the pre-
cise mechanisms underlying these effects require further
investigation.

Contribution of the unilateral signal of SIRPa to the
efferocytosis by microglia and neuroinflammation
following SAH in vitro

To investigate the intracellular mechanisms underlying
SIRPa-mediated efferocytosis in microglia and neuroin-
flammation following SAH, Co-IP assays were performed
in microglia with stimulation of 10 uM OxyHb and ACs
using SIRPa as the target protein to assess the interaction
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between SHP1, SHP2 and SIRPa. In the sham group,
the expression levels of SIRPa and p-SHP1 were low,
whereas in the experimental groups, both were signifi-
cantly upregulated, peaking at 12 h post-SAH and gradu-
ally declining by 48 h. Similarly, the expression of p-SHP2

was also low in the sham group but showed a marked
increase in the experimental groups, reaching its high-
est levels at 6 h post-SAH, with a subsequent decrease
observed by 48 h (Fig. 4A-D). The results demonstrated
that SIRPa recruits and phosphorylates both SHP1 and
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Fig. 3 Knockdown of SIRPa enhances efferocytosis by microglia and mitigates neuroinflammation following SAH in vitro. (A) Western blot assay for the
expression of SIRPa in primary microglia and neurons after 10uM Hb stimulation. (B) Quantification of SIRPa protein levels in microglia and neurons (n=3
each group). C-D. Flow cytometry analysis and quantification of CMFDA*Iba1* microglia (n=3 each group). E. Representative immunofluorescence im-
ages of CMFDA (green) and Iba1 (red) in microglia after 10uM Hb and ACs stimulation for 12 h. Nuclei were counterstained with DAPI (blue). Scale bar,
50 um. F. Quantification of CMFDA*Iba1* microglia numbers (n=3 each group). G. Representative immunofluorescence images of Lysosensor (green) in
microglia after 10uM Hb and ACs stimulation for 12 h. Live cells were counterstained with Hoechst (blue). Scale bar, 50 um. H. Quantification of fluores-
cence intensity of Lysosensor (n=3 each group). I. The levels of IL-1(3, IL-18, IL-10 and TGF-B1 in culture medium from the co-culture system (n=3 each
group). J. Experimental design. Primary neurons were subjected to 12 h 10uM Hb stimulation and then co-cultured with WT, shCtrl and shSIRPa microglia
for 12 h. Neuronal survival was measured 24 h later by MAP2 staining. K. Representative images of MAP2-stained neurons after co-cultured with WT, shCtrl

and shSIRPa microglia. Scale bar, 50 um. L. Quantification of the number of MAP2* (red) neurons (n=3 each group). All values are means + SEM, "P<0.05,

P

"P<0.01,"P<0.001,""P<0.0001, ns, no significant changes

SHP2 following SAH in vitro. WB analysis was con-
ducted to assess the expression levels of SHP1 and SHP2,
as well as their phosphorylation status, at various time
points following SAH. In the sham group, the levels of
p-SHP1/SHP1 and p-SHP2/SHP2 were low. In contrast,
these levels were significantly upregulated in the experi-
mental groups, p-SHP1/SHP1 were peaking at 12 h post-
SAH and gradually decreasing by 48 h but the levels of
p-SHP2/SHP2 were peaking at 6 h (Fig. 4A, E-F). Based
on the immunoblot analysis of p-SHP1, which demon-
strated a more pronounced signal and a time course
similar to that of SIRP«, whereas p-SHP2 exhibited a
distinct time course in both IP and Input, we propose
that SIRPa primarily recruits and phosphorylates SHP1.
Consequently, we focused on investigating the down-
stream mechanisms by targeting SHP1 in subsequent
experiments.

Subsequently, we mutated the tyrosine residues at posi-
tions 440, 464, 481, and 505 in the intracellular region of
SIRPa to alanine, a non-phosphorylatable amino acid.
To investigate the role of SIRPa mutations in modulating
efferocytosis and neuroinflammation following SAH in
vitro, we generated SIRPa_mut microglia through plas-
mid transfection with FLAG tags. Western blot (WB)
analysis confirmed the successful induction of gene
mutations (Fig. S4C). Co-IP assays were performed in
microglia using SIRPa as the target protein to investi-
gate the recruitment and phosphorylation of SHP1. The
results demonstrated that the recruitment and phos-
phorylation of SHP1 by SIRP« were significantly reduced
following mutation of the intracellular tyrosine residues
(Fig. 4G-H). Immunofluorescence and flow cytometry
analyses revealed a significant increase in the number
of Green CMFDA*Ibal* cells in the Hb + ACs + SIRPa_
mut group compared to the Hb + ACs + Ctrl group. This
effect was also inhibited by pre-treatment of microglia
with 10 uM Cytochalasin D for 1 h (Fig. 5A-D). Addi-
tionally, the fluorescence intensity of Lysosensor in the
Hb + ACs + SIRPa_mut group was markedly higher than
in the Hb + ACs + Ctrl group, suggesting enhanced lyso-
somal activity. This increased fluorescence intensity
was also suppressed by Cytochalasin D pre-treatment
of microglia (Fig. 5E-F). ELISA analysis in the culture

medium showed that, in the Hb+ACs+SIRPa_mut
group, levels of the pro-inflammatory cytokines IL-1B
and IL-18 were significantly reduced, while the levels
of the anti-inflammatory cytokines IL-10 and TGF-$1
were significantly elevated, relative to the Hb + ACs + Ctrl
group (Fig. 5G). Consistent with our previous method,
the number of surviving neurons was significantly greater
in the Hb+ ACs+SIRPa_mut group compared to the
Hb + ACs + Ctrl group in the co-culture system (Fig. 5H-
I). These findings underscore the critical role of SHP1
and SHP2 recruitment and phosphorylation by the intra-
cellular domain of SIRPa in regulating efferocytosis and
neuroinflammation following SAH in vitro.

Mutation of the intracellular domain of SIRPa enhances the
expression of MerTK and CD36

To identify the downstream regulators involved in
SIRPa-mediated efferocytosis and neuroinflamma-
tion, we performed RNA-seq on microglia stimulated
with 10 uM OxyHb and ACs, with or without muta-
tions at tyrosine residues 440, 464, 481, and 505 in the
intracellular domain of SIRP«, substituting them with
alanine. PCA revealed a clear separation between the
SIRPa_mut group compared to the Ctrl group. (Fig. S6).
The Venn diagram (Fig. 6A) illustrates that 11,025 genes
are expressed in both groups. The volcano plot (Fig. 6B)
reveals 789 upregulated genes and 950 downregulated
genes in the SIRPa_mut group compared to the Ctrl
group. GO enrichment analysis indicated that these dif-
ferentially expressed genes are predominantly involved in
the “inflammatory response” (Fig. 6C). Furthermore, we
selected the top 100 genes associated with “phagocytosis”
and “efferocytosis” from GeneCards for heatmap analy-
sis (Fig. 6D-E). Notably, the results showed that Mertk
and Cd36, both of which function as “eat-me” signals,
were significantly upregulated (Fig. 6F-G). WB analysis
also confirmed that MerTK and CD36 were significantly
upregulated (Fig. 6H-J). In the sham group, CD36 expres-
sion was low, but it was significantly elevated in the
experimental groups, peaking at 6 h post-SAH and grad-
ually decreasing by 48 h in vitro. In contrast, MerTK did
not exhibit significant changes (Fig. 6K-M). Collectively,
mutations at tyrosine residues 440, 464, 481, and 505 in
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(n=3 each group). All values are means = SEM, ‘P<0.05, "P<0.01,

the intracellular domain of SIRPa enhance the expression
of MerTK and CD36, both of which act as “eat-me” sig-
nals to promote efferocytosis.

STAT6 is a common transcription factor of Mertk and Cd36
and is dephosphorylated by SHP1 following SAH

To investigate the mechanism by which SIRP« regulates
Mertk and Cd36, we performed bioinformatics analyses
using the UCSC Genome Browser (http://genome.ucsc
.edu/index.html) and JASPAR (https://jaspar.elixir.no/),
an open-access database of curated and non-redundant
transcription factor binding profiles. These analyses sug-
gested that STAT6 may serve as a common transcrip-
tion factor directly regulating the expression of MerTK
and CD36. The binding motif is shown in Fig. 7A. A

P<0001,”

pr

P<0.0001, ns, no significant changes

5-AAGGGTTCAT-3" motif in the promoter region of
the Mertk and A 5-AAGAGACATT-3" motif in the pro-
moter region of the Cd36 are predicted to be STAT6
binding sites (Fig. 7B-C). RNA-seq and WB analysis fur-
ther confirmed that STAT6 was significantly upregulated
(Fig. 7D-F). In the sham group, p-STAT6 expression was
low, but it was significantly elevated in the experimental
groups, peaking at 12 h post-SAH and gradually decreas-
ing by 48 h in vitro. STAT®6 itself did not exhibit signifi-
cant changes, and the p-STAT6/STAT6 ratio followed a
similar trend to that of p-STAT®6 (Fig. 7G-]). To verify the
binding of p-STAT®6 to the promoter regions of Mertk and
Cd36, a chromatin immunoprecipitation (ChIP) assay
was conducted. Compared to the IgG control group, the
p-STAT6 group showed a significant increase in relative
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enrichment in the Input (Fig. 7K-M). To investigate the
binding site of p-STAT6 to the promoter regions of Mertk
and Cd36, the luciferase reporter assays were performed
and we mutated the 5-AAGGGTTCAT-3" motif to 5'-
GGCCTCGGAA-3 in the promoter region of Mertk,
and the 5-AAGAGACATT-3 motif to 5-GGCCTCG
GAA-3’ in the promoter region of Cd36. The luciferase
reporter assays revealed that site-directed mutagenesis
could abolish the decreased promoter activity in STAT6-
knockdown microglia (Fig. 7N-O). Subsequently, Co-IP

xnk

P<0.0001, ns, no significant changes

assays were conducted using STAT6 as the target protein
to assess the interaction between SHP1 and STAT6. The
expression level of p-STAT6 was significantly increased
in the SIRPa_mut group compared to the Ctrl group
(Fig. 9P, R). And the expression level of p-SHP1 was sig-
nificantly decreased in the SIRPa_mut group compared
to the Ctrl group (Fig. 7P-Q). The above data indicated
that the dephosphorylation of p-STAT6 by SHP1 was
reduced following mutations at tyrosine residues 440,
464, 481, and 505 in the intracellular domain of SIRPa.
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Moreover, STAT6 functions as a common transcription
factor for Mertk and Cd36 following SAH in vitro.

Discussion

In this study, our pivotal discoveries are as follows: []
(1)SIRPa levels are significantly elevated in the CSF of
patients with SAH and are correlated with clinical prog-
nosis []. (2)SAH enhances the expression of SIRP« in
microglia; both in vivo and in vitro knockdown of SIRPa
promotes efferocytosis, thereby reducing neuroinflam-
mation and EBI []. (3)SIRP«a recruits and phosphory-
lates SHP1 and SHP2 through four tyrosine residues in
its cytoplasmic domain, thereby inhibiting efferocytosis
following SAH, with SHP1 playing a particularly signifi-
cant role []. (4)Phosphorylated SHP1 dephosphorylates
STAT6, a transcription factor that plays a crucial role
in regulating the expression of “eat-me” signals, such as
MerTK and CD36, thereby inhibiting efferocytosis. A
schematic representation of this mechanism is illustrated
in Fig. 8.

The prevailing view is that CSF is produced via two pri-
mary pathways: the choroid plexus system and the brain
parenchyma system, with the choroid plexus responsible
for approximately 80% of total CSF production. CSF is
continuously produced and absorbed into the venous sys-
tem, functioning similarly to lymphatic fluid within the
CNS [34]. It provides essential nutrients to brain cells,
facilitates the transport of metabolites from brain tissues,
regulates the acid-base balance of the CNS, and buffers
pressure on the brain and spinal cord, thus offering pro-
tective and supportive functions. With advancements in
protein sequencing technology, numerous studies have
identified biomarkers such as tau, SOD1, and PARK?7 that
are strongly correlated with disease prognosis through
protein sequencing analysis of CSF from patients with
Alzheimer’s disease and Parkinson’s disease [35, 36]. This
has significantly aided in the diagnosis and treatment of
these conditions. Consequently, the metabolites pres-
ent in CSF can accurately reflect changes in the brain’s
microenvironment and offer valuable insights for the
treatment of CNS diseases [33].

Previous studies have indicated that efferocytosis plays
a pivotal role in tissue repair and homeostasis. Upon tis-
sue injury, phagocytes are recruited to the site of damage
where they engulf and clear dying cells through efferocy-
tosis [37]. Efferocytosis suppresses the secretion of pro-
inflammatory cytokines, stimulates the production of
anti-inflammatory cytokines, modulates the phenotype
of microglia and macrophages, accelerates the resolution
of inflammation, and promotes tissue repair [38, 39]. It
involves three main stages: recognition, engulfment, and
degradation of dying cells. Key molecules in efferocyto-
sis, such as “find-me” signals, “eat-me” signals, and “don’t
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eat-me” signals, have been shown to modulate efferocy-
tosis following injury [40].

We therefore conducted a proteomic analysis of CSF
from patients with SAH. Our results indicated a sig-
nificant increase in SIRPa levels in CSF collected 24 h
post-onset of SAH, with proteins exhibiting significant
differences enriched in pathways related to efferocytosis
and inflammation. Subsequently, ELISA results revealed
that levels of SIRPa, IL-1B, and IL-18 were significantly
elevated. Notably, SIRPa levels demonstrated a signifi-
cant correlation with both IL-1p and IL-18, as well as the
Hunt-Hess grade of patients. These findings underscore
the critical role of efferocytosis and SIRPa in mitigating
EBI following SAH. After that, we observed a concomi-
tant increase in SIRPa expression in both in vivo and
in vitro models of SAH. Following the knockdown of
SIRPa in microglia, we noted a significant enhancement
in efferocytosis and a reduction in neuroinflammation.
In vivo, immunofluorescence staining revealed a sub-
stantial increase in the phagocytic index, and microglia
exhibited a more ramified morphology, characterized by
an increase in branching and a decrease in cell size, sug-
gesting a shift toward a steadier state. Additionally, we
observed a reduction in the pro-inflammatory cytokines
IL-1p and IL-18, and an elevation in the anti-inflam-
matory cytokines IL-10 and TGEF-B1 following SIRPa
knockdown in microglia. Furthermore, TUNEL and
Nissl staining indicated a reduction in neuronal dam-
age. Moreover, SIRPa knockdown in microglia improved
long-term outcomes in Morris water maze tests after
SAH. To assess efferocytosis in vitro, we co-cultured
microglia with CMFDA-labeled apoptotic neurons,
induced by 20 uM Hb, at a 1:5 ratio. Following the SIRPa
knockdown, the number of CMFDA* microglia was sig-
nificantly increased. Additionally, we employed Lyso-
sensor to measure lysosomal acidity, which serves as an
indicator of lysosomal digestive activity. Results showed
that lysosomal activation and acidity were enhanced fol-
lowing SIRPa knockdown. Furthermore, when apoptotic
neurons (induced by 10 uM Hb) were co-cultured with
SIRPa-deficient microglia at a 5:1 ratio, there was a sig-
nificant increase in the survival of neurons following
SIRPa knockdown.

SIRPa is involved in controlling inflammatory response
as well as efferocytosis in microglia and macrophages
[41, 42]. SIRPa is a myeloid-expressed immunoreceptor
that contains tyrosine-based inhibitory motifs (ITIMs).
Its canonical function, through interaction with the self-
recognition marker CD47, is to inhibit the activity of
professional phagocytes [43]. Under various stimulatory
conditions, the ITIMs of SIRPa become phosphorylated,
leading to the recruitment and phosphorylation of Src
homology 2 (SH2) domain-containing tyrosine phospha-
tases SHP1 and SHP2 [21, 44]. SHP1/2 are non-receptor
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Fig. 8 SIRPa modulates microglial efferocytosis and neuroinflammation following experimental SAH via the SHP1/STAT6 axis. SAH induces extensive
neuronal cell death, resulting in the release of DAMPs. These DAMPs, along with hemoglobin and cellular corpses, trigger localized inflammation. SIRPa
inhibits efferocytosis by recruiting and phosphorylating SHP1 and SHP2 through the phosphorylation of four tyrosine residues in its cytoplasmic domain,
with SHP1 playing a particularly critical role. Mutation of these tyrosine residues to alanine enhances efferocytosis and reduces neuroinflammation both
in vivo and in vitro, through dephosphorylation of p-STAT6 and subsequent upregulation of the transcription of Mertk and Cd36

tyrosine phosphatases characterized by three structural
domains: a protein tyrosine phosphatase (PTP) domain,
two tandem SH2 domains (N-SH2 and C-SH2), and a
C-terminal tail. In their unphosphorylated state, SHP1/2

are maintained in an auto-inhibited conformation, with
the D’E loop of the N-SH2 domain extending into the
catalytic cleft of the PTP domain [45, 46]. Upon bind-
ing of the SH2 domains to a specifically phosphorylated
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tyrosine motif (such as that found in SIRP«a), this
inhibitory interaction is relieved, allowing the SHP1/2
substrates to enter the catalytic pocket, where dephos-
phorylation occurs, thereby mediating the subsequent
inhibitory effect [47-49].

Similarly, under stimulation with 10 pM Hb and ACs,
we observed that the ITIMs of SIRPa became phosphor-
ylated, leading to the recruitment and phosphorylation
of SHP1 and SHP2, with a particular emphasis on SHP1.
To further investigate this, we mutated the tyrosine resi-
dues at positions 440, 464, 481, and 505 in the intracel-
lular region of SIRPa to alanine, a non-phosphorylatable
amino acid. The SIRPa mutant exhibited enhanced
phagocytic capacity and reduced recruitment of SHP1, as
well as a diminished inflammatory response, compared to
the wild-type. Additionally, in the SIRPa mutant microg-
lia-neuron co-culture system, we observed a significantly
higher number of surviving neurons and increased lyso-
somal acidity.

However, the precise mechanism by which SIRP«
regulates efferocytosis and its downstream signaling
through SHP1 remains to be elucidated. Therefore, we
performed RNA sequencing comparing Ctrl and SIRPa
mutant under stimulation with 10 uM Hb and ACs. The
results revealed differential gene expression, with sig-
nificant enrichment in pathways related to inflammatory
response. Notably, the “eat-me” signals Mertk and Cd36
were significantly upregulated. Subsequently, we pre-
dicted and confirmed that STAT6 is the key transcrip-
tion factor regulating Mertk and Cd36 transcription,
as demonstrated by ChIP and dual-luciferase reporter
assays. Several members of the STAT family play crucial
roles in regulating the functional status of microglia and
macrophages [50]. Specifically, STAT6 signaling appears
to promote the acquisition of an anti-inflammatory phe-
notype in microglia/macrophages [31, 51]. Additionally,
IL-4, a STAT6 activator, drives microglia/macrophages
toward a beneficial phenotype and supports stroke recov-
ery [52]. Moreover, Co-IP assays confirmed STAT6 is a
substrate of dephosphatase SHP1. Under SAH condi-
tions, the ITIMs of SIRPa become phosphorylated, lead-
ing to the recruitment and phosphorylation of SHP1 and
SHP2. Phosphorylated SHP1 dephosphorylates p-STAT®,
preventing its translocation to the nucleus, thereby
inhibiting its role as a key transcription factor for the
“eat-me” signals mertk and c¢d36, ultimately suppressing
efferocytosis.

There are several limitations in our study. First, our
research focused exclusively on animal and cell mod-
els, specifically microglia, following SIRPa knockdown
or mutation. Future experiments will include overex-
pression or similar interventions to further validate and
strengthen our findings. Second, the specific stimula-
tory conditions under which SIRPa recruits either SHP1
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or SHP2, as well as the regulatory consequences of dif-
ferential SHP1 and SHP2 binding, have not been clearly
elucidated. Finally, our study was conducted exclusively
in male mice, which may limit the generalizability of our
findings. Therefore, the influence of sex should be further
investigated and considered in future studies.

In conclusion, our study demonstrates that SIRPa regu-
lates efferocytosis and plays a significant role in neuro-
inflammation and EBI following SAH. After SAH, the
ITIMs of SIRPa become phosphorylated, leading to the
recruitment and phosphorylation of SHP1 and SHP2,
with a particular emphasis on SHP1. Phosphorylated
SHP1 dephosphorylates p-STAT6, preventing its trans-
location to the nucleus and thereby inhibiting its func-
tion as a key transcription factor for the “eat-me” signals
Mertk and Cd36, which ultimately suppresses efferocyto-
sis. Future research will focus on elucidating the precise
mechanisms by which SIRPa recruits SHP1 or SHP2,
as well as the regulatory consequences of differential
SHP1 and SHP2 binding. These investigations will pro-
vide more detailed insights, which may contribute to the
development of more targeted and effective therapeutic
strategies.

Abbreviations

DAMPs Damage-associated molecular patterns

SIRPa Signal regulatory protein alpha

CSF Cerebrospinal fluid

SAH Subarachnoid hemorrhage

EBI Early brain injury

DCl Delayed cerebral ischemia

BBB Blood-brain barrier

ACs Apoptotic cells

ITIMs Immunoreceptor tyrosine-based inhibitory motifs
SH2 Src homology region 2

DSA Digital subtraction angiography

IL 1B-Interleukin-1(3

IL 18-Interleukin-18

IL 10-Interleukin-10

TGF 31-Transforming growth factor-f3
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CcDb47 Cluster of differentiation 47

SHP1 Src homology region 2 (SH2) domain-containing phosphatase 1
SHP2 Src homology region 2 (SH2) domain-containing phosphatase 2
STATE Signal transducer and activator of transcription 6
MerTK Myeloid-epithelial-reproductive tyrosine kinase
CD36 Cluster of differentiation 36
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Iba1 lonized calcium-binding adaptor molecule 1
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