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Abstract

Background Hematoma leads to progressive neurological deficits and poor outcomes after intracerebral hemorrhage (ICH).
Early clearance of hematoma is widely recognized as an essential treatment to limit the damage and improve the clinical
prognosis. CD163, alias hemoglobin (Hb) scavenger receptor on microglia, plays a pivotal role in hematoma absorption,
but CD163 on neurons permits Hb uptake and results in neurotoxicity. In this study, we focus on how to specially promote
microglial but not neuronal CD163 mediated-Hb uptake and hematoma absorption.

Methods RNA sequencing was used to explore the potential molecules involved in ICH progression, and hematoma was
detected by magnetic resonance imaging (MRI). Western blot and immunofluorescence were used to evaluate the expression
and location of fractalkine (FKN) after ICH. Erythrophagocytosis assay was performed to study the specific mechanism of
action of FKN in hematoma clearance. Small interfering RNA (siRNA) transfection was used to explore the effect of peroxi-
some proliferator-activated receptor-y (PPAR-y) on hematoma absorption. Enzyme-linked immunosorbent assay (ELISA)
was used to determine the serum FKN concentration in ICH patients.

Results FKN was found to be significantly increased around the hematoma in a mouse model after ICH. With its unique
receptor CX3CR1 in microglia, FKN significantly decreased the hematoma size and Hb content, and improved neurological
deficits in vivo. Further, FKN could enhance erythrophagocytosis of microglia in vitro via the CD163/ hemeoxygenase-1
(HO-1) axis, while AZD8797 (a specific CX3CR1 inhibitor) reversed this effect. Moreover, PPAR-y was found to mediate
the increase in the CD163/HO-1 axis expression and erythrophagocytosis induced by FKN in microglia. Of note, a higher
serum FKN level was found to be associated with better hematoma resolution in ICH patients.

Conclusions We systematically identified that FKN may be a potential therapeutic target to improve hematoma absorption
and we shed light on ICH treatment.
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RNA-seq RNA sequencing

KEGG Kyoto encyclopedia of genes genomes

SN Substantia nigra

MPP* 1-Methyl-4-phenylpyridinium

RBC Red blood cell

GFAP Glial fibrillary acidic protein

Iba-1 Ionized calcium-binding adaptormolecule-1
NeuN Neuronal nuclei

CD31 Platelet endothelial cell adhesion molecule-1
MRI Magnetic resonance imaging

siRNA Small interfering RNA

Introduction

Intracerebral hemorrhage (ICH) is one of the most devas-
tating diseases throughout the world with 40-54% mortal-
ity and a 61-88% disability rate [1], which poses a heavy
global burden on the patient’s family and society due to the
lack of effective therapy [2]. Blood from the ruptured ves-
sels rapidly accumulates in the brain parenchyma to form a
hematoma, and its compression damage and neurotoxicity
of hemolytic products are the main pathological mechanisms
of injury closely related to the outcome and prognosis [3-5].
Early clearance of hematoma is widely recognized as an
essential treatment to limit the direct compression dam-
age and secondary neurotoxicity injury and to improve the
outcomes after ICH [6-8]. However, previous randomized
control trials (RCTs) of hematoma clearance by surgical
interventions, such as STICH and STICH II, shed a glimmer
of light in the darkness. STICH was a randomized trial com-
paring early surgical treatment and conservative treatment
in patients with ICH. Unfortunately, patients who accepted
early hematoma evacuation had no overall benefit compared
with the conservative treatment. In the subsequent STICH
I, it was confirmed that early surgery would not increase
the mortality or disability rate within 6 months, especially
for patients with superficial lobar intracerebral hemorrhage
without intraventricular hemorrhage may have a small sur-
vival advantage [9, 10]. Therefore, medical treatment to
promote hematoma absorption has recently been explored
further.

Microglia are the intrinsic phagocytes in the brain,
and after ICH, they can be activated within few minutes
to promote brain repair and remove hematoma via some
cytokines and chemokines [3, 8]. CD163, alias hemoglobin
(Hb) scavenger receptor, is found to be mainly expressed
on the microglial cytomembrane in the brain, and it is a
major scavenger receptor that mediates endocytosis of Hb in
a pathological condition [11, 12]. CD163 is also associated
with neurological recovery and prognosis in animal mod-
els and patients, and it can be a biomarker of the outcome
after ICH [13, 14]. After CD163-mediated endocytosis, Hb
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is catabolized by hemeoxygenase-1 (HO-1) [12]. HO-1 also
mainly induced by microglia after ICH in the brain. As a key
rate-limiting enzyme, HO-1 can control heme release from
Hb and degrade to Fe (II) [12, 15]. However, the deficiency
of CD163 was found to have distinct temporal influences
on ICH that are initially beneficial and harmful later, which
suggest the complexity of the CD163/HO-1 signal pathway
in hematoma absorption [14]. Current further studies also
showed that CD163 is expressed on neurons, and hapto-
globin increases the CD163 expression of neurons to permit
extracellular Hb uptake. Of note, Chen-Roetling et al. found
that Hb was toxic to the neurons after endocytosis [16]. In
neurons, heme is broken down by the constitutive HO-2,
rather than the inducible HO-1, but the deficiency of neu-
ronal iron sequestering systems leads to iron overload and
results in an increase in neuronal death [12, 17]. Thus, here,
we focus on how to specifically promote microglial but not
neuronal CD163 mediated-Hb endocytosis and hematoma
absorption.

To our knowledge, neurons can produce various "help
me" molecular signals when exposed to harmful stimuli
[18]. Recent studies showed that fractalkine (FKN) secreted
from damaged neurons can activate the microglia to rescue
neurons. FKN is a unique chemokine and the only represent-
ative of the CX3C group. FKN is mainly secreted by neu-
rons, and occasionally, it is expressed on vascular endothe-
lial cells, monocytes, and vascular smooth muscle cells [19,
20]. CX3CRI1 is a unique receptor, which is exclusively
expressed on resident microglia [19]. The FKN/CX3CR1
axis mediates neuron-microglia crosstalk in many CNS
diseases, including traumatic brain injury (TBI), ischemic
stroke, multiple sclerosis (MS), amyotrophic lateral sclerosis
(ALS), and Alzheimer’s disease (AD) [20-25]. However, the
role of the FKN/CX3CRI axis in ICH remains unearthed.

In this study, we hypothesized that neurons respond-
ing to ICH would release a “help me” signal, FKN, which
could promote hematoma absorption via PPAR-y/CD163/
HO-1-mediated phagocytosis in microglia. Thus, we aim to
identify a potential therapeutic target to improve hematoma
absorption in ICH.

Materials and methods

ICH model

All animal experiments followed the guidelines of the
National Institutes of Health (NIH) and were confirmed by
the Medical Ethics Committee of Union Hospital, Tongji
Medical College, Huazhong University of Science and Tech-
nology, China. Male C57BL/6 mice (weight 25-30 g) were
obtained from the specialized institution of the Animal Care
and Use Committee of Tongji Medical College, Huazhong
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University of Science and Technology, and mice died due
to deep anesthesia and failed modeling were excluded. The
ICH model was induced by intrastriatal injection of colla-
genase VII. Firstly, mice were immobilized on a stereotaxic
frame after 1% pentobarbital sodium anesthesia, and then we
drilled a 1-mm diameter hole in the skull and injected colla-
genase (0.08 U/5 min for mice) into the right corpus striatum
with a 26-gauge needle (0.8 mm anterior to the bregma and
2.5 mm lateral to the midline, 3 mm deep to the skull).

Lateral ventricular injection: mice were divided into
four groups using a randomization approach (odd/even
numbers) before modeling ICH. Mice were injected with
normal saline, FKN cytokine (R&D Systems, USA) (FKN
cytokine was injected 30 min before ICH and mice received
100 nmol/pl FKN cytokine at 0.1 pl/min), and AZD8797
(MedChemExpress, USA) (AZD8797 was injected 30 min
before ICH and mice received 100 pmol/pl of AZD8797
at 0.1 pl/min) in the lateral ventricular region respectively
(0.0 mm anterior to the bregma and 1.0 mm lateral to the
midline, 3 mm deep to the skull).

Cell culture

Mouse BV2 microglia cells (BV2 cells) were purchased
from LiScien Biotechnology (Wuhan, China) and cultured
in DMEM (Hyclone, Logan, USA) containing 10% FBS
(Sciencell, San Diego, USA), 100 pg/ml Streptomycin, and
100 IU/ml Penicillin. Mouse N2a neuron cells (N2a cells)
were purchased from LiScien Biotechnology (Wuhan,
China) and cultured in MEM (Hyclone, Logan, USA) con-
taining 10% FBS (Sciencell, San Diego, USA), 100 pg/ml
Streptomycin, and 100 IU/ml Penicillin. Contamination,
morphology, and motility were routinely assessed by light
microscopy in normal culture.

ICH brain tissue harvesting

Animals were transcardially perfused with ice-cold phos-
phate-buffered saline (PBS) after anesthesia. The whole
brain or tissue around the hematoma was separated and
stored in a freezer at -80°C for protein analysis and RNA
isolation later.

Enzyme-linked immunosorbent assay (ELISA)

The levels of FKN in ICH patient serum, ICH mouse brains,
and cell supernatant were measured with the human FKN
ELISA kit (Boster, Wuhan, China) and the mouse FKN
ELISA kit (Boster, Wuhan, China), and all operations were
performed under the protocols of the manufacturer.

Hemoglobin content measurement

Hematoma volume was quantified by measuring the con-
tent of Hb in the ipsilateral striatum at day 3 after ICH and
the Hb level in the ipsilateral striatum was measured using
hemoglobin kit (Bestbio, Shanghai, China) under the guid-
ance of the instructions of the manufacturer. First, mice were
killed and perfused with ice-cold PBS to clear Hb in vessels.
Then the hematoma-affected brain tissue was smashed and
homogenated by sonication, centrifuged at 12,000 rpm and
4 °C for 30 min, placed in a 15 pl supernatant in a 96-well
plate, and mixed reagents were added into the sample. The
optical density (OD) value was measured by an enzyme-
linked immune detector at 510 nm.

Western blot

Fresh perihematomal brain tissues were smashed and
homogenated by sonication after adding protease inhibitor
cocktail (Beyotime Biotechnology, Wuhan, China) and RIPA
(Beyotime Biotechnology, Wuhan, China). Protein samples
were added to 6-12% SDS-PAGE gel (Beyotime Biotechnol-
ogy, Wuhan, China), transferred to 0.4 mm PVDF membrane
(Millipore, Billerica, USA), blocked with 5% skim milk at
RT for 2 h, and then incubated overnight at 4 °C with the fol-
lowing primary antibodies: rabbit antibody to FKN (1:1000,
Abcam, USA), rabbit antibody to CX3CR1 (1:1000, Abcam,
USA), mouse antibody to CD163 (1:500, Nourvous, USA),
rabbit antibody to HO-1 (1:1000, Sanying Company, Wuhan,
China), and rabbit antibody to PPAR-y (1:500, ABclonal
Technology, China). Then all membranes were visualized on
a BioSpectrum Imaging System (UVP, Upland, USA) after
incubation with the corresponding HRP-conjugated sec-
ondary antibodies (1:2000, ABclonal Technology, Wuhan,
China) for 2 h at RT. Finally, the protein expression was
quantified with ImageJ software.

Quantitative real-time PCR

The ipsilateral tissue surrounding the hematoma was
processed for extracting total RNA with Trizol reagent
(Takara, Kyoto, Japan). Then the cDNA of each group was
synthesized from total RNA with Primescript RT Master
kit (Takara, Kyoto, Japan) according to the instructions
of the manufacturer. SYBR Premix Ex Taq™ kit (Takara,
Kyoto, Japan) and Applied Biosystem StepOne Real-Time
PCR System (Invitrogen, USA) were used to complete
gRT-PCR. B-actin was used as an internal standard. The
following CX3CR1: forward 5'-ACCTCACCATGTCCA
CCTCCTTC-3', reverse 5'"“TGAGAGCGAGGACCACCA
ACAG-3"; CD163: forward 5'-AATCACATCATGGCA
CAGGTCACC-3’, reverse 5'-TCGTCGCTTCAGAGT
CCACAGG-3'; HO-1: forward 5'-ACCGCCTTCCTGCTC
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AACATTG-3’, reverse 5'-CTCTGACGAAGTGACGCC
ATCTG-3"; PPAR-y: forward 5'-CGCCAAGGTGCTCCA
GAAGATG-3', reverse 5'-GGTGAAGGCTCATGTCTG
TCTCTG-3' primers were used.

Erythrophagocytosis assay

Erythrocytes were extracted form the whole blood of donor
mice and centrifuged at 4 °C and 1200 rpm for 11 min. Then,
isolated erythrocytes were labeled with the red fluorescent
probe Dil (Beyotime Biotechnology, Wuhan, China) at 37 °C
for 30 min according to the instructions of the manufacturer
and remaining reagent was removed by PBS wash three
times. Microglia (1 X 10%) were incubated with serum-free
medium for 12 h, and then fed with fluorescently labeled
erythrocytes (1 x 107) for 6 h at 37 °C under the condition
of avoiding light. After that, unengulfed erythrocytes were
washed by PBS and the remaining microglia were stained
using the FITC-labeled anti-mouse CD11b antibody (BD,
USA) at 4 °C overnight. The erythrophagocytosis assay was
measured with microscopy and calculated via the phago-
cytosis index (an index using for estimating the mean fluo-
rescence intensity of engulfed erythrocytes per microglia).

MRI

All animal models were anesthetized with 3% isoflurane
and maintained at 1.5% isoflurane during the whole MRI
process. Mice received MRI scanning at day 3 after ICH on
a 7.0 T/20 MRI scanner (Ettlingen, Germany) at the Wuhan
Institute of Physics and Mathematics, Chinese Academy of
Science. Two sequences were acquired in our study, includ-
ing T1-weighted imaging (T1WI) and T2-weighted imaging
(T2WI) to assess the hematoma size. The parameters are
listed below and they remained consistent during the whole
process. T1-weighted imaging was acquired as follows: field
of view was 20 X 20 mm, slice thickness was 0.6 mm, matrix
size was 128 x 128, echo time/repetition time was 13/500 ms,
and number of averages was 8. T2-weighted imaging was
acquired as follows: field of view was 20X 20 mm, slice
thickness was 0.6 mm, matrix size was 256 X 256, echo time/
repetition time was 40/3000 ms, and number of averages was
4. The absolute volume of the hematoma was calculated by
integrating the injured area in each hemorrhagic slice with
the MRIcro software. The vital signs of mice were kept sta-
ble throughout the whole experiment.

Immunofluorescence staining
Sliced ICH mouse brain was placed at RT and blocked with
30% donkey serum for 1 h. Then sections were incubated

with the following corresponding primary antibodies: rab-
bit antibody to FKN (1:50, Abcam, USA), mouse antibody
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to NeulN (1:100, Nourvous, USA), goat antibody to ibal
(1:100, Abcam, USA), mouse antibody to CD31 (1:100,
R&D Systems, USA), and mouse antibody GFAP (1:100,
R&D Systems, USA) at 4 “C overnight. Then, the samples
were washed using TBST and incubated with the secondary
fluorescein-conjugated antibodies (Life Technologies, USA)
for 2 h at RT. The nucleus was stained with DAPI (Beyotime
Biotechnology, Wuhan, China) for 8 min. All images were
acquired with confocal microscope (Nikon, Tokyo, Japan).

Transwell migration assay

BV2 cells treated with and without AZD8797 were cultured
with 200 pL serum-free DMEM in the upper chamber of a
transwell insert and 600 uL DMEM containing 10% FBS
was placed in the lower chamber with and without FKN.
After incubation at 37 C in 5% CO, for 18 h, BV2 cells
that had migrated through the membrane were stained with
crystal violet (Beyotime Biotechnology, Wuhan, China) after
being fixed with 4% paraformaldehyde, and they were quan-
tified with an invert microscope.

Neurological deficit score (NDS)

Neurological deficits were measured at 3 days after ICH, and
a 28-point neurological deficit score, including gait, body
symmetry, climbing test, circling test, front limb symmetry,
and forced circle and tentacle tests were used in this behav-
ioral test. Scoring was performed in a quiet environment by
two experimenters who were blind to the groups, and the
final results were shown in the mean score of each mouse.

Participants, clinical data collection and hematoma
volume detection

All patients were from the cohort of Chinese cerebral hem-
orrhage: mechanism and intervention study, and met the
following inclusion criteria: (1) Over 18 years of age; (2)
Patients were diagnosed as ICH according to the guidelines;
(3) Within 7 days of onset, and will rule out when meet
one of the exclusion criteria: (1) Subarachnoid hemorrhage;
(2) Hemorrhagic transformation after cerebral infarction;
(3) Bleeding after thrombolysis; (4) Traumatic intracer-
ebral hemorrhage; (5) Epidural hematoma and subdural
hematoma.

The clinical data of all patients include age, sex, hema-
toma volume on admission, systolic blood pressure (SBP)/
diastolic blood pressure (DBP) on admission, Glasgow
coma score on admission, and modified ranking stroke
scale (mRS) were copied from the medical record. The
data of age were presented as mean (SD) and gender was
presented as percentages. Of note, we expanded the sample
size of patients to 30 in this revised version, and there is no
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statistical difference between hematoma expansion group
and hematoma reduction group in age or gender. Volume of
hematoma was based from MRI/CT image. The hematoma
volume was detected by CT scanning and calculated with
the following formula: hematoma volume (ml) = 1/2 X length
(cm) X width (cm) X high (cm).

The clinical study protocol was conducted following the
Declaration of Helsinki and were approved by the Research
Ethics Committee of Tongji Medical College, Huazhong
University of Science and Technology, Wuhan, China (ethi-
cal approval number:2018-S485).

Statistical analysis

All data were analyzed by GraphPad Prism 7.0 software.
Group size of the animal was calculated depending on the
preliminary data of prior work to achieve a power of 0.8
and Type 1 error rate a=0.05. All data were presented as
mean + SEM. All data were tested by Shapiro—Wilk normal-
ity test to confirm the normality of distribution. Statistical
tests included two-tailed unpaired students’ ¢ tests between
two groups and one-way ANOVA test for multiple-group
comparison. Brown—Forsythe test was used to test the homo-
scedasticity of data and Bonferroni correction was used to
correct for multiple comparisons. For non-normally distrib-
uted data, Kruskal-Wallis test was applied instead of one-
way ANOVA test. P value < 0.05 was considered as statisti-
cally significant.

Results

FKN/CX3CR1 expression was increased
around the hematoma after ICH

To investigate the potentially crucial participants in
ICH progression, we first performed RNA sequencing
(RNA-seq) in an established mouse model of ICH. Sig-
nificant difference was determined by fold change > 1.5
and FDR <0.1. In total, 674 genes were differentially
expressed in the perihematomal tissue compared with
that in the sham exposed tissue. Kyoto Encyclopedia of
Genes Genomes (KEGG) pathway enrichment analysis
was performed to analyze the top 600 differently expressed
genes, and the result showed cytokine—cytokine recep-
tor interaction and chemokine signaling pathway as the
key enriched gene ontology categories and CX3CR1 was
identified in the two categories (Fig. 1A, B). CX3CRI1,
a special chemokine receptor and adhesion molecule,
which is mainly expressed in microglia and its unique
ligand FKN, is mainly expressed in neurons in the brain,

thus, indicating that the FKN-CX3CRI1 signaling pathway-
mediated neuron—-microglia interaction can respond to ICH
and may play a key role in the pathophysiological process.
To confirm the finding of RNA sequencing about FKN
and CX3CRI1, we detected the spatial-temporal expres-
sion of FKN and CX3CR1. Western blot analysis showed
that FKN and CX3CRI levels in the perihematomal region
were increased as early as 6 h after the onset of ICH,
peaked around 3 days, and then they decreased gradually
over the next few days compared with those in the control
and sham groups (Fig. 1C-E). Besides western blot analy-
sis, PCR, ELISA, and immunofluorescence staining also
displayed a similar change (Fig. 1F-I). Moreover, confocal
immunofluorescence staining with NeuN (neuron marker),
ibal (microglia marker), CD31 (endothelial cell marker),
and GFAP (astrocyte marker) were used to identify the
colocalization of FKN and CX3CRI1. Fluorescent staining
revealed that FKN was mainly colocalized to the neurons
and CX3CR1 was mainly colocalized to microglia in the
perihematomal region at 3 days after ICH (Fig. 1J-M).
In addition, we performed neuronal culture, stimulated
with Hb (from O to 10 pmol/L), and then, we detected
the expression of FKN secreted from neurons by ELISA
assay. The result showed that FKN from neurons increased
gradually over the Hb concentration (Fig. 1N).

FKN augmented erythrophagocytosis, accelerated
hematoma absorption, and improved neurological
function recovery

To test the role of the FKN/CX3CRI1 signaling pathway
in erythrophagocytosis and hematoma absorption, nor-
mal saline, FKN, and AZD8797 (a high-affinity inhibitor
of CX3CR1) were used before the ICH model in vitro or
in vivo, respectively. In vivo MRI images, Hb content,
and brain tissue section showed that hematoma volume in
the FKN group was significantly smaller than that in the
vehicle group, and the hematoma volume in the AZD8797
group was larger at day 3 after ICH (Fig. 2A-D). With
respect to the neurological function recovery, the FKN
group showed a better neurological deficit score (NDS)
at day 3 after ICH and the AZD8797 group showed a
worse score (Fig. 2E). In vitro erythrophagocytosis assay
showed that FKN significantly increased the phagocytosis
(mean fluorescence intensity of engulfed erythrocytes per
microglia) and AZD8797 played an opposite role (Fig. 2F,
G). Meanwhile, transwell assay revealed that FKN could
promote cell migration in vitro, which may confirm that
it could increase the chemotactic ability of microglia
towards the hematoma after ICH (Fig. 2H-I). These data
jointly demonstrated that FKN could promote hematoma
clearance and neurological recovery.
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Fig. 1 FKN/CX3CRI1 expres- A
sion was increased around

the hematoma after ICH. A
Heatmap showing differentially
expressed genes between ICH
mouse models and sham mouse
models in part, and data are
colored according to the row
minimum and maximum. B
KEGG analysis of the top 600
differentially expressed genes
in ICH mouse models and
sham mouse models. Top 20
KEGG clusters are shown with
their key words. C Representa-
tive immunoblots of FKN and
CX3CRI1 in the ipsilateral area
around the hematoma at 0 h
(sham group) to 7 days com-

-log10 (pad )

pared with the control group C E
after ICH in C57BL/6 mice. Contol Sham  6h 12h 24 34 7 : .
D, E Quantification analysis FKN | - - == == oskma % s
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group). F Quantification real-
time PCR of CX3CR1 mRNA
expression in the ipsilateral area
around the hematoma at 0 h
(sham group) to 7 days com-
pared with the control group
after ICH in C57BL/6 mice.
B-actin was used as an internal
control, ¥****P <(0.0001, (n=>5/
group). G ELISA results
showed the level of FKN in

the ipsilateral area around the
hematoma over the time course,
*#%P <0.001, (n=>5/group).

H, I Representative confocal
immunofluorescence micros-
copy images of the ipsilateral
area around the hematoma at

6 h to 7 days in C57BL/6 mice
after ICH by staining with
FKN (red), CX3CRI1 (red), and
DAPI (blue), scale bar 100 pm,
(n=3/group). J-M Repre-
sentative immunofluorescent
images and quantification for
FKN (green), CX3CRI1 (green)
with either NeuN (red, neuron
marker), ibal (red, microglia
marker), CD31 (red, endothelial
cell marker), or GFAP (red,
astrocyte marker) at 3 days
after ICH, scale bar 200 pm,
**P<0.01, ¥****P <0.0001
(n=4/group). N ELISA results
showed the level of FKN
secreted from N2a cells stimu-
lated with hemoglobin (from 0
to 10 pmol/L), ****P <(.0001,
(n=~6/group)
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A

Sham

ICH AZD8797

Sham ICH FKN AZDg8797

Control

AZD8797

Fig.2 FKN augmented erythrophagocytosis, accelerated hematoma
absorption, and improved neurological function recovery. A, B Rep-
resentative MRI images of TIW1 and T2W1 for hematoma volume
at 3 days after ICH in mice injected with saline, FKN cytokine, and
inhibitor AZD8797 via the lateral ventricle and sham group, quan-
tification analysis of hematoma volume, *P<0.05, **P<0.01,
*##%P<0.001, (n=3/group). C Quantification analysis of hemo-
globin content at 3 days after ICH in mice injected with saline, FKN
cytokine, and inhibitor AZD8797 via the lateral ventricle and sham
group, *P<0.05, ****¥P<0.0001, (n=>5/group). D Representative
photograph of brain slice at 3 days after ICH in mice injected with
saline, FKN cytokine, and inhibitor AZD8797 via the lateral ven-
tricle and sham group, scale bar 5 mm, (n=3/group). E The NDS

B

-~
o —?‘n 250
& E
= = 200
£ 3
=2 = 150
e 3
= £ 100
§ z
g %b 50
: :
jen) =2 0
o 200
©
1]
B 150
g E
2 2
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Q S
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_u.‘; 50
£
=
Z 0
Control FKN

Phagocytosis index

score in ICH mice injected with saline, FKN cytokine, and inhibi-
tor AZD8797 via the lateral ventricle and sham group, **P <0.01,
*#%P <(0.001, ¥***%*P <0.0001, (n=>5/group). F, G Transwell migra-
tion assay of BV2 cells incubated with saline, FKN cytokine and
inhibitor AZD8797 and quantitative analysis, scale bar 50 pm,
*P<0.05, **P<0.01, (n=4/group). H, I Representative confocal
immunofluorescence microscopy images showed phagocytosis of Dil-
labeled erythrocytes (red) in CD11b-positive (green) BV2 cells with
FKN cytokine and inhibitor AZD8797 incubation, and the phago-
cytosis index showed the quantification analysis of phagocytosis by
microglia, scale bar 10 pm, ***P<0.001, ****P <0.0001, (n=6/

group)
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Fig.3 FKN increased the expressions of CD163 and HO-1 in mice
and microglia after ICH. A—C Representative immunoblots of CD163
and HO-1 at 3 days after ICH in mice injected with saline, FKN
cytokine, and inhibitor AZD8797 via the lateral ventricle and sham
group, and quantitative analysis of CD163 and HO-1 protein expres-
sion level, normalized to p-actin *P <0.05, **P <0.01, (n=4/group).
D-F Representative immunoblots of CD163 and HO-1 in BV2 cells

FKN increased CD163 and HO-1 expression in mice
and microglia after ICH

As CD163 (the hemoglobin scavenging receptor) and HO-1
(a heme decomposing enzyme) are the key molecules for
hematoma absorption/hemoglobin scavenging after ICH, to
explore whether FKN could promote hematoma absorption
by upregulating CD163 and HO-1 expression in microglia,
we used western blot and PCR to detect the protein expres-
sions of CD163 and HO-1 in microglia treated with FKN
and AZD8797 in vitro and in vivo. The results revealed that
FKN could increase CD163 and HO-1 expressions surround-
ing the hematoma, whereas AZD8797 had an opposite effect
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treated with saline, FKN cytokine, and inhibitor AZD8797, and
quantitative analysis of CD163 and HO-1 protein levels normalized
to p-actin, *P <0.05, **P<0.01, ***P<0.001, (n=6/group). G, H
Quantification real-time PCR was used to detect the expressions of
CD163 and HO-1 in BV2 cells incubated with saline, FKN cytokine,
and inhibitor AZD8797, *P <0.05, **P <0.01, (n=4/group)

(Fig. 3A-C). Moreover, the in vitro experiment revealed a
similar result in microglia (Fig. 3D-H).

FKN improved erythrophagocytosis and migration
of microglia after ICH via PPAR-y

To explore the mediators between FKN and CD163/HO-1
and to better understand the changes in microglia after
ICH, a temporal transcriptional analysis of genes from
microglia treated with and without FKN was performed.
RNA sequence analysis highlighted the transcription fac-
tor PPAR-y as an enriched gene in microglia treated with
FKN compared with the control group (Fig. 4A). Then,
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Fig.4 FKN improved erythrophagocytosis and migration of micro-
glia after ICH via PPAR-y. A Heatmap of differentially expressed
genes in BV2 cells incubated with FKN cytokine and control group in
part, and data are colored according to row minimum and maximum.
B, C Representative immunoblots of PPAR-y in BV2 cells incubated
with FKN cytokine and the control group, and quantitative analy-
sis of PPAR-y protein level normalized to B-actin, *P <0.05, (n=4/
group). D Quantification real-time PCR of PPAR-y in BV2 cells
incubated with FKN cytokine and the control group, and quantita-

western blot and PCR confirmed the effect of FKN on
PPAR-y expression (Fig. 4B-D). Furthermore, the phago-
cytosis assay showed that FKN facilitated the engulfment
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tive analysis of PPAR-y mRNA expression, **P <0.01, (n =4/group).
E, F Transwell migration assay in normal and FKN-stimulated BV2
cells with and without siRNA transfection, and quantitative analysis,
scale bar 50 pm, *P<0.05, **P<0.01, (n=4/group). G, H Repre-
sentative immunofluorescence images showed phagocytosis of Dil-
labeled erythrocytes (red) in normal and FKN-stimulated CD11b-
positive (green) BV2 cells with and without siRNA transfection, and
the phagocytosis index showed the quantification analysis, scale bar
10 pm, **P <0.01, ***P <0.001, (n=4/group)

of microglia and this ability was reversed by PPAR-y
siRNA (Fig. 4G, H), which showed that the phagocytosis
of microglia modulated by FKN was largely dependent on
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Fig.5 FKN increased the CD163/HO-1 expression after ICH via
PPAR-y. A-D Representative immunoblots of CD163, HO-1, and
PPAR-y in normal and FKN-stimulated BV2 cells with and without
siRNA transfection and quantitative analysis, *P <0.05, **P<0.01,
*¥*%P <0.001, ****P<0.0001, (n=4/group). E-G Quantification

the regulation of PPAR-y. Furthermore, the transwell assay
result also displayed that PPAR-y siRNA could reverse the
increase in cell migration by FKN (Fig. 4E, F).

FKN increased CD163/HO-1 expression after ICH
via PPAR-y

To verify whether PPAR-y could mediate the FKN/CD163/
HO-1 signaling pathway to influence erythrophagocytosis
of microglia, we used western blot and PCR to measure
the expressions of CD163 and HO-1 in microglia treated
with PPAR-y siRNA. The results displayed that PPAR-y
siRNA reversed FKN-induced CD163 and HO-1 protein and
mRNA expressions (Fig. 5A—G). These results indicated that
PPAR-y increased hematoma clearance via augmenting the
expressions of CD163 and HO-1 in microglia after ICH.

Serum FKN concentration was relative to smaller
hematoma volume and better outcome

To confirm the role of FKN in hematoma absorption in
clinical practice, 30 patients with ICH were divided into
the hematoma expansion group and hematoma reduction
group according to the progress of hematoma, and then
the serum FKN concentration was detected by ELISA.
The results showed that the hematoma expansion group
had a lower concentration of serum FKN and a higher
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Fig.6 Serum FKN concentration was relative to smaller hematoma
volume and better outcome. A ELISA results showed the level of
serum FKN in ICH patients, **P <0.01, (n=15/group)

modified Rankin Score (mRS score) than the hematoma
reduction group (Fig. 6A, Table. 1), which suggested that
FKN might be involved in hematoma absorption and func-
tional recovery after ICH. The clinical characteristics are
shown in Table 1.
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Table 1 The clinical
characteristics of ICH patients

Hematoma expansion Hematoma reduction P value

(n=15) (n=15)
Age, years 55.47 (12.21) 54.80 (11.24) NS
Male, % 80 80 NS
Admission hematoma, volume (ml) 17.77 (9.14) 20.13 (9.01) NS
Admission systolic blood pressure, mmHg 159.00 (27.89) 157.6 (18.00) NS
Admission diastolic blood pressure, mmHg 93.07 (15.09) 94.87 (11.13) NS
Admission Glasgow Coma Score 11 (10-14) 12 (8-15) NS
1 month mRS score 4 (4-5) 3(14) P<0.05

NS: P>0.05. The definition of hematoma expansion is more than 33% relative increase of hematoma vol-
ume; the definition of hematoma reduction is decreased area and intensity of hematoma than admission

GCS Glasgow coma scale, mRS modified Rankin scale

Discussion

In this study, we found that (a) the FKN/CX3CR1 pair was
expressed in the brain and was increased after ICH, (b) FKN
promoted microglia hematoma absorption and improved the
neurological recovery in mice, (¢) FKN increased CD163
and HO-1 expressions of microglia via PPAR-y to promote
hematoma absorption after ICH, and (d) serum FKN was
associated with good hematoma absorption in ICH patients.
The mechanisms of our study are shown in Fig. 7 (Fig. 7).
Hematoma causes primary injury due to its mass effect
and mechanical compression and subsequently, hema-
toma and its lysate also lead to secondary injury, includ-
ing neurotoxicity, inflammation, and oxidative stress.
Hematoma-induced primary and secondary injuries are the
crucial pathological changes after ICH [26, 27]. Efficient
clearance of hematoma could limit ICH injury and can
be regarded as a potential treatment strategy. There are a
series of studies that attempted to verify the effectiveness
of evacuation of hematoma; unfortunately, the results are
not positive [7, 9, 10]. Thus, recent studies have focused
on how to promote endogenous hematoma clearance, and
some of them have received preclinical success, such as
the exogenous application of VK-28 (a brain-permeable
iron chelator) or LTF and the Fc domain of human IgG
(FcLTF) can promote the hematoma absorption of micro-
glia after ICH [28, 29]. In fact, microglia in the brain can
be activated and they can clear the hematoma and its debris
[8, 30]. However, the natural phagocytosis of microglia is
not adequate to deal with hematoma. Researches have con-
firmed that the microglia are activated within hours after
ICH and they continued to function up to several weeks.
But it may be a double-edged sword, the production of
“pro-inflammatory” and “anti-inflammatory” chemokines
and cytokines making the microglial role become compli-
cated; it even exacerbated brain injury via crosstalk with
other cells such as astrocytes in ICH [3, 31, 32]; thus,

regulation of microglia may be a potential and effective
target for brain repair [33].

In our study, we found that CX3CR1 and its unique ligand
FKN were significantly increased around the hematoma after
ICH, but the peak of the increase occurred at about the third
day after ICH, which is somewhat delayed, and exogenous
administration may be needed.

FKN was reported to be an intriguing chemokine, which
played a central role in the nervous system [34] and further
research found that FKN also had the function of neuro-
protection and anti-inflammation. FKN mediated neuron-
microglia crosstalk in physiological conditions or patho-
logical conditions [19]. The FKN/CX3CR1 axis played an
anti-inflammatory role in a rat model of Parkinson’s disease
(PD) treated with deep brain stimulation in the subthalamic
nucleus [35]. FKN also exerted neuroprotection by promot-
ing microglia polarization in a radiation-induced brain injury
model [36]. The current study demonstrated that FKN from
neurons is a pivotal chemokine in regulating the phagocyto-
sis of microglia and appears to be important for hematoma
cleanup after ICH [22]. However, some studies showed that
FKN could sustain the neuroinflammatory status and lead to
neurotoxicity. For example, FKN could induce dopaminergic
cell exhaustion and motor dysfunction after treatment with
1-methyl-4-phenylpyridinium (MPP™), a rat model of PD
[37]. The controversy may be explained as follows: the dual
role of the FKN/CX3CRI1 axis dependent on the immune
status of different diseases induces different signaling path-
ways. Moreover, when and where to intervene in the FKN/
CX3CR1 axis is the key point as the complicated signaling
pathway undermined. Of note, it was found that AZD8797
treatment even doubled the hematoma expansion, which
suggested that the role of FKN/CX3CRI signaling in ICH
is beyond phagocytosis, and some other mechanisms, such
as inflammation, cell protection, and vascular permeability,
may also be involved, and further research will be performed
in the next step.
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Fig.7 FKN promoted hematoma absorption via PPAR-y/CD163/HO-
1-mediated phagocytosis in microglia after ICH. Neurons produced
FKN to accumulate PPAR-y via binding to its receptor CX3CR1

CD163 and HO-1 are well-recognized main molecules,
which control hematoma absorption after ICH and the
CD163/HO-1 axis also regulates inflammation around the
hematoma [12, 38]. Thus, CD163 could be a good target
for ICH therapy and increased CD163 expression may be
of great benefit to ICH treatment. However, it was reported
that CD163 is also expressed in neurons, it helps neuronal
uptake of Hb, and then it leads to cell death of neurons due
to iron overload [39]. Our results showed that FKN treat-
ment increased CD163 and HO-1 expressions in microglia
after ICH in vivo and in vitro, while FKN special antagonist
reversed this effect. It is likely that FKN treatment promotes
hematoma absorption after ICH through CD163 and HO-1
in microglia, which could avoid the adverse effect of a gen-
eral increase in the expression of CD163 in the neurons.
To further explore the specific molecular mechanism, RNA
sequence analysis was used to detect the changes in micro-
glia with or without FKN treatment, and the results showed
that PPAR-y was significantly increased after FKN treat-
ment. As already known, PPAR-y is a member belonging to
the nuclear hormone receptor superfamily of transcription
factors, and it is not only protective for neurons, astrocytes,
oligodendrocytes, endothelial cells, and microglia, but is
also beneficial to reduce inflammation, decrease oxidative
damage, and attenuate cell death [40, 41].

PPAR-y has been previously reported to increase
phagocytosis of RBCs in microglia, accelerate hematoma
absorption, and attenuate brain injury [42—44], which is in
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in microglia, which in turn increased the expressions of CD163
and HO-1 to promote microglia-induced hematoma clearance and
improve neurological recovery after ICH

accordance with our study showing that PPAR-y siRNA
could significantly decrease phagocytosis of RBCs and
expressions of CD163 and HO-1 in microglia. Thus, we pro-
pose the view that FKN could promote hematoma clearance
after ICH via the PPAR-y/CD163/HO-1 axis in microglia.
Of note, our study about the role of FKN and its receptor
CX3CR1 in hematoma absorption after ICH provides a fine
example of the fact that communication between neurons
and microglia could attenuate potential injury in the CNS.

Conclusions

In summary, our study found that FKN is more than a chem-
otactic factor and could mediate the communication between
neurons and microglia to act against ICH. FKN could pro-
mote hematoma absorption via the PPAR-y/CD163/HO-1
signaling pathway in microglia. Thus, FKN may be a poten-
tial therapeutic target to improve hematoma absorption and
it may shed light on ICH treatment.
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