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TYROBP serve as potential
iImmune-related signature genes
in the acute phase of intracerebral
hemorrhage

Mi Zhang'%®, Yuhao Duan%5, Hui Gan'?, Ning Jiang?, Le Qin'?, Yujia Luo*,
Ailiyaer Palahati'?, Yaying He'?, Chenyang Li%? & Xuan Zhai'**

The development of intracerebral hemorrhage (ICH) is a dynamic process and intervention during

the acute phase of ICH is critical for subsequent recovery. Therefore, it is crucial to screen potential
signature genes and therapeutic target genes in the acute phase of ICH. In this study, based on

the results of mMRNA sequencing in mouse ICH and mRNA sequencing of human ICH from online
databases, top five potential signature genes after ICH, Tyrobp, Itgb2, TIr2, Ptprc and Itgam, were
screened. Quantitative PCR results showed higher mRNA expression of Tyrobp, Itgb2, TIr2, Ptprc,
and Itgam in the 1-, 3- and 5-day mouse ICH groups compared to the sham-operated group. Immune
infiltration correlation analysis shows that the top-ranked signature gene, Tyrobp, is negatively
correlated with M2 macrophages and plasma cells, and Western blot analysis shows higher expression
of the Tyrobp protein in the 1-, 3-, and 5-day mouse ICH groups compared to the sham-operated
group. Furthermore, immunohistochemistry revealed that TYROBP protein expression was
significantly higher in human ICH tissues than in normal brain tissues. Our results suggest that Tyrobp
is a signature gene in the acute phase of ICH and may be a potential target for the treatment of the
acute phase of ICH.
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Intracerebral hemorrhage (ICH) is a devastating form of stroke characterized by bleeding into the brain
parenchyma'. ICH accounts for only 10% of all strokes, but still has a mortality rate of 50%?. ICH injuries
are categorized into primary and secondary injuries**. Primary injuries are associated with initial hematoma,
hematoma expansion, and mass effect due to hydrocephalus®. Secondary injuries include inflammation, iron and
blood-related toxicity, and oxidative stress®’. Clinical treatment of ICH mainly includes symptomatic treatments
such as hemostasis, lowering blood pressure, dehydration to lower cranial pressure, and surgical treatment, which
are primarily directed at the primary injury caused by ICH*%.

During the acute phase of ICH, multiple immune cells are involved in the development of brain injury®*°.
Microglia are the primary resident immune cells in the CNS and the first line in the innate immune response to
ICH and play a role in acute brain injury primarily through the activation and development of pro-inflamma-
tory or anti-inflammatory phenotypes'"!% Importantly, anti-inflammatory microglia contribute to clearance of
hematoma by phagocytosis of erythrocytes and tissue debris'!. Following the primary injury, damage-associated
molecular patterns (DAMPs) released from compromised neural cells and the extracellular matrix engage pattern
recognition receptors on microglia, resulting in the activation of microglia'>~**. The activation of microglia leads
to infiltration of various circulating immune cells. A clinical study shows that inflammation peaked 2-3 days
after the onset of ICH which mainly due to activated microglia/macrophages and infiltrating leukocytes'. In
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addition to intrinsic brain cells such as microglia, lymphocytes also accumulate in the perihematomal domain
during the acute phase of ICH, and associated subsets such as CD4 + T, CD8 + T, B, and natural killer cells are
observed within a day of hematoma onset and peak at around 3 days'®!”. Especially, NK cells exacerbate the dis-
ruption of the blood-brain barrier and cerebral edema after ICH through cytotoxicity to brain endothelial cells
and increased neutrophil recruitment in focal inflammation'®. Considering the vital role of immune cells in the
pathophysiological mechanisms of brain injury after ICH. Therefore, the detection of diagnostic and therapeutic
targets related to the immune system in the acute phase of ICH is meaningful.

Currently, therapeutic modalities that address the pathophysiological mechanisms of secondary ICH inju-
ries are lacking. Therefore, many clinical and preclinical studies have focused on finding therapeutic targets for
secondary injury in the acute phase of ICH*. The clinical study reveals that acute serum soluble CD163 may be
a useful biomarker to predict hematoma expansion, perihematomal edema expansion, and worse short-term
prognosis in ICH patients'?. Up-regulation of CD163 expression to enhance microglia phagocytosis may be an
effective treatment strategy for ICH. TGF-p1 is find to modulate microglia-mediated neuroinflammation and
promote functional recovery after ICH, while ICH patients with high plasma concentrations of TGF-f1 has a
better prognosis, suggesting that TGF-B1 may be an effective therapeutic target for ICH?. Inhibition of NLRP3
inflammasome activation can significantly reduce secondary brain injury after ICH*"?2. AQP4, which is distrib-
uted mainly in astrocytes, is also a therapeutic target for alleviating brain edema after ICH****, Furthermore,
TSPO induction after ICH could be an intrinsic mechanism to prevent an exacerbated inflammatory response
and TSPO may be a viable therapeutic target and prognostic biomarker in ICH?**-%". A related in vivo study finds
that the TSPO ligand etifoxine reduces brain damage and inflammation after ICH?®. Despite several studies on
diagnostic and therapeutic targets for the acute phase of ICH, the search for appropriate biomarkers remains
meaningful.

In this study, we screened differentially expressed genes (DEGs) during the acute phase of ICH by mRNA
sequencing. After screening for co-expression DEGs (co-DEGs) in human and mouse ICH, the hub gene Tyrobp
was identified by Cytoscape analysis based on the result of protein-protein interaction (PPI) of those co-DEGs.
TYROBP (tyrosine kinase binding protein) is a transmembrane polypeptide that expressed in several cell types,
including peripheral blood monocytes, macrophages, natural killer cells, dendritic cells, and osteoblasts®. In
central nervous system (CNS), TYROBP mainly expressed in microglia and oligodendrocytes and is an important
regulator of microglia activity’®*!. Furthermore, immune infiltration analysis was performed using the CIB-
ERSORT method and TYROBP expression was verified in different tissues from ICH by immunoblotting and
immunohistochemical assays, respectively. Our results suggest that TYROBP has the potential to be a signature
gene and even a therapeutic target in the acute phase of ICH.

Materials and methods

Intracerebral hemorrhage (ICH) model

Eight-week-old male C57BL/6 ] mice were used in this study. The experimental mice were purchased and kept at
the Laboratory Animal Center of Chongqing Medical University. The mouse ICH model was induced by injec-
tion of autologous blood (25 pL) at a rate of 2 uL/min. The injection coordinates relative to 0.2 mm posterior to
the bregma, 2 mm lateral to the midline, and 3.5 mm inferior to the skull. The sham-operated group underwent
the same surgical trauma treatment and without injection®. The tissues around the hematoma (1-2 mm) were
collected 1, 3, and 5 days after the model was constructed and stored at -80 °C, respectively. These tissues of
the sham-operated and ICH model group were used for subsequent transcriptomics sequencing. The experi-
mental protocols were approved by the Institutional Animal Care and Use of Chongqing Medical University
(No. TACUC-CQMU-2023-0260), and all methods were carried out in accordance with the regulations for the
management of experimental animals, and all methods are reported in accordance with ARRIVE guidelines.

Hematoxylin—eosin (HE) staining

The paraffin sections were first dewaxed and rehydrated. Subsequently, the nuclei were stained with hematoxylin
for 5 min and the cytoplasm was stained with eosin for 1 min. Finally, the sections were dehydrated and sealed
with neutral gum.

Data acquisition and differentially expressed genes (DEGs) analysis
The GSE24265 dataset was downloaded from the GEO database™. The GSE24265 dataset consists of microarray
gene expression data obtained from the GPL570 (Affymetrix Human Genome U133 Plus 2.0 Array) platform for
the analysis of 11 brain samples from four patients who died from supratentorial ICH, including the perihema-
tomal area and the corresponding contralateral white matter and gray matter. The perihematomal area served as
the experimental group, and the contralateral white and gray matter served as the control group. The differences
between these two groups were analyzed based on the expression profile data through the standard difference
analysis process of the limma package. |log2(FC)|> 1 and adjusted p-value <0.05 were considered DEGs.
Subsequently, the mRNA sequencing data was compared between the sham-operated group and the groups
1, 3, and 5 days after the mouse ICH model, respectively. Al mRNA sequencing data were subjected to PCA
analysis and later visualized. Two-group difference analysis based on transcriptome Counts and DEGs were
identified by the DESeq2 R software package. Briefly, |log2(FC)|> 1 and p-value <0.05 were considered DEGs.
All raw data from mRNA sequencing were uploaded to the Sequence Read Archive (SRA) of NCBI (BioProject
ID: PRJNA1048733).
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Gene ontology (GO) and kyoto encyclopedia of genes and genome (KEGG) analyzes

RNA-seq (mRNA) DEGs for mouse ICH model of different comparison groups were analyzed using GO and
KEGG analyses™ which were performed using the R package “clusterProfiler” (version 4.4.4). GO analyses con-
sisted of biological process (BP), cellular composition (CC), and molecular function (MF).

Construction and analysis of the protein—protein interaction (PPI) network

The PPI network of all the DEGs in this study were constructed in the String database®. The minimum required
interaction score was set to medium confidence (0.4). The active interaction sources come from textmining,
experiments, databases, co-expression, neighborhood, gene fusion, and co-occurrence. The meaning of network
edges is confidence. Subsequently, we used the Degree algorithms in cytoHubba of Cytoscape (version 3.9.1) to
select and visualized the hub genes based on the PPI results.

Immune infiltration prediction model

In this study, we used the CIBERSORT method, which is the most used method for analyzing immune cell
infiltration, to analyze RNA-seq (mRNA) from sham and ICH models in mice. A mouse immune cell dataset
set as the reference dataset®. Spearman statistical methods were used for the correlation analysis of infiltrating
immune cells. The R software package “ggplot2” (version 3.3.6) was used to visualize the differences in immune
cell infiltration of each group and the correlation of immune cells infiltrating.

Quantitative PCR

Tissue samples were collected from the striatum at 1, 3 and 5 after ICH. Total RNA was isolated from tissue sam-
ples using a commercial kit (FastPure Cell/Tissue Total RNA Isolation Kit, Vazyme, Nanjing, China, RC101-01).
Reverse transcription was performed using 0.8 pg of total RNA and a commercial kit (ABScript IIT RT Master
Mix for qPCR with gDNA Remover, ABclonal, Wuhan, China, RK20429). Quantitative PCR (qPCR) assays
were performed using fluorescence quantitative SYBR technology (2X Universal SYBR Green Fast gPCR Mix,
ABclonal, Wuhan, China, RK21203). Primers for the qPCR assay are shown in Supplementary Table S1 online.

Western blotting

Equal amounts of protein were separated by electrophoresis on 12.5% PAGE gel electrophoresis and transferred
electrophoretically to 0.22 um PVDF membranes. Blots were cut prior to hybridization with antibodies during
blotting. After blocking with 5% skim milk for 2 h, membranes were incubated with anti-TYROBP (1:1000,
Abcam, UK, ab280568) and B-actin (1:20,000, ABclonal, Wuhan, China, AC026) at 4 °C overnight. Subsequently,
incubated with HRP-conjugated anti-rabbit IgG (1:10,000, BIOMIKY, Shanghai, China, MK103A) for 2 h at
25 °C. Finally, the signals were developed using an extra-hypersensitive ECL chemiluminescence kit (BeyoECL
Star, Beyotime, Shanghai, China, POO18AM).

Immunohistochemistry (IHC) analysis

Paraffin sections of normal human brain and ICH tissues were obtained from the Pathology Center of Chonggqing
Medical University, and informed consent was obtained from the patients for the use of the sections. Those paraf-
fin sections were used for the IHC assay according to the manufacturer’s instructions (ZSGB-BIO, Beijing, China,
PV-9000). After incubation with anti-TYROBP (1:50, Sangon, Shanghai, China, D260256) and the corresponding
secondary antibody for 30 min at 25 °C. The DAB Colorimetric kit (ZSGB-BIO, Beijing, China, ZLI-9018) was
used for section visualization. The intensity of immunostaining was scored as 0 (no immunostaining), 1 (weak
immunostaining), 2 (moderate immunostaining) or 3 (strong immunostaining). The percentage of positive cells
was scored as 0 (<5%), 1 (5—25%), 2 (26—50%), 3 (51—75%) and 4 (76—100%). The ITHC score was obtained
by multiplying the immunostaining intensity score by the positive percentage cell score”.

Statistical analysis

Immune infiltration correlation analysis was performed using R version 4.2.1 for Spearman correlation analysis.
Hematoma volume, quantitative PCR, immunoblotting and IHC results were analyzed using GraphPad Prism
9.0.0 with Student’s t-test for two groups and one-way ANOVA for multiple groups. The date was presented as
mean + SEM and statistical significance was established at p <0.05.

Results

Identification of ICH in mice

Figure 1 shows a schematic diagram of the research methods and results. As shown in Fig. 2A, brain tissue sam-
ples from mice were collected after different autologous blood injection times. Subsequently, we characterized
the mouse ICH model by HE staining. As shown in Fig. 2B-F, compared to the sham-operated group, the ICH
group, especially the 1-day and 3-day groups, show hematomas of different degrees in the region of the basal
ganglia. HE staining results indicated successful brain hematoma formation in ICH group of mice.

DEGs screening of mouse ICH

All mRNA sequencing data were subjected to PCA analysis and the result shows that PC1 is 64% variance and
PC2 is 13% variance (Fig.S1). After validating the reliability of the mouse ICH model and mRNA sequencing data,
we further analyzed the data to screen for DEGs, as these genes are more likely to play a role in the pathophysi-
ological process of ICH. Expression profiles of different days of the ICH groups compared to the sham-operated
group using p <0.05 and logFC > 2 as cut-oft values, and the sham-operated group as the control. Among them,
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Fig. 1. Flow diagram of the entire research process. Parts of the figure were drawn by using pictures from
Servier Medical Art. Servier Medical Art is licensed under CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).
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Fig. 2. ICH model. (A) Schematic diagram of the construction of mouse ICH model. The tissues around the
hematoma were collected 1, 3 and 5 days after autologous blood injection. Representative HE staining in the
sham-operated group (B) and 1 (C), 3 (D), and 5 days (E) after ICH. (F) Relative hematoma volume in the
sham-operated group and each ICH group, n=3, one-way ANOVA was used for statistical analysis. *p <0.05,
**p<0.01, **p <0.001. Parts of the figure were drawn by using pictures from Servier Medical Art. Servier
Medical Art is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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1,228 genes upregulated, and 264 genes downregulated in the 1-day ICH group (Fig. 3A). 645 up-regulated genes
and 151 down-regulated genes were verified in the 3-day ICH group (Fig. 3B). And 381 up-regulated genes and
8 down-regulated genes were identified in the 5-day ICH group (Fig. 3C). We then cross-compared the 1-, 3-,
and 5-day ICH groups (see Supplementary Fig. S3 online). The 3-day group screens 497 up-regulated genes and
688 down-regulated genes compared to the 1-day group (Fig. S3A). The 5-day group identified 126 up-regulated
genes and 241 down-regulated genes compared to the 3-day group (Fig. S3B). Meanwhile, the 5-day group filtered
460 up-regulated genes and 926 down-regulated genes compared to the 1-day group (Fig. S3C).

GO and KEGG pathway analyses of mouse ICH

To reveal the potential biological functions of DEGs in mouse ICH, we performed pathway analysis of these
DEGs. GO analysis showed that the BP, CC, and MF components of the 1-day ICH group are predominantly
present in positive regulation of response to external stimulus, collagen-containing extracellular matrix, and
immune receptor activity, respectively (Fig. 3D). The 3-day ICH group was predominantly present in leukocyte
cell-cell adhesion, collagen-containing extracellular matrix, and immune receptor activity, respectively (Fig. 3E).
The 5-day ICH group was predominantly presented in negative regulation of immune system process, phagocytic
vesicle, and immune receptor activity, respectively (Fig. 3F). KEGG analysis in the 1-day ICH group focused
on cytokine-cytokine receptor interactions, the TNF signaling pathway and the NF-kappa B signaling pathway
(Fig. 2D). Phagosome, viral protein interaction with cytokine and cytokine receptor, rheumatoid arthritis for
3-day ICH group (Fig. 2E). And phagosome, leishmaniasis, tuberculosis for the 5-day ICH group (Fig. 2F). Fur-
thermore, GO and KEGG analyses of up-regulated and down-regulated genes in 1-, 3- and 5-day mouse ICH
were performed respectively, and the results are demonstrated in Figure S2A-C. In addition, GO and KEGG
analyses in 1-day ICH versus 3-day ICH group focused primarily on leukocyte migration, collagen-containing
extracellular matrix, cytokine activity, and cytokine-cytokine receptor interactions, respectively (Fig.S3D). The
3-day ICH versus 5-day ICH group mainly focused on monoamine transport, axon terminus, peptide receptor
activity, and neuroactive ligand-receptor interaction, respectively (Fig.S3E). The 1-day ICH versus 5-day ICH
group mainly focused on leukocyte migration, collagen-containing extracellular matrix, cell adhesion molecule
binding, and cytokine-cytokine receptor interactions, respectively (Fig.S3F).
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Fig. 3. DEGs screening and functional enrichment analysis in mouse ICH*. Volcano plots showing DEGs in
the sham-operated group versus the group at 1 (A), 3 (B), and 5 days (C) after ICH of C57BL/6 ] mice. (D) GO
and KEGG analysis of DEGs in Fig. 2A. (E) GO and KEGG analysis of DEGs in Fig. 2B. (F) GO and KEGG
analysis of DEGs in Fig. 2C.
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Co-differentially expressed genes (co-DEGs) screening and functional enrichment analysis in
mouse ICH after different days

To screen for signature genes in the acute phase of ICH, it is necessary to specify that these genes have significant
expression differences from the sham-operated group on different days in the acute phase after mouse ICH. As
shown in Fig. 4A, the Venn plots demonstrated 202 co-DEGs in the 1-, 3-, and 5-day ICH groups. The heatmap
of these 202 co-DEGs in each sample is shown in Fig. 4B, and most of the genes showed up-regulated levels.
Then, we performed GO and KEGG analyses to verify the function of these genes. GO analysis showed that the
BP, CC, and MF components of these 202 co-DEGs mainly presented in positive regulation of immune effec-
tor process, endocytic vesicle, and cell adhesion molecule binding, respectively (Fig. 4C-E). KEGG analyzes in
these genes focused mainly on phagosome, myeloid leukocyte activation, and tumor necrosis factor superfamily
cytokine production (Fig. 4F).

Co-differentially expressed genes (co-DEGs) screening in human and mouse ICH

In order to make the screened signature genes for the acute phase of ICH work in either human or mouse ICH.
It is necessary to further screen the signature genes for the acute phase of ICH from the DEGs screened for co-
expression in both human and mouse models of ICH. Firstly, adjust p <0.05 and logFC > 2 as critical values, 441
up-regulated genes and 327 down-regulated genes were selected from the GSE24265 database (Fig. 5A). Then,
GO and KEGG analysis on the up-regulated and down-regulated genes were performed (Fig.S4A). To screen
for DEGs that play an important role in both human and mouse ICH. Subsequently, the intersection of 202
co-DEGs from mouse ICH and 768 DEGs from human ICH showed that a total of 42 overlapped genes were
screened (Fig. 5B). We considered these 42 overlapped genes as potential signature genes. The heatmap of those
42 potential signature genes in mouse ICH was shown in Fig. 5C. GO and KEGG analyses of these 42 genes were
performed in humans and mice, respectively, and the results were demonstrated in Figure S4B-C.

Protein—protein interaction (PPI) analysis and identification of signature genes

To identify marker genes, the possible PPI of potential hub genes was constructed in the String database. The
interactions between the genes were indicated by confidence and homo sapiens and mus musculus organ-
isms were selected and analyzed separately (Fig. 5D, E). Then, we used the Degree algorithms in cytoHubba of
Cytoscape to select and visualize hub genes based on the results of Fig. 5D and Fig. 5E, respectively (Fig. 5F,
G). Interestingly, these results showed that Tyrobp, Itgb2, Tlr2, Ptprc, and Itgam were among the top 5 genes
in both human and mice. Interestingly, all of these genes are expressed exclusively in myeloid cells, which is
consistent with the significant increase in myeloid cell numbers after ICH reported in previous literature!®!”.
Meanwhile, Tyrobp is the top ranked gene in both human and mouse PPI analysis results, so we chose Tyrobp as
the signature gene. Interestingly, Friend analysis of these potential hub genes also showed that TYROBP is also
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Fig. 4. Co-DEGs screening and functional enrichment analysis in mouse ICH*. (A) Venn plot showing DEGs
intersection in the 1-, 3-, and 5-day groups after ICH. (B) Heatmap shows the expression of 202 genes in each
group that are overlapping genes in DEGs at 1, 3, and 5 days after ICH. GO analysis, including BP (C), CC (D)
and MF (E), and KEGG analysis (F) of 202 overlapped genes.
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Fig. 5. Co-DEGs screening and signature genes identification in human and mouse ICH. (A) Volcano plot
showing human ICH DEGs in GSE24265 dataset. (B) 42 overlapped genes of human and mouse ICH DEGs.

(C) Heatmap of 42 overlapped genes in mouse ICH. PPI analysis of 42 genes in human (D) and mouse (E). Ten
signature genes of human (F) and mouse (G) screened by cytoHubba plugin of Cytoscape based on the results of
PPI analysis for 42 overlapped genes. (H) Heatmap of 184 genes related to Tyrobp in mouse ICH. (I) Heatmap
of GO and KEGG analyses for184 genes related to Tyrobp in mouse ICH.

the top ranked gene (see Supplementary Fig. S5 online). After identifying the hub gene, the 184 genes associated
with the hub gene Tyrobp were screened using spearman correlation analysis with spearman’s rank correlation
coeflicient greater than 0.9 and an adjusted p-value less than 0.05 (Fig. 5H). When spearman rank correlation
coefficient is greater than 0.9, it is usually considered highly correlated. GO and KEGG analyzes of these 184
genes and the associated top 66 genes were shown in Fig. 5. The BP components of these 184 genes mainly
presented myeloid leukocyte activation, leukocyte activation involved in immune response, and cell activation
involved in immune response. The CC component mainly included focal adhesion, cell-substrate junction, and
phagocytic vesicle. The MF component mainly involved in cell adhesion, molecule binding, and immune recep-
tor activity. Furthermore, the KEGG analysis of these genes was presented mainly in osteoclast differentiation,
leishmaniasis, and tuberculosis.

Immune infiltration prediction model

Immune cells play an important role in the acute phase of ICH. Then, we predicted immuno-infiltration in
mouse ICH. Firstly, we compared the ICH group on different days with the sham-operated group, and as shown
in Fig. 6A, there was no statistically significant difference in the composition of the same immune cells between
the different groups in the box plot. However, the composition of the various types of immune cells was different
between each group (Fig. 6B). Subsequently, we compared all ICH groups on different days after merging them
with the sham-operated group, the boxplot of differences in immune cell infiltration revealed that plasma cells
(p<0.001), M2 macrophages (p <0.001), T cells CD4 naive (p=0.004), and Th17 cells (p =0.013) infiltrate less
in ICH compared to the sham-operated group (Fig. 6C). Additionally, we also analyzed the immune correlation
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Fig. 6. Immune infiltration prediction and signature gene immune correlation analysis. (A) Box plot of
immune cells infiltration in the sham-operated group, and the 1-day, 3-day, and 5-day groups after ICH in
C57BL/6 ] mice. (B) Distribution of infiltration immune cells in different subgroups. (C) Box plot of immune
cells infiltration in the sham-operated group and ICH group. (D) Correlation analysis between infiltration
immune cells. (E) Correlation of Tyrobp with immune-infiltrating cells. (F) Correlation of Tyrobp with M2
macrophage Cells. (G) Correlation of Tyrobp with plasma Cells. *p <0.05, **p <0.01, ***p <0.001.

between different immune cells in the mouse ICH model. DC actived cells with neutrophil cells, M2 macrophages
with plasma cells, DC immature cells with Th2 cells were positively correlated (p <0.001) (Fig. 6D). In contrast,
Th17 cells with MO macrophages, NK actived cells with MO macrophages, NK actived cells with NK resting cells
were negatively correlated (p <0.001) (Fig. 6D). Then we performed a correlation analysis of the Tyrobp hub gene
and various immune cells (Fig. 6E). The results reveale that Tyrobp is negatively correlated with M2 macrophage
and plasma cells (R=-0.753, p=0.005) (Fig. 6F, G).

Verification of signature gene expression

Validation of mRNA and protein expression after screening potential signature genes is necessary after ICH. The
mRNA expression of Tyrobp, Itgb2, Tlr2, Ptprc, and Itgam in mouse ICH were detected by qPCR assay using
perihematomal brain tissues (Fig. 7A-E). The qPCR results showed that the mRNA levels of these genes were
significantly higher in the 1-, 3-, and 5-day ICH groups than in the sham-operated group. It is basically consist-
ent with the results of transcriptome sequencing. Furthermore, the protein level of the Tyrobp hub gene was
examined using Western blotting experiments (Fig. 8A). Statistical results showed that Tyrobp protein expres-
sion was significantly higher in the 1-, 3-, and 5-day ICH groups than in the sham-operated group (Fig. 8B).
Meanwhile, we performed immunohistochemical analysis of Tyrobp expression in normal human brain tissues
and ICH tissues (Fig. 8C). IHC scores showed that Tyrobp expression was significantly higher in human ICH
tissues than in normal brain tissues (Fig. 8D).

Scientific Reports |

(2024) 14:20158 |

https://doi.org/10.1038/s41598-024-71132-9 nature portfolio



www.nature.com/scientificreports/

A g1 B s 20 C . 300
,,. sk 8 S ox
3 2 2
a E *kk e
3 S 15 s
< 8- o @ 200
Z < <
['4 E *kk 4
E Z 10 5
o * £
a N ~
8 4 - 3 Z 100
= |—_=| S 54 ®
3 1 g — 3 — -
14 0 1 1 1 1 0 1 1 1 T 0 I I I I
Sham 1d 3d 5d Sham 1d 3d 5d Sham 1d 3d 5d
D < 200 Ess —
£ 150 g *
) o 4]
< <
4 * 4
% 100+ &
o £
=3 ok < 2_
3 50 ﬁ g
2 >
k| s | I
[ [ pmit—
€ 0 T T T T €0 T T T T
Sham 1d 3d 5d Sham 1d 3d 5d
Fig. 7. The mRNA expression of signature genes. Tyrobp (A), Itgb2 (B), TIr2 (C), Ptprc (D) and Itgam (E)
mRNA expression in mouse sham-operated and ICH groups, Student’s t-test was used for statistical analysis, *
represents the statistical results of the comparison with the sham group, n=4, *p <0.05, **p <0.01, **p <0.001.
A B s
Sham 1d 3d 5d ¢ 3 v
Tyrobp | 12kDa 5,
— — — — £ 11
B-actin 43 kDa 5 |_|
5 0 T T T T
Sham 1d 3d 5d
C D
10
Normal || 8- - i
2 6 1
g £
o
I 44 —-|°— .o
- L
ICH 2 cece
0 I 1
Normal ICH
Fig. 8. TYROBP protein expression after ICH. (A) Western blotting analysis of Tyrobp in mouse sham-
operated and ICH groups, blots were cut prior to hybridization with antibodies during blotting and original
blots are presented in Fig.S6. (B) Statistical analysis of Tyrobp protein expression in mouse sham-operated and
ICH groups, compared with sham-operated group, n=3. (C) Immunohistochemical analysis of TYROBP in
normal brain and ICH tissues of human. (D) IHC score of TYROBP in normal brain (n=8) and ICH (n=6)
tissues of human. Student’s t-test was used for statistical analysis, *p <0.05, **p <0.01, ***p <0.001.
Discussion
The DEGs analysis showed a significantly greater number of DEGs in 1- and 3-day ICH group than in the 5-day
group, which may be related to hematoma resorption and reduction of secondary injury. Consistently, HE stain-
ing showed larger hematomas in the 1-day and 3-day groups than in the 5-day group. GO and KEGG analyzes
showed that DEGs in the 1-day group were mainly involved in the acute inflammatory response through the
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cytokine regulation, TNF, and NF-kappa B signaling pathways. While the DEGs in the 3- and 5-day groups were
mainly involved in immune-related regulatory processes.

When the ICH group, which consists of 1-, 3- and 5-day groups, compared to the sham-operated group, there
was a statistical difference in plasma cells, M2 macrophages, CD4 naive T cells, and Th17 cells. Previous studies
have shown that M2 macrophages exist mainly as anti-inflammatory microglia in the brain that contribute to
hematoma clearance and anti-inflammatory effects®®. Plasma cells, also known as effector B cells, can synthesize
and store immunoglobulin to participate in humoral immunity®’, beyond that recent studies have found that
plasma cells are also involved in the regulation of neuroinflammation®. In addition, CD4 naive T cells and Th17
cells are both CD4 T cell subtypes, the reduction of these CD4 T cell subtypes will lead to the decrease of immune
capacity and trigger the macrophage stimulation and cytokine storm events. These reports suggest that these
immune cells may play a role in ICH, but evidence based on predictive modeling results is still limited, and more
experimental results are needed to validate the role of these cells after ICH.

The signature gene Tyrobp was selected by Degree algorithms in cytoHubba of Cytoscape. After the signature
gene was identified, the experimental results showed that Tyrobp mRNA and protein levels were significantly
higher in the ICH tissues than in the sham-operated group or in the normal brain tissues. In addition, Tyrobp
is negatively correlated with immune cells such as M2 macrophages and plasma cells, which may confer the
potential of Tyrobp as a therapeutic target for ICH. TYROBP (tyrosine kinase binding protein) is a transmem-
brane polypeptide that in the CNS predominantly found in microglia and oligodendrocytes*!. Also, TYROBP is
expressed in several cell types, including peripheral blood monocytes, macrophages, natural killer cells, dendritic
cells, and osteoblasts®. TYROBP acts as a critical regulator of microglial activity***!. Multiple studies have shown
that TYROBP expression is increased in Alzheimer’s disease (AD) patients and in mouse models***’. Meanwhile,
the expression of TYROBP is also increased after traumatic brain injury (TBI)*. Several studies had reported
that TYROBP can bind to several TYROBP-related receptors in brain, such as TERM*, SIRPP1%¢ and MDL1%.
The TYROBP-associated receptor provides docking sites for various ligands after attachment to TYROBP that
can initiate intracellular signaling through TYROBP and its immunoreceptor tyrosine-based activation motifs
(ITAMs)*.In addition, the TREM2/TYROBP receptor complex is able to control microglia activity, thus affect-
ing the fate of damaged neurons after neuronal injury and in neurodegenerative diseases?*’. Recent studies
have identified TREM2 and TYROBP/DAP12 as components of a key molecular hub linking inflammation and
microglia to the pathophysiology of Alzheimer’s disease and possibly traumatic brain injury*4*°. Furthermore,
TYROBP gene knockout in microglia was demonstrated to reduce this interaction between damaged neurons
and microglia and reduce neuronal cell apoptosis rates®!. Interesting, the regulatory role of TYROBP in microglia
is consistent with the results of the immune correlation analysis that Tyrobp is negatively correlated with M2
macrophages. GO analysis of Tyrobp-related genes was also found to be closely associated with the activation and
regulation involved in the immune response. TYROBP may play a role in the immune response after ICH, par-
ticularly regarding its effect on microglia activity. Based on those results, we speculate that TYROBP exacerbates
neuronal injury after ICH by modulating microglia activation, but its specific mechanism requires further study.

Conclusions

In conclusion, Tyrobp mRNA and protein expression were significantly higher than those of normal brain tissues
in human and mouse ICH tissues. Meanwhile, Tyrobp protein and mRNA expression were elevated during the
acute phase of ICH, e.g. 1, 3, and 5 days after ICH, and thus Tyrobp has the potential to be a biomarker in the
acute phase of ICH. Additionally, Tyrobp is negatively correlated with immune cells such as M2 macrophages and
plasma cells, and Tyrobp-related genes are also found to be closely associated with the activation and regulation
involved in the immune response, which may confer the potential of Tyrobp as a therapeutic target for ICH.
However, further experiments are still needed to verify the effect and molecular mechanisms of Tyrobp on ICH.

Data availability
All mRNA sequencing raw data were uploaded to Sequence Read Archive (SRA) of NCBI (BioProject ID:
PRJNA1048733). The GSE24265 dataset was downloaded from GEO NCBI database.
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