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Highlights:
-Spatial illustration of gene expression pattern after T10 right lateral hemisection.
-Spatial atlas of scar formation by 21 cell types around damaged area.
-The origin, trajectory reconstruction and functional diversity of cell types in
different stages of scar formation.
-Novel insights for glial scar boundary and potential benefits for recovery

intervention after SCI.
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Abstract

Adult regeneration in spinal cord is poor in mammalian but remarkable in the neonatal
mammals and some vertebrates, including fish and salamanders. Increasing evidences
basis of this interspecies and ontogeny highlighted the pivotal roles of neuron extrinsic
factors-the glial scar, which exert confusing inhibiting or promoting regeneration
function, but the spatiotemporal ordering of cellular and molecular events that drive
repair processes in scar formation remains poorly understood. Here, we firstly
constructed tissue-wide gene expression measurements of mouse spinal cords over the
course of scar formation using the spatial transcriptomics (ST) technology in Spinal
cord injury (SCI) repair. We analyzed the transcriptomes of nearly 15449 spots from 32
samples and distinguished normal and damage response regions. Compared to
histological changes, spatial mapping of differentiation transitions in spinal cord injury
site delineated the possible trajectory between subpopulations of fibroblast, glia and
immune cell more comprehensively and defined the extent of scar boundary and core
more accurately. Locally, we identified gene expression gradients from leading edge to
the core of scar areas that allow for re-understanding of the scar microenvironment and
found some regulators in special cell types, such as Thbs1 and Colla2 in macrophage,
CD36 and Postn in fibroblast, Plxnb2 and Nxpe3 in microglia, Clu in astrocyte and
CD74 in oligodendrocyte. Last, we profiled the bidirectional ligand-receptor
interactions at the neighbor cluster boundary, contributing to maintain scar architecture
during gliosis and fibrosis, and found GPR37L1 PSAP and GPR37 PSAP were top 2
enriched gene-pairs between microglia and fibroblast or microglia and astrocyte.
Together, the establishment of these profiles firstly uncovered scar spatial heterogeneity
and lineage trajectory, provide an unbiased view of scar and served as a valuable

resource for CNS injury treatment.

Key words: Spinal cord injury; Glial scar; Spatial transcriptomics; Micro-environment;

Therapeutic strategy.


https://doi.org/10.1101/2021.12.20.473346
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.20.473346; this version posted December 21, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

Introduction

Spinal cord injury (SCI) mostly caused by accidents is a lifelong, traumatic injury
with a tremendous social and economic impact (/, 2). More worryingly, the clinical
therapeutic methods are too limited to promote spinal cord regeneration and the
outcomes are complicated closely related on the level of the injury (3, 4). The
pathophysiological processes of SCI involve a primary injury and the formation of a
glial scar (5). Although it is widely accepted that the glial scar can inhibit axon
regeneration and protect spared neural tissues by injury, the exact role of the glial scar
in SCI remains poorly understood (6). During the approximately 2 weeks, the glial scar
becomes mature which associated with many cellular and extracellular components and
their complex interaction. The cellular components of glial scar mainly consist of
macrophage, fibroblast, microglia, astrocyte, oligodendrocyte, NG2* oligodendrocyte
precursor cells (NG2-OPCs) and ependymal cells. The extracellular matrix (ECM)
includes chondroitin sulfate proteoglycans (CSPGs), myelin-associated glycoprotein
(MAG), fibronectin, oligodendrocyte myelin glycoprotein (OMGP), matrix
glycoprotein tenascin C and hyaluronan fragments (7-9). To date, the related researches
of cellular mechanisms and molecular regulation of these components are still in
progress (/0). Therefore, it is essential for getting a comprehensive understanding of
above events to develop more effective treatments inducing disability for SCI.

Rapid advancements in single-cell RNA sequencing (scRNA-seq) technologies
have permitted the use of single cell transcriptional profiling to investigate cellular
heterogeneity within the CNS, advancing our knowledge of CNS disease. For example,
astrocytes, a major cell type found throughout the CNS, have a wide array of functions
in the modulation of synaptic transmission, regulation of blood flow, blood-brain barrier
formation and the metabolic support of other brain resident cells, yet the character of
their cellular heterogeneity and how it manages these diverse roles remains unclear.
Using a fluorescence-activated cell sorting-based strategy, five distinct astrocyte
subpopulations were identified across three brain regions that show extensive molecular
diversity. These populations differentially support synaptogenesis between neurons.

Specially, the emergence of specific subpopulations during tumor progression
4
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corresponded with the occurrence of seizures and tumor invasion (/7). Additionally,
five distinct astrocyte subtypes were identified in adult mouse cortex and hippocampus
(12). Recently, a population of disease-associated astrocytes was identified in an
Alzheimer's disease mouse model using scRNA-seq. These disease-associated
astrocytes appeared at early disease stages and increased in abundance with disease
progression (/3). Single-cell transcriptomics also revealed that the human ganglionic
eminence depends more heavily on intermediate progenitor cells as workhorses than
does the developing neocortex, with its greater reliance on radial glial cells (/4).
Moreover, by using scRNA-Seq, intra-glial scar gene expression heterogeneity and
interactions have been documented at the level of individual cells (75).

A common feature to transcriptome-wide scRNA-seq studies is that they do not
address the spatial patterns of gene expression. Although the computational inference
can partially circumvent the lack of spatial information for scRNA-Seq data (16, 17),
we still need alternative methods that can provide positional information on the
different cell types involved in the process, which is necessary for a comprehensive
understanding of glial scar dynamics (8, /8). Although current in situ sequencing
techniques, such as expansion-assisted iterative fluorescence in situ hybridization
(EASI-FISH), have been exploited (/9-23), these approaches have limitations. It
requires prior knowledge about the genes of interest, and uses padlock probes and
rolling circle amplification in tissue sections to target known genes. The biggest flaw is
that the approach can only detect a small numbers of marker genes (79, 24). The spatial
dimensions of entire transcriptomes remain unexplored in glial scar, along with the
spinal cord micro-environment.

Spatial transcriptomics (ST) is an untargeted technology that produces quantitative
transcriptome-wide RNA sequencing data and determines the quantitative spatial
distribution of polyadenylated transcripts in a tissue section using barcoded oligo-dT
DNA capture probes arrays corresponding to histological imaging (25). The throughput
of the approach is substantially greater than that of other spatially resolved methods. It
produces spatial maps based on RNA-seq data and has broad applicability (26-28). For

example, studies on the brain (25, 29, 30) the spinal cord of neurodegeneration(37) and
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the development of human heart (32, 33) have offered spatial cell-specific findings that
could not have been accomplished using traditional tissue homogenates. It contributes
to confirm regional markers and cell type identifications based on scRNA-seq and ST.

Here we applied ST to spatially profile gene expression and cell types in thoracic
(T10) spinal cord tissue sections from WT mice to present a spatiotemporal atlas that
systematically describes the spatial archetypes and cellular heterogeneity of the scar
formation at three stages in the early acute stage (3 dpi), subacute stage (7 dpi) and
intermediate stage (14 dpi, 28 dpi) after spinal cord injury (Figure 1A). We obtain the
unique molecular signatures of multiple cell types as well as their subpopulations and
pseudotime trajectory throughout the acute and chronic injury stage. By assessing
expression of bidirectional ligand-receptor pairs and spatial distribution on different
subpopulations, we identified scar architecture and re-understanded of the scar micro-
environment. As the first ST analysis of spinal cord scar, our transcriptomic dataset
aims to present a comprehensive decoding of the glial scar and explore the potential

therapeutic strategies in clinical.
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Materials and Methods
Mice and surgeries

Sixty female mice (eight-week-old, C57BL/6J) were randomly divided into five
groups (n=12). The mice were anaesthetized by isoflurane. The procedure for T10 right
lateral hemisection was similar to that described previously (34). Briefly, a midline
incision was made over the thoracic vertebrae. A T10 laminectomy was performed. To
produce a right lateral hemisection injury, tips of optimum knife (BVI Beaver, Oakville,
Canada) were carefully inserted into posterior median sulcus of the spinal cord then to
gently scrape it across the bone on the ventral side to not spare any tissue ventrally or
laterally. The muscle layers were sutured, and then the skin was secured with wound
clips. The mice were placed on soft bedding on a warming blanket held at 37 °C until
fully awake and given ibuprofen for pain relief. All the animal experimental were
conducted in accordance within situational animal care guidelines and approved
ethically by the Administration Committee of Experimental Animals, Jiangsu Province,
China, 20150304-004.
Spatial transcriptomic tissue imaging, library preparation, and sequencing

Libraries were prepared using the Spatial Transcriptomic Library Preparation
Glass Slides following manufacturer’s instructions. In brief, frozen samples were
embedded in OCT (TissueTek, Sakura) and stored at -80 °C until cryosection. For cryo-
sectioning, samples were equilibrated to -22 °C and were cut into 10 um thickness using
Leica CM3050 S cryostat. Sections were placed on chilled Visium Tissue Optimization
Slides (3000394, 10X Genomics) and Visium Spatial Gene Expression Slides (2000233,
10X Genomics), and adhered by warming the back of the slide. Tissue sections were
then fixed in chilled methanol and stained with Hematoxylin and Eosin Y according to
the Visium Spatial Gene Expression User Guide (CG000239 Rev D, 10 X Genomics).
For sequencing, tissue was permeabilized for 24 min, which was selected as the optimal
time based on tissue optimization time course experiments. Libraries were prepared
according to the Visium Spatial Gene Expression User Guide. cDNA synthesis was
carried out overnight using SuperScript III Reverse Transcriptase in the presence of

Actinomycin. Libraries were loaded at 300 pM and sequenced on a NovaSeq 6000
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System (Illumina) using a NovaSeq S4 Reagent Kit (Illumina). Sequencing was
performed using the following read protocol: read 1, 28 cycles; i7 index, 10 cycles; i5
index, 10 cycles; read 2, 90 cycles.
Spatial transcriptomics analysis

Reads were mapped against the Mouse Genome (mm10) and Gencode (vM23)
transcripts were quantified using spaceranger-1.2.0 (10X Genomics). The number of
genes with at least one UMI count in any tissue covered spot. The combined data were
normalized with Seurat 3.2.2. We computed principal components (PCs) to perform
dimensionality reduction processing on the combined data, and selected the top 30
principal components for downstream data analysis. We performed graph-based
clustering across all samples and displayed by UMAP. Marker genes of the five clusters
were analyzed by Seurat 3.2.2. The marker gene function enrichment the Gene ontology
(GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis

in each cluster were performed by cluster Profiler package in R.
Gene Set Variation Analysis (GSVA)
The pathway activities of selected spots were quantified by applying GSVA

package (35). In order to show the expression of different genes in space, we integrated
the physical coordinates of 4992 points on the spatial transcriptome chip with the
coordinate information of the corresponding spot points, and then used the R language
ggplot2 package to project them into a two-dimensional space. The UMI value in each
spot represented the expression abundance expression (Ei) of each gene. Here, 1
indicated the expression vector of each spot.
Ei=log[UMI (i) +1]

The degree of activation of the signal pathway is reflected in the score value.
Pseudotime trajectory

Pseudotime trajectories for selected subclusters were constructed using the R
package Monocle v2.14. 0(36). The raw counts for cells were extracted and normalized
by the estimate size factors and estimate dispersions functions with default parameters.
Genes detected in more than 50 spots and with an average expression >0.1 were retained.

Differential expression analysis was carried out using the differential GeneTest function

8
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with a model against the pseudotime. The variable genes with the lowest adjusted q
value < 0.001 were clustered and plotted in the heatmap. Cell functions and the

trajectory were constructed by the reduce dimension function with default parameters.
Co-expression network analysis

The first co-expression networks were constructed using weighted correlation network
analysis (WGCNA) (v1.66) package in R (37). After fltering genes, gene expression
values were imported into WGCNA to construct co-expression modules using the
automatic network construction function. TOM Type is unsigned and minModule Size
is 8. Genes were clustered into 14 correlated modules. To find out biologically
significant modules, module eigengenes were used to calculate the correlation
coefficient with samples or sample traits. Intramodular connectivity and module
correlation degree (MM) of each gene were calculated by R package of WGCNA, and
genes with high connectivity tended to be hub genes which might have important
functions. Correlation analysis was performed using module eigengene with data for
specific traits or phenotypes. Pearson correlations between each gene and trait data
under the module are also calculated for the most relevant module (positive correlation
and negative correlation) corresponding to each phenotype data, and gene significance
value (GS) was obtained. Another an unbiased coexpression networks were constructed
using the method that described previously (38). The first 2000 highly variable
variables in all spots were normalized, and the correlations were calculated by pearson
correlation coefficient. The coexpression modules were obtained by k-mean clustering.
Ligand-Receptor interaction analysis

To infer potential cellular crosstalk between different cell types, we adapted the method
used in CellPhoneDB for single-cell transcriptome data (39). Enriched receptor—ligand
interactions were predicted between two cell types based on expression of a receptor
by one cell type and a ligand by another cell type. Only receptors and ligands expressed
more than a specified threshold of the cells in the specific cluster are considered
significant (default is 0.1). The pairwise comparisons between all neighbor cell types
in the scar were then performed. First, we determined the mean of the average receptor

expression level in a cluster and the average ligand expression level in the interacting
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neighbor cluster by randomly permuted the cluster labels of all cells. The p-value for
the likelihood of cell-type specificity of a given receptor—ligand complex was obtained
by calculating the proportion of the means which are as or higher than the actual mean.
Immunostaining

Spinal cord sections were first fixed with 4% paraformaldehyde and then incubated
overnight at 4°C in the following primary antibodies: Ibal (Wako,Rabbit 1:100), GFAP
(abcam, Chicken 1:100), PAHB (abcam, Mouse 1:100), F4/60 (abcam, Rabbit 1:200),
CD68 (NOVUS Biological, Mouse 1:100), Laminin (abcam, Mouse 1:300), Fnl
(LSBio, Sheep 1:100), Collagen IV (SouthernBiotech, Goat 1:100), Thbs1 (Invitrogen,
Mouse 1:100), Colla2 (GeneTex, Rabbit 1:100) and Nxpe3 (abbexa, Rabbit 1:100)
diluted in PBS/0.3% Triton/5% normal donkey serum. After washing the section with
PBS, secondary Alexa Fluor-conjugated antibodies (Invitrogen) diluted in PBS/0.3%
Triton were incubated for 2 h at room temperature. Slides were mounted with mounting
medium containing DAPI (Beyotime institute of Biotechnology, Shanghai, China) and
kept at 4°C until further microscopic analysis. The sections were visualized under
a TCS SP2 confocal microscope (Leica-Microsystems GmbH, Mannheim, Germany)
or ZEISS M2 fluorescence microscope (Carl Zeiss Jena GmbH, Jena, Germany) and
images from sections were processed in Imagel.

Spinal cord dehydration and transparency

Dehydration, immunostaining and clearing of spinal cord were done based on previous
studies (40). After washing away excess secondary antibodies, tissue was gradually
dehydrated in resistant glassware with incremental concentrations of tetrahydrofuran
(TFH, 50%, overnight; 80%, 1 h and 100%, 2 h, v/v % in distilled water, Sigma-
Aldrich). Incubations were performed on a shaker at room temperature. Then remaining
lipids were extracted with dichloromethane for 1 hr and dibenzyl ether (DBE) was used
for refractive index matching. Samples were kept in a full vial of DBE and protected
from light during the whole process to reduce photo bleaching of the fluorescence.
Imagings were processed with lightsheet microscope 18 (LS18) by Nuohai Life Science
(Shanghai) Co., Ltd.

10
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Result
Overview of investigate the spatial gene expression in T10 spinal cord sections

To ensure the uniformity of the wound area, we adapt the lateral hemisection
model, instead of contusion (4/). Previous study revealed that the region of glial scar
approximately distributed 0.5 mm away from the site of injury after SCI (42). To
decipher the cell type and region of glial scar as much as possible, we harvested the
spinal cord tissue 1.5 mm away from the site of T10 right lateral hemisection (figure
1A). The Visium Spatial Gene Expression Slides were used to capture and profile the
mRNAs in the spots of spinal cord sectons at 3d, 7d, 14d and 28d after T10 right lateral
hemisection, which intended to cover the dynamic process of glial scar formation after
injury (43). Because each section contained up to 4,992 spots in its capture area and the
size of the Visium Spatial Gene Expression Slides is 6.5 mm X 6.5 mm (figure 1B),
approximately four spinal cord tissues can be placed on the same chip to capture more
spots as shown in figure S1A. Supplementary Table S1 contains a summary of the data
evaluation. Overall, 15449 spots within the 32 sections were analyzed (Table S2, figure
S1A and B). Data showed the median sequencing depth of single spot at approximately
219,442 Unique Molecular Identifiers (UMIs) and 4,875 genes in our study (Table S2,
figure S1C). The H&E staining images served as a reference for subsequent
unsupervised analysis. We focused on the extent of scar foci and boundary that conduct
the scar microenvironment, identification cell type, the reconstruction of cell
trajectories, cell-cell interactions within the scar formation (figure 1B).
Defining the spatiotemporal boundary of scar in the injury site

Integrated clustering analysis of ST from 32 samples using Seurat (v4.0) revealed
4 distinct clusters when visualized on a UMAP plot (figure 1C). These 4 clusters
covered all cell types in the SCI site and adjacent uninjured spinal cord. The numbers
of UMIs and genes in cluster 1, cluster 2 and cluster 3 were larger than that in clusters
0 (figures 1D and 1E). To better understand the spatial distribution of these cell types,
we compared the H&E staining images (figure 1F) with their ST data (figure 1G) and
mapped the clusters back to their spatial location (figure 1H). These identified spatially

patterns could match the changes in pathological morphology. Specifically, cluster 2
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and cluster 3 characteristically distribute in the scar regions showed in H&E staining
images, consistent with the larger UMIs numbers. Based on these findings, we inferred
that cluster 2 and cluster 3 represented multiple cellular components that are known to
comprise the glial scar. On the contrary, cluster 0 and cluster 1 represented cell types in
the uninjured spinal cord (figure 1E). Together, we firstly identify the approximate
scope of glial scar at three stages.

Meanwhile, we listed the top 5 highest differentially expressed genes (DEGs) in
each cluster during this process from ST (figure 11, figure S1D). The highest DEGs
provided a unique molecular signature for each cell type. For example, cluster O cells
highly expressed typical neuron marker Snap25 and mainly represent the neurons in the
gray matter area of the uninjured spinal cord. Cluster 1 cells highly expressed myelin
associated protein (such as Plpl, Mbp and Mal) and mainly represent the
oligodendrocytes in the white matter area of the uninjured spinal cord.

The highest DEGs in cluster 2 were secreted phosphoprotein-1 (Sppl),
glycoprotein nonmetastatic melanoma protein B (Gpnmb), galactose-specific lectin 3
(Lgals3) and cathepsin D (Ctsd). Sppl, also known as OPN (Osteopontin), is a broadly
expressed pleiotropic protein (44). It has multifunction in the pathophysiology of
several inflammatory, degenerative, autoimmune and oncologic diseases (45). Sppl
was firstly discovered as a component of bone matrix, but it is also expressed by subsets
of neurons including alpha-retinal ganglion cells (aRGC), alpha motor neuron, and
several classes of glial cells including astrocyte, Schwann cells, Miiller cell and disease-
associated microglia (46); OPN is an alpha motor neuron marker in the mouse spinal
cord (47). Recent studies have shown that the levels of Sppl are affected by neural
injury. Sppl exert both pro- and anti-inflammatory roles and contributes to tissue
damage (the Yin) not only by recruiting harmful inflammatory cells to the site of lesion,
but also increasing their survival (the Yang) (45, 48). For example, Spp1 is capable of
stimulating mTOR activity (49) and promotes RGC regeneration when introduced in
combination with either insulin-like growth factor 1 (IGF-1) or brain-derived
neurotrophic factor (BDNF) (46). Additionally, Sppl was reported to stimulate the

outgrowth of injured motor axons but not sensory neurons (50). Our data showed the
12
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spatiotemporal distribution of Spp1 (figure S1E). Spp1 indeed appear on some motor
neurons and significantly increased in injury site, consistent with previous studies (45,
47, 48). Lgals3 plays a role in numerous cellular functions including cell growth, cell
adhesion, apoptosis, pre-mRNA splicing, differentiation, transformation, angiogenesis,
inflammation, T-cell regulation, host defense and fibrosis (57, 52). Based on the high
expressions of stress response and inflammatory regulator, cluster 2 cells were
considered as the glial and immune cells of scar. The identification of scar-associated
cluster 2 serves important functions in defining the boundary of scar accurately from
the cellular level.

The highest DEGs in Cluster 3 were collagen type I alpha 1 chain (Collal),
collagen type I alpha 2 chain (Colla2), insulin like growth factor binding protein 6
(Igfbp6) and matrix gla protein (Mgp). Collal and Colla2 belong to the type I collagen
(Col I). To date, pericytes and fibroblasts have been reported to be the cell types that
produce Col I after SCI (53, 54). Among the extracellular matrix (ECM), Collal and
Colla2 were reported to be the most highly expressed in injured spinal cord of
contusion SCI model at 14 dpi.

In order to further explore the function of these cell types, the Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis data are
enriched for each cluster. The Go annotation matched well with the anatomical
annotation (figure 1F). Specially, some significant GO such as synaptic vesicle cycle,
regulation of neurotransmitter levels and ATP metabolic process are highly related to
nomal activities of neuron in Cluster 0. Some significant GO such as myelination, axon
ensheathment and positive regulation of neuron projection development are highly
related to electrical signal transmission in Cluster 1. On the contrary, cluster 2 cells and
cluster 3 cells exhibited damage associated patterns of gene expression, with a
significant enrichment for genes that have functions in the extracellular structure
organization, angiogenesis, wound healing, regulation of neuron death, regulation of
inflammatory response and regeneration (figure 1J).

Based on the symmetric distribution pattern of cluster O cells and cluster 1 cells in

normal spinal cord, we divided the T10 right lateral spinal cord into four layers (figure
13
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S1F) to further explain the relations between the subgroup and spatiotemporal
distribution. After countering all samples, we found at least 1.2 mm distance from the
scar center (approximately 12 spots) can cover the scar boundary. Subsequently, GSVA
score of apoptosis, ferroptosis, GABAergic synapse and PI3K-Akt signaling pathway
were respectively counted (figure S1G). We found the GSVA scores of ferroptosis and
GABAergic synapse signaling pathway peaked in the scar center and were
symmetrically distributed on the left and right side at three stages in Layer 3 (figures
1K-L). Layer 3 enriched by cluster 0 neurons suffered from ferroptosis after spinal cord
injury, consistent with previous studies (55). Together, we firstly present a
spatiotemporal atlas that systematically describes the spatial archetypes and cellular
heterogeneity of glial scar at three stages in the early acute stage (3 dpi), subacute stage
(7 dpi) and intermediate stage (14 dpi, 28 dpi) after spinal cord injury.
Deciphering spatiotemporal distribution of resident cells in the scar

To determine the heterogeneity within the cluster 2 and 3 which represented
multiple cellular components that comprise the glial scar, re-clustering analysis was
performed and visualized on UMAPs (figure 2A), which revealed twelve clusters
identified by annotated lineage markers (figure 2B-C). These 12 clusters represented
approximately all major cell types that are known to comprise the scar including
microglia, macrophages, astrocytes, oligodendrocytes, fibroblasts and endothelial cells.
From the re-clustering UMAPs at the different stages after spinal cord injury (figure
2D), we found the cell spots distribution at 14 dpi and 28 dpi were similar, and the cell
spots distribution at 3 dpi were significant different from that at 14 dpi and 28 dpi. By
the contrast, the cell spots distribution at 7 dpi were phenotypically between cell 3 dpi
spots and 14 dpi spots. The cell spots distribution provided compelling evidence about
the division of time window-the early acute stage (3 dpi), subacute stage (7 dpi) and
intermediate stage (14 dpi, 28 dpi) after spinal cord injury.

To gain molecular insights into the injury responses that are mediated by these cell
types, we combine the subgroups and all the re-clustered celltypes into six distinct cell
clusters, microglia, macrophage, astrocyte, oligodendrocyte, fibroblast and endothelial

cell (figure 2E). The transcriptional signatures were shown in figure 2F. We listed the
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highly expressed genes in each group in detail. For example, Decorin (Dcn) was
expecially expressed on fibroblast. Plpl was expecially expressed on oligodendrocyte.
Metallothionein 3 (Mt3) was expecially expressed on astrocyte. By the contrast, Spp1
was expecially expressed on multiple cellular components (such as macrophage,
fibroblast and microglia). Subsequently, these six cell clusters were are mapped bact to
slices (figure 2G), and we found macrophage firstly appeared in the scar area at the
early acute stage (3 dpi), and then fibroblast occupied the center of the scar at the
subacute stage (7 dpi). From the center of scar to the boundary, fibroblast, microglia,
astrocyte and oligodendrocyte appeared in proper order at the subacute stage (7 dpi)
and intermediate stage (14 dpi, 28 dpi) after spinal cord injury. We used a novel gene
set analysis method (methods) infer activity maps by countering the GSVA score of cell
spots in scar area. Wound healing (56, 57), a selected GO term, was mapped the in the
scar region at three stages, and was significant active (figure 2H). Taken together, our
data revealed the spatiotemporal distribution of multiple celltypes in the scar region and
clearly depicted the boundary of each celltype.
Identifying macrophage infiltrating into the scar by ST analysis

To determine the heterogeneity within the macrophage population, re-clustering
analysis was performed and visualized on spatiotemporal maps (figures 3A and 3B).
We identified three macrophage subtypes, which were labeled cluster 0 to 2. Cluster 0
was identified by high expression of lysozyme (Lyz2), a specific marker for
macrophage, and thyrotropin releasing hormone (Trf). Cluster 0 comprised 45.3% of
macrophage present at 3dpi (figures 3C and 3D). Cluster 1 expressed higher levels of
platelet factor 4 (Pf4) (a specific marker for macrophage) and the anti-inflammatory
marker Arginase 1 (Argl) than Cluster 0 and 2 (figure 3E, figure S2A), comprised 51.8%
of macrophage present at 3dpi. Cluster 2 expressed moderate level of Lyz2 and low
level of Pf4, and comprised 2.9% of macrophage present at 3dpi (figure 3D, figure S2A).

Although these three subtypes did not precisely correspond to the M1/M2 division
of macrophage subsets, Cluster 1 cells expressed higher levels of the Argl and CD14
than Cluster 0 and 2 (figure S2A). It indicates Cluster 1 cells were likely to be M2

macrophages. Interesting, ST maps show the macrophages of Cluster 1 cells were
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always in the central party of injury site and surrounded by the macrophages of Cluster
0. The macrophages of Cluster 2 were always in the periphery of injury site at 3 dpi
(figure 3A). Subsequently, cluster 1 cells decreased dramatically and cluster 2 cells
significantly increased. Interesting, cluster 2 cells interlaced with cluster 0 cells and
formed a circular band of cells at 7 dpi. These three clusters cell become rare at
intermediate stage (14 dpi, 28 dpi) after spinal cord injury. In addition, ST maps show
the expression of macrophage marker Pf4 was significantly upregulated at 3 dpi and 7
dpi, and then back to baseline level at intermediate stage (figure S2A). There was an
obvious shift in the expression of M2 macrophage marker Argl, which peaked at 3 dpi
and then fell rapidly. This was consistent with the change of macrophage phenotype
after injury (58). The Pf4" cells resided in the scar at intermediate stage (14 dpi, 28 dpi)
mainly represent M1 macrophages, which resulted in an unfriend regenerate
microenvironment in scar and were also characterized by CD86 and CD32 maps (figure
S2A). This is the first identification of macrophage subsets spatiotemporal distribution
in the scar.

It is traditionally believed that M2 macrophages could promote CNS repair while
limiting secondary inflammatory-mediated injury (58). We found the macrophages of
cluster 1 cells not only decreased dramatically, but also surrounded by the macrophages
of cluster 0 and cluster 2. To investigate the functions of these clusters, we listed top 10
marker genes of these three clusters (figure 3E), and enriched the GO terms base on
highly expressed genes (figure S2B). The top terms showed cluster 1 cells indeed have
high enrichment factor in wound healing. However, cluster 1 cells also exhibited unique
patterns of gene expression, with significant enrichments for chemotaxis, regulation of
inflammatory response, response to interferon-gamma and cellular response to
interleukin-1. Interesting, cluster O cells were associated with border and exhibited
significant enrichments for axonogenesis, axon guidance, axon extension and axon
ensheathment. It seems they can promote axon regeneration into the scar from both
sides. The impressive functions matched the unique spatiotemporal distributions of
cluster O cells resided in the scar periphery, which allowed cluster 0 cells to have better

access to axon terminal. The GSVA score of axon guidance pathway analysis also
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supported this view (figure 3F). In addition, the top 4 GO terms exhibited by cluster 2
cells were extracellular structure organization, extracellular matrix organization,
positive regulation of cell migration and angiogenesis. Particularly, the GO term of
negative regulation of immune system process matched the traditional M2 macrophages
functions limiting secondary inflammatory-mediated injury (58). So, we hypothesized
that cluster 2 cells represent the continuators of the cluster 1 cells.

To test the hypothesis, we conducted the trajectory analysis of these three
subtypes (figure 3G-J, figure S2C). Two branches were builded (figure 3G) and then
the pseudo-time trajectory algorithm was applied (figure 3H). We found the evolation
trajectory and transcriptional connections among the subtypes. The results indicated
trajectory direction started from cluster 1 cells to a separate branch consisting of cluster
0 cells and cluster 2 cells (figure 3H-I). We observed the cell fate 1 branch enriched for
genes associated with axon ensheathment, such as Sema7a, Vim, Mal, Cntn2 and Fgf1.
While the cell fate 2 branch showed increased expression of extracellular matrix
organization and negative regulation of immune system process related genes, such as
Gpnmb, Mmp12, Col3al, Collal and Colla2 (figure 3J).

The differentially expressed genes (DEGs) provided a molecular signature for
each cell type, which were different from canonical markers (Table S3). For example,
the highest DEGs in Cluster 1 were non-canonical genes such as Thbsl
(Thrombospondin 1) and Plin2 (Perilipin 2). Microvascular dysfunction is a critical
pathology that underlies the evolution of secondary injury mechanisms after traumatic
SCI. Thbsl signaling was implicated in the acute neuropathological events that occur
in spinal cord microvascular ECs (smvECs) following SCI (59). Additionally,
unsatisfied intrinsic neurite growth capacity results in significant obstacles for injured
spinal cord repair. Thbs1 was reported to be a neurite outgrowth-promoting molecule.
Overexpression of Thbsl in bone marrow mesenchymal stem cells (BMSCs) can
promote neurite outgrowth in vitro and in vivo of Oxygen-Glucose Deprivation (OGD)
treated motor neurons and SCI rat models. Specially, the transplantation of BMSCs"*
Thbsl could promote neurite outgrowth and functional recovery after SCI partly

through the TGF-B1/p-Samd2 pathway(60). ST maps show the expression of Thbs1 was
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significantly upregulated at 3 dpi and 7 dpi, and then back to baseline level (figure 3K,
figure S2C). Immunostaining showed the majority of Thbsl® cells are P4/60 (a
macrophage marker) positive cells at 3 dpi and 7 dpi (figure 3M). Although Sppl was
highest DEGs in Cluster 1, Spp1 expressed in multiple cell types and was unfit for non-
canonical macrophage markers (figure S1E).

Another unexpected finding is that the macrophage in Cluster 2 expressed higher
levels of Col I, including Colla2, Collal, Col3al, which is different from the previous
study that the fibroblasts and pericytes produced Col I after SCI. Col I was highly
expressed in the spinal cord, which is consistent with previous findings. Specially, Col
Iinduced astrocytic scar formation via the integrin-N-cadherin pathway during the scar-
forming phase (67). This was consistent with GO terms associated with extracellular
matrix organization. ST maps show that the expression of Colla2 was rare in the intact
spinal cord tissues, and obviously upregulated after injury. It peaked at 7 dpi and was
maintained at high level for 28 days (figure 3L). Immunostaining showed the majority
of Colla2" cells are CD68 (a macrophage marker) positive cells at 3 dpi (figure 3N).
Additionally, Msrl (macrophage scavenger receptor 1) has been implicated in many
macrophage-associated physiological and pathological processes including
atherosclerosis, Alzheimer's disease, and host defense. In the scar, Msrl promote the
formation of foam macrophages and neuronal apoptosis after spinal cord injury (62).
ST maps showed that Msr1* cells significantly increased at 3 dpi and 7 dpi in the injured
site (figure S2D). Activation of the innate immune system promotes regenerative
neurogenesis in zebrafish. TNFa from pro-regenerative macrophages induces Tnfrsf1a-
mediated AP-1 activity in progenitors to increase regeneration-promoting expression of
hdac1 and neurogenesis. But it is unknown whether the mammals retain the mechanism.
Our ST maps showed that at least Tnfrsfla was widespread at 3 dpi and 7 dpi in the
scar (figure S2E) (63).

In terms of macrophage origin, the traditional view believed that bone marrow-
derived mononuclear macrophages (also known as recruited macrophages) are
recruited into damage tissue via chemokine (C-C motif) receptor 2 (Ccr2) in response

to chemokines and inflammatory signals and affect wound healing by secreting
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inflammatory factors such as TNFa (58) (64). Ccr2 encodes a receptor for monocyte
chemoattractant protein-1, a chemokine that specifically mediates monocyte
chemotaxis, and is expressed on monocytes and macrophages, but not in microglia or
tissue resident macrophage at the resting state (65). Recent study found the mouse
meninges hosted a rich repertoire of immune cells mediating CNS immune surveillance
and supplied not from the blood but by adjacent skull and vertebral bone marrow. Under
spinal cord injury, local bone marrow—derived monocytes can infiltrate spinal cord from
the dural meninges (66). We want to distinguish position and proportion of the
macrophages from the blood and tissue-resident macrophages from adjacent the dural
meninges. ST maps showed that Ccr2” monocyte-derived macrophages were present in
the scar, but their proportion in the injured site was low (figures 30 and 3P), consistent
with previous study. Violin Plots showed that the expression of Ccr2 was low in these
three clusters (figure 3Q). Last, we profiled the combination of the activated
macrophage markers to distinguish these clusters, and found cluster 1 cells expressed
higher levels of heme oxygenase 1 (Hmox1) at 3 dpi. In summary, our data reveals the
spatiotemporal distribution of macrophage subtypes at the injury site after SCI.
ST analysis reveals spatiotemporal changes in fibroblast subtypes

Fibroblasts are the main producers of the matrix (including ECM) and constitute
the basic framework of tissues and organs (67). To assess the cellular heterogeneity
among fibroblast at the injury site, re-clustering analysis was performed and visualized
on spatiotemporal maps (figure 4A) and a UMAP (figure 4B-C). We identified three
fibroblast subtypes, which were labeled cluster 0 to 2. Base on the spatiotemporal maps,
we found cluster 2 mainly appeared in the scar at 7 dpi. Cluster 1 appeared in the scar
at 7 dpi and locate in the center of scar. On the contrary, cluster 0 located in the
meninges of spinal cord. The fibroblast number in Cluster 1 reached the peak at 14 dpi
(figure 4D). Cluster 0 were identified by high expression of Prostaglandin D2 Synthase
(Ptgds) and insulin like growth factor binding protein 6 (Igfbp6) (figure 4E). Ptgds
preferentially expressed in brain and functions as a neuromodulator as well as a trophic
factor in the central nervous system (CNS). In the chronic constriction injury (CCI) of

sciatic nerve model, Ptgds was overexpressed in the lumbar spinal cord, but not in the
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striatum (68). Igfbp6, a member of the insulin-like growth factor-binding proteins
family, modulates insulin-like growth factor (IGF) activity. In spinal cord, meningeal
cells, interneurons in the deep part of the dorsalhorn and around the central canal, and
motoneurons were Igfbp6 positive cells (69). Igfbp6 plays a key role in neuronal
apoptosis after SCI. In acute SCI model, Igfbp6 was upregulated significantly and was
co-localized with active caspase-3 and p53 in neurons. When Igfbp6 was knocked down,
the protein levels of active caspase-3 and Bax as well as the number of apoptotic
primary neurons were significantly decreased (70). ST maps showed Igfbp6 and Ptgds
were high expression levels in Cluster 0 cells (figure S3A).

To investigate the functions of these clusters, we listed top 5 differential genes
between these three clusters (figure 4E), and enriched the GO terms base on highly
expressed genes (figure S3B). The top terms showed cluster 2 cells have high
enrichment factor in wound healing. In addition, cluster 2 cells also exhibited
significant enrichments for angiogenesis, extracellular matrix organization, response to
transforming growth factor beta and collagen metabolic process. The GSVA score of
ECM-receptor interaction pathway analysis also supported this view (figure 4F). But
cluster 2 cells diminished gradually. Interesting, cluster 0 cells were associated with
meninges and exhibited significant enrichments for axonogenesis, axon development,
axon guidance, axon ensheathment and regulation of epithelial cell proliferation. What
is more, the top 10 GO terms exhibited by cluster 1 cells were leukocyte chemotaxis,
phagocytosis, regulation of immune effector process, T cell activation and activation of
immune response. cluster 1 cells gradually become the main component in the scar and
their enrichments were associated with inflammatory hyperactivation in the
intermediate stage after spinal cord injury, consistent with previous studies (7/). The
GSVA score of glycosaminoglycan degradation in top 10 pathway analysis enriched in
cluster 1 cells significantly increased from 7 dpi to 28 dpi (figure 4F), which may be
related to the maturation and contracture of the scar, resulting in compartmental
structures containing multiple cells (figure S3C).

To verify the evolutionary relationship between these three cell populations, we

conducted the trajectory analysis (figure 4G-I). Two branches were found (figure 4G)
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and then the pseudo-time trajectory algorithm was applied (figure 4H). The trajectory
direction started from cluster 2 cells and cluster 0 cells to a separate branch consisting
of cluster 0 (figure 4H-I). We observed the cell fate 1 branch showed increased
expression of extracellular matrix organization, such as Dcn, Colla2 and Bmp7. While
the cell fate 2 branch enriched for genes associated with axon guidance and
axonogenesis, such as Sema3b, SemaS5a, Periostin (Postn), Cntf, Ogn, Mmp15 and Fgfl
(figure 41). Interesting, the origin of cluster 1 cells came from three directions. That is
undoubtedly true that a certain percentage of cluster 1 cells came from adjacent the
dural meninges after spinal cord injury. Our data showed cluster 2 cells appeared at 3
dpi and could transform into cluster 1 cells. Where these cells originate from? Previous
studies reported that in mouse models that develop fibrotic tissue, the primary source
of scar-forming fibroblasts was type A pericytes. Perivascular cells with a type A
pericyte marker profile also exist in the human brain and spinal cord, suggesting it is
conserved across diverse CNS lesions (72, 73). Attenuation of pericyte-derived fibrosis
represents a promising therapeutic approach to facilitate recovery following spinal cord
injury(74). We hypothesized that cluster 2 cells originate from type A pericyte and then
tested the expression of type A pericyte marker GLAST (gene name Slcla3). We
verified the expression level of GLAST and GLAST" cells proportion at the three
clusters, and found GLAST" cells were the primary origin of fibroblast in the scar
(figure 4J and K), consistent with previous study(73).

Homeostatic fibroblasts of cluster 0 were identified based on its spatiotemporal
distribution and the expression of several annotated markers of steady-state fibroblast,
such as P4hb and Gsn. Homeostatic fibroblasts of cluster 0 were the predominant
subtype in the uninjured spinal cord, but by 3 dpi they were replaced by the damaged-
associated fibroblasts (DAF) of cluster 1 and cluster 2 (figure 4D, figure S3A). DAF
were always in the center of scar. DAF were identified by high expression of Gpnmb,
Ftl1, Col3al and Postn. Myofibroblast differentiation marker Postn is an important
extracellular matrix protein and coordinate a variety of cellular processes and functions
in tissue development and regeneration, including wound healing, and ventricular

remodeling following myocardial infarction (75). Upregulation of Postn was reported
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in different diseases characterized by oxidative stress and inflammatory response (76)
(77). In addition, upregulation of Postn suppresses SLC7A11 expression through the
inhibition of p53 in VSMCs and increased the sensitivity of cells to ferroptosis. More
importantly, Postn could remodel the injury environment and was identified as a
therapeutic agent for traumatic injury of the CNS. Astroglial-derived Postn promotes
axonal regeneration through FAK and Akt signaling pathway after spinal cord injury
(78). But Postn was also reported to be a key player in scar formation after traumatic
SCI. Genetic deletion of Postn in mice reduced scar formation at the lesion site by
inhibiting the proliferation of the pericytes. Moreover, the pharmacological blockade
of Postn restrained scar formation and improved the long-term functional outcome after
SCI (79). Conversely, our ST maps found the expression of Postn predominantly in the
DAF of cluster 1 and cluster 2. Although the expression of Postn also peaked at 7 dpi,
it maintained a high level of expression until 28 dpi (figure 4L). We also found the non-
canonical genes such as Kininogen 2 (Kng?2) (figure 4M) and Serum Amyloid A3 (Saa3)
displayed better specificity than canonical fibroblast markers such as PAHB which was
expressed in multiple cell types (figure S3A). The expression of Saa3 in cluster 1
increase gradually and reached the highest level at 7 dpi (figure 4N). Saa3 is a
pseudogene, and acts as an inflammatory ligand and target of long non-coding RNA
(IncRNA) metastasis associated lung adenocarcinoma transcript 1 (MALAT1). Saa3
was accompanied by increase of inflammatory mediators, tumour necrosis factor alpha
(TNF-0) and interleukin 6 (IL-6) (80). Additionally, Saa3 is a key mediator of the
protumorigenic properties of cancer-associated fibroblasts in pancreatic tumors (87).
So far, the role of Saa3 in scar formation is unclear.

In spinal cord, fibrotic scar become mature gradually (figure S3C) and limits CNS
regeneration in adult mammals. Similarly, skin wounds generally heal by scarring, a
fibrotic process mediated by the Engrailed-1 (Enl) fibroblast lineage (82). Preventing
Engrailed-1 activation in fibroblasts yields wound regeneration without scarring. It is
unknown whether fibrotic scar-forming in spinal cord need Engrailed-1 activation. In
the current study, ST maps showed Enl almost was rarely expressed in spinal cord

before and after injury (figure S3D), suggesting CNS having a different fibrotic scar-
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forming. Another study found Jun promotes hypertrophic skin scarring via CD36 in
vitro and in vivo models (83). Indeed, we observed that injury enhance Jun expression
(figure S3D). Particularly, CD36 was obviously induced in the injury and very limited
to the area of scar (figure 40). Previous study has found CD36 deletion improved
recovery from spinal cord injury in mouse, but they didn’t identify the cell type
expressing CD36 (84). In our data, there's a fair amount of overlap between CD36"
spots and a-SMA™ (gene name Acta2) activated fibroblasts (figure S3A), suggesting
CD36" involved in contractures of the activated fibroblasts for scar formation. Specially,
59.83% percent of CD36" cells were GLAST positive at 28 dpi. Targeting CD36 may
be a direction for spinal scar therapy. Taken together, we identified the spatiotemporal
distribution and origin of fibroblast subtypes at the injury site after SCI.

ST analysis of microglia heterogeneity reveals the specific roles during gliosis

Microglia play a crucial part in scar formation (67, 85). To assess the cellular
heterogeneity among microglia at the injury site, re-clustering analysis was performed
and visualized on spatiotemporal maps (figure SA) and a UMAP (figure S4A-B). We
identified six microglia subtypes, which were labeled cluster 0 to 5 (figure 5B, figure
S4C). Base on the spatiotemporal maps, we found cluster 1 cells mainly distributed in
the boundary of fibroblast foci in scar at 7dpi and diminished rapidly. On the contrary,
cluster 0 cells replaced cluster 1 cells in the boundary of fibroblast foci. The fibroblast
number in Cluster 0 increased gradually from 7dpi to 28dpi (figure 5B). ST maps
characterized the expression of P2Y12-a marker for homeostatic microglia, CD68 and
Ibal-the markers for activated microglia (figure S4D).

To characterize the functions of these clusters, we listed top 5 differential genes
for each cluster (figure 5C), and enriched the GO terms base on highly expressed genes
(figure S4E). The top terms showed cluster 0 cells have high enrichment factor in axon
ensheathment, axon development and ensheathment of neurons. The pathway of ECM-
receptor interaction was also significantly enriched in cluster O cells. Interesting, ST
maps showed the minority of cluster 0 cells crossed the boundary of fibroblast scar.
Cluster 1 cells, cluster 2 cells, cluster 3 cells exhibited significant enrichments for

angiogenesis, extracellular matrix organization and extracellular structure organization.
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The GSVA score of cardiac muscle contraction pathway analysis peaked at 7 dpi and
might explained the phenomenon of scar contracture (figure 5J). In addition, cluster 5
cells exhibited significant enrichments for negative regulation of cell motility, negative
regulation of cell migration, negative regulation of locomotion and r negative regulation
of immune system process, which were similar to the function of neonatal microglia
(85). Unfortunately, cluster 5 cells are few, and was not enough to change the whole
inflammatory environment.

We next investigated the communication and interaction between microglia and
fibroblast, the interface regions of clusters were selected with the range of at least 2
spots for each cluster. The top enriched gene-pairs included TNFRSF1B GRN,
TNFRSF1A GRN, SPP1_CD44, PLXNB2 PTN, GPR37L1 PSAP and GPR37 PSAP
(figures 5D and SE, figures S4F and S4G). For example, PLXNB2 are transmembrane
receptors that participate in axon guidance and cell migration in response to
semaphorins (86). Plexin B2 was induced in injury-activated microglia and
macrophages early after SCI and facilitated the formation of concentric rings of
microglia and astrocytes around the necrotic core of the lesion in a mouse model of SCI
(87). ST maps showed Plexnb2" cell enriched in scar area (figure 5K). Additionally,
GPR37L1 PSAP and GPR37 PSAP were top 2 enriched gene-pairs between microglia
cluster 0/1/3 and fibroblast cluster 1 from 14 dpi to 28 dpi. Prosaposin (gene name
PSAP) can be secreted from various cell types in response to cellular stress. Secreted
PSAP can initiate endocytose or pro-survival signaling pathways via binding to GPR37
and GPR37L1 (88, 89). ST maps showed PSAP was enriched in scar-resident
fibroblasts (data not shown) and GPR37L1 was enriched in scar-resident microglia
(figure 5L), but the exact role of fibroblast secreted PSAP s should be explored in future.

Subsequently, we conducted the trajectory analysis (figure SF-I) and the pseudo-
time trajectory algorithm (figure 5G). The trajectory direction started from cluster 1
cells and cluster O cells to a separate branch consisting of cluster 2-5 (figure SH). We
observed that the expression level of enriched genes associated with axon ensheathment
and axon development, such as Tnc, Fnl, Sirt2, Ugt8a and KIk8, gradually increased

following the scar stabilization. On the contrary, Sema3b, Mmpl2 and Laminin
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gradually declined. We also observed that the expression level of G protein-coupled
receptor 17 (Gprl7) significantly increased. Gprl7, a P2Y-like receptor, may act as a
'sensor' of damage that is known to be activated by both uracil nucleotides and
cysteinyl-leukotriene released in the lesioned area, and could also participate in post-
injury responses (90), In non-injured spinal cord parenchyma, Gprl7 is present on a
subset of neurons and of oligodendrocytes at different stages of maturation, whereas it
is not expressed by astrocytes. Induction of SCI resulted in marked cell death of Gprl17*
neurons and oligodendrocytes inside the lesion followed by the appearance of
proliferating Gprl7" microglia/macrophages migrating to and infiltrating into the
lesioned area (97). In vivo pharmacological or biotechnological knock down of Gprl7
markedly prevents brain infarct evolution, suggesting Gprl7 as a mediator of neuronal
death at this early ischemic stage (92). Gprl7 also acts as an intrinsic timer of
oligodendrocyte differentiation and myelination. Pharmalogical targeting of Gprl7
signaling in OPCs and microglial inhibition of oligodendrocyte maturation together
promote robust myelination of regenerated axons after CNS injury (93). The classically
activated neuroinflammatory microglia induce A1 astrocytes by secreting I1-10, TNF
and Clq, and that these cytokines together are necessary and sufficient to induce Al
astrocytes (94). ST maps characterized the enhanced expression of Clga in six
microglia subtypes at different time point (figure S4H).

Recent study found microglia-organized scar-free spinal cord repair in neonatal
mice. Fibronectin” microglia in cluster 3 (MG3) formed bridges between the two
stumps starting from 3 dpi. Activated microglia were observed inside the lesion in the
absence of GFAP" astrocytes and collagen I" fibroblasts (85). In our adult mouse model,
ST maps showed A few microglia in cluster O crossed the fibroblasts scar and formed
bridges between the two stumps at 14 dpi. Unfortunately, the bridges eventually
disappeared at 28 dpi. We profiled the selected cells that crossed the fibroblasts scar
and found Nxpe3, Pirb and Nr4al specificity highly expressed in these cells (figure
SM). THC verified the expression of Nxpe3 in the boundary of fibroblast scar (figure
5N). Finally, we profiled ECM-related genes (for example, Fnl, ECM1 and Thbsl),

wound healing genes (for example, Anxal), positive regulation of cell adhesion (for
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example, Sppl), negative regulation of hydrolase activity (for example, Cstb, Serpinb6a
and Stfal), negative regulation of immune system process (for example, Argl), disease-
associated genes (for example, Igf1l and Clec7a), embryonic stem cell-related genes (for
example, Ms4a7, Lgals and Ms4a6c¢), phospholipase inhibitor activity (for example,
Anxa2, Anxa5 and Apocl) in six microglia subtypes. These genes were highly
expressed in MG3. But, we found that Stfal and Clec7a weren’t expressed in six
microglia subtypes, the expression level of Argl and Thbs1 were very low (figure 50).
Specially, Anxal, a potent anti-inflammatory protein, may contribute to the ability of
MGS3 cells to mediate rapid inflammation resolution and were barely expressed in the
microglia of cluster 2 and cluster 3, which were the two major types of microglia in the
scar at 28 dpi (figure S4I anf figure 5B). These difference between the microglia in six
clusters with the MG3 cells in neonatal mice may contribute to decipher the difference
in regenerative ability between adult and neonatal mice.

Six different astrocyte subtypes are identified by ST.

Astrocytes are thought to be the main drivers of encirclement. Tightly connected
astrocytes continuously reshape the boundary at the edge of injury, wrapping immune
cells and fibroblast-like cells with ephrin-mediated cell adhesion and spatially isolating
remaining neural tissue from injury and fibrosis (56, 71, 95). We next assessed the
cellular heterogeneity among astrocyte at the scar, re-clustering analysis was performed
and visualized on spatiotemporal maps (figure 6A) and a UMAP (figure SSA-B). We
identified six astrocyte subtypes, which were labeled cluster 0 to 5 (figure 6B, figure
S5C). Base on the spatiotemporal maps, we found cluster 2 cells mainly distributed in
the grey matter layer of microglia concentric rings in scar at 7dpi and diminished rapidly.
Cluster 2 cells might represent protoplasmic astrocytes. On the contrary, cluster 0 cells
mainly distributed in the white matter layer of scar, suggesting these cells represented
fibrous astrocyte. The astrocyte number in Cluster 0 peaked at 14 dpi (figure 6B). The
astrocyte number in cluster 1 continuously increase. ST maps characterized the
expression of GFAP and Lcn2-the markers for activated astrocyte (figure S5D-E).

To further explain the biological process of the subgroup, we characterized top 5

differential genes for each cluster (figure 6C), and enriched the GO terms base on highly
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expressed genes (figure 6D). The top terms showed cluster 0 cells have high enrichment
factor in traditional functions (96), such as neurotransmitter transport and synaptic
vesicle cycle. In addition, cluster 0 cells also exhibited significant enrichments for
myelination, axonogenesis, axon ensheathment, axon development and regeneration.
The GSVA score of synaptic vesicle cycle pathway analysis and axon guidance also
supported this view (figure 6E). Cluster 1 cells also exhibited significant enrichment
for ATP metabolic process. The corresponding KEGG analysis showed cluster 1 cells
have high enrichment factor in cardiac muscle contraction pathway. The GSVA score
showed it peaked at 7dpi around the microglia scar (figure 6E). The top terms showed
cluster 2 cells have high enrichment factor in regulate brain energy metabolism and
homeostasis (56), such as ATP metabolic process and generation of precursor
metabolites and energy. Interesting, cluster 4 cells exhibited significant enrichments for
osteoblast differentiation, regulation of ossification, cellular response to zinc ion and
cellular response to copper ion. Astrocytes were known to remove excessive potassium
ions in the microenvironment (97). Here, we found cluster 4 cells contributed to the
homeostasis in zinc ion /copper ion, which caused neuronal cell death (98).

We next conducted the trajectory analysis (figure 6F) and the pseudo-time
trajectory algorithm (figure 6G). The trajectory direction started from cluster 2 cells to
a separate branch consisting of cluster 0, 1, 3, 4, 5. We observed the genes with
significantly elevated levels of expression were associated with immune response
Lectin induced complement pathway, such as complement Clq Chain A (Clqa),
complement Clq Chain B (Clgb) and complement C1q Chain C (Clqc) (figure 6H).
Slute carrier family 25 member 22 (Slc25a22), solute carrier family 7 member 10
(Slc7al0) and solute carrier family 1 member 2 (Slcla2) were involved in homeostasis
of excitatory neurotransmitter glutamate, and markedly decreased. At the same time,
solute carrier family 32 member 1 (Slc32al), involved in gamma-aminobutyric acid
(GABA) and glycine uptake into synaptic vesicles, also markedly declined. The relation
between the local excitatory disorder after SCI and these transporters downregulation
remain unknow (47). In addition, the pro-regeneration molecular inhibin subunit beta

A (Inhba) markedly declined followed by the increase of Semaphorin 3B (Sema3b)
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(figure 6I), which inhibits axonal extension. These changes suggested the
microenvironment of the astrocyte scar switched to inhibit regeneration with the
maturation of scar (figure S5F) (57, 99).

Subsequently, we next investigated the communication between astrocyte and
microglia. The top enriched gene-pairs included TNFRSF1B_GRN, TNFRSF1A GRN,
SPP1 PTGER4, SPP1 CD44, SPP1 a9bl complex, SPP1 a4bl complex,
PLXNB2 SEMA4D, PLXNB2 PTN, GPR37L1 PSAP, GPR37 PSAP, CD74 MIF
and CD74 APP (figure 6J). Interesting, GPR37L1 PSAP, GPR37 PSAP and
PLXNB2 SEMA4D were in the top relationship between microglia and fibroblast.
Here, these pairs were still critical. For example, GPR37L1 PSAP and GPR37 PSAP
were top 2 enriched gene-pairs between astrocyte cluster 2/4 and microglia cluster 0/1.
Additionally, the expression level of Semadd gradually increased, and the pair of
PLXNB2 SEMAA4D between astrocyte cluster 2/4 and microglia cluster 1 has been
enriched. These data indicated there were some common mechanisms mediate cell
connections in the scar.

Finally, we profiled the single-cell regulatory network inference and clustering
(SCENIC) analysis(/00) and found the six subgroups were grouped into two major
groups (figure 6J). The cell number of groups 1 (cluster 0, cluster 1 and cluster 4)
increased gradually. Groups 1 cells might represent the traditional A1 astrocyte (94). In
addition, ST maps showed that group 1 cell wrapped microglial scar at intermediate
stage (14 dpi, 28 dpi). Interesting, we found 10 transcription factors drived astrocyte
transformation to the A1l like-groups 1 cells. Additionally, Eph/ephrin signaling can the
activated astrocytes maintain the homeostasis of extracellular glutamate. The EphA4
signaling prevents glutamate excitotoxicity (/07). ST maps showed that the expression
level of EphA4 was quite low, suggesting the neurotransmitter disorder in scar (figure
S5@G). Transglutaminase 2 (TG2) plays a key role in regulating the response of
astrocytes to damage. Astrocytic-specific TG2 deletion or inhibition results in a
significant improvement in functional recovery after SCI (/02). ST maps showed TG2
was upregulated in astrocytes in scar at different time point after SCI (figure S5H). Glial

BAI3 and BAIl binding to RTN4/NoGo receptors regulate axonal elongation and
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synapse formation, thereby controlling neural network activity (/03). Our ST showed
the expression level of Bai3 in astrocyte scar was low at different time point after SCI
(figure S5I). Additionally, astrocyte-derived saturated lipids contained in APOE and
APOJ lipoparticles mediate toxicity. Eliminating the formation of long-chain saturated
lipids by astrocyte-specific knockout of the saturated lipid synthesis enzyme ELOVLI
mitigates astrocyte-mediated toxicity (/04). Our ST showed the activated astrocytes in
scar have high expression of Apoe, Apoj and Elovll (figure S5J). An unexpected
finding was that the activated astrocytes in scar have high expression of Clu (figure
S5K), an anti-neuroinflammatory gene. The previous study showed that CLU was
secreted by Schwann cells in peripheral sciatic nerve and induced outgrowth of sensory
neurons, but not motor neurons (50). Recently, an exciting result showed 'runner
plasma’, collected from voluntarily running mice and infused into sedentary mice,
reduces baseline neuroinflammatory gene expression and experimentally induced brain
inflammation. Mechanically, the complement cascade inhibitor CLU in plasma reduced
neuroinflammatory gene expression in a mouse model of acute brain inflammation and
a mouse model of Alzheimer's disease (/05). The exact role of Clu in spinal cord injury
remains unknown. In a word, these findings call for a reinterpretation of astrocyte
infiltration into the scar and may inform future therapeutic approaches.
ST identified the different oligodendrocyte subtypes in the scar

Oligodendrocyte wrapped around the axons of neurons in the CNS, forming
myelin insulators on the surface of neurons that allow electrical signals to travel more
efficiently. Interesting, subpopulations of oligodendrocyte and their progenitor cells
have much in common with immune cells in mouse models of multiple sclerosis, and
they can be involved in clearing myelin sheaths damaged by disease, in a manner
similar to immune cells (/06). We next assessed the cellular heterogeneity among
astrocyte at the scar, re-clustering analysis was performed and visualized on
spatiotemporal maps (figure 7A) and a UMAP (figure S6A-B). We identified three
oligodendrocyte subtypes, which were labeled cluster 0 to 2 (figure 7B, figure S6C).
Base on the spatiotemporal maps, we found cluster 0 cells mainly distributed in the

outer layer of astrocyte concentric rings in scar at 3 dpi and diminished rapidly. On the
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contrary, cluster 2 cells mainly distributed in the white matter of scar (figure 7A). The
oligodendrocyte number in cluster 1 continuously increase. ST maps characterized the
expression of Mbp, Mog, Mag, and Cldn11-the markers for activated astrocyte (figure
S6D-E).

To further explain the biological process of the subgroup, we characterized top 5
differential genes for each cluster (figure 7C), and enriched the GO terms base on highly
expressed genes (figure SO6F). The top terms showed cluster O cells have high
enrichment factor in response to wounding. In addition, cluster 0 cells also exhibited
significant enrichments for epithelial cell proliferation, regeneration, angiogenesis,
axon regeneration and glial cell migration. The GSVA score of p53 signaling pathway
analysis and also supported this view (figure 7D). But cluster 0 cells diminished
gradually. Additionally, cluster 1 cells exhibited significant enrichments for neutrophil
activation involved in immune response, leukocyte mediated immunity, antigen
processing and presentation and macrophage activation. The GSVA score of antigen
processing and presentation analysis enriched in cluster 1 cells significantly increased
from 7 dpi to 28 dpi (figure 7D), suggesting they can work in a manner similar to
immune cells (/06). Cluster 2 cells exhibited significant enrichments for
neurotransmitter transport, regulation of synaptic plasticity and neurotransmitter
secretion. The GSVA score of GABAergic synapse in top 3 pathway analysis enriched
in cluster 2 cells significantly increased from 7 dpi to 28 dpi (figure 7D), which may be
related to the inhibition of neuronal excitability after injury (47).

We next conducted the trajectory analysis (figure 7E) and the pseudo-time
trajectory algorithm (figure 7F). The trajectory direction started from cluster O cells to
a branch consisting of cluster 1 and 2. We observed the expression level of serpin family
E member 1 (Serpinel), a component of innate immunity, gradually declined. But beta-
2-microglobulin (B2m), a component of the class I major histocompatibility complex
(MHC), was involved in the presentation of peptide antigens to the immune system and
gradually increased. Galectin 1 (Lgalsl), playing a role in regulating apoptosis,
gradually declined. Interesting, solute carrier family 6 member 1 (Slc6al) and solute

carrier family 32 member 1 (Slc32al) mediated the rapid removal of GABA and
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maintain low extracellular levels. The expression level of them significantly increased,
suggesting oligodendrocyte also participated in the regulation of excitability in the scar.
In addition, cell adhesion molecules neurotrimin (Ntm) exerts an inhibitory impact on
neurite outgrowth (/07), whereas its expression level significantly increased during the
maturation of scar.

Finally, we profiled SCENIC analysis (figure 7I) and found Foxcl potentially
controlled cluster 0 cells. Foxcl was as an important regulator of cell viability and
resistance to oxidative stress in the eye (/08). Irf7 and Ifr8 controlled cell fate of cluster
1 cells. Interesting, Sox10 controlled cell fate of cluster 2 cells. Sox10 were verified to
play a central role in oligodendrocyte maturation and CNS myelination. Specifically,
Sox10 activates expression of myelin genes, during oligodendrocyte maturation, such
as Dusp15 and Myrf (109).

Oligodendrocyte death after SCI contributes to demyelination of spared axons.
Bone morphogenic protein-7 (BMP7) could potently inhibit TNF-a-induced
oligodendrocyte apoptosis (/10). Overexpression of BMP7 reduced oligodendrocytes
loss and promoted functional recovery after spinal cord injury (/7). In our data, ST
maps showed cells secreted BMP7 were mainly in the fibroblast scar, suggesting its
beneficial role (figure 7J). Last, ST maps characterized the expression of CD74-a
component of the class II major histocompatibility complex (MHC) (figure 7K). CD74
is a critical chaperone that regulates antigen presentation for immune response (/72).
All the three oligodendrocyte subtypes have a moderate expression of CD74. Taken
together, these findings call for a reinterpretation of oligodendrocyte infiltration into
the scar and deciphered the potentially functions.

Gene regulatory networks controlling the scar programming

To better understand scar-relevant changes in genes regulation and interactions
between cell types, we carried out WGCNA and an unbiased coexpression analysis (38)
of our ST data. In WGCNA, 2000 genes (Table S4) from the spatiotemporal
transcriptome dataset in cluster 2 and cluster 3 (figure 1H) are clustered. The branches
of highly correlating genes were formed, which were cut and assigned a color. Finally,

the correlation of genes and modules was calculated (figure 8A), and 14 modules were
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identified (figure 8B and figure S7A). Among the 14 modules, the MEgreenyellow
module had the most significant correlation with the time (figure S7A), which gradually
increasing following the scar formation and approximately representing microglia and
astrocyte (figure 8B). We next conducted the network of the enriched hub module genes
involved in Megreenyellow to identify key controlling genes (figure 8C). Meblue
module and Meblack module had the most significant correlations with the early acute
stage (3 dpi) and represnting macrophage and oligodendrocyte, and hub module genes
in Meblue (figure 8D) and in Meblack (figure S7B) were respectively carried out.

Subsequently, we adapted another unbiased coexpression analysis more suitable
for ST data (38). We identified 18 major coexpression modules on the basis of 2,000
highly variable genes from all spatiotemporal transcriptome dataset (Table S5). Among
them, module 3, 8, 10, 16, and 17 are highly correlated and used as candidate analysis
modules (figure 8E). ST maps showed the spatiotemporal activities of module 3, 8 and
10 (figure 8F). We next grouped the genes of module 3, 8 and 10 on the basis of their
expression pattern, resulting in submodules (figure 8G, figure S7C-7F). Col3al, colla2
and collal (submodule 8.1) have highest corelation score (figure 8G). KEEG pathways
enrichment analysis of the submodules 8.1 show that they are enriched for ECM-
receptor interaction (figure 8H). Gpnmb, Lyz2, Ftfl, Lgals3, Ctsd and Ctsb (submodule
10.3) have highest corelation score (figure S7E). KEEG pathways enrichment analysis
of the submodule 10.3 show that they are enriched for lysosome (figure S7F).
Collectively, the pathway activities encompassed by module 8 and 10 reveal signaling
within and between cell types during glial and fibroblastic activation in the scar.
The scar boundary was reinterpreted by ST

The traditional characteristics of lesion site in mice after adult injury were scare
structure visualization with immunofluorescence for laminin, fibronectin, chondroitin
sulfate proteoglycan (CSPG), GFAP, CD68, CD31 and collagen (85). All these data
came from the sections and we lack a global understanding of its distribution throughout
the spinal cord scar. Although diffusion tensor imaging (DTI) could accurately provide
information of cavity area after SCI, this method is difficult to distinguish cell types

(113, 114). With the help of tissue transparency, laminin, fibronectin and collagen were
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re-characterised in our mice model of T10 right lateral hemisection (figure 9A).
Laminin was highly enriched in the wound area at 7 dpi. On the contrary, fibronectin
and collagen was relatively low expression, which were different form the expression
pattern of neonatal mice in spinal cord crush. We next applied our ST data to exhibit
the laminin (figure 9B), fibronectin (figure 9C). Overall, the ST maps showed
fibronectin was upregulated in the injury site and roughly characterised the region of
scar in the early acute stage (3 dpi), subacute stage (7 dpi) and intermediate stage (14
dpi). On the contrary, the ST maps showed laminin was upregulated in the injury site
and clearly characterised the region of scar in the subacute stage and intermediate stage.
The ST maps of CD31 showed the neovascularization failed to penetrate the scar (figure
9D), which was similar to slices staining (85). Collectively, it is a potential
breakthrough that combining the ST maps of scar markers to identify the size of scar.
To define the distribution of each cell type more accurately, we counted the number and
fraction of each cell type maintaining scar architecture at different time after SCI (figure
9E and 9F), and found that fibroblasts are always in the center during scar shrinkage
and maturation. Fibrotic scars are surrounded by microglial scars, which are wrapped
by the astrocytic scars (/75). Specially, microglial scars and astrocytic scars did shrink
at the gray matter. But they expanded a larger area along white matter at 28 dpi (figure
9E and 9F). Taken together, we identified the spatiotemporal dynamics of key genes in
specific cell types, thus providing a global atlas of gene expression and molecular

regulation driving scar formation following SCI (figure 9G).
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Discussion

After the adult mammal’s CNS is injured, the scar tissue formed is essential to seal
the damaged tissue and control the damage expansion, but it is also a barrier to nerve
regeneration. A mature CNS scar is a compartmentalized structure that contains a
variety of cells. For example, activated astrocytes surround the outer layer of fibrous
scar tissue and constitute the glial component of the scar. Non-neural cells, including
local and infiltrating immune cells and fibroblasts that produce extracellular matrix,
gather in the core of the scar and constitute the fibrosis or matrix component of the scar.
Although many different types of cells are thought to be involved in fibrotic scars, it is
difficult to accurately track and observe their genetic fate in vivo due to the lack of a
lineage tracing system for the corresponding cells. scRNA-seq allows us to use single-
cell transcription profiles to study cellular heterogeneity in the CNS, thereby improving
our understanding of CNS diseases. However, scRNA-seq generally do not involve
spatial patterns of gene expression. Here, we provided a comprehensive resource map
of the glial scars formed after spinal cord hemisection. For the first time, we constructed
the measurement of gene expression in the mouse spinal cord tissue during the scar
formation with ST technology, describing cell lineage trajectories and spatial
heterogeneity that single-cell technology cannot achieve.
New hints of glial scar components obtained by ST technique
A mature central nervous system scar is a compartmentalized structure that contains a
variety of cells (9). Activated astrocytes and microglia surround the outer layer of
fibrotic scar. Non-neural cells, including local and infiltrating immune cells and
fibroblasts, gather in the core of the scar. Using ST technology, we found that activated
oligodendrocytes surrounded the outer layer and involved in immune homeostasis.
Even scar-resident oligodendrocytes obstructed axon extension through secreted Ntm.
Additionally, the traditional view is that scar-resident macrophages come from the
blood supply (58) (64). But recent studies have shown that monocytes after spinal cord
injury can come from adjacent skull and spine bone marrow (66). Our ST diagrams also
verified the majority of scar-resident macrophages were derived from adjacent skull in

our model.
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Spatiotempora-specific action of glial scars in spinal cord repair deciphered by ST
technique

The current general view of glial scars is that glial scars have detrimental properties
(inhibiting axon regeneration) and beneficial properties (protecting spare nerve tissue),
but their exact time-specific roles are still poorly understood (78, 77). Although scar-
resident fibroblasts obstructed axon extension at intermediate stage (14 dpi, 28 dpi),
they secreted Bmp7 to support the survival of scar-resident oligodendrocytes. During
the process of gliosis and fibrosis, the bidirectional ligand-receptor interaction on the
cluster boundary helps to maintain the scar structure. The spatiotemporal changes of
the cell's position in the scar may be related to its function. A special subset of neonatal
microglia can form bridges between the two stumps after SCI and mediate the axon
regeneration (85). Through ST analysis, we also found that a special subset of adult
microglia can cross the fibrotic scar and build a bridge. But these bridges eventually
disappeared at 28 dpi, suggesting the difference of regeneration ability at different
stages of development is closely related to scar microenvironment. ST also identified
that Cluster 1 cells were likely to be M2 macrophages and always in the core of injury
site. Interesting, cluster 1 cells have high expression level of Ccr2, suggesting they were
bone marrow-derived mononuclear macrophages.

New treatment strategies to eliminate scars provided by ST technology

In recent years, the reconstruction of regenerative microenvironment based on
biomaterials and the promotion of functional rehabilitation have become one of the
frontiers of spinal cord injury treatment. The ideal scaffolds have good biocompatibility,
biodegradability and biomechanical properties. These characteristics help to more
effectively repair SCI through the reconstruction of regenerative microenvironment
(116). For example, neurotrophin-3 (NT-3)-loaded chitosan biodegradable material
(1/17) and small molecules combined with collagen hydrogel (//8) enabled robust
neural regeneration and functional restoration. To reduce microglia/macrophage
mediated-inflammation, a combination of photo-crosslinked hydrogel transplantation
and colony-stimulating factor 1 receptor (CSF1R) inhibitor (PLX3397) treatment

inhibited pro-inflammatory factors via activated microglia/macrophages depletion and
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promoted endogenous neural stem/progenitor cells (NSPCs) neurogenesis (/79).
Spatial transcriptomics technologies provide an unbiased spatial composition map and
gradually become a powerful tool to decipher tissue development and pathology (720).
Except for microglia/macrophages, our ST found both astrocytes and oligodendrocytes
involved in maintaining inflammatory homeostasis. Specially, the effects of
oligodendrocytes are not well understood. CLU derived from plasma has been proved
to be a pivotal anti-inflammatory effector in a mouse model of acute brain inflammation
and a mouse model of Alzheimer's disease (/05). The CLU-1rs9331896-TT genotype
was even a risk factor for Parkinson's disease (PD) (721, 122). ST showed activated
astrocytes had high expression level of Clu at the acute stage and subacute stage, and
gradually decreased at intermediate stage. CLU-loaded biodegradable material can
control release rate and might help to reverse the deficiency of CLU at intermediate
stage for glial scars treatment. Another issue is the persistent existence of CD36"
myofibroblast in the scar core. Tissue-resident fibroblasts have the known role in scar
fibrosis (123, 124), and emerge as a key cell type in regulating activation or suppression
of an immune response (/235), For example, dermal fibroblasts that recruit and activate
CD8" cytotoxic T cells through secreted chemokines are responsible for driving
patterned autoimmune activity in vitiligo (/26). In our model, SCI induced a significant
fibroblast response, which formed fibrotic scar that restrict the regeneration of adult
mammalian axon. Both our ST and the previous study have proved that scar associated
fibroblasts are derived from type A pericytes (/27). We hypothesize that we can
promote functional recovery by eliminating scar associated fibroblasts. Fortunately, a
moderate reduction by genetic strategy in pericyte-derived fibrosis can reduce scar
pathology and achieve functional recovery (74). ST analysis showed that CD36, which
is involved in skin scar formation, was obviously activated in scar-resident fibroblasts.
This suggests that CD36 may become a therapeutic target for spinal cord scars.
Salvianolic acid, an inhibitor of CD36, may become a new therapy for drugs to
eliminating scar-resident fibroblasts (83, 128, 129). Additionally, during skin wound
healing in the mouse, adipocytes regenerate from myofibroblasts, a cell type thought to

be differentiated and nonadipogenic (/30), suggesting the possibility that scar-resident
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fibroblasts can be eliminating through the reprogramming (/37).

Spatial transcriptomics maps of healthy or diseased tissues facilitate unbiased
exploration and hypothesis generation. We found that the spatial mapping of the
differentiation transition more comprehensively describes the possible trajectories
between glial cells, fibroblasts and immune cell subpopulations, and more accurately
defines the scar boundary and the extent of the lesion. Thus far, the current ST method
still faces challenges, including resolution and sensitivity limitations, and throughput.
But, with the continuous updating of technology, these problems are being gradually
overcome by researchers.

Our transcriptome data set aims to present a comprehensive decoding of glial scars,
and will serve as a reference for future research. We believe that our data will help
understand the spatial gene expression and gene regulatory network of spinal glial scars,
and provide ideas for potential clinical treatment strategies. Last, we present all aspects
of these highly dimensional data via an interactive resource, spatio-temporal cell atlas

of the mouse spinal cord scar (STASCS).

37


https://doi.org/10.1101/2021.12.20.473346
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.20.473346; this version posted December 21, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

Competing interests: The authors declare that they have no conflict of interests.

Acknowledgement
We thank Lai Xu and Xiaoqing Yu for assistance in the preparation of the
manuscript and figure. Thanks to the Shanghai Sinotech Genomics Co., Ltd. and

Shanghai Biochip Co., Ltd. for excellent technical assistance.

38


https://doi.org/10.1101/2021.12.20.473346
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.20.473346; this version posted December 21, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

Figure legends

A B

uninjured Sibmm Gene maps
1 section 2 sections 2 sections £ Cell-cell
uE) interactions
© analysis
3d 7d 14d 28d )
v | | | 2-® e Trajectory
/ 8 sections 7 sections 6 sections 6 sections __sreconsiruction
e

ww g

C D nUMI E nGene

Mpz
3 m’cwa‘
" S0 Gpnmp Igfop6
4 2 Snap25 LgalsB{;1 ’Qi
Q o4 Nefm  Pl1 ﬁ et
; B 1| B ety
= : o R m ey
H 2 m S0 S 4
3 o é _1 2. 3 ....‘ = P s
. §
1 -2 o Adjusted P_value<0.01
® Adjusted P_value==0.01
s 5
ko ¥ ) ¥ i T 7 T Eq 7 7 T
. ke s e
F uninjured

14 dpi 28 dpi
’

oo . 4

* 14 dpi
NAp

T ] T o
© 7 umaea ° *

]
UMAP_1

28 dpi  Cell type

H uninjured

@0
@1
02
@3

any lenesis
wound healing  2"9108! astrocyte differentiation

tissue remodeling 100%- ATP metabolic process
synaptic vesicle cycle

axon development
response to endoplasmic reticulum stress axon ensheathment

response to axon injury axon guidance

GSVA Score

regulation of neurotransmitter levels. axonogenesis

) extracellular structure organization
7
¥ generation of precursor

metabolites and energy

regulation of neuron death

regulation of inflammatory response

regulation of endocytosis glial cell differentiation

regulation of cell morphogenesis
involved in differentiation

myelination
negative regulation of oxidative stress-

regeneration induced cell death s
purine neurotransmitter transport 8
positive regulation of tumor necrosis factor positive regulation of neuron proj e
=
?
° 0
@~ Cluster0 Cluster 1 -@— Cluster2 Cluster3

Figure. 1 Generation of a spatiotemporal transcriptional atlas of mouse glia scar

(A) Overview of the whole study design for glia scar formation and location of sections
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used in this study. (B) Experimental workflow and analysis for spatial RNA-seq of glia
scar in adult mouse at four stages of scar maturation after T10 right lateral hemisection.
Spatial microarrays have 4992 spatially barcoded spots of 55 um diameter and 100 pm
center-to-center distance. The Spatial Transcriptomic (ST) procedure yields matrices
with read counts for every gene in every spot, which are then decomposed by a set of
factors (“cell types™). (C) Uniform Manifold Approximation and Projection (UMAP)
plot of spots from all the sections was visualized using Seurat (v4.0) package and
profiled the cell clusters. (D and E) UMAP profiled the number of the expressed UMI
(nUMI) and genes (nGene), respectively. (F) H&E staining images show the changes in
pathological morphology of glia scar maturation. (G) UMAP profiled the spots at
different time after injury, respectively. (H) The UMAP spots were mapped to their
spatial location, respectively. (I) The top 5 highest differentially expressed genes (DEGs)
were listed in each cluster listed. (J) The Gene Ontology (GO) analysis data were
enriched for each cluster. (K) GSVA score of ferroptosis signaling pathway were
counted at three stages in Layer 3. (K) GSVA score of GABAergic synapse pathway

were respectively counted at three stages in Layer 3.
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Figure. S1 Quality control and spatial distribution of the spots involved in the glia

scar formation

(A) The representative images of sections position from the samples at 3 dpi. (B) The
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representative images of the captured spots in the sections from the samples at 3 dpi.
(C) Violin Plots showing the nUMI and nGene in the sections from the samples at 3 dpi.
(D) Violin Plots showing the representative genes of cluster 2 cells and cluster 3 cells,
the scar-associated clusters. (E) The spatial feature plots of Sppl, a stress response-
associated-gene. (F) The symmetric distribution pattern of cluster O cells and cluster 1
cells in normal spinal cord, and these cells were divided into four layers from layer 1 to
layer 4. Subsequently, these cells in the scar were divided into four layers by similar
approaches. (G) Selected Gene Set Variation Analysis (GSVA) terms that were enriched
in different layer at different stages of scar maturation. Fish’s exact test in the pathway

enrichment was used.
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Figure. 2 Cataloguing resident cells in the glia scar maturation with ST
(A) UMAP spots showing the re-clustering analysis of cluster 2 cells and cluster 3 cells

from four stages of scar maturation. (B) Histogram showing the number of spots in each
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subpopulation. (C) Bar plot showing the fraction of all spots comprised by each
subpopulation from different stages of scar maturation. (D) UMAP spots embedding
overlay showing the distribution of spots at different time points after injury. (E) UMAP
spots embedding overlay showing the six main cell clusters at different time points after
injury. (F) Heat map showing the top 10 markers for individual clusters annotation
shown as fraction of expression (color) of gene markers (columns). (G) The spatial
maps showing the six main cell clusters at different time points after injury. (H) The
spatial maps showing the GSVA score of wound healing enriched in the six main cell

clusters at different time points after injury.
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Figure. 3 Phenotypic and functional heterogeneity of macrophage in the glia scar
(A) The spatial maps showing the distribution of three macrophage clusters in the glia

scar at 3 dpi and 7 dpi. (B) UMAP spots showing the three clusters of macrophages in
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the glia scar at 3 dpi and 7 dpi. (C) Histogram showing the number of spots in each
subpopulation at different time points after injury. (D) Bar plot showing the fraction of
all spots comprised by each subpopulation at different time points after injury. (E) Heat
map showing the top 10 markers for individual clusters annotation shown as fraction of
expression (color) of gene markers (columns). (F) The spatial maps showing the GSVA
score of axon guidance pathway enriched in cluster 0 cells, phagosome pathway
enriched in cluster 1 cells and ECM-receptor interaction pathway enriched in cluster 2
cells at different time points after injury. (G, H and I) Trajectory of macrophage in the
glia scar from cluster 1 cells into cluster 0/2. (J) Heat map showing the upregulated or
downregulated genes in different cell fate. (K) Violin Plots and the spatial maps
showing the expression of Thbsl at different time points after injury. (L) Violin Plots
and the spatial maps showing the expression of Colla2 at different time points after
injury. (M) Immunofluorescence (IF) stained 3 dpi and 7 dpi scars for Thbsl (red),
F4/80 (green) and DAPI (blue) confirming Thbs1 overexpressed in three macrophage
clusters (n=3). Scare bar, 200 um. (N) IF stained 3 dpi and 7 dpi scars for Colla2 (red),
CD68 (green) and DAPI (blue) confirming Colla2 overexpressed in three macrophage
clusters (n=3). Scare bar, 200 pm. (O) The spatial maps showing the distribution of
three macrophage clusters in the glia scar at 3 dpi and the expression of Ccr2 at 3 dpi.
(P) Pie chart showing the percentage of Ccr2” cells in three macrophage clusters (n=27),
respectively. (Q) Violin Plots showing the expression of Ccr2 in three macrophage

clusters (n=27). (R) Dot plots showing the marker genes that best identifies each cell

type.

46


https://doi.org/10.1101/2021.12.20.473346
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.20.473346; this version posted December 21, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

Pf4

Expression Level

Arg1

CD206

CD14

Expression Level

CD86

Expression Lovel

CD32

Exprossion Level

w

uninjured

.

Cluster 0

axon development
axon ensheathment

axon ensheathment in central nervous system
ax0n extension

‘axon quidance

axonogenesis

central nervous system myaiination
ensheatnment of neurons

establishment of mitochondrion localization
gliogenesis

microtubule polymerization or depolymerization
myelination

oligodendrocyt cifferentiation

regulation of axonogenesis

cellular response to nterdeukio-1
chemokine-mediated signaling pathwiay
eosinophi chemotaxis

granulocyte chemotaxis

£
k] monoc;
Q
o]

positive regulation of respanse (o ex
regulation of inflammatory response

regulation of tumor necrosis factor procuction
response to interferon-gamma

angiogenesis

blood coagulation

‘cokagen fibril organization

coagulation

extraceilular structure crganization
‘extracellular matix organization

emostasis

leukocyte migration

negative regulation of immune system process
phagocytosis

positive regulation of cell migration

response to wounding

T cell activation

tissue remoceling

wound healing

Cl

uster 1

14 dpi

Cluster 2

28 dpi

log2(EnrichFactor)
6

\||||‘||\|||||q

®

Cluster
°0
o1

|

10 20
-log10(Pvalue)

3 dpi uninjured

30

°
3
8

m

Tnfrsfla

5

. Expression Level

2

1
Identity

5
4
3
2

3 dp| uninjured

°2
a i a
% e ©
~ & ~
'''' 0 25 50 75 100

Figure. S2 Distinct macrophage responses after lateral hemisection to spinal cord
(A) Violin Plots and the spatial maps showing the expression of marker genes at

different time points after injury. (B) Selected GO terms that were enriched for each
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cluster. Fish’s exact test in the pathway enrichment was used. (C) The expression of
selected genes correlating with pseudotime. (D and E) Violin Plots and the spatial maps

showing the expression of selected genes at different time points after injury.
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Figure. 4 Phenotypic and functional heterogeneity of fibroblast in the glia scar
(A) The spatial maps showing the distribution of three fibroblast clusters in the glia scar

at different time points after injury. (B) UMAP spots showing the three clusters of
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fibroblasts in the glia scar. (C) UMAP spots embedding overlay showing the
distribution of spots at different time points after injury. (D) Bar plot showing the
fraction of all spots comprised by each subpopulation at different time points after
injury. (E) Jitterplot showing the top 5 differentially expressed genes (DEGs). (F) The
spatial maps showing the GSVA score of ECM-receptor interaction pathway enriched
in cluster 2 cells and Glycosaminoglycan degradation pathway enriched in cluster 1
cells at different time points after injury. (G and H) Trajectory of fibroblast in the glia
scar. (I) Heat map showing the upregulated or downregulated genes in different cell
fate. (J) Violin Plots showing the expression of Slcla3 in the three clusters. (K) Dot
plots showing the marker genes that best identifies type A pericytes. (L) Pie chart
showing the percentage of Slcl1a3" cells in three fibroblast clusters (n=32), respectively.
(M) Violin Plots and the spatial maps showing the expression of Postn, myofibroblast
differentiation marker, at different time points after injury. (N) Violin Plots and the
spatial maps showing the expression of Kng2 at different time points after injury. (O)
Violin Plots and the spatial maps showing the expression of Saa3, an inflammatory
ligand, at different time points after injury. (P) Violin Plots and the spatial maps
showing the expression of CD36, the critical regulator of pathological skin scarring, at

different time points after injury.
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Figure. S3 Distinct fibroblast responses after lateral hemisection to spinal cord
(A) Violin Plots and the spatial maps showing the expression of selected differentially

expressed genes (DEGs) and marker genes at different time points after injury. (B)
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Selected GO terms that were enriched for each cluster. Fish’s exact test in the pathway
enrichment was used. (C) IF stained 7 dpi and 14 dpi scars for GFAP (red), PAHB (green)
and DAPI (blue) confirming the maturation of scar (n=3). Scare bar, 200 pm. (D) Violin
Plots and the spatial maps showing the expression of Enl and Jun, two critical

regulators of pathological skin scarring, at different time points after injury.
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Figure. 5 Phenotypic and functional heterogeneity of microglia in the glia scar
(A) The spatial maps showing the distribution of six microglia clusters in the glia scar

at different time points after injury. (B) Bar plot showing the fraction of all spots
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comprised by each subpopulation at different time points after injury. (C) Jitterplot
showing the top 5 differentially expressed genes (DEGs) at each subpopulation. (D)
The definition of the boundary areas to study the interaction between two neighbor
microglia clusters in the scar. The regions with 2 spots wide along the boundary lines
in each cluster were selected. (E) Dot plot showing the mean interaction scores between
the neighbor clusters at the boundaries for ligand-receptor pairs. The ligand-receptor
pairs are listed on the left. Size of the circle denoted p-value, and color denoted the
mean interaction scores. (F and G) Trajectory of microglia in the glia scar. (H) Heat
map showing the changes in genes expression along a spatial trajectory. (I)The
expression of CD74, Gpr17 and Laminin correlating with pseudotime. (J) The spatial
maps showing the GSVA score of cardiac muscle contraction pathway enriched in
cluster 1 cells at different time points after injury. (K) Violin Plots and the spatial maps
showing the expression of Plxnb2 at different time points after injury. (L) Violin Plots
and the spatial maps showing the expression of Gpr3711 at different time points after
injury. (M) The spatial maps showing the expression of selected DEGs in the spots that
crossed the fibroblasts scar and formed bridges at 14 dpi. (N) IF stained 14 dpi scars
for Nxpe3 (red) and DAPI (blue). Scare bar, 200 um. (O) Violin Plots showing the
expression of selected genes contributing to microglia-organized scar-free spinal cord

repair in neonatal mice.
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Figure. S4 Distinct microglia responses after lateral hemisection to spinal cord
(A) UMAP spots showing the three clusters of microglia in the glia scar. (B) UMAP

spots embedding overlay showing the distribution of spots at different time points after

55


https://doi.org/10.1101/2021.12.20.473346
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.20.473346; this version posted December 21, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

injury. (C) Histogram showing the number of spots in each subpopulation at different
time points after injury. (D) Violin Plots and the spatial maps showing the expression
of selected marker genes at different time points after injury. (E) Selected GO terms
that were enriched for each cluster. Fish’s exact test in the pathway enrichment was
used. (F) The definition of the boundary areas to study the interaction between two
neighbor microglia clusters in the scar at 28 dpi. (G) Dot plot of the mean interaction
scores between the neighbor clusters at 28 dpi. Size of the circle denoted p-value, and
color denoted the mean interaction scores. (H) Violin Plots and the spatial maps

showing the expression of Cl1q and Anxal at different time points after injury.
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Figure. 6 Phenotypic and functional heterogeneity of astrocyte in the glia scar
(A) The spatial maps showing the distribution of six astrocyte clusters in the glia scar

at different time points after injury. (B) Bar plot showing the fraction of all spots
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comprised by each subpopulation at different time points after injury. (C) Jitterplot
showing the top 5 differentially expressed genes (DEGs) at each subpopulation. (D)
Selected GO terms that were enriched for each cluster. Fish’s exact test in the pathway
enrichment was used. (F) The spatial maps showing the GSVA score of synaptic vesicle
cycle pathway enriched in cluster 0 cells, axon guidance pathway enriched in cluster 0
cells and cardiac muscle contraction pathway enriched in cluster 2 cells at different time
points after injury. (F and G) Trajectory of astrocyte in the glia scar. (H) Heat map
showing the changes in genes expression along a spatial trajectory. (I)The expression
of Inhba, Sema3b and Slc7al0 correlating with pseudotime. (J) Dot plot showing the
mean interaction scores between the neighbor clusters at the boundaries for ligand-
receptor pairs. The ligand-receptor pairs are listed on the left. Size of the circle denoted
p-value, and color denoted the mean interaction scores. (K) Heat map showing the
enriched transcription factors by single-cell regulatory network inference and clustering

(SCENIC) analysis at different clusters after injury.
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Figure. S5 Distinct astrocyte responses after lateral hemisection to spinal cord
(A) UMAP spots showing the six clusters of astrocyte in the glia scar. (B) UMAP spots

embedding overlay showing the distribution of spots at different time points after injury.
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(C) Histogram showing the number of spots in each subpopulation at different time
points after injury. (D) Violin Plots and the spatial maps showing the expression of
GFAP at different time points after injury. (E) Violin Plots and the spatial maps showing
the expression of Len?2 at different time points after injury. (F) IF stained 7 dpi and 14
dpi scars for GFAP (green), Ibal(red), P4AHB (gray) and DAPI (blue) (n=3). Scare bar,
200 pm. (G) Violin Plots and the spatial maps showing the expression of EphA4 at
different time points after injury. (H) Violin Plots and the spatial maps showing the
expression of Tg2 at different time points after injury. (H) Violin Plots showing the
expression of Bai3 in astrocytes scar after injury. (I) Violin Plots showing the expression
of Apoe and Elovll in astrocytes scar after injury. (J) Violin Plots and the spatial map

showing the expression of Clu in astrocytes scar after injury.
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Figure. 7 Phenotypic and functional heterogeneity of oligodendrocyte in the glia

scar

(A) The spatial maps showing the distribution of three oligodendrocyte clusters in the
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glia scar at different time points after injury. (B) Bar plot showing the fraction of all
spots comprised by each subpopulation at different time points after injury. (C)
Jitterplot showing the top 5 differentially expressed genes (DEGs) at each
subpopulation. (D) The spatial maps showing the GSVA score of ferroptosis pathway
enriched in cluster O cells, antigen processing and presentation pathway enriched in
cluster 1 cells and synaptic vesicle cycle pathway enriched in cluster 2 cells at different
time points after injury. (E and F) Trajectory of oligodendrocyte in the glia scar. (G)
Heat map showing the changes in genes expression along a spatial trajectory. (H)The
expression of Ntm, Serpinel, Slc32al and Slc6al correlating with pseudotime. (I) Heat
map showing the enriched transcription factors by single-cell regulatory network
inference and clustering (SCENIC) analysis at different clusters after injury. (J) Violin
Plots and the spatial maps showing the expression of Bmp7 at different time points after
injury. (K) Violin Plots and the spatial maps showing the expression of CD74 at

different time points after injury.
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Figure. S6 Distinct oligodendrocyte responses after lateral hemisection to spinal

cord

(A) UMAP spots showing the three clusters of microglia in the glia scar. (B) UMAP
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spots embedding overlay showing the distribution of spots at different time points after
injury. (C) Histogram showing the number of spots in each subpopulation at different
time points after injury. (D) Violin Plots and the spatial maps showing the expression
of Mbp and Mog at different time points after injury. (E) Violin Plots and the spatial
maps showing the expression of Mag and Cldn11 at different time points after injury.
(F) Selected GO terms that were enriched for each cluster. Fish’s exact test in the

pathway enrichment was used.
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Figure. 8 Spatiotemporal dynamics of genes expression during the maturation of
scar

(A) Hierarchical clustering showing the network about the correlation of module
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membership and gene significance, as well as the correlation among all genes. (B) The
heatmap depicting the correlation scores (digit in the box above) as well as its
corresponding P-value (digit in the box below) of modules (rows) and different time
after injury (columns). (C) Co-expression of selected hub genes enrichment in
Megreenyellow. The networks were created by Cytoscape. (D) Co-expression network
of selected hub genes enrichment in Meblue. The networks were created by Cytoscape.
(E) Biclustering of the mouse spatial gene expression measurements revealing spatially
and temporally coexpressed genes. Identifiers of coexpression modules are listed. (F)
Average spatiotemporal expression dynamics of modules 3, 8 and 10. (G) Hierarchical
clustering of gene in module 8. (H) Analysis of enriched KEGG pathway among the

genes for submodules in (G).
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Figure. S7 Spatiotemporal dynamics of genes expression during the maturation of
scar

(A) The heatmap depicting the correlation scores (digit in the box above) as well as its
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corresponding P-value (digit in the box below) of modules (rows) and different celltype
after injury (columns). 1, astrocyte; 2, microglia; 3, neuron and astrocyte; 4, ascular
smooth muscle cell and endothelial cell; 5, fibroblast; 6, macrophage; 7, astrocyte; 8,
oligodendrocyte; 9, astrocyte and oligodendrocyte; 10, endothelial cell; 11, macrophage;
12, fibroblast; 13, time. (B) Co-expression of selected hub genes enrichment in Meblack.
The networks were created by Cytoscape. (C) Hierarchical clustering of gene in module
3. (D) Analysis of enriched KEGG pathway among the genes for submodules in (C).
(E) Hierarchical clustering of gene in module 10. (F) Analysis of enriched KEGG

pathway among the genes for submodules in (E).
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Figure. 9 Visualization and re-interpretion of of the scar with transparency and
ST

(A) IF stained 7 dpi scars for Laminin (yellow), Fnl (red) and Collagen IV (green)
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showing the extent of scar boundary. Scare bar, 200 um. (B) The spatial maps showing
the expression of Laminin at different time points after injury. (C) The spatial maps
showing the expression of Fnl at different time points after injury. (D) The spatial maps
showing the expression of CD31 at different time points after injury. (E) ST showing
the extent of scar boundary of different cell type. (F) Quantification of the number and
fraction of spots representing astrocyte, endothelial cell, fibroblast, macrophage,
microglia and oligodendrocyte. (G) Summary of the changes in key genes and

biological processes after SCI.
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