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Abstract (Max 150 words)

Traumatic brain injury leads to a highly orchestrated immune- and glial cell
response partially responsible for long-lasting disability and the development of
secondary neurodegenerative diseases. A holistic understanding of the mechanisms
controlling the responses of specific cell types and their crosstalk is required to
develop an efficient strategy for better regeneration. Here, we combined spatial and
single-cell transcriptomics to chart the transcriptomic signature of the injured murine
cerebral cortex, and identified specific states of astrocytes, microglia, and
oligodendrocyte precursor cells contributing to this signature. Interestingly, these
cellular populations share a large fraction of injury-regulated genes, including
inflammatory programs downstream of the innate immune-associated pathways Cxcr3
and TIr1/2. Systemic manipulation of these pathways decreased the reactivity state of
glial cells associated with poor regeneration. The functional relevance of the newly
discovered shared signature of glial cells highlights the importance of our resource
enabling comprehensive analysis of early events after brain injury.
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Introduction

Traumatic brain injury (TBI) defined as acute brain insult due to an external
force, such as the direct impact of a penetrating object or acceleration/deceleration
force-induced concussions affects people of all ages and is among the major causes
of death and disability'2. TBI-induced primary damage leads to neuronal and glial cell
death, axonal damage, edema, and disruption of the blood-brain barrier (BBB)3*. The
initial insult is followed by progressive secondary damage, which further induces
neuronal circuit dysfunction, neuroinflammation, oxidative stress, and protein
aggregation. These cellular changes have been associated with prolonged symptom
persistence and elevated vulnerability to additional pathologies, including
neurodegenerative disorders*S.

TBIl-induced pathophysiology evolves through a highly orchestrated response
of resident glial cells with peripherally derived infiltrating immune cell populations?.
After central nervous system (CNS) insult, brain-resident microglia are rapidly
activated and change their morphology to a hypertrophic, ameboid morphology®.
Activated microglia proliferate, polarize, extend their processes, and migrate to the
injury site®7. Similarly, oligodendrocyte progenitor cells (OPCs), known as NG2 glia,
display rapid cellular changes in response to damage, including hypertrophy,
proliferation, polarization, and migration towards the injury site®'". Astrocytes also
react to injury with changes in their morphology, gene expression and function in a
process referred to as “reactive astrogliosis”®12'3. Reactive astrocytes are
characterized by upregulation of intermediate filaments, such as glial fibrillary acidic
protein (GFAP), nestin, and vimentin'3-'5. In response to stab-wound injury,
astrocytes, in contrast to microglia and OPCs, do not migrate to injury sites, and only
a small proportion of astrocytes near blood vessels (juxtavascular astrocytes)
proliferate’®. These initial responses facilitate the formation of a glial border between
intact and damaged tissue'?'”'8  which is necessary not only to restrict the
damage'?'7-'9, but also to promote axonal regeneration and circuit restoration219-21,
However, adequate border establishment requires well-orchestrated glial cell
reactions in relative distance to the injury site. For example, the distance of astrocytes
and OPCs from the injury site has been demonstrated to shape their reactive
state'"1622,  Furthermore, cross-communication among cell types in several
pathological conditions?3-25, including TBI?®?7, has been reported to determine cell
reactivity states. For example, in neuroinflammatory conditions, reactive microglia
induce astrocyte neurotoxicity?®. Moreover, proliferating astrocytes regulate monocyte
invasion?®, whereas BBB dysfunction alters astrocyte homeostasis and contributes to
epileptic episodes?®:30,

Because the scope of most studies has been restricted to single cellular
populations or the interaction of two cell types at most, a detailed investigation of
cellular cross-talk after TBI remains lacking. To obtain a holistic understanding of the
cellular responses after brain injury, simultaneous examination of multiple cell types
in the injury milieu is critical. Therefore, to identify interconnected pathways regulating
glial border formation in an unbiased manner, we transcriptomically profiled TBI-
induced cell reactivity at spatial and single-cell resolution. Our data provide insights
into the spatial, temporal, and single-cell responses of multiple cell types, and reveal
a novel, previously overlooked, common injury-induced innate immunity-shared glial
signature involving the Toll-like receptor 1/2 (TIr1/2) and chemokine receptor 3 (Cxcr3)
signaling pathways.
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Results

Brain injury elicits a localized transcriptomic profile in the murine
cerebral cortex

TBI induces coordinated cellular reactions leading to glial border formation and
isolation of the injury site from adjacent healthy tissue'?. Importantly, the TBI-induced
cellular response is dependent on the distance to the injury site®'®. For unbiased
identification of regulatory pathways leading to specific spatially defined reactions of
glial cells associated with glial border formation, we used spatial transcriptomic
(stRNA-seq, i.e., 10x Visium). Stab-wound injuries were induced at the border
between the motor and somatosensory cortex in both hemispheres, harming only the
gray matter®'. Because our main focus was on examining the injury-induced changes
in the cerebral cortex, we manually resected the mouse brain (Fig. 1a, E.D. Fig. 1a,
b). This allowed us to position two parenchymal sections on a single capture area
(E.D. Fig. 1a, b). Each section contained the following brain areas: cortex (CTX), white
matter (WM), and hippocampal formation (HPF), as identified on the basis of the Allen
brain atlas (Fig. 1b).

This approach provided the advantage to investigate the expression of a
multitude of genes from all cell types at the injury site and to examine their dynamics
as a function of distance from the injury site. The primary impact initiates a cascade of
processes, which involve the reactions of glial cells and infiltrating or resident immune
cells®?32, To capture the response of infiltrating immune cells, which peaks at 3 days
post-injury (dpi)?é, and glial cells, which peaks at 2—-5 dpi'" 326, we performed stRNA-
seq at 3 dpi. Injury-induced alterations were determined by comparison of stab-
wounded brain sections to corresponding intact sections (Fig. 1c, E.D. Fig. 1a, b).

Notably, we were able to identify clusters corresponding to specific anatomical
structures, e.g., cluster Il expressing genes characteristic of cortical layer 2/3 neurons;
cluster VIl expressing genes representing layer 4 neurons; and cluster | and cluster
IV expressing genes identifying layer 5 and layer 6 neurons, respectively® (E.D. Fig.
1c, d, Ext. Table 2). Importantly, the global cortical layer patterning was not affected
by the injury, because we also observed similar gene expression patterns identifying
the same neuronal layers in the injured brain sections (E.D. Fig. 1d). However, beyond
clusters characterizing individual anatomical structures, we identified an injury-
induced cluster, cluster VI, localized around the injury core (Fig. 1b, c, E.D. Fig. 1b).
Interestingly, cluster VI was distributed throughout cortical layers 1-5 and was absent
in the intact brain sections (Fig. 1c, E.D. Fig. 1a, b). Cluster VI was characterized by
a specific transcriptomic signature with enrichment in genes associated with reactive
astrocytes'234-36 (Gfap, Lcn2, Serpina3n, Vim, Lgals1, Fabp7, and Tspo) and
microglia®” (Aif1, Csf1r, Cd68, and Tspo), which have been associated with CNS
damage'? (Fig. 1d, E.D. Fig. 1c, Ext. Table 3).

To obtain insight into the regulated processes within cluster VI, we performed
Gene Ontology (GO) enrichment analysis of significantly upregulated genes (pval <
0.05, log2 fold change > 1) in this cluster compared with all other clusters. The
overrepresented biological processes (BP) were associated with immune response
and angiogenesis, whereas the molecular function (MF) and cellular components (CC)
indicated changes in genes associated with the extracellular matrix (Fig. 1e, Ext. Table
3). Notably, the above-mentioned processes have been reported to drive glial reaction
in response to brain injury and to facilitate glial border formation'. Furthermore,
processes associated with phagocytosis (lysosome, lytic vacuole, phagocytotic
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vesicles) were enriched in cluster VI (Fig. 1e, Ext. Table 3), in line with the previously
described importance of phagocytotic processes in the context of brain injuries®. To
confirm the unique injury-induced expression profile and hence the presence of cluster
VI, we validated the expression of the cluster VI genes Serpina3n, Lcn2, and Cd68 at
the RNA and protein levels. Indeed, the selected candidates were specifically
expressed around the injury core, as predicted by our stRNA-seq analysis (Fig. 1f, g),
and these expression patterns were also observed at the protein level (Fig. 1h).
Although these selected genes were enriched in cluster VI, they displayed unique
expression patterns within the injury-induced cluster. Specifically, Serpina3n was
expressed more broadly than Lcn2, whereas Cd68 displayed a defined expression
profile around the injury core (Fig. 1f, g).

To comprehensively determine different expression profiles between the injury
core and the perilesional area, we conducted spatial gradient analysis using the
SPATA2 analysis pipeline®. This allowed us to visualize individual genes and gene
set expression patterns as a function of the distance from the injury core (Fig. 2a). For
this purpose, we segregated the perilesional area around the injury core into 13
concentric circles (Fig. 2a). In addition, we excluded all subcortical clusters from the
analysis and correlated the gene expression profiles along the spatial gradient to a
variety of pre-defined models (further details in Methods). To reveal the differences
between the injured and perilesional areas, we focused on the genes with
“‘descending” (enriched at the injury core) (Fig. 2b) and “ascending” (depleted at injury
core) expression profiles (E.D. Fig. 1e). As expected, all top descending genes were
highly enriched at the injury core. However, in the perilesional area (as defined by the
border of cluster VI; ~0.5 mm distance from the injury core) some of these genes
displayed unique descending rates (Fig. 2b). We observed heterogeneous expression
patterning, ranging from injury core-confined expression (e.g., Alox5ap and Rpip0) to
wide-ranging expression (e.g., Fth1 and Gfap) reaching far from the cluster VI border
(Fig. 2c). Of note, gene sets associated with the immune response and inflammation
were particularly enriched at the injury core (Fig. 2c), whereas gene sets associated
with neuronal and synaptic activity were enriched only in the perilesional areas (E.D.
Fig. 1f). Similarly to the descending genes, the ascending genes exhibited relatively
divergent expression profiles in the perilesional areas (E.D. Fig. 1e). However,
approximately 50% of all top 25 ascending genes were associated with mitochondrial
functions, in contrast to the descending genes. These mitochondrial genes exhibited
almost identical expression profiles in the perilesional area (E.D. Fig. 1e), thus
supporting prior findings that brain insult disrupts normally well-regulated
mitochondrial function in a coordinated manner49-42,

In summary, with our spatial gene expression analysis, we identified well-
defined anatomical structures as well as an injury-specific cluster characterized by
angiogenesis and immune system-associated processes, including phagocytosis.
Furthermore, by using spatial gradient analysis, we highlighted injury-induced
heterogeneous gene expression profiles in the perilesional area.

Multiple cellular states contribute to injury-induced local
transcriptome profiles

Although stRNA-seq enables profiling of transcriptomic changes by preserving
spatial information, the profile itself is derived from multiple cells, which are captured
in each spot (1-10 cell resolution). To assess the cellular composition of the injured
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area and to identify which cell populations defined the transcriptomic profile of cluster
VI, we performed single-cell transcriptomic (scRNA-seq) analysis of stab wound-
injured cortices and corresponding areas in the intact cortex (3 days post injury, 3 dpi),
by using a droplet-based approach (i.e., 10x Chromium) (Fig. 3a). After applying
quality control filters, we identified a total of 6322 single cells (Fig. 3b) emerging from
both conditions (intact: 2676 cells, 3 dpi: 3646 cells, Fig. 3c, E.D. Fig 2a), which, on
the basis of their gene expression, were distributed among 30 distinct clusters.
Through this approach, we identified neuronal and glial clusters, including astrocytes,
microglia, and oligodendrocyte lineage cells, in addition to vascular cells, pericytes,
and multiple types of immune cells (Fig. 3b, E.D. Fig. 2a, b, Ext. Table 5). Additionally,
we generated gene expression scores based on established marker genes of well-
characterized cell populations in the adult mouse brain (Ext. Table 6). Indeed, the
gene scores exhibited enrichment in the corresponding cellular populations, thus
further validating our cluster annotation (Fig. 3d).

Interestingly, by comparing the cell distributions between the intact and injured
conditions, we observed that several clusters of immune and glial cells were highly
abundant exclusively in the injured brain (Fig. 3c, E.D. Fig. 2a). The clusters 8_NKT/T
cells, 13_Macrophages/Monocytes, 17_DCs, 18 Monocytes, and 22_DCs, for
example, appeared primarily after injury and expressed Ccr2®?? (E.D. Fig. 2c) in
addition to their distinct cell identity markers (E.D. Fig. 2b, Ext. Table 5). Microglia
clusters that appeared after injury (11_Microglia and 16_Microglia) exhibited high
expression of Aif1 and low expression of the homeostatic microglia markers Tmem119
and P2ry12* (E.D. Fig. 2c). Similarly, the astrocytic clusters 12_Astrocytes and
23_Astrocytes were present primarily in the injured condition and were characterized
by high expression of classical reactive astrocyte markers such as Gfap and Lcn23436
(E.D. Fig. 2d). In addition to microglia and astrocytes, the cluster 15_OPCs was
present primarily after injury (E.D. Fig. 2a). Cells from cluster 15_OPCs expressed a
combination of genes associated with the cell cycle (G2/M phase, E.D. Fig 2f, Ext.
Table 7444%) and Cspg4 (E.D. Fig. 2e); both hallmarks of Nerve/glial antigen 2 glia
(NG2 glia), which rapidly proliferate after brain injury®.

To elucidate which of these cellular clusters contributed to the injury-specific
signature of cluster VI, we mapped the single cell expression data onto the spatial
gene expression dataset (Fig. 3e, f, E.D. Fig. 3 and 4) by using Tangram?6. To include
the identical anatomical regions regarding the scRNA-seq data acquisition, we

restricted the stRNA-seq dataset to the cortical clusters (clusters |, Il, IV, VI, VII, VIII,
and IX). The probabilistic mapping predicted that several clusters including
11_Microglia, 16_Microglia, 12_Astrocytes, 23_Astrocytes,

13_Macrophages/Monocytes, 18_Monocytes, and 15_OPCs were localized near the
injury core (Fig. 3e, E.D. Fig. 3a). In contrast, neuronal clusters 1_Neurons,
2 Neurons, and 24 Neurons, as well as the astrocytic clusters 3_Astrocytes,
5_Astrocytes, 7_Astrocytes, and 9_Astrocytes, displayed decreased representation
around the injury site (Fig. 3e, E.D. Fig. 3a). Additionally, we used the H&E images of
the stRNA-seq dataset to estimate the number of nuclei within each spot of the capture
area, which, in combination with probabilistic mapping, can be used for deconvolution.
To some extent, this analysis further associated the above-mentioned clusters with
the injury milieu (Fig. 3f, E.D. Fig. 4a, b). Importantly, not all glial cells contributed to
the injury environment (E.D. Fig. 3a, 4b). Most astrocytic clusters, with the exception
of clusters 12_Astrocytes and 23_Astrocytes, did not show enriched mapping at the
injury site (Fig. 3e, E.D. Fig. 3a). Similar behavior was detected for the oligodendrocyte
clusters 20_MOL and 27_COPs (E.D. Fig. 3a). Notably, our deconvolution analysis
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supported these observations (E.D. Fig. 4b). In summary, the combination of stRNA-
seq with corresponding scRNA-seq datasets allowed us to identify an injury-specific
transcriptional profile exhibiting enrichment of individual glial subpopulations, and
subsequent depletion of distinct astrocytic and neuronal clusters.

Injury induces common transcriptomic changes in glial cells

Because glial cell reactivity exhibits distinct temporal dynamics in response to
injury'.1326 we decided to add an additional time point (5 dpi) to our scRNA-seq
analysis (Fig. 4a). This experimental design enabled investigation of the transcriptional
states of glial cells underlying the observed heterogeneity in glial cell responses. In
total, we analyzed 33862 cells (intact: 16567, 3 dpi: 3637, 5 dpi: 13658), which were
distributed among 35 clusters (Fig. 4b, E.D. Fig. 5a-c, Ext. Table 8). In line with our
previous observations (Fig. 3c), a comparison of cell distribution among all three
conditions (intact, 3 dpi, and 5 dpi) elucidated several injury-induced clusters, which
were formed exclusively by cells originating from brain-injured animals (E.D. Fig. 5b).
However, none of these injury-induced clusters were specific to either the 3 or 5 dpi
time point (E.D. Fig. 5b).

To unravel how each population transited from a homeostatic to a reactive
state, we focused on individual cell populations. Hence, we further subclustered
astrocytes, microglia, and oligodendrocytes (Fig. 4c-e, E.D. Fig. 6). We identified
distinct clusters in each of the investigated populations, which were composed
primarily of cells from intact (blue clusters) and injured (orange/red clusters) samples
(Fig. 4c-e, E.D. Fig. 6¢, h, m). Additionally, cells originating from the injured samples
expressed typical markers of glial reactivity. We identified clusters AG5, AG6, and
AG8 as the main populations of reactive astrocytes (Fig. 4c, E.D. Fig. 6a-e), because
these cells expressed high levels of Gfap, Vim, and Lcn2343¢ (E.D. Fig. 6e). Microglial
clusters MG4 and MG6 displayed high expression of Aif1 and low expression of the
homeostatic markers Tmem119 and P2ry12%3(Fig. 4d, E.D. Fig. 6f-j). By subclustering
cells belonging to the oligodendrocytic lineage, we were able to identify two
populations of OPCs (OPCs1 and OPCs2) (Fig. 4e, E.D. Fig. 6k-0). Cluster OPCs2
was composed primarily of cells from injured samples (Fig. 4e). Of note, we were not
able to find a unique marker within the OPCs2 cluster for identifying reactive OPCs
(E.D. Fig. 60). Importantly, cells from the injury-responding clusters, as identified by
our previous deconvolution analysis (11_Microglia, 12_Astrocytes, and 15_OPCs)
(Fig. 3f, E.D. Fig. 4), also mapped predominantly to the glial subclusters evoked by
injury (E.D. Fig. 6d, i, n). Together, these results corroborated the reactive state of
these glial subclusters (henceforth referred to as reactive clusters).

By subclustering glial cells, we did not discover any cluster unique to either the
3 or 5 dpi time point. This finding suggests a gradual activation of glial cells in response
to injury rather than distinct activation states. To shed light on this possibility, we
examined the cell distributions of all subclustered glial cells among all time points
(intact, 3 dpi, and 5 dpi) (Fig. 4f-h). Interestingly, we observed prominent changes in
the distribution of reactive clusters between time points after injury. More specifically,
many of the astrocytes at 3 dpi remained present in the homeostatic clusters and were
only partially present in the reactive clusters AG6 and AG8, whereas at 5 dpi, most
cells were detected in cluster AG5 (Fig. 4f). Microglia, in contrast, displayed a faster
transition to reactivity than astrocytes: at 3 dpi, most cells were already localized in
the reactive clusters MG4 and MG6. At 5 dpi, however, most of the cells had begun to
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transition back to the homeostatic state, and a high proportion of cells were present in
cluster MG3 (Fig. 4g). Similarly, OPCs reacted rapidly after injury, because at 3 dpi,
most cells resided in the reactive cluster OPCs2, whereas only several cells were
present in this cluster at 5 dpi (Fig. 4h). These results are in line with prior findings
showing that microglia and OPCs rapidly respond to injury, and their reactivity peak
ranges from 2 to 3 dpi, whereas astrocyte reactivity peaks at 5 dpi'"13:26,

The enriched immune system-associated processes around the injury site, as
indicated by spatial transcriptomics, and the identification of specific reactive subtypes
of glial cells populating the injury environment, prompted the question of whether the
inflammatory gene expression might be a unique signature of one specific cell type or
a common feature of reactive glia. Therefore, within each glial population (Fig. 4 c-e),
we extracted the differentially expressed genes (DEGs) of each glial subcluster (pval
< 0.05, log: fold change > 1.6 or < -1.6) and compared them among all subclusters
(E.D. Fig. 7a, b, Ext. Table 9). Interestingly, among all clusters, the highest similarity
of upregulated genes was observed between the reactive glial clusters MG4, AGS,
and OPCs2, with 66 enriched genes in common (E.D. Fig. 7b). This finding suggested
that, in response to injury, individual reactive glial clusters might share some cellular
programs. Hence, we performed GO term analysis of the 192 commonly upregulated
genes from the comparison of clusters MG4, AG5, and OPCs2, independently of other
glial subclusters (Fig. 5a). Most of the commonly regulated processes were associated
with cell proliferation (Fig. 5b, Ext. Table 10), which has been reported to be a shared
hallmark of glial cell reactivity'3**. Moreover, we identified processes associated with
innate immunity (Fig. 5b, Ext. Table 10) and numerous genes associated with the type
| interferon signaling pathway (/fitm3, Ifit3, Bst2, Isg15, Ifit3b, Irf7, Ifit1, Ifi2712a, Oasl2,
and Oas17a) (Fig. 5c) as well as Cxcl10, a ligand activating the Cxcr3 pathway*’.
Indeed, by using RNA scope, we confirmed that Cxc/10, Oasl2, and Ifi27/2a were
expressed by a subset of microglia, astrocytes, and OPCs (Fig. 5d-g, E.D. Fig. 8a-g).
Furthermore, we observed shared expression of Galectin1 (Lgals7) by a subset of
microglia, astrocytes, and OPCs at the protein level (E.D. Fig. 9a-d). Notably, the
expression of these innate immunity-associated genes was clearly restricted to distinct
glial subpopulations, because not all glial cells expressed these markers (Fig. 5d-g,
E.D. Fig. 8a-g, E.D. Fig. 9a-d). Additionally, the upregulation of the innate immunity-
associated genes (Fig. 5c) after injury is a unique feature of glial cells because
neurons never expressed these genes, whereas in vascular cells they were present
at low levels in the intact brain (E.D. Fig. 9e, f).

We further asked whether the shared inflammatory signature might be a
conserved feature of reactive glia in different pathological conditions. We used a
publicly available database describing the response of astrocytes to systemic
lipopolysaccharide (LPS) injection.®® Interestingly, a high proportion of the shared
inflammatory marker genes (e.g., Oasl/2 and [fit1) were expressed exclusively in the
astrocytic cluster 8 (E.D. Fig. 10a). Astrocytes of cluster 8 were classified in the above-
mentioned study as reactive astrocytes in a sub-state capable of rapidly responding
to inflammation. Notably, not all inflammatory genes were detected in LPS-induced
reactive astrocytes, thus indicating that only a portion of the signature was retained
(E.D. Fig. 10b). Furthermore, we investigated whether human iPSC-derived reactive
astrocytes displayed similar inflammatory responses to those in stab wound-injured
mice. Therefore, we mapped the genes characterizing the two inflammatory clusters
of iPSC-derived reactive astrocytes from Leng et al.*® (IRAS 1 and IRAS2) on our
integrated single-cell dataset (Fig. 4b, E.D. Fig. 10c).*® Interestingly, the inflammatory
signatures of both iPSC-derived reactive astrocyte clusters (IRAS 1 and IRAS2) were
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induced primarily in the subclusters of astrocytes that emerged after injury
(11_Astrocytes and 16_Astrocytes) (E.D. Fig. 5a, b, E.D. Fig. 10c, d), thus confirming
common reactive astrocytic states between murine and human glia. Of note, the
inflammatory signature of the human iPSC-derived astrocytes was not observed
exclusively in reactive astrocytes but was highly abundant in other cellular populations
(E.D. Fig. 10c, d). This finding strongly emphasizes the need for a holistic cellular view
of brain pathologies to identify therapeutical targetable pathways. Our findings
revealed a common inflammatory signature present in a subset of reactive glial cells
in response to TBI. Moreover, this shared inflammatory signature is largely preserved
in different pathological conditions and species.

Regulation of injury-induced innate immune responses via the Cxcr3
and TIr1/2 pathways

On the basis of the shared regulation of the innate immunity pathways after
brain injury, including components of the CXC chemokine receptor 3 (Cxcr3) and Toll-
like receptor 2 (TIr2) pathways (E.D. Fig. 9g), and our recent findings that Cxcr3 and
TIr1/2 regulate OPC accumulation at injury site in the zebrafish brain*®, we
investigated the injury-induced transcriptional changes after interference with the
Cxcr3 and TIr1/2 pathways. We used the Cxcr3 antagonist NBI-74330° and the Tir1/2
pathway inhibitor CU CPT 225 to interfere with the above-mentioned pathways, and
performed scRNA-seq analysis at 3 dpi and 5 dpi (henceforth referred to as SW INH
or 3/5 dpi_INH if distinct time points are indicated) (Fig. 6a). The specificity of these
chemical compounds was validated with a murine knock-out OPC cell line*®. The data
were integrated with our previously acquired datasets (Fig. 4b) from intact (INT) and
injured animals (henceforth referred to SW CTRL or as 3/5 dpi_ CTRL if distinct time
points are indicated). In total, we analyzed 53813 cells (INT: 16649 cells, 3 dpi_CTRL:
3643 cells, 3 dpi_INH: 4613 cells, 5 dpi_CTRL: 13766 cells, 5 dpi_INH: 15142) were
distributed among 36 clusters (Fig. 6b, E.D. Fig. 11a). Notably, with the integration of
additional conditions (3 and 5 dpi_INH), and hence a subsequent increase in the total
cell number, we did not observe the emergence of new clusters (E.D. Fig. 11a).
Furthermore, even after the integration of SW INH datasets, the overall cluster identity
was unaffected, as indicated by high similarity scores among the clusters (E.D. Fig.
11b). Because microglia, astrocytes, and OPCs displayed common innate immune-
associated gene expression after stab wound injury (Fig. 5c-g), we sought to
investigate the possible influence of Cxcr3 and TIr1/2 pathway inhibition on microglia,
astrocytes, and OPCs by further subclustering the above-mentioned cell types. In
each investigated cell population, we again identified distinct clusters containing
primarily cells from injured samples (Fig. 6¢-e, E.D. Fig. 11c-e). Of note, these clusters
were composed of cells originating from both SW CTRL and SW INH samples. These
results suggested that the inhibition of Cxcr3 and TIr1/2 pathways after stab-wound
injury did not induce new transcriptional states. Instead, the inhibitor treatment
resulted in partial downregulation of the inflammatory genes (Fig. 5¢) shared among
the reactive clusters AG7, MG3, and OPCs2 (Fig. 6f, Ext. Table 11).

To address transcriptional changes induced by the inhibitor treatment, we
performed differential gene expression analysis of each subcluster between SW CTRL
and SW INH at each time point (pval < 0.05, log fold change > 0.7 or logz fold change
< -0.7). Interestingly, most of the inhibitor-induced changes at 3 and 5 dpi were
subcluster specific, because only a few DEGs overlapped (E.D. Fig. 12a-d). To reveal
the biological processes regulated in each glial subcluster (Fig. 6¢c-e), we used the
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function compareCluster®? (clusterProfiler R package) and calculated the enriched
functional profiles of each cluster. This function summarized the results into a single
object and allowed us to compare the enriched biological processes of all glial
subclusters at once. Indeed, by comparing the processes associated with all
significantly downregulated genes after treatment at 3 dpi, we identified many
programs associated with the innate immune response, which were shared among
several glial populations, including reactive astrocytes (clusters AG5, AG6, AG7, and
AG9), microglia (clusters MG3 and MG6), and OPCs (cluster OPCs2) (Fig. 6g, Ext.
Table 12). Interestingly, although still downregulated at 5 dpi, these immune response-
associated processes were no longer shared among different glial populations (Fig.
6h, Ext. Table 12). In contrast, biological processes induced by the inhibitor treatment
were cluster specific, independently of the analysis time point (E.D. Fig. 12e, f).
Together, our scRNA-seq analysis findings indicated that the Cxcr3 and TIr1/2
signaling pathways regulate similar processes in initial activation (3 dpi) of different
glial cells. However, this activation is followed by cell type-specific transcriptional
changes at later stages (5 dpi).

Inhibition of the Cxcr3 and TIr1/2 signaling pathways does not
interfere with oligodendrocyte reactivity and proliferation

Interference with the Cxcr3 and TIr1/2 signaling pathways after brain injury did
not result in the emergence of new cell types or states at either 3 or 5 dpi (E.D. Fig.
11a). Nevertheless, the inhibition of the above-mentioned pathways elicited an overall
downregulation of various inflammation-associated genes in the reactive glial clusters
AG7, MG3, and OPCs2, particularly at 3 dpi (Fig. 6f, Ext. Table 11). Furthermore,
inhibition of the Cxcr3 and TIr1/2 pathways after injury in the zebrafish telencephalon
modulated oligodendrocyte proliferation, thereby decreasing oligodendrocytes in the
injury vicinity*®. To investigate the relevance of Cxcr3 and TIr1/2 signaling in the
mammalian context, we first sought to examine the cluster distribution of
oligodendroglial lineage cells among all conditions (INT, SW CTRL and SW INH) and
time points (3 and 5 dpi) (E.D. Fig. 13a). Surprisingly, we detected no differences in
the cluster distribution of the reactive OPC clusters OPCs2 and OPCs3 between SW
CTRL and SW INH cells at 3 or 5 dpi (E.D. Fig. 13b). To further corroborate our
scRNA-seq findings, we determined the number of OLIG2" oligodendrocytes in stab
wound-injured mice at 3 dpi (E.D. Fig. 13c). In line with the findings from our
computational analysis, we detected no differences in the number of OLIG2" cells near
the injury site between the experimental groups (E.D. Fig. 13d-f). Finally, we
determined the proliferation ability of OLIG2" cells between both experimental groups
by labeling all cells in S-phase with the DNA base analogue EdU (0.05 mg/g 5-ethinyl-
2'-deoxyuridine i.p. injection 1 hr before sacrifice) and observed no changes in the
number of proliferating (OLIG2* and EdU") oligodendrocytes (E.D. Fig. 13d, e, g).

In summary, the inhibition of Cxcr3 and TIr1/2 signaling pathways after stab
wound injury in the mouse cerebral cortex, in contrast to findings in the zebrafish brain,
did not alter oligodendrocyte proliferation or affected the overall number of
oligodendrocyte lineage cells near the injury site early after injury, but did alter their
inflammatory signatures.
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The Cxcr3 and TIr1/2 signaling pathways regulate microglial
activation in response to injury

The expression of inflammatory genes in microglia is tightly associated with
their activation”%3. Therefore, we assessed whether the downregulation of
inflammatory genes induced by Cxcr3 and TIr1/2 inhibition (Fig. 6f) might alleviate
microglial reactivity. Hence, we examined the cell distribution of subclustered microglia
among all three conditions (INT, SW CTRL, and SW INH) and time points (3 and 5
dpi) (Fig. 7a, b). As previously depicted in Fig. 4g, cells derived from intact samples
were confined to the homeostatic clusters, whereas cells from the injured samples
were distributed primarily in the reactive clusters at 3 dpi, and a transition toward the
homeostatic clusters was noticeable at 5 dpi. A direct comparison of SW CTRL and
SW INH samples indicated differences in the cell distributions, with a higher proportion
of cells localized in the homeostatic clusters after Cxcr3 and TIr1/2 inhibition (Fig. 7b).
Although the discrepancy between conditions was already detectable at 3 dpi, the shift
was more pronounced at 5 dpi (Fig. 7b). To further elucidate whether the detected
shift in microglia distribution after Cxcr3 and TIr1/2 pathway inhibition was
accompanied by changes in overall cell morphology, we assessed microglia cell
characteristics with the automated morphological analysis tool described by Heindl et
al.%*. Brain sections from SW CTRL and SW INH animals were labeled with an anti-
IBA1 antibody, and areas near the injury site were analyzed (Fig. 7c). Microglia from
SW INH brains displayed significantly smaller cell somata, a less round shape, and
greater branch length than microglia from SW CTRL brains (Fig. 7d-f, E.D. Fig. 14a).
The inhibition of Cxcr3 and TIr1/2 signaling pathways decreased branch volume
without altering the total number of major branches (E.D. Fig. 14a). In addition,
although not significantly altered, microglia from SW INH brains appeared to be more
ramified than SW CTRL microglia, because more nodes per major branch were
detected. (E.D. Fig 14a).

In summary, our scRNA-seq data implied that Cxcr3 and TIr1/2 pathway
inhibition accelerates the transition from a reactive to a homeostatic microglial cell
state early after injury. These findings were further supported by pronounced
morphological changes in inhibitor-treated microglia, which are characteristic features
of less reactive cells.

Altered astrocyte response after Cxcr3 and TlIr1/2 pathway inhibition

To address the effects of Cxcr3 and TIr1/2 pathway inhibition on astrocytes
after brain injury, we subclustered astrocytes (Fig. 8a) and investigated the cell
distribution among all conditions and time points (Fig. 8b). Astrocytes originating from
intact conditions were evenly distributed among all homeostatic clusters. However,
cells from stab-wounded brains were initially localized in both homeostatic and
reactive clusters at 3 dpi, whereas at 5 dpi, most cells were distributed among the
reactive clusters. Comparison of astrocyte cell distribution of SW CTRL and SW INH
samples indicated noticeable differences at 5 dpi. Most cells originating from the SW
CTRL condition were distributed among the reactive clusters AG5, AG6, and AG7,
whereas cells originating from the SW INH condition were largely confined to the
reactive cluster AG5 (Fig. 8b). Interestingly, cluster AG5 exhibited lower expression of
reactivity markers, such as Gfap and LcnZ2, than the reactive clusters AG6 and AG7
(E.D. Fig. 14b). In line with the shifted distribution of SW INH cells to cluster AG5,
inhibitor-treated astrocytes also displayed lower expression of Gfap and Lcn2 at 5 dpi
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(E.D. Fig. 14c). To determine whether astrocyte reactivity was altered overall, we
generated astrocyte reactivity scores (based on Hasel et al.*®) and compared the
reactivity gene set scores among intact, stab wound-injured control, and inhibitor-
treated samples (E.D. Fig. 14d). Generally, both reactivity scores (Cl4 and CI8 in E.D.
Fig 14d) were relatively lower in stab wound-injured inhibitor-treated samples at both
time points (3 and 5 dpi). However, the fraction of astrocytes expressing these distinct
gene sets was unchanged. Therefore, our analysis implied that the inhibitor treatment
decreased astrocyte reactivity overall but was not sufficient to promote the return of
reactive astrocytes to homeostasis. In line with our findings from the scRNA-seq
analysis, also by immunohistochemical analysis, we did not observe differences in the
total number of reactive astrocytes between stab-wounded control and inhibitor-
treated mice at 5 dpi (E.D. Fig. 14e-i). Both experimental groups showed comparable
GFAP™ cell accumulation (E.D. Fig. 14f, g, h), and numbers of NGAL" (Lcn2) and
GFAP" positive astrocytes in the injury vicinity (E.D. Fig. 14f, g, i).

Furthermore, beyond the diminished expression of reactive astrocyte markers
in cluster AG5, this cluster was also devoid of proliferating cells, because most cycling
cells were confined to clusters AG6 and AG7, as indicated by the scRNA-seq
proliferation score (E.D. Fig. 14j, Ext. Table 6). Interestingly, on the basis of our
scRNA-seq analysis, interference with Cxcr3 and TIr1/2 signaling after stab wound
injury decreased the fraction of proliferating astrocytes at 3 and 5 dpi, in line with the
abundance of SW INH cells composing cluster AG5 (Fig. 8b, E.D. Fig. 14k).

To further investigate potential alterations in proliferation after inhibitor
treatment, we assessed astrocyte proliferation with immunohistochemistry in
combination with the DNA-base analogue EdU (0.05 mg/g i.p. injection 1 hr before
sacrifice) at 3 dpi (Fig. 8c). Indeed, inhibition of the Cxcr3 and TIr1/2 pathways after
injury significantly decreased the proportion of proliferating (GFAP* and EdU")
astrocytes in the injury vicinity (Fig. 8d-f). However, the total number of EAU™ cells was
not altered (Fig. 8d, e, g). In summary, our scRNA-seq analysis demonstrated
decreased astrocyte reactivity and proliferation rates after inhibitor treatment.
However, Cxcr3 and TIr1/2 pathway inhibition, despite being sufficient to decrease
astrocyte proliferation in vivo, did not completely revert astrocytes to homeostasis.
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Discussion

TBIls have complex pathophysiology involving responses of various types of
cells®#4. However, most studies have focused on the responses of specific cell types,
whereas few have evaluated the interplay among these cells?®326.55, Therefore, we
developed a comprehensive dataset profiling the transcriptional changes across
various cell types in spatial and temporal contexts. Our study used the stab wound
injury model in mice?®3', a mild injury model involving breakdown of the BBB and the
activation of both glial and immune cells?®. Our model’s reproducibility and observed
reactivity indicates its suitability for studying the basic features of TBI pathophysiology.

Spatial transcriptomic analysis of the stab-wounded cortex at 3 dpi revealed an
injury-specific cluster, cluster VI, around the injury core without detectable changes in
the cortex regions distant from the injury. The specificity of the injury defining the
cluster VI signature was validated by the expression patterns of selected genes
(Serpina3n, Lcn2, and Cd68) with RNAscope and immunohistochemistry, whose
results were in line with those from the stRNA-seq analysis. This observation supports
the use of stRNA-seq to detect global changes with spatial information. To
complement the clustering analysis, we investigated gene expression patterns by
conducting spatial gradient analysis. This analysis revealed gene expression changes
in pre-defined gradients spanning from the injury core to the periphery, whereby injury-
enriched genes followed various types of descending patterns. By analyzing the gene
sets following these descending patterns, we observed an over-representation of
processes associated with innate immunity. Complementing these results, cluster VI-
enriched genes also revealed the regulation of processes associated with the immune
system, in addition to angiogenesis and phagocytosis. Clearing dead cells and debris
and re-establishing vasculature to ensure sufficient oxygen supply are critical defense
mechanisms that occur early after brain damage®?.

Many observed local changes represented by the injury-enriched genes were
associated with reactive astrocytes and microglia'?3+-37, thus indicating an
overrepresentation of these populations in the injury milieu. Interestingly, we did not
identify reactive OPC hallmarks despite clear evidence of reactive OPCs at the injury
site%. This result may be partly explained by the unknown signature of reactive
OPCs, because only an increase in proliferation and expression of CSPG4 have been
used to identify reactive OPCs to date®. Moreover, the combination of stRNA-seq with
scRNA-seq analysis is becoming an excellent tool to reveal transcriptomic changes in
specific cell types in relation to their predicted location. This capability is of great
interest for any focal pathology, given that the reactions of astrocytes'® OPCs'"-%7, and
microglia®”-%® have been found to depend on their distance from the pathological site.

Integration of scRNA-seq and stRNA-seq datasets indicated the presence of
distinct cell types in the injury environment. We detected multiple populations
responding to the injury by enriched or decreased representation in the injured milieu,
whereas other cell clusters never responded. Microglial clusters displayed a uniform
response to injury because all microglia clusters were found to accumulate at the injury
site, and cluster 11_Microglia had the highest correlation. The activation of microglia
was consistent with our immunohistochemical analysis findings but differed from the
specific activation patterns observed in the APP model of neurodegeneration®’. In the
APP model, certain cells display elevated expression of the disease-associated
microglia signature concentrated in areas of plaque deposition, as determined by
stRNA-seq. Contrary to microglia, astrocytes showed a heterogeneous response, with
clusters 12_Astrocytes and 23_Astrocytes responding to injury and accumulating
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around the injury site. In contrast, the remaining astrocytic clusters were
underrepresented in the injury area with respect to the rest of the cortex. Interestingly,
the injury-enriched astrocytic clusters 12_Astrocytes and 23_Astrocytes displayed
unique features corresponding to their location and gene signatures. Cluster
12_Astrocytes for example, expressed high levels of Gfap, whereas cluster
23_Astrocytes might represent the recently described atypical astrocytes, which, after
focal brain injury, rapidly downregulate GFAP and other astrocytic proteins®.
Generally, OPCs also responded to the injury, however, cluster 15_OPCs was the
only cluster showing enrichment at the injury core. Finally, we detected the responses
of peripheral infiltrating macrophages and monocytes and found that clusters
13_Macrophages/Monocytes and 18_Monocytes contributed to the injury milieu. With
the integration of the two datasets, we were able to identify the cells populating the
injury core, thus offering a possibility for further thorough investigations.

The addition of the dataset generated at 5 dpi allowed us to analyze the
temporal changes in response to injury. Microglia displayed elevated reactivity at 3
dpi, whereas at 5 dpi, cells shifted toward the homeostatic clusters. OPCs were
characterized by a fas