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ABSTRACT 

 

Communication between glial cells has a profound effect on the pathophysiology of Alzheimer’s disease 

(AD), but the underlying mechanisms remain unclear. Here, we reveal a role of reactive astrocytes in 

enforcing cell distancing in the glial nets surrounding amyloid plaques, which restricts microglial coverage 

of Ab, a prerequisite to detect and engulf amyloid deposits. This process is mediated through guidance 

receptor Plexin-B1, which we identified as a key network regulator of late-onset AD. We show that Plexin-

B1 is robustly upregulated in plaque-associated astrocytes in a corona-like pattern, and its expression levels 

correlate with plaque burden and disease severity in AD patients. In APP/PS1 mice, an amyloidogenic 

model of AD, removing Plexin-B1 led to smaller peri-plaque glial nets with relaxed cell distancing and 

enhanced glial coverage of Aβ plaques, as well as transcriptional changes in both reactive astrocytes and 

disease-associated microglia that are linked to glial activation and amyloid clearance. Furthermore, amyloid 

plaque burden was lowered, together with a shift towards dense-core plaques and reduced neuritic 

dystrophy. Our data thus support a role of Plexin-B1 in controlling glial net structure by imposing cell 

distancing, leading to poor glial coverage of Aβ, reduced amyloid clearance and compaction. Relaxing cell 

distancing by targeting guidance receptors may present an alternative strategy to alleviate 

neuroinflammation in AD by improving glial coverage of Aβ amyloid and plaque compaction. 

 

 

  



 3 

INTRODUCTION 

 

Alzheimer’s disease (AD) remains a major medical challenge with no effective treatments at hand (Long 

and Holtzman, 2019). The cognitive decline and memory loss in AD patients are caused by 

neurodegeneration linked to deposition of extracellular amyloid β (Aβ) and intracellular neurofibrillary 

tangles of phospho-Tau protein (Gandy and DeKosky, 2013). Accumulation of amyloid plaques is a 

pathological hallmark of AD (Gandy and Ehrlich, 2021), but the governing factors of plaque development 

–i.e., Aβ deposition, clearance, and compaction – are not fully understood.  

 

Glial communication is essential for maintaining brain homeostasis and injury responses upon pathological 

stimuli (Matejuk and Ransohoff, 2020). Recent advances have highlighted the importance of microglia in 

engulfing and clearing Aβ in AD brains (Leng and Edison, 2021). Microglial phagocytosis of amyloid is 

also required to form compact dense-core plaques, which can limit the exposure of Aβ amyloid to nearby 

healthy neurons (Yuan et al., 2016). In addition, microglial coverage of amyloid plaques may also serve as 

a barrier to prevent exposure of neurotoxic protofibrillar Aβ hotspots to neurites (Condello et al., 2015). 

However, what controls microglial coverage of Aβ, a prerequisite to detect and engulf amyloid material, is 

not well-defined.  

 

Reactive astrocytes respond to CNS pathology by upregulating GFAP and extending hypertrophic 

arborized processes (Smit et al., 2021). In AD, amyloid plaques are surrounded by islands of reactive 

astrocytes and activated microglia, forming a ‘reactive glial nets’ (Bouvier et al., 2016), wherein glial cells 

closely interact with one another and with Aβ. Indeed, it has been shown that microglia-derived factors, 

such as IL-1α, TNFα, and C1q, can induce astrocytes into an inflammatory phenotype (Liddelow et al., 

2017). However, less is understood of how cellular organization and physical contacts with amyloid plaques 

are governed in reactive glial nets, which has important ramifications for glial cell activation and plaque 
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development.  

 

Earlier research on reactive astrocytes in AD has mainly focused on roles of ApoE, GFAP, vimentin, 

connexins, and STAT3 (Smit et al., 2021), but the knowledge of the gene program operating in plaque-

associated astrocytes is incomplete. Multiscale network analysis of  large-scale genetics and functional 

genomics data in AD provides a new framework to nominate novel molecular players that influence disease 

mechanisms (Zhang et al., 2013). Application of this framework to the multi-Omics data in the Mount Sinai 

Brain Bank AD cohort (MSBB-AD) (Wang et al., 2018) has identified Plexin-B1 (gene symbol PLXNB1) 

as a key network regulators of late-onset AD (Wang et al., 2020). 

 

Plexin-B1 is a member of the plexin family of axon guidance receptors (Tran et al., 2007). Plexins and the 

cognate semaphorin ligands regulate cell-cell communication in a variety of contexts, including 

development, adult physiology, and cancer (Gurrapu and Tamagnone, 2016; Hota and Buck, 2012; 

Jongbloets and Pasterkamp, 2014; Koropouli and Kolodkin, 2014). The domain structure of plexins is 

evolutionarily remarkably conserved, including the ring-shaped extracellular domain and the intracellular 

Ras-GAP (GTPase activating protein) domain, supporting a regulatory role in cytoskeletal dynamics and 

cell adhesion complexes via small GTPases (Junqueira Alves et al., 2021). Plexin-B1 binds to class 4 

semaphorins, a family with six members expressed in diverse cell types (Zhou et al., 2008). Plexin-B1 

knockout (KO) mice are viable and fertile, with no overt developmental defects in the brain (Deng et al., 

2007; Fazzari et al., 2007). Subsequent studies have shown that Plexin-B1 mediates several aspects of adult 

physiology, such as immune system activation and bone homeostasis (Negishi-Koga et al., 2011; Okuno et 

al., 2010; Takamatsu et al., 2010).  

 

In the adult brain, Plexin-B1 is primarily expressed in astrocytes (Zhang et al., 2016). Besides our own 

investigations, recent studies by other teams have also independently implicated Plexin-B1 in AD: First, 
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PLXNB1 was identified as a key node in a gene module highly associated with cognitive decline in AD 

patients of the ROS-MAP cohort (Mostafavi et al., 2018). Second, proteomics studies revealed a positive 

correlation of Plexin-B1 protein levels in AD patients with amyloid plaque load and tau neurofibrillary 

tangle density (Yu et al., 2018). Third, single nucleus RNA-sequencing identified PLXNB1 as one of the 

top induced genes in astrocytes in early stages of AD (Mathys et al., 2019). While these expression data all 

suggest a role of Plexin-B1 in mediating astrocytic responses to AD pathology, in vivo functional data are 

lacking.  

 

We therefore set out to identify the functional significance of Plexin-B1 in AD. We show that Plexin-B1 is 

induced in peri-plaque glial nets in both human and mouse AD brains. Deletion of Plexin-B1 in the 

APP/PS1 amyloidogenic mouse model of AD drastically altered the glial net structure, with smaller but 

more compact glial nets, and a higher astrocytic and microglial coverage of amyloid plaques. Absence of 

Plexin-B1 also induced transcriptional changes in both reactive astrocytes and disease-associated microglia 

(DAMs), as well as an overall protective phenotype in AD brains, including lowered plaque burden, a shift 

towards dense-core plaques type, and reduced neuritic dystrophy. Together, our results unveil a role of 

reactive astrocytes in controlling the structure of glial nets in AD by imposing cell distancing via the 

guidance receptor Plexin-B1, which limits glial coverage of amyloid aggregates, thereby increasing 

neurotoxicity and neuroinflammation.    
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RESULTS 

 

Plexin-B1 is a key network regulator and its expression is correlated with plaque burden 

To uncover new molecular players underlying AD pathophysiology, we conducted a multiscale gene 

network analysis of the transcriptomic and genomic data from human healthy controls and AD patients in 

the Mount Sinai Brain Bank cohort (Wang et al., 2018; Wang et al., 2021). We identified Plexin-B1 (gene 

symbol PLXNB1) as a hub gene in a coregulated subnetwork underlying late-onset AD (Fig. 1A). Gene 

enrichment analysis revealed that the PLXNB1 centered network is significantly enriched for astrocyte-

specific genes and genes upregulated in AD (Fig. 1B), supporting a potential role of Plexin-B1 in regulating 

astrocyte reactivity in AD. Concordantly, independent cell type-specific RNA-seq data from both human 

and mouse brains confirmed that PLXNB1 is predominantly expressed in astrocytes (Fig. S1A). Enrichment 

analysis also showed that PLXNB1 network genes are significantly enriched for the gene ontology (GO) 

term “Regulation of small GTPase mediated signal transduction” (Fig. 1B), consistent with plexin signaling 

through Ras/Rap to control cytoskeleton and cell adhesion dynamics (Bos, 2018; Hota and Buck, 2012). 

Transcriptomic data from both the superior temporal gyrus and the parahippocampal gyrus, two highly 

affected areas in AD patients, demonstrated a positive correlation of PLXNB1 expression levels with 

amyloid plaque burden (Fig. 1C).  

 

Plexin-B1 protein is upregulated in plaque-associated astrocytes in glial nets 

To localize Plexin-B1 protein expression, we performed immunohistochemistry (IHC) on post-mortem 

brain specimens from AD patients. Strikingly, we detected a corona-like expression pattern of Plexin-B1, 

reminiscent of the reactive glial nets surrounding plaques in AD brains (Bouvier et al., 2016) (Fig. 1D; Fig. 

S1B). In cortical areas devoid of amyloid plaques, baseline expression of Plexin-B1 was low (Fig. S1B). 

Co-immunostaining showed an overlap of Plexin-B1 and GFAP in the glial net (Fig. S1B), consistent with 

the transcriptomic data that PLXNB1 is predominantly expressed in astrocytes. We extended IHC analyses 
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to a cohort of 11 patients spanning a spectrum of disease severity, including 3 individuals without clinical 

symptoms, and we detected a positive correlation of Plexin-B1 expression scores with the 

neuropathological ABC scores for amyloid plaques, neurofibrillary tangles, and neuritic plaques (Hyman 

et al., 2012; Montine et al., 2012) (Fig. 1E). 

 

PLXNB1 is most strongly induced in AD molecular subtypes associated with Aβ pathways  

Our recent transcriptomic analysis of human AD brains revealed five molecular subtypes including typical 

(C1, C2), intermediate (B1, B2), and atypical (A), that are characterized by different combinations of 

dysregulated pathways (Neff et al., 2021). We examined PLXNB1 expression in the 5 AD molecular 

subtypes and found that PLXNB1 is most highly upregulated in the typical AD subtypes C1 and C2 (Fig. 

1F), which are closely associated with activation of Aβ related pathways (Neff et al., 2021). Together, our 

transcriptomic and histological analyses converge on a potential role of Plexin-B1 in astrocyte reactivity in 

response to amyloid formation in AD brains. 

 

Plexin-B1 controls cell distancing of plaque-associated astrocytes and microglia in glial nets 

To understand the function of Plexin-B1 in AD pathophysiology, we bred a Plxnb1 knockout (PB1-KO) 

allele (Friedel et al., 2005) into APP/PS1 transgenic mice, an amyloidogenic mouse model of AD 

(Jankowsky et al., 2004) (Fig. S1C). As specific antibodies against mouse Plexin-B1 were not available to 

us for IHC (we had tested four commercial antibodies, none demonstrated specificity (Daviaud et al., 2016)), 

we took advantage of the lacZ reporter contained in the PB1-KO allele to monitor Plxnb1 expression. X-

Gal staining of brain sections from 6-month-old APP/PS1 Plxnb1+/- mice showed a marked upregulation of 

LacZ/Plxnb1 that was restricted to peri-plaque areas, whereas in cortical areas devoid of plaques, 

expression levels were low (Fig. S1D). Hence, Plexin-B1 is robustly upregulated in peri-plaque glial nets 

in both human and mouse AD brains. 
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We next examined the impact of Plexin-B1 ablation on astrocyte reactivity around amyloid plaques. We 

observed striking differences in astrocyte mobilization and glial net structures in APP/PS1 PB1-KO mice 

as compared to APP/PS1 littermates. Specifically, in the cortex of 6-month-old APP/PS1 mice, amyloid 

plaques were surrounded by numerous reactive astrocytes with GFAPhigh hypertrophic processes, and they 

collectively formed ringed glial nets, extending about two-cell layers wide from the plaque. By contrast, in 

APP/PS1 PB1-KO mice at matching age and cortical area, a markedly decreased number of reactive 

astrocytes (a reduction of over 50%) was present around plaques, forming glial nets only about one cell 

layer deep (Fig. 2A-C; Fig. S2). Furthermore, the cellular spacing of plaque-associated astrocytes appeared 

reduced in PB1-KO, with glial cells crowding in smaller glial nets, with astrocytic processes polarized 

towards the plaque and displaying more contact with amyloid material and higher plaque coverage (Fig. 

2B, C). These phenotypes signify that Plexin-B1 functions to enforce cell distancing in glial nets, leading 

to a larger but looser peri-plaque glial nets; removing Plexin-B1 resulted in smaller but more compact glial 

nets with higher plaque coverage by astrocytic processes.  

 

Since glial nets surrounding amyloid plaques consist of both reactive astrocytes and activated microglia 

(Bouvier et al., 2016), we wondered whether the changes in the recruitment and cellular spacing of plaque-

associated astrocytes in PB1-KO may also affect microglia organization in reactive glial nets. Indeed, IHC 

for Iba1, a marker upregulated in activated microglia, showed far fewer Iba1+ microglia near plaques in 

APP/PS1 PB1-KO mice than in APP/PS1 littermates (Fig. 2B, D). As for reactive astrocytes, cellular 

spacing of plaque-associated microglia was also reduced in PB1 KO, shown by increased microglial density 

and higher amyloid coverage by microglial processes in the glial nets (Fig. 2D). Hence, Plexin-B1 induction 

in reactive astrocytes not only exerts cell-autonomous effects on astrocytes, but also affects microglia 

mobilization and access to Aβ deposits. 

 

In the absence of AD pathology, Plexin-B1 KO alone did not appear to affect the homeostatic astrocyte and 
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microglia populations, as GFAP or Iba1 expression in the cortex was comparable between PB1-KO and 

wildtype (WT) genotypes (Fig. S3A, B). Likewise, in the APP/PS1 background, in cortical areas distant 

from plaques, Plexin-B1 ablation also caused no overt changes of density or morphology of GFAP+ or Iba1+ 

cells (Fig. S3C). Together, these observations demonstrate that Plexin-B1 deletion affects predominantly 

reactivity of plaque-associated glial cells in response to AD pathology (Fig. 2E).  

 

Plexin-B1 ablation results in transcriptional changes linked to glial function for amyloid clearance  

To gain a global perspective of the impact of Plexin-B1 KO on gene expression changes in AD-affected 

brains, we performed RNA-sequencing (RNA-seq) on prefrontal cortical tissue from APP/PS1 mice with 

or without PB1-KO at 3-4 month of age, a timeframe when Aβ amyloid is being actively deposited, but 

plaques have not yet fully developed (Fig. S4A). We identified 2,723 differentially expressed genes (DEGs, 

P<0.05) between APP/PS1 PB1-KO and APP/PS1 samples (Fig. S4B). Notably, the upregulated DEGs 

were enriched for gene ontologies (GO) related to nervous system development (e.g., cerebral cortex neuron 

differentiation, sympathetic nervous system development, ganglion development), as well as GOs such as 

cytoskeleton of presynaptic active zone and transmembrane phosphatase activity (Fig. S4C). 

Downregulated DEGs were enriched for GO terms associated with tissue inflammation (e.g., collagen fibril 

organization, TNF-activated receptor activity, CD95 death-induced signaling complex, phagolysosome), 

as well as detection of mechanical stimuli, and protein deacetylase activity (Fig. S4C). Hence, tissue-level 

transcriptomics supports an overall protective effect of Plexin-B1 KO, with augmented neural repair and 

attenuated neuroinflammation and cell death.  

 

To dissect cell type-specific gene expression changes in dependence of Plexin-B1 in AD brains, we 

performed single cell (sc) RNA-seq on prefrontal cortical tissue from APP/PS1 mice with or without Plexin-

B1 KO at 6 months of age, using the 10X Genomics platform (Fig. S5A, B). After applying quality control 

filters, we obtained data from a total of 27,286 cells from four genotypes – WT, PB1-KO, APP/PS1, 
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APP/PS1 PB1-KO – which were partitioned into 10 distinct cell clusters based on marker gene expression 

(Fig. 3A; Fig. S5C, D). Microglia occupied the largest cluster (43%), followed by endothelial cells (22.6%), 

astrocytes (16.6%), and other cell types with smaller shares, i.e., fibroblasts/smooth muscle cells, 

macrophages, oligodendrocytes, neurons, pericytes, and ependymal cells (Fig. S5E). The scRNA-seq data 

confirmed that Plxnb1 expression was largely restricted to astrocyte cluster, and it was efficiently ablated 

in the PB1-KO genotype (Fig. 3B). 

 

Further subclustering analysis of astrocytes identified four subclusters (sc-0 to sc-3) with discrete 

transcriptional states (Fig. 3C). Subcluster sc-0 represented homeostatic astrocytes with high expression of 

genes for gap junction assembly, but low expression of genes related to chemokine binding (Fig. S6A). Sc-

1 showed the strongest association with reactive astrocytes, based on high scores for the gene signature 

defined for A1-type reactive astrocytes (Liddelow et al., 2017) (Fig. 3D). Notably, A2-type and pan-

reactive (shared by both A1 and A2 reactive astrocytes) gene signatures were also enriched in sc-1 

astrocytes, albeit with lower scores. Indeed, vimentin, an intermediate filament gene and a marker of pan-

reactive astrocytes, was highly expressed in sc-1 astrocytes (Fig. S6B). Interestingly, Tyrobp and Trem2, 

two well-known markers of disease-associated microglia (DAM) (Keren-Shaul et al., 2017), but also 

upregulated in astrocytes in AD conditions (Ceyzériat et al., 2018), were also robustly upregulated in sc-1 

astrocytes (Fig. 3E). The much smaller sc-2 specialized in lipid metabolism, while sc-3 may represent a 

small transitional population with high expression of Gfap and Tyrobp, and genes involved in phagocytosis 

(Fig. S6A). Plxnb1 mRNA was detected in all astrocyte subclusters, but sc-3 had the highest expression of 

Plxnb1 (Fig. 3E).  

 

We observed the following features when comparing astrocyte subpopulations in different genotype 

conditions (Fig. 3F): First, sc-1 reactive astrocytes were greatly expanded in APP/PS1 relative to WT (57% 

vs. 12%), and correspondingly, sc-0 homeostatic astrocytes showed a shrinkage in APP/PS1 compared to 
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WT (38% vs. 78%), as did sc-2 astrocytes (2% vs. 6%). Second, PB1-KO caused a marked shift in the 

representation of the four astrocyte subclusters in APP/PS1 background, with sc-1 reactive astrocytes 

reduced to 23% in APP/PS1 PB1-KO as compared to 57% in APP/PS1, while the shares of sc-0 homeostatic 

astrocytes (66%) and sc-2 astrocytes (6%) also returned closer to levels in WT. This agrees with our IF data 

showing smaller glial nets with fewer reactive astrocytes around plaques in APP/PS1 PB1-KO vs. APP/PS1 

brains. Third, PB1-KO alone, without AD transgenic background, resulted in a small expansion of sc-1 

reactive astrocytes (22%) as compared to WT (12%). Together, our transcriptomic data on single cell level 

provided molecular evidence in support of an influence of Plexin-B1 ablation on the reactivity of astrocytes 

in response to amyloid plaques.  

 

In addition to reducing the proportion of reactive astrocytes, Plexin-B1 deletion also affected the gene 

expression profiles of reactive astrocytes. We identified 541 DEGs in sc-1 reactive astrocytes between 

APP/PS1 PB1-KO and APP/PS1 (>1.25-fold change, P<0.05), with majority upregulated (501) and only 

40 downregulated (Fig. 3G; Table S1). Notably, Apoe, a lipid metabolism gene and a risk factor for AD 

(Long and Holtzman, 2019), was among the top upregulated genes in sc-1 reactive astrocytes as a result of 

PB1-KO. We corroborated this finding by measuring ApoE protein secretion from cultured primary 

astrocytes by ELISA, which showed a significantly higher ApoE secretion from PB1-KO astrocytes than 

WT counterparts at baseline conditions (Fig. S7). Stimulation with Ab enhanced ApoE secretion from WT 

astrocytes, but did not further enhance the already high levels of ApoE secretion by PB1-KO astrocytes 

(Fig. S7).  

 

In further support of an improved functional state of reactive astrocytes regarding amyloid metabolism in 

Plexin-B1 KO condition, gene ontology analysis showed that the upregulated DEGs in sc-1 reactive 

astrocytes between APP/PS1 PB1-KO and APP/PS1 were significantly enriched for genes linked to 

negative regulation of amyloid β formation, including Apoe, Clu, Ntrk2 (receptor for BDNF), Prnp, and 
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Rtn3 (reticulon-3, which is involved in the regulation of β-secretase 1 (BACE1), a transmembrane proteases 

that catalyzes the first step in the formation of Aβ peptide from amyloid precursor protein) (Shi et al., 2014)) 

(Fig. 3H). Plexin-B1 deficiency also caused upregulation of genes related to cell metabolism, e.g., L-

aspartate transmembrane transport (Slc1a2, Slc1a3), glutamate catabolism (Glud1, Glul), and cytochrome-

c oxidase activity (Cox8a, Cox4l1, Ndufa4) (Fig. 3H). In addition, lipid pathway genes were also 

significantly upregulated in Plexin-B1-deficient sc-1 reactive astrocytes, e.g., arachidonate-CoA ligase 

activity (Acsl6, Acsl3), so were genes involved in astrocyte projection (Aqp4, Slc1a2, Atp1b2), consistent 

with the morphological and cell distancing phenotypes observed in APP/PS1 PB1-KO mice (Fig. 3H). 

Finally, Plexin-B1 KO also induced genes linked to calcium-dependent phospholipase A2 activity (Pla2g7, 

Prdx6) and negative regulation of long-term synaptic potentiation (Fam107a, Ptn) (Fig. 3H).  

 

The downregulated genes in PB1-KO sc-1 reactive astrocytes in APP/PS1 background were significantly 

enriched for GO terms of cell junction disassembly (C1qa/b/c, Cx3cr1), regulation of glial cell migration 

(P2ry12), and cell-matrix interaction (Itga1), consistent with the phenotypes of altered astrocyte 

organization in AD-associated glial nets (Fig. 3H). Furthermore, GO analysis supported an attenuated 

inflammatory milieu as a result of PB1-KO, as genes concerning complement activation (C1qa/b/c) and 

regulation of TNF superfamily cytokine production (Cx3cr1, FoxP1) were suppressed. In addition, Cxcl12 

(also known as SDF-1), a chemokine shown to induce proliferation of astrocytes (Bonavia et al., 2003), 

was among the top downregulated genes by PB1-KO (Fig. 3G). Collectively, our transcriptomic analyses 

provided further evidence that Plexin-B1 deletion altered functional states of reactive astrocytes consistent 

with improved amyloid β plaque clearance and reduced neuroinflammation.  

 

Plexin-B1 deficiency also alters transcriptional states in disease-associated microglia 

We next studied the scRNA-seq data of microglia, which could be partitioned into 11 distinct subclusters 

(Fig. 4A). As disease-associated microglia (DAM) have been identified as a distinct population associated 
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with AD (Keren-Shaul et al., 2017), we therefore surveyed the expression of DAM signature genes (Lpl, 

Cst7, Axl, Itgax, Spp1, Cd9, Ccl6, and Csf1), which all showed high expression in sc-9 (Fig. 4B), whereas 

homeostatic microglial genes (Cx3cr1, P2ry12, Tmem119) were all downregulated in sc-9 as compared to 

other microglial subclusters (Fig. 4C). Hence, sc-9 microglia is representative of the DAM population in 

AD-affected brains.  

 

The proportion of the DAM-like sc-9 microglia was affected by Plexin-B1 KO in APP/PS1 background 

(Fig. 4D). First, APP/PS1 caused a substantial expansion of sc-9 from 1% in WT to 4% in APP/PS1. Second, 

PB1-KO resulted in a partial restoration, with sc-9 reduced to 2% in APP/PS1 PB1-KO. Third, in the 

absence of AD pathology, Plexin-B1 KO alone did not cause overt changes of the sc-9 representation. 

These findings support mitigated neuroinflammation as a result of Plexin-B1 ablation in AD brains.  

 

Despite a reduction in the population share of sc-9 microglia, Plexin-B1 deletion altered the transcriptomic 

profile of sc-9 DAM microglia in a way that signifies augmented microglial function. We identified more 

than 1,000 DEGs in sc-9 microglia in APP/PS1 PB1-KO compared to APP/PS1, with the vast majority 

being upregulated (Fig. 4E). Gene enrichment analysis showed that Plexin-B1 deletion led to induction of 

genes linked to enhanced microglial cell activation (Cx3cr1, C1qa, Grn, Ifngra, Aif1 (encoding Iba1), and 

Tnf), cell junction disassembly (C1qb, C1qa, C1qc, Cx3cr1), and host defense response (Ubb, B2m, Tlr2) 

(Fig. 4F). In addition, genes associated with class II MHC protein complex binding (Cd81, Ywhae, 

Hsp90ab1), chemoattractant and purinergic receptor activity (Cx3cr1, Ccrl2, Ccr5, P2ry12, Gpr34), and 

endolysosomal lumen (Ctss, Ctsb, Lgmn) were also significantly upregulated in sc-9 microglia in the 

absence of Plexin-B1 (Fig. 4F).  

 

Plexin-B1 deletion leads to lower plaque numbers, a shift towards dense-core type, and less 

neurotoxicity 
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So far, IHC and scRNA-seq data demonstrated that Plexin-B1 ablation not only affected glial net structures, 

but also transcriptional responses in both reactive astrocytes and DAM cells that affect amyloid metabolism 

and neuroinflammation. We next examined how these changes may impact amyloid β clearance, plaque 

development, and the associated neurotoxicity.  

 

Histological inspection of amyloid plaques showed a significant reduction of plaque numbers in 6-month-

old APP/PS1 PB1-KO mice as compared to age-matched APP/PS1 mice (Fig. 5A). Notably, the average 

size of the plaques also appeared smaller, with close to 50% reduction (Fig. 5A). Size spectrum analysis 

confirmed that PB1-KO resulted in a shift of amyloid plaques towards smaller sizes (Fig. 5C).  

 

We further surveyed the composition of amyloid plaques by performing co-staining using anti-Aβ antibody 

6E10, which labels most amyloid plaques, and Thio-S dye, which stains cores of amyloid plaques (Condello 

et al., 2015) (Fig. 5B). The co-staining method allowed us to classify plaques according their amyloid 

compaction type (Fig. 5D). In the cortex of APP/PS1 mice at 6 months, we found that close to 50% of the 

plaques were of fibrillar type, 35% mixed, and 15% dense-core, whereas in APP/PS1 PB1-KO mice, the 

composition was reversed, with 15% fibrillar, 35% mixed, and 50% dense-core type (Fig. 5D). As dense-

core plaque formation is an outcome of efficient microglial phagocytosis of plaque material (Huang et al., 

2021), the increased microglial coverage of plaques and the augmented microglial function may account 

for the shift towards dense-core type in APP/PS1 PB1-KO genotype. 

 

Amyloid plaques are typically surrounded by a halo of dystrophic neuronal membranes (Condello et al., 

2015). To gauge neurotoxicity of amyloid plaques in different genotype conditions, we performed IF for 

LAMP1, an autophagy and endo-lysosomal marker that is highly enriched in dystrophic neurites (Condello 

et al., 2011; Gowrishankar et al., 2015). We found a 50% reduction of the number of LAMP1-labeled areas 

in the cortex of APP/PS1 PB1-KO vs. APP/PS1 mice (Fig 6A, B; Fig. S8), which echoes the overall 
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reduced plaque burden by PB1-KO. The average size of LAMP1-marked halos around plaques was also 

reduced in APP/PS1 PB1-KO mice, as was the total area marked by LAMP1, which reflects both the 

number and the size of LAMP1-marked halos (Fig. 6B). Hence, the decreased neuritic dystrophy that we 

observed in APP/PS1 PB1-KO mice is consistent with the notion that dense-core plaques reflect a 

macrophage-mediated confinement mechanism that limits dissemination of neurotoxic soluble Aβ 

oligomers (Huang et al., 2021). 

 

We next assessed the expression of the lysosome marker CD68 (Chistiakov et al., 2017), which labels active 

phagocytic microglia. We detected comparable ratios of CD68+ areas relative to Aβ-labeled plaques in 

APP/PS1 PB1-KO and APP/PS1 mice (Fig. 6C), indicating that the phagocytic activity of microglia was 

not expanded, but confined to a smaller footprint in PB1-KO. 

 

Plexin-B1 deletion results in attenuated gliosis in tauopathy model of AD 

To investigate Plexin-B1’s function in astrocyte activation in tau-driven neurodegeneration, we expanded 

our studies to a mouse model of tauopathy by crossing the TAU-PS19 line (Yoshiyama et al., 2007) with 

the Plexin-B1 KO allele. IF examination of sections of hippocampus and entorhinal cortex of 3-month-old 

TAU PB1-KO mice showed that Plexin-B1 deletion resulted in attenuated astrocytosis in areas with high 

accumulation of phospho-Tau (Fig. S9A). We also observed attenuated microgliosis in these areas (Fig. 

S9B), signifying reduced inflammatory milieu in the neurodegenerative areas. Similarly, scRNA-seq of 

hippocampal areas of 5-month-old cohort confirmed a shrinkage of the reactive astrocyte population (Ast-

0) in the TAU PB1-KO compared to TAU mice (Fig. S10). Thus, the role of Plexin-B1 in mediating 

astrocytic reactivity is not limited to amyloid-driven AD, but also applies to Tau-driven neurodegeneration. 
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DISCUSSION 

 

Mobilization of astrocytes and microglia in peri-plaque reactive glial nets is critical to clear Aβ, mitigate 

neuroinflammation, and limit neurotoxicity. A prerequisite to detect and engulf Aβ amyloid material is 

adequate coverage by glial processes, which involves morphological and transcriptomic transformation of 

plaque-associated astrocytes and microglia, leading to amyloid clearance and plaque compaction, hence 

reduced neurotoxicity (Huang et al., 2021). 

 

Our study revealed that Plexin-B1 induction in peri-plaque glial nets is involved in activation of glial cells 

and in imposing wide glial cell spacing around amyloid plaques. Interestingly, we observed that the 

coverage of plaques by glial processes was in APP/PS1 control AD mice lower than in APP/PS1 PB1-KO 

mice. The low access of glial cells in control AD conditions to Aβ deposits may support a detrimental cycle 

of poor Aβ clearance, more diffuse fibrillar plaques, increased neurotoxicity, recruitment of more glial cells, 

heightened inflammation, and thus a large footprint of reactive glial nets (Fig. 6D).  

 

Remarkably, removing Plexin-B1 relaxed cell distancing of peri-plaque nets, thereby reversing the cycle:  

better astroglial and microglial coverage of Aβ plaques, better Aβ clearance, a shift towards dense-core 

plaques, less neurotoxicity, reduced the need for more glial recruitment, and a smaller footprint of glial nets. 

Interestingly, the smaller glial nets with fewer reactive astrocytes observed in APP/PS1 PB1-KO mice may 

give the impression of a compromised glial response to plaques. However, the reduced plaque burden with 

higher proportion of dense-core plaques and decreased neuritic dystrophy in APP/PS1 PB1-KO mice 

collectively signify an improved efficiency of glial cells to clear Aβ. Indeed, the comparative scRNA-seq 

study of APP/PS1 and APP/PS1 PB1-KO brains revealed that Plexin-B1 deletion led to induction of a wide 

range of genes linked to Aβ clearance in both astrocytes and microglia. With individual glial cells 

functioning more effectively in amyloid metabolism, the need to recruit more reactive glial cells towards 
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plaque areas is alleviated, hence a smaller footprint of glial nets, and reduced neurotoxicity and 

neuroinflammation.  

 

Although Plexin-B1 is predominantly expressed in astrocytes, its deletion also elicited transcriptional 

changes in microglia and improved microglial amyloid coverage. Although we cannot exclude a possible 

effect from low expression of Plexin-B1 in microglia, a more likely explanation is a secondary effect from 

astrocyte-microglia interactions and altered inflammatory milieu in glial nets. This is supported by cytokine 

expression changes in astrocytes as a result of PB1-KO (e.g., downregulation of Ccl12). Moreover, in 

absence of Plexin-B1, relaxed cell distancing of reactive astrocytes may physically permit closer access of 

microglia to plaques, in turn eliciting morphological and transcriptomic transformation of microglial cells 

to a DAM state (Keren-Shaul et al., 2017). In this context, it is important to be aware of the reciprocal 

influence of microglia on astrocytes; for example, C1qa and Tnf, two well-known microglia-derived factors 

that trigger inflammatory phenotype of astrocytes (Liddelow et al., 2017), were among the upregulated 

genes in DAM cells as a result of Plexin-B1 deletion. 

 

Plexin signaling is known for growth cone collapse during neurodevelopment; and recent studies from our 

laboratory and others have also unveiled a role of Plexin in cell collision guidance (Deb Roy et al., 2017; 

Zhou et al., 2020). For instance, we showed that Plexin-B2, a paralog of Plexin-B1, acts in microglia to 

steer them away from colliding astrocytes during wound repair after spinal cord injury via a process termed 

contact inhibition of locomotion (CIL). CIL has also reported during cellular contact between osteoclasts 

and osteoblasts, via Plexin-B1 (Deb Roy et al., 2017). The phenotypes of the current study are consistent 

with a potential role of Plexin-B1 in regulating CIL in peri-plaque glial nets, thus imposing cell distancing.  

 

The identification of the molecular and cellular identity of the activating signals for Plexin-B1 in astrocytes 

will require further studies. The canonical ligands for Plexin-B1 are class 4 semaphorins, a family of six 
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members that are expressed in diverse cell types (Gurrapu and Tamagnone, 2016; Zhou et al., 2008). 

Interestingly, a recent study in a multiple sclerosis mouse model showed that Sema4D expressed by 

microglia can activate Plexin-B1 and -B2 receptors on astrocytes (Clark et al., 2021). Hence, it is 

conceivable that in AD, Sema4D expressed by microglia may activate Plexin-B1 on astrocytes to increase 

cell spacing. It is noteworthy that a semaphorin-independent mechanosensitive function of Plexin-D1, a 

paralog of Plexin-B1, has recently been reported for detection of shear stress by endothelial cells (Mehta et 

al., 2020). Thus, Plexin-B1 may possibly also function to sense mechanical forces, such as from distorted 

interstitial space near plaques, a model requiring further investigation. 

 

Future therapies targeting Plexin-B1 may alleviate AD pathophysiology. Small molecule inhibitors of 

plexin signaling are currently unavailable, however, a function-blocking antibody against Sema4D is being 

tested in a clinical trial for Alzheimer’s disease (Evans et al., 2020). Another viable approach to block 

Plexin-B1 is to employ cyclic peptides that act as allosteric inhibitors (Matsunaga et al., 2016). 

 

In summary, our data demonstrate a role of reactive astrocytes, through guidance receptor Plexin-B1, in 

imposing cell distancing in peri-plaque glial nets, leading to restricted microglial coverage of Aβ aggregates, 

reduced amyloid compaction, and widened neural tissue damage. Inhibition of Plexin-B1 function may 

represent an alternative therapeutic approach to reverse this process, thus improving disease outcome for 

AD patients. 
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METHODS  

 

Mice 

All animal procedures were conducted in accordance with protocols approved by the Institutional Animal 

Care and Use Committee (IACUC) of Icahn School of Medicine at Mount Sinai. Mice were bred on 

C57BL/6J genetic background.  

Mouse mutant lines are as follows: 

APP/PS1 transgenic line Tg(APPswe,PSEN1dE9)85Dbo (Jankowsky et al., 2004), JAX strain 

MMRRC_034829-JAX;  

TAU (TAU-PS19) transgenic line Tg(Prnp-MAPT*P301S)PS19Vle (Yoshiyama et al., 2007), JAX strain 

#008169; 

Plexin-B1 KO line Plxnb1tm1Matl (Daviaud et al., 2016), MGI allele MGI:3765917; this KO line carries a 

lacZ-IRES-PLAP reporter inserted into the Plxnb1 locus (Friedel et al., 2005). 

The APP/PS1 transgene insertion is located about 4 Mb away from the Plxnb1 gene locus on chromosome 

9, which creates a partial linkage of Plxnb1 with the APP/PS1 transgene, and breeding schemes were 

adjusted in some cases by using cis-heterozygous APP/PS1/+ Plxnb1+/- breeders.  

 

Histology 

For analysis of post-mortem brain tissue from de-identified AD patients, microtome sections of FFPE 

(formalin-fixed paraffin-embedded) tissue blocks with associated information about patient age, clinical 

symptoms, and ABC neuropathology score (Hyman et al., 2012; Montine et al., 2012) were provided by 

the Mount Sinai Neuropathology Brain Bank. Immunohistochemistry (IHC) was performed with a Ventana 

staining system (Roche). Primary antibodies used for IHC are as follows: 

anti-Plexin-B1 (host: rabbit, Sigma HPA040586, used at 1:50 dilution), 

anti-GFAP (host: mouse, Takara Y40420 (STEM123), 1:1000), 
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anti-Aβ amyloid (host: mouse, clone 4G8, BioLegend 800701, 1:100). 

 

For analysis of mouse brain tissues, cryopreserved brains were sectioned on a cryostat at 20 µm thickness 

and floating sections were collected in PBS and stored at 4°C. For immunofluorescence (IF) staining, 

sections were incubated with blocking buffer (5% normal donkey serum (Jackson ImmunoResearch) and 

0.3% Triton X-100 in PBS) for one hour at room temperature prior to overnight incubation at 4°C with 

primary antibodies in antibody-dilution buffer (1% BSA (Fisher Bioreagents) and 0.3% Triton X-100 in 

PBS). 

The following antibodies were used for IF: 

anti-β-amyloid (host: mouse, clone 6E10, BioLegend 803015, 1:800),  

anti-IBA1 (host: rabbit, Wako Laboratory Chemicals 019-19741, 1:500),  

anti-IBA1 goat (Novus Biologics NB100-1028) (1:250),  

anti-GFAP (host: rabbit, Dako Z0334, 1:800), 

anti-LAMP1 (host: rat, clone 1D4B, DSHB, 1:200), 

anti-CD68 (host: rat, clone FA-11, Bio-Rad MCA1957GA, 1: 500), 

anti-phospho-TAU (S202, T205) (host: mouse, clone AT8, Thermo Fisher MN1020, 1: 50). 

 

Antigen retrieval was performed prior to immunostaining for amyloid and tau aggregates. Floating sections 

were treated with 50% formic acid (Sigma F0507, diluted with distilled water) for 20 minutes and then 

washed three times with PBS (5 minutes per wash). Subsequently, phospho-Tau or amyloid-beta protein 

(Aβ) was detected by IF. 

 

Thioflavin S (Sigma T1892) staining of amyloid plaques was performed by staining floating brain sections 

after IF with 0.005% Thioflavin S solution (in tris-buffered saline, TBS) for 8 minutes. Differentiation of 

the dye was carried out by two rounds of incubation in 50% ethanol for one minute each. Sections were 



 22 

washed for 5 minutes in TBS and then mounted with Fluoromount-G mounting medium. 

 

X-Gal and Congo-Red staining 

β-galactosidase reporter expression was identified histochemically by X-Gal assay. X-gal staining solution 

was prepared by adding X-Gal (dissolved in dimethylformamide) at 1 mg/ml to staining buffer (0.02% 

Igepal, 0.01% sodium deoxycholate, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 2 

mM MgCl2 diluted in 0.1 M PBS (pH 7.3)). 6-month-old APP mice were perfused with 4% PFA/PBS, 

brains were post-fixed for 6 hours in and embedded in 4% agarose/PBS for vibratome sectioning and stored 

at 4°C. 100 µm thick brain sections were collected and were incubated overnight in X-gal staining solution 

at 37°C. Slides were then dipped sequentially in 70% ethanol for 5 minutes, followed by 100% ethanol for 

10 minutes and lastly 70% ethanol for 1 minute before hydrating them in water. Slides were then incubated 

in a 1% aqueous Congo Red solution (Sigma C6277) for 30-60 minutes at RT followed by rapid 

differentiation (5-10 dips) in alkaline alcohol solution (1% NaOH, 50% ethanol), and rinsed in running 

water for 10 minutes.  

 

Astrocyte cell culture assays 

Primary astrocyte cultures were generated from post-natal day 2 or 3 pups. Briefly, forebrains were 

dissected and triturated. Cells were plated in DMEM media with 10% FBS and 1:100 Pen/Strep (Gibco) 

and then serially passaged for at least three times to enrich for astrocytes. Astrocyte cultures were further 

enriched using an anti-ACSA-2 MicroBead Kit (Milteny Biotec #130-097-679). Briefly, primary astrocytes 

were prepared in single cell suspension, incubated with anti-ACSA-2 microbeads and separated with MS 

magnetic columns (Milteny Biotec #130-042-201).  

For treatment of cells with oligomerized Aβ amyloid (oAβ), β amyloid (1-42) (Bachem #4061966) was 

dissolved in hexafluoroisopropanol (MP Biomedicals #0215124505) to obtain a 1 mM solution. Solvent 

was evaporated from the solution by SpeedVac centrifugation. Dried Aβ amyloid was re-suspended in 
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DMSO to obtain a 5 mM solution, sonicated in water bath for 10 minutes, diluted in PBS to a concentration 

of 50 μM, and stored at 4°C for 12 hours before adding to the cells.  

For ApoE ELISA, astrocytes were seeded in 24 well plates at a density of 30,000 cells per well. After 24 

hours, cells were cultured with serum free DMEM medium with vehicle (0), 2, 5, and 10 μM oAβ. After 

24 hours, supernatant was collected and secretion of ApoE protein into the cell culture supernatant was 

measured with an ApoE ELISA kit (Mybiosource #MBS705227). 

 

Bulk RNA sequencing 

RNA-seqencing was performed using total RNAs isolated from freshly dissected brain tissues using the 

RNeasy Mini Plus kit (Qiagen). TruSeq stranded cDNA libraries and 100-nucleotide paired reads with the 

Illumina Novaseq6000 S4 system were generated at Psomagen, Inc.. Sequencing reads were aligned to a 

customized mouse reference genome mm10 using STAR aligner v2.5.3a (Dobin et al., 2013) guided by a 

customized mouse GENCODE gene model release v15. Here, the customized mouse reference genome 

sequence file was prepared based on the mm10 sequence by inserting 3 pseudo chromosomes, containing 

human APP, PSEN1, or MAPT gene sequences, respectively. Meanwhile, the GENCODE gene annotation 

GTF file was customized by adding annotations corresponding to human APP, PSEN1, and MAPT 

transgenes so that the expression of human APP/PSEN1/MAPT genes in the transgenic mice could be 

quantified. Mapped reads were summarized to gene levels using the featureCounts program v1.6.3 (Liao et 

al., 2014). Raw count data were normalized by the voom function in the R limma package (Ritchie et al., 

2015) and then differential expression was called between sample conditions by the moderated t-test 

implemented in limma. Differentially expressed genes (DEGs) were defined to have at least 1.2-fold change 

in expression and Benjamini-Hochberg (BH) (Benjamini and Hochberg, 1995) adjusted P ≤ 0.05. 

 

Single-cell sequencing 

scRNA-seq was performed using the 10X Genomics system at the Mount Sinai Genomics core facility. To 



 24 

prepare single cell suspensions for library preparation, fresh brain tissues were dissociated using a Papain 

neural tissue dissociation kit (Miltenyi 130-092-628). 

The scRNA-seq data were analyzed using the Seurat package (Stuart et al., 2019). Starting from Cell Ranger 

derived unique molecular identifier (UMI) count matrices, quality control (QC) was first performed by 

removing cells with either too few genes (≤ 200), too many genes (≥ 5000), an excessive number of UMI 

counts (≥ 50,000), or more than 10% mitochondrial reads, retaining 27,286 cells after filtering. Meanwhile, 

insufficiently detected genes were removed by keeping 18,762 genes expressed in more than two cells. 

After QC, we utilized Seurat’s canonical correlation analysis (CCA) pipeline to integrate data across sample 

conditions. Next, dimensional reduction was performed using principal component analysis (PCA). The 

significant principal components explaining more than 90% of variance were selected for cell clustering 

using Seurat’s graph-based clustering approach. We projected the normalized dataset onto a 2D space 

determined by Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) 

(McInnes et al., 2018). For each cluster, we calculated cluster gene signatures by comparing cells in one 

cluster against cells of remaining clusters using Wilcox rank sum test. Next, we interrogated the expression 

patterns of known marker genes to associate clusters with major cell-types: neurons (Gad1, Slc17a7), 

astrocytes (Aqp4), oligodendrocytes (Mog), microglia (Tmem119, Trem2, and Tyrobp), oligodendrocyte 

progenitor cells (Vcan), endothelial cells (Flt1), and pericytes (Ambp). 

To identify subclusters of astrocytes or microglia, cells from the astrocyte or microglia clusters defined 

above were extracted as subset. Then dimensional reduction was again performed using PCA, with the top 

principal components selected for cell clustering by Seurat’s graph-based clustering approach. 

 

Data base analyses 

Analysis of the expression of Plexin-B1 in cell types of the CNS was performed at the Brain RNA-seq 

platform (www.brainrnaseq.org) (Zhang et al., 2014; Zhang et al., 2016).  

The enrichment of Plexin-B1 network genes was performed against CNS cell type marker genes (defined 
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in ref. (McKenzie et al., 2018)) and the MSigDB signature database (Liberzon et al., 2015; Subramanian et 

al., 2005) with Fisher exact test. 

Gene ontology enrichment analysis for sets of differentially expressed genes was performed with the 

Enrichr platform (Xie et al., 2021) (maayanlab.cloud/Enrichr/). 

 

Statistical analysis 

Statistical analyses were performed with GraphPad Prism 9 software. Bar graph data are presented as mean 

± SEM.  
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Figure 1. Plexin-B1 upregulation is plaque-associated and correlates with disease severity in human AD 

patients. 
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A) Multiscale gene network analysis of large -omics data of AD patients identified PLXNB1 as a hub in a coregulated 

gene subnetwork underlying late-onset AD (Mount Sinai Brain Bank cohort). 

B) Top significant hits of enrichment analysis of PLXNB1-associated genes in the gene module identified in late-

onset AD patients for Cell type and MSigDB signatures. The identifier of the gene ontology (GO) term is 

GO:0051056. 

C) Spearman's Rho (ρ) rank correlation analyses show that PLXNB1 mRNA levels in the two indicated brain regions 

are positively correlated with plaque density in AD patients.  

D) IHC images from post-mortem brain sections of 66-year-old AD patient with neuropathology score of A3B3C2 

reveal elevated Plexin-B1 protein expression in a corona-like pattern (arrows) surrounding amyloid plaque (Aβ 

antibody 4G8). The image to the right is example of IHC with only anti-Plexin-B1 antibody. Hematoxylin was used 

as nuclear counterstain.  

E) Heatmap of comparative correlation of Plexin-B1 expression scores and neuropathological scores for 11 AD 

patients (Mount Sinai Brain Bank). Pearson correlation coefficient (ρ) and P values are listed at the bottom. Examples 

of the Plexin-B1 scoring scheme are illustrated on the right.  

F) PLXNB1 is most upregulated in AD subtypes C1/C2. Top, each circle represents one patient from the Mount Sinai 

Brain Bank cohort (n=151 participants). Bottom, graphs of PLXNB1 expression in parahippocampal gyrus in each 

AD subtypes. One-tailed t-test. 
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Figure 2. Plexin-B1 KO results in smaller but more compact peri-plaque glial nets in mouse AD model.  
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A) Representative IF images of matching cortical areas show reduced number and size of reactive glial nets 

surrounding amyloid plaques in APP/PS1 PB1-KO mice as compared APP/PS1 mice. Cortical sections were stained 

for Aβ (antibody 6E10), reactive astrocytes (GFAP), and DAPI (nuclear counterstaining). Dashed ovals denote larger 

glial nets, dashed boxes denote smaller glial nets around compact plaques. 

B) Confocal IF images of plaques and glial nets in APP/PS1 and APP/PS1 PB1-KO mice. Dashed lines outline the 

perimeter of glial net territory defined by GFAP+ cells. Quantifications show that Plexin-B1 KO caused reduced glial 

net sizes and shorter distance of GFAP+ cells to plaque margin . Unpaired t-test. n=9 sections per genotype, from 3 

independent mice each; for glial net size, each data point represents the mean of 11 randomly selected peri-plaque 

glia nets from one section; for cell distance to plaque, violin plots from n=104 and 55 cells for different genotype, 

showing median, 25-75% quantiles, and minimal and maximal values. 

C) Quantifications indicate lower number and area of GFAP+ cells in glial nets in APP/PS1 PB1-KO mice. However, 

the density of GFAP+ cells in reactive glia nets and coverage of amyloid plaques by GFAP+ glial processes are 

increased by PB1-KO. Unpaired t-test. n=9 sections per genotype from 3 independent mice (each data point 

represents the mean of randomly selected glia nets from one section).  

D) Quantifications indicate lower number, but higher density, and increased area of Iba1+ microglia in peri-plaque 

glial nets of APP/PS1 PB1-KO mice. Also note higher coverage of amyloid plaques by Iba1+ processes in APP/PS1 

PB1-KO condition. Unpaired t-test. n=9 sections from 3 independent mice of each genotype (each data point 

represents the mean of randomly selected glia nets from one section). 

E) Schematic depiction of Plexin-B1 knockout phenotypes: smaller but more compact glial nets surrounding amyloid 

plaques, with fewer reactive astrocytes and activated microglia, reduced cellular spacing (thus higher density), and 

increased proximity and plaque coverage by glial cells. 
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Figure 3. scRNA-seq reveals an impact of Plexin-B1 deletion on the activation state of reactive astrocytes in 
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AD brains. 

A) scRNA-seq on prefrontal cortex from 6-month-old mice (WT, PB1-KO, APP/PS1, APP/PS1 PB1-KO) by 10X 

Genomics system. UMAP embedding of all cells combined show 10 distinct cell type clusters. 

B) Feature and violin plots show that Plxnb1 is predominantly expressed in astrocytes, and is effectively ablated in 

PB1-KO mice.  

C) Subclustering of astrocytes identified 4 distinct subclusters, with subcluster sc-1 representing reactive astrocytes.  

D) Signature scores plotted on astrocyte UMAP representation for gene sets of reactive astrocytes: A1-specific, A2-

specific, and Pan-reactive astrocytes (defined in Liddelow et al., 2017). 

E) Violin plots illustrate the expression patterns of genes in different astrocyte subclusters. 

F) Graphs showing representation of astrocyte subclusters in different genotypes. APP/PS1 caused expansion of 

subcluster sc-1 reactive astrocytes, which was reduced by PB1-KO. 

G) Volcano plot showing differentially expressed genes (DEGs) in astrocyte subcluster 1 between APP/PS1 PB1-

KO and APP/PS1 genotypes. Cut-offs for coloring are 1.25-fold up- or down-regulation, respectively. 

H) Enrichment analysis for gene ontologies of DEGs in astrocyte subcluster sc-1 (APP/PS1 PB1-KO vs. APP/PS1). 
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Figure 4. scRNA-seq reveals altered microglial activation in APP PB1-KO mice.  

A) Subclustering of microglia shown in UMAP embedding, highlighting subcluster 9, which represents disease-

associated microglia (DAM).  

B) Violin plots show the expression of DAM marker genes in microglia subclusters. Note the high expression in 

microglia sc-9. 

C) Violin plots show the expression of genes associated with microglia homeostasis. Note lower expression of 
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Cx3cr1, P2ry12, and Tmem119 in microglia sc-9. 

D) Graphs show altered proportions of microglia subclusters in different genotypes. Note that the microglia sc-9 was 

expanded in APP/PS1 mice, which was decreased by PB1-KO. 

E) Volcano plot showing differentially expressed genes (DEGs) in the DAM-like microglia sc-9 (APP/PS1 PB1-KO 

vs. APP/PS1). Cut off of 1.25-fold change for coloring. Note that majority of the DEGs were upregulated by PB1-

KO. 

F) Enrichment analysis of upregulated DEGs in microglia sc-9 (APP/PS1 PB1-KO vs. APP/PS1) show enhanced 

microglial cell activation in APP/PS1 PB1-KO condition.   
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Figure 5. Reduced plaque burden and shift towards dense-core type in AD mice with Plexin-B1 KO. 

A) Representative images of forebrain sections from 6-month-old APP/PS1 mice without or with Plexin-B1 KO, 

stained for amyloid plaques (antibody 6E10). Quantifications show reduced overall numbers of plaques and smaller 
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plaque areas in PB1-KO. Unpaired t-test. n=9 sections per genotype, from 3 independent mice each. For plaque size, 

each data point represents the mean of all plaques from one section. 

B) IF images of forebrain sections stained with amyloid binding dye Thio-S highlight a shift of plaques towards 

dense core types (arrows) in APP/PS1 PB1-KO mice. Dashed ovals denote the more diffuse plaques that are only 

weakly stained by Thio-S. Note also reduced size of glial nets in PB1-KO, as detected by GFAP staining. 

C) Quantification of cumulative frequency distribution show that the plaques areas (6E10 antibody staining) are more 

compact in Plexin-B1 KO mice. Two-way ANOVA with Sidak’s multicomparison test. n=741 (APP/PS1) and 428 

(APP/PS1 PB1-KO) plaques from 9 sections of three independent mice per genotype. 

D) Proportions of plaque types are shifted from fibrillary to compact dense core in Plexin-B1 KO animals. Scoring 

scheme is illustrated by examples shown below. n=6 brain sections per genotype. Unpaired t-test. n.s., not significant. 
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Figure 6. Decreased neuritic dystrophy in Plexin-B1 KO AD mice.  

A) IF images show representative examples of staining for plaques and neuritic lysosomal marker LAMP1. Enlarged 

images of boxed areas are shown on the right. Note reduced dystrophic neurites (LAMP1+) and more compact plaques 
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in 6-months old APP/PS1 and APP/PS1 PB1-KO mice.   

B) Quantifications show reduced number and area of LAMP1+ peri-plaque structures per coronal section of forebrain 

at level of striatum in Plexin-B1 KO mice. Unpaired t test. n=9 sections from three independent mice per genotype. 

The size of LAMP1+ area per plaque was also reduced in PB1-KO condition. Unpaired t test. n= 623 (APP/PS1) or 

364 (APP/PS1 PB1-KO) plaques. 

C) IF images of representative examples of amyloid plaques surrounded by phagocytic cells labeled for CD68. 

Quantifications show that the relative area of CD68 in relation to the plaque is comparable between APP/PS1 and 

APP/PS1 PB1-KO. n=41 (APP/PS1) or 33 (APP/PS1 PB1-KO) plaques, from three independent mice per genotype. 

For bar graph: Unpaired t-test. For dot plot: Simple linear regression test, deviation of slope from zero. n.s., not 

significant. 

D) Graphical summary of a protective effect of Plexin-B1 deletion in AD by reducing the footprint of plaque-related 

reactive glial nets and reducing neurotoxicity in AD brains.  
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