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Abstract

Single-nucleus RNA sequencing (snRNAseq) allows for the dissection of cell type-specific
transcriptional profiles. We evaluated differential gene expression using snRNAseq data generated
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from hippocampal region tissue donated by 11 Boston University Alzheimer’s Disease Research
Center (BU-ADRC) participants with neuropathologically confirmed Alzheimer’s disease (AD)
with or without co-existing pathology (AD only = 3, AD+vascular disease (Vas) = 6, AD+Lewy
body disease (LBD) = 2). Expression of 19,893 genes was compared between AD+Vas and

other AD groups for each cell type. Co-expression modules were identified in a set of 174 bulk
RNAseq hippocampal samples from BU-ADRC. Modules enriched in differentially expressed
genes (DEGs) were identified using Fisher’s exact tests. The overlap between DEGs and co-
expression modules was incorporated into quantitative gene set analysis. AD+Vas subjects showed
decreased expression of genes related to immune activation in microglia (¢=-2.67, p=2.72 x
1072). Expression of these genes was negatively associated with expression of receptors P2ZRY12
and CX3CR1 (r=-0.87, p=1.70 x 1072), which have been linked to microglial migration and
activation, respectively. Expression of genes that negatively regulate angiogenesis in endothelial
cells was decreased (¢= —4.84, p=1.49 x 103) and associated with expression of the microglial
activation genes in the BU-ADRC dataset (7= 0.68, p= 1.63 x 1072). This association and the
finding of upregulation of PZRY12in AD+Vas samples were replicated in 393 ROSMAP Study
dorsolateral prefrontal cortex snRNAseq samples (7= 0.34, p=8.37 x 10712 and z = 5.82,

PrDR = 8.73 x 1078, respectively). In summary, we found an expression profile in brain tissue
from individuals with AD+Vas pathology that is associated with reduced activation and increased
migration in microglia and angiogenesis in endothelial cells.

Keywords

Single-nucleus RNA sequencing; Alzheimer’s disease; Lewy body disease; Vascular disease;
Microglia; Endothelial cells

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder and the leading cause of
dementia. It is characterized by the presence of neurofibrillary tangles and amyloid
plaques in the brain, progressive cognitive impairment, and memory loss (Kumar et

al., 2023). Increasingly more attention has been given to mixed-pathology AD (MxAD)
where hallmark AD proteins (i.e., amyloid-p and hyperphosphorylated tau) co-occur with
pathological markers of other diseases. Observational studies have found a high prevalence
of MxAD in AD patients, with one study showing 91 % of AD patients having additional
neuropathology (Boyle et al., 2018). Among the most common co-occurring pathologies
with AD include vascular disease (Vas) and Lewy body disease (LBD), with these
respectively occurring in approximately 71 % and 15 % of those with AD pathology
(Boyle et al., 2018). Therefore, a better understanding of how these combined pathologies
affect the pathogenesis and progression of the disease may provide valuable insights into
more effective treatment and potential new therapeutic targets. This is especially important
for the highly prevalent combined AD and vascular pathology. Cerebrovascular lesions
associated with cognitive decline encompass a spectrum of subtypes, including large
artery atherosclerosis, cerebral small vessel disease (e.g., arteriolosclerosis), cortical and
subcortical infarcts, and hypoperfusive injuries following systemic events such as cardiac
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arrest. These vascular pathologies often overlap with AD-related changes, potentially
accelerating neurodegeneration and influencing clinical presentation.

Cardiovascular risk factors, in particular, have been linked to worsened AD-related
outcomes. For instance, in an observational cohort study, a mid-life cardiovascular risk
factor related to hypertension, body mass index, diabetes, and blood lipid levels was strongly
associated with greater amyloid deposition in the brain (Gottesman et al., 2017). Other
studies have also found that similar scores are positively associated with AD and non-AD
forms of dementia as well as cerebral infarctions and atherosclerosis later in life (Song et
al., 2021). This link is further supported by the genetic association between ischemic stroke
risk and AD and all-cause dementia, respectively (Luo et al., 2025). Genetic associations
between AD and plasma lipid traits also support this relationship (Broce et al., 2019). This
all suggests that vascular dysfunction may play a role in exacerbating AD, highlighting the
need to study the co-occurrence of Vas with AD.

Both genome-wide association (Bellenguez et al., 2022; Jansen et al., 2019; Kunkle et al.,
2019; Wightman et al., 2021) (GWAS) and molecular biology studies have implicated glial
cell types in AD pathology (Dzamba et al., 2016; Kim et al., 2018; Nordengen et al., 2019;
Uddin and Lim, 2022). For instance, many genes implicated in AD through GWAS are
highly or exclusively expressed in specific glial cells. Variants in the APOE, TREMZ, CR1,
and MS4A genes have been consistently associated with AD and are highly expressed in
microglia (Hansen et al., 2018). Furthermore, the presence and expression of many of these
genes have been linked to microglial function in AD mouse models (Crehan et al., 2013; Lee
et al., 2023; Song et al., 2018). These studies highlight potential roles particular cell types
may play in AD biology.

Single-nucleus RNA sequencing (SnRNAseq) allows for quantitative measurement of gene
expression at the cellular level (Grindberg et al., 2013; Wu et al., 2019) and has been
conducted in tissue from a wide variety of human brain regions (Grubman et al., 2019; Lau
et al., 2020; Mathys et al., 2019; Morabito et al., 2021; Olah et al., 2020; Zhou et al., 2020),
revealing novel information about cell-specific processes involved in AD. Although single-
cell sequencing has several advantages over snRNAseq, including capturing cytoplasmic
transcripts, ShRNAseq is a more appropriate technology to capture cell-level expression in
the central nervous system because it doesn’t require dissociating neural and glial cells
(Ding et al., 2020). With large frozen brain samples, snRNAseq also allows for unraveling
gene expression information at a sub-cell-type level, including subtypes of microglia. For
example, Haney et al. found an elevated proportion of lipid droplet-accumulating microglia
(LDAM), a subtype distinct from the typical homeostatic microglia (HOM), in AD cases
compared to controls (Haney et al., 2024). snRNAseq studies have also revealed unique
expression changes in brain endothelial cells from individuals with Lewy body disease
(Feleke et al., 2021) and vascular dementia (Mitroi et al., 2022). However, to date, few
snRNAseq studies have been performed using tissue from the hippocampal region, with
those studies that do exist not focusing on MxAD specifically (Mathys et al., 2024;

Yang et al., 2022). The accumulation of amyloid plaques and neurofibrillary tangles often
concentrates in the hippocampus and spreads to other parts of the brain (Toda et al., 2019).
Thus, the development of biomarkers based on measurable changes in the hippocampal
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region may potentiate early detection and diagnosis. Early intervention and targeted
treatments might mitigate the effects of neurodegeneration. Furthermore, identification of
molecular and cellular changes in the hippocampus could increase understanding of the
underlying causes of dementia and steps involved in the disease progression and thereby
lead to the development of more effective therapies.

In this study, we sought to identify cell type-level molecular characteristics that distinguish
samples with combined AD and Vas pathologies (AD+Vas) from those with exclusive

AD pathology (AD only) or combined AD and LBD pathologies (AD+LBD). Because
AD+LBD is much less common than those with AD alone or AD+Vas, and given that

our primary focus is to examine single-cell transcriptional changes associated with vascular
pathology in the context of AD, we combined the AD-only and AD+LBD samples into a
vascular-pathology—negative AD group for comparison with AD+Vas samples.

2. Results

2.1. Differential gene expression across cell types

A total of 80,105 nuclei distributed among 14 different cell types remain for analysis

after quality control filtering (Fig. 1a). The relatively large number of nuclei enabled

the identification of distinct cellular subtypes, including arterial, capillary, and venous
endothelial cells (Supplemental Fig. 1) as well as LDAM and HOM (Supplemental Fig.

2), which were classified in accordance with another recent snRNAseq study (Haney et

al., 2024). Approximately 76 % of the significant DEGs (IlogFCI >0.15, pPponferroni <

107) identified in the AD+Vas group were downregulated, suggesting a general pattern of
transcriptional downregulation in brains with AD+Vas pathology. This pattern was evident in
astrocytes and oligodendrocyte progenitor cells, and especially in microglia and endothelial
cells. For example, only 18 of 263 DEGs in microglia and only one of 370 in endothelial
cells were upregulated (Fig. 1c). These cell-type-specific changes account for almost half
(43.7 %) of all unique DEGs in the AD+Vas group. Furthermore, many DEGs were
observed in microglia and endothelial cells despite their relatively low cell proportions (Fig.
1b).

Differential gene expression analysis across cell types also revealed the unique regulation
of transcriptional programs in each cell type evidenced by the very small proportion

of cross-cellular sharing of DEGs (Fig. 1d). Supporting this finding, the enrichment of
WGCNA modules in DEGs is highly cell-type dependent (Fig. 2a, Table 1). For example,
the M2 module is associated with innate immune response and is enriched in the microglial
downregulated DEGs (OR = 5.99, pepg = 2.91 x 1077), and the M5 module is associated
with blood vessel development and is enriched in the endothelial downregulated DEGs (OR
=3.91, prpR = 4.43 x 10712) (Fig. 2b). The only exception to this is the A7 module,

which is associated with protein translation and is enriched in three different cell types (Fig.
2a). Based on these findings, we focused on the M2 and M5 modules in microglia and
endothelial cells, respectively (Fig. 2).
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2.2. Anti-angiogenic genes are downregulated in AD+Vas compared to other AD groups

The downregulated DEGs in endothelial cells are enriched for genes in the M5 module,
which are linked to blood vessel (pgpr = 7.25 x 1074) and vascular (pgpgr = 1.08 x

1073) development pathways (Fig. 2, Table 1). To further investigate the nature of the
enriched genes, we examined the overlap of genes in this module with endothelial DEGs
and observed a consistent pattern of downregulation (Fig. 3a). We designated the group

of overlapping genes as endothelial anti-angiogenic genes (EAAGS). The sample-level
expression of these EAAGSs was aggregated into a single score for each individual, which
revealed that this group of genes is significantly downregulated (£= —4.84, p=1.49 x 1073)
(Fig. 3b). This downregulation of EAAGsS is in alignment with the increased presence of
arterial endothelial cells in samples with AD+Vas pathology (Supplemental Fig. 1). The
expression of EAAGs was also positively correlated with the endothelial expression of anti-
angiogenic (An et al., 2009; Chlenski et al., 2010) genes RGCC and SPARC (Supplemental
Fig. 3).

2.3. Microglial activation is downregulated in AD+Vas compared to other AD groups

Genes in the M2 module, which are associated with immune system processes, are enriched
in the downregulated DEGs of microglia (Fig. 2, Table 1). To identify the genes that
primarily account for this signal, we further examined the microglial DEGs in the M2
module. Most of these genes were downregulated in AD+Vas samples, thus accounting

for the signal shown in Fig. 2. However, two genes - CX3CR1 and PZRY12 - were
upregulated, and their expression was generally opposite to expression of all other DEGs

in this group (Fig. 4a). Results from GO analysis indicated that the downregulated genes

in this module are primarily associated with microglial activation, including functions of
macrophage activation (pgpr = 4.71 x 107°) and positive regulation of immune system
processes (Pepr = 1.45 x 1074). The upregulated genes, by contrast, are primarily associated
with regulation of microglial migration (pepr = 4.96 x 107°) (Fig. 4a). Because CX3CR1
and PZRY12, the two upregulated genes of the M2 module, are markers of HOM and are
absent or heavily downregulated in LDAM (Haney et al., 2024), it is important to rule out
that these differences are not the result of differences in the proportion of LDAM. Results
from DEG analysis restricted to HOM were nearly identical to those from the analysis
including all microglia (Supplemental Fig. 4), suggesting that this pattern is not due to
different LDAM proportions among samples. Due to the differing expression patterns of
upregulated and downregulated M2 module DEGs, we divided these genes into separate
gene sets. Most of the genes are downregulated genes and are linked to microglial activation
(Fig. 4a), which we designate as positive microglial activation genes (PMAGS). The only
upregulated genes, CX3CR1 and PZRY12, are microglial receptors known to negatively
regulate microglial activation (Haynes et al., 2006; Lyons et al., 2009; Mildner et al., 2017,
Zujovic et al., 2000), and thus designated as negative microglial activation genes (nMAGS).
Comparison of aggregated expression of genes in the nMAG and pMAG sets using HOM
nuclei between AD+Vas and other AD samples revealed a significant downregulation of
PMAGs (t= -2.67, p=2.72 x 1072) and a suggestive upregulation of NMAGs (¢= 2.07, p
=6.94 x 1072) (Fig. 4b). Additionally, nMAG and pMAG expression scores were negatively
correlated (r= -0.87, p=1.70 x 10~2) (Fig. 4c).
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2.4. Expression of endothelial angiogenesis and microglial immune genes is correlated

Given the disproportionate number of microglial and endothelial DEGs downregulated in
AD+Vas samples (Fig. 1b,c), we investigated the associations between gene sets across the
two cell types. The EAAG score was significantly associated with both the pMAG (7= 0.68,
p=1.63 x 1073) and nMAG scores of microglial activation (r=-0.57, p=1.83 x 1072) (Fig.
3c). These findings were supported by the analysis of gene set scores derived from HOM
(Supplemental Figs. 5 and 6) and endothelial cells identified in the ROSMAP snRNA-seq
dataset. Specifically, significant negative associations with the same effect directions were
observed between nMAG and pMAG scores (r= -0.60, p = 3.67 x 10738) (Fig. 5a) and
between the EAAG score and the pMAG (r= 0.34, p=8.37 x 10712) and nMAG (r= -0.41,
p=2.31 x 10716) scores (Fig. 5a).

2.5. Replication of differential expression of key microglial genes in ROSMAP dataset

Of the 263 DEGs discovered in the microglial Boston University Alzheimer’s Disease
Research Center (BU-ADRC) dataset, 22 were differentially expressed in the ROSMAP
dataset, with 20 of these showing the same direction of effect. Only BASPI and MVB12B
showed opposing effect directions in the two datasets. Microglial expression of P2RY12was
elevated in AD+Vas samples in the ROSMAP dataset (z = 5.82, pepr = 8.73 x 1076). By
contrast, despite the high correlation of CX3CR1 and PZRY12expression (Supplemental
Fig. 7), CX3CR1 was not differentially expressed in AD+Vas subjects compared to the other
AD subjects (z = 2.41, pgpr = 0.59).

3. Discussion

In this study, we identified sets of genes that are differentially expressed between AD brains
with coexisting vascular pathology and AD brains without vascular pathologies, including
those with no additional or other pathologies. These gene sets are associated primarily with
angiogenesis in endothelial cells and immune activation in microglia. Among the microglial
activation genes (MAGS), there is a stratified pattern of expression in AD+Vas brain such
that genes that negatively regulate microglia activation (nMAG) are more highly expressed
and genes that positively regulate microglia activation (PMAG) are downregulated. We
found that nMAGs are composed of two receptors, CX3CR1 and P2RY12, which are
positively associated with microglial migration (Fig. 4) and ubiquitously expressed in
homeostatic microglia (Deczkowska et al., 2018). Their expression is negatively associated
with the expression of pMAGs. The pMAGs by contrast are composed of genes which are
positively associated with microglial immune activation. We demonstrated a reproducible
negative association between these two gene sets which is consistent with previous studies
showing CX3CR1 and P2RY12 negatively regulate microglial activation (Haynes et al.,
2006; Lyons et al., 2009; Mildner et al., 2017; Zujovic et al., 2000).

In endothelial cells we observed the downregulation of genes which are associated with
angiogenesis. However, how these genes regulate angiogenesis is less clear. Several genes,
including SRGNand APOL D1, are positively associated with angiogenesis (Fan et al.,
2023; Reine et al., 2015; Stritt et al., 2023; Tanaka et al., 2022; Yan et al., 2022) while
others, including ADAMTS9and SEMAS3F, are anti-angiogenic (Feng et al., 2022; Guo
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etal., 2013; Koo et al., 2010; Lo et al., 2010; Neufeld et al., 2012; Sakurai et al., 2012).
Among more highly ranked DEGs in our study, ANGPT2was the most significant DEG

in endothelial cells and was also strongly downregulated in brain tissue exhibiting AD+Vas
pathology. Its action is context-dependent (Souma et al., 2018), acting as a pro-angiogenic
agonist of the protein kinase 7/£2in the absence of vascular endothelial protein tyrosine
phosphatase (VEPTP) and an anti-angiogenic antagonist in the presence of VEPTP. VEPTP
is ubiquitously expressed in vascular endothelial cells (Mestweber, 2021), making ANGPTZ2
anti-angiogenic in the context of vascular brain endothelial cells. Several other of the top-
ranked DEGs, including ADAMTSY9, RGCC and SPARC are also anti-angiogenic (An et al.,
2009; Chlenski et al., 2010). Although RGCC and SPARC are not EAAGS in the strict sense,
their expression was strongly correlated with the EAAGSs (Supplemental Fig. 3), suggesting
that they occur as part of a shared biological process. Our finding of a disproportionate
representation of anti-angiogenic genes among the top DEGs suggests that the greater group
of EAAGs is anti-angiogenic. The anti-angiogenic nature of these genes is further supported
by our finding of a higher proportion of arterial endothelial cells in AD+Vas individuals,
which may be caused by the downregulation of EAAGs (Supplemental Fig. 1).

We also identified a significant association of the expression of immune activation genes

in microglia and the expression of angiogenesis genes in endothelial cells. EAAGs are
negatively associated with angiogenesis and correlated with the expression of microglial
activation genes. In particular, expression of EAAGs was associated with reduced expression
nMAGs and higher expression of pMAGs. These patterns suggest that endothelial
angiogenesis and microglial migration are positively correlated, as well as an antagonistic
relationship between angiogenesis and microglial activation. Both P2RY12and CX3CR1
are important for microglial migration (Cao et al., 2019; Chidambaram et al., 2020; Wolf

et al., 2013), i.e. moving them along a chemical gradient towards their respective ligands.
PZRY12is of particular interest because its expression has been linked to microglial closure
of the blood-brain barrier (BBB) at sites of injury (Lou et al., 2016) and is required for the
attachment of microglia to capillary walls (Bisht et al., 2021). This suggests that damaged
endothelial cells may be recruiting microglia by releasing ligands to PZRY12and CX3CR1
and leading microglia to close sites of damage.

How this process relates to angiogenesis is less clear. Microglia migrating towards the

BBB have been shown to upregulate genes associated with the “regulation of vascular
development and angiogenesis” (Habashy et al., 2023) which suggests that microglia may
induce angiogenic effects on their associated vessels. CX3CR1 and PZRY12 expression

has also been associated with angiogenesis. For example, in blood, CX3CRI+ monocytes
promote aortic angiogenesis more than their CX3CR1- counterparts (Kim et al., 2016)

and the use of PZRY12-inhibitors has been shown to be anti-angiogenic in vivo (Wang,
2021). Therefore, it is reasonable to expect similar behavior at the microglia-endothelial
cell interface in the brain. Taken together, these findings suggest that the relationship

may partially be explained by microglia inducing angiogenesis in endothelial cells, with
differences in the expression of MAGs being caused by damaged endothelial cells releasing
ligands to CX3CR1 and P2RY12, thus promoting microglial chemotaxis and inhibiting
microglial activation (Fig. 6). BBB dysfunction has been linked to AD+Vas (Barisano et al.,
2022; Gong and Jia, 2022; Hussain et al., 2021; Tayler et al., 2021; Ueno et al., 2016) and
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our data suggest that this dysfunction may be more evident in patients with mixed AD+Vas
pathology.

Microglia may also play a role in modulating cerebral blood flow (CBF) in patients with
AD+Vas. Recent studies have found that vessel-associated microglia can regulate local
CBF (Bisht et al., 2021; Csészar et al., 2022). In particular, the ablation of microglia has
been shown to increase CBF of the brain vasculature in a P2RY12-dependent manner. This
suggests that microglia exert an inhibitory role on CBF, with P2RY12 contributing to this
effect in parallel with its potential role in promoting endothelial angiogenesis. A similar
pattern has been observed in perivascular macrophages in mouse muscle, with macrophages
regulating blood flow to ischaemic muscle (Vagesjo et al., 2021). This is important because
low cerebral blood flow has been associated with an increased risk of developing dementia
(Schuff et al., 2009; Wolters et al., 2017), and this process may be worsened by the presence
of increased vessel-associated microglia in AD+Vas individuals.

Microglia play a pivotal role in AD biology and have been associated with both AD risk
and resistance (Olah et al., 2020). Dysfunctional microglia have been shown to worsen tau
pathology (Leyns and Holtzman, 2017) and promote neurodegeneration by way of synaptic
pruning (Leyns and Holtzman, 2017; Spangenberg and Green, 2017). However, microglia
also have neuroprotective roles. For instance, they are instrumental in clearing amyloid-f
aggregates in the brain and macrophages from carriers of the AD-associated 7REMZ2R62H
missense variant have impaired uptake of amyloid-B complexes (Spangenberg and Green,
2017). Our data suggest that, as a result of endothelial damage, microglia in the brains

of AD+Vas individuals are more likely to be in a “surveillance state” whereby immune
processes are downregulated and migration is promoted when compared to other individuals
with AD. This suggests that the pro-inflammatory effect of microglia may have a smaller
role in AD+Vas than in other pathological forms of AD.

Our study has noteworthy limitations. Many of our findings were generated from snRNAseq
data, and expression of some AD-associated microglial genes is depleted in single-nucleus
RNAseq experiments compared to single-cell RNAseq experiments (Thrupp et al., 2020).
This issue, together with the relatively low microglial count in the data, could lead to an
incomplete picture of microglial expression profiles. Another concern is that our results
were derived from an analysis of a relatively small number of BU-ADRC samples, thus
limiting the statistical power of the study. It is also noteworthy that we were unable to
perform in-depth analyses of endothelial cell subtypes due to the limited number of arterial
and venous endothelial cells in the dataset. Additionally, given the small number of available
samples in the AD-only (7= 3) and AD+LBD (77= 2) groups, merging these groups
increased statistical power while maintaining a vascular-pathology—negative comparator
group and achieving a relatively balanced sample size (n7=5) compared to the AD+Vas
group (n=6). However, Lewy body pathology may introduce heterogeneity; larger, more
finely stratified datasets would enable more precise separation of the effects of AD+LBD.
Where sample sizes permit, we will perform additional analyses separating AD-only from
AD+LBD to assess the robustness of our results and better isolate the impact of vascular
pathology in our future study. Furthermore, we were unable to experimentally verify the
status of microglial activation and angiogenesis in the post-mortem samples. Furthermore,
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not all of the results were replicated; this may be due to expression differences between
hippocampal and DLPFC tissue. Substantial expression differences between brain tissue
types were observed in a schizophrenia study comparing expression between hippocampal
and DLPFC tissue (Collado-Torres et al., 2019). Finally, the proposed connection between
microglia and endothelial cells (Fig. 6) is based on correlations among pMAG, nMAG,

and EAAG scores, which do not provide evidence of spatial proximity or directional
signaling (e.g., from microglia to vasculature via P2ZRY12). Further studies using spatial
transcriptomics or immunostaining are necessary to determine whether P2ZRY12 expression
localizes near blood vessels or colocalizes with endothelial markers.

In conclusion, we found evidence for an interaction between endothelial cells and microglia
in human hippocampus tissue from persons with AD+Vas pathology. This relationship
involves a gene expression profile associated with reduced immune activation and increased
migration in microglia and angiogenesis in endothelial cells. Further studies of AD+Vas are
needed to support and extend our findings.

4. Methods

4.1. Neuropathological evaluation

Tissue specimens for this study were obtained from BU-ADRC brain donors. A pathological
diagnosis of AD was established using N1A-Reagan criteria to diagnose AD of intermediate
or high likelihood (Newell et al., 1999). Other established criteria were used to diagnose

the presence of brainstem, limbic, or neocortical Lewy body disease (Attems et al., 2021),
hippocampal sclerosis (Bliimcke et al., 2013), and frontotemporal lobar degeneration (Neary
et al., 1998). Brain tissue was also evaluated for vascular pathology/disease, including the
presence of old gross infarcts, old microinfarcts, old cerebral microbleeds, moderate-severe
atherosclerosis of the Circle of Willis, and moderate-severe small vessel arteriolosclerosis

in subcortical white or gray matter. Scores for pathologies rated on a none-mild-moderate-
severe scale (atherosclerosis and arteriolosclerosis) were dichotomized as moderate/severe
vs. none/mild. Among the 12 BU-ADRC brain donors included in our hippocampal
snRNAseq profiling (AD-only = 3, AD+LBD = 2, AD+Vas = 6, non-AD control = 1), none
of them had evidence of old cerebral microbleeds. Notably, all 6 CE+Vas brains exhibited
moderate arteriolosclerosis in the subcortical white or gray matter; among these brains, five
also showed old microinfarcts. The one non-AD pathological control had a Braak stage of
2, a CERAD score of 4 (indicating no neuritic plaque burden), and an MMSE score of 29
(Table 1). With respect to vascular pathology, the brain showed mild arteriolosclerosis, no
atherosclerosis, and no old cerebral microbleeds, but did contain old infarcts. Accordingly,
this case was classified as vascular disease without AD, dementia, or other neuropathologies,
and was used as a control to examine single-cell level transcriptional changes associated
with vascular pathology in the context of AD, the primary focus of this study.

4.2. Bulk RNA sequencing and data processing

Paired-end bulk RNA-sequencing (RNAseq) was performed using RNA extracted from 207
frozen hippocampal samples in the BU-ADRC brain tissue repository using the lllumina
Truseqg3 protocol. These samples included pathologically confirmed AD cases with or
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without coexisting pathologies and controls who lacked evidence of neurodegenerative
disease but may have had modest vascular pathologies (Supplemental Table 1 and Table

2). Adaptor removal was performed using Trimmomatic v0.39 (Bolger et al., 2014)

and trimmed reads were aligned to the GRCh38 reference genome using the STAR

aligner v2.7.10a STAR: Ultrafast Universal RNA-Seq Aligner, 2025). Gene level RNA
quantification was done using RSEM v1.3.3 (Li and Dewey, 2011) expected count values.
The filterByExpr function from edgeR v3.34.1 (Robinson et al., 2010) was applied with
default settings to exclude genes with low expected read counts. The expected count matrix
was normalized into a log-counts per million matrix using the logcpm function from edgeR
with default settings. Principal component analysis performed using the prcomp function
in R v4.1.1 revealed an outlier cluster which was not associated with any external variable
(Supplemental Fig. 8, Supplemental Table 2). After excluding these outliers, 191 samples
(73 with AD only pathology, 54 with AD+LBD pathology, 43 with AD+Vas pathology, 3
with AD pathology and hippocampal sclerosis, 1 with AD pathology and frontotemporal
lobar degeneration, and 17 with little evidence of AD pathology) remained (Table 2),
including 42 males and 149 females. Gene co-expression clusters were identified from
analysis of the RNA-seq data for the 174 CE cases in this group using the weighted gene
co-expression network analysis (WGCNA) software v1.71 (Fig. 7) (Langfelder and Horvath,
2008) (Supplemental Fig. 8). The “bicor” function was used to calculate the correlation
matrix and genes were subsequently grouped into modules using the dynamicTreeCut
function. These modules were then merged into larger units based on eigengene correlation
using the mergeCloseModules function.

nucleus RNA sequencing data, processing, and quality control

Among the 207 frozen human hippocampal samples collected by the BU-ADRC with bulk
RNAseq data, 16 samples were selected to perform snRNAseq of 5000-8000 nuclei per
sample using the 10x Genomics Chromium™ platform. These samples were chosen because
they had the highest RNA and sequencing quality among the original set of bulk RNAseq
samples, and were enriched for individuals with AD+Vas. 30-50 mg tissue material was
collected from fresh frozen brain hippocampus, to obtain approximately 2 million nuclei per
donor using an established protocol (Fujita et al., 2022). Nuclei were isolated with EZ PREP
buffer, followed by homogenization by a glass dounce tissue grinder. Nuclei were then
centrifuged at 500 xg for 5 min at 4 °C. The isolated nuclei were suspended in 50-70 uL of
nuclei suspension buffer, depending on pellet size, and filtered through a 35 pm cell strainer.
Nuclei were quantified using AO/PI, with a final target of 5000-8000 nuclei for the 10x
Genomics Chromium™ Single Cell Gene Expression protocol. Libraries were pooled and
sequenced using an lllumina Nex-Seq2000 platform at the Boston University Single Cell
Sequencing Core. The snRNAseq data from four samples were excluded because of their
aberrant cell type composition. Over 90 % of the nuclei from these samples are part of a cell
cluster that is extremely rare or absent in other samples (Supplemental Fig. 9a-b). Based on
its unique high expression of PAX6and low expression of neuron-associated GRINZB, we
classified these cells as granule neuron progenitor cells (Luo et al., 2021) (Supplemental Fig.
9c¢). This cell type is unlikely to be naturally present at such high proportions. The remaining
samples included 11 of the 174 individuals with bulk RNAseq data and a neuropathological
diagnosis of AD and one individual among the 17 controls with bulk RNAseq data (Table 3).
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Among the AD subjects, three had no other pathology, six had Vas pathology, and two had
LBD pathology.

Publicly available snRNAseq data derived from the dorsolateral prefrontal cortex (DLPFC)
of 393 Religious Orders Study and Memory and Aging Project (ROSMAP) participants
(Fujita et al., 2022) were obtained to replicate gene co-expression findings, which included
119 males and 274 females. Samples were grouped into AD only, AD+LBD, and AD+Vas
groups using the same criteria as the BU-ADRC individuals. A total of 118 subjects,
including 33 males and 85 females, with AD+LBD (7= 10), AD+Vas (1= 89), and AD-only
(n=19) pathology were retained for further analysis after excluding samples with no AD
pathology or pathology associated with other neurodegenerative diseases.

snRNAseq reads from both datasets were aligned using CellRanger v6.0.1. Quality control
metrics were calculated with singleCellTK v2.6.0, using the DecontX (Yang et al., 2020)
method to quantify ambient RNA contamination and the CxdsBcdsHyrbid (Bais and Kostka,
2020; Hong et al., 2022) method to identify doublets. Nuclei that had less than 250 UMIs
or 500 genes, more than 5 % mitochondrial reads, or ambient RNA contamination scores
higher than 0.5, and those identified as doublets were removed. Seurat (Butler et al., 2018)
was used to normalize and cluster the nuclei in both datasets. Cell type classification

was first performed on a subset of cells using a set of marker genes for seven cell types
(Supplemental Table 3). Seurat clusters with high expression of each set of markers were
classified as the corresponding cell type (Fig. 7). singleR v2.2.0 (Aran et al., 2023; Aran
etal., 2019) was used for further classification of other cells, with the manually classified
cells used as prior biological knowledge to identify cell types without manually interpreting
clusters and defining marker genes multiple times. Cell types were further reclassified into
more appropriate cell types on a case-by-case basis to improve the accuracy and granularity
of cell typing (Supplemental Fig. 10). Cell clusters that were exclusively found in one
sample were removed.

4.4. snRNAseq differential gene expression analysis

Differential gene expression between the AD+Vas pathology samples and the other samples
classified as AD only or AD+LBD (hereafter referred to as “other AD”") was performed
using the Seurat FindMarkers function. A two-sided Fisher’s exact test was performed

to evaluate the overrepresentation of different co-expression modules, using the status of
differentially expressed gene (DEG) and module inclusion as binary categories for the
contingency table (Fig. 7). This process was performed separately for DEGs which were
upregulated and downregulated in samples from persons with AD+Vas pathology. WGCNA
modules derived from the 174 bulk RNAseq samples that had an adjusted p-value less than
0.01 and contained more than 50 genes were included in the analysis.

4.5. Scoring of gene sets and gene set replication

Gene set enrichment scores were calculated using expression data averaged in each cell type
derived from the Seurat AverageExpression function and the combined z-scores method

(Lee et al., 2008). Gene sets derived from the BU-ADRC data were scored with the
ROSMAP snRNAseq average expression data for replication analyses. Linear regression was
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performed to find associations of gene set scores derived from the BU-ADRC and ROSMAP
expression datasets. ROSMAP data were analyzed with a model including covariates for

age at death, sex, population group, years of education and post-mortem interval (PMI). BU-
ADRC data were analyzed with a similar model but without covariates for education which
is not available. Two-sided #tests were used to assess differences between samples with
AD+Vas pathology and the other AD samples. Gene ontology (GO) analysis was performed
for all gene sets using g:Profiler (Reimand et al., 2007) with default settings. To prioritize
the genes driving the enrichment signal, gene sets were obtained by overlapping the DEGs
for a particular cell type with genes in the WGCNA modules enriched in the same cell type
(Fig. 7). Replication analyses were performed using the much larger ROSMAP snRNAseq
data allowed for the testing of a more complicated model for assessing transcriptional
changes and characterizing heterogeneity in snRNAseq data using MAST (Finak et al.,
2015) including covariates for age, sex, PMI, and the individual from which the cell was
obtained.
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Fig. 1. Differentially expressed genes across cell types.
a) UMAP plots showing the distribution of cell types in the dataset (7= 12 samples).

b) Bar plot showing mean individual percentage of each cell type with +1 standard error
bar and individual sample percentages overlaid (n = 12 samples). ¢) Number of up- and
downregulated (in AD+Vas relative to other AD samples) differentially expressed genes
(DEGS) by cell type. Cell types with very few DEGs were excluded. d) Venn diagram
showing DEG overlap in the top 5 cell types by number of DEGs. Total number of DEGs
is indicated in parentheses. e) Volcano plot for microglia and endothelial cells with DEGs
highlighted in blue and red.
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subjects with AD+Vas compared to other AD subjects. The singular control sample was
included in the heatmap. Right portion of the panel shows the Gene Ontology (GO)
Biological Process terms enriched in the EAAGS sorted by enrichment pgpr. b) Boxplot
showing the downregulation of the aggregated EAAG score in subjects with AD+Vas

(n = 6) compared to other AD subjects (n = 5) and one control subject. c¢) Scatter

plots showing correlations of EAAG score with negative (nMAG) and positive (0PMAG)
microglial activation gene scores.
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a) Heatmap of average normalized negative (nMAG) and positive (PMAG) microglial

activation gene scores showing the downregulation of pMAGSs and the upregulation of
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Fig. 5. Correlation of microglial activation and endothelial anti-angiogenesis genes in the
ROSMAP dataset.
The correlation patterns among negative microglial activation (nMAG), positive microglial

activation (pMAG), and endothelial anti-angiogenesis gene (EAAG) scores derived from
snRNAseq data generated from the dorsolateral prefrontal cortex of 393 ROSMAP
individuals are the same as those generated from the hippocampus for the BU-ADRC
individuals.
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pathologies and control individuals. c) Gene co-expression modules were generated from
bulk RNAseq data using weighted gene co-expression network analysis (WGCNA). d)

Gene expression in each cell type was compared between AD+Vas subjects and all other
AD subjects using Seurat. e) WGCNA co-expression module genes and the cell type-level
differentially expressed genes (DEGs) were used to prioritize modules based on enrichment.
f) Gene sets were created from the overlap between DEGs for a cell type and their respective
enriched module.
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Table 1

Characteristics of subjects with sSnRNAseq data according to pathological diagnosis.

AD alone AD + LBD AD + Vas Control

N=12 3 2 6 1
Mean Age (range) 82.7 (79-86) 83.0 (79-87) 87.0(84-89) 82.0
Male: Female Ratio 2:1 11 4:2 0:1
Mean Braak Stage (range) 5.0 (3-6) 4.0 (3-5) 4.8 (3-6) 2.0
Mean CERAD Score (range) 1.7 (1-3) 1.5(1-2) 1.5(1-3) 4.0

AD = Alzheimer disease; LBD = Lewy body disease; Vas = vascular disease.
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Table 2
Demographic overview of BU-ADRC bulk RNAseq samples after filtering.

AD AD+LBD AD+Vas AD+ Control
Other
N 73 43 54 4 17
Age (£sd) 77.0 79.9 84.0 80.2 89.0
(+8.48) (6.08) (+9.35) (5.56) (+9.77)
Male: Female Ratio  60:13 36:7 39:15 4:0 10:7
Braak Stage (+sd) 5.53 5.28 5.28 4.25 2.29
(+0.647)  (x0.854) (+0.856) (£0.500)  (£0.985)
CERAD Score (+sd) 1.14 1.19 1.22 1.25 3.12

(#0.419) (£0.394)  (¥0538)  (+0.500) (+0.993)

AD = Alzheimer disease; LBD = Lewy body disease; Vas = vascular disease; sd = standard deviation.
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Table 3
Top-ranked gene co-expression modules.
Module® ©Odds Ratio  p-value PrDR Direction  Cell Type
M4 1.52x 100 671x107%2 676x10719  Down AST
M5 391x10° 4.40x10715 443x1072  Down END
M1 588 x 100 3.25x 1074 327x1071 Up oDC
M1 1.72x100  360x107% 3.62x107° Down END
M1 279x101  311x10  313x10°® Up GLU
M2 599x10° 291x10710 292x107  Down MIC
M7 2.85x 100 279x1077 2.80x107* Down oDC
M3 244x10° 387x107 3.88x107* Down GLU
M6 520x10° 9.87x10°% 987x10%  Down MIC

AST = astrocytes; END = endothelial cells; ODC = oligodendrocytes; GLU = excitatory neurons; MIC = microglia.

*
Includes co-expression modules which are significantly (pEDR < 0.01) enriched for differentially expressed genes, either upregulated or

downregulated.

Neurobiol Dis. Author manuscript; available in PMC 2025 December 01.

Page 30



	Abstract
	Introduction
	Results
	Differential gene expression across cell types
	Anti-angiogenic genes are downregulated in AD+Vas compared to other AD groups
	Microglial activation is downregulated in AD+Vas compared to other AD groups
	Expression of endothelial angiogenesis and microglial immune genes is correlated
	Replication of differential expression of key microglial genes in ROSMAP dataset

	Discussion
	Methods
	Neuropathological evaluation
	Bulk RNA sequencing and data processing
	Single nucleus RNA sequencing data, processing, and quality control
	snRNAseq differential gene expression analysis
	Scoring of gene sets and gene set replication

	Appendix A. Supplementary data
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Table 1
	Table 2
	Table 3

