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Abstract

Alzheimer’s disease (AD) is a pervasive neurodegenerative disorder that disproportionately affects women. Since neural
anatomy and disease pathophysiology differ by sex, investigating sex-specific mechanisms in AD pathophysiology can inform
new therapeutic approaches for both sexes. Previous bulk human brain RNA sequencing studies have revealed sex differences
in dysregulated molecular pathways related to energy production, neuronal function, and immune response; however, the
sex differences in disease mechanisms are yet to be examined comprehensively on a single-cell level. We leveraged nearly
74,000 cells from human prefrontal and entorhinal cortex samples from the first two publicly available single-cell RNA
sequencing AD datasets to perform a case versus control sex-stratified differential gene expression analysis and pathway
network enrichment in a cell type-specific manner for each brain region. Our examination at the single-cell level revealed sex
differences in AD prominently in glial cells of the prefrontal cortex. In the entorhinal cortex, we observed the same genes
and networks to be perturbed in opposing directions between sexes in AD relative to healthy state. Our findings contribute
to growing evidence of sex differences in AD-related transcriptomic changes, which can fuel the development of therapies
that may prove more effective at reversing AD pathophysiology.
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Abbreviations Background

AD Alzheimer’s disease

Ap Amyloid-B Alzheimer’s disease (AD) is an irreversible neurodegenera-

APOE Apolipoprotein E tive disorder that causes progressive memory decline, cog-

RNA-Seq RNA sequencing nitive deficits, and behavioral changes [1-3]. It is the most

DGE Differential gene expression common form of dementia and is reaching epidemic propor-

CERAD  Consortium to Establish a Registry for Alzhei-  tion as a result of extended life expectancies and increased
mer’s Disease elderly populations worldwide [4, 5]. It is of high priority to

PCA Principal component analysis find disease-modifying treatments for AD, as more than five

UMAP Uniform Manifold Approximation and million people are diagnosed with AD currently in the USA,
Projection a number estimated to triple by 2050 [6, 7].

BH Benjamini-Hochberg Although first described more than a century ago [8], the

DEG Differentially expressed gene underlying molecular mechanisms of AD remain elusive [9].

OPC Oligodendrocyte progenitor cells Extensive research efforts reveal that AD is histologically

characterized by pathological brain aggregates including
extracellular amyloid-p (AP) plaques and intracellular tau
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protein neurofibrillary tangles [10, 11]. Increasing evidence
suggests that neuroinflammation and brain dysfunction led
by neuronal supporting cells, which include microglia,
astrocytes, and oligodendrocytes, could contribute to AD
pathophysiology [12, 13]. These pathological features are
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accompanied by impaired neurotransmitter signaling, dys-
regulated neuronal metabolism, neuronal loss, and cerebral
atrophy [14-16]. Overall, the exact pathogenesis of AD
remains uncertain, which hinders the development of effec-
tive therapies.

Sex differences have been clinically documented in AD
[17, 18], yet the underlying causes for these differences are
not well understood. Approximately two thirds of AD diag-
noses are in women [19]. In addition to greater longevity in
females [20], other biological differences may be respon-
sible for the higher prevalence and accelerated cognitive
decline observed in women during disease progression [18,
21, 22]. For instance, a longitudinal study examining a post-
mortem cohort of about 1500 individuals observed that in
the presence of similarly high AP burden, females exhibited
faster cognitive decline than males [22], suggesting females
might be more susceptible to AP toxicity. Furthermore, after
adjusting for age and education, women had a higher tau tan-
gle density [22, 23]. Among genetic risk factors implicated
in AD, the apolipoprotein E (APOE) e4 risk allele has been
observed to have a differential influence and increased risk
for AD in women compared to men [24, 25]. Sex hormones,
especially the decline in hormone levels postmenopause,
could also contribute to sex differences in AD progression.
For example, after menopause, women experience an abrupt
loss of progesterone [26], which was previously shown to be
neuroprotective by promoting myelin repair and reducing
inflammation [27, 28]. In fact, compared to men, women
experience more inflammation-driven symptoms and have
an increased risk for autoimmune diseases [29-31]. These
findings suggest that investigating sex differences in AD will
not only provide insight into deciphering the fundamental
biological and mechanistic causes of AD pathogenesis, but
also highlight the necessity of developing personalized ther-
apeutic strategies.

Previous studies suggest that cellular and molecular heter-
ogeneity in AD pathogenesis [32, 33] and brain immune cell
dysfunction contribute to sex-specific AD pathophysiology
[34]; however, sex-specific disease complexity at single-cell
resolution is masked in bulk brain RNA sequencing (RNA-
Seq) analysis. Recent advances in single-cell RNA-Seq tech-
nology and the increasing availability of human transcrip-
tomic datasets present a novel opportunity to examine cell
type-specific transcriptional alterations in AD brain pathol-
ogy. Previously, genomic analyses have been performed on
heterogeneous populations of cells, and thus, observed sig-
nals represented a combination of the unique characteristics
of each individual cell. In the last few years, high-throughput
single-cell and single-nucleus techniques have revolution-
ized the field, allowing for high-dimensional analysis of
isolated subpopulations of individual cells and enabling an
unprecedented level of granularity in characterizing gene
expression changes in disease models. Researchers now have

the opportunity to address key challenges barring advance-
ments in the field of AD research by studying sample het-
erogeneity and transcriptomic signatures that are specific
to the disease-relevant cells. This approach allows map-
ping the spectrum of neuronal and other relevant cell types,
describing their cell-specific signaling pathways in disease
and ascertaining which of these features might explain the
sex- or genotype-specific disease etiology in AD.

In recent years, two single-nucleus RNA-Seq (snRNA-
Seq) datasets were generated from the prefrontal [35] and
entorhinal [36] cortices of age- and sex-matched human AD
patients and cognitively normal controls. For the prefrontal
cortex dataset, Mathys and colleagues performed differen-
tial expression analysis on single-cell transcriptomic results
across 48 individuals of varying degrees of AD pathology
and reported on the general sexual dimorphic transcriptional
response to AD pathology; however, they did not extensively
examine sex-specific differentially expressed genes (DEGs)
in the individual brain cell types or delineate any subsequent
sex-specific molecular pathway enrichments in AD. Similar
to the Mathys analysis, Grubman and colleagues analyzed
single-nuclei transcriptomes sequenced from the entorhinal
cortex of 12 age- and sex-matched human AD patients and
controls. Besides investigating the likelihood of sex as a
covariate factor for DEG variance observed, no sex differ-
ence analysis was performed in this study.

Understanding gene expression changes unique to each
sex provides opportunities to decipher molecular under-
pinnings that differentially contribute to AD in males and
females. In this study, we leveraged these two snRNA-Seq
datasets to characterize sex-stratified cell type-specific gene
expression perturbations in AD and to identify sex-specific
disease-associated cellular pathways as potential precision
therapeutic targets. In both brain regions, we identified sex-
specific disease changes primarily in glial cells and observed
samples to cluster by sex when examining gene expression
changes in AD compared to controls. Our findings will be
of fervent interest to the field in studying differing vulner-
abilities between sexes in AD.

Methods
Study Cohorts

The prefrontal cortex cohort comprised age- and sex-
matched samples from 24 males and 24 females with vary-
ing degrees of AD pathology. We reclassified samples based
on tau and amyloid-B (AB) plaque burden, using Braak
clinical staging and Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD) scores [37], respectively.
We defined cases as individuals with severe tau deposition
(Braak=1V) and high AP load (CERAD <2), and non-AD
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controls as individuals with low tau (Braak <III) and low
AP load (CERAD 2 3). For our sex-stratified analysis, we
focused on 20 cases (10 females, 10 males) and 22 con-
trols (10 females, 12 males) (Fig. 1, Table 1, Supplementary
Table 1).

The entorhinal cortex cohort consisted of age-matched 6
(2 females, 4 males) AD patients and 6 (2 females, 4 males)
control subjects, as indicated by Grubman et al. All cases
had a history of AD, while controls had no history of AD or
cognitive impairment, as reported by treating general prac-
titioners. For pathological scores used in categorizing sam-
ples, Braak staging scores were provided only for cases, and
amyloid pathology information was provided for all sam-
ples using the following categories: “Numerous diffuse and
neuritic AP plaque,” “Occasional diffuse plaque in cortex,”
and “None.” To use the same scoring system for identifying

Table 1 Prefrontal cortex cohort

Characteristic AD Control
n total 20 22

Age, mean (SD) 85.3(4.7) 84.8 (4.5)
Sex, n (%)

Female 10 (50.0) 10 (45.5)
Male 10 (50.0) 12 (54.5)
APOE, n (%)

2/3 2(10.0) 7 (31.8)
3/3 9 (45.0) 14 (63.6)
3/4 6 (30.0) 14.5)
4/4 3(15.0) 0(0.0)

Fig. 1 Workflow for cohort
sample definition and sex-
stratified cell type-specific
differential gene expression
and functional enrichment.
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cases and controls in both datasets, we used criteria from
the Rush Alzheimer’s Disease Center clinical codebook
provided with the prefrontal cortex dataset to convert these
measures of neuritic plaques into CERAD scores of 1 (Defi-
nite), 3 (Possible), and 4 (No AD), respectively. We excluded
one control male sample with the APOE2/4 genotype. For
our sex-stratified analysis, we focused on 6 cases (2 females,
4 males) and 5 controls (2 females, 3 males) (Fig. 1, Table 2,
Supplementary Table 2).

Single-Cell Data Processing, Cell Type Identification,
and Batch Correction

Data processing and analysis were performed separately for
each dataset with R [38] version 4.0.0 (April 24, 2020) via
RStudio [39], using Seurat [40] (v3.1.5). Visualizations were
created with BioRender (https://biorender.com/) (Fig. 1),
dittoSeq (v1.0.2) (https://github.com/dtm2451/dittoSeq/), a
package for analysis and visualization of bulk and single-cell
transcriptomic data in a color blind friendly manner, ggplot2
[41], and UpsetR [42].

Prefrontal Cortex

Seurat’s Read10X function was used to generate a count
data matrix using the filtered count matrix of 17,296 genes
and 70,634 cells, gene names, and barcode files provided by
10X. A Seurat object was created with the count data matrix
and metadata and filtered to keep genes present in at least 3
cells and cells meeting cohort selection criteria of at least
200 genes. Log normalization was performed using Seu-
rat’s NormalizeData function with a scale factor of 10,000,
and highly variable features were identified using Seurat’s
FindVariableFeatures, returning 3188 features, as specified
in the original paper. The data matrix was then scaled using
Seurat’s ScaleData function with nCount_RNA regressed
out, and dimensionality reduction through Uniform Mani-
fold Approximation and Projection (UMAP) was performed

Table 2 Entorhinal cortex cohort

Characteristic AD Control
n total 6 5

Age, mean (SD) 78.9 (8.5) 75.1 (5.7)
Sex, n (%)

Female 2(33.3) 2 (40.0)
Male 4 (66.7) 3 (60.0)
APOE, n (%)

2/3 0(0.0) 0(0.0)
3/3 1(16.7) 4 (80.0)
3/4 3 (50.0) 1 (20.0)
4/4 2(33.3) 0(0.0)

with the appropriate dimensions selected based on the cor-
responding principal component analysis (PCA) elbow plot.
UMAP plots confirmed that there were no confounding vari-
ables (Supplementary Fig. 1).

To identify cell types, following similar steps as Grub-
man and colleagues [36], we applied Seurat’s AddModuleS-
core function to list of 200 brain cell type markers from the
BRETIGEA [43] package to identify each cell type. Cell
types assessed included astrocytes, neurons, microglia, oli-
godendrocytes, oligodendrocyte progenitor cells (OPCs),
pericytes, and endothelial cells. Cells with the highest score
across brain cell type markers were labeled the correspond-
ing cell type, and if the highest and second highest scores
were within 20%, cells were deemed hybrids and excluded
from further analysis. We further confirmed successful cell
type identification by assessing homogeneity and separa-
tion of clusters in UMAP plots and by examining expres-
sion of top marker genes across cell types. While cell type
identification with BRETIGEA package’s cell type markers
was comparable to the original paper’s identification, we
found the original paper’s cell types more comprehensive
as it distinguished excitatory from inhibitory neurons. Thus,
we used the original paper’s cell type labels for the further
analysis (Supplementary Table 3). Due to low cell counts,
we did not analyze pericytes and endothelial cells. The final
Seurat object contained 17,723 genes and 62,741 cells.

Entorhinal Cortex

We acquired a filtered raw expression matrix of 10,850
genes and 13,214 cells, which was originally composed of
33,694 genes and 14,876 cells and filtered as described by
Grubman and colleagues. Briefly, genes without any counts
in any cells were filtered out. A gene was kept in the analy-
sis if two or more transcripts were present in at least ten
cells. The 100 postmortem interval (PMI)-associated genes
were removed from further analysis. Cells outside the 5th
and 95th percentiles with respect to the number of genes
detected and the number of UMIs and cells with more than
10% of their UMIs assigned to mitochondrial genes were fil-
tered out. The matrix was normalized by the Seurat pipeline
(scale factor of 10,000) and ScaleData was used to center
the gene expression resulting in a filtered matrix consist-
ing of 10,850 genes and 13,214 cells. A Seurat object was
created and consisted of genes in at least 3 cells and cells
with at least 200 genes. Normalization was performed using
Seurat’s SCTransform [44] method, and Seurat’s integration
workflow was performed to correct the confounded batches
introduced by the original study’s experimental design.
Dimensionality reduction was performed using values
from the integrated assay to assess successful batch correc-
tion (Supplementary Fig. 1). Using the method for cell type
identification described for the former cohort, we identified
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astrocytes, endothelial cells, neurons, microglia, oligoden-
drocytes, and OPCs. We further confirmed successful cell
type identification by assessing homogeneity and separation
of clusters in UMAP plots. Due to limitations in the number
of cells, we excluded endothelial cells from further analyses.
The final Seurat object contained 10,846 genes and 11,284
cells (Supplementary Table 4).

Cell Type-Specific Sex-Stratified Differential
Expression Analysis

To generate molecular signatures relative to sex in each cell
type, we used the Limma [45, 46] package’s voom [47] pipe-
line for RNA-Seq. For the prefrontal and entorhinal corti-
ces, we performed a sex-stratified analysis including APOE
genotype as a covariate. For the entorhinal cortex cohort,
while we integrated batches in our preprocessing, we were
not able to include batch as a covariate, as its collinearity
did not allow for an appropriate model fit.

After the design formulas were established, the DGEList
object was created from a matrix of counts extracted from
the corresponding Seurat objects. To improve the accuracy
of mean—variance trend modeling and lower the severity of
multiple testing correction, lowly expressed genes were fil-
tered out using edgeR’s FilterByExpr function with default
parameters. Normalization was performed with trimmed
mean of M values with singleton pairing (TMMwsp), fol-
lowed by voom, model fitting with a contrast matrix of each
defined case—control comparison, and empirical Bayes fitting
of standard errors. We determined differentially expressed
genes (DEGs) as those with a Benjamini-Hochberg (BH)-
corrected p value less than 0.05 and an absolute log2 fold
change (LFC) greater than 0.25. We then examined AD com-
pared to control gene expression changes in all cell types of
each sex using pairwise gene expression plots, violin plots
of gene expression, hierarchical clustering of samples using
AD compared to control pseudobulk cell type gene expres-
sion, and Upset plots, which prioritized labeling DEGs with
more overlaps across the groups compared.

Pathway Analysis

We performed an overrepresentation analysis of DEGs from
the cell type-specific sex-stratified analysis of cells from the
prefrontal and entorhinal cortex using g:Profiler [48], a web
tool that performs functional enrichment analysis from a
given gene list. We queried DEGs split by upregulated and
downregulated expression and selected enriched pathways
with a BH-adjusted p value cutoff of 0.05. In addition to
Gene Ontology cellular components, biological processes,
and molecular functions, our enrichment analysis also pro-
vided pathways from the Human Protein Atlas, Human Phe-
notype Ontology, KEGG, Reactome, and Wiki pathways.

@ Springer

Network Visualization of Enrichment Results

We followed a previously established protocol [49] for net-
work enrichment analysis on pathway results derived from
our cell type-specific DEGs. Briefly, pathway results were
imported into the Cytoscape visualization application,
EnrichmentMap. Then, redundant and related pathways were
collapsed into single biological themes using the AutoAn-
notate Cytoscape application.

Results
Sample Classification and Analytic Workflow

Samples were categorized into cases and controls based
on tau tangle and AP plaque burdens, using Braak clinical
staging and CERAD scores [37], respectively (AD: Braak
stage EM C; CERAD score ge EMcontrol: Braak stage <III;
CERAD score e EM CSL_ resulted in snRNA-Seq datasets
containing 17,723 genes expressed by 62,741 cells from the
prefrontal cortex cohort (Table 1, Supplementary Table 1)
and 10,846 genes expressed by 11,284 cells from the entorhi-
nal cortex cohort (Table 2, Supplementary Table 2), which
were acquired from different sets of individuals (Fig. 1). In
both brain regions, a sex-stratified differential gene expres-
sion (DGE) analysis was performed comparing AD cases to
controls, with APOE genotype as a covariate, in astrocytes
(Ast), microglia (Mic), excitatory neurons (Ex), inhibitory
neurons (In), undifferentiated neurons (Neu), oligodendro-
cytes (Oli), and OPCs (Supplementary Tables 3 and 4). For
the entorhinal cortex cohort, data integration was performed
and APOE genotype was included as a sole covariate in our
DGE analysis to account for batch effects and avoid collinear-
ity in our model. DEGs were determined using a BH-adjusted
p value <0.05 and absolute LFC > 0.25 as cutoffs. DEGs were
passed as inputs for pathway enrichment analysis, which pro-
vided pathways to be used as inputs for subsequent network
analysis. We examined gene expression and pathway networks
in AD versus neurotypical cells to identify cell type- and brain
region-specific and non-specific differences based on sex.

Sex-Stratified DGE Analysis in the Prefrontal Cortex
Reveals Sex-Specific Disease-Related Changes
in Glial Cell Types

Leveraging data from Mathys et al., from our sex-stratified
DGE analysis, we identified DEGs meeting significance and
LFC thresholds (Table 3) in all cell types except male inhibi-
tory neurons when comparing AD to non-AD (Supplementary
Table 5). We identified 73 DEGs across all cell types in the
prefrontal cortex (Table 3, Supplementary Table 5). Of these
DEGs, 36 were shared in both sexes, while 8 and 29 were
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Table 3 Number of
differentially expressed genes in

Male Female

both sexes per cell type in the Up Down Up Down
prefrontal cortex

Ast 5 2 23 7

Ex 33 3 30 5

In 0o 0 32 1

Mic 1 0 2

Ol 1 2 2

Opc 1 3 0

specific to AD compared to control males and females, respec-
tively. We also observed more shared DEGs in AD case versus
control female signatures versus male signatures across the
cell types (Fig. 2a), which is consistent with previous bulk tis-
sue analysis [34]. Some of the DEGs that overlap most across
cell types within one sex or across sexes include LINGOI, a
negative regulator of myelination [50, 51], which we found
upregulated in all AD compared to control female cell types;
SLCIA3, which encodes excitatory amino acid transporter 1
that transports glutamate in the synaptic cleft [52] and was per-
turbed in all female AD compared to control cell types except
oligodendrocytes and OPCs; and SPP1, a protein involved in
neuroinflammation also known as osteopontin [53] that we
observed to be upregulated in AD versus control samples of
both female and male excitatory neurons and microglia, as well
as female astrocytes and inhibitory neurons. Also, clustering
samples by AD compared to control pseudobulk cell type gene
expression (Fig. 2b) showed samples to cluster by sex before
cell type identity for all cell types except excitatory neurons.

In addition to identifying shared DEGs across cell types
and sexes, we also observed a larger range of LFC in the analysis
of female AD versus control ([—0.423, 1.058], median=0.314)
compared to the analysis of male AD versus control ([—0.370,
0.620], median=0.343). Within each cell type, we observed
DEGs, a number of which are relevant to and have been studied
in AD (e.g., NRXNI [54], SPP1 [53], DHFR [55], SGK1 [56],
ERBB2IP [57]), meeting significance and LFC thresholds. These
DEGs are shared by both sexes in AD versus control astrocytes,
microglia, and excitatory neurons, with consistent directionality
in both sexes (Fig. 2c, d, yellow color; Supplementary Fig. 3).
Overall, in the prefrontal cortex, we identified sex-distinct dis-
ease-related transcriptomic changes in gene expression primarily
among glial cells (Fig. 2d, brown color for female-distinct and
blue color for male-distinct).

Sex-Stratified DGE Analysis in the Entorhinal Cortex
Reveals Sex-Specific Disease-Related Changes,
Including Opposite Transcriptomic Changes
Between Sexes

Leveraging data from Grubman et al., we identified DEGs
(Table 4) comparing AD to non-AD in all cell types stratified

by sex. We identified 232 DEGs across all cell types in the
entorhinal cortex (Table 4, Supplementary Table 6). Of
these DEGs, 211 were shared in both sexes, while 20 and 1
were specific to AD compared to control males and females,
respectively. We observed shared DEGs across cell types
when comparing AD versus control samples in both sexes
(Fig. 3a). Some of the DEGs that overlap most across cell
types within one sex or across sexes include CLU [9, 58],
HSPAIA [59], RBFOX1 [60], and CST3 [61], which are rel-
evant in AD progression. Clustering of samples by AD com-
pared to control pseudobulk cell type-specific gene expres-
sion (Fig. 3b) showed samples to cluster by sex before cell
type identity for every cell type and highlighted opposing
gene expression patterns based on sex. Indeed, interestingly,
186 of the 211 DEGs shared between male and female AD
were regulated in opposite directions with respect to con-
trols, at least in some cell types.

When comparing the magnitude of gene expression
changes across sexes in AD versus control samples, we
found males to have a greater range of LFCs ([—2.174,
3.461], median=0.567) compared to females ([— 1.657,
2.649], median= —0.436). We visualized these differences
in DEGs such as LINGO1, which had a higher fold change
difference in male astrocytes (3.415) compared to female
astrocytes (0.4); GPM6A, which was upregulated in male
oligodendrocytes and downregulated in female oligodendro-
cytes; CST3, which was upregulated in male neurons, male
oligodendrocytes, and male and female OPCs, and down-
regulated in female neurons, female oligodendrocytes, and
male and female astrocytes; and LINC00486, which was
upregulated in all cell types of both sexes with an average
LFC in males of 1.9 compared to 1.0 in females (Fig. 3c).
Generally, directly comparing AD versus control DEGs
within each cell type, we not only observe a subset of genes
with directionally consistent changes among males and
females (Fig. 3d, yellow color; Supplementary Fig. 3), but
we also observed numerous changes in opposing directions
across sexes (Fig. 3d, pink color; Supplementary Fig. 3) and
a higher magnitude of disease-related changes in males com-
pared to females.

Comparative Analysis Across Brain Regions Reveals
More Shared Transcriptomic Sex Differences
in the Entorhinal Cortex

We compared DEG results from the prefrontal and entorhi-
nal cortices to determine whether changes in each sex were
consistent across brain regions. Overall, we observed more
overlaps across sex DEGs to be in the entorhinal cortex
(Fig. 4a). Additionally, clustering samples by AD compared
to control pseudobulk cell type gene expression (Fig. 4b)
showed some clustering by brain region and sex.

@ Springer



282 Molecular Neurobiology (2022) 59:276-293

]
I
‘iAﬁ%mm%mm Ao A e

a b
Shared and unique upregulated AD vs non-AD Shared and unique upregulated AD vs non-AD
DEGs across male cell types DEGs across female cell types

Log2 FC

I 1
0.5

31 13
30 LINGO1 0
111
- " RASGEF1B
5 é 10 SLC26A3 _05
g CDfi20 RBFOX1 3 S ° 0 I
4 8 - | | | o
£ sz6¢z < £ Sex
5 GPCS 5 ° ] M
& f SPP1 ERBB2IP 3 = .
° T Celltype
I T | | I | Ast
0 Ex
- Ast I I Ast . I I | |
— Ex . — Ex I { [ In
1 In I I In . I | Mic
1 Mic == Mic I oli
= Ol . 1 = Ol | | | !
= Opc . == Opc . Opc
30 20 10 O 30 20 10 0O 2
Number of DEGs Number of DEGs 3%‘ Genes
8
NAXNT E _ DHER £ SPP1 Expression
xpression xpression _ i m -
Ast Ex In Mic |[ Oli ][ Opc Ast Ex n Mic |[ Oli |[ Opc EE“#E]-M
6 6 X ok ok i
C * % nl: 6
. s *
8, Sal* 3 24
8 2 Tt 8
g e 3 g
: | 2 :
= I o R
Eo ] LT E P &2 _
o AAAD AAAA o A A A b L e eete
SGK1 Expression BB2IP Expression AD F |
[Cin v Ope Ast [ Ex in 1 ™ic ][ oi ][ ope _Fremale
5 p 5 AD Male
Control_Female

& Control_Male

Adjusted p-value (BH)
® <0.05 in Female AD vs non-AD DEGs

@ <0.05 in Male AD vs non-AD DEGs

© <0.05 in Both Sexes & Opposite Direction
<0.05 in Both Sexes & Same Direction

@ Not Significant

Inhibitory Neurons

IS

%
@

n
N

SGK1 expression
ERBB2IP expression

0- | ADAL MALA M‘m UM

o

Excitatory Neurons
|

1.0
HASGEF1B
d 1.00 1.00 | CosAs
075 LC26A3 LINGO1
075 075
050
Q 050
e 0.50
o~ 0.25
o o o
o {.DPP10
- o
0.00
2 o 0.00
v 025 NTM 0.25
< FTHI - =
° -0.25 RBFOX1
< -0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.50 0.75 -0.50 -0.25 0.00 0.25 0.50
4 Microglia Oligodendrocytes Oligodendrocyte progenitor cells
RASGEF1B RASGHF1B RASGEF1B
=] LINGOT 1.00
< 0.50° 0.50
v °
© SLC2GA3 SLC26A3 075 LC26A3
£ SLG1A3 o
|2 0.25 0.50
. [HsPo0AAY
0. 0.25 i
0 .
GFCS5. :
o p ~ATRNLT
- RBFOX1
-0.25 PoElE PDE#B -0.25
-0.50 -0.25 0.00 0.25 0.50 0.75 -0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.50

Male AD vs non-AD Log2 FC

LFC scores of all genes in the DE analysis clustered by cell type and

Fig.2 Sex-stratified cell type-specific differential gene expression
sex. ¢. LINGOI1, PLXDC2, SPP1, RBFOXI, and ERBB2IP expres-

signatures in the prefrontal cortex. a. Upset plots indicating intersec-

tions of AD versus non-AD DEGs (BH-adjusted p value <0.05 and
absolute LFC >0.25) across cell types. Rows correspond to cell types.
The bar chart shows the number of single and common sets of DEGs
across cell types. Single filled dots represent a unique set of DEGs
for the corresponding cell type. Multiple filled black dots connected
by vertical lines represent common sets of DEGs across cell types. b.
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sions. Asterisks represent meeting both significance and absolute
LFC thresholds. Colors correspond to sex and AD status. d. Pairwise
DEG plots of DEGs in male and female samples using LFC scores.
Genes shown are significant and have a LFC>0.25 in at least one
sex. Colors indicate significance level of DEGs and whether DEGs
are unique or shared by both sexes
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Table 4 Number of
differentially expressed genes
in both sexes per cell type in
the entorhinal cortex

Male Female

Up Down Up Down

Ast 175 19 109
Mic 101 23 9 15
Neu 155 30 13 46
Oli 150 40 22 163
Opc 141 31 13 12

Pathway and Network Analysis Reveals Sex-Specific Tran-
scriptomic Perturbations in Glial Cells in the Prefrontal
Cortex and Sex-Shared, but Flipped AD-Enriched Pathways
in the Entorhinal Cortex.

Beyond identifying sex-dimorphic disease-associated
genes, we performed a gene set enrichment analysis to elu-
cidate potential biological mechanisms implicated in disease
progression that are either shared or unique to each sex and
to reveal the interconnections between disease-linked path-
ways within AD. The pathway enrichment was performed in
g:Profiler [48], a web tool that performs functional enrich-
ment analysis from a given gene list, using separate lists
of upregulated and downregulated DEGs with an adjusted
p value < 0.05 and relaxed absolute LFC above 0.1 in cell
types of each sex as inputs. Significantly enriched biologi-
cal pathways with an adjusted p value <0.05 were applied
to EnrichmentMap [49], a functional category grouping
method from the Cytoscape software, to identify pathway
network clusters annotated by associated biological pro-
cesses (Fig. 5, Supplementary Figs. 3 and 4).

Female and male AD compared to control excitatory neu-
rons of the prefrontal cortex shared six common enriched
clusters of pathways (Fig. 5a), which were all perturbed in
the same direction for both sexes. Two of these clusters (neu-
rotransmitter glutamate/aspartate transmembrane activity
and carboxylic acid biosynthetic process) were upregulated
in disease in both sexes. Of the four downregulated pathway
clusters, three were related to synaptic activity (modulation
of the synaptic membrane, neurotransmitter release, and syn-
apse assembly/cell junction organization), indicating a dys-
regulation of synaptic plasticity in AD excitatory neurons.
The other downregulated pathway cluster was plasma mem-
brane morphogenesis, which consisted of pathways includ-
ing axonogenesis, cellular projection, and plasma membrane
organization (Supplementary Tables 7 and 8).

In prefrontal cortex excitatory neurons, we also identi-
fied uniquely enriched disease pathway clusters for each sex
(Fig. 5a). Female excitatory neurons showed upregulation
of the HOXAS factor, a DNA-binding transcription factor
that regulates cell morphogenesis and tumor suppressor that
inhibits proliferation and induces apoptosis [62], and down-
regulation of inflammatory-mediated cell to cell interaction
through adhesion and molecule binding. Interestingly, a

recent epigenome-wide association study examining sam-
ples in the prefrontal cortex and superior temporal gyrus
observed elevated DNA methylation of the HOXA gene
cluster to be associated with neuropathology in AD [63]. In
male excitatory neurons, we observed upregulation of axon
regeneration and downregulation of distal axonal growth
cone polarization. Interestingly, we also observed down-
regulation of tetrahydrobiopterin (BH4) synthesis, which is
important for the production of essential neurotransmitters
[64], and Rho GTPase activities in male AD compared to
control excitatory neurons. Overall, excitatory neurons of
the prefrontal cortex shared most case versus control differ-
entially enriched pathways between male and females, the
majority of which were downregulated in AD.

Like the enriched pathways in disease observed in excita-
tory neurons, the inhibitory neurons of the prefrontal cor-
tex showed upregulation for glutamate/aspartate activities
in both female and male AD inhibitory neurons compared
to controls (Fig. 5b). Like male AD excitatory neurons,
male AD inhibitory neurons also showed downregulation
of axonal growth cone polarization and BH4 activities
compared to controls. In addition, males specifically dem-
onstrated upregulation in anterograde synaptic transmission
and downregulation of nitric synthase, heat shock protein 90
(HSP90) complex, voltage potassium transporter, and kainite
calcium-permeable receptor activities in AD. The ITGAV-
ITGB-SPPI complex, with known function in cell adhe-
sion [65] and without previous links to AD, was uniquely
upregulated in male inhibitory neurons. Of note, the path-
way cluster neuronal projection was upregulated in females
and downregulated in males, consistent with the enriched
upregulated pathway clusters uniquely observed in females,
which were modulation of spine morphogenesis and syn-
aptic membranes. Lastly, the transcription factors, nuclear
receptor TLX (essential for the regulation of self-renewal,
neurogenesis, and maintenance in neuron stem cell) [66]
and nuclear protein HOXB2 (involved in cellular develop-
ment) [67], were upregulated only in AD female inhibitory
neurons.

Unlike in neurons in the prefrontal cortex, we identified
a variety of commonly enriched disease pathway networks
in entorhinal cortex neurons that were regulated in opposite
directions for the sexes (Fig. 5¢). For instance, amyloid-beta
binding/fibril formation, mitochondrial abnormality, coupled
electron ATP metabolic process, demyelination/remyelina-
tion, cellular metabolism, extracellular organelle exosome
vesicle, and cation transmembrane transport were among
the clusters downregulated in females and upregulated in
males. We did not observe any pathway networks unique
to female neurons; however, for the AD male neurons in
the entorhinal cortex, we identified pathways in maintaining
cellular metabolism and homeostasis, through the upregula-
tion of genes involved in axon myelination, regulation of the
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Fig.3 Sex-stratified cell type-specific differential gene expression
signatures in the entorhinal cortex. a. Upset plots indicating intersec-
tions of AD versus non-AD DEGs (BH-adjusted p value <0.05 and
absolute LFC>0.25) across cell types. Rows correspond to cell types.
The bar chart shows the number of single and common sets of DEGs
across cell types. Single filled dots represent a unique set of DEGs
for the corresponding cell type. Multiple filled black dots connected
by vertical lines represent common sets of DEGs across cell types. b.
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LFC scores of all genes in the DE analysis clustered by cell type and
sex. ¢. LINGO1, GPM6A, CST3, and LINC0O0486 expressions. Aster-
isks represent meeting both significance and absolute LFC thresholds.
Colors correspond to sex and AD status. d. Pairwise DEG plots of
DEGs in male and female samples using LFC scores. Genes shown
are significant and have a LFC > 0.25 in at least one sex. Colors indi-
cate significance level of DEGs and whether DEGs are unique or
shared by both sexes
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F|g 4 Sex-stratified cell type- Shared and unique AD vs non-AD DEGs
: across brain regions in Astrocytes

specific disease signatures 1| %
across brain regions. a. Upset
plots indicating intersections

of AD versus non-AD DEGs
(BH-adjusted p value <0.05 and
absolute LFC > 0.25) within
cell types across brain region
and sex. Rows correspond to
brain region and sex pairings.
The bar chart shows the number
of single and common sets of
DEGs across brain regions and
sex. Single filled dots represent
a unique set of DEGs for the
corresponding brain region

and sex. Multiple filled black
dots connected by vertical lines
represent common sets of DEGs
across brain region and sex.
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metabolic process, cell component locomotion, cytoskeleton
organization, and intracellular ferritin complex (iron stor-
age). In male neurons, we also observed synaptic activity
deficiency, indicated by the downregulation of pathways in
synaptic vesicle transport, presynaptic assembly at cell junc-
tion, synaptic membrane clustering, postsynaptic membrane
morphogenesis, chemical regulation at the synapse, neuroli-
gin family protein binding, and ionotropic receptor signal-
ing. Additionally, male AD neurons compared to controls
also showed downregulation in plasma membrane regula-
tion, cell projection, and developmental process in differen-
tiation. While sex differences are minimal in the neurons of
the prefrontal cortex, we observed overwhelmingly shared
but inversely regulated enrichment pathways in the neurons
of the entorhinal cortex.

Microglia, the resident immune cells of the brain, have
gained growing recognition as being critically involved
in AD pathogenesis due to their key role contributing to

% Neu
Mic

2 oli
Opc

- Brain_Region
- Ent

CelltyJel P

Brain_Region
Ent
Pfx

I Sex
M
E

Genes

neuroinflammation, a prominent feature of AD [68]. Only a
few significantly enriched disease pathways were observed
in microglial cells of the prefrontal cortex, and none was
shared across sexes (Fig. 5d). We observed upregulation of
axon sprouting in response to injury in males, as well as an
enriched upregulated pathway in axonogenesis regulation
in females (Supplementary Table 8). Interestingly, a cluster
of the PDE4B-DISCI complex, with important functions
in cAMP-regulated signal transduction and synaptic plas-
ticity [69], was downregulated in females. The phosphodi-
esterase 4B (PDE4B) enzyme was previously shown to be
pro-inflammatory in microglia and is currently under study
as a therapeutic target for neuroinflammation and cognitive
function impairment [69].

Microglia in the entorhinal cortex had mostly downregu-
lated pathway clusters in females and upregulated pathway
clusters in males (Fig. 5e). Amyloid fibril formation, chap-
erone-mediated autophagy, protein folding, protein stability
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regulation, cell junction synapse, neurogenesis structure  to controls. In males, myelination in axon ensheathment,

development, and cell body assembly were among the clus- synaptic signaling transmission, and energy-coupled proton
ters shared by both sexes but downregulated in females and  transport were upregulated. We also identified downregu-
upregulated in males. Protein homeostasis was altered in dis-  lation of two microRNA clusters, hsa-miR-190a and hsa-
ease for females, as shown by downregulation of tau protein ~ miR-3605, in AD males compared to healthy controls. These
kinase activity, tau protein binding, protein folding chaper-  are potentially important findings because epigenetic modu-

one, and histone deacetylase binding. Protein degradation  lation by microRNAs has the capacity to modify microglial
and secretion were also downregulated in females with AD  behavior in physiological conditions, and dysregulation
compared to controls, as indicated through downregulation ~ of microRNAs could mediate microglial hyper-activation
of lytic vacuole lysosome and secretory granule vesicle exo-  and persistent neuroinflammation in neurological diseases
cytosis respectively. Interestingly, nitric oxide synthase 3 [72]. Overall, we observed extensive sex-specific pathway
(NOS3), which is involved in a complex cascade of events  enrichments in microglial populations of AD compared to
in oxidative stress that may induce cellular injury and accel- controls for both brain regions, but especially pronounced
erate neurodegenerative changes [70], and its chaperone, in entorhinal cortex.

HSP90 [71], were downregulated in AD females compared
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Furthermore, astrocytes, oligodendrocytes, and OPCs
also demonstrated sex-specific pathway perturbations in
both prefrontal and entorhinal cortices (Supplementary
Figs. 3 and 4). In astrocytes, which normally function to
maintain overall brain homeostasis, we observed downregu-
lated plasma and presynaptic membrane components and
upregulated postsynaptic asymmetric synapse density in the
prefrontal cortex of AD compared to controls in both sexes.
In female AD astrocytes, we observed downregulation in
pathways related to amino acid transport and vascular trans-
port across the blood—brain barrier. Although the downregu-
lation of these pathways was not observed in males, a related
pathway cluster, presynaptic filopodia activities, was down-
regulated. These observed pathway networks suggest that
the same biological process, regulation of synaptic activities,
was disrupted in both sexes but via different mechanisms.

In oligodendrocytes, which provide support and insula-
tion to axons in the brain, we observed downregulation in
pathways related to regulation of synaptic activity in both
female and male AD compared to controls, indicated by
the downregulated clusters of cleft regulation, presynaptic
assembly, and transmembrane transport channel in females,
and neurotransmitter secretion, transmembrane ion trans-
porter, and postsynaptic membrane potential regulation in
males. Interestingly, pathways related to cell morphological
changes and energy production were upregulated in males
and downregulated in females, such as pathway clusters of
neuron projection organization, cell migration/locomotion,
cellular component organization, ATP coupled electron
transport, and mitochondrial NADH dehydrogenase, sug-
gesting oligodendrocyte responses were sex-specific when
challenged by disease.

Lastly, we observed upregulation of membrane morpho-
genesis in female OPCs in the prefrontal cortex, as well as
related pathway cluster, TROY-NGR-LINGOI-NGFR com-
plex, which plays essential roles in the inhibition of axonal
regeneration [73]. In the entorhinal cortex, a few pathways
were downregulated in female and male OPCs, including
cell junction synapse assembly, glutamatergic synapse, and
plasma membrane intrinsic component. The male OPCs of
the entorhinal cortex were overwhelmingly enriched with
upregulation in neuronal development, axon ensheathment,
neuron myelination, and metabolic protein regulation, as
well as ion and vesicle transport, with the exception that syn-
aptic membrane adhesion molecules were downregulated.
Although inconclusive due to the unbalanced numbers of
significantly enriched pathways obtained in OPCs from both
sexes, our observations suggest that AD female OPCs in
the prefrontal cortex diverge more from controls compared
to male OPCs, whereas in the entorhinal cortex, AD male
OPCs were more perturbed by disease status compared to
females.

Discussion

Men and women show differing vulnerabilities to AD,
with increased longevity and prevalence in women, and
decreased tau and possibly cognitive decline in men
[17-19, 21, 22]. To understand how AD presents in each
sex on a cell type-specific level, we performed a sex-strat-
ified differential gene expression (DGE) and pathway net-
work analysis on the five main brain cell types using the
first two publicly available human single-nucleus RNA-
Seq datasets. The two datasets target two separate brain
regions, the entorhinal and prefrontal cortices, and we
analyzed each in a sex-stratified manner, then compared
findings across sexes and brain regions to highlight both
general and cell type-, region-, and sex-specific transcrip-
tional phenotypes of AD (Fig. 1).

Our gene-level analysis in the prefrontal cortex dem-
onstrated sex-distinct disease-related transcriptomic
changes when comparing their respective cases to controls
(Fig. 2). We observed more DEGs shared among cell types
in females versus males (e.g., LINGO1 [50, 51], SLCIA3
[52], SPP1 [53]) and a larger range of fold change in our
female DGE analysis. Additionally, through clustering pre-
frontal cortex samples based on AD compared to control
pseudobulk gene expression, we observed samples to clus-
ter first by sex in all cell types except excitatory neurons.
We observed LINGO1, a negative modulator of neuronal
survival and axonal integrity [50], to be upregulated in
AD females but not in AD males. Besides being part of
the TROY-NGR-LINGOI-NGFR complex, which inhib-
its neuronal growth cones and myelination, Lingol was
also found to bind directly to APP and facilitate access to
B-secretase and inhibit a-secretase cleavage which leads
to increased production of AP fragments [51]. Higher lev-
els of LINGOI in females might contribute to neuronal
death and AP accumulation. We also observed upregula-
tion of SPP1, which encodes the protein osteopontin [53],
in the excitatory neurons and microglia in both females
and males, as well as inhibitory neurons and astrocytes in
females. SPPI was previously shown to play a pro-inflam-
matory role in the presence of aggregated tau and SPP]
knockout mice resulted in reduced neuroinflammation fol-
lowing an inflammatory challenge with lipopolysaccharide
(LPS) [74]. This suggests that AD females might experi-
ence slightly elevated neuroinflammation and increased
vulnerability to tau toxicity.

In the entorhinal cortex, compared to the prefrontal cor-
tex, we observed more DEGs and many global changes
across cell types of both sexes (Fig. 3a). Through cluster-
ing entorhinal cortex samples by AD compared to con-
trol pseudobulk gene expression, we observed samples to
cluster by sex for all cell types and observed opposing
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expression patterns across sex (Fig. 3b—d), implying sex-
distinct mechanisms of neurodegeneration in the entorhi-
nal cortex. Surprisingly, entorhinal cortex samples reveal
upregulation of LINGOI1 in all cell types of AD males but
only in astrocytes of AD females. We hypothesize that
the variable enrichment findings in the prefrontal versus
entorhinal cortices might have resulted from sex dimor-
phic temporal progression of the disease pathology across
brain regions. Further work is required to understand the
role of LINGO1 in AD. We also observed upregulation
of CST3 in neurons and oligodendrocytes of AD males
but downregulation in AD females. Cystatin C (CysC),
encoded by CST3, was previously linked to AD and shown
to bind AP and inhibit AP oligomerization and fibril for-
mation [75]. Studies suggest that CysC is neuroprotective
and reduced levels of CysC increase neuronal vulnerabil-
ity to insults and neurodegeneration. Our observation of
the sex dimorphic expressions of CST3 suggests that AD
females are more vulnerable to AD pathology. Moreover,
our comparative analysis across brain regions showed
more DEG overlaps across sex in the entorhinal cortex
and disease-related changes of gene expression to be influ-
enced by brain region and sex (Figs. 3 and 4).

From the gene-set enrichment and pathway clustering net-
work analysis, we identified sex-specific pathway network
changes, which are potentially involved in AD pathogen-
esis through mechanisms unique to each sex (Fig. 5, Sup-
plementary Fig. 3 and Supplementary Fig. 4). Our results
demonstrated that diseased neurons in the prefrontal cortex
shared more enriched pathways compared to glial cells in
both sexes, indicated by the proportion and directionality of
the shared pathways. This may suggest that neuronal patho-
physiology is similar in female versus male, and glial patho-
physiological changes are more distinctive in contributing
to sex-specific disease progression in AD. Despite neurons
being more similar than glial cells, interesting sex-specific
biological perturbations were revealed in neurons of females
and males separately. Diseased female neurons showed
increased activation in cell membrane morphogenesis but
reduction in the production of tight junction complexes. A
few transcriptional factors were uniquely upregulated in
females, such as HOXAS, HOXB2, and TLX. Future studies
investigating the role of overactivation of these genes in AD,
especially in females, could lead to better mechanistic under-
standing of AD pathogenesis and potential therapies target-
ing these transcriptional factors in females. In diseased male
neurons, nitric oxide synthase (NOS) activity was downreg-
ulated, as well as its regulating factors, the HSP90 complex
and cofactor BH4. BH4 has been extensively studied in its
role of regulating nitric oxide production from nitric oxide
synthases and superoxide anion radical (O,) release in the
endothelium [76]. Our pathway enrichment analysis suggests
that perhaps excessive O, in diseased male neurons due to
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dysregulated NOS activities and BH4 levels could lead to
neuronal stress and death. Therefore, resolving the chronic
BH4 deficiency and change in redox state of neurons phar-
macologically could be a beneficial therapy for AD male
patients.

The glial cells in the prefrontal cortex shared just a few
enriched pathways, out of hundreds detected collectively,
between AD males and females: nine in astrocytes (Supple-
mentary Fig. 3a), two in oligodendrocytes (Supplementary
Fig. 4a), and none in microglia and OPCs (Fig. 5d, Sup-
plementary Fig. 4c) (these numbers do not include shared
pathways regulated in opposite directions in female versus
male). Besides downregulation of membrane morphogen-
esis, both female and male diseased astrocytes demonstrated
decreased synaptic regulation, but different pathways for dif-
ferent components were involved. In females, we observed
a decrease in glutamate transmembrane transport, vascular
transport, and organic acid symporter activities. In males,
we observed a decrease in presynaptic intrinsic component
filopodia activities. These pathways are interconnected, indi-
cating that they belong to related biological processes, which
suggests that similar resulting synaptic deficiencies were
observed in both sexes but resulted from different pathway
mechanisms. These present compelling evidence for focus-
ing on glial cell pathophysiological changes in studying sex
differences in AD pathogenesis.

In the entorhinal cortex, while like in the prefrontal
cortex, we identified sex-specific perturbed pathway net-
works in all cell types, where the pathways shared across
sexes were overwhelmingly of opposite direction, with
most pathways downregulated in female and upregulated
in males (Fig. 5, Supplementary Fig. 3 and Supplementary
Fig. 4). Out of the five cell types investigated, two were
dominated by enriched pathways detected in males (neu-
rons and OPCs), one was dominated by enriched pathways
detected in females (oligodendrocytes), and two were more
evenly distributed (microglia and astrocytes). The diseased
female microglia demonstrated deficiency in tau protein pro-
cessing uniquely, by downregulation of tau kinase activity
and tau protein binding. Additionally, disruption of cellular
protein homeostasis was also observed in female microglia,
indicated by downregulation of protein folding chaperone,
histone deacetylase binding, lysosomal activity, and exocy-
tosis vesicle secretion. The female microglia were perceived
as deficient in dealing with the degradation of the debris
and cellular waste that they phagocytosed while the male
microglia were active at combating the disease environment
by upregulating axonal myelination, synaptic transmission
signaling, cellular component assembly, and energy produc-
tion through energy-coupled proton transport. As immune
cells are critical for repair after injury, this may indicate
that female AD risk relates to decreased ability to properly
recover after deleterious events over time.
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While we observed evidence of sex-dimorphic disease
changes in glial cells in AD, it is important to note some
limitations in the study. First, the datasets were limited in
sample size. The entorhinal cohort consisted of six cases
(two females, four males) and five controls (two females,
three males) (Fig. 1, Table 2, Supplementary Table 2), while
the prefrontal cohort consisted of 20 cases (10 females,
10 males) and 22 controls (10 females, 12 males) (Fig. 1,
Table 1, Supplementary Table 1). While the number of sam-
ples is low as mentioned above, the analysis is carried out
on the level of cells and there are still a significant number
of cells available for each comparison which gives us the
power to detect robust differential expression signals, but
future studies characterizing expression across more samples
on a single-cell level will allow for more robust analysis.
Second, there were batch effects in the entorhinal cortex
data introduced by the study design. This was overcome by
performing data integration and including APOE genotype
as a covariate in our DGE analysis to account for batch and
avoid collinearity in our model. Next, although both datasets
were age-matched, they were not APOE genotype matched.
APOEA4 is the largest risk factor in AD, and as a result, we
would expect some transcriptional differences based on the
APOE genotype of a sample [77]. In the prefrontal cortex
cohort, female samples had cases but not controls with the
e4 allele of APOE, and male samples had cases and only
one control sample with e4 allele of APOE (Table 1). In the
entorhinal cortex cohort, female samples included one of
two cases and no controls with an €4 allele of APOE, and
all male cases had at least one e4 allele of APOE, and one
of three control samples had an e4 allele of APOE (Table 2,
Supplementary Table 2). While we accounted for APOE
genotype as a covariate in the DGE analysis, the interac-
tions of sex and APOE genotype may still explain trends
that we observe.

Additionally, interpretation at the DEG level (Figs. 2a,
3a, and 4a) was limiting without disease-relevant mecha-
nistic insights. We observed genes involved in tau protein
binding and regulation of tau-protein kinase activity, such
as HSP90AAI [78] and CLU [79], to be downregulated in
AD female microglia, suggesting higher vulnerability to
tau toxicity in AD females. The downregulated genes in
the entorhinal cortex in females are potentially related to
tau deposition in this area, but inconclusive to suggest any
causal association since AD cases were grouped based on
Braak staging, which measures the severity of tau deposi-
tion. AD females and males have similar tau pathology in
this analysis, and stratification by tau levels was considered
but not feasible due to the small sample size (number of
patients).

The accumulation of sex dimorphic pathophysiological
depositions in AD brains during aging may be influenced
by sex-specific hormones. Although the exact mechanisms

remain elusive, neuroactive steroids have been shown to
be anti-inflammatory and neuroprotective by alleviating
mitochondrial dysfunction (26). Evidence indicates that
many neurosteroids function to increase ATP production
and restore mitochondrial membrane potential, with estro-
gen and progesterone being more effective in AD-related
tauopathy models and testosterone being more robust in a
model of AB-induced mitochondrial deficits [76]. Further-
more, estrogen and progesterone have beneficial effects of
reducing tau phosphorylation through specific receptor bind-
ing in neurons to activate signal transduction and inhibit
tau kinase activities. These hormones play a critical role in
sex dimorphic tau content in the brain. A study showed that
total tau level decreases and the ratio of phosphorylated tau
increases in the hippocampus of rats during pregnancy [80],
while hormone levels fluctuate dramatically. The interplay
between estrogen and progesterone and their interaction with
AP and tau might be involved in the sex dimorphic vulner-
ability to AP and tau toxicity.

To summarize novel and previously studied DEGs in
AD, we extended our analysis to include pathway and net-
work enrichment. When comparing our results across brain
regions, noting the limitations of each dataset, we were
cautious to not further explore unique molecular profiles in
each region, which could give insight into the spread of AD
pathology as it relates to sex. Moreover, literal biological
sex could be a misleading classifier for trans* individuals. A
properly powered study of differences between male versus
female versus recipients of testosterone- versus estrogen-
focused hormone replacement therapy might help narrow
down a genetic versus hormonal basis of DEGs deemed sex-
ually dimorphic. Overall, we hope that larger and different
types of omics datasets from more brain regions of individu-
als with diverse age groups, racial and ethnic backgrounds,
and APOE genotypes become available to allow for future
explorations of sex-specific multiomic changes in AD that
will address these points.

Conclusions

In general, our findings suggest that AD signatures in
neurons in the prefrontal cortex were more similar in
females and males compared to glial cells, as indicated
by the proportions of sex-shared genes and pathways with
directionally similar regulation in each cell type (Fig. 5,
Supplementary Fig. 3 and Supplementary Fig. 4). In the
entorhinal cortex, while we identified sex-specific per-
turbed pathways in each cell type, the sex-shared path-
ways were overwhelmingly opposite in the direction of
regulation, with most pathways downregulated in female
and upregulated in males or conversely regulated for a
few other pathways, suggesting differential mechanisms of
neurodegeneration between sexes. Sex-stratified findings
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in the entorhinal cortex could relate to recent observa-
tions that women show more tau deposition early on in
the AD trajectory, specifically in this area [81]. Perhaps
future studies could also explore the specific association
between the gene changes in the entorhinal region with
tau burden. Collectively, these observed sex-specific tran-
scriptomic changes provide a valuable resource to study
sex-specific cell type-specific pathophysiology of AD.
Although expression differences in all cell types may be
relevant to disease mechanisms in AD, we focused on
discussing the cell types with the most compelling find-
ings in our study: neurons, astrocytes, and microglia. We
hope this work serves as a resource for follow-up studies
that will examine more deeply all the cell types and their
specific roles leading to sex-specific AD pathophysiology.
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