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Abstract

INTRODUCTION: Sex differences exist in Alzheimer’s disease (AD), but the underlying
mechanisms remain unclear.

METHODS: We examined brain proteomes profiled from the dorsolateral prefrontal
cortex of 770 donors (66.2% female).

RESULTS: Proteome-wide differential expression analysis in males and females jointly
identified many significant proteins for AD dementia (n = 1228), amyloid beta
(n = 1183), tangles (n = 1309), and global cognitive trajectory (n = 2325) at a false dis-
covery rate of <0.05. Sex-stratified analyses also identified many proteins associated
with AD or its endophenotypes. Finally, we found 10 proteins with significant sex-by-
trait interactions, including one in AD clinical diagnosis (MARCKS), seven in cognitive
trajectories (TOGARAM1, PLCD3, SLC22A5, MTFR1L, DCUN1D5, S100A12, and
TRIMA46), and two in cerebral pathologies (PANK4 and SOS1).

DISCUSSION: The 10 proteins with sex interaction in AD cover a range of functions
likely relevant for AD pathogenesis, including estrogen response, inflammation, and
mitochondrial biology, and their specific roles in AD ought to be studied. Future work

should test their potential as sex-specific AD biomarkers.
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Highlights

together.

1 | BACKGROUND

There is a long-standing interest in sex differences in Alzheimer’s
disease (AD). Females account for two-thirds of AD patients and expe-
rience a higher lifetime risk of developing AD compared to males.> One
possible reason for this disparity is that females generally live longer
than males, and age is the strongest risk factor for AD.! Epidemiological
studies assessing AD incidence by sex show geographical and sociocul-
tural variations. Studies conducted in Europe?* and Asia®® suggest a
higher incidence in females at older ages, whereas studies from North
and South America have not reported a significant sex difference in
the incidence of AD.”~!! Despite the mixed findings from these inci-
dence studies, sex differences have been observed in the progression,
diagnosis, and clinical presentations of AD.12-14

Multiple transcriptomic studies have identified potential molecular
mechanisms underlying sex differences in AD. For instance, estrogen-
related receptor beta was found to be differentially expressed between
male and female AD across four brain regions.!> Expression of
the estrogen receptor had stronger associations with AD cognitive
and pathologic traits in females than males.’® Female-specific path-

17-19

ways were found to be enriched in immune response, insulin

20,21

signaling, and tau phosphorylation,2? while male-specific path-

ways were linked to nicotine addiction, adipocytokine signaling, and
alcoholism.20

Compared to the transcriptomic studies, proteome-wide sex differ-
ences in AD remain largely understudied. An integrated proteomic and
metabolomic study of 43 hippocampal samples identified significant
sex differences in insulin signaling and serine metabolism.2% Our prior
work examined the effect of biological sex on protein expression and its
genetic regulation in human brain proteomes.?* However, proteome-
wide sex differences in AD and related endophenotypes have not been
explored.

Here, we performed sex-aware proteome-wide differential expres-
sion analyses in AD and its endophenotypes using deep brain pro-
teomes generated from the dorsal lateral prefrontal cortex (DLPFC)
of 770 donors. We first examined sex differences in AD clinical diag-
nosis, cognitive trajectories, AD hallmark pathologies, age-related
pathologies, and brain protein expression. Then we conducted joint

and sex-stratified analyses to comprehensively identify proteins asso-

* At the phenotypic level, we found sex differences in baseline cognitive performance,
cognitive trajectories, and AD hallmark pathologies.
* Proteome-wide differential expression analyses identified many brain proteins asso-

ciated with AD and its endophenotypes in either sex alone or when considered

* We found 10 brain proteins with significant sex interactions in AD and its endophe-
notypes, which could be investigated as potential sex-specific biomarkers of AD.

ciated with AD and its endophenotypes. Lastly, we tested significant
proteins from joint and sex-stratified analyses for sex-by-trait interac-
tions. While we find many brain proteins associated with AD and its
endophenotypes in either sex alone or when considered together, only
a limited number showed evidence of sex-biased disease associations.
These proteins have established links with estrogen responses and,
although modest, highlight important biology relevant to the effect of
sex in AD that will likely be more completely revealed by studies using

larger sample sizes.

2 | METHODS

2.1 | Study participants

Participants were recruited by the Religious Orders Study (ROS) or
the Rush Memory and Aging Project (MAP), two ongoing longitudi-
nal cohort studies of aging and dementia approved by an Institutional
Review Board of Rush University Medical Center.2>2¢ Both studies
recruit older adults who enroll without known dementia and agree to
annual clinical evaluation and brain donation at death. All participants
signed an informed consent, the Anatomical Gift Act, and a repository
consent to allow their study data to be repurposed. This study included
770 participants and their cognitive diagnosis at the time of death con-
sisted of 33.4% no cognitive impairment (NCI), 26.9% mild cognitive
impairment (MCl), and 39.7% AD dementia. The deep brain proteome
of these participants was generated from the DLPFC. The DLPFC con-
trols working memory and executive function and is a key neocortical
region affected in AD.27:28

2.2 | Clinical traits and cerebral pathologies

2.2.1 | Clinical diagnosis

The clinical diagnosis of cognitive status was made at each assess-
ment based on a three-stage process, including computer scoring of
cognitive tests, clinical judgment by a neuropsychologist, and final diag-

nostic classification by a clinician.2? For AD dementia, the diagnosis
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followed the criteria set by the joint working group of the National
Institute of Neurological and Communicative Disorders and Stroke and
the Alzheimer’s Disease and Related Disorders Association (NINCDS-
ADRDA). It requires evidence of a significant cognitive decline with
impairment in memory and at least one other cognitive domain.2? MClI
was diagnosed in individuals who were judged to have cognitive impair-
ment but did not meet the criteria for dementia.®° Individuals without
AD dementia or MCl were classified as having no cognitive impairment.
A final cognitive diagnosis is made at the time of death after review
of all data blinded to neuropathology. We included this final cognitive

diagnosis in our analysis.

2.2.2 | Cognitive performance at baseline and
cognitive trajectory

We assessed five different cognitive domains at annual intervals with
a battery of cognitive tests as previously described.3! Raw scores from
each cognitive test were converted to z-scores using the baseline mean
and standard deviation of the entire cohort. These z-scores were then
averaged to create summary scores for each cognitive ability. The
global cognitive performance was computed by averaging the summary
scores of each cognitive domain.3!

Cognitive trajectories refer to the estimated person-specific rate
of change in cognitive performance over time. The rate of cognitive
change is the random slope from a linear mixed-effects model with the
annual cognitive performance as the longitudinal outcome, adjusting
for age at recruitment, sex, and years of education.3233

2.2.3 | Cerebral pathologies

Our analysis included AD hallmark pathology (amyloid beta [AB],
paired helical filaments of tau protein [PHFtau] tangles, global AD
pathology), and some co-occurring age-related neuropathologic condi-
tions such as gross infarcts, microinfarcts, arteriolosclerosis, cerebral
amyloid angiopathy (CAA), Lewy bodies, hippocampal sclerosis, and
limbic-predominant age-related TAR DNA binding protein 43 (TDP-43)
encephalopathy neuropathologic changes (LATE-NC). AB and tan-
gles were measured in eight cortical regions by molecularly specific
immunohistochemistry, and a composite score was generated for each
subject using computer-assisted sampling.%* Global AD pathology is
a summary measure of neuritic plaques, diffuse plaques, and neu-
rofibrillary tangles in five cortical regions determined by modified
Bielschowsky silver staining.3> We took the square root of the A, PHF-
tau tangle density, and global AD pathology scores to approximate a
normal distribution.

Four cerebrovascular conditions were included in this study. Gross
infarcts were identified through gross examination, and microinfarcts
were assessed using H&E-stained sections from at least nine brain
regions.3¢ Both gross infarcts and microinfarcts were treated as binary
variables (present vs absent) in our analysis. Arteriolosclerosis was

assessed in the vessels of the anterior basal ganglia, and CAA was
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RESEARCH-IN-CONTEXT

1. Systematic review: To find human brain omics studies
examining the role of sex differences in AD, we searched

PubMed with keywords “sex differences,” “differential

» o« » o«

expression,” “omics,” “aging,” and “Alzheimer’s disease.”
Multiple transcriptomic studies have identified poten-
tial molecular mechanisms underlying sex differences in
AD, ranging from immune response and insulin signaling
to estrogen-related pathways and adipocytokine signal-
ing. On the other hand, proteome-wide sex differences
in AD remain largely understudied, with only one study
identified using tissue from 43 donors that found dif-
ferences in insulin signaling and serine metabolism. Our
prior work examined the effect of biological sex on pro-
tein expression and its genetic regulation in human brain
proteomes; however, proteome-wide sex differences in
AD and related endophenotypes have not been explored.

2. Interpretation: Our study brings new insight into the role
of sex in AD by identifying brain proteins associated with
AD, cognitive trajectories, and AD-related pathologies
that differ by sex. The identified proteins covered a range
of functions that are likely relevant to AD pathogenesis,
although no single unifying pathway was identified.

3. Future Directions: Testing the feasibility of the identified
proteins as sex-specific AD biomarkers in CSF or blood
and larger brain proteomic datasets in diverse popula-
tions is likely to further expand our understanding of sex

differences in AD.

evaluated in four neocortical regions using immunostaining for AS
deposition.3” Severity scores for both arteriolosclerosis and CAA were
treated as continuous variables in our analysis.

Lewy bodies were assessed using a-synuclein immunostaining, as
previously described.®® In this study, we used a dichotomous variable
to indicate the presence or absence of neocortical-type Lewy bodies.8
Hippocampal sclerosis was defined by the presence or absence of neu-
ronal loss and gliosis in the CA1 region and/or subiculum.®? LATE-NC
was classified into four stages: stage O (absence of TDP-43), stage 1
(presence of TDP-43 in the amygdala), stage 2 (extension of TDP-43
to the entorhinal cortex and hippocampus), and stage 3 (extension of
TDP-43 to the neocortex).*® LATE-NC was treated as a binary variable
(stage 0/1 vs stage 2/3) in our analysis.

2.2.4 | Other variables

The presence of diabetes mellitus and hypertension in past medi-
cal history or during any follow-up visit was included as covariates
in our statistical models. Apolipoprotein E (APOE) genotyping was
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extracted from high throughput sequencing to assign APOE €2, €3, and
€4 genotypes using rs429358 and rs7412 alleles.*1%2

2.3 | Proteomic sequencing and quality control
Methods for proteomic sequencing were described in detail
previously.*® In brief, each sample was homogenized and digested
to obtain peptides, followed by isobaric tandem mass tag (TMT)
peptide labeling and high pH fractionation. Fractions were then ana-
lyzed by liquid chromatography-mass spectrometry, and the resulting
spectra were searched against the human UniProt database. Peptides
were grouped using parsimony, and unique peptides were used for
protein-level quantitation.

Quality control of the proteomic sequencing followed the same
approach as in our previous studies.2*** Proteins with TMT abundance
values in at least 30% of samples were included in our analyses. To
normalize the raw data, each protein’s abundance was first divided by
the sum of abundance values of all the proteins profiled for that sam-
ple, followed by the log2 transformation. Principal component analysis
was used to remove samples with greater than four standard devia-
tions from the mean of either the first or second principal component.
We used linear regression to regress out the effect of protein sequenc-
ing batch and post mortem interval. The resulting residual protein

abundance was used for subsequent analyses.

2.4 | Statistical analysis
First, we systematically explored phenotypic differences by sex for
AD and its endophenotypes. A chi-squared test was used to compare
sex differences in AD cognitive diagnosis. Linear regression was used
to compare baseline cognitive abilities between females and males
adjusting for education and age at baseline. To compare sex differ-
ences in the rates of cognitive change over time, a linear mixed model
was used to test for sex-by-time interaction with annual cognitive
performance as the longitudinal outcome. The model included time
(follow-up year), sex, education, age at baseline, sex-by-time inter-
action, education-by-time interaction, and age-by-time interaction
as fixed effects, while allowing the slope and intercept to vary as
random effects. To assess sex differences in brain pathologies, linear
regression was used to compare continuous measures of AD patholo-
gies (e.g., AB, tangles), and logistic regression was used to compare
categorical pathologic measures (e.g., Lewy bodies) with adjustment
for education and age at death. For the presence of diabetes and
hypertension, we used logistic regression adjusting for education
and age at baseline. The age variables adjusted in these models were
based on the timing of the outcome assessment. For variables mea-
sured at the time of recruitment, we adjusted for the age at baseline,
while for post mortem characteristics, we adjusted for the age at
death.

The surrogate variable analysis (SVA) method in the sva R package

(version 3.52.0)*° was used to detect potentially hidden variables that

may influence brain protein expression. For each studied trait, surro-
gate variables (SVs) were estimated based on the protein matrix while
protecting the effects of sex, the trait, and the sex-by-trait interaction
term. Significant SVs were then adjusted for as covariates in relation to
protein expression.

To identify proteins differentially expressed between females and
males, we performed linear regression with protein abundance as the
dependent variable (Y) and sex as the independent variable and covar-
ied for age at death, education, cognitive diagnosis, and SVs. Similarly,
joint and sex-stratified analyses were performed with protein abun-
dance as the dependent variable (Y) and AD or its endophenotype as
the independent variable and adjusted for sex (in the joint analysis),
age at death, education, and SVs. Significant proteins from the joint
and sex-stratified analyses were tested for sex-by-trait interaction and
covaried for age, education, and SVs. The rationale for testing sex-by-
trait interactions was to determine whether the relationship between
protein expression and AD traits differs by sex.

Functional enrichment of differentially expressed proteins was
assessed using the clusterProfiler R package (version 4.13.4).4¢ All
proteins that passed the quality control (n = 10,030) were used as
the background set. The z-score was used to determine overrepre-
sentation of ontologies and one-sided Fisher’s exact test (Benjamini-
Hochberg false discover rate [FDR] corrected) was used to assess the
significance of the z-score. Gene Ontology terms were considered
significant at an adjusted p value of less than 0.05.

To determine the consistency between proteins associated with
each trait, we estimated the replication rate, 71, between the sex-
stratified analyses. 71 estimates the fraction of true signals, not just
significance, which makes it less dependent on sample size and power*’
and helpful when the two analyses have different sample sizes (i.e.,
female dataset n = 510, male dataset n = 260). Significant proteins
in the larger discovery (female) dataset at FDR < 0.05 were selected
from the replication (male) dataset to estimate the 71 statistics using
the qvalue package (version 2.36.0).8 All analyses were performed in
R (version 4.4.0).

3 | RESULTS

3.1 | Comparing AD and its endophenotypes
between females and males

A total of 770 ROS/MAP participants (66.2% female) having deep brain
proteomic profiles were included in this study. Their clinical and post
mortem characteristics are detailed in Table 1. All participants were of
European ancestry, with an average age of 89.4 at death and an aver-
age of 15.9 years of education. Compared to male participants, female
participants had an older age at death (8 [SE] = 2.8 [0.5]; p < 0.001)
and received fewer years of education (3 [SE] = —1.4 [0.3]; p < 0.001).
The final cognitive diagnosis for these participants consisted of 39.7%
AD dementia, 26.9% MCI, and 33.4% NCI. There were no significant
sex differences in cognitive diagnosis (p = 0.41) and APOE ¢4 status
(p=0.90).
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TABLE 1 Participant characteristics.

Characteristic All
No. participants (%) 770
Age at baseline, mean (SD), years 81.0(6.69)
Age at death, mean (SD), years 89.4 (6.45)
Years of education, mean (SD), years 15.9(3.55)
Follow-up duration, mean (SD), years 7.95(4.45)
Cognitive diagnosis at death
NCI 257 (33.4%)
MCI 207 (26.9%)
AD 306 (39.7%)
APOE ¢4 carriers 186 (24.2%)
Cognitive measures at baseline, mean (SD)
Global cognition —0.112(0.61)
Episodic memory —0.121(0.78)
Semantic memory -0.071(0.71)
Working memory —0.029(0.79)
Visuospatial ability —0.092(0.82)
Perceptual speed —0.203(0.82)
Global AD pathology score, mean (SD) 0.748 (0.64)
Amyloid beta score, mean (SD) 4.53(4.45)
Neurofibrillary tangle score, mean (SD) 6.28 (7.00)
Arteriolosclerosis, moderate/severe 257 (33.4%)
Cerebral amyloid angiopathy, moderate/severe 259 (33.7%)
Chronic gross infarcts, present 261(33.9%)
Chronic microinfarcts, present 214 (27.8%)
Lewy bodies, neocortical type 91(11.8%)
LATE-NC, stage2/3 229(29.7%)
Hippocampal sclerosis, present 53 (6.9%)
Diabetes, present 153 (19.9%)
Hypertension, present 520(67.5%)

2p values are from regression models comparing phenotypic differences by sex.

Alzheimer’s &PDementia® | sors
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Female Male p value?®

510(66.2%) 260 (33.8%) -

81.7 (6.40) 79.6 (7.03) <0.001
90.4 (6.18) 87.6 (6.60) <0.001
15.4(3.24) 16.8(3.93) <0.001
8.00 (4.35) 7.85(4.65) 0.251

164 (32.2%) 93(35.8%) 0.41

135(26.5%) 72(27.7%)

211 (41.4%) 95 (36.5%)

122(23.9%) 64 (24.6%) 0.903
—-0.127(0.57) —0.083(0.67) 0.157
—0.103(0.76) —-0.157 (0.80) 0.002
—0.095(0.68) —0.024 (0.76) 0.723
—0.049(0.78) 0.009 (0.82) 0.466
—0.230(0.76) 0.176 (0.88) <0.001
—0.195(0.79) —-0.218 (0.87) 0.024
0.816(0.66) 0.613(0.59) 0.005
4.82(4.54) 3.98 (4.22) 0.113
7.02(7.01) 4.84(6.76) <0.001
183 (35.9%) 74 (28.5%) 0.043
177 (34.7%) 82(31.5%) 0.484
175 (34.3%) 86 (33.1%) 0.453
147 (28.8%) 67 (25.8%) 0.973
52(10.2%) 39 (15.0%) 0.102
170(33.3%) 59(22.7%) 0.111
39 (7.6%) 14 (5.4%) 0.678
82(16.1%) 71(27.3%) 0.006

366 (71.8%) 154 (59.2%) 0.002

Abbreviations: AD, Alzheimer’s disease; LATE-NC, limbic-predominant age-related TAR DNA binding protein 43 encephalopathy neuropathologic changes;
MCI, mild cognitive impairment; NCI, no cognitive impairment; SD, standard deviation.

The median follow-up duration for all participants was 7.9 years
prior to death. At baseline, female participants showed better per-
formance in episodic memory (8 [SE] = 0.17 [0.06]; p = 0.002) and
perceptual speed (3 [SE] = 0.14 [0.06]; p = 0.024), while male partici-
pants showed better baseline visuospatial ability (3 [SE] = 0.35 [0.06];
p < 0.001) after adjusting for age and education (Table S1). The linear
mixed model and time-by-sex interaction term were used to assess
sex differences in rates of cognitive change over time. Both female and
male participants displayed significant declines in global cognition and
different cognitive domains over time. Compared to male participants,
female participants had lower cognitive scores at each assessment

timepoint (i.e., negative time-by-sex interaction term), indicating

steeper rates of decline in global cognition and cognitive abilities
(Table S1).

When comparing AD hallmark pathology by sex, female partici-
pants had a higher global AD pathology score (8 [SE] = 0.11 [0.03];
p < 0.001) and a higher neurofibrillary tangle score (3 [SE] = 0.38
[0.09]; p < 0.001) after adjusting for education and age at death.
Although females had a higher AS load than males, the difference was
not statistically significant after controlling for education and age at
death (p = 0.113). For age-related pathologies, females showed more
severe arteriolosclerosis than males (8 [SE] = 0.15 [0.07]; p = 0.043)
while no significant sex differences were found in other age-related

neuropathologic conditions. In summary, these data suggest the pres-
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ence of sex differences in baseline cognitive performance, cognitive

trajectories, and AD hallmark pathologies.

3.2 | Sex difference in brain protein expression

Next, we sought to identify proteins differentially expressed between
females and males. After quality control, 10,030 proteins were con-
sidered in our study. We regressed out the effects of the protein
sequencing batch and post mortem interval and used the residual
protein abundance for further proteome-wide differential analyses. To
identify sex-differentiated proteins, we first used surrogate variable
analysis (SVA) to estimate hidden technical or biological factors that
may influence brain protein expression such as cell-type heterogeneity.
Then we fitted a linear regression model with protein abundance as
the dependent variable (Y) and sex as the independent variable and
adjusted for education, age at death, cognitive diagnosis, and surrogate
variables. Among the 10,030 measured proteins, 1467 showed sex-
differentiated expression at the FDR cutoff of 5%. Of these, 41% had
higher expression in males and 59% had higher expression in females
(Table S2). As expected, the top differentially expressed proteins were
encoded by genes on the X chromosome. These findings are in line with
our prior work showing robust differences in brain protein expression
by sex.2*

3.3 | Proteome-wide differential expression
analysis of AD

To comprehensively identify significant proteins associated with AD
and its endophenotypes, we performed proteome-wide differential
expression analysis jointly in females and males and in each sex sep-
arately. The rationale for conducting both joint and sex-stratified
analyses is that a joint analysis can maximize statistical power to detect
proteins relevant to the disease, while a sex-stratified analysis can
detect proteins with opposite effects in different sex groups. For each
phenotypic outcome, SVA was used to infer hidden technical or biolog-
ical factors, such as cell-type heterogeneity, that may influence brain
protein levels. Then we fitted a linear regression model with protein
expression as the dependent variable (Y) and AD or its endopheno-
types as the independent variable and adjusted for sex (in the joint
analysis), age at death, education, and surrogate variables.

In the joint analysis between AD and control, 1228 proteins were
differentially expressed with FDR < 0.05 (Table S3). As shown in
Figure 1A, proteins with positive betas were more abundant, and con-
versely, those with negative betas were less abundant in AD. The
upregulated proteins in AD were enriched in processes related to inter-
mediate filament, cell chemotaxis, and phospholipid transport (Figure
S1, Table S4). The downregulated proteins in AD were enriched for

synaptic signaling, axon development, and actin filament organization
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(Figure S1, Table S4). Joint analysis in rates of change of global cog-
nition revealed 2325 significant proteins (at FDR < 5%, Table S5).
Among these proteins, 59% had higher abundance (i.e., positive betas)
in cognitive stability, while 41% had lower abundance (i.e., negative
betas) in cognitive stability (Figure 1B). The upregulated proteins asso-
ciated with cognitive stability were enriched for synapse organization,
oxidative phosphorylation, and actin filament organization, while the
downregulated proteins were enriched for processes related to inter-
mediate filaments and endosomal transport (Figure S1, Table Sé).
NRN1 was the top protein upregulated in cognitive stability, consistent
with prior studies indicating its association with a slower rate of cogni-
tive decline independent of AD and related dementia pathologies.*?->°
Joint analysis in different cognitive domains also revealed many dif-
ferentially expressed proteins, with 1976 for episodic memory, 1576
for working memory, 1501 for semantic memory, 461 for perceptual
speed, and four for visuospatial ability (Figure S2, Table S7-S11).

In the joint analysis of AD hallmark pathologies, 1183 proteins
were found to be associated with AB density, 1309 with tangle
density, and 1924 with global AD pathology (Table $S12-514). The
higher-abundance proteins in A and tangles were both enriched
for intermediate filament-based process, response to wounding, and
extracellular matrix binding, while the lower-abundance proteins in A
and tangles were enriched for axon development and synaptic trans-
mission (Figure S1, Table S15-5S16). As depicted in Figure 1C and D,
MDK, SMOC1, and NTN1 were the top proteins positively associated
with both Ag and tangles. These proteins have been shown to colo-
calize with AB plaque and are promising biomarkers associated with
AD pathology.*3>152 Fewer proteins were found to be associated with
age-related pathologies: 98 were associated with Lewy bodies, 67 with
CAA, one with microinfarcts, and no associations observed with other
neuropathologic conditions (Figure S2, Table S17-523).

After finding robust protein expression differences in the joint anal-
yses for AD dementia, cognitive traits, and AD hallmark pathologies, we
next performed sex-stratified analyses. We first examined AD demen-
tia and its related cognitive endophenotypes (i.e., cognitive trajectory).
Sex-stratified analyses between AD and control yielded 869 signifi-
cant proteins in females and 68 in males at a FDR threshold of 5%,
with 35 proteins significant in both analyses and displaying concor-
dant direction of associations (Figure 2A, Table S3). When using the
female group as the discovery dataset, the estimated replication rate
(74 statistics) for the male group was 56%, indicating that 56% of
significant proteins identified in the female-stratified analysis were
replicated in the male-stratified analysis. In sex-stratified analyses of
the rates of change of global cognition, 1579 proteins were found to be
differentially expressed in females and 538 proteins were differentially
expressed in males with FDR < 0.05 (Figure 2B, Table S5). Notably, 393
proteins were significant in both stratified analyses and exhibited the
same direction of associations. When using the female group as the dis-
covery dataset, the estimated replication rate for the male group was
81%. The replication rates for different cognitive abilities were 77%
for episodic memory, 84% for working memory, and 56% for semantic

memory.
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Next, we performed sex-stratified analysis of hallmark AD patholo-
gies. Female-stratified analysis yielded 745 proteins associated with AS
and 592 associated with tangles, while male-stratified analyses yielded
232 significant proteins in AB and 80 significant proteins in tangles
(Figure 2C, Figure 2D, Table S12-513). The number of proteins signif-
icant in both sex-stratified analyses was 152 for Ag and 45 for tangles.
When the female group was used as the discovery dataset, the replica-
tion rates for AB and tangles were 63% and 67%. Sex-stratified analyses
of global AD pathology identified 1522 significant proteins in females
and 231 in males at a FDR threshold of 5% (Figure S3, Table S14).
The estimated replication rate for the male group was 50%. Regard-
ing age-related pathologies, the female-stratified analysis identified 33
significant proteins for Lewy bodies and 46 for CAA, while the male-
stratified analysis identified two proteins for Lewy bodies, nine for
CAA, and one for hippocampal sclerosis (Figure S3, Tables S17 to S23).

Collectively, the joint and sex-stratified differential analyses indi-
cate robust protein expression differences for AD and its endopheno-
types. The replication rates observed in sex-stratified analyses (mean:
67%; range: 50% to 84%) suggest moderate to high consistency in
the differentially expressed proteins associated with AD and related

endophenotypes between the sexes.xxx

3.4 | Sex-by-trait interaction in AD
To investigate whether sex moderates the relationship between pro-
teins and AD or its endophenotypes, we tested significant proteins in
joint and sex-stratified analyses for sex-by-trait interaction adjusting
for age at death, education, and surrogate variables. We first examined
sex-by-trait interaction for AD dementia. In the joint and sex-stratified
analysis between AD and control, a sum of 1364 proteins passed
an FDR threshold of 5%. Among these significant proteins, one pro-
tein, MARCKS, had a significant sex-by-trait interaction at FDR < 0.05
(Table 2, Figure S4). MARCKS is a cellular substrate for protein kinase
C (PKC) (Figure S5) and the phosphorylation level of MARCKS is
associated with AD.>354

Next, we examined sex-by-trait interaction for cognitive trajec-
tories. Seven proteins were found to have significant sex-by-trait
interactions with FDR < 0.05 (Table 2, Figure S4). Specifically, TOG-
ARAM1, PLCD3, and SLC22A5 showed a significant sex interaction
with the rates of change of episodic memory; MTFR1L displayed a
significant sex interaction with the rates of change of working mem-
ory; and DCUN1D5, S100A12, and TRIM46 showed a significant sex
interaction with the rates of change of semantic memory. Among
these proteins, TOGARAM1 and TRIM46 are associated with proper
microtubule functions,>>>¢ and MTFR1L is associated with mitochon-
drial fusion processes.”” DCUN1D5 is involved in the neddylation
pathway that regulates protein homeostasis,® and S100A12 is a pro-
inflammatory mediator that modulates neuroinflammation.>’ Both
PLCD3 and SLC22A5 are associated with estrogen-related signaling
pathways (Figure S5), with PLCD3 being a phospholipase C (PLC)

isozyme activated by G protein-coupled estrogen receptor (GPER)061
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FIGURE 2 Sex-stratified differential protein expression in AD endophenotypes for (A) clinical diagnosis, (B) rates of change of global cognitive
function, (C) amyloid, and (D) tangles. Each volcano plot presents the beta coefficients and —log4(p values) from linear regression of each protein
and phenotypic outcome adjusting for demographics and surrogate variables. Red points indicate proteins significant in both female and
male-stratified analyses at FDR < 0.05 while blue points indicate proteins significant in one sex at a false discovery rate of <0.05. Top differentially
expressed proteins are labeled with white boxes. Beta coefficients and statistics for all proteins are provided in Supplementary Tables (Tables S3

and S5, Tables S12 and S13).

and SLC22A5 being a carnitine transport protein transcriptionally

regulated by estrogen receptors.®?

In the sex-by-trait interaction analyses for cerebral pathologies,

two proteins passed the 5% FDR threshold for global AD pathology
and CAA (Table 2, Figure S4). Of these two proteins, PANK4 showed a

sex-biased association with global AD pathology and is one of the pan-
tothenate kinase isozymes implicated in coenzyme A biosynthesis.®3
SOS1 showed a significant sex interaction with CAA and is a gua-
nine nucleotide exchange factor that activates the RAS signaling

cascade.®*
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TABLE 2 Sex-biased proteins in AD endophenotypes.
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Females Males Sex interaction
Trait Protein Beta FDR Beta FDR Beta FDR
AD versus control MARCKS —-0.05 0.0004 0.02 0.463 0.08 0.011
Trajectory of episodic memory TOGARAM1 -0.10 0.532 0.81 0.005 0.80 0.008
PLCD3 -0.01 0.934 -0.29 0.0005 —-0.28 0.023
SLC22A5 0.06 0.599 -0.35 0.032 —-0.44 0.028
Trajectory of semantic memory DCUN1D5 -0.31 0.345 1.51 0.006 157 0.030
S100A12 -0.22 0.224 0.67 0.024 0.88 0.030
TRIMA46 -0.03 0.566 -0.25 0.0003 -0.21 0.030
Trajectory of working memory MTFR1L 0.004 0.976 -0.44 0.001 -0.44 0.009
Global AD pathology PANK4 -0.02 0.003 0.02 0.206 0.04 0.030
Cerebral amyloid angiopathy SOS1 -0.007 0.038 0.004 0.885 0.01 0.039

Abbreviations: AD, Alzheimer's disease; FDR, false discovery rate.

To test whether comorbid medical conditions confound the mod-
erating effects of sex on these phenotypic outcomes, we performed
a sensitivity analysis by adjusting for the presence of diabetes and
hypertension, both of which showed significant sex differences in our
dataset (Table 1). All the sex-biased proteins remained significant in
the sex-by-trait interaction analyses (Table S24), further suggesting
the robustness of our findings. Overall, our analysis identified some
promising proteins and cellular processes with sex-biased association
in AD and AD endophenotypes.

4 | DISCUSSION

While transcriptome-wide sex differences in AD have been charac-

terized in multiple studies,>~22

proteome-wide sex differences in AD
remain underexplored. In this study, we included 770 ROS/MAP par-
ticipants with brain proteomic profiles generated from the DLPFC and
performed sex-aware proteome-wide differential expression analyses
in AD and its endophenotypes. Notably, we identified some sex-biased
proteins associated with AD and its endophenotypes in the brain.
These proteins could be investigated in cerebrospinal fluid (CSF) as
potential biomarkers for sex-specific risk or further tested in model
systems. To place these findings in context, below we examine the role
of sex on phenotypic outcomes in ROS/MAP and highlight the potential
biological role of the proteins we identified to have sex-biased disease
associations.

Our phenotypic analysis suggests the presence of sex differences
in baseline cognitive performance and cognitive trajectories. Specif-
ically, females outperformed males in baseline episodic memory and
processing speed but experienced greater declines in cognitive perfor-
mance over time. These findings align with previous studies suggesting
that females generally have better verbal and episodic memory than
males,®>"%7 though this memory advantage seems to decrease as
females progress toward a diagnosis of cognitive impairment. Research
has shown that females with MCI or AD dementia shows greater

cognitive decline and are outperformed by males in several cognitive
domains.8%? Moreover, post mortem studies indicate that females have
lower resistance to AD pathologies.”%”! Our study and others support
the notion that the initial memory advantage in females appears to
diminish over time with the loss of coping mechanisms in pathological
aging.

Interestingly, some sex-biased proteins we identified are involved in
estrogen-related pathways, including PLCD3, MARCKS, and SLC22A5
(Figure S5). PLCD3 is a phospholipase C (PLC) isozyme activated by
G protein-coupled estrogen receptor (GPER) and is involved in phos-
phoinositide turnover and protein kinase C (PKC) activation.t%¢1 PLCD
is highly expressed in the brain and has been associated with AD
and neurodegenerative diseases.”? MARCKS is the main substrate for
PKC, and the phosphorylation level of MARCKS is associated with
AB biogenesis and neuron degeneration.>35473 SL.C22A5 is a carnitine
transporter involved in neurotransmitter synthesis, and expression of
SLC22A5 is regulated by estrogen receptors.? PKC also regulates the
activity and translocation of SLC22A5.74 Notably, PKC is central to the
molecular pathways of all these proteins. Studies have shown that PKC
is one of the key kinases activated in AD, and PKC substrates make
up over half of the core molecules in AD.”>7¢ This suggests that dif-
ferent PKC activity between females and males may account for some
of the sex differences in AD. Our results corroborate previous studies
that highlighted a sex-specific association between AD and estrogen
receptors.1>1¢ Further functional studies are needed to elucidate the
role of these sex-biased proteins in AD.

Several sex-biased proteins identified in our study are also involved
in molecular processes that may contribute to AD pathogenesis. For
instance, S100A12 is a pro-inflammatory protein localized within A
plaques.”>?”7 SOS1 activates the RAS signaling pathway, and its expres-
sion level is elevated in the blood of AD patients.”® Both MTFR1L and
PANK4 are associated with mitochondrial metabolism, with MTFR1L
implicated in mitochondrial fusion process®’ and PANK4 involved in
coenzyme A biosynthesis.®® Moreover, TRIM46 and TOGARAM1 are
proteins that play roles in microtubule functions,”>>¢ and DCUN1D5
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regulates the protein neddylation pathway that has been linked to
AD.>8 Although sex differences in immune response®’~1? and mito-
chondrial metabolism’? have been reported in AD, other molecular
processes identified here remain understudied. Given the important
overlap between brain and CSF proteomes,3°-82 further studies could
investigate these proteins as potential sex-specific biomarkers in AD.

Consistent with previous proteomic studies of AD brain tissue, our
analysis identified robust protein expression differences in AD and AD
hallmark pathology. When compared with a recent large-scale pro-
teomics study across diverse racial and ethnic groups,®3 58% of the
significant proteins in AD dementia and 68% of the significant pro-
teins in amyloid identified here overlapped with their findings and
showed concordant directions of association. We also found a 60%
74 replication rate with earlier studies (n = 516 DLPFC samples) for
clinical diagnosis,*® suggesting the replicability of prior results. In addi-
tion to AD and AD pathology, we also found differential expression
in age-related pathologies such as CAA and Lewy body pathology. In
CAA, some matrisome proteins (SMOC1, NTN1, MDK) were found
to be significantly upregulated. These proteins are strongly associ-
ated with amyloid plaques and are considered hub proteins in both
AsymAD and AD.*3180 Similarly, the muscarinic cholinergic receptor
CHRM3, which is involved in the acetylcholine pathway,®* was signifi-
cantly upregulated in both AD and Lewy body pathology. The presence
of these shared proteins may suggest a close interaction between AD
and co-occurring neuropathologic conditions.

While hundreds of proteins were differentially expressed between
sexes or differentially expressed in AD and its endophenotypes, only a
small number of them had significant sex-by-trait interactions. These
results suggest that the effect size of sex-based interactions is likely
small. A meaningful investigation of interactions may require a nearly
10-fold increase in sample size compared to that needed for detect-
ing the main effects.®> Limited findings from genome-wide®® and
transcriptome-wide822 association studies in AD also suggest that the
sample size is a critical consideration when examining sex interactions.

Our study has potential limitations that will require further explo-
ration in future work. First, this is a cross-sectional study; therefore,
causal relationship cannot be inferred between these proteins and
AD. Second, a limited number of proteins showed significant sex-by-
trait interactions in our analysis, which may imply a lack of statistical
power. Using a meta-analysis approach to combine results from differ-
ent cohorts may increase the power to detect sex-based interactions.
Third, our study focused on tissue from the DLPFC, which was selected
owing to the relatively lower burden of AD pathology and neuronal
loss, even among individuals with advanced AD or advanced age at
death of the participants. Notably, we expect to be best powered to
detect differences in proteins from neurons and glia, the major cell
types in the gray matter that are also highly relevant for AD. Lastly, our
analysis was based on self-identified white participants owing to low
statistical power in other groups, which may limit the generalizability
of our findings.

In conclusion, our study identified many brain proteins associated
with AD, cognitive trajectories, and AD-related pathologies. We iden-

tified sex-biased proteins associated with AD and its endophenotypes

in the brain that could be investigated as potential biomarkers for sex-
specific risk. Future studies to test these proteins and expand omics
analysis into additional brain regions (e.g., hippocampus and entorhi-
nal cortex), rare cell types (e.g., brain endothelial cells), and additional
populations would enhance our understanding of the role of sex in AD.
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