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Abstract

Introduction: Despite women showing greater Alzheimer’s disease (AD) prevalence,
tau burden, and immune/neuroinflammatory response, whether neuroinflammation
impacts cognition differently in women versus men and the biological basis of this
impact remain unknown. We examined sex differences in how cerebrospinal fluid (CSF)
neuroinflammation relates to cognition across the aging-mild cognitive impairment
(MCI)-AD continuum and the mediating role of phosphorylated tau (p-tau) versus
other AD biomarkers.

Methods: Participants included 284 individuals from the Alzheimer’s Disease Neu-
roimaging Initiative study. CSF neuroinflammatory markers included interleukin-6,
tumor necrosis factor «, soluble tumor necrosis factor receptor 2 (sTNFR2), and
chitinase-3-like protein 1. AD biomarkers were CSF p-tau,g; and amyloid beta,_4, lev-
els and magnetic resonance imaging measures of hippocampal and white matter hyper-
intensity volumes.

Results: We found a sex-by-sTNFR2 interaction on Mini-Mental State Examination and
Clinical Dementia Rating-Sum of Boxes. Higher levels of sSTNFR2 related to poorer cog-
nition in women only. Among biomarkers, only p-tau,g; eliminated the female-specific
relationships between neuroinflammation and cognition.
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1 | BACKGROUND

Neuroinflammation plays a central role in Alzheimer’s disease (AD)
pathological processes including amyloid beta (AB) and phosphory-
lated tau (p-tau) aggregation, neurodegeneration, and also to cere-
brovascular pathology, including small vessel disease.! While a healthy
proinflammatory response is important for clearing pathogens and mit-
igating tissue damage, more chronic levels of neuroinflammation that
occur in AD can contribute to AD pathogeneses.? Increased neuroin-
flammation occurs in the early stages of the AD trajectory.® There is
evidence to suggest that individuals with either mild cognitive impair-
ment (MCI) or AD dementia have higher cerebrospinal fluid (CSF) and
plasma levels of certain proinflammatory proteins compared to healthy
controls.* Specifically, CSF levels of chitinase-3-like protein 1 (YKL-
40),> tumor necrosis factor a (TNFa),® soluble tumor necrosis factor
receptor 2 (sSTNFR2),” and interleukin-6 (IL-6)® are increased in indi-
viduals with MCI and AD. Furthermore, elevated levels of these CSF
neuroinflammatory marker levels relate to higher levels of CSF p-tau

5910 can discriminate individ-

in older adults across the AD trajectory,
uals with AD from those with other types of dementia,!! and predict
conversion from MCI to dementia.”” Higher CSF or plasma levels of
neuroinflammatory markers, such as IL-6,'2 TNFa,*3 and YKL-40,” are
also associated with worse cognition in healthy older adults and predict
future cognitive decline.>4

There are important sex differences in both AD?>~18 and in immune
function.2?-21 Women typically have enhanced immunoreactivity com-
pared to men.?? Levels of plasma immune-regulating cytokines have
been reported to be higher in women than in men.2® Relatedly,
the prevalence of many autoimmune diseases is considerably higher
among women, with women accounting for 80% of cases.??21 Sex dif-
ferences in the neuroinflammatory response may be particularly rele-
vant among older adults given that menopause potentiates low-grade,
chronic inflammation as evidenced by increases in levels of cytokines
such as IL-6 after menopause.2* Women also have a higher preva-
lence of AD compared to men?° and several studies suggest that
women may demonstrate a more rapid cognitive decline than men
after MCI diagnosis.2® Despite these sex differences in neuroimmune

2027 and clinical trajectory,1>2628 it is unknown whether neu-

response
roinflammation impacts cognition differently in women versus men on

the AD trajectory.

Discussion: Women may be more susceptible than men to the adverse effects of

sTNFR2 on cognition with a potential etiological link with tau to these effects.

aging, Alzheimer’s disease, magnetic resonance imaging, neuroinflammation, phosphorylated tau,

Neuroinflammation is tightly linked with multiple AD pathologic
processes including A3 and p-tau deposition, neurodegeneration, and
vascular mechanisms.»2?.30 Thus, it is unclear whether the associa-
tion between neuroinflammation and cognition is driven by a par-
ticular AD pathological process and how this mediation may differ
by sex. Among biomarkers of AD pathologies, p-tau is more strongly
tied to clinical profile.3! Given that p-tau strongly relates to both
neuroinflammation®® and cognitive symptoms®2 in AD,%% a mediating
role of p-tau in the relationship between neuroinflammation and cog-
nition is plausible, although not yet tested to our knowledge. There is
also growing evidence of greater p-tau burden in women versus men in

earlier disease stages, 18:34-3¢

which further supports the need to inves-
tigate associations among neuroinflammation, tau, and cognitive func-
tion by sex. Importantly, the relationship between p-tau burden and
cognition is sex-specific, with evidence suggesting that women can bet-
ter maintain cognitive functioning in the face of p-tau pathology com-
pared to men.!”

We extend previous findings of associations between neuroinflam-
mation and cognitive outcomes in AD by examining how these associa-
tions differ by sex and whether p-tau mediates these associations. In a
secondary analysis, we examined the specificity of the mediating role
of p-tau by comparing other AD biomarkers that are also associated
with neuroinflammation. To do so, we used data from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) to examine sex differences in
the relationship between selected CSF proinflammatory markers (IL-
6, TNFa, sTNFR2, and YKL-40) and measures of global cognitive status
across AD stages and determine the mediating role of AD biomarkers
in these relationships. We hypothesized that higher levels of neuroin-
flammatory markers would relate to poorer cognitive function, with a
stronger relationship observed in women versus men, and that these
relationships would be mediated more strongly by pathological tau
than other AD biomarkers.

2 | METHODS
2.1 | Participants and data source

Baseline data were extracted from ADNI, a publicly accessible dataset

available at adni.loni.usc.edu. ADNI is a longitudinal, multi-site, cohort
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study that began in 2003 as a public-private partnership with the
goal of integrating neuroimaging, neuropsychological, clinical, and
biomarker information to identify early indicators of AD and to mea-
sure disease progression. General enrollment inclusion and exclusion
criteria for ADNI are described elsewhere.®” All participants provided
informed consent. ADNI data and further information are available at
adni.loni.usc.edu. This specific study was limited to participants with
baseline data for (1) at least one of our examined CSF inflammatory
markers, (2) neuropsychological test battery, and (3) at least one of
our AD biomarkers (hippocampal volume, white matter hyperintensi-
ties [WMHY], CSF-AB1.45, or CSF p-tauyg; levels). Sample size varied
by neuroinflammatory marker whereby 284 participants (40% female)
were included in analyses involving the IL-6, TNFa, and sSTNFR2 mark-
ers and 141 were included in analyses involving YKL-40 (33% female).
All participants were aged 55 to 90 years and were either cognitively
normal (29%), MCI (45%), or AD dementia (26%). Hippocampal vol-
ume data were missing for 57 participants and WMH data were miss-
ing for three participants; therefore, these participants were excluded
from analyses examining mediating role of hippocampal volume
and WMH.

2.2 | Measures

2.2.1 | Neuroinflammatory markers

We examined four neuroinflammatory markers—YKL-40, IL-6, TNFq,
and sTNFR2—with proinflammatory properties that were available
in CSF in ADNI and have previously shown relationships with
cognition121438 and cognitive decline in individuals on the AD
continuum.3? To maintain consistency in data collection and process-
ing across all study sites, a standardized protocol for CSF collection
and assaying was used. YKL-40 was quantified by MicroVue YKL-40
enzyme-linked immunosorbent assay (ELISA) assay (Quidel Corp.).4041
The lower limit of detection was 20 ug/L.42 Commercially available
multiplex immunoassays (Millipore Sigma) which were modified for
CSF analyte levels were used to measure IL-6 (pg/mL), TNFa (pg/mL),
and sTNFR2 (ng/mL) in banked CSF samples from ADNI.*3 The lower
limit of detection for IL-6 was 16.25 pg/mL. The lower limit of detection
for TNFa was 49.20 pg/mL. The lower limit of detection for sTNFR2
was 16.39 ng/mL.

2.2.2 | Cognitive outcomes

Our cognitive outcomes were two measures sensitive to decline in
this population: the Mini-Mental State Examination (MMSE)** and
the Clinical Dementia Rating-Sum of Boxes (CDR-SOB).*> The MMSE
is an assessment of global cognitive function, whereby higher scores
(score range = 0-30) reflect better cognitive function.* The CDR-SOB
is an assessment of dementia severity whereby higher scores (score

range = 0-18) reflect greater dementia severity.*’ For parsimony, we
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RESEARCH IN CONTEXT

1. Systematic review: Women have a higher prevalence
of Alzheimer’s disease (AD), greater phosphorylated tau
burden in the mild cognitive impairment stage, and a
steeper clinical decline versus men. Women also show
a more robust immune response compared to men, and
neuroinflammation is implicated in the pathogenesis of
AD. Examining sex differences in the link between neu-
roinflammation and cognition in individuals on the AD
continuum and whether tau serves as a mediator of this
relationship might provide a deeper understanding of sex
differences in the pathogenesis and clinical trajectory of
AD.

2. Interpretation: Findings suggest that women are more
vulnerable to the deleterious effects of neuroinflamma-
tion through a tau mechanism.

3. Future directions: Women on the AD continuum may
benefit more than men from treatments targeting neu-
roinflammation. Future studies should aim to replicate
female-specific links between neuroinflammation and
cognition in AD and test the potential efficacy of tailored

treatments.

focused on standard tests of global cognitive status that are commonly
used in MCl and AD diagnostic criteria.

2.2.3 | AD biomarkers
Our AD biomarkers included markers of AD-specific pathology (CSF
levels of AB1.47 and p-tauqgq levels), neurodegeneration (hippocampal
volume), and small-vessel vascular disease (WMH volume). CSF-AB4.42
and p-tauqgq levels were measured by the Roche Elecsys cobas e
601 fully automated immunoassay. The lower technical limit to upper
technical limit for the Elecsys b-Amyloid (1-42) CSF immunoassay
was 200 to 1700 pg/mL. The lower technical limit to upper technical
limit for the Elecsys Phospho-Tau (181P) CSF immunoassay was
8 to 120 pg/mL. Lower levels of ABq4, indicate greater amyloid
plague pathology and higher p-tauqg; levels indicate greater tau
pathology. Structural magnetic resonance imaging (MRI) scans were
collected on a 1.5T scanner according to a standardized protocol.*®
Hippocampal volume data were analyzed using FreeSurfer version 4.3
(https://surfer.nmr.mgh.harvard.edu) at the University of California-
San Francisco®? (http://adni.loni.ucla.edu/wp-content/uploads/2010/
12/UCSF-FreeSurfer-Overview-and-QC_-Template_Format.pdf).
WMH volumes were derived from fluid-attenuated inversion recovery
MRIimages.

We adjusted hippocampal (HV/IV) and WMH (WMH/IV) volumes
for intracranial volume by dividing each by intracranial volume x 103.


https://surfer.nmr.mgh.harvard.edu
http://adni.loni.ucla.edu/wp-content/uploads/2010/12/UCSF-FreeSurfer-Overview-and-QC_-Template_Format.pdf
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224 | Covariates
Considered covariates included age, years of education, and
apolipoprotein E (APOE) ¢4 carrier status.

2.3 | Statistical analyses
IL-6, TNFa, and p-tauqgq levels were log transformed to normalize
their non-normal distributions as determined by the Shapiro-Wilk test.
Two outliers for STNFR2 and three outliers for TNFa were identi-
fied using the explore procedure in SPSS and removed from analy-
ses. MMSE and CDR-SOB were cube-root transformed to normalize
their non-normal distributions as determined by the qqPlot function
in R using the “car” package.’® Sex differences in sample character-
istics were assessed using independent t-tests for continuous vari-
ables and Chi-square tests for categorical variables. We conducted a
series of cross-sectional analyses using linear regression to examine
the relationship between individual neuroinflammatory markers and
cognitive outcomes. We examined sex differences in these relation-
ships by examining a sex by neuroinflammatory marker interaction.
When the interaction term was significant, we probed the interaction
by comparing effect sizes in sex-stratified analyses. If the interaction
was nonsignificant (P > .05), it was removed from the model to assess
main effects of neuroinflammatory markers. All analyses adjusted for
covariates of age, education, and APOE &4 positivity. When the associ-
ation between a neuroinflammatory marker and a cognitive outcome
was significant, we examined CSF p-tauqg, level as a potential media-
tor. To do so, we used a structural equation modeling (SEM) approach
to perform a mediation analysis with bootstrapping techniques using
the lavaan package®! in R. This allowed us to generate 5000 boot-
strap samples to generate a 95% bias-corrected confidence interval of
the indirect effect (a x b). In our mediation analysis, the a path repre-
sented the path from neuroinflammatory marker level to CSF p-tauqg,
level, and the b path represented the impact of the mediator, CSF p-
tauqgq level, on cognition. The product of a x b represents the indi-
rect effect. This approach does not assume normally distributed indi-
rect effects, and for this and other reasons it is more powerful and
more accurate in testing mediation than the commonly used Sobel
test and causal steps approach.>2 Importantly, this mediational analysis
cannot confirm causality because of the cross-sectional nature of the
data.’®

In secondary analyses, we examined the mediating role of other AD
biomarkers (AB1.42, HV/IV, and WMH/IV) to test the specificity of a
potential mediating role of tau in these relationships. Analyses were
performed using R version 3.5.0 (https://cran.r-project.org/) and SPSS
26 (SPSS Inc.). Significance was defined as a = .05 (two-sided).

3 | RESULTS

See Table 1 for sample characteristics. In the largest sample of 284 par-
ticipants (those with IL-6, TNFq, and sTNFR2 levels), women were sig-

nificantly younger, less educated, had larger HV/IV, and had lower lev-
els of IL-6, TNFa, and sTNFR2 relative to men.

31 |
MMSE

Sex by inflammatory marker interactions on

Sex significantly interacted with sTNFR2 on MMSE performance
(Table 2). In line with hypotheses, sex-stratified analyses revealed that
higher sTNFR2 levels related to poorer MMSE in women but not in men
(Figure 1). The main effects of IL-6, TNFa, and YKL-40 levels on MMSE

were not significant.

3.2 | Sex by inflammatory marker interactions on
CDR-SOB

There were significant sex by YKL-40 and sTNFR2 interactions on
CDR-SOB. Sex-stratified analyses revealed that higher YKL-40 and
sTNFR2 levels related to higher CDR-SOB in women but not men (Fig-
ure 2). The main effects of IL-6, TNFa, and YKL-40 levels on CDR-SOB

were not significant in the total sample.

3.3 | Mediating role of AD biomarkers in the
neuroinflammation and cognition relationships

We examined the mediating role of CSF p-taujgq in the signifi-
cant, female-specific relationships between neuroinflammatory mark-
ers and cognition. Inan SEM model examining the mediating role of CSF
p-tauqgq in the relationship between sTNFR2 level and MMSE among
women, we found a significant indirect effect of sSTNFR2 through CSF p-
tauyg1 on MMSE, and a nonsignificant effect of sSTNFR2 on MMSE tak-
ing into account CSF p-tau,g4, suggesting a full mediating effect of tau
in the female-specific relationships between sTFNR2 level and MMSE
(see Figure 3).

In an SEM model examining the mediating role of role of CSF p-
tauqgq in the relationship between sTNFR2 level and CDR-SOB among
women, we found a significant indirect effect of STNFR2 through CSF p-
tauqgq on CDR-SOB, and a nonsignificant effect of sSTNFR2 on MMSE
taking into account CSF p-taugq, suggesting a full mediating effect
of tau in the female-specific relationships between sTFNR2 level and
CDR-SOB (see Figure 4).

Taken together, results show a significant direct effect of sSTNFR2
on both cognitive measures absent CSF p-tauqgq, with a significant
indirect effect of STNFR2 on both cognitive measures through CSF p-
tauqgq, and a nonsignificant effect of STNFR2 on both cognitive mea-
sures taking into account CSF p-tauqg4 Per conventions established by
Baron and Kenny,”* results of these two mediation analyses indicate
a complete mediation of the female-specific relationships between
sTFNR2 level and cognition by p-tau4g.

In secondary analyses, we examined the mediating role of other AD

biomarkers in the significant, female-specific relationships between
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TABLE 1 Sample characteristics by sex

Age (years), M (SD)
Education (years), M (SD)
White, no. (%)

APOE &4 carrier, No. (%)

Clinical diagnosis, no. (%)

Cognitively normal

MCI

AD dementia
IL-6 (pg/mL), M (SD)
TNFa (pg/mL), M (SD)
sTNFR2 (ng/mL), M (SD)
YKL-40 (ng/mL), M (SD)?
CSF p-tau181 (ng/l), M (SD)

HV/IV, M (SD)P

CSF-AB1.42 (ng/l), M (SD)
WMH/IV, M (SD)*
CDR-SOB, M (SD)

MMSE, M (SD)

Women (n = 115)
73.8(7.3)

14.7 (2.8)

108 (93.9)

57 (49.6)

35(30.4)

46 (40.0)
34(29.6)
1.3(0.6)
0.4(0.4)
970.4 (243.3)
386.6(144.4)
308.9(123.3)
4.4(0.8)
953.9(586.9)
5.5e-10(1.3e-9)
1.9(1.9)
26.6(2.7)

Men (n = 169)
75.8(7.2)
16.2(3.0)
162(95.9)
84(49.7)

46(27.2)
82(48.5)
41(24.3)
1.5(0.6)
0.6 (0.4)

1133.0(468.9)
420.0(131.0)
294.4(117.2)

4.1(0.7)

945.3 (546.6)
5.6e-10(1.5e-10)

1.8(1.9)
26.7 (2.6)

Disease Monitoring

50f11

PValue
0.022
<0.001
0.643
0.999
0.354

0.008
0.005
<0.001
0.253
0.324
0.004
0.896
0.917
0.627
0.794

Abbreviations: AB1.4, - amyloid beta; AD, Alzheimer’s disease; APOE, apolipoprotein E; CDR-SOB, Clinical Dementia Rating-Sum of Boxes; HV/IV, hippocam-
pal volume adjusted for intracranial volume; IL-6, interleukin-6; MCI, mild cognitive impairment; MMSE, Mini Mental State Examination; p-tau181, phospho-
rylated tau; SD, standard deviation; STNFR2, tumor necrosis factor receptor 2; TNFa, tumor necrosis factor a; WMH/IV, white matter hyperintensity volume
adjusted for intracranial volume; YKL-40, chitinase-3-like protein 1.
Note. Table displays raw means, standard deviations, and percentages. Sample characteristics by sex were assessed using independent t-tests for continuous

variables and Chi-square tests for categorical variables.

aSample size for YKL-40 was 141.

PHV/IV was calculated by dividing total hippocampal volume by total intracranial volume x 10°.
SWMH/IV was calculated by dividing total hippocampal volume by total intracranial volume x 10°.

TABLE 2 Results of multivariable linear regression modeling sex by neuroinflammatory marker on global cognition

Main effects of sex and neuroinflammatory marker level

Sex x neuroinflammatory marker

interaction

Outcome/neuro-inflammatory marker

Sex (male vs. female)

Neuroinflammatory marker level

B, g
MMSE
IL-6 -0.004,-0.020
TNFa -7.304e-4,-0.004
sTNFR2 -0.028,-1.241
YKL-40 0.002,0.100
CDR-SOB
IL-6 0.006, 0.004
TNFa 0.014,0.011
sTNFR2 1.470,1.097
YKL-40 0.001,0.308

SE

0.012
0.001
0.011

0.002

0.077
0.077
0.627
6.785e-4

P Value B,
736 0.002,0.010
.953 -0.004,-0.116
010 -2.196e-04,
-0.471
314 -1.325e-04,
-0.206
941 0.022,0.020
.857 0.091,0.047
.021 0.001,0.431
.051 0.397,0.293

SE

0.020
0.002
6.153e-5

6.084e-05

0.061
0.118
4.260e-4
0.375

P Value

861
.059
.009

.032

723
438
.005
292

B,g

-0.019,-0.168
0.056,0.192
2.327e-04,1.406

1.431e-04,0.373

0.085,0.116
0.183,-0.099
-0.001,-1.201
-0.001,-0.438

SE

0.020
0.036
8.407e-05

1.201e-04

0.123
0.227
4.993e-4
8.785e-4

P Value

.323
122
.006

237

492
421
.018
175

Abbreviations: CDR-SOB, Clinical Dementia Rating-Sum of Boxes; IL-6, interleukin-6; MCI, mild cognitive impairment; MMSE, Mini Mental State Examina-
tion; SE, standard error; sSTNFR2, tumor necrosis factor receptor 2; TNFa, tumor necrosis factor «; YKL-40, chitinase-3-like protein 1.



60f11 Diagnosis, Assessment

BERNIERET AL.

Disease Monitoring

Interaction: B=-0.019, $=-0.168, SE=0.019, p=.323
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FIGURE 1 Sex-specific relationships between neuroinflammatory marker levels and MMSE. Note. Negative associations between CSF
neuroinflammatory marker level sSTNFR2, but not IL-6, TNFa, or YKL-40, and MMSE were significant in women, but not in men. CSF, cerebrospinal
fluid; IL-6, interlukein-6; MMSE, Mini Mental State Examination; sSTNFR2, tumor necrosis factor receptor 2; TNFq, tumor necrosis factor «;

YKL-40, chitinase-3-like protein 1

neuroinflammatory markers and cognition. Across all models, the
indirect effects of sTNFR2 through HV/IV, WMH/IV, or CSF-AB1.4,
on either MMSE and CDR-SOB were not significant, suggesting an
absence of a mediating role of these AD biomarkers (HV/IV, WMH/IV,
or CSF-AB1.47).

4 | DISCUSSION

We investigated sex differences in the relationship between levels of
CSF neuroinflammatory markers and cognition, and the mediating role
of CSF p-tauqgq versus other AD biomarkers. In partial support of our
hypotheses that neuroinflammatory levels would inversely relate to
cognition more strongly in women versus men; we found that these
relationships were actually female-specific. Specifically, we found that
higher sTNFR2 related to worse MMSE performance and worse CDR-
SOB performance in women but not men.

As hypothesized, the indirect relationship of sSTNFR2 levels to cog-
nition through the mediator of p-tau;g, in women was significant sug-
gesting that p-tau serves as a critical etiological link between neuroin-
flammation and cognition in women on the AD spectrum. The potential
mediating role of p-tau stands to reason given that p-tau has demon-
strated strong associations with both neuroinflammation®° and cog-

nitive performance.3132 The relationship between neuroinflammation

and tau pathology appears to be bidirectional3%>> whereby proin-
flammatory proteins, such as IL-6, YKL-40, and TNFa, enhance tau
aggregation and neuronal loss, and, in turn, tau aggregation stimulates
microglia activation and release of proinflammatory cytokines.%° Our
findings indicate the importance of future investigations into whether
interventions aimed at reducing neuroinflammation may have more
beneficial effects on tau burden and, in turn, cognition in women.

As a secondary analysis, we examined the potential mediating role
of other AD biomarkers to determine the specificity of tau as a pos-
sible mechanism of the relationship between neuroinflammation and
cognition in women. A4, did not mediate the relationship between
sTFNR2 and cognition, consistent with another study documenting an
absence of relationship between Af4_4, and neuroinflammation among
older adults with MC1.5¢ Similarly, neither HV/IV nor WMH/IV medi-
ated the link between sTFNR2 and cognition.

All relationships between sTNFR2 levels and cognition were
female-specific and were attenuated by p-tauqgq. TNFR2 is a trans-
membrane TNFa receptor expressed in immune cells and activated
brain endothelial cells that is cleaved to sSTNFR2 under inflammatory
conditions.>”-*8 Circulating sSTNFR2 is upregulated in biological fluids
of inflammatory diseases, such as rheumatoid arthritis, colitis, and
diabetic kidney disease and can be used as a biomarker for inflamma-
tion, because it correlates with increased levels of TNFa and disease
activity.??-¢1 Overall, our findings indicate that sSTNFR2 may play a
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larger role in cognitive dysfunction in women versus men on the AD
trajectory and may potentially play a contributing role to the more
aggressive clinical trajectory of AD in women.1>:26.28

sTNFR2 levels only related to cognition in women. The reason for
the specificity of these relationships to women remains to be deter-
mined. Given evidence that women on the AD continuum show greater
tau burden than men'® as well as recent evidence of sex differences
in gene expression of proteins related to tau phosphorylation,®? the
reciprocal interactions of tau and neuroinflammation and their adverse
cognitive effects may be more prominent in women. One contribut-
ing mechanism could be related to sex hormones, particularly testos-
terone. Our prior work in ADNI showed that lower levels of circu-
lating testosterone relate to higher CSF p-tau level in both men and
women¢ and to poorer cognitive function specifically among female
APOE ¢4 allele carriers.®® Given that testosterone’s actions are largely
anti-inflammatory,®* these results suggest that the lower testosterone
levels in women on average may be a contributing factor to the sex
differences in neuroinflammation, tau, and cognitive links. In the cur-
rent study, the sample size did not afford the statistical power to test
three-way neuroinflammatory marker by sex by APOE ¢4 status inter-
actions or to further stratify by APOE &4 status. Future studies with
larger sample sizes should consider sex by APOE &4 interactions when
examining associations among neuroinflammatory markers, p-tau, and
cognition.

Our study has limitations. The data available for our variables of
interest is cross-sectional only, limiting our ability to test causality
and observe how these relationships unfold over time. However, our
cross-sectional findings are novel in that they are the first of their kind
to examine sex differences in how neuroinflammatory markers relate
to cognitive outcomes and potential underlying mechanisms. We are
in the process of expanding these analyses to a longitudinal design
and hope that these findings will spur additional longitudinal studies
that will more definitively test these relationships (e.g., changes in p-
tau aggregation with changes in CSF levels of sTNFR2). Other limita-
tions include generalizability of the findings, given that ADNI sample
is predominantly White and well-educated. Future studies should aim
to replicate these findings in a more diverse sample and examine the
intersection between sex and race in the relationship among neuroin-
flammation, tau, and cognition in AD. We did not correct for multiple
comparisons given that we had a priori hypotheses about the direc-
tion of the relationships, and our results aligned with these hypothe-
ses. However, we note that the sex by sTNFR2 interaction on MMSE
survives a Bonferroni correction adjusting for eight comparisons (four
neuroinflammatory markers by two outcomes: a =.05/8 =.0063). CSF
levels of IL-6 and TNFa are low in AD, and were close to the limit of
quantification by the multiplex assays used to measure them. Further
studies using more sensitive assays and a larger panel of neuroinflam-

matory markers may provide clearer insight about neuroinflammatory
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mediators. Our sample also comprised individuals across the disease
trajectory; therefore, the possibility that this group includes some indi-
viduals with atypical clinical presentations, such as logopenic primary
progressive aphasia, cannot be ruled out, although these cases are typ-
ically selected out in ADNI. Last, we limited our investigation to proin-
flammatory markers that were available in CSF in ADNI and have pre-
viously shown relationships with cognition21432 and cognitive decline
in individuals on the AD continuum.3? We hope that these findings can
motivate more extensive analyses of sex differences in the effects of
neuroinflammation in AD using more neuroinflammatory markers. Our
study also has a number of strengths. Because of our focus on cogni-
tion, we used CSF-derived neuroinflammatory markers, as they may
more accurately reflect neuroinflammation in the brain than peripheral
levels.®> Further, data from this study were from a large sample with
comprehensive neurocognitive and AD biomarker data that allowed us
to compare the mediating role of different pathological processes in
the link between neuroinflammation and cognition.

In summary, our results suggest that women may be more vulnera-
ble than men to the effects of neuroinflammation, specifically sTNFR2,
on cognition and these effects seem to be driven by p-tau. The novelty
of our study is a major strength in that we are the first to show sex
differences in how sTNFR2 relates to cognition in individuals on the
AD continuum and identify the AD pathology driving these relation-
ships in women. Our findings highlight the need to examine sex-specific
effects of interventions targeting specific inflammatory mechanisms,
on pathological tau and, in turn, cognitive function, with the hypothesis
that these interventions may be more beneficial in women. The identi-
fication of sex differences in AD-related mechanisms such as with the
current findings will lead to important enhancements in understand-
ing of AD in general and the development of precision medicine targets
that can be optimized for both women and men.
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