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Abstract

Background: Age-related cerebrovascular and neuroinflammatory processes have been
independently identified as key mechanisms of Alzheimer’s disease (AD), although their
interactive effects have yet to be fully examined.

Objective: The current study examined 1) the influence of pulse pressure (PP) and inflammatory
markers on AD protein levels and 2) links between protein biomarkers and cognitive function in
older adults with and without mild cognitive impairment (MCI).

Methods: This study included 218 ADNI (81 cognitively normal [CN], 137 MCI) participants
who underwent lumbar punctures, apolipoprotein E (APOE) genotyping, and cognitive testing.
Cerebrospinal (CSF) levels of eight pro-inflammatory markers were used to create an
inflammation composite, and amyloid-beta 1-42 (AB42), phosphorylated tau (p-tau), and total
tau (t-tau) were quantified.

Results: Multiple regression analyses controlling for age, education, and APOE £4 genotype
revealed significant PP x inflammation interactions for t-tau (B = 0.88, p=0.01) and p-tau

1pata used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(http://adni.loni.usc.edu). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/or
provided data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can be found at:
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledsement_List.pdf

"Correspondence to: Katherine J. Bangen, Ph.D., VA San Diego Healthcare System (151B), 3350 La Jolla Village Drive, San Diego,
CA 92161, USA. Tel.: +1 858 552 8585 /Ex 5794; kbangen@health.uscd.edu.
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(B =0.84, p=10.02); higher inflammation was associated with higher levels of tau within the

MCI group. However, within the CN group, analyses revealed a significant PP x inflammation
interaction for AB4, (B = —1.01, £=0.02); greater inflammation was associated with higher levels
of APy (indicative of lower cerebral amyloid burden) in those with lower PP. Finally, higher
levels of tau were associated with poorer memory performance within the MCI group only (ps <

0.05).

Conclusion: PP and inflammation exert differential effects on AD CSF proteins and provide
evidence that vascular risk is associated with greater AD pathology across our sample of CN and
MCI older adults.

Keywords

Cerebrospinal fluid; inflammation; mild cognitive impairment; tau; vascular dysfunction

INTRODUCTION

Alzheimer’s disease (AD) is the leading cause of dementia among older adults, and
significant efforts have been placed upon identifying factors that may ultimately prevent

or halt disease progression [1]. AD pathology is characterized by the accumulation and
aggregation of amyloid-p (ApB) and pathological tau proteins, with consequential neuronal
loss and cerebral atrophy [2]. Although genetic susceptibility (e.g., apolipoprotein E
[APOE] &4 genotype) plays a clear role in the risk for AD, other—potentially modifiable—
environmental, lifestyle, and health factors (e.g., exposure to pollutants, diet, diabetes) have
also been forwarded as propagators of AD-related pathology [3-6].

While not included in most AD pathological staging frameworks [7, 8], cerebrovascular
dysfunction represent one such risk factor, or critical “hit”, in the pathogenesis of AD
[9-11], For example, research has shown that the increased presence of vascular risk
factors (e.g., hypertension, obesity, hypercholesteremia) beginning in mid-life, coupled
with age-related cerebrovascular changes (e.g., pericyte and microvascular loss, increased
vascular permeability), is associated with cerebral blood flow alterations and blood-brain
barrier breakdown in older adults [9, 12, 13]. These vascular changes have been linked
to AD pathology in the form of increased AP production and accumulation as well

as tau hyperphosphorylation and neurofibrillary tangle formation [14, 15]. Importantly,
these vascular-mediated pathways have been posited to be some of the earliest drivers of
neurodegeneration and cognitive decline in AD and other AD-related dementias [16, 17].

Inflammation has also been implicated as an important factor in the AD cascade in recent
years. As a common consequence of both vascular dysfunction and amyloid accumulation,
the brain’s immune response is activated and uncontrolled neuroinflammatory processes
contribute to neuronal damage and synaptic loss [18-20]. Although this immune response
may initially be protective—activated microglia have been demonstrated to promote amyloid
clearance and degradation—prolonged inflammation leads to the release of cytokines that
have been directly linked to tau tangle formation [20-22]. The precise nature, temporal
aspect, and pathological consequences associated with the activation of inflammatory
pathways has yet to be fully characterized, but research from both animal and human
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studies have highlighted that inflammation precedes and may exacerbate a primarily
tau-mediated neurodegeneration that is associated with worse overall disease severity,
cognitive impairment, and conversion to AD [23-27], Nevertheless, as detailed in a review
by Golde [28], immunoproteiostasis, or the link between immune system activation and
neurodegenerative proteinopathy, is incredibly complex, and the manipulation of either pro-
and/or anti-inflammatory pathways may yield adverse neurological consequences [28, 29].

There is a complex interplay between vascular dysfunction and inflammation, as they

both commonly co-occur and are associated with worsening levels of neuronal injury [30-
32]. Currently, most studies of older adults have centered on exploring the independent
contributions of vascular risk and inflammation on AD pathologic changes, and models
incorporating both have found that each uniquely explains functional impairment and
neuropsychiatric functioning of older adults at risk for AD [33]. However, they may

in fact act in synergistic fashion to worsen AD pathology, and the extent to which

both may differentially affect specific AD proteins across various stages of the disease
remains understudied. Therefore, we investigated the interactive effects of vascular risk and
inflammation on AD cerebrospinal fluid (CSF) biomarkers (i.e., Ap and tau) and stratified
by diagnostic group (i.e., cognitively normal versus mild cognitive impairment (MCI)) to
examine whether the interactive effects of vascular risk and inflammation differed across the
aging spectrum from normal cognition to MCI. We then explored the extent to which AD
biomarkers were directly related to cognition within each cognitive group.

METHODS

Data availability

Data used for the present study were obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (http://adni.loni.usc.edu). ADNI is a public-private partnership
that was launched in 2003 by Principal Investigator, Michael W. Weiner, MD. The

primary goal of ADNI is to explore whether serial magnetic resonance imaging, positron
emission tomography (PET), other biological markers, and clinical and neuropsychological
assessment can be combined to measure the progression of MCI and preclinical stages of
AD. Information on ADNI can found at http://www.adni-info.org. The ADNI study was
approved by the Institutional Review Boards of all participating sites and written informed
consent was obtained for all study participants prior to engagement in the study.

Participants and inclusion/exclusion criteria

Enrollment criteria for the ADNI study are described in detail elsewhere [34], but

briefly include: adults between the ages of 55-90 years with > 6 years of education

or work-history equivalent, that are fluent in English or Spanish, have adequate vision

and hearing to perform neuropsychological tests and are in generally good health without
significant neurologic disease or history of traumatic brain injury. Per the ADNI website’s
reported biofluid banking statistics (http://adni.loni.usc.edu/methods/), approximately 1,118
participants of the ADNI 1 cohort had CSF samples collected. However, only a small
subsample of 386 participants had CSF data for nonamyloid/tau inflammatory biomarker
baseline data (collected primary between 2005-2008) that was available for download from

J Alzheimers Dis. Author manuscript; available in PMC 2022 April 29.
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the ADNI_HULAB.csv on August 1, 2020. The final study sample consisted of 218 ADNI
participants that were not diagnosed with dementia at their initial study visit and had

data available for: all CSF inflammatory protein markers of interest for creation of our
composite; Elecys CSF AD protein markers; blood pressure measurements, other relevant
medical/health background information (e.g., history of heart disease or diabetes); key
demographic information, (e.g., age, education, sex); apolipoprotein E (APOE) genotyping;
and Mini-Mental Status Exam (MMSE) and cognitive scores.

Assessment of cognitive functioning

Participants completed neuropsychological testing and variables of interest included
performance on measures of general cognition (MMSE) and the cognitive subdomains

of attention/executive functioning (Trail Making Test Parts A and B), verbal memory
(Immediate and Delayed Recall and Recognition Total from Story A of the Weschler
Memory ScaleRevised; Delayed Recall and Recognition Total of the Rey Auditory Verbal
Learning Test), and language (Boston Naming Test or Multilingual Naming Test; animal
fluency). Raw scores for each of the measures representing the cognitive subdomains

were converted to z-scores that were based on predicted values from regression equations
(adjusted for age, sex, and education) that had been derived from a robust normal control
group that has remained cognitively normal (CN) throughout their duration of participation
in ADNI [35-38]. Finally, z-scores across tests within each cognitive subdomain were then
averaged to create attention/executive, language, and memory composites.

MCI diagnosis was based upon Jak/Bondi actuarial neuropsychological criteria, which

has previously been shown to improve diagnostic precision, biomarker associations, and
AD progression rates when compared with conventional ADNI MCI criteria (35-38). Jak/
Bondi MCI criteria is based upon the above tests (with the exception of MMSE and the
Wechsler Memory Scale Story A) and participants were characterized as MCI if they
showed 1) impairment on at least two scores within one cognitive subdomain or 2) one
impaired score across three separate cognitive subdomains [37, 38]. Importantly, Story A
measures have traditionally been utilized for ADNI MCI conventional diagnostic criteria
and were intentionally not been included within the Jak/Bondi actuarial criteria to ensure
independence of the criteria for comparisons purposes in the original investigation. Please
see [38], the original investigation, for a graphical representation of the cognitive measures
utilized in the actuarial criteria employed here. Of the 218 participants, 81 were classified as
CN, whereas 137 were classified as MCI.

AD CSF and genetic markers

Baseline levels of CSF A4y, total tau (t-tau), and tau phosphorylated at the threonine 181
position (p-tau) were measured using Elecsys immunoassays on a fully automated cobas
€601 platform. Higher levels of CSF t-tau and p-tau and lower levels of AB4; are indicative
of greater AD pathology within the central nervous system [39-42]. Positivity rates of CSF
AB42 (< 1,098 pg/mL), t-tau (> 242 pg/mL), and p-tau (>19.2pg/mL) were calculated based
on Schindler (2018) criteria. APOE £4 positivity was determined by the possession of at
least one APOE 4 allele.

J Alzheimers Dis. Author manuscript; available in PMC 2022 April 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clark et al. Page 5

Neuroinflammatory and physiological vascular markers

CSF levels of eight pro-inflammatory markers were quantified using multiplex
immunoassays: Interleukin-7, Interleukin-6, Interleukin-9, Interferon Gamma-Induced
Protein 10, Tumor Necrosis Factor Alpha, Tumor Necrosis Factor Receptor 1, Vascular Cell
Adhesion Molecule-1, Intercellular Adhesion Molecule 1 (IL-7, IL-6, IL-9, IP-10, TNFa,
TNFR1, VCAML1, ICAM1, respectively). We focused on markers that were not highly
correlated with one another (to ensure appropriate statistical approaches), were repeatedly
documented to have largely pro-inflammatory effects, were consistently implicated in the
AD literature, and consistently had estimated values for use in analyses.

In an effort to preserve power and reduce the number of comparisons, a principal component
analysis (PCA) was performed to reduce data into one fixed pro-inflammatory marker.

An orthogonal (varimax) rotation was utilized to enhance interpretability and to obtain a

set of independent loadings that are reflective of simple correlations between individual
inflammatory markers and the overall composite. All loadings for individual inflammatory
markers were required to be >0.4 in an effort to ensure meaningful contribution of each
inflammatory marker to the larger pro-inflammatory composite [43, 44].

During the first PCA iteration, 35% of the variance in the data was explained by the

eight component pro-inflammatory composite. However, the rotated component matrix
revealed IL-6 and IL-7 factor loadings (0.19, 0.38, respectively) were below the acceptable
loading range, although loading values for all other factors ranged from 0.51-0.76. PCA
analyses were repeated with both factors removed one at a time until all loadings were
determined to be in the acceptable range. Results revealed that 45% of the variance

in the data was explained by a 6-component pro-inflammatory composite (IL-9, IP-10,
TNFa, TNFR1, ICAM1, VCAM1) an all rotated factor loadings ranged from 0.49-0.82.
Standardized principal component scores for this 6-component pro-inflammatory composite
were calculated for each study participant and utilized in subsequent analyses.

Finally, pulse pressure (PP), an indirect index of arterial stiffening, was calculated as

the difference between systolic and diastolic blood pressure measurements. Notably, a
Pearson’s correlation test was performed to demonstrate PP and inflammation were
independent markers and revealed there was no significant association between PP and the
pro-inflammatory composite across the entire sample (r=0.11, #=0.11).

Statistical analyses

All data were checked for outliers (defined as > 3 standard deviations from the mean) and
to ensure no basic statistical assumptions were violated; for cognitive analyses, scores for 1
CN and 1 MCI subject on the language and attention/executive composites were deemed to
be outliers and thus not included in the analyses. Multicollinearity statistics were performed
prior to analyses and determined to be in the acceptable range for all regression models
(variance inflation factor < 1.5, tolerance, < 1, all rs < 0.4). All analyses were performed
with the Statistical Package for the Social Sciences (SPSS) version 26 and R version 3.5.0
(https://cran.r-project.org/).
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Analyses of variance (ANOVAS) were used to determine whether the groups (CN versus
MCI) differed on continuous demographic and clinical variables. Chi-squared analyses
examined group differences on categorical demographic and clinical variables. Analyses
of covariance (ANCOVAS) were used to explore whether the groups differed on AD CSF
markers. Covariates (age, education, and APOE &4 genotype) were included when there
was a relationship between the potential covariate and dependent variables of interests;
model parsimony was preferred and thus sex was not included as a covariate in our primary
analyses given there were no sex differences in dependent variables of interest. Please
note degrees of freedom slightly differ across CSF AD analyses as t-tau and p-tau data
were degraded for four subjects (1 CN, 3 MCI) and, therefore, these individuals were not
included in the tau analyses. Multiple regression analyses were used to explore 1) main
effects of PP and inflammation, 2) PP x inflammation interactions, and 3) the association
between AD CSF biomarkers and cognitive performance within the CN and MCI groups.
The standardized beta estimates for continuous predictors are reported in the text.

Participant demographics and clinical characteristics are presented in Table 1. Although
mean age and the proportion of women within each group were comparable, the MCI group
had significantly fewer years of education (p = 0.007) and, as expected, lower MMSE scores
(p<0.001). Also as expected, relative to the CN group, the MCI group also had a greater
proportion of individuals that were APOE &4 positive, as well as CSF amyloid, t-tau, and
p-tau positive (ps < 0.001). There were no group differences on markers of vascular risk

or inflammation (ps < 0.05), but as expected, the MCI group performed significantly worse
than the CN group on all cognitive composites (ps < 0.001).

Main effects of group (CN versus MCI) on AD CSF biomarkers

ANCOVAs adjusting for age, education, and APOE &4 positivity revealed that the MCI
group displayed significantly higher levels of t-tau (~(1, 209) = 19.41, p< 0.001, 77p2 =
0.085) and p-tau (~(1, 209) = 19.60, p< 0.001, npz =0.086), and lower levels of ABs»
(indicative of higher cerebral amyloid pathology in the brain; (F (1, 213) = 31.74, p<

0.001, npz =0.130)) relative to the CN group. Given that the groups differed on AD CSF
biomarkers, a series of parallel analyses were performed in an effort to better understand

the associations between inflammation, pulse pressure, and AD CSF biomarkers within each
cognitive group.

Pulse pressure x inflammation interactions on AD CSF biomarkers in CN and MCI groups

Multiple regression analyses adjusting for age, education, and APOE £4 positivity, were
used to explore PP x inflammation interactions on AD CSF biomarkers within the MCI
group. Results revealed there were significant PP x inflammation interactions for t-tau (B
=0.88,t=2.55, p=0.01) and p-tau (B = 0.84, t = 2.39, p= 0.02) such that higher

levels of inflammation were significantly associated with higher levels of tau in those with
higher levels of PP. A median split for pulse pressure (60 mmHg) was conducted to aid

in interpretation and to graphically depict the association between the three continuous
variables, and MCI participants were divided into those with low (n7= 65) versus high levels

J Alzheimers Dis. Author manuscript; available in PMC 2022 April 29.
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of pulse pressure (n=69). See Figs. 1 and 2. In contrast, there were no significant PP x
inflammation interactions for amyloid (B = 0.02, t = 0.06, p= 0.96) in the MCI group. See
the Supplementary Material for a depiction of this non-significant association in the MCI

group.

With regard to the CN group, results revealed there was a significant PP x inflammation
interaction for amyloid (B = —1.01, t = 2.43, p= 0.02) such that inflammation was
associated with higher levels of AB4, (indicative of lower cerebral amyloid burden) in those
with lower PP. As with the MCI group, median split for pulse pressure (60 mmHg) was
conducted in order to aid in interpretation and graphically depict the association between
the three continuous variables and CN participants were divided into those with low (n=
39) versus high levels of pulse pressure (7= 42). See Fig. 3. In contrast, there were no
significant PP x inflammation interactions for t-tau (B = 0.16, t = 0.45, p= 0.66) and p-tau
(B =0.25,t=0.67, p=0.51) within the CN group. See the Supplemental Material for
depictions of these non-significant association in the CN group.

Main effects of pulse pressure and inflammation on AD CSF biomarkers in CN and MCI

groups

Multiple regression analyses adjusting for age, education, and APOE &4 positivity, were

used to explore main effects of 1) pulse pressure and 2) inflammation on AD CSF
biomarkers within each group. Results from the first set of regressions revealed no
significant associations between PP and amyloid (B = 0.03, t =0.42, p=0.68), t-tau (B
=0.08,t=0.94, p=0.35), or p-tau (B =0.08, t = 0.89, p=0.37) within the MCI group.
However, higher PP was significantly associated with higher levels of t-tau (B = 0.21, t =
2.09, p=0.04) and p-tau (B =0.24,t = 2.38, p=0.02), but not amyloid (B =0.04,t=10.39, p
= 0.70) within the CN group.

Results from the second set of regressions revealed that inflammation was significantly
associated with higher levels of t-tau (B = 0.54, t = 6.26, p< 0.001) and p-tau (B = 0.49,
t=5.52, p<0.001), but not amyloid (B = 0.14, t = 1.67, p= 0.10) within the MCI group.
Pearson’s correlations between individual inflammatory markers and AD CSF biomarkers
are presented in Table 2A. Within the CN group, results revealed that higher inflammation
was significantly associated with higher levels of AP4» (indicative of lower cerebral amyloid
burden) (B = 0.25, t =2.29, p=0.03), t-tau (B =0.57,t=5.84, p< 0.001), and p-tau (B =
0.48,t=4.70, p< 0.001). Pearson’s correlations between individual inflammatory markers
and AD CSF biomarkers are presented in Table 2B.

AD CSF biomarkers and cognitive associations within CN and MCI groups

Regressions adjusting for age, education, and APOE 4 positivity, were used to determine
whether levels of AD CSF biomarkers were associated with cognitive performance within
the groups.

Within the MCI group, results revealed there were significant associations between lower
AB4o (indicating higher cerebral amyloid burden; B = 0.26, t = 2.89, p=0.005), higher
t-tau (B = —0.26, t = -3.28, p=0.001), and p-tau (B = -0.24, t = -2.96, p=0.004),

and poorer performance on the memory composite. In contrast, there were no significant
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associations between amyloid (B =0.18,t=1.84, p=0.07), t-tau (B = -0.16, t=-1.79, p=
0.08), or p-tau (B =-0.14, t = -1.59, p=0.11) and performance on the attention/executive
composite, nor were there any significant associations between amyloid (B = 0.10, t = 1.40,
p=0.29), t-tau (B =-0.14,t = 1.67, p=0.09), or p-tau (B =-0.09, t = 0.99, p=0.32)

and performance on the language composite within the MCI group. Results revealed no
significant associations between amyloid (Bs range = —0.09 to 0.17; ps range = 0.18 to
0.47), t-tau (Bs range = —0.06 to —0.18; ps range = 0.15 to 0.64), or p-tau (Bs range =

-0.08 to —0.22; ps range = 0.09 to 0.53) and performance on any of the cognitive composites
within the CN group.

DISCUSSION

We examined the independent and interactive effects of PP and inflammation on AD CSF
protein markers, as well as associations between AD protein markers and cognition, within
CN and MCI groups. Results showed no main effects of PP on CSF AD proteins markers
within the MCI group, although higher PP was associated with higher levels of tau in

CN older adults. Within each group, higher levels of inflammation were associated with
higher tau burden. Interestingly, inflammation was positively related to higher levels of
AB4o (indicative of lower cerebral amyloid burden) within the CN group only, suggesting
that inflammation was protective against cerebral amyloid burden among the cognitively
unimpaired. Results also revealed that the combination of elevated PP and inflammation
exacerbated tau levels within the MCI group. However, lower levels of PP and higher
inflammation was associated with higher levels of AP (indicative of lower cerebral
amyloid burden) in the CN group, although the CN group had lower amyloid when
compared to the MCI group. Finally, higher tau and lower levels of AR, (indicative of
higher cerebral amyloid burden) were associated with poorer memory performance in the
MCI group, but no such associations were observed within the CN group. Overall, findings
suggest that increased PP and inflammation are independently associated with AD CSF
protein markers, and they interact to produce unique effects on amyloid and tau that appear
to differ amongst older adults with and without MCI.

Our results demonstrating that PP and inflammation interact on CSF levels of tau in

older adults with MCI illustrate the importance of considering both factors when assessing
AD risk and/or underlying pathology. Importantly, arterial stiffening in combination with
inflammation confers a unique risk on tau, and interventions aimed at controlling both
factors may ultimately delay disease progression. The importance of multiple targets in
preventing neurological injury has been highlighted by Zlokovic and Griffin’s (2011)
“vasculo-neuronal-inflammatory” triad model. Importantly, they highlight that “multi-point”
therapeutic targets aimed at reducing both inflammation and vascular dysfunction may
more effectively modify complex disease mechanisms responsible for neurodegeneration.
Although vascular dysfunction and inflammation are intertwined, it is important to note

that our metrics of PP and inflammation were not significantly associated with another. In
other words, we suspect that each may be capturing somewhat unique disease processes that
are not merely the byproduct of each other, and thus further illustrate the point that both
vascular and inflammatory driven pathophysiological processes represent critical points of
intervention.

J Alzheimers Dis. Author manuscript; available in PMC 2022 April 29.
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In contrast to what was observed within our MCI group, we found that at lower levels of

PP and higher levels of inflammation were associated with higher levels of CSF amyloid—
reflecting less amyloid in the brain and suggesting the possibility of successful amyloid
clearance and lower plaque formation in our CN group. This relationship was somewhat
surprising, as sustained inflammatory processes have consistently been demonstrated to
promote AD pathology [24, 26, 45]. However, there is some evidence to suggest that
inflammation may be helpful acutely and may lead to successful amyloid clearance in the
early AD pathologic stages before inflammation becomes more chronic [24, 46]. Given there
was no association between inflammation and amyloid accumulation in those with higher
levels of PP, it is possible that any “helpful” inflammatory cascades are negated in the
presence of vascular dysfunction. Indeed, vascular dysfunction itself has been independently
linked to amyloid angiopathy and links between elevated PP and greater CSF amyloid

have also been established in other samples of older adults, although this association was
not significant in our CN sample [41, 42]. While we cannot fully speak to the temporal
relationship between inflammation and AD pathology within this group, given this was

a cross-sectional analysis of cognitively normal individuals with lower overall levels of
amyloid and tau positivity, we suspect they may not have experienced detrimental effects of
prolonged inflammation characteristic of more advanced disease states (MCI, AD).

Somewhat in line with the hypothesis that phase along the AD continuum may be

relevant with regard to inflammation, an intact cholinergic system is essential for delicately
balancing the antiand pro-inflammatory M1/M2 microglial pathways [47]. However,
degradation of this system due to AD pathological changes has been linked to unchecked
pro-inflammatory pathways. For example, in a recent ADNI study, CN older adults were
subdivided into neurotypical versus preclinical subgroups based on CSF amyloid and tau
cut-offs, and associations between inflammation and basal forebrain volume (a posited
metric of cholinergic system integrity) were explored over time. The study demonstrated
that the preclinical subgroup demonstrated higher levels of inflammation with greater levels
of basal forebrain loss, although this relationship was not observed in the neurotypical
group [48]. In our study, given the CN group is not yet experiencing significant AD
pathologic changes (as evidenced by their relatively low levels of amyloid and tau positivity
when compared to the MCI group), pro-inflammatory cascades (at least with regard to
amyloid) may not yet be inflicting harmful neuronal damage and instead are being properly
“regulated”. However, additional studies that also model vascular dysfunction are needed to
better understand the interactive nature of these findings and to ensure the validity of this
finding within the CN group via replication given the numerous comparisons and weaker
nature of this finding.

We also demonstrated a main effect of inflammation on tau accumulation within both

the CN and MCI groups. Findings comport with several animal and human AD studies

that have shown microglial activation is a critical component of tau accumulation, occurs
independently of amyloid status, and is a main driver of neurodegeneration and disease
progression over time [24-27]. Results align with the notion that inflammation is a critical
part of the AD continuum and direct remediation may prevent tau hyperphosphorylation and
tangle formation across the preclinical, early, and late AD disease states. This is especially
important given we also demonstrated that tau, but not amyloid, had an adverse effect on
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memory performance in the MCI group. While spatio-temporal patterns of tau pathology
cannot be delineated with CSF biomarkers, tau-PET and neuropathological studies have
revealed that brainstem and medial temporal cortices, which houses brain regions important
in memory function, are some of the earliest regions affected by AD tau pathology [49-51].
As such, this may explain why only tau and memory correlations were observed in our MCI
group, as additional cognitive domains such as language and attention may be more likely to
be affected with disease progression and the spread of tau pathology to regions beyond the
medial temporal lobe. However, it is important to note that the CN group had lower levels
of amyloid and tau and a relatively restricted range of cognitive performance compared to
the MCI group, and may therefore have made the detection of brain-behavior associations
within the CN group more difficult.

Interestingly, a close inspection of our inflammatory composite (see Tables 2A and 2B)
revealed that the individual markers of IL-9, TNFR1, ICAM1, and VCAM1 were most
strongly associated with the AD CSF protein markers of interest. While these individual
inflammatory markers have a diverse range of regulatory and functional pathways—many
of which are still being characterized—there is some evidence to suggest that each of these
markers are somewhat involved in immune reactions that target elements of the blood-brain
barrier and/or vascular pathways [52, 53]. While we suspect that vascular health-related risk
factors (e.g., diabetes, heart disease, hypertension, and stroke) are, again, intimately tied to
vascular inflammatory processes, we believe this provides further evidence that 1) AD risk
and development is also tied to vascular heath and maintenance, and 2) vascular pathways
may be independent contributors of both amyloid and tau pathology within the central
nervous system. Nevertheless, additional work centered on clarifying and the negative
effects of each of these inflammatory markers is needed in order to better understand

the precise role and consequences of these immune pathways. Finally, the relationship
between innate immune activation and AD is incredibly complex, and there is a growing
appreciation for challenges to the long-standing hypothesis that pro-inflammatory activation
accelerates AD processes, whereas anti-inflammatory strategies are neuroprotective. For
example, pleiotropic anti-inflammatory cytokines (e.g., interleukin-4 and 10) have been
demonstrated to relate to increased amyloid plaque deposition and impaired cognition in
mice [29, 54], and anti-inflammatory therapeutics in AD trials have revealed harmful effects
on cognition and disease progression [55-57]. Although we focused on pro- inflammatory
markers in the current investigation, additional research that encompasses anti-inflammatory
markers is also needed, as anti-inflammatory cytokines may disrupt proteostasis underlying
neurodegeneration in ways that may currently be underappreciated. Taken together, both
suppression and/or activation of the immune response may yield negative and/or positive
effects, and additional research is needed to clarify key functions of immune activation along
the spectrum of normal to pathological aging trajectories.

As noted by Golde [28], it may be beneficial to move away from the somewhat
oversimplified dichotomization of pro- and anti-inflammatory cascades into a lexical
description of “immune response” that ultimately elevates the complex and variable function
of the immune system in disease states.
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In contrast, despite the fact that elevated PP has been linked to greater levels of amyloid
and tau in other studies of adults [58, 59], we found that PP was associated with CSF tau

in our CN, but not MCI, group. Importantly, there is some evidence to suggest that the
negative effects of PP on AD protein accumulation are age-dependent, with the independent
effects of PP being most evident in the fifth and sixth decade of life [58]. The mean age

of both CN and MCI groups was in the mid-seventies and we may not be capturing what
may be earlier effects of influences of vascular disease on AD processes. Alternatively, it is
important to note that the groups display similarly low levels of vascular risk, and findings
may differ among individuals with greater levels of vascular disease burden, especially
given that the ADNI primarily excludes individuals with high vascular risk. Other vascular
markers (e.g., cerebral blood flow) may alternatively be more strongly associated with AD
biomarkers in individuals in the CN and MCI stage. Moreover, findings might vary with
the use of other amyloid metrics such as CSF AB4g or APag/42 concentrations, which are
not currently publicly available for download and exploration from Elecsys immunoassay
metrics of ADNI 1 cohort participants.

There are several limitations to our study that warrant careful consideration. First, this

was a relatively healthy, homogenous sample of predominantly educated, older White
adults, which is not reflective of the United States larger racial and ethnic demographics.
While ADNI provides a unique opportunity to characterize AD pathological processes
using sophisticated novel biomarkers, there is an ever-pressing and critical need to better
understand how sociodemographic factors may influence AD and its risks (e.g., access

to healthcare, quality of education, prolonged stress) in more representative samples, and
thus the generalizability of these findings to diverse samples are likely limited. How
vascular risk, inflammation, and AD risk differ across different racial groups in an effort

to better understand factors driving these disparities is clearly needed (see [60]). Second,
this sample was a relatively healthy sample with generally low levels of vascular risk and
findings may differ in those with greater vascular disease risk burden. Third, only a small
subsample of participants from the initial ADNI cohort had analyzed CSF inflammatory
markers available for use and dataavailability or selection bias may be an important factor
to consider. Although its currently difficult to explore potential factors, as information
pertaining to the sub-selection of these participants is limited and not clearly delineated in
the accompanying Hu laboratory methods document available within the ADNI data portal,
more aggressive brain pathology as indexed by neuroimaging metrics (e.g., hippocampal
volume loss) have been noted within ADNI when compared to another population-based
sample [61]. In order to ensure generalizability of these results, future work within the larger
ADNI cohort, as well as other non-ADNI samples is needed, and efforts to explore analytic
changes in estimates of CSF metrics with additional data should be reported. Strengths

of the study include the creation of data-driven composite measures of pro-inflammatory
markers and cognition in an effort to reduce the likelihood of Type I errors; the exploration
of both independent and interactive effects of pulse pressure and inflammation; as well as
the inclusion of parallel statistical analyses in CN and MCI individuals in order to better
understand how pathological mechanisms differ across various stages of disease.
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CONCLUSIONS

Our findings suggest that PP and inflammation exert differential effects on AD protein
markers in individuals with and without MCI. While inflammation is associated with higher
levels of A4, (indicative of lower cerebral amyloid burden) in CN individuals with low
levels of vascular risk, this benefit is not observed in those with elevated levels of arterial
stiffening. Moreover, the combination of elevated vascular risk and inflammation appear to
be associated with greater tau levels in older adults with MCI. Results highlight that vascular
risk and inflammation may be beneficial intervention targets, particularly when both are
elevated, to slow or prevent AD pathogenesis. Future studies should clarify these findings

in more racially diverse samples, as well as explore the influence of potential protective
factors (e.g., exercise, sleep) in reducing inflammation, arterial stiffening, and associated AD
pathophysiology.
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PP x inflammation on CSF T-tau within the MCI group. PP, pulse pressure; MCI, mild
cognitive impairment; CSF, cerebrospinal fluid. CSF T-tau (pg/mL) is depicted on the y-axis.
The inflammatory composite is on the x-axis (z-score). The red dots and line represent

the association inflammation and t-tau within the high pulse pressure group for MCI

participants. The

blue dots and line represent the association inflammation and t-tau within

the low pulse pressure group for MCI participants.
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Fig. 2.
PP x inflammation on CSF P-tau within the MCI group. PP, pulse pressure; MCI, mild

cognitive impairment; CSF, cerebrospinal fluid. CSF P-tau (pg/mL) is depicted on the
y-axis. The inflammatory composite is on the x-axis (z-score). The red dots and line
represent the association inflammation and p-tau within the high pulse pressure group for
MCI participants. The blue dots and line represent the association inflammation and p-tau
within the low pulse pressure group for MCI participants.
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=&~ High Pulse Pressure

PP x inflammation on CSF AB-42 within the CN group. PP, pulse pressure; CN, cognitively
normal; CSF, cerebrospinal fluid. CSF AB-42 (pg/mL) is depicted on the y-axis. The
inflammatory composite is on the x-axis (z-score). The red dots and line represent

the association inflammation and AB-42 within the high pulse pressure group for CN
participants. The blue dots and line represent the association inflammation and AB-42
within the low pulse pressure group for CN participants.
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