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1 | INTRODUCTION

Down'’s syndrome (DS) is defined by full or partial triplication of chro-
mosome 21.1 The amyloid precursor protein (APP) gene, an important
component in the development of Alzheimer’s disease (AD), is located
on chromosome 21.1 Individuals with DS produce increased levels of
amyloid-f protein (Af) and typically develop dementia before 60 years
of age.2 Over the past few decades, there has been a dramatic increase
in the life expectancy of individuals with DS® due to medical interven-
tions. As result, a rapidly growing population of aging adults with DS
will develop AD.

Important progress has been made in understanding the patholog-
ical and cognitive progression of AD in persons with DS. Similar to
other forms of AD, amyloid aggregation occurs in persons with DS
more than a decade before cognitive symptoms emerge.* In sporadic
and other genetic forms of AD, amyloid changes are followed by the
accumulation of tau tangles a decade later.>¢ In contrast, recent stud-
ies have shown that tau changes in DS occur only 2-5 years after
amyloid accumulation.’”” These results suggest a compressed timeline
for developing AD in persons with DS; however, the etiology of this
acceleration is not known.

Inflammation may play a key role in the progression of AD
pathology.? Plasma-based measurement of glial fibrillary acidic protein
(GFAP) is a reliable and less invasive measure of neuroinflamma-
tion compared to positron emission tomography (PET) imaging and
cerebrospinal fluid (CSF) measures. GFAP is an intermediate filament
protein found in astrocytes, elevated in the setting of astrogliosis, and
an early biomarker of neuroinflammation in AD.? Studies in DS, spo-
radic, and autosomal-dominant AD have shown elevated plasma GFAP
levels in amyloid-positive individuals prior to significant tau accumula-
tion and cognitive impairment.’°-12 Neuroinflammation may mediate
the development of tau pathology that occurs after the accumulation

of amyloid.

pathophysiology in DS.

RESULTS: Plasma GFAP, a measure of astrogliosis, was elevated in A+/T- and A+/T+
individuals with DS. Plasma pTau-217 was elevated in A+/T+ individuals with DS. GFAP
partially mediated the relationship between amyloid-PET and tau-PET (15.3%) and
amyloid-PET and plasma pTau-217 (42.1%).

DISCUSSION: Astrogliosis is a key component in the advancement of preclinical AD

Alzheimer’s disease, biomarkers, Down’s syndrome, plasma

* Amyloid may be a necessary precursor for stimulating astrocytes.
* Astrogliosis may play a key role in modifications to tau phosphorylation.
* Targeting neuroinflammation may only aid amyloid positive individuals.

* Alzheimer’s disease timecourse is compressed in individuals with Down'’s syndrome.

Inflammation may be particularly important in DS. In addition to
the APP gene, several inflammation-related genes are located on
chromosome 21.1 Prior studies in persons with DS have reported
elevated plasma and CSF measures of inflammation, such as visinin-
like protein 1 (VILIP-1), YKL-40 (also known as Chitinase 3-like 1),
and tumor necrosis factor alpha (TNF-a).1314 We sought to under-
stand how elevated inflammation may influence AD biomarker
progression in DS. We first determined when plasma GFAP eleva-
tion occurs in relation to amyloid and tau changes (as measured
by PET imaging and plasma pTau-217). We then performed medi-
ation analyses to determine whether plasma GFAP mediates the
relationship between amyloid PET and pTau-217/PET tau bur-
den in persons with DS. Understanding the role of inflammation
in the compressed timeline of AD progression in DS may have
important implications for clinical trials for AD in persons with
DS.

2 | METHODS

The Alzheimer’s Biomarker Consortium - Down Syndrome (ABC-DS)
is a multi-site study that enrolls adults with DS (>25 years) and sibling-
controls and collects longitudinal clinical, imaging, and fluid biomarker
data. Informed consent, or assent when appropriate, is obtained from
all participants and from their legally authorized representative when
necessary. Participants with DS and sibling controls were included
if they had plasma GFAP, plasma pTau-217, amyloid PET, and/or tau
PET data available in the third data freeze (May 2023). While plasma
was collected at baseline, some amyloid PET (N = 7) and tau PET
(N = 21) was collected at the 18 month follow-up visit (Tables S1 and
S2). Abbreviated methods are provided with additional information in
the supplement. This study was approved by the Institutional Review
Board (IRB) at each site.
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2.1 | Cognitive assessment

ABC-DS uses consensus diagnosis to determine cognitive status of
participants with DS.1® Participants with DS were given a consensus

» o«

diagnosis of either “cognitively stable,” “mild cognitive impairment,”
“dementia,” or “no consensus” if an agreed consensus diagnosis was not
reached. We considered participants with either mild cognitive impair-
ment or dementia to be symptomatic, while participants evaluated as

cognitively stable were considered asymptomatic.

2.2 | Plasma collection and processing

Plasma GFAP was measured using Simoa kit (Quantrix, Lexington,
MA) (Table S3). Plasma pTau-217 was measured by an immunoas-
say on a Mesoscale Discovery platform (Table 54).1¢ Apolipoprotein
E (APOE) genotype was determined from the blood samples using
KASP genotyping assays (LGC Genomics, Beverly, MA). Individuals

were categorized as APOE ¢4 positive if they had at least one ¢4 allele.

2.3 | MR and PET imaging

Amyloid PET imaging was collected in a subset of controls (n = 34)
and participants with DS (n = 211) using either [11C]-Pittsburgh Com-
pound B (PiB) or [18F]-AV45 (Florbetapir) (Table S5). Another subset of
controls (n = 37) and persons with DS (n = 158) underwent tau PET
imaging using [18F]-AV1451 (Flortaucipir) (Table S6). T1-weighted MR
scans were collected on a 3-Tesla scanner for all participants with PET
imaging.

PET images were processed and aligned to FreeSurfer MR segmen-
tations (v5.3) using an established processing pipeline (PET Unified
Pipeline; https://github.com/ysu001/PUP).1” Because it is known that
PET values are sensitive to image segmentation techniques,'® a sensi-
tivity analysis was performed relying on a second processing pipeline
that used Automated Anatomical Labeling (AAL).1? For both meth-
ods, regional standard uptake value ratios (SUVRs) were calculated
using the cerebellar cortex as the reference region. Global amyloid
burden was standardized across tracers using the Centiloid scale.2° A
comparison of the two methods is available in Figure S1.

A tau PET summary region was calculated based on the average
SUVRs from regions of interest that reflect Braak Stages I/111/1V.1720
Amyloid-positivity was defined as a Centiloid > 18 and tau-positivity
was defined as tau summary SUVR > 1.3.21.22

2.4 | Statistical analysis

Differences between individuals with DS and sibling controls in demo-
graphic characteristics were evaluated using y?-tests for categorical
variables and Kruskal-Wallis rank sum tests for continuous variables.
Comparisons of plasma GFAP and pTau-217 between controls and
persons with DS grouped by biomarker status were performed using
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using traditional (e.g., PubMed) sources and meeting
abstracts. Recent publications have identified associa-
tions between positron emission tomography (PET) mark-
ers of amyloid and tau with plasma markers of glial
fibrillary acidic protein (GFAP) and pTau-217 in various
forms of Alzheimer disease (AD); however, no mediation
analysis has been performed in Down’s syndrome (DS)
to investigate the role of astrogliosis in changes in tau
phosphorylation and deposition.

2. Interpretation: Our findings indicate that astrocyte-
related changes may play a key role in progression to tau
phosphorylation. The relationships that we observe in DS
are consistent with published observations of an accel-
erated disease time course in DS AD compared to other
forms of AD.

3. Future directions: Interventions that target pathologi-
cal inflammation soon after amyloid accumulation should
be evaluated as a means to slow tau aggregation within
persons with DS.

the Kruskal Wallis test followed by pairwise Wilcoxon rank sum tests,
correcting for multiple comparisons with Bonferroni correction. To
compare the timing of plasma GFAP, plasma pTau-217, amyloid PET,
and tau PET changes, biomarkers were evaluated relative to age. For
continuity with prior work, we also compared it relative to estimated
years to symptom onset (EYO).*¢ EYO was calculated by subtracting
participant age from an average age of symptom onset (AAO) in
DS. We used 52.5 years as the AAO.*® Generalized additive models
with a cubic regression spline were fitted for each biomarker as the
response variable and EYO as the independent variable. The timing
of super-threshold accumulation for each biomarker was estimated
using a 10,000 iteration bootstrap. Finally, a mediation analysis was
performed on all individuals with complete information (N = 130,
Table S7) to assess whether plasma GFAP explained the relationship
between amyloid and both tau PET and plasma pTau-217. All analyses
controlled for latency in days between measures, gender, and APOE ¢4
status.

3 | RESULTS

Persons with DS (n = 348) and sibling controls (n = 42) were included
(Table 1). The hundred and thirty-nine participants (302 with DS) had
plasma biomarker measures, 245 (211 with DS) had amyloid PET, and
195 (158 with DS) had tau PET. Controls and participants with DS were
similar in age, racial identity, and APOE ¢4 positivity status (Table 1).

There were more females in the control group (p < 0.001).
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TABLE 1 Participant demographics
Controls Down syndrome (DS)
Parameter (n=42) (n = 348) p-Value
Age, years (mean [SD]) 43.57[12.5] 44.93[9.7] 0.409
Female 33(78.6%) 157 (45.1%) 0.003
Race 0.781
White 42 (100%) 334 (96%)
Black or African American 0 4(1.2%)
Asian 0 5(1.4%)
Multi/other 0 5(1.4%)
Apolipoprotein E e4-positive 11(26.2%) 81(23.4%) 0.835
Consensus diagnosis -
Asymptomatic - 251(72.1%)
Mild cognitive impairment - 41(11.8%)
Dementia - 41(11.8%)
No consensus - 15 (4.3%)
Amyloid status (%) -
Control 42 (100%) -
Unknown status - 137 (39.4%)
Amyloid negative - 118 (33.9%)
Amyloid positive - 93(26.7%)
Tau status (%) -
Control 42 (100%) -
Unknown status - 190 (54.6%)
Tau negative - 119 (34.2%)
Tau positive - 39(11.2%)
Down'’s syndrome type —
Full trisomy 21 - 303 (89.9%)
Translocation - 19 (5.6%)
Mosaicism - 15 (4.5%)

Plasma GFAP and plasma pTau-217 were compared by amyloid
and tau PET-positivity (Table S5). Two DS participants were A-/T+
and excluded from analyses. Plasma GFAP did not differ between
sibling controls and persons with DS who were A-/T- (p = 0.944)
(Figure 1A). Persons with DS who were A+/T- had significantly
elevated plasma GFAP compared to A-/T- (64.343, 95% Cl: 32.394,
96.181 pg/mL) and sibling controls (61.780, 95% Cl: 23.434, 99.126
pg/mL, p = 0.001). Persons with DS who were A+/T+ had higher
GFAP compared to A-T- (125.200, 95% Cl: 87.752, 161.180 psg/mL,
p < 0.001) but not A+/T- (63.573, 95% Cl: -5.210, 133.198 pg/mL,
p = 0.142). Plasma pTau-217 was elevated in both A+/T- and A+/T+
individuals over sibling controls (0.137, 95%Cl: 0.060, 0.201 pg/mL,
p < 0.001; 0.309, 95%ClI: 0.200, 0.488 pg/mL, p = 0.017 respectively).
Plasma pTau-217 was also elevated for A+/T- individuals over
A-/T- individuals with DS (0.267, 95%Cl: 0.136, 0.391, p < 0.001)
(Figure 1B). These results were robust to segmentation method
(Figure S2).

Amyloid PET increased earliest, with elevations seen in persons
with DS compared to sibling controls at age 36.7 (Figure 2A). Plasma
pTau-217 was significantly elevated at 38.9 years for persons with
DS compared to sibling controls (Figure 2B). The timing of changes
in amyloid PET and plasma pTau-217 was not significantly different
(p=0.163). These biomarker changes were followed by elevated levels
of plasma GFAP and tau PET at 40.5 and 41 years of age, respec-
tively, for DS participants compared to sibling controls (Figure 2C
and 2D). Elevations in plasma GFAP and tau PET occurred signifi-
cantly later than amyloid PET (p = 0.017 and 0.016 respectively) but
not plasma pTau-217. Results for the alternative segmentation method
were identical and thus not included in the Supplement.

When mediation analyses were performed in the set of participants
with DS with full data (N = 130), plasma GFAP mediated 15.3% of the
relationship between amyloid PET and tau PET (p = 0.038; Table S8),
and 42.1% of the relationship between amyloid PET and plasma pTau-
217 (p < 0.001; Table S10). These results persisted whether or not
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FIGURE 1 Comparison of plasma glial fibrillary acidic protein (GFAP) and ptau 217 as a function of Alzheimer’s disease (AD) pathological
groups (A-/T-: amyloid negative/tau negative; A+/T-: amyloid positive/tau negative; A+/T+: amyloid positive/tau positive). (A) Plasma GFAP
increased in a stair step manner, where plasma GFAP levels for A+/T- were significantly higher than sibling controls and A-/T- participants. A+/T+
participants had the highest plasma GFAP, although it did not significantly differ from A+/T- participants. (B) Plasma pTau-217 followed a similar
stair step pattern where plasma pTau-217 was significantly elevated for individuals who were A+/T- over controls, but not A-/T- participants,

suggesting that it changes later than plasma GFAP

APOE¢4 status was included in the model. Results for the alternative

segmentation were nearly identical (Tables S9 and S11).

4 | DISCUSSION

Changes in neuro-inflammation, as measured by GFAP, were quan-
tified and placed in the context of other pathological biomarkers in
persons with DS. Plasma GFAP increased after observable increases
in amyloid-PET and more proximally to observed changes in tau-PET.
Plasma GFAP was similar for controls and A-/T- persons with DS, but
was elevated in A+/T- and even higher for A+/T+ groups. Plasma pTau-
217 was elevated only in the A+/T+ group. The temporal placement
of GFAP elevation occurring only after A+ but prior to T+ raises the
notion that GFAP is an intermediator of AD pathogenesis. This effect
of GFAP was seen for both amyloid-PET and tau-PET (15.3%) and
amyloid-PET and plasma pTau-217 (42.1%).

Previous studies have suggested that inflammation-related genes
that reside on chromosome 21 may lead to elevation in neuroinflamma-
tory pathways in persons with DS.2% The absence of elevated plasma
GFAP in A-/T- individuals with DS suggests that amyloid is a precur-
sor for stimulating astrocytes, rather than a chronic state of increased
neuroinflammation due to developmental differences. Thus, any inter-
vention targeted at neuroinflammation may have the greatest effect in
those individuals who are amyloid positive.

With regard to time, plasma GFAP was elevated after amyloid accu-

mulation but before tau deposition when placed in the context of EYO,

consistent with.1! This is consistent with work in sporadic AD that
suggests GFAP increases in correspondence with amyloid pathology
rather than tau pathology.1224 Increases in GFAP occurred less than
4 years after amyloid PET elevation. This is in contrast to a previous
study in autosomal dominant AD where elevations in GFAP occurred
8 years after an increase in amyloid.'° Our findings support an accel-
erated progression of AD pathology in DS compared to other forms of
AD.467

The mediation analysis provides potential key insights into the
mechanisms involved. Reactive astrocytes release growth factors and
neurotrophic factors that can modulate intracellular signaling path-
ways and increase tau phosphorylation.?> Increases in GFAP explained
a large proportion of the relationship between amyloid PET and pTau-
217 (42%), suggesting astrocyte-related changes may play a key role
in progression to tau phosphorylation. Excessive phosphorylation of
tau increases the probability of tau aggregating into the hallmarks of
AD pathology: insoluble paired helical filaments and neurofibrillary
tangles.2® GFAP explained a smaller but still significant proportion of
the relationship between amyloid PET and tau PET, suggesting that
astrocyte response as measured by GFAP may be more upstream of
tau tangle deposition, impacting phosphorylation of tau. Although lon-
gitudinal tau measurement is not yet available in ABC-DS, one study
in sporadic AD using longitudinal tau PET identified that individuals
with elevated plasma GFAP had an accelerated rate of tau accumu-
lation over time.2> Future analyses that include longitudinal tau PET
are needed to fully describe the inflammatory cascade involved in the

development of AD pathology in DS.
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FIGURE 2 Comparison of Alzheimer’s disease (AD) biomarkers in persons with Down’s syndrome (DS) as a function of age/estimated years to
onset of symptoms. (A) Persons with DS have significantly higher levels of amyloid positron emission tomography (PET) compared to controls at
36.7 years of age. (B) Persons with DS have significantly higher levels of plasma pTau-217 compared to controls at 38.9 years of age. (C) Persons
with DS have significantly higher levels of plasma glial fibrillary acidic protein (GFAP) compared to controls at 40.5 years of age. (D) Persons with
DS have significantly higher levels of tau PET compared to controls at 41 years of age.

This study was limited to cross-sectional data. Longitudinal data
that are actively being acquired by ABC-DS will greatly enhance our
understanding of biomarker change over time. Another limitationis the
relatively few persons with DS who had cognitive impairment (22%).
Additional studies that include participants with more advanced dis-
ease are needed. The current study focused on early changes seen
with preclinical AD. Although GFAP obtained via plasma is known
to have better correspondence with preclinical AD pathology than
CSF,71224 additional PET measures of neuroinflammation should be
considered. This study is also limited by ethnoracial diversity. Future
studies with increased enrollment of non-White individuals are nec-
essary to ensure generalizability. Another potential future avenue for
research is differences by biological sex. Current differences in propor-
tion of female participants in controls as compared to individuals with
DS make it possible that observed differences could be confounded by
sex differences.

In conclusion, elevation in plasma GFAP occurred after changes in
amyloid-PET but prior to elevations in plasma pTau-217 and tau-PET,
with all biomarkers changing within a narrow (~5 year) window. These
results are consistent with a compressed timeline of AD pathology in
DS. Plasma GFAP was a significant partial mediator of both the rela-
tionship between amyloid-PET and tau-PET as well as amyloid-PET and
pTau-217, suggesting that astrogliosis is a key step in AD development

in DS. A combination of interventions that target pathological inflam-
mation soon after amyloid accumulation may slow tau aggregation

within persons with DS.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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