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Abstract

Background: Loss of brain capillary pericyte is involved in the pathologies and cognitive deficits in Alzheimer's
disease (AD). The role of pericyte in early stage of AD pathogenesis remains unclear.

Methods: We investigated the dynamic changes of soluble platelet-derived growth factor receptor (3 (sSPDGFRB) in
cerebrospinal fluid (CSF), a marker of brain pericyte injury, in transition from normal ageing to early AD in a cognitively
unimpaired population aged 20 to 90 years. Association between sPDGFRB and ATN biomarkers were analyzed.

Results: In lifetime, CSF sPDGFR{ continually increased since age of 20 years, followed by the increases of phosphorylated
tau-181 (P-tau181) and total tau (T-tau) at the age of 22.2 years and 31.7 years, respectively; CSF AB42 began to decline
since the age of 39.6 years, indicating AR deposition. The natural trajectories of biomarkers suggest that pericyte injury is an
early event during transition from normal status to AD, even earlier than AR deposition. In AD spectrum, CSF sPDGFRB3 was
elevated in preclinical stage 2 and participants with suspected non-AD pathophysiologies. Additionally, CSF sPDGFRB was
positively associated with P-tau181 and T-tau independently of AB42, and significantly strengthened the effects of AB42 on

P-tau181, suggesting that pericyte injury accelerates AB-mediated tau hyperphosphorylation.

Conclusions: Our results suggest that pericyte injury contributes to AD progression in the early stage in an AB-
independent pathway. Recovery of pericyte function would be a target for prevention and early intervention of AD.
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Background

Alzheimer’s disease (AD) is the most common form of
dementia, with ageing as the best-known risk factor. Im-
paired clearance of -amyloid (AP) is considered as the
main cause of sporadic AD, which accounts for 99% of
total cases [1]. Previous studies demonstrated that
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transportation from brain to blood plays an important
role in the clearance of brain AB [2, 3]. The blood-brain
barrier (BBB) is the predominant way for AB efflux out
of the brain, and crucial for maintaining normal brain
function and homeostasis [4]. Increasing evidence sug-
gests that BBB breakdown occurs in normal ageing and
contributes to AD pathogenesis in early stage [5-7].
Brain pericytes, embedded within the wall of brain capil-
laries, are critical in maintaining the structural and func-
tional integrity of BBB and protecting neuronal and
cognitive function [8-10]. In vitro and in vivo studies
showed that BBB-associated pericytes were able to phago-
cytose AP and pericyte loss contributed to AD pathologies
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and disease progression [11-13]. Human studies revealed
significant pericyte loss in the brain and elevated soluble
platelet-derived growth factor receptor p (sPDGFR), a
well-known marker of pericyte injury [14], in cerebro-
spinal fluid (CSF) of patients with mild cognitive impair-
ment (MCI) and Alzheimer’s dementia, indicating a role
of brain pericytes in AD pathogenesis [9, 15-17]. How-
ever, these studies only observed pericyte changes in
symptomatic stages. The roles of brain pericyte injury in
transition from normal ageing to preclinical AD remain
largely unknown. In the present study, we investigated the
dynamic changes of CSF sPDGFRf in the process of nor-
mal ageing and preclinical AD, and its correlation with A3
and tau clearance across BBB.

Methods

Study cohorts

CADS cohort

Chonggqing Ageing & Dementia Study (CADS) is an on-
going cohort study initiated in 2010, which aimed to ex-
plore the evolution mechanisms of ageing to AD, to
identify biomarkers of early diagnosis and interventional
strategies for AD. All participants were the southwest
Chinese population and from Daping Hospital.

In the present study, a total of 303 non-demented par-
ticipants aged 20years and older were enrolled from
CADS cohort. CSF AB42, AB40, phosphorylated tau-181
(P-taul8l) and total tau (T-tau) levels had previously
been measured. Among them, 87 subjects aged 40 years
and older were enrolled in CSF/plasma cohort, for
whom CSF and contemporaneous plasma AP42, AB40
and T-tau were simultaneously measured. Subjects were
excluded if they had: (1) dementia caused by other
neurological diseases rather than AD (e.g., vascular de-
mentia, frontotemporal dementia, dementia with Lewy
bodies, etc.) (2); cancers (3); severe cardiac, hepatic, or
renal insufficiency (4); mental illness (e.g., schizophrenia)
(5); unwillingness to participate in the present study.

According to the National Institute of Aging-Alzheimer’s
Association (NIA-AA) criteria [18, 19], participants were
divided into stage O, stage 1, stage 2 and SNAP. In brief,
stage 0 was defined as normal cognition with A-T-N-, stage
1 was normal cognition with A + T-N-, stage 2 was normal
cognition with A + T/N+ (including A + T + N-, A + T-N+,
A + T +N+), SNAP was with A-T/N+ (including A-T + N-,
A-T-N+, A-T + N+).

CABLE cohort

Chinese Alzheimer’s Biomarker and LifestylE (CABLE)
study is an ongoing cohort study initiated in 2017 and
mainly focusing on AD risk factor and biomarkers in the
northern Chinese Han population from Qingdao Muni-
cipal Hospital [20]. In the present study, 21 normal con-
trol (stage 0), 42 preclinical AD (23 in stage 1 and 19 in
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stage 2) and 6 SNAP denoted subjects according to
NIA-AA criteria were included. The exclusion criteria
were the same as those in CADS cohort.

Demographic characteristics were extracted, including
age, sex, education levels, APOE genotype, Mini-Mental
State Examination (MMSE) and Clinical Dementia Rat-
ing (CDR) scores, VRFs including hypertension, type 2
diabetes, hyperlipidemia, chronic heart disease, history
of stroke, current smoking status. VRF burden was the
sum of these factors.

CSF and plasma sampling and processing

CSF was processed according to guidelines from Alzhei-
mer’s Biomarkers Standardization Initiative (ABSI) [21].
CSF samples were collected in polypropylene tubues by
lumbar puncture. Then, centrifuged at 2000 g for 10 min
at room temperature within 2h. The supernatant was
aliquoted and stored at — 80 °C until use.

Plasma was sampled and processed according to
guidelines for standardized operating procedures (SOPs)
[22]. Briefly, fasting blood were collected in EDTA tube
and gently inverted 5-10min; Placed in room
temperature for half an hour. Then, centrifuged for at
2000 g for 10 min at room temperature; the supernatant
was aliquoted and stored at — 80 °C until use. Total pro-
cessing time was no longer than 2h from “stick-to-
freezer”.

Measurement of AD core biomarkers

According to global measurement standardization from
the Alzheimer’s Association Global Biomarkers Consor-
tium [23], CSF AB42, AB40, P-taul8l and T-tau levels
had previously been measured using enzyme-linked im-
munosorbent assays (ELISA) kits (INNOTEST, Fujirebio,
Belgium) according to the manufacturer’s protocol in
both CADS and CABLE cohorts. (Supplementary
Table 3). Due to the significant influences of pre-
analytical and analytical factors on AD biomarker in dif-
ferent laboratories [24, 25], the cutoff values of ATN
biomarkers were determined in CADS and CABLE co-
horts, respectively. The cutoff values to define abnormal
ATN biomarkers were CSF AP42 <930.35 pg/mL (A"),
CSF P-taul8l >48.56 pg/mL (T*), CSF T-tau >284.53
pg/mL (N¥) in CADS cohort, and AB42/40 ratio < 0.022
(A+), CSF P-taul81 > 45 pg/mL (T+), CSF T-tau >236
pg/mL (N+) in CABLE cohort.

In CADS cohort, plasma AP42, AP40 and T-tau were
simultaneously measured using the commercially avail-
able single-molecule array (SIMOA) Human Neurology
3-Plex A assay kit (Quanterix, Massachusetts, USA) on-
board of the automated SIMOA HD-1 analyzer. ELISA
data and SIMOA data were corrected with the mean
values of two age- and sex-matched cognitively normal
populations from the same sample. CSF to plasma ratios
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were calculated with the original concentration detected
by SIMOA assay.

CSF sPDGFRB measurement

CSF sPDGERp levels were measured using the human
PDGEFR beta ELISA kits (Thermo Scientific, Massachu-
setts, USA) according to the manufacturer’s protocol.
CSF sPDGERP levels in CADS and CABLE cohorts were
adjusted by mean concentrations of calibrators from
age-matched stage 0 individuals from the two cohorts.

Statistics analyses

The data are expressed as the mean + standard deviation
(SD) for numerical variables or as the count (%) for cat-
egorical variables unless special illustration. We tested
normality of distribution using the Shapiro-Wilk test
and visual inspection of Q-Q plot. CSF AB40 and Ap42
concentrations accorded with normal distribution. The
values of CSF T-tau, P-taul81 and sPDGERP were
log10-transformed to obtain normal distribution. We
performed following analysis after excluding outliers by
box plots to avoid the influence of extreme values.
ANCOVA followed by Bonferroni post hoc analyses
were used for multiple comparisons of CSF sPDGFRp
levels, age and participant source were used as covari-
ates. Student’s ¢ test or Mann-Whitney U test was used
for comparisons of continuous variables between two
groups as applicable, x> test was used for comparisons of
categorical variables. Pearson or spearman correlation
analyses were used to examine the correlations between
CSF sPDGFRp and age, A, tau and MMSE score where
appropriate.

To establish the trajectories of biomarkers in lifetime,
we plotted every variable against age of every individual.
Then we used four different curve-fitting models: linear,
quadratic, cubic and exponential. The AIC was used to
determine which curve-fitting approach conformed best
to the data, and the best curves were generated to reflect
the average trajectory of each parameter in lifetime. Fi-
nally, we transformed data of each parameter into Z-
scores for normalization to integrate them in one coord-
inate system. To test the impact of brain pericyte injury
on the relationship between the two classical AD hall-
marks, we conducted simple moderation analyses (model
1) to test whether the relationship between CSF Ap42
and P-tau could be moderated by CSF sPDGEFRf while
controlling for age. The significance of the moderation
was assessed by PROCESS macro for SPSS using 5000
bootstrap samples.

All hypothesis testing was two-sided, and statistical
significance was defined as P <0.05. All statistical com-
putations were performed using Graphpad prism version
8.0 and SPSS version 23 (SPSS, Inc., Chicago, USA).
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Results
Natural trajectories and evolution sequence of
biomarkers for AD and pericyte damage in lifetime
The demographic characteristics of participants were
summarised in Table 1. We first investigated CSF
sPDGER levels during normal ageing in non-demented
subjects aged 20 years and older from CADS cohort. We
observed a positive association between CSF sPDGERp
with age (r=0.418, p<0.001) (Fig. 1A). The correlation
between CSF sPDGFRP and age remained significant
after adjusting for vascular risk factor (VRF) burden and
APOE &4 status (r=0.411, p<0.001), indicating that
brain pericyte injury is likely to be an attribute of ageing.
To investigate the roles of brain pericyte injury in AD
progression, we investigated the natural trajectories and
evolution sequence of CSF Af, tau and sPDGFR in life-
time. Individuals with suspected non-AD pathophysiol-
ogies (SNAP) were excluded since they are not
considered to be in AD continuum. The Akaike infor-
mation criterion (AIC) showed that linear regression
was possibly the best model for fitting the change of
AB40 and sPDGFRp over time; whereas a quadratic was
better fitting for AB42, P-taul81 and T-tau (Supplemen-
tary Fig. 1A to E). The integrated graph showed that
CSF sPDGFRp continuously increased since age of 20
years, followed by the increases of P-taul81 and T-tau at
age of 22.2years and 31.7 years, respectively; whereas
AP42 began to decline since age of 39.6 years, when A
may begin to deposit in the brain (Fig. 1B). Our results
suggest that pericyte injury occurs earlier than A
plaque formation and may participate in AD pathogen-
esis in the very early stage.

Dynamic changes of CSF sPDGFRp in preclinical AD

To investigate the dynamic changes of CSF sPDGFRp
levels in progression from ageing to early AD, we en-
rolled participants aged 50 years and older at different
stages of preclinical AD according to ATN classification
system including stage O, stage 1, stage 2, as well as
SNAP, from the CADS cohort and the CABLE cohort
(Supplementary Table 1). The results showed that CSF
sPDGFRp was higher in preclinical stage 2 than in nor-
mal controls (stage 0) and stage 1 (p <0.05), even after
controlling for age and participant source (Fig. 2A). CSF
sPDGFRp didn’t differ by gender, APOE &4 status or
VRFs (Supplementary Fig. 2A-C).

Additionally, we noted higher CSF sPDGFRp levels in
individuals with SNAP than those in stage 0 and stage 1
after adjusting for age and participant source, which
were comparable with those in stage 2 (Fig. 2A), suggest-
ing a closer relationship between pericyte injury with tau
hyperphosphorylation and neurodegeneration. Indeed,
CSF sPDGFR levels increased in P-taul81" and T-tau”
individuals, but not in AB" individuals (Fig. 2B).
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Table 1 Characteristics of the study participants
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Characteristics CADS cohort

CABLE cohort

Total sample

CSF/plasma cohort

n 303

Age, years 5851+ 16.59
Gender, female (%) 122 (40.26)
Education level, years 11.10+353
APOE &4 carriers, No. (%) 54 (17.82)
Hypertension, No. (%) 75 (24.75)
T2DM, No. (%) 36 (11.88)
Hyperlipidemia, No. (%) 6 (1.98)

CHD, No. (%) 13 (4.29)

History of stroke, No. (%) 5 (1.65)

Current smokers, No. (%) 75 (24.75)

CSF sPDGFRB, pg/mL 556.52 +287.93
CSF AR40, pg/mL 11,138.83 £4575.39
CSF AB42, pg/mL 1314.64+ 51343
CSF T-tau, pg/mL 18245+ 93.06
CSF P-tau181, pg/mL 4355+ 1846
CSF/plasma AB40 NA

CSF/plasma AR42 NA

CSF/plasma t-tau NA

87 69

69.60 + 849 66.10+8.02
50 (57.47) 32 (46.38)
738 +4.80 845+4.14
15 (17.24) 11 (15.94)
33 (37.93) 35 (50.72)
19 (21.84) 11(15.94)
3 (345) 2 (2.90)

7 (8.05) 14 (20.29)
4 (4.60) 2 (2.90)

16 (18.39) 15 (21.74)
71337 + 28561 639.39+221.52

12,253.49 +4481.98
132962 £72132

6808.56 +3161.62
187.24+115.29

203.17 +67.50 202.83 £ 12452
49.71£20.13 41.12+1431
4588 +20.37 NA
61.01+31.94 NA

3048 +16.07 NA

Data are expressed as the mean + standard deviation for numerical variables or as the count (%) for categorical variables unless special illustration
Abbreviations: CADS Chongqing Ageing & Dementia Study, CABLE Chinese Alzheimer’s Biomarker and LifestylE study, CSF cerebrospinal fluid, NA not applicable,
T2DM type 2 diabetes mellitus, CHD chronic heart disease, T-tau total tau, P-tau phosphorylated tau, sSPDGFR, soluble platelet-derived growth factor receptor 3

Associations of CSF sPDGFRp with tau
hyperphosphorylation and neurodegeneration in an Af-
independent pathway

We investigated the associations of SPDGFRP with AD
core biomarkers in CSF. In both CADS and CABLE co-
horts, SPDGFRp was positively correlated with Ap40, P-
taul81 and T-tau even after adjusting for age, gender,

APOE ¢4 status and VRF burden. No significant correl-
ation was detected between sPDGFRP and Ap42
(Fig. 3A-H, Supplementary Fig. 3). To determine
whether the associations between sPDGFRP with P-
taul81 and T-tau are independent of AP pathology, we
conducted subgroup analysis based on Af classification,
and found that the correlations between sPDGFRJ with
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P-taul81 and T-tau remained significant in both A"
and AP~ subgroups (Supplementary Fig. 4). Then we re-
peated above analyses with CSF AB42 and age as covari-
ates, still found positive associations between sPDGFRf
with P-taul81 and T-tau (Supplementary Table 2).

CSF sPDGFRB moderated the relationship between AB
pathology and tau hyperphosphorylation over the course
of AD

To further investigate the roles of brain pericyte injury
in the relationship of AP and tau pathologies over the
course of AD, we conducted moderation analyses in in-
dividuals aged 50 years and older excluding those with
SNAP. The analyses showed that high CSF sPDGFRf
levels significantly strengthened the effect of CSF Ap42
on P-taul81 with age as a covariate (AR*=0.027, P=
0.030). No moderating effect of CSF sPDGFRP was de-
tected between CSF AB42 and T-tau (P> 0.05) (Fig. 4).

CSF sPDGFRp was associated with CSF/plasma ratios of
AD core biomarkers

To explore the potential impact of brain pericyte dam-
age on AP and tau clearance across BBB, we measured
CSF to plasma ratios of AP and tau, and examined their
associations with CSF sPDGFRp in CSF/plasma cohort.
None of AP40, AB42 or T-tau in CSF was related to
those in plasma (Fig. 5A-C). We observed that elevated
CSF sPDGFRp was correlated with higher CSF/plasma
ratios of AP42, AP40 and T-tau, even after adjusting for
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age, APOE &4 status and VRF burden, suggesting AP and
tau clearance across BBB were impaired (Fig. 5D-E).

Discussion

Brain pericytes, crucial to communications between the
brain and the periphery, has been increasingly linked to
ageing and brain disorders, such as cerebral ischemia,
white matter diseases, neuroinflammation, etc. [4, 26—
28]. Our present study showed an age-dependent in-
crease of CSF sPDGFR in living human during normal
ageing, independent of VRFs and APOE ¢4 status which
were reported to be associated with pericyte-mediated
BBB dysfunction [29], suggesting that brain pericyte in-
jury is an attribute of ageing. Previous studies showed
massive pericyte loss in the brain and elevated sSPDGERf
levels in CSF of AD patients, implying a role of brain
pericytes in AD [9, 15]. Here, we found an elevation of
CSF sPDGERp in preclinical AD; meanwhile, in the nat-
ural trajectories, the increase of CSF sPDGFRp began
earlier than the decline of AP42 in CSF, implying that
pericyte damage may occur earlier than AP deposition,
and age-related pericyte damage in brain may contribute
to AD pathogenesis in the very early stage of AD. A re-
cent imaging analysis from the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI) also showed that cerebral
vascular dysfunction, as reflected by reduced cerebral
blood flow which is regulated by pericytes, occurred
earlier than AP deposition during transition from
healthy control to clinical AD [30]. Taken together, it
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indicates that age-related pericyte injury contributes to
AD progression in the early stage.

Pericyte is the mural cell of brain capillary, the major
site for clearing toxic metabolites including AP and tau
from the brain. Previous studies have reported A
phagocytosis roles of brain pericytes, and pericyte loss
accelerated AP pathology and cognitive decline in AD
mice [12, 13]. However, in our present study, we found
positive associations between CSF sPDGFRp with AP40,
T-tau and P-taul81, but not with AP42, which reflects
the burden of amyloidosis in brain parenchyma. Consist-
ent with a recent study [17], we did not find correlation
between CSF AB42 and sPDGERp. It is probably because
that considerable soluble AP42 in the brain deposits into
plaque in AD, whereas AB40 is predominantly cleared
via BBB transporting. Consistently, a previous study re-
ported positive relationships of CSF sPDGFRp with P-
taul81 and T-tau in AD patients and with AP42 in cog-
nitively normal controls [15]. Moreover, we also ob-
served positive correlations between CSF sPDGFRp and
CSF to plasma ratios of AP42, AB40 and T-tau, implying
transportation of AP and tau across BBB is impaired.
The compromised BBB clearance function may partially
underlie the poor correlation of these pathological pro-
teins in CSF and blood.

Notably, we found a closer relationship between brain
pericyte injury with tau hyperphosphorylation and

neurodegeneration independently of CSF AB42, indicat-
ing that brain pericyte injury may directly contribute to
tau pathology and neurodegeneration in an Ap-
independent pathway. One explanation is that consider-
able soluble extracellular tau proteins in the brain are
cleared via BBB transportation; another possibility is that
BBB dysfunction permits more blood-derived toxic sub-
stances to enter the brain, directly leading to neuronal
damage. Besides, as the moderation analyses shown,
pericyte injury further accelerates Ap-mediated tau path-
ology, thus promotes AD progression. Higher CSF
sPDGFRp has been reported to be linked to cognitive
dysfunction and faster cognition decline [29], the close
relationship between CSF sPDGFRp with tau pathology
and neurodegeneration provides a theoretical basis for
this phenomenon.

Cerebrovascular pathologies are common comorbidi-
ties in AD patients [31]. Our results suggest that cere-
brovascular dysfunction may contribute to AD
pathogenesis in both AP-dependent and -independent
manners. During ageing, cellular senescence together
with age-related comorbidities, such as VRFs, systemic
inflammation, lifestyles, etc., lead to BBB dysfunction,
which further contributes to neurodegeneration in the
development of AD (Fig. 6). Vascular biomarkers re-
cently have been suggested to be incorporated into the
AD research framework—ATX(N) system in AD clinical
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trials and future clinical practice, where X represents
novel candidate biomarkers for additional pathophysio-
logical mechanisms such as neuroimmune dysregulation,
synaptic dysfunction and BBB alterations including
sPDGFRp [32, 33]. Our study provides supportive evi-
dence for this proposal.

Although this was a cross-sectional study, the lifespan
of participants included almost the whole adult stage,
which allowed us to study the natural evolution of AD
biomarkers in whole life. All participants in our study
were diagnosed and classified according to pathological
diagnostic criteria. Our study has several limitations.
First, the natural trajectories of biomarkers were drawn
in non-demented participants, which need to be con-
firmed in total population including symptomatic AD
patients. Second, the sample size was relatively small,
and the results need to be verified in larger-scale study.
Thirdly, CSF to plasma ratios of AB and tau were an in-
direct index of BBB clearance, which can also be influ-
enced by blood to brain transcytosis. Our study is an

observational study, the causal relationship between
pericyte injury with AP clearance in the brain and AD
pathogenesis needs to be further confirmed.

Conclusion

Our study reveals the early roles of brain pericyte injury
in AD pathogenesis in an ApB-independent pathway. Our
findings imply the contributions of BBB to disease
pathogenesis in the early stage of AD. More mechanistic
studies of pericyte injury on AD pathogenesis are re-
quired. Recovery of pericyte-mediated BBB function pro-
vides new opportunities for AD prevention and early
treatment.
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