Molecules of senescent glial cells differentiate Alzheimer's disease from ageing
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Abstract

Background: Ageing is a major risk factor for Alzheimer's disease (AD), which is

accompanied by cellular senescence and thousands of transcriptional changes in the brain.

Objectives: To identify the biomarkers in the cerebrospinal fluid (CSF) that could help



differentiate healthy ageing from neurodegenerative processes.

Methods: Cellular senescence and ageing-related biomarkers were assessed in primary
astrocytes and postmortem brains by immunoblotting and immunohistochemistry. The
biomarkers were measured in CSF samples from the China Ageing and
Neurodegenerative Disorder Initiative cohort using Elisa and the multiplex Luminex

platform.

Results: The cyclin-dependent kinase inhibitors p16/p21-positive senescent cells in human
postmortem brains were predominantly astrocytes and oligodendrocyte lineage cells,
which accumulated in AD brains. CCL2, YKL-40, HGF, MIF, S100B, TSP2, LCN2 and
serpinA3 are biomarkers closely related to human glial senescence. Moreover, we
discovered that most of these molecules, which were upregulated in senescent glial cells,
were significantly elevated in the AD brain. Notably, CSF YKL-40 ($=0.5412, p<0.0001)
levels were markedly elevated with age in healthy older individuals, whereas HGF
(B=0.2732, p=0.0001), MIF (3=0.33714, p=0.0017) and TSP2 (B=0.1996, p=0.0297) levels
were more susceptible to age in older individuals with AD pathology. We revealed that YKL-
40, TSP2 and serpinA3 were useful biomarkers for discriminating patients with AD from

CN individuals and non-AD patients.

Discussion: Our findings demonstrated the different patterns of CSF biomarkers related to senescent glial
cells between normal ageing and AD, implicating these biomarkers could identify the road node in healthy
path off to neurodegeneration and improve the accuracy of clinical AD diagnosis, which would help promote

healthy ageing.

Abbreviations

AP = amyloid-f; APOE = apolipoprotein E; CCL2 = C-C motif chemokine ligand 2;

CDR = Clinical Dementia Rating; CN = normal cognition; HGF = hepatocyte growth



factor; IHC = immunohistochemistry; LCN2 = lipocalin-2; LOWESS = locally-weighted
scatterplot smoothing; LR = logistic regression; MIF = macrophage migration
inhibitory factor; MMSE = Mini-Mental State Examination; ROC = receiver operating
characteristic; S100B = S100 calcium-binding protein B; SA-B-gal = senescence-
associated beta-galactosidase; serpinA3 = serine proteinase inhibitor A3; TSP2 =
thrombospondin 2; VEGF = vascular endothelial growth factor; YKL-40 = chitinase 3-
like 1

Introduction

Population aging and age-related disorders are major social problems facing world, and
healthy aging is a common need of human society. One of the prominent problems
brought about by the aging of the population is the high incidence of aging-related
diseases, which leads to heavy socio-economic and medical burdens. Therefore,
improving the level of diagnosis, treatment and prevention of aging-related diseases
and achieving healthy aging is a major social need that urgently needs to be addressed.
Alzheimer’s disease (AD) is an age-related neurodegenerative disorder in which
memory decline and cognitive degeneration progressively worsen with age (/). Cellular
senescence, which is defined as a state of cell growth arrest (2), is considered a hallmark
of aging and is a powerful driver of aging-related diseases, including neurodegenerative
disorders (3, 4). Indeed, the abnormal accumulation of senescence markers such as
p16™K4 and CDK4 has been observed in the brains of AD patients (5-8). In addition,
the activity of senescence-associated beta-galactosidase (SA-B-gal) is also elevated in
the plasma of AD patients (9). Therefore, cellular senescence may be involved in AD

pathogenesis.

Glial cells, consisting of astrocytes, microglia, and oligodendrocyte lineage cells,
exhibit senescence phenotypes in the brain (8, 10, 11). Glial cells are a major component
of the central nervous system (CNS) and are pivotal in the maintenance of neuronal
homeostasis, blood-brain barrier integrity, and the regulation of neuroinflammation (72,

13). During aging, glial cells, but not neurons, show a more dominant alteration of
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aging-related gene expression in the human brain (/4). Notably, it has been suggested
that AD-characterized pathologies, including amyloid-f (AP) deposition and tau
aggregation, exacerbate glial-cell senescence (8, //). Senescent glial cells not only
undergo loss of essential function, but also upregulate a variety of pro-inflammatory
molecules including cytokines, chemokines, and proteases, which contribute to CNS
pathology (/5-17). Accordingly, clearance of senescent glial cells markedly prevents
brain pathology and reduces cognitive impairment in an AD mouse model (10, 11).
These findings suggest that senescent glial cells may contribute to the pathogenesis of
AD during aging and highlight the potential value of senescent glial cells as a
therapeutic target for AD intervention. However, there was no known feasible method

of evaluating the senescence status of glial cells in the living human brain.

In this study, we first evaluated postmortem the senescent brain cells in AD patients and
age-matched individuals. We then investigated several factors that are reported to be
upregulated in the CNS during aging in a clinical cohort consisting of individuals who
were cognitively normal (CN), or had mild cognitive impairment (MCI), AD dementia,
or non-Alzheimer’s dementia (non-AD). These factors include the molecules
chemokine (CCL2 ) (18); hepatocyte growth factor (HGF) (/9); inflammatory factors
chitinase 3-like 1 (YKL-40) (20, 21), macrophage migration inhibitory factor (MIF)
(22), lipocalin-2 (LCN2) (I5, 23), calcium-binding proteins (S100B) (24),
thrombospondin 2 (TSP2) (16, 25), and the protease inhibitor serine proteinase inhibitor
A3 (serpinA3) (15, 16, 26). We identified that oligodendrocyte lineage cells and
astrocytes were the major senescent cells in the human brain. Importantly, we observed
that most of these related factors were highly upregulated in p16 positively senescent
cells. Among these molecules, we not only identified potential cerebrospinal fluid (CSF)
biomarkers (YKL-40, MIF) that may reflect glial cell aging but also revealed some
factors (HGF, MIF, TSP2) that may reflect AD-related pathology-driven abnormal
aging. These AD pathology-associated biomarkers not only improve the clinical
diagnostic accuracy for AD but may also help evaluate the efficacy of targeted-

senescent glial cell therapies for AD in the future.



Materials and methods

Participants

Participants were recruited from the First Affiliated Hospital of University of Science
and Technology of China (USTC). This study included a total of 195 patients between
the ages of 50 and 75, all of whom underwent lumbar punctures. Extracted CSF was
divided into 200 pl aliquots and stored at -80 °C until measurements were taken.
Participants who carried heterozygous or homozygous ¢4 alleles were defined as
APOE-¢4 carriers. Mini-Mental State Examination (MMSE) and Clinical Dementia
Rating (CDR) scores were used to assess cognitive status. The diagnosis of mild
cognitive impairment (MCI) and AD was based on the NIA-AA criteria of A-T-N (2011)
(27, 28). Non-AD patients included those with cognitive disorders other than AD, such
as Lewy body disease, frontotemporal dementia, vascular dementia, and Parkinson’s
disease dementia. This research study was approved by the ethics committee of the First
Affiliated Hospital of University of Science and Technology China (2019KY-26). All
patients provided written informed consent for this study. Brain tissues for western
blotting and immunohistochemistry were from the Brain Bank and Neurodegenerative

Disorder Research Center of USTC.

CSF Measurements

CSF AB40, AP42, P-taul81, and total tau were measured using the INNOTEST
enzyme-linked immunosorbent assays (Fujirebio). SerpinA3 was measured using a
commercially available ELISA kit (Sino Biological, SEK10307). All other analytes
were measured using the multiplex Luminex platform (Luminex Corp, Luminex 200)
and a R&D LXSAHA kit. All measurements were performed according to the
manufacturer’s instructions at the Neurodegenerative Disorder Research Center,

University of Science and Technology of China, Hefei, China.

AP and tau status classifications
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AP status and tau status were defined by the CSF AB42/ AB40 ratio and CSF P-tau,
respectively (29). The cutoff values in our cohort were computed by the receiver
operating characteristic (ROC) curves using SPSS 26.0 (SPSS. Inc, IBM) and
determined using the highest Youden index method. ROC curves were used to
discriminate AD patients from the others including cognitively normal (CN), MCI, and
non-AD patients. The resulting cutoff of the AP42/40 ratio was 0.0617 (A+:
AB42/40<0.0617), and 64.68 pg/ml for P-tau (T+: P-tau>64.68).

APOE genotyping

Genomic DNA was purified from 200 pl whole blood using EasyPure Blood Genomic
DNA kit (TransGen Biotech, EE121-11) according to the manufacturer’s instructions.
Genomic DNA was then carried out to amplify a 268-bp DNA fragment with the
following primers: F-5GGCACGGCTGTCCAAGGA and R-
5’CTCGCGGATGGCGCTGAG. Next, Hhal (NEB, R0139S) was added to the mixture
of PCR products for restriction enzyme digestion. Finally, the reaction mixture was
loaded onto 12% polyacrylamide non-denaturing gel and electrophoresed for 3 hours
under constant current-voltage (80 V). APOE genotype was determined according to
the size of Hhal fragments visualized by UV transillumination following the unique
digestion pattern: APOE2/2 (91bp and 83bp); APOE2/3 (91bp, 83bp,48bp, and 35bp);
APOE2/4(91bp, 83bp,72bp, 48bp, and 35bp); APOE3/3 (91bp, 48bp, and 35bp);
APOE3/4 (91bp, 72bp, 48bp, and 35bp), and APOE4/4 (72bp, 48bp, and 35bp).

Western blotting

Human brain tissue (temporal cortex) was homogenized in RIPA buffer with Protease
inhibitor cocktail (Roche) and PMSF (Sigma) on ice and then mixed with 2xSDS
loading buffer. Proteins were loaded onto SDS-PAGE gels and then transferred into
PVDF membranes followed by blocking the membranes and incubating with primary
antibodies overnight at 4 °C. Membranes were incubated with peroxidase-conjugated

secondary antibodies and SuperSignal Chemiluminescent Substrates (Thermo
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Scientific), then detected by chemiluminescence autoradiography. The membranes
were probed with following primary antibodies: anti-CCL2 (Proteintech, 25542-1-AP),
anti-YKL-40 (Proteintech, 12036-1-AP), anti-HGF (ABclonal, A1193), anti-MIF
(Abcam, ab65869), anti-S100B (Z031101-2, Dako), anti-TSP2 (Abcam, ab112543),
anti-LCN2 (Abcam, ab63929), anti-serpinA3 (ABclonal, A1021), and GAPDH
(Proteintech, 10494-1-AP).

Immunohistochemistry

Paraformaldehyde-fixed paraffin-embedded brain tissues were sectioned at a thickness
of 6 pum. For immunohistochemical (IHC) staining, heat-induced epitope retrieval of
sections was performed using a microwave oven with citric acid buffer and then 0.3%
H>0: in methanol for 20 min at room temperature. Next, sections were treated with 0.3%
Triton X-100 in PBS for 30 min and then incubated with blocking buffer for 20 min at
37 °C, and thereafter with anti-p16 (Santa, sc-1661) diluted in antibody buffer overnight
at 4 °C. After several washings, sections were incubated with secondary antibodies for
30 min at 37 °C and then incubated with VECTASTAIN Elite HRP Kit (Vectorlabs,
PK-6100) and DAB Substrate Kit (Vectorlabs, SK-4100). For immunofluorescence co-
staining, sections were pretreated as above and incubated with appropriate primary
antibodies overnight at 4 °C. After washing, sections were incubated with fluorescent-
labeled secondary antibody for 2 hours at room temperature. Section images were

acquired using TissueFAXS PLUS (TissueGnostics) or confocal microscopy (Zeiss).

Statistical analysis

We excluded the extreme values of each potential CSF biomarker, which were those
beyond three times the interquartile range above the third quartile (Q3) or those below
the first quartile (Q1). Before comparisons, all CSF biomarker values were tested for
normality using the Kolmogorov-Smirnov test. Values for HGF, TSP2, and the AB42/
AP40 and P-tau/T-tau ratios, all had a normal distribution, whereas the other CSF
biomarkers values did not follow a normal distribution and were thus logl0-

8



transformed.

Categorical variables were tested using Pearson’s Chi-square tests. MMSE and CDR
values were compared using one-way analysis of covariance (ANCOVA) adjusted by
age, sex, and education. CSF biomarkers were assessed by ANCOVA with adjustment
for age and sex as covariates. These comparisons were followed by Bonferroni
corrected post-hoc comparisons. Correlations between age and CSF biomarkers were
tested using partial correlations adjusted by age, sex, and apolipoprotein E (4POE)-¢4
status.

The association of each CSF biomarker with age and AD pathology was evaluated with
a LOWESS model and with a linear regression model with the adjustment for age, sex,
and APOE-g4 status. We performed logistic regression (LR) and computed the ROC to
evaluate the discriminative accuracy of CSF biomarkers for discriminating different
disease groups. LR analyses were performed using the variables age, gender, APOE
states (0 for no APOE-¢4 carriers, 1 for APOE-€4 carriers), T-tau, P-tau, AB40, AB42,
AB42/AB40, P-tau/T-tau, and all measured potential biomarkers, with backward

elimination.

Results

Senescent glial cells accumulate in the AD brain

To investigate senescent-cell status in the human AD brain, we performed
immunohistochemistry for the marker p16 on the temporal cortex of AD patients and
age-matched controls (details of these human tissues are listed in Table 1). A significant
increase of pl6-positive cells was observed in the AD brain (Fig. 1A-B). Importantly,
pl6 expression was elevated predominantly in Olig2- or glial fibrillary acidic protein
(GFAP)-positive glial cells (Supplementary Fig. 1A), suggesting that oligodendrocyte
lineage cells and astrocytes were the primary senescent cells in the AD brain. Of note,
immunohistochemical analysis also revealed that these senescent cells expressed

several aging-related molecules, including YKL-40, HGF, MIF, S100B, TSP2, LCN2,

9



and SerpinA3 (Supplementary Fig. 1B). Consistent with the observation that
senescent cells accumulate in the AD brain, some of these molecules (i.e., YKL-40,
HGF, MIF, and SerpinA3) were significantly higher in the AD brain (Fig. 1C-D). Thus,
cellular senescence was exacerbated in the AD brain, which leads to an accumulation

of aging-related molecules.

Assessment of aging-related molecules in the CSF

To investigate the relationship between the expression of aging-related molecules in
CSF and AD pathology, we recruited 195 individuals including 58 (29.7%) individuals
assessed to be cognitively normal (CN), 37 (19.0%) diagnosed with mild cognitive
impairment (MCI), 78 (40.0%) clinically diagnosed with Alzheimer’s disease (AD),
and 22 (11.3%) defined as having non-Alzheimer’s dementia (non-AD). There were no
significant differences in gender or education between different groups, and the baseline

characteristics are described in Table 2.

We summarized expression patterns of these molecules in four clinical diagnoses (CN,
MCI, AD, and non-AD) (Table 3). Levels of CCL2, S100B, and LCN2 were similar
amongst groups. Concentrations of YKL-40 and MIF were both the lowest in the CN
group and were significantly different from those in the MCI and AD groups. In
addition to YKL-40 levels, levels of SerpinA3 in the non-AD group were also higher
than that in the CN group. There were higher HGF and TSP2 levels in the MCI and AD
groups than in the non-AD group, and higher SerpinA3 levels in non-AD group than in
either the MCI or AD groups. To study the association of each molecule with Ap and
tau pathology, a linear regression model was computed adjusting for age, gender, and
APOE status (Table 4). We observed that CCL2 and S100B were only affected by A
pathology, whereas YKL-40, HGF, MIF, TSP2, LCN2, and SerpinA3 were affected by
both AP and tau pathology.

To further accurately examine the effects due to dysregulation of these molecules on
the development of AP and tau pathology, we performed locally weighted scatterplot

smoothing (LOWESS) models (Supplementary Fig. 2). Interestingly, HGF, MIF and
10



SerpinA3 were dysregulated in the early stages of AP pathology (i.e., AB42/ AB40>0.04)
and further dysregulated in the later stages. In contrast, HGF, MIF, S100B, and TSP2
were strongly dysregulated in the early stage of tau pathology but tended to stabilize in
the late stage. This suggests that certain CSF senescent glial cell biomarkers are

associated with specific stages of AP pathology and tau pathology.

CSF biomarker values stratified by AD pathology status and
CDR score

To investigate the expression of these molecules at different stages of AD pathology,
we classified participants into two groups based on AP status or tau status. Next, we
compared the levels of these molecules in patients with or without AD pathology. There
were considerable differences in all molecules tested, except CCL2 and S100, between
levels found in Ap-positive individuals (A+) and those found in A-negative
individuals (A—) (Supplementary Fig. 3A-H). In particular, YKL-40 (P=0.0004),
HGF (P=0.0017), MIF (P<0.0001), and TSP2 (P=0.0051) were significantly higher in
the A+ group than in the A— group. In contrast, in the A— group, there were significantly
higher levels of LCN2 (P=0.0001) and serpinA3 (P<0.0001). Interestingly, similar
patterns of molecule levels were also observed between the two tau states

(Supplementary Fig. 31-P).

We then evaluated differences in molecule levels in individuals with different levels of
clinical dementia rating (CDR) scores and defined two groups: CDR=0 and CDR>(.
(Fig. 2; Supplementary Fig. 4). We found no differences in CCL2 (P=0.6677), HGF
(P=0.8072), S100B (P=0.2487), TSP2 (P=0.1098), LCN2 (P=0.0855), or serpinA3
(P=0.7024) between CDR=0 and CDR>0 groups, whereas in individuals with CDR>0,
YKL-40 (P<0.0001) and MIF (P<0.0001) were significantly higher than those with
CDR=0 (Fig. 2). Within the CDR>0 group YKL-40, HGF, and TSP2 were elevated,
whereas LCN2 and SerpinA3 were depressed in AB-positive individuals compared to
APB-negative individuals. Interestingly, S100B levels were elevated in AB-positive

individuals within the CDR=0 group (P=0.0404). Meanwhile, HGF and TSP2 were
1



elevated in tau-positive individuals within the CDR>0 group (Supplementary Fig. 4D
and 4F). However, only the SerpinA3 biomarker was depressed in the tau-positive
group within the CDR>0 group (Supplementary Fig. 4H). Importantly, MIF levels
were robustly elevated in AB-positive or tau-positive individuals and were independent

of cognitive performance (Fig. 2D; Supplementary Fig. 4D).

Trajectories of CSF biomarkers with age

We analyzed differences in these CSF biomarkers with age, with or without AD
pathology. There was an association between biomarker levels in the majority of the
molecules tested with age (except S100B, LCN2, and serpinA3) (Table 5). There was
a significant association between CCL2 and age in the A— group but not the A+ group,
whereas there was a significant association of HGF and TSP2 with age only in the A+
group (Fig. 3). In contrast, YKL-40 and MIF were positively correlated with age
regardless of AP status (Fig. 3). Likewise, HGF and MIF were also correlated with age
regardless of tau status (Supplementary Fig. 5). Importantly, expression of HGF, MIF,
and TSP2 was exacerbated with age under AD-related AP or tau pathology, whereas
CCL2 and YKL-40 were more susceptible to age in the absence of AD pathology (as
shown by the B slopes).

CSF biomarkers in differential diagnosis of AD

To investigate whether these molecules could improve discriminatory capacity for
clinical diagnosis, we performed logistic regression (LR) analysis using the variables
of APOE status and all CSF biomarkers, with backward elimination. We found that only
YKL-40, in addition to AR and tau, improved diagnostic accuracy and facilitated
discrimination between individuals with MCI, AD, and non-AD from the CN group
(Fig. 4A-C). Remarkably, serpinA3 (P=0.047) and TSP2 (P=0.030) were significant
contributors in the LR analysis that helped distinguish AD from non-AD. We used the
predicted value calculated by the LR model as an independent variable to compute its
discriminative accuracy for distinguishing AD patients from non-AD patients. We

12



observed that the LR model (including T-tau, AB42, TSP2, serpinA3, and APOE state)
was better able (AUC=0.963) than AB42/ AB40 (AUC=0.877) and P-tau (AUC=0.867)
to discriminate between individuals with AD from those with non-AD (Fig. 4D). These
results suggest that YKL-40 might be helpful not only in the diagnosis of AD but also
in differentiation between individuals of CN and MCI as well as non-AD. More
importantly, serpinA3 and TSP2 are potential clinical diagnostic biomarkers that may

improve upon current discriminative accuracy of AD patients from non-AD patients.

Discussion

In this cross-sectional study, we aimed to identify CSF biomarkers of AD pathology-
driven CNS senescence in a well-characterized cohort of individuals with or without
AD pathology. The main findings of the present study are as follows: (1) glial cells (i.e.,
oligodendrocyte lineage cells and astrocytes) were the major senescent cells in the AD
brain; (2) CSF levels of YKL-40, HGF, MIF, S100B, TSP2, LCN2, and serpinA3 were
associated with AD pathology; (3) levels of CSF molecules, including YKL40, and MIF,
were upregulated in normal aging, whereas HGF, MIF, and TSP2 were further
dysregulated and thus greatly susceptible to AD pathology in aging, and (4) CSF levels
of YKL-40 help distinguish patients with MCI, AD, or non-AD from CN, while
serpinA3 and TSP2 may improve discriminative ability between AD and non-AD

patients.

Transcriptional and functional changes in glial cells have been well studied in both
physiological aging and AD models in both humans and mouse models (74, 15, 30).
These studies reveal that normal physiological aging induces Al-like astrocyte
reactivity and that cumulative exposure to AD pathological stimuli also renders glial
cells senescent and more reactive. Consistently, all presently studied aging-related
molecules (except CCL2) were predominantly expressed in senescent glial cells.
Importantly, there were higher levels of almost all molecules tested as age increased
within the present cohort, implying that these biomarker molecules may be a useful

reflection of CNS aging.
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Meanwhile, fairly high correlations between these molecules and CSF AD biomarkers
were also observed in the present cohort. Importantly, when the cohort was classified
by AB- or tau-pathology, age-related elevated YKL-40 levels were more pronounced in
individuals without AD pathology, whereas HGF, MIF, and TSP2 levels tended to be
elevated in the presence of AD pathology. These differences are perhaps best ascribed
to other pathology, such as amyotrophic lateral sclerosis (ALS) and Creutzfeldt-Jakob
disease (CJD) (37), and modified production of YKL-40 is likely not related to AD.
More important, changes in HGF, MIF and TSP2 at specific stages of AP and tau
pathology indicate that they can serve as biological indicators of AD stage. In addition,
the present findings support the notion that AD pathology is involved in regulating
levels of HGF and MIF (32, 33). Thus, YKL-40 more likely reflects normal aging,
whereas HGF, MIF, and TSP2 tend to be tightly linked to AD-pathology-driven glial

cell senescence.

We observed that HGF, TSP2, LCN2, and serpinA3 levels were significantly modified
only in AP+ individuals within the CDR>0 group and that there were similar
concentrations in individuals with or without cognitive impairment. This suggests that
these biomarkers may not be related to early cognitive impairment, but their expression
is likely to be accelerated by AP once brain pathology reaches a certain stage. However,
levels of YKL-40, which is closely related to neuronal injury (34), were positively
correlated with cognitive decline in patients with or without AD pathology. Importantly,
MIF levels also positively associated with CDR score, but only elevated in MCI and
AD groups, which is in line with previous studies (32), indicating that MIF-mediated

cognitive impairment was specifically related to AD pathology.

Thrombospondins, especially TSP1 and TSP2, are two major inhibitors of angiogenesis,
which function on endothelial cell migration and the activity of vascular endothelial
growth factor (VEGF) (35). An increase in angiogenesis is associated with neurological
disorders (36, 37), such as PD dementia and stroke. Consistently, our data shows that
TSP2 levels were lower in non-AD individuals. In contrast, TSP2 was elevated in Ap-

and tau- positive individuals with cognitive impairment. It has been suggested that
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TSP2 is closely related to synaptogenesis and that astrocyte-secreted TSP2 is necessary
for the formation of synapses (25). Thus, we should carefully consider the role of AD-

pathology-driven expression of these senescent factors in the pathogenesis of AD.

SerpinA3 belongs to the serine protease inhibitor family and is involved in the
pathogenesis of inflammation (38). We found that serpinA3 was abundant both in AD
and non-AD human cortex, which is consistent with previous studies (39, 40) and with
the fact that serpinA3 expression is upregulated in senescent glial cells (75, 16).
Interestingly, CSF serpinA3 levels in AD individuals were comparable to those in the
CN group and lower than that in non-AD group. SerpinA3 is reported to co-localize
with AB (26, 41, 42), and we found that CSF serpinA3 levels were negatively correlated
with the ratio of AB42/AB40, strongly suggesting that serpinA3 binds to AB plaque and

that this may lead to the deposition of serpinA3 in brain and reduce secretion into CSF.

The diagnostic criteria of AD was updated in 2018 (43), which includes CSF and
imaging markers of AB- and tau-pathology. Nevertheless, mixed forms of dementia may
still result in an incorrect AD diagnosis of AD (44). Thus, it is necessary to discover
new biomarkers to improve diagnostic accuracy. We found that levels of serpinA3 in
CSF were specifically associated with AP pathology, and levels of TSP2 in CSF were
markedly lower in non-AD individuals. Consistently, the LR model composed of
serpinA3 and TSP2 improved the accuracy of AD diagnosis in our cohort, implying the
possibility that aging-related biomarkers expressed by senescent glial cells can help

distinguish AD from non-AD.

Our study has several limitations. First, it only recruited individuals from a single center,
and multi-center cohorts are needed to confirm these results. Second, to determine the
association of AP and tau pathology with CSF biomarkers, we defined our own cutoff
values for AB42/AB40 and P-tau, which represent AB- and tau pathology, respectively.
Thus, the suitability of these cutoff values needs to be verified before used for general
clinical diagnosis. Third, it is a cross-sectional analysis, and longitudinal analysis

should be combined to verify that biomarkers do change with aging.
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In conclusion, our study shows that YKL40, HGF, MIF, and TSP2 are potential CSF
biomarkers of senescent glial cells, providing novel insights into exploring aging in the
living brain and monitoring clinical trials targeting senescent glial cells. Besides, we
also identified some biomarkers, YKL-40, TSP2, or serpinA3, which are beneficial for
discriminative accuracy in distinguishing MCI, AD, or non-AD patients from CN or

AD patients from non-AD patients.
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Fig.1 Accumulation of senescent cells in the AD brain. (A) pl6
immunohistochemical staining of the frontal cortex of AD patients and age-matched
controls. Scale bar=50 um. (B) Quantification of p16-positive dots (n=5 CN and 9 AD
participants; 5 images were analyzed in sections from each participant). Data are mean
+ s.eem. **P<0.01 (two-sided Student’s t-test) (C) Immunoblot analysis of aging-
related molecules in the frontal cortex of CN, AD, and non-AD individuals. (D)
Quantification of the immunoreactive bands as those shown in (C). Data are

means £ s.e.m. *P <(.05; ****P <(0.0001 (two-way ANOVA followed by Bonferroni

correction)
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Fig.2 Comparison of CSF biomarkers levels with A status and CDR score. Dot
and box plots depicting levels of CSF biomarkers across all groups and separated by
AP status and CDR score. The box plots depict the median (horizontal bar), interquartile
range (IQR, hinges), and the whiskers indicate the minimum and maximum values. P-
values were assessed by a one-way analysis of covariance (ANCOVA) adjusted by age,

gender, and APOE-€4. *P<0.05; **P<0.01; ***P<0.001; ****P<(0.0001.
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Fig.3 Association of CSF biomarkers with age. Scatter plots representing the

correlation of each of the demographic characteristics with age in the A— and the A+

groups. Each point depicts the value of the CSF biomarker of an individual and the

solid lines indicate the regression line for each group. The standardized regression

coefficients () and the P-values are shown and were computed using a linear model

adjusting for age, gender, and APOE-¢4.
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Fig.4 Receiver operating characteristic (ROC) curves for classification of different

diagnostic groups. The LR model includes the following variables: (A) T-tau, Ap40,

YKL-40, and APOE state. (B) T-tau, AB40, Ap42, YKL-40 and APOE state. (C) T-tau,

AP40, AB42, AP42/ AP40 and YKL-40. (D) T-tau, Ap42, TSP2, serpinA3 and APOE

state. (APOE state : 0 for no APOE-¢4 carriers, 1 for APOE-g4 carriers)

Subjects

Control 1
Control 2
Control 3
Control 4
Control 5
non-AD 1
non-AD 2
non-AD 3

non-AD 4
non-AD 5
non-AD 6
non-AD 7
AD 1
AD 2
AD 3
AD 4
AD5
AD 6
AD 7
AD 8
AD9

Table 1. Clinical details of human brain tissue

Pathology
Normal
Normal
Normal
Normal
Normal
DLB

DLB

DLB

DLB
FTD
Pick's disease
DLB/PD
AD

AD

AD

AD

AD

AD

AD

AD

AD

PMD (h)
48
17
20
17

=N
w N

(6}
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Gender

I T IIIZII I T TSI ST

Age (yrs)
96
59
66
73
75
69
77
83

63
51
81
79
81
93
97
73
83
80
81
81
79

Use
IHC/WB
IHC/WB
IHC/WB
IHC/WB
IHC
WB
WB
WB

WB
WB
WB
WB
IHC/WB
IHC/WB
IHC/WB
IHC/WB
IHC/WB
IHC/WB
IHC/WB
IHC/WB
IHC/WB



AD 10 AD 4 F 82 WB
AD 11 AD ) M 67 WB
AD 12 AD 4 F 71 WB
AD 13 AD 4 F 80 WB
AD 14 AD 5 F 80 WB
AD 15 AD 4 M 75 WB
AD 16 AD 9 F 70 WB
AD 17 AD 4 F 83 WB

DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; PD, Parkinson's Disease; AD,
Alzheimer’s disease; non-AD, non-Alzheimer’s disease dementia; IHC, immunohischemistry; WB:

Western blotting; PMD, postmortem delay; yrs, years.
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Gender, M/F

Age, years

Education, years

MMSE

CDR

Mean+SD
Median
95% ClI

MeanxSD
Median
95% ClI

MeanxSD
Median
95% ClI

Mean+SD
Median
95% ClI

APOE-&4 carriers, n (%)

dSignificant values vs CN; bSigniﬂcant values vs MCI; “Significant values vs AD; dSigniﬁcant values vs non-AD.

T-tau (pg/mlb)

Total
(n=195)

361.94+263.21

Table 2. Demographic characteristics of subjects

Total CN MCI

(n=195) (n=58, 29.7%) (n=37, 19.0%)
83/112 (42.6%)  29/29 (50.0%) 16/21 (43.2%)
62.83+7.71 60.28+8.350.C 66+6.568

64.0 61.0 68.0

61.74, 63.92 58.08, 62.47 63.98, 68.41
7.23+4.61 7.03+4.48 8.35+4.88

8.0 7.0 9.0

6.57, 7.88 5.86, 8.21 6.59, 9.91
18.88+8.22 27.05+3.390.c.d  21.11+4.52a,c.d
20.0 28.0 21.0

17.71, 20.05 26.16, 27.94 19.42, 22.42
0.82+0.72 0.12+0.31b.¢.d 0.51+0.22a,¢,d
1.0 0 0.5

0.72,0.93 0.04, 0.20 0.44, 0.59

76 (39.0%) 7 (12.1%)P.C 19 (51.4)a.d

AD
(N=78, 40.0%)

28/50 (56.0%)

63.76+7.252
65.0
62.09, 65.43

6.88+4.57
7.5
5.81,7.96

12.83+6.4823,0
13.0
11.29, 14.29

1.43+0.57a,b.d
1

1.30, 1.56

47 (60.3%).d

Table 3. CSF molecules concentrations and ratios of subjects

CN MCI AD
(n=78, 40.0%)

(n=58, 29.7%) (n=37, 19.0%)

194.03+79.38b,C 367.94+216.782.C

27

532.2+301.4423,b,d

non-AD
(n=22, 11.3%)

10/12 (45.5%)

60.95+7.17
61.5
57.78,64.13

7.05+4.63
8.0
4.99,9.10

14.5+7.528,b
14.5
11.17, 17.83

1.14+0.52a.b,c
1

0.91, 1.37

3 (13.6%) b.C

non-AD
(n=22, 11.3%)

229.82+127.46C



P-tau (pg/ml)
AB40 (pg/ml)
Ap42 (pg/mb)
AB42/AB40
P-tau/T-tau
CCL2 (pg/ml)
YKL-40 (pg/ml)
HGF (pg/ml)
MIF (pg/ml)
S100B (pg/ml)
TSP2 (pg/ml)

LCN2 (pg/ml)

SerpinA3 (pg/ml)

4Gignificant values vs CN; bSigniﬁcant values vs MCI; €Significant values vs AD; dSigniﬁcant values vs non-AD

T-tau

61.32+27.24

7858+3928.46

388.66+189.42

0.0543+0.021

0.1961+0.0588

543.57+146.14

256797.8+103248.6

168.1+52.18

5497.78+£2163.48

2603.74+865.44

11119.86+3397.73

940.09+385.04

2.39+0.98

45.11+14.12D.C
8424.79+4304.42
467.18+191.29C
0.0628+0.01780.C
0.2432+0.0448b.¢.d

523.3£155.53

195813.5+63605.9b,C,d

160.9+45.73
4238.23+1522.430.C
2614.5+856.08
11116+3713.96

939.53+385.64

2.4+0.980

64.82+22.242,C,d
9083.46:+3494.480
444.18+232.53C
0.0497+0.02312.d
0.19+0.03914a,C
565.5+154.07
298492.3+115083.72
183.86+56.310
5587.16+1497.662

2797.2+919.15

11955.9+2833.314
933.98+341.96

2.24+0.840

77.66+29.312,b.d
7405.16+3961.54
289.39+102.47a.0.d
0.0453+0.0184a.d
0.1625:0.05282.0.d

547.51+123.36

281570.3+107155.82

171.09+56.09

6427.32+2524.572

2604.58+807.34

11320.67+3499.54d
905.32+386.42

2.25+0.80d

Table 4. Association between CSF molecules and AD hallmarks

Unstandardized
B (SE)

Standardized 3

CCL2

-0.02
(0.04)

-0.03

YKL-40

119.54
(27.04)

0.31

HGF

0.05
(0.01)

0.27

MIF

4.03
(0.43)

0.53

28

S100B

0.22
(0.26)

0.07

TSP2 LCN2
3.03 -0.13
(0.95) (0.11)
0.24 -0.09

42.44+16.06D.C
6019.7+2408.87D
447.37+197.31C
0.0721+0.0134b.C
0.2015+0.05724a,C
546.3+181.15
262123.7+85570.32

150+39.38P

5306.49+1387.38

2256.31+£951.08

9012.02+2123.19P.C
1081.56+442.29

3.15+1.422.b,C

SerpinA3

0
(©)
-0.13



P value 0.684 <0.001 <0001 <0.001  0.393 0.002 0.219 0.089
Unstandardized -0.29 1136.61 0.63 43.89 4.80 41.82 -2.35 -0.01
B (SE) (0.4) (263.11) 013)  (3.86)  (2.44) (8.89) (1.02) (0)
Ptau  gundardizedp -0.05 0.3 0.33 0.6 0.15 0.34 -0.17 -0.16
P value 0.478 <0.001 <0001 <0.001  0.051 <0.001 0.022 0.037
Unstandardized 241 0 0.21 0.03 0.33 -0.02 0
Ap0 B (SE) (1.85) 0) 0.03)  (0.02) (0.06) (0.01) 0)
Standardized p  0.02 0.09 0.38 0.37 0.12 0.39 0.2 -0.18
P value 0.751 0.196 <0001 <0001  0.107 <0.001 0.004 0.02
Unstandardized 0.13 -18.81 0.05 0.27 -0.08 3.75 0.05 0
B (SE) 0.06)  (39.36) 002) (078)  (0.35) (1.32) (0.15) (0)
AB42 gondardized B 017 -0.03 0.19 0.02 -0.02 0.21 0.02 0.08
P value 0.025 0.633 0007 0734  0.824 0.005 0.757 0.289
Unstandardized ~ 339.98  -10480190.32 -638.86 -35142.91 -7036.95 -45600.71 571515  15.37
B (SE) (516.86) (349891.67)  (171.04) (6612.18) (3077.12) (11710.93) (1234.06) (3.35)
AB42/AB40
Standardized p  0.05 -0.21 026  -0.34 -0.17 -0.28 0.31 0.33
P value 0.511 0.003 <0001 <0001  0.023 <0.001 <0001  <0.001
Unstandardized ~ -286.08  -608473.24  -13856 -13038.24 1341.64  -4688.71  -236.24 175
B (SE) (183.08) (118056.41)  (62.31) (2327.56) (1103.49) (4314.34)  (472.85)  (1.28)
P-TauT-tau o dardizedp  -0.11 -0.35 016  -0.36 0.09 -0.08 -0.04 0.10
P value 0.12 <0.001 0027 <0001 0226 0.279 0.618 0.172

Each biomarker as a dependent variable was assessed by a linear model with age, sex and APOE-&4 status as independent variables. The unstandardized regression
coefficients (B), standard errors (SE), standardized regression coefficients () and P-values are shown.
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Table 5. Association between CSF molecules and age

CCL2 YKL-40 HGF
Unstandardized 3.09 4447 .43 1.87
B (SE) (1.35) (919.38) (0.47)
age Standardized 3 0.16 0.33 0.28
P value 0.023 <0.001 <0.001

MIF

101.24
(18.86)

0.36
<0.001

S100B

13.84
(8.03)

0.12
0.087

TSP2

67.01
(31.35)

0.15
0.034

LCN2

4.48
(3.59)

0.09
0.214

SerpinA3

0.01
(0.01)

0.11
0.123

Each biomarker as a dependent variable was assessed by a linear model with age as independent variables. The unstandardized regression coefficients (B), standard

errors (SE), standardized regression coefficients (B) and P-values are shown.
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