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Objective: To devise and characterize an assay that can access intracellular cholesterol and cholesterol efflux in neural cells
in living subjects.

Methods: We modified the protocol for high-density lipoprotein cholesterol efflux capacity (CEC) from macrophages, a
biomarker that accesses cholesterol in macrophages in atherosclerosis. To measure cerebrospinal fluid (CSF) CECs from
neurons, microglia, and astrocytes, CSF was exposed to, correspondingly, neuronal, microglial, and astrocytic cholesterol
source cells. Human neuroblastoma SH-SYSY, mouse microglial N9, and human astroglial A172 cells were used as the
cholesterol source cells. CSF samples were screened for contamination with blood. CSF CECs were measured in a small
cohort of 22 individuals.

Results: CSF CECs from neurons, microglia, and astrocytes were moderately to moderately strongly correlated with CSF
concentrations of cholesterol, apolipoprotein A-I, apolipoprotein E, and clusterin (Pearson’s r=0.53-0.86), were in poor
agreement with one another regarding CEC of the CSF samples (Lin’s concordance coefficient r.=0.71-0.76), and were
best predicted by models consisting of, correspondingly, CSF phospholipid (R?> =0.87, p <0.0001), CSF apolipoprotein A-I
and clusterin (R? =0.90, p <0.0001), and CSF clusterin (R?=0.62, p =0.0005).

Conclusion: Characteristics of the CSF CEC metrics suggest a potential for independent association with AD and provision
of fresh insight into the role of cholesterol in AD pathogenesis.

Keywords: ABCA1, ABCG1, Alzheimer’s disease biomarkers, apolipoprotein A-I, apolipoprotein E, cell cholesterol efflux,

clusterin (apolipoprotein J), SR-BI

INTRODUCTION

Basic studies have shown that intracellular choles-
terol promotes pathogenic metabolism of amyloid-3
(AP) and tau and exacerbates A3 cytotoxicity [1-4].
For example, a recent investigation using human
induced pluripotent stem cell-derived neurons found
that intraneuronal accumulation of cholesteryl ester,
a storage metabolite of cholesterol, stimulates A3
secretion and raises the level of phosphorylated
tau [5]. Neuropathological studies have detected no
difference between Alzheimer’s disease (AD) indi-
viduals and controls in the cholesterol content in the
cerebral cortex and hippocampus but found increased
cholesteryl ester in AD subjects in the entorhinal
cortex [6-8]. This suggests that neural tissues may
preserve normal levels of free cholesterol by con-
verting its excess to cholesteryl ester, which may be
pathogenic. Corroborating and extending the findings
from basic research and neuropathology, gene-set and
pathway enrichment analyses of the variants asso-
ciated with AD in genome-wide association studies
have implicated intracellular cholesterol metabolism
and cell cholesterol efflux to high-density lipoprotein
(HDL) in the disease pathogenesis independently of
the effect of apolipoprotein E (apo E) isoforms [9, 10].
Variants at the loci encoding secreted exchangeable
apolipoproteins and adenosine triphosphate bind-
ing cassette transporter subfamily A member 1
(ABCA1), which together comprise an important cell
cholesterol efflux pathway to HDL [11], are major
drivers of the association between AD and choles-
terol metabolism [9, 10]. The implication of this

genetic finding is that efflux to extracellular accep-
tors may represent a benign means for disposal of
cholesterol which otherwise could undergo esterifica-
tion. However, strong support from epidemiology for
cholesterol involvement in AD is lacking. Early epi-
demiological studies found an association between
total serum cholesterol at midlife and late life AD
[12], but the most recent, large prospective investi-
gation did not report an association between serum
cholesterol and AD [13]. There is also no consis-
tent association between cerebrospinal fluid (CSF)
cholesterol and AD [14]. It is likely that extracel-
lular pools of cholesterol do not reflect intracellular
cholesterol levels well.

Direct measurement of intracellular cholesterol
concentrations in the brain of living people is
impossible, but the field of atherosclerosis research
suggests an approach to access intraneural cholesterol
indirectly. Intracellular cholesterol in macrophages
affects atherosclerosis but is likewise not amenable
to measurement in living subjects [15]. An assay
has been devised to quantify the capacity of human
HDL, the main acceptor of cell cholesterol in
plasma and other body fluids, to take cholesterol
from macrophages ex vivo: when HDL choles-
terol efflux capacity (CEC) from macrophages is
low, macrophage cholesterol must be high, because
macrophages cannot release it to HDL [16]. HDL
CEC from macrophages correlates with atheroscle-
rotic cardiovascular disease (ASCVD) inversely and
independently of plasma HDL cholesterol con-
centration and thus demonstrates the importance
of macrophage cholesterol and cholesterol efflux
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from macrophages in this disorder [17, 18]. An
analogous assay to access intracellular choles-
terol and cholesterol efflux in the context of
AD will measure the ability of CSF HDL [19]
to take cholesterol from neural cells: low CSF
HDL CEC would be indicative of high intraneural
cholesterol levels.

Here, we draw on the extensive experience in the
field of atherosclerosis to develop assays to measure
CSF HDL CEC (in the following we refer to the
metric only as CSF CEC for simplicity’s sake) from
the neural cell types in which intracellular choles-
terol levels are most likely to affect AD pathology.
We show that CSF CECs from neurons, microglia,
and astrocytes substantially vary from CSF choles-
terol and apolipoprotein concentrations and from one
another and are likely to independently associate with
AD and provide new insight into the role of choles-
terol in AD pathogenesis.

MATERIALS AND METHODS
Cell culture

SH-SYS5Y, A172, and J774 cells were obtained
from the American Type Culture Collection; N9 cells
were a kind gift of Dr. Oleg Butovsky [20]. SH-
SYS5Y cells were maintained in DMEM/4.5 g/ D-
glucose/4 mM L-glutamine/110 mg/L sodium pyru-
vate, and A172, N9, and J774 cells were maintained
in RPMI 1640/2 mM L-glutamine (both media from
Life Technologies), supplemented with 10% FBS at
37°Cin 5% COa.

Immunoblotting

The following antibodies were used: rabbit
polyclonal anti-ABCA1 (NB400-105, Novus Bio-
logicals), rabbit monoclonal anti-ABC transporter
subfamily G member 1 (ABCGIl; EP1366Y,
Abcam), rabbit polyclonal anti-ABC transporter
subfamily G member 4 (ABCG4; NBP2-15229,
Novus Biologicals), rabbit polyclonal anti-scavenger
receptor class B type I (SR-BI; NB400-113,
Novus Biologicals), mouse monoclonal anti-GAPDH
(NB300-221, Novus Biologicals), rabbit poly-
clonal anti-apolipoprotein B (apo B; ab20737,
Abcam), goat polyclonal anti-human apo E and
rabbit polyclonal anti-mouse apo E (NB100-1530
and NB100-2040, respectively, both from Novus
Biologicals).

Cell cholesterol efflux to purified acceptors

Cell cholesterol efflux assays were conducted as
previously described [21]. SH-SY5Y, N9, A172, and
J774 cells were seeded in 24-well plates at 1/10 dilu-
tion from confluent tissue culture flasks, allowed to
grow for 24 h in the maintenance medium/10% FBS
and incubated with 2 wCi/mL [1,2-3H(N)]ch01esterol
(Perkin Elmer) in DMEM/2.5% FBS or RPM1/2.5%
FBS, depending on the cell type (see above),
for 24h. The human SH-SY5Y and A172 cells
were then treated with 2pM liver X recep-
tor (LXR) agonist T0901317 (Tocris Bioscience)
or corresponding vehicle, while the mouse N9
and J774 cells were treated with 0.3mM 8-(4-
chlorophenylthio)adenosine 3’,5'-cyclic monophos-
phate (8-CPT-cAMP; Sigma-Aldrich) or corre-
sponding vehicle, in FBS-free cell type-appropriate
medium/0.2% BSA for 18 h. To measure efflux, the
cells were exposed to FBS-free cell type-appropriate
medium/£ 2 pM T0901317 or £ 0.3 mM 8-CPT-
cAMP containing 10 p.g/mL apolipoprotein A-I (apo
A-I) or 50 pg/mL HDL or lacking cholesterol accep-
tors for 4 h. Efflux medium was filtered using 0.45 pm
pore-size filter plates to eliminate floating cells. Cell
lipids were extracted with hexane/isopropanol (3: 2,
v/v); the solvent was evaporated. The cell extracts
and aliquots of the efflux media were read in a scin-
tillation counter. Cholesterol efflux was expressed as
the percentage of [>H]cholesterol counts in the efflux
medium from the total of [°H]cholesterol counts in
the medium and cells. Apo A-I and HDL were puri-
fied from human apheresis plasma.

CSF samples and pooled reference CSF

Twenty-two coded diagnostic remnant samples
were obtained from a clinical laboratory at the Hos-
pital of the University of Pennsylvania. There are no
demographic or clinical data for these samples. Six
diagnostic remnant samples were purchased (Discov-
ery Life Sciences, Los Osos, CA). These samples
were from a European ancestry female, 81 years of
age, CSF protein 29 mg/dL (normal range of CSF pro-
tein 15-45 mg/dL); a European ancestry female, 68,
CSF protein 36 mg/dL; an African ancestry female,
50, CSF protein 34 mg/dL; a European ancestry male,
76, CSF protein 44 mg/dL; a European ancestry male,
63, CSF protein 37 mg/dL; an African ancestry male,
57, CSF glucose 92mg/dL (normal CSF glucose
range 40-80 mg/dL). The commercial samples were
used to prepare a reference CSF sample: 1 mL frac-



566 E. Cipollari et al. / Cholesterol Efflux Capacity of CSF

tions of the 6 samples were combined, mixed by
inverting, divided into 75 pL aliquots and further
stored at —80°C. The remainder of commercial sam-
ples and the University of Pennsylvania samples
were aliquoted into 30-75 L portions and stored at
—80°C. CSF CEC was measured in 18 samples from
the clinical laboratory and four commercial samples.
Two samples from the clinical laboratory were found
to be contaminated with apo B/blood, and four sam-
ples were used up for method optimization. Apo B
was measured in 51 CSF samples from cognitively
healthy and 43 AD individuals from a biobank at
the Center for Neurodegenerative Disease Research
at the University of Pennsylvania. CSF CEC from
NO cells was also measured in the 51 samples from
cognitively healthy subjects. Use of the CSF sam-
ples and study design were approved by the Perelman
School of Medicine Institutional Review Board (pro-
tocol #82361).

CSF cholesterol efflux capacity

SH-SYS5Y (12.8 x 10* cells per well), A172
(3.75 x 10* cells per well), N9 (6 x 10* cells
per well), and J774 (6 x 10* cells per well) cells
were seeded in 96-well plates in the mainte-
nance medium/10% FBS (75 pL/well), allowed
to attach for 6h and labelled with 2 puCi/mL
[1,2-*H(N)]cholesterol in cell type-appropriate
medium/2.5% FBS for 18h overnight. On day 2,
SH-SYS5Y and A172 cells were treated with 2 uM
T0901317, and N9 and J774 cells were treated
with 0.3 mM 8-CPT-cAMP, in FBS-free cell type-
appropriate medium/0.2% BSA for 6 h. To measure
CEC, the cells were exposed to 44% CSF in FBS-
free MEM-HEPES/+2 uM T0901317 or 0.3 mM
8-CPT-cAMP (33 pL of a CSF sample +42 pL of
MEM-HEPES) for 2.5h at 37°C in ambient CO,. In
the assay optimization experiments, the percent CSF
in the efflux medium and duration of efflux were
varied as indicated. Cell medium was centrifuged
at 10,000rpm in a table-top centrifuge for 3 min
to remove floating cells and read in a scintillation
counter. Cell lipids were extracted with isopropanol
(200 wL/well) overnight and read in a scintillation
counter.

CSF samples were assayed in duplicates. When
duplicates deviated from the duplicate average
by > 10%, then the CSF sample was assayed again.
Each 96-well plate contained two wells for choles-
terol efflux to medium without CSF (background
control) and two wells for cholesterol efflux to the

reference CSF sample. Cholesterol efflux to CSF
samples, the reference CSF and medium without CSF
was calculated as the percentage of [*H]cholesterol
counts in the efflux medium from the total of counts
in the medium and cells. Background efflux was sub-
tracted from sample and reference CSF sample efflux.
CEC was calculated as a unitless ratio of cholesterol
efflux to sample CSF divided by cholesterol efflux to
the reference CSF.

CSF apolipoprotein, phospholipid, and
cholesterol measurements

CSF apolipoproteins were measured using the
following kits: Human Apolipoprotein B ELISA
Kit (ab108807, Abcam), Human Apolipoprotein A-
I Quantikine ELISA Kit (DAPA10, R&D Systems),
Human Apolipoprotein E ELISA Kit (ab108813,
Abcam), Human Clusterin Quantikine ELISA Kit
(DCLU00, R&D Systems). CSF cholesterol and
phospholipid were measured with an Amplex® Red
Cholesterol Assay Kit (Thermo Fischer Scientific)
and a Phospholipid Assay Kit (Sigma-Aldrich),
respectively.

Statistical analysis

Cholesterol efflux to purified acceptors was ana-
lyzed by ¢ test. Linear regression was used to analyze
changes in cholesterol efflux in response to increas-
ing CSF amounts and efflux durations. CSF CEC,
cholesterol, phospholipid, apo A-I, apo E, and clus-
terin values were plotted as violin plots and frequency
distributions and visually inspected. The standard
deviation (SD) to mean ratio (ratios >0.25 indicating
log-normal distributions) and Shapiro-Wilk normal-
ity test were further used to determine distribution
of the values. Scatter plots were inspected for the
presence of outliers, data range, and shape of the
relationship. CSF CEC, cholesterol, apo A-I, and
clusterin values were log-transformed. Pearson’s cor-
relation coefficients (r) were calculated to assess
association of CSF CEC with CSF cholesterol, apo
A-I, apo E, and clusterin. r values in the range 0.6-0.8
were considered indicative of moderate to moder-
ately strong association [22]. Two-tailed p values
were calculated. Descriptive statistics, ¢ test, linear
regression and Pearson’s coefficient calculations, and
data graphing were conducted using GraphPad Prism
8.3.0.

Lin’s concordance correlation coefficient (r.) is a
modification of Pearson’s correlation coefficient to
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assess not only linearity of the relationship between
two variables but also how much the best-fit line devi-
ates from the 45-degree line through the origin, i.e.,
the line representing perfect agreement [23]. Lin’s
statistic is a stringent measure of the relationship
between two variables (. <0.90 - poor agreement,
1. =0.90-0.95 - good agreement). Lin’s coefficients
and 95% confidence intervals (CI) were calculated on
log-transformed CEC values using an Excel imple-
mentation following formulas on Real-Statistics.com
(https://www.real-statistics.com/reliability/lins-conc
ordance-correlation-coefficient/). Stepwise mul-
tivariate regressions were performed (using
SAS/STAT® 9.4) to evaluate the prediction of
CSF CEC values based on CSF apolipoprotein
and phospholipid concentrations; the multivariate
regression models went through stepwise variable
selection by keeping only the statistically significant
independent variables in the final model.

RESULTS

Selection and characterization of neural cells for
use in the CSF CEC assay as the cholesterol
source

The assay to measure HDL CEC from
macrophages in the context of ASCVD employs
macrophage cholesterol source cells (usually J774
immortalized macrophages) representing the pri-
mary cells with ASCVD-relevant cholesterol efflux
(i.e., primary macrophages). Cholesterol source
cells must express cholesterol efflux pathways
of the corresponding primary cells and provide
consistent cholesterol efflux through those pathways
for the duration of the assay and from experiment
to experiment but do not need to fully recapit-
ulate intracellular cholesterol metabolism of the
primary counterparts. Strong cases can be made
that intracellular cholesterol in neurons, microglia,
and astrocytes affects AD [1-5]. Therefore, we
undertook to develop three versions of the CSF CEC
assay, one for each of the neural cell types with
potentially AD-relevant intracellular cholesterol
levels and cholesterol efflux. We surveyed the
literature to identify immortalized, commonly used,
readily available and phenotypically stable neuronal,
microglial, and astrocytic cell lines to be used as
the cholesterol source cells. Another requirement
was that the cells need not further differentiate to
the target cell type, as this may introduce variability
into the assay [24]. Preference was given to human
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Fig. 1. Expression of cell cholesterol efflux mediator proteins and
apo E secretion in SH-SYSY, N9, A172, and J774 cells. A) Treat-
ment with an LXR agonist (human SH-SYS5Y and A172 cells) or
a cAMP analog (mouse N9 and J774 cells; the mouse Abcal pro-
moter contains a cAMP-response element, which is mutated in the
human ABCA 1 promoter) upregulated expressed of ABCA1 in all
of the cell types. B) N9, A172, and J774 cells expressed ABCG1,
ABCG4, and SR-BI; SH-SYS5Y cells expressed the first two pro-
teins but did not express SR-BI. C) Apo E could not be detected
in 3-day conditioned SH-SY5Y, A172, and J774 cell media. Apo
E could be detected in 3-day and 4-hour N9 conditioned media.

over mouse lines, but a human microglial cell line
matching the requirements could not be identified.
The following cell lines were selected: human neu-
roblastoma SH-SYS5Y cells, mouse microglial N9
cells, and human astroglial A172 cells [20, 25-27].
A CSF CEC assay using J774 cells as the cholesterol
source was also developed for comparison.

Immortalized cells frequently lose expression of
cholesterol efflux genes [28]. The selected cell lines
and J774 cells were characterized for expression of
cholesterol efflux mediators and cholesterol efflux
by the ABCAl-mediated pathway and desorption-
diffusion and direct transfer mechanisms [11].
N9, A172, and J774 cells expressed all of the
major cholesterol efflux mediator proteins: ABCAI,
ABCG1, ABCG4, and SR-BI (Fig. 1A,B). SH-SY5Y
cells did not express SR-BI (Fig. 1B), in agreement
with published reports that SR-BI is not expressed
in primary neurons [29]. ABCAI1 could be detected
in unstimulated cells; treatment with an LXR ago-
nist of the human cells or with a cAMP analog
of the mouse cells dramatically increased ABCA1
expression (Fig. 1A). Apolipoprotein secreted by the
cholesterol source cells can skew CEC measurement.
SH-SYS5Y, A172, and J774 cells did not secrete apo
E, while NO cells strongly secreted it (Fig. 1C).
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Fig. 2. ABCAl-mediated cholesterol efflux to apo A-I and
desorption-diffusion/direct transfer cholesterol efflux to HDL from
SH-SY5Y, N9, A172, and J774 cells. A) ABCAl-mediated cell
cholesterol efflux to a saturating concentration of purified apo A-I
without and with a treatment with an LXR agonist or cAMP analog.
B) Cholesterol efflux by desorption-diffusion and direct transfer to
HDL. Statistics: mean =+ SD, Student’s ¢ test for unpaired samples
(*p<0.5, *p<0.01, **p<0.001).

Without cell treatment to upregulate ABCALl
expression, cholesterol efflux to a saturating con-
centration of apo A-I (which accepts cholesterol
specifically by the ABCAl-mediated pathway) was
very low in all of the cell types (average + mean
percent of the radiolabeled intracellular cholesterol
released to apo A-I-containing media: 0.47 £ 0.06%
for SH-SYS5Y, 1.20+0.18% for N9, 0.79 £0.16%
for A172, and 0.60 £ 0.09% for J774 cells; Fig. 2A).
An LXR agonist/cAMP analog treatment increased
cholesterol efflux to apo A-I by ~7 fold for SH-SY5Y
and A172, ~4 fold for N9, and ~32 fold for J774 cells

to 3.5+ 0.2% for SH-SYS5Y, 5.8 £0.5% for A172,
4.54+0.2% for N9, and 18.7 = 0.4% for J774 cells.
The order of strength of ABCA1-mediated choles-
terol efflux was J774>>A172>N9 >SH-SY5Y.

ABCGI1, ABCG4, and SR-BI promote cell choles-
terol efflux by increasing the rate of cholesterol
desorption from the plasma membrane, which is the
rate-limiting step in diffusional cholesterol efflux
from the cell surface to extracellular acceptors [11,
30]. SR-BI also mediates direct transfer of choles-
terol from the plasma membrane to HDL by tethering
HDL particles to the cell surface [11]. We used
plasma HDL as a convenient extracellular choles-
terol acceptor to assess cholesterol efflux from the
cells by unmediated and ABCG1-, ABCG4-, and
SR-BI-mediated desorption-diffusion and SR-BI-
mediated direct transfer. The cells were not treated
to upregulate ABCA1 expression, and efflux to
medium without HDL was subtracted from efflux
to HDL. Cholesterol efflux to HDL was 3.3 £0.1%
of the radiolabeled intracellular cholesterol for SH-
SYSY, 3.8+£0.10% for A172, 4.9 £0.20% for N9,
and 9.74+0.24% for J774 cells (Fig. 2B). The
order of strength of desorption-diffusion/direct trans-
fer efflux was J774»N9> A172~SH-SYS5Y. These
results show that the selected neural cells express
all of the major cholesterol efflux mediators (except
for SR-BI in neuronal SH-SYS5Y cells) [11, 31],
increase ABCA1 expression via the LXR/cAMP
transcriptional regulation and efflux cholesterol by
the ABCA1 pathway and desorption-diffusion/direct
transfer mechanisms but release much less choles-
terol as the percentage of intracellular cholesterol
pool in comparison with J774 macrophages.

Adaptation and optimization of the HDL CEC
assay to measure CSF CEC

In the assay for HDL CEC from macrophages,
J774 cells are incubated with radiolabeled choles-
terol, treated with a cAMP analog to upregulate
ABCAL1 expression, and then exposed to plasma
HDL [16]. The cAMP treatment step is included
because ABCAL1 expression and ABCA1-mediated
cholesterol efflux in cells cultured in regular (i.e.,
low cholesterol) growth medium are very low
(Fig. 1A; Fig. 2A) and are not representative
of high ABCAI expression and strong ABCAI-
mediated cholesterol efflux that may be present
in cholesterol-rich macrophages residing in coro-
nary atherosclerotic lesions in vivo [32]. High
intracellular cholesterol rapidly upregulates ABCA1
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expression in macrophages via LXR [33]. The
LXR-ABCALI signaling pathway also functions in
primary neurons, astrocytes, and microglia, probably
in an analogous way to upregulate ABCA1-mediated
cholesterol efflux in response to high intracellular
cholesterol levels [34]. We reasoned that rising intra-
cellular cholesterol in neural cells in vivo (when
the desorption-diffusion/direct transfer pathways of
cholesterol efflux are weak) will trigger upregula-
tion of ABCA1 expression via LXR and engage
ABCA1-mediated efflux. If ABCA1 expression in
the cholesterol source cells were to remain at the low
level seen in untreated cells (Fig. 1A, B; Fig. 2A),
then some CSF would be falsely classified as hav-
ing poor CEC, when in fact it could have high
CEC because of strong cholesterol efflux by the
ABCA1-mediated pathway [35]. Also, single-cell
RNA sequencing studies have found strong ABCA1
expression in the granule neurons of the dentate
gyrus, a part of the hippocampus, in the mouse and in
human inhibitory neurons, microglia, and astrocytes
in the prefrontal cortex [36, 37]. ABCAIl expres-
sion is further increased in inhibitory neurons and
astrocytes of the prefrontal cortex in AD subjects
[37]. For the above reason and to bring ABCA1
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expression to a high, physiologically relevant level
seen in neural cells in single-cell transcriptome
studies, we decided to include an LXR (or cAMP
for the mouse cells) treatment step in the CSF
CEC assay. The LXR/cAMP treatment will induce
changes in the intracellular cholesterol metabolism
in the cholesterol source cells, but except for ele-
vated ABCA1-mediated cholesterol efflux, which is
desirable, none of those changes will impact CEC
measurements.

To optimize the CSF CEC assay, we measured
cholesterol efflux at different CSF amounts and
efflux durations using several CSF samples and J774
and SH-SYS5Y cells. Cholesterol efflux rose lin-
early (R?>=0.95) as the CSF amount was increased
from 16.5 puL to 66 uL per well (i.e., a rise from
22% to 88% CSF in the total 75 pL volume of cell
medium and CSF) even when weak (i.e., SH-SY5Y)
cholesterol source cells were employed to measure
cholesterol efflux to a strong cholesterol acceptor
CSF (Fig. 3A, B). Interestingly, cholesterol efflux to
a weak cholesterol acceptor CSF was essentially the
same regardless of whether strong (i.e., J774) or weak
cholesterol source cells were employed, while choles-
terol efflux to the strong cholesterol acceptor CSF
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Fig. 3. Optimization of the CSF amount and efflux duration for the CSF CEC assays. A, B) Linearity of the relationship between CSF
volumes and cholesterol efflux for a strong and a weak cholesterol acceptor CSF in cholesterol efflux assays employing strong (i.e., J774) or
weak (i.e., SH-SYSY) cholesterol source cells. C) Linearity of the relationship between efflux duration and cholesterol efflux for two CSF
samples in cholesterol efflux assays employing strong cholesterol source cells. Dashed lines indicated the selected CSF volume and efflux

duration.
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Fig. 4. Screening CSF samples using calibrated apo B western
immunoblotting. The anti-apo B-100 antibody was sensitive to as
little as 0.07 wg of LDL protein per lane (left panel). Apo B-100
was detected (>180 wg/mL LDL protein) in two CSF samples (right
panel). 10 pL of CSF were loaded per lane.

was much higher with the strong cholesterol source
cells (Fig. 3A, B). We selected 33 uLL (44%) as the
CSF amount for the CSF CEC assays. Cholesterol
efflux rose linearly (R2>0.90) for all of the tested
CSF samples as the duration of efflux was increased
from 0.5h to 3 h (with the strong cholesterol source
cells), but increases were not linear or did not occur at
longer efflux durations with some of the CSF samples
(Fig. 3C). We selected 2.5 h as the efflux duration for
the CSF CEC assays to keep cholesterol efflux in the
linear range and to limit the impact of apo E secretion
by NO cells (see Materials and Methods for a detailed
protocol).

Screening CSF samples for apo B/blood
contamination

Plasma contains apo B-lipoprotein (e.g., low-
density lipoprotein, LDL), which is a major
source of cholesterol influx into cells. To elimi-
nate this confounder, plasma is treated to precipitate
apo B-lipoprotein, leaving HDL and some minor,
non-lipoprotein cholesterol acceptors in the apo B-
depleted fluid [38]. CSF of cognitively healthy and
AD individuals contains very small amounts of apo
B-lipoprotein [19, 39-41] and does not require apo
B-lipoprotein depletion. However, CSF samples are
frequently contaminated with blood [42]. Contami-
nating blood HDL and apo B-lipoprotein may skew
CSF CEC measurements. We screened the CSF that
were to be used for CSF CEC measurement by a cali-
brated apo B western immunoblotting to identify and
eliminate from further investigation blood contam-
inated samples. Two samples (~7% of this sample
group) were found to contain > 180 wg/mL LDL pro-
tein and were not further used; the remaining samples
had no detectable apo B (Fig. 4).

Frequent contamination of banked CSF with apo
B/blood

To further explore how frequently banked CSF is
contaminated with blood, we measured apo B in 51
CSF samples from cognitively healthy and 43 CSF
samples from AD individuals in a biobank at the
Perelman School of Medicine using a sensitive apo
B ELISA. CSF CEC from N9 cells was also mea-
sured in the 51 samples from cognitively healthy
subjects. One approach to screening for CSF blood
contamination is to exclude CSF samples with the
serum/plasma apo B to CSF apo B concentration
ratio > 6000 [40, 43]. However, serum/plasma sam-
ples are often not available for the individuals who
donated CSF, or serum/plasma and CSF were col-
lected far apart in time. We took a different approach.
We looked for the threshold concentration value of
CSF apo B, so that after excluding the CSF sam-
ples with apo B concentrations above this value, the
remaining CSF samples had the reported normal apo
B concentrations, and CEC values of the remain-
ing samples did not significantly correlate with the
sample apo B concentrations. Such threshold value
for the samples from cognitively healthy individ-
uals was 140 pg/mL. After excluding the samples
with apo B concentrations > 140 pwg/mL, the average
apo B concentration in the remaining CSF samples
was 0.10£0.03 pg/mL, which is the same as the
reported apo B concentration (0.11 4= 0.06 pg/mL) in
contamination-free samples [40]. There was a sig-
nificant correlation (Pearson’s r=0.51, p<0.0001)
between CSF CEC values and apo B concentrations
in the complete collection of samples from cogni-
tively healthy subjects, but after the exclusion of
the samples with apo B> 140 wg/mL, the correla-
tion was no longer significant (r=0.29, p=0.11).
CSF CEC of the samples with apo B <140 pg/mL
was significantly lower than CSF CEC of the sam-
ples with apo B> 140 pg/mL (0.97 £0.23 versus
1.4+£0.35, p<0.0001). Apo B contamination at
the level > 140 wg/mL was present in 39% of the
CSF samples from cognitively healthy and 47%
of the CSF samples from AD individuals. After
the exclusion of CSF samples from AD individ-
uals with apo B concentrations > 140 pg/mL, the
average apo B concertation in the remaining sam-
ples was 0.09 £0.03 pg/mL. These results confirm
widespread contamination of banked CSF with blood
and demonstrate the effect of blood contamination on
CSF CEC values.
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Descriptive statistics of CSF CEC from SH-SY5Y,
N9, A172, and J774 cells

CSF CEC from SH-SYS5Y, N9, A172, and J774
cells was measured in the same 22 CSF samples.
This was remnant CSF from a clinical testing labo-
ratory. No demographic, clinical, or genetic data are
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Cholesterol source cells

-
o
1

Cumulative relative frequency

0 1 2 3 4
Bin center

Fig. 5. Distribution of the CSF CEC values. A) A violin plot.
Median — solid line; 25% and 75% quartiles — dashed lines. B) A
cumulative relative frequency plot of CSF CEC.

available for the CSF donors. CSF CEC values were
distributed lognormally (Fig. 5). The ratios of SD to
mean for the four metrics were between 0.44 and 0.49.
Table 1 presents descriptive statistics of CSF CEC.

Correlation of CSF CEC with CSF cholesterol
and apolipoprotein concentrations

If CSF CEC is very tightly correlated with CSF
cholesterol or apolipoprotein concentrations, then
it is unlikely to give a better prediction of AD
than what the cholesterol and apolipoprotein con-
centration biomarkers already provide. We measured
cholesterol, apo A-I, apo E, and clusterin (also called
apolipoprotein J) concentrations in the 22 CSF sam-
ples (Table 2). Pearson’s correlation coefficients were
calculated on log-transformed values of CSF CEC
and concentrations of cholesterol, apo A-I, and clus-
terin. Apo E concentrations were not log-transformed
for the analysis. CSF CECs from N9 and J774 cells
were significantly correlated with CSF cholesterol,
apo A-I, and clusterin (Pearson’s correlation coef-
ficient r=0.82-0.86 for CSF CEC from N9 cells
and r=0.79-0.90 for CSF CEC from J774 cells;
Fig. 6, Table 3). CSF CEC from SH-SYS5Y cells
was more correlated with CSF cholesterol and clus-
terin (=~ 0.8) but less correlated with CSF apo A-I
(r=0.67). CSF CEC from A172 cells was the least
correlated of the four metrics with CSF cholesterol,
apo A-I, or clusterin (r~0.6-0.7). CSF apo E con-
centrations were poorly correlated with CSF CEC.
r coefficients in the range 0.6—0.8 indicate moderate
to moderately strong correlation [22]. These results
suggest that the CSF CEC metrics vary independently
from CSF cholesterol and lipoprotein concentrations
to an extent and may associate with AD better than
the concentration biomarkers.

Poor agreement among the CSF CEC metrics in
the assessment of CSF quality as cholesterol
acceptor

It is important to determine whether CSF CECs
from SH-SYS5Y, N9, and A172 cells are largely inter-

Descriptive statistics of CSF CEC (n=22)

CSF CEC from CSF CEC from CSF CEC from CSF CEC from
SH-SYS5Y cells NO cells A172 cells J774 cells
(unitless) (unitless) (unitless) (unitless)
Mean + SD 1.19+£0.53 1.31+0.64 1.29+0.57 1.39+0.65
Median (interquartile range) 1.12 (0.86 — 1.36) 1.21 (0.84 - 1.49) 1.14 (0.86 — 1.55) 1.16 (0.94 - 1.79)
Geometric mean £ geometric SD 1.09+1.53 1.20+1.51 1.19+1.49 1.28 +1.49

CSF CEC, cerebrospinal fluid cholesterol efflux capacity.
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Table 2
Descriptive statistics of CSF cholesterol, apo A-I, apo E, and clusterin concentrations (n=22)
Cholesterol Apo A-1 Apo E Clusterin Phospholipid
(pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL)
Mean + SD 2.79+1.28 432+1.94 8.66+2.15 6.76 £3.37 2.80£1.10
Median (interquartile range) 2.52(1.53-4.34) 3.97((2.66-534) 791(7.30-10.97) 6.27 (3.98-8.76) 2.76(1.97 —3.44)
Geometric mean £ geometric SD 2.53+1.58 3.89+1.62 8.42+1.28 6.06+1.62 2.51+1.76

Apo A-1, apolipoprotein A-I; apo E, apolipoprotein E; CSF CEC, cerebrospinal fluid cholesterol efflux capacity.

0.6
r=0.78

0.4+

0.2 o

0o -0 (u]

DID T 1
-0.2- 02 04 06 08
Log-transformed
CSF cholesterol

0.0

Log-transformed CEC
from SH-SY5Y cells

r=0.66
0

o &
[m] (m]

0.0 7 @P T 1

Log-transformed CEC
from A172 cells
o
N
1

o
0.2 0.4 0.6 0.8
Log-transformed

CSF cholesterol

8 0.6 o
S, r=0.82
T= 0.4
@
£ 8
.,g% 0.2 g ©
55 0
& 0.0 iy g T 1
=4 (u]
S 02
0.2 0.4 0.6 0.8
Log-transformed
CSF cholesterol
[&] 0.6
w = (m]
S r=0.79
B3 047 o
EE (u]
O 0.2 (m]
2 ]
(u}
g5 00 T T 1
o ¥ o
o [a}
= -0.2- 02 04 06 08
Log-transformed
CSF cholesterol

Fig. 6. Correlation between CSF CEC from SH-SYS5Y, N9, A172, and J744 cells and CSF cholesterol. Pearson’s r values are shown.

Table 3
Association of CSF CEC with CSF concentrations of cholesterol and major CSF apolipoproteins (n=22)

CSF CEC from CSF CEC from CSF CEC from CSF CEC from

SH-SYS5Y cells N9 cells A172 cells J774 cells
Cholesterol 0.78 (0.47-0.92)*** 0.82 (0.55-0.94)*** 0.66 (0.24-0.87)** 0.79 (0.47-0.92)***
Apo A-1 0.67 (0.31-0.86)** 0.83 (0.62-0.93)*** 0.58 (0.14-0.83)* 0.79 (0.54-0.90)***
ApoE 0.55 (0.03-0.83)* 0.53 (0.02-0.82)* 0.59 (0.11-0.84)* 0.50 (0.01-0.81)™
Clusterin 0.81 (0.49-0.93)*** 0.86 (0.61-0.95)"** 0.72 (0.33-0.90)** 0.90 (0.73-0.97)"**

Apo A-I, apolipoprotein A-I; apo E, apolipoprotein E; CSF CEC, cerebrospinal fluid cholesterol efflux capacity. Pearson’s correlation
coefficient r (95% CI); *p <0.05; **p <0.01; **p <0.001; ns — not significant.

changeable measures of the same property of CSF
or are distinct measures of different properties of
CSF. There was no significant difference among the
CSF CEC metrics by ¢ test. Visual inspection of the
data suggested, however, that there was disagreement
in the ordering of CSF samples by quartile: some
samples were in one quartile by one CSF CEC mea-
sure and in a different quartile by another CSF CEC
measure. Lin’s concordance correlation coefficients
(r¢), a statistic for method agreement, were calcu-
lated for each pair of the CEC metrics (Table 4). CSF
CECs from N9 and J774 cells were in good agree-
ment regarding CSF quality as cholesterol acceptor
(r¢=0.94). CSF CECs from SH-SY5Y and A172

cells were in poor agreement with each other and
with CSF CEC from N9 cells (r. =0.71-0.76). These
results suggest that CSF CEC from NO cells and CSF
CEC from J774 cells measure essentially the same
property of CSF and are interchangeable, while CSF
CECs from SH-SYS5Y, N9, and A172 cells measure
different properties of CSF and are potentially inde-
pendent biomarkers of AD.

Predictive models of CSF CEC based on CSF
concentrations of cholesterol acceptors

Stepwise multiple linear regressions were con-
ducted to predict CSF CEC based on CSF
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Agreement among CSF CECs from SH-SYSY, N9, A172, and J774 cells in the assessment of CSF quality as cholesterol acceptor

CSF CEC from
SH-SYS5Y cells

CSF CEC from
NO cells

CSF CEC from
A172 cells

CSF CEC from
J774 cells

CSF CEC from SH-SYSY cells

CSF CEC from N9 cells 0.76 (0.50-0.90)
CSF CEC from A172 cells 0.74 (0.43-0.89)
CSF CEC from J774 cells 0.71 (0.43-0.86)

0.76 (0.50-0.90)

0.75 (0.45-0.90)
0.94 (0.86-0.98)

0.74 (0.43-0.89)
0.75 (0.45-0.90)

0.71 (0.43-0.86)
0.94 (0.86-0.98)
0.76 (0.46-0.90)
0.76 (0.46-0.90)

CSF CEC, cerebrospinal fluid cholesterol efflux capacity. Lin’s concordance correlation coefficient r. (95% CI).

concentrations of apo A-I, apo E, clusterin, and
phospholipid (Table 2 contains descriptive statistics
for CSF phospholipid). The best-fitting model pre-
dicting CSF CEC from SH-SYSY cells consisted
of CSF phospholipid (R>=0.87, p<0.0001). The
best-fitting model for predicting CSF CEC from
NO cells included apo A-I and clusterin (R2 =0.90,
p<0.0001), added in step 1 and 2, respectively. Clus-
terin comprised the best-fitting model for predicting
CSF CEC from A172 cells (R?=0.62, p=0.0005).
Addition of other variables did not significantly
improve prediction. These results suggest that neu-
rons, microglia and astrocytes rely on different
cholesterol acceptors in CSF for intracellular choles-
terol efflux.

DISCUSSION

Inability to access intracellular cholesterol in
neural tissues in epidemiological studies hampers
research into the role of cholesterol in AD. To address
this impediment, we established CSF CEC assays
that access intracellular cholesterol in neural cells in
the context of AD. CSF CEC is the normalized per-
centage of intracellular cholesterol that is released
from standard neural cholesterol source cells to a vol-
ume of CSF in a unit of time. The cholesterol source
cells represent the primary cells in which intracellu-
lar cholesterol accumulation and cholesterol efflux
are likely to affect AD pathogenesis. Intracellular
cholesterol levels in neurons, microglia, and astro-
cytes bear on AD pathogenesis in some way [1-5].
Therefore, three related assays were developed to
measure CSF CEC from neurons, microglia, and
astrocytes. Human neuroblastoma SH-SYS5Y, mouse
microglial N9 and human astroglial A172 cells were
chosen to represent the relevant cell types and to
be used as the cholesterol source cells [20, 25-27].
The fourth assay using J774 macrophage cells as
the cholesterol source was developed for compari-
son. CSF CECs from SH-SYS5Y, N9, and A172 cells
were moderately to moderately strongly correlated

with CSF concentrations of cholesterol, apo A-I, and
clusterin. HDL CEC from macrophages correlates
with plasma HDL cholesterol and apo A-I concentra-
tions with similar strength in some studies and still
independently associates with ASCVD and other dis-
orders [18, 44, 45]. CSF CECs from N9 microglia
and J774 macrophages agreed very well in apprais-
ing CEC of CSF samples, indicating that these cell
types are very similar with respect to the usage of
cholesterol acceptors in CSF, which is not surpris-
ing given the similarity of cell function. CSF CECs
from SH-SYS5Y, N9, and A172 cells agreed poorly
with one another in appraising CEC of CSF samples
and furthermore were predicted by models consist-
ing of different CSF cholesterol acceptors in multiple
linear regression analysis. These findings indicate
that neurons, microglia, and astrocytes use different
cholesterol acceptors in CSF and that CSF CECs from
these cell types are distinct metrics, one or more of
which may independently predict AD and provide
fresh insight into the role of cholesterol in AD patho-
genesis in epidemiological studies.

Four points arising from the present work require
further emphasis. First, because cell types differ in the
usage of cholesterol efflux pathways and extracellular
cholesterol acceptors, it is critical that the choles-
terol source cells in the CSF CEC assay express the
same cholesterol efflux pathways as the primary cells
whose intracellular cholesterol levels and choles-
terol efflux the assay is designed to access. This is
achieved by employing cholesterol source cells that
are of the same type as the relevant primary cells
and by pharmacologically activating certain efflux
pathways (i.e., activating ABCA 1-mediated efflux by
using an LXR agonist/cAMP analog). Intracellular
changes in cholesterol metabolism in the cholesterol
source cells that do not affect cholesterol efflux also
do not bear on CSF CEC measurements. Second,
we verified previously published observations that
banked CSF is frequently contaminated with blood
[42] and demonstrated the impact of blood contami-
nation on CSF CEC values. It is important that CSF
samples are screened for contamination before mea-
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suring CEC. Because contamination is widespread,
while CSF samples are scarce, it may be necessary to
treat CSF to deplete contaminating apo B-lipoprotein
(although this will not address contaminating plasma
HDL). Apo B depletion from plasma does not change
cholesterol efflux to plasma HDL [46]. This needs
to be shown for apo B depletion from CSF. Third,
CSF CEC from neurons, microglia, and astrocytes
were highly correlated with CSF clusterin, and lin-
ear regression models predicting CSF CEC from
microglia and astrocytes included clusterin. In com-
parison with apo A-I and apo E, CSF clusterin is
poorly lipidated [47], and this may account for its
large contribution to cholesterol uptake. CLU, the
gene encoding clusterin, is associated with AD in
genome-wide association studies [9, 10]. It is plau-
sible that the AD-associated CLU variants affect AD
pathology by modulating clusterin involvement in
cholesterol efflux. Fourth, we developed CSF CEC
assays for three neural cell types, because studies in
vitro and in mouse AD models suggest that intra-
cellular cholesterol in those three cell types affects
AD pathogenesis. All three metrics should be mea-
sured on the same CSF samples at least in the
initial epidemiological investigations to determine
whether intracellular cholesterol in the same cell
types also affects AD pathogenesis in humans. CSF
CEC from the cell types with AD-relevant cholesterol
metabolism will associate with AD independently of
the other CSF CEC metrics and CSF cholesterol and
apolipoprotein concentrations.

We propose to measure CSF CEC as a proxy for
intracellular cholesterol in neural tissues, whereby
low CSF CEC indicates high intracellular choles-
terol. Applicability of CSF CEC for this purpose rests
on the hypothesis that cholesterol efflux to HDL has
the same high significance to intracellular cholesterol
levels in neural cells as it does in macrophages, i.e.,
when it falters, intracellular cholesterol levels in those
cell types sharply rise. Certain types of neurons (e.g.,
hippocampal pyramidal cells and interneurons; [48])
strongly express cytochrome P450 family 46 subfam-
ily A member 1 (CYP46Al), a cholesterol 24(S)-
hydroxylase. In young mice and rats, catabolism of
cholesterol to 24(S)-hydroxycholesterol, which read-
ily diffuses through the blood-brain barrier into the
systemic circulation, accounts for half of all choles-
terol disposal from the brain [49, 50]. Catabolism to
24(S)-hydroxycholesterol is also a major means of
brain cholesterol disposal in the human [51]. Glial
cells do not express CYP46A1 and have no presently
known alternatives to efflux to extracellular accep-

tors for cholesterol elimination [52, 53]. Cholesterol
removal via HDL from glial cells likely accounts
for the other half of the cholesterol disposal from
the brain [52]. Thus, CSF CECs from microglia and
astrocytes are more likely than CSF CEC from neu-
rons to reflect intracellular cholesterol levels in the
corresponding cell types.

Yassine et al. [54] and Marchi et al. [55] have
developed assays to measure cholesterol efflux
pathway-specific CSF CECs using heterologous cells
or J774 macrophages as the cholesterol source cells.
Yassine et al. used baby hamster kidney 21 (BHK-
21) cells expressing human ABCAL in an inducible
manner as the cholesterol source cells and found that
CSF CEC for the ABCA1-mediated pathway is sig-
nificantly reduced in individuals with mild cognitive
impairment and AD. Marchi et al. used J774 and Chi-
nese hamster ovary (CHO) cells stably expressing
human ABCGTI as the cholesterol source cells and
found that CSF CECs for the ABCA1- and ABCG1-
mediated pathways are significantly reduced in AD
individuals in comparison with cognitively healthy
and non-AD dementia subjects. These studies have
two drawbacks: usage of heterologous cells as the
cholesterol source cells and inability of pathway-
specific CSF CEC metrics to reveal in which cells
types these pathways are relevant to AD. ABCA1
pathway-specific HDL CECs measured using J774
cells and macrophage cells RAW 264.7 are highly
correlated (Pearson’s r=0.92 [38]); while ABCA1
pathway-specific HDL CECs measured using BHK-
ABCAT1 and J774 cells are poorly correlated (r=0.56
[56]). This is likely because other cholesterol efflux
pathways affect ABCAl-mediated efflux, and BHK
cells differ substantially from J774 and RAW 264.7
cells in the expression of cholesterol efflux pathways.
Nonetheless, these and our own preliminary observa-
tions that CSF CEC from microglia is reduced in mild
cognitive impairment individuals [57] offer a lot of
promise for the CSF CEC metrics as a new tool to
probe AD pathogenesis.

The most significant limitation of this study is the
lack of demographic, clinical, and genetic data for
the 22-subject cohort. Furthermore, the CSF samples
came from clinical testing laboratories and were
selected mostly at random. Most of the individuals
referred for CSF testing must have had a condition.
It could be that some conditions raise CSF and
others lower it. There is also sex dimorphism in
CSF CEC [57]. These factors could contribute to
a greater spread of CSF CEC values and, because
Pearson’s correlation coefficient is very sensitive to
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data spread, would lead to an overestimate of the
association between CSF CEC and CSF cholesterol
and lipoprotein.

In summary, we devised CSF CEC assays to
address the role of intracellular cholesterol and
cholesterol efflux in neurons, microglia, and astro-
cytes in the pathogenesis of AD. Key features of the
CSF CEC assay design are: cholesterol source cells
are of the same type as the primary cells whose intra-
cellular cholesterol the assays access; cholesterol
source cells are treated to activate ABCA1-mediated
cholesterol efflux; CSF samples are screened for apo
B/blood contamination before measuring CSF CEC.
CSF CECs from neurons, microglia, and astrocytes
measured in a small cohort were correlated with
CSF cholesterol and apolipoprotein concentrations
but not too tightly, were in poor agreement regard-
ing CEC values of individual CSF samples and were
predicted based on models that included different
CSF cholesterol acceptors. These characteristics of
the new metrics signal a potential for independent
association with AD and provision of fresh insight
into AD pathology.
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