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Abstract

We propose the hypothesis that small high-density lipoprotein (HDL) particles reduce the risk
of Alzheimer’s disease (AD) by virtue of their capacity to exchange lipids, affecting neuronal
membrane composition and vascular and synaptic functions. Concentrations of small HDLs in
cerebrospinal fluid (CSF) and plasma were measured in 180 individuals =60 years of age using
ion mobility methodology. Small HDL concentrations in CSF were positively associated with
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performance in three domains of cognitive function independent of apolipoprotein E (APOE &4
status, age, sex, and years of education. Moreover, there was a significant correlation between
levels of small HDLs in CSF and plasma. Further studies will be aimed at determining whether
specific components of small HDL exchange across the blood, brain, and CSF barriers, and
developing approaches to exploit small HDLs for therapeutic purposes.
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1| NARRATIVE

Brain autopsy studies have long demonstrated the accumulation of lipid droplets! in
Alzheimer’s disease (AD), starting with Alois Alzheimer’s initial description of “adipose
saccules” in the brain in 1907.2 Interest in peripheral cholesterol metabolism in relation to
the brain was sparked by an association of greater plasma cholesterol levels in midlife with
an increase in AD risk.34 Moreover, there were reports that lower plasma HDL cholesterol
(HDL-C) levels were associated with increased severity of AD, and conversely that higher
HDL-C levels were associated with better cognitive function.® Overall, however, results of
studies examining the associations between plasma HDL-C levels and AD risk have been
inconsistent, such that a metaanalysis of 100 studies did not demonstrate this relationship to
be significant.” Similarly, measures of brain cholesterol content had inconsistent associations
with AD, with reports of reduced, increased, and no changes in brain cholesterol levels in
patients with AD dementia compared to controls.8

A limitation of studies based on measurement of HDL-C levels in plasma is that

this measure does not capture the functional properties of HDL particles that transport
cholesterol. Moreover, HDL particles comprise a diverse spectrum of lipid-protein
complexes of differing size, structure, and function.®10 The brain makes HDL-like particles,
but to date these have been incompletely characterized. Although they carry fewer lipids
compared to larger HDLs, small HDLs have functional properties such as cholesterol

efflux capacity.11:12 Herein we present data supporting the hypothesis that measurement
and characterization of small HDL particles in cerebrospinal fluid (CSF) provides novel
information bearing on AD risk that better captures their functions than cholesterol levels.

1.1 | Genetic associations of AD with genes affecting cholesterol and HDL metabolism

Among genetic variants associated with AD risk in genome-wide association studies

are a number at loci for proteins that impact HDL structure and function. These

include apolipoprotein E (APOE) and apolipoprotein J (APO.) (encoding apolipoprotein
components of HDL), the ATP binding cassettes 7 (ABCA?), and Subfamily G Member

1 (ABCG]I) (encoding membrane proteins that transport lipids onto HDL), and Sortilin
Related Receptor 1(SORL 1), Bridging Integrator 1 (B/N1), Phosphatidylinositol Binding
Clathrin Assembly Protein (P/ICALM) (encoding proteins involved in the cellular uptake
and recycling of HDL).23-15 |n addition, gene sequencing has identified associations of rare
variants of the ATP-binding cassette 1 (ABCAJ) (mediates cellular efflux of cholesterol and
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phospholipids to form HDL) with AD risk.16:17 These associations support a key role for
proteins affecting HDL structure and function in the pathogenesis of AD.

1.2 | Brain lipoprotein particles

Compared to plasma, much less is known about brain lipoprotein particle composition

and structure.10 Plasma HDL, predominantly made of apolipoprotein A-1 (apoA-I), is
comprised of multiple size subspecies ranging in particle diameter from 7 to 14.5 nm,

of which five can be discriminated by non-denaturing gradient gel electrophoresis.18 These
have been grouped into two major categories corresponding to the subclasses classically
defined by ultracentrifugation: HDL 3 (3a, 3b, and 3c) and HDL 2 (2a and 2b). lon
mobility (IM) can discriminate the largest of these (HDL2b, 10.5-14.5 nm) from the smaller
species.19 In CSF, some of these particles are in the density and size range of plasma HDL,
although there are major compositional differences between these species.20-2 The major
brain-derived apolipoproteins include apoE, apoJ, and apoD. Although astrocytes are the
predominant source of apoE, microglia also produce a limited amount of lipid-poor apoE.22
The contributions of microglial apoE to AD pathology are currently not clear.23

1.3| ABCAL, small HDL particles, and brain amyloid deposition

Cellular lipid efflux mediated by ABCA1 results in the formation of nascent small HDL
particles.11:12 In the brain, ABCA1 mediates the lipidation of apoE to form apoE HDLs.24
Nascent lipid-poor discoidal HDL particles rapidly acquire lipids to form small HDLs.2
ABCGL1 completes the lipidation of small HDLs (by transferring more cholesterol and
lipids) to form larger HDLs.26 ApoE HDL promotes amyloid beta (Af) degradation in
astrocytes and microglia.27-28 In animal models, knocking out ABCA1 has been shown to
decrease brain apoE levels and increase lipid-poor apoE and brain amyloid deposition.29:30
Furthermore, overexpression of ABCA1 increases apoE HDL and decreases brain amyloid
deposition.3! Lipid-poor apoE protein aggregates seem to play an important role in reducing
ABCAL1 function.?8 ApoE4, due to its greater potential to self-assemble or aggregate, traps
ABCAL1 in endosomes, hindering its membrane recycling and its ability to lipidate apoE.28
Restoring ABCAL1 activity by an ABCAL agonist peptide in ApoE4 targeted replacement
mice allows the formation of apoE-containing HDL. Among the various HDLs, small HDLs
have the most efficient ABCA1 cholesterol efflux capacity.11:12 Notably, ABCA1-mediated
cholesterol efflux by CSF in patients with AD is reduced compared with non-demented
controls.32 Therefore, measuring small HDL particles in CSF may provide a surrogate
marker of ABCAL function and apoE lipidation in the brain.

1.4 | HDL, membrane lipids, and synaptic plasticity

Glial cholesterol and other lipids delivered to neurons by apoE-containing HDLs are
necessary to support the high lipid demands imposed by the synthesis of new membranes
that influence synaptic connectivity following brain damage and neurodegenerative
insults.33:34 Notably, ABCAL1 is actively involved in the brain’s plastic response to
neurodegeneration and deafferentation for making new synaptic connections.3® In a model
of entorhinal cortex lesioning that leads to deafferentation of the hippocampus followed by
reinnervation, upregulation of ABCAL, but not ABCG1, resulted in a significant increase
in the acetylcholine esterase activity in the ipsilateral hippocampus.3> The co-expression of
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apoE with ABCAL by the liver X receptor and retinoid X receptor (LXR/RXR) system36 in
astrocytes confirms the importance of apoE lipidation after its synthesis to support neuronal
connectivity. HDLs have additional effects on the structure and function of the neuronal
membrane lipid bilayer, where insertion of cholesterol into the membrane has profound
effects on membrane-embedded proteins such as the amyloid precursor protein (APP).37 By
controlling cholesterol biosynthesis and efflux, cholesterol content of neurons is kept low,
thereby inhibiting A accumulation.38

1.5| Small HDLs and inflammation

In addition to interacting with ABCA1, apoE-containing small HDLs may also activate
ABCAT7 and promote its recycling to the plasma membrane, similar to ABCA1.28
ABCAT7 promotes the efflux of phospholipids from plasma membranes.*? The function
of this transporter protects vulnerable cells from deleterious lipids that accumulate during
normal function and aging. Similar to atherosclerosis, where lipid-loaded macrophages or
“foam cells” accumulate in arterial walls and elicit a chronic inflammatory state,*! the
accumulation of lipid droplets in astrocytes and microglia can promote an inflammatory
response.l Small HDLs can mitigate the effects of lipid accumulation through clearing
cellular membranes from neurodegenerative lipids for exchange within brain cells or outside
the brain. The accumulation of lipids in an inflammatory state creates a milieu that can
damage the integrity of the blood-brain barrier (BBB),%243 impair synaptic plasticity, and
result in cognitive decline.

1.6 | Small HDLs and vascular functions

There is abundant evidence that cardiovascular disease and cardiovascular risk factors
play an important role in the etiology of AD.#4 Plasma HDLs have protective effects on
vascular functions, which include protecting against cerebral amyloid angiopathy.*> One
of HDL’s functions involve scavenging of oxidized lipids,¢ which protects the vascular
wall from atherosclerosis. LDL oxidation increases LDL uptake by macrophage scavenger
receptors, forming fatty streaks. HDL particles, primarily small HDLs,*’ provide potent
protection of LDL from oxidative damage by free radicals. It is plausible that the ability of
small HDLs to scavenge oxidized lipids in the cerebral blood vessels can reduce AD risk,
particularly before the onset of dementia. Vasoprotective HDLs provide one explanation for
the association of lower LDL and greater HDL cholesterol levels in midlife with lower AD
risk decades later.48

1.7 | Small HDLs as a therapeutic target

In amyloid mouse models, several interventions targeting apoE lipids have shown promising
anti-AD effects, reducing Ag deposition, and improving cognitive functions. These included
the oral administration of the RXR agonist bexarotene,® the Peroxisome Proliferator
Activated Receptor Gamma (PPAR y) agonist pioglitazone combined with the LXR agonist
GW3965,%0 and the Acyl-CoA: cholesterol acyltransferase 1 (ACAT1) enzyme inhibitor.51 A
functional polymorphism in CETP, encoding the cholesteryl ester transfer protein (CETP),
has been shown to be associated with decreased AD risk,>2 and CETP inhibitors are

being explored for AD. It is interesting to note that these drugs promote ABCA1-mediated
cholesterol efflux to form small HDLs.53 Treatment with ABCA1 agonist peptide CS6253
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increases the formation of small HDLs.3* APOE 2 homozygotes are protected from

AD,%5 and overexpression of APOE &2 allele increases apoE lipidation,>8 and reduces
insoluble ApB42 in the hippocampus.®” Therefore, accurate measurement of HDL in CSF in
relation to cognitive outcomes can guide the development of newer interventions focused on
mechanisms that enhance apoE lipidation.

1.8| Exchangeability of HDL across the blood-brain and blood-CSF barriers

There is limited information regarding the exchangeability of HDLs and their components
across the BBB and the blood-CSF barrier (BCSFB). There are several apolipoproteins
found in CSF that are not made in the brain, including apoA-1,%8 apoA-11,%° and apoC-111.89
Some evidence supports that small HDLs containing these apolipoproteins can traverse

the BBB and BCSFB. For example, discoidal, lipid-poor apoA-I-HDL, which constitutes

a small fraction of plasma apoA-1,2° is able to cross the BBB in vitro.1 Moreover,
radiolabeled small HDLs can bind to the luminal membrane of brain capillary endothelial
cells with high affinity and high specificity.52 In vivo imaging studies have identified

a route of entry for circulating lipid-free apoA-I into the brain via the choroid plexus

(CP) epithelium.53 Peripheral apoA-1 is suspected to aid in the transport of other plasma
proteins across the BCSFB.59:63.64 Upon entry into the CSF, plasma-derived apoA-1 and
apoA-I1 form lipoprotein complexes with brain-derived apoE, 2059 potentially limiting self-
aggregation of apoE®® that alters its binding to its receptors.%> Correlations between plasma
and CSF apolipoprotein concentrations further support a mechanism of exchange between
the plasma and CSF compartments.®466 In contrast to apoA-1, apoE exchange across the
BBB and BCSFB appears to be limited. In human liver transplant recipients, serum apoE
phenotypes match that of their respective liver donors, whereas CSF apoE phenotypes
remain unchanged.5” Similarly, human apoE3 is not detected in CSF after intravenous
injection into C57BL/6J mice.%8 It remains unclear, however, whether apoE isoforms differ
in their ability to cross the BBB or BCSFB. A model for small HDL exchange across the
blood-CSF barrier with implications for neuronal functions is provided in Figure 1. The
observation of both ABCA1 and ABCG1 on the CP epithelium supports the hypothesis that
they mediate lipidation of apolipoproteins derived from the peripheral circulation following
entry into the CSF compartment.69.70

The purpose of the present study was to test the hypothesis that greater levels of small
HDLs in CSF are associated with lower AD risk, as assessed by better performance on
measures of cognition, and a positive correlation with greater CSF AB42 levels as a
surrogate of lower cerebral amyloidosis. Concentrations of small (7-10.5 nm) and large
(10.5-14.5 nm) HDLs in matched CSF and plasma samples were measured using IM in 180
individuals aged =60 years from the University of Southern California (USC) Alzheimer
Disease Research Center (ADRC) and Huntington Memorial Research Institute (HMRI)
Aging Program (Table 1), and apolipoprotein and lipid concentrations were measured in a
representative subset of 80 samples. Concentrations of small HDLs in CSF were positively
correlated with better performance in cognitive functions independent of APOE 4 status,
age, sex, and education years. These associations were stronger in persons without cognitive
impairment, implicating a role for small HDLs in prevention. Small HDL levels in CSF
significantly correlated with greater CSF AB42 levels. We observed that small, and not large
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HDL particles, correlated with CSF lipid levels, potentially representing novel targets for
treatment. Moreover, significant correlations of levels of small HDLs as well as specific
protein and lipid HDL components were observed between CSF and plasma, supporting
common mechanisms that promote their formation across the BCSFB that likely involve
apoE.

The study has some limitations. Lipoprotein particles in plasma and CSF have differences
in protein and lipid composition and may not be properly defined by their size. Even

within the size range of small HDLs in CSF, several subpopulations exist from poorly
lipidated to lipidated HDL particles, and it is still not clear which subpopulation is driving
neuroprotective properties. It is important to note that lipid poor apoE protein aggregates
are not likely to be in the size range or shape of small HDLs.28.65 Ongoing studies at our
labs are examining the structure and composition of these particles, including their effects on
neuronal/vascular membranes. More work is also needed to determine if there is exchange
of specific small HDL constituents between the brain and the systemic circulation, and to
test the possibility that systemically derived HDL components affect brain lipidation and
ultimately the risk of neurodegenerative diseases. We acknowledge that the cohort studied

is heterogenous and that the results may not be generalizable. We intend to expand the
present cohort to better characterize the association between small CSF HDLs and cognitive
function in distinct populations that differ by disease stage, ethnicity, sex, APOE genotype,
and cognitive outcomes. We recognize that with cross-sectional study designs, it is not
possible to infer causality. Here, greater levels of small HDLs were associated with some
measures of lower AD risk, captured by the performance on cognition measures and CSF
ApA2. Studies in longitudinal cohorts will assess whether measurements of small HDLs

in plasma and/or CSF are predictive of cognitive outcomes. In addition, strategies that can
increase small HDLs, for example, treatment with ABCA1 agonists (eg, CS625328) are now
being tested in monkeys and humans, and could lead to new therapeutic options for AD
prevention.

In conclusion, our current findings, together with the known functions of small HDLs,
form the basis for proposing the small HDL hypothesis of AD. Confirmation of the role of
small HDLs in the early stages of AD has important implications for AD prevention and
management. Measurements of neuroprotective small HDLs or its components in plasma
and CSF could serve as biomarkers for guiding future clinical trials of AD prevention, and
determination of their exchange between plasma and CSF could aid in the development of
novel therapeutic agents.

2| CONSOLIDATED STUDY DESIGN AND RESULTS

One hundred eighty men and women with a mean age of 76.6 years and body mass index
(BMI) of 26.8 were enrolled in the University of Southern California (USC) Alzheimer
Disease Research Center (ADRC) and Huntington Memorial Research Institute (HMRI)
Aging Program. Table 1 presents participant demographics. Of the sample population, 111
were female and 69 were male. In addition, 165 of the sample population identified as
non-Hispanic/Latino, and 15 identified as Hispanic/Latino. There were 53 (30%) APOE &4
carriers and 126 (70%) non-&4 carriers. Among a subset of 7= 141 in whom cognition was
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assessed, 101 had no domain impairment, 31 had one domain impaired, and 9 had two or
more domains impaired and were not included in the cognitive analyses.

A significant positive correlation was observed between levels of small HDL particles in
plasma and CSF (Figure 2A). There was a trend for a stronger correlation between CSF
and plasma small HDLs among non-APOE &4 carriers (interaction 2= .077). In contrast,
there was no correlation between large HDL particle numbers in plasma and CSF (Figure
S1A). Protein and lipid concentrations were measured in a subset of matched CSF and
plasma samples (n7= 80, Table S1) that are representative of the whole cohort. Significant
correlations were observed between CSF and a number of plasma HDL-associated proteins
and lipids (CSF proteins and lipid levels were adjusted to albumin) (Figure 2B and C).
Among HDL proteins in CSF, only apoE levels were significantly correlated with small
HDL concentrations (Figure 2D). This correlation was not modified by APOE genotype
(Figure S1B). Major CSF lipids such as sphingomyelin (SM) and phosphatidylcholine (PC)
were significantly associated with CSF small HDL concentrations (Figure 2E and F). This
finding is not surprising given that the majority (95%) of HDL particles in CSF are small

in size (Figure S2A-E). Stratification by APOFE &4 status had no effect on the statistical
significance of these associations. Finally, there was a significant positive correlation
between CSF small HDL concentrations and the ability of CSF to activate ABCAl-mediated
cholesterol efflux in cells ex vivo (rho = 0.65, £=.0058, n= 16, Figure 2G).

To understand the relation with AD risk, protein, and lipid distributions along with HDL
concentrations were analyzed in two groups: CSF Ap42 <190 pg/mL (Ap42+) or CSF Ap42
>190 pg/mL (ApB42-) groups. This CSF Ap42 cut-off distinguished higher vs lower AD
risk, respectively.’? In both CSF and plasma, there were greater levels of small HDLs in the
ApA2- group (Figure 3A and B, respectively). Surprisingly, APOE &4 carriers had greater
levels of CSF small HDLs in the Ag42— group compared with the non-carriers (Figure
3A). This finding suggests that conditions that promote greater levels of brain small HDLs
in individuals carrying the APOE 4 allele may protect against the development of AD
pathology. APOE &4 carriers in the Ap42+ group had greater concentrations of large CSF
HDLs, whereas there was no difference for large plasma HDLs (Figure 3C and Figure S3A,
respectively). APOE allele status had no significant association with levels of either small
or large HDLs in plasma or CSF (Figure S3B-E). The association of APOE &4 with larger
sized particles in the AB42+ group is in agreement with a past report identifying greater
affinity of apoE4 vs apoE3 and apoE2 to large lipid rich particles in CSF recovered in

the fraction with a density of <1.006 kg/L.”2 In plasma, apoE4 has a greater affinity than
apoE3 or apoE2 to very-low-density lipoprotein (VLDL).”® This might be explained by the
absence of cysteine-arginine interchanges at residues 112 and 158 of apoE3 and apoE2,
respectively, that result in the formation apoE3-apoA-11 and apoE2-apoA-11 complexes.”3
Lack of formation of these complexes may allow apoE4 the freedom to bind larger particles,
and to promote faster clearance of apoE4-bound lipids in plasma as opposed to apoE2.74
Whether a similar mechanism operates in the brain is yet to be determined.

Among CSF proteins, levels of apoE, apolipoprotein A-1V (apoA-1V), lecithin-cholesterol
acyltransferase (LCAT), and phospholipid transfer protein (PLTP) were all higher in the
ApA2- group (Figure 3D and E). Among CSF lipids, there were greater concentrations
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of phosphatidylcholine (PC), sphingomyelin (SM), and lysophatidylcholine (LPC) in the
ApB42- group compared to the AB42+ group (Figure 3F and G). These findings underscore
a possible role for proteins involved in the lipidation of small HDL particles in limiting
cerebral amyloid accumulation. The corresponding proteins and lipids in plasma did not
differ by Ap42 groups (Figure S4A-E).

To control for BCSFB penetration, CSF/plasma ratios of albumin, small HDL, and HDL-
associated protein variables were compared, and depicted in Figure S5. In this subset (Table
S1), only one participant had a CSF/albumin ratio >10, suggestive of a compromise in BBB
integrity.”® The correlation of small HDLs between CSF and plasma was not explained by
the CSF/plasma albumin ratio. This finding resembled that for CSF/plasma apoE, which
also was correlated with CSF/plasma small HDLs (Figure SSA-C). In contrast, there were
strong positive correlations of CSF/plasma apoA-I and apoC-I11 with CSF/plasma albumin,
supporting that apoA-1 and apoC-I1I are transported from the blood into the CSF by similar
mechanisms (Figure S5D and E, respectively). The correlation of small HDLs between
plasma and CSF with apoE and not with albumin supports that their formation across the
BCSFB shares common mechanisms and likely involves apoE.

In CSF, greater levels of small HDLs were associated with significantly greater CSF Ap42
concentrations (Figure 3H). This association remained significant after adjustment for age,
sex, APOE status, and education years (Table 2). Levels of small HDLs in plasma were
weakly associated with CSF AB42 levels (Figure 3I). There was no association between
large plasma HDLs and CSF Ap42 levels (P= .30, Figure S6A). Similarly, there were no
significant correlations between plasma HDL-C and CSF AB42 levels (P = .22, Figure S6B).
The inclusion of statin use as a potential cofounder did not change the association between
levels of small HDLs and CSF Ap42 (Table S2).

To investigate the relationship of HDL numbers in CSF with cognition, bivariate correlations
were run between levels of HDL subspecies, Clinical Dementia Rating (CDR) scores (7
=150, Table S4), and cognitive domain z-scores (/7= 132, Table S5). In assessing the
relationship by CSF Ap42 groups, individuals in the CDR = 0 group displayed greater
levels of CSF small HDLs in the Ag42— than the Ap42+ group (Figure 4A). There

was a positive correlation between levels of small HDLs in CSF and better performance

on neuropsychological testing for the memory domain, global cognition, and attention/
executive functioning domain (Figure 4B-D). However, after adjusting for age, sex, and
APOE genotype in separate linear regression models with each cognitive domain as a
dependent variable, only the association of small HDLs in CSF with the memory domain
remained significant (Table 2). Sex did not affect the association of small HDLs with
measures of cognition (Figure S7), and this association was not affected by statin use (Table
S3). To determine whether the relationship of CSF small HDL concentrations with memory
differed across domain impairment subgroups, we used a multivariate linear regression
model including the interaction term of small HDLs by subgroup, and covarying for age,
sex, education, and APOE status. The interaction was significant (£=.001, Table 2, Figure
4B). Follow-up bivariate analyses revealed a significant positive correlation between levels
of CSF small HDLs and memory scores in participants with no domain impairment (/7=
101, rho = 0.34, £=.005) but not in participants with one cognitive domain impaired (7=
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31, rho =-0.30, A=.09). Neither large CSF HDLs nor small and large plasma HDL levels
was significantly correlated with measures of cognition. In addition, no correlation was
found between plasma HDL-C and measures of cognition. These findings highlight possible
neuroprotective associations of small HDLs in persons without cognitive impairment.

3| DETAILED METHODS

3.1| Clinical sample description

Participants were 180 healthy men and women age =60 who were enrolled in the University
of Southern California (USC) Alzheimer Disease Research Center (ADRC) and Huntington
Memorial Research Institute (HMRI) Aging Program. Inclusion criteria were enrichment
with cardiovascular factors such as hypertension (blood pressure [BP] =140/90 mm Hg) and
dyslipidemia (HDL-C <40 mg/mL for men and HDL-C <50 mg/mL for women). Exclusion
criteria included no previous history of stroke and not receiving insulin. The study and
procedures were approved by the institutional review board (USC IRB: HS-16-00888). All
participants provided informed consent prior to enroliment in the study.

3.2 | Cognitive assessment

To assess cognitive status, we utilized both the CDR and the Neuropsychological Evaluation
from Uniform Data Set (Versions 2 or 3) of the National Alzheimer’s Coordinating Center.
The Neuropsychological Evaluation covered multiple cognitive domain considerations.
Information regarding specific tests used in each study is provided in Table S3. Of the

180 participants included in this study, 141 underwent a full neuropsychological battery.
For some analyses, participants were divided into those who had one impaired cognitive
domain vs no impaired cognitive domains (7= 132, Table S5). Methods for determining
cognitive domain impairment were roughly modeled after a previously published study.”®
Domain impairment was determined using well-accepted criteria,’’ and was defined as
one or more test scores =1.5 standard deviations (SD) below normative means within

the domain of memory, language, and/or attention/executive functioning. Having three or
more impaired test scores across the eight tests was additionally classified as a domain
impairment. Participants with two or more domains impaired were excluded from further
analyses (n=9), for a total of 132 participants included in cognitive analyses. (Additional
details can be found in the Supplementary Material.)

3.3 | Venipuncture and lumbar puncture

Whole blood was collected in EDTA tubes, and plasma was separated by standard low speed
centrifugation and stored at —80°C. Lumbar puncture was performed by a neurologist or
approved study staff. The spinal needle was inserted into the subarachnoid space at the L3/4
or L4/5 interspace using sterile technique and local anesthesia. About 22 mL of CSF was
collected into sterile polypropylene tubes, processed, and stored in cryoprotective vials at
—80°C until analysis.

3.4 | APOE genotyping

DNA was isolated from leukocytes in the buffy coat layer of each participant’s blood
sample. Polymerase chain reaction (PCR) amplification was conducted for three separate
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reactions, with each reaction designated by forward and reverse primers specific to one of
the three common allelic variants of the APOE gene. Agarose gel electrophoresis was then
performed to analyze PCR products and determine specific APOE genotype.

3.5| CSF Ap42 measurement

CSF levels of ApA2 were measured using Meso Scale Discovery (MSD)’8 multiplex assay.
The CSF Ap42 cutoff level of 190 pg/mL was applied as reported previously for the MSD
Ap peptide assay.’!

3.6 | HDL particle measurements using ion mobility (IM)

Concentrations of HDL particles were measured by IM after treatment with dextran sulfate
to remove non-lipid-bound proteins such as albumin from 30 zL of plasma or CSF as
described previously.”® This procedure does not completely remove all of the albumin.
(Additional details can be found in the Supplementary Material.) Representative IM particle
concentration profiles in plasma and CSF are shown in Figure S3A. For the analyses
described here, particles in the HDL size range were classified as small (7.0-10.5 nm) and
large (10.5-14.5 nm) HDL. The majority of HDL particles in both CSF and plasma were
found in the small size range, with a greater proportion of small to large HDLs present in
CSF compared to plasma (Figure S3B).

3.7 | Protein and lipid quantification in matched CSF and plasma samples by LC-MS/MS

Corresponding CSF and plasma samples from a subset of 80 individuals were employed
to measure the major plasma protein and lipid class concentrations as described.80-82 CSF
samples were analyzed without dilution while the matched plasma samples were diluted
100-fold. To minimize the effect of any potential blood contamination or varying CSF

tap volumes on proteomic and lipidomic data quantification, CSF variables were adjusted
(normalized) to CSF albumin concentration as described,83:84 and the ratio was multiplied
by 1000.

3.8 | Cell culture and cholesterol efflux assays

ABCA1-mediated cholesterol efflux facilitated by CSF was measured as described
previously.32:85 BHK cells were plated at 4000 cells per well in high-glucose DMEM, 10%
FBS in 96-well plates. Human CSF was used as the acceptor and cholesterol efflux was
assessed using 15 gL CSF per well in triplicates.

3.9| Statistical analysis

Mean (range) and frequency were computed for demographic data. Spearman correlation
was used to test the relationship between plasma and CSF protein concentrations

after normalizing to plasma and CSF albumin concentrations, respectively. In addition,
correlations were performed between HDL particle concentrations, CSF Ap42, and CSF
protein and lipid ratios. Participants were stratified based on CSF analysis as either Ag42
positive (AB42+, <190 pg/mL) or AB42 negative (A, >190 pg/mL) based on accepted
cutoff for AD risk.”® In the cognition association analysis, individuals with two impaired
domains were excluded because the focus was on AD risk, and once dementia develops,

Alzheimers Dement. Author manuscript; available in PMC 2023 October 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martinez et al.

Page 11

interpreting the results becomes more complicated. If participants with dementia or mild
cognitive impairment were included, then any observed associations might be driven by
those extreme cases, or the result of dementia. We have previously used this approach.’6:86
R coefficients were obtained by using Pearson if variables were normally distributed and
Spearman if variables were not normally distributed. Welch two-sample #test or linear
regression models were used to compare two independent groups. Significant associations
were further investigated using multiple linear regression analyses, with adjustment of
potential cofounders including APOE &4 status. P-value < .05 was defined as significant.
Statistical analyses were performed using RStudio, version 1.2.5033.

Cognitive data analysis: Spearman correlations were conducted between small and
large HDLs and the three cognitive function considerations (memory, attention/executive
functioning, and global cognition). Significant associations were further investigated using
multiple linear regression analyses, with adjustment of potential cofounders including age at
the time of sample collection, sex, education, and APOE &4 status. The relationship between
CSF small HDLs and memory was further examined by introducing an interaction term of
CSF small HDL by cognitive impairment group (zero vs one domain impaired). Statistical
analyses were performed using SAS software, version 9.4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT

Systematic Review: Lipid metabolism genes (apolipoprotein E [APOE],
Apolipoprotein J [ApoJ], ATP-binding cassette 7 [ABCA7]) involved in
forming high-density lipoprotein (HDL) particles associate with AD risk.

A meta-analysis of 100 primary studies from 1986 to 2000 found non-
significant associations between levels of HDL cholesterol (HDL-C) and AD
risk. HDL-C measurements do not reflect the cholesterol transport function
of HDL. Small HDL particles have neuroprotective properties, but their
association with cognition is not known.

Interpretation: Concentrations of small HDL particles in cerebrospinal

fluid (CSF) were positively associated with better performance in cognitive
function before the onset of dementia, independent of age, sex, education, and
APOE genotype.

Future Directions: Confirmation of the association of small HDL particles
with cognitive outcomes in larger cohorts can lead to a novel AD biomarker
and potential therapeutic targets for AD prevention.
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and brain barriers. The small HDL hypothesis proposes that small HDL components can
exchange into the brain and that the interaction between plasma-derived and brain-derived
apolipoproteins stabilize ATP-binding cassette 1 (ABCAL) function to form small HDLs
in the brain. The brain-systemic circulation crosstalk is illustrated here by an interaction
of plasma-derived apolipoprotein A-I (apoA-I) with brain-derived apolipoprotein E (apoE)
to form apoE/apoA-I small HDLs. The formation of small HDLs in the brain promotes

membrane lipid remodeling, clearance of Ag, and synaptic plasticity
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Neuron



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Martinez et al.

(A

[l

Plasma Small HDL (nmol/L)

20000

16000

12000

8000

p=0.32, p<0.0001 .

interaction -
p=0.077

1500 2000 2500

(B)

ApoA-1V -
ApoC-III -
ApoA-Il -
ApoA-| -
ApoC-Il -
ApoC-I -
ApoE -
ApoD -
Apod -

- E4
== non—-E4

CSF Small HDL (nmol/L)

(D)

2500 1

2000 1

CSF Small HDL (nmol/L)

1500 1

- E4
== non-E4

A

p=0.30, p=0.0077

A a

—
T
—

2500,

20004

CSF Small HDL (nmol/L)

1500

100 200
CSF ApoE

- E4
== non—-E4

* .+ p=0.27, p=0.014

FIGURE 2.

2000 4000 6000 8000
CSF PC

Page 19

(©)

SM -
LPC-
PC -
Pl -
FC -
CE -
PE -

(E)
o
3 2500,
€ - E4
‘: == Non-E4
Q
I 2000
[4v]
=
w
L
U) ‘l
O 15004 , °.p=0.34, p=0.0024
500 1000 1500 2000
CSF SM
(G)
5 p=0.65, p=0.0058

ABCA1-mediated
Cholesterol Efflux
B

1800 2100 2400
CSF Small HDL (nmol/L)

- E4
== non-E4

Associations of small HDLs and HDL protein and lipid components in plasma and CSF. (A)
Spearman correlations of small HDL concentrations in plasma and CSF. The relationship
between levels of CSF and plasma small HDLs was further examined by introducing an

interaction term of CSF small HDLs by APOE &4 status. The interaction between CSF small
HDLs and APOE &4 status on plasma small HDLs was marginally significant (P=.077).
Spearman correlations of (B) HDL-associated protein and (C) lipid concentrations between
plasma and CSF (= 80). Strength of Spearman correlation coefficients are represented
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by variations of the color red as depicted in the legend. Spearman correlations of (D) CSF
apoE levels, (E) CSF SMievels, and (F) CSF PC levels with small HDL concentrations

in CSF with the addition of APOE &4 status as a covariate. (G) Spearman correlation

of CSF small HDL particle numbers and ABCA1-mediated cholesterol efflux (n= 16).
Relationships were further examined by introducing an interaction term of CSF protein
or lipid variables by APOE &4 status. The interaction between CSF apoE, CSF SM, or
CSF PC and APOE &4 status on CSF small HDL was not significant (P= .95, P= .85,

P =95, respectively). Apolipoprotein and lipid concentrations in the CSF were divided
by CSF albumin concentrations and the ratio was multiplied by 1000. Abbreviations:

FC, free cholesterol; CE, cholesteryl ester; PC, phosphatidylcholine; SM, sphingomyelin;
PE, phosphatidylethanolamine; LPC, lysophosphatidylcholine; PI, phosphatidylinositol. **
P-value < .01, *** Pvalue < .001
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Ap groups (7= 180). Distribution (C) of large HDLs in CSF by Ag groups (7= 180).
Distribution of (D-E) protein and (F-G) lipid concentrations in CSF by Ag groups (7= 80).
(H) Correlation between levels of CSF Ap42 and CSF small HDL. (1) Correlation between
levels of CSF Ap42 and plasma small HDLs. Participants were stratified as either Ap42
positive (Ap42+, <190 pg/mL) or AB42 negative (AS-, >190 pg/mL). Raw apolipoprotein
and lipid concentrations in CSF were used. Relationships were assessed using linear
regression models or Spearman correlation coefficient. Abbreviations: PLTP, phospholipid
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transfer protein; LCAT, lecithin cholesterol acyl transferase; PC, phosphatidylcholine;

SM, sphingomyelin; PE, phosphatidylethanolamine; LPC, lysophosphatidylcholine; PlI,
phosphatidylinositol
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FIGURE 4.

Relationship between CSF small HDL particle numbers and measures of cognition. (A)
Distribution of small HDLs in CSF by Agand CDR subgroups (CDR =0, 7= 102, and
CDR = 0.5, n=48). (B) Relationship between CSF small HDLs and memory z-scores in
the zero-domain impaired group (blue line; 7= 101) and the one domain impaired group
(gray line; n=31). Associations of CSF small HDLs with (C) global cognition and (D)
attention/executive functioning average z-scores. Participants were stratified as either Ap42
positive (Ap42+, <190 pg/mL) or ABA2 negative (AS-, >190 pg/mL). Correlations were
assessed using the Spearman correlation coefficient. Distributions of small CSF HDLs by
Apand CDR subgroups were assessed using linear regression models. The relationship
between CSF small HDLs and memory, global cognition, or attention/executive functioning
was examined by introducing an interaction term of small HDLs by cognitive domain
impairment group. Abbreviation: CDR, Clinical Dementia Rating

Alzheimers Dement. Author manuscript; available in PMC 2023 October 10.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Martinez et al.

TABLE 1
Study participant demographics
Variable Mean (range)
Age 76.6 (58-94)

Body Mass Index (BMI)

26.8 (17.5-42.0)

HDL-C 62.1 (25.0-111.0)
LDL-C 107.4 (35.0-275.0)
Total-C 183.8 (87.0-297.0)
Variable Count(%)
Sex Male 69 (38.3)
Female 111 (61.7)
Ethnicity Hispanic/Latino 15(8.3)
Non-Hispanic/Latino 165 (91.7)
APOE Genotype e2/e3 24 (13.3)
£3/e3 102 (56.7)
&2/ 4 4(2.2)
£3/ed 42 (23.3)
4l ed 7(3.9)
NA 1(0.6)
Clinical Dementia Rating Score (CDR) 0 102 (56.7)
0.5 48 (26.7)
>0.5 8 (4.4)
NA 22(12.2)
Domain Impairment 0 101 (56.1)
1 31(17.2)
2+ 9 (5.0)
NA 39(21.7)
Statins Yes 59 (32.8)
No 112 (62.2)
NA 9(5.0)
n=180.

Abbreviation: NA, not available.
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