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Abstract

Genetic variation in APOE, which encodes a lipid transporter apolipoprotein E
(apoE), is the strongest risk factor for late-onset Alzheimer’s disease (AD). Although
central nervous system (CNS) apoE is produced by various cell types, including
astrocytes, microglia, and pericytes, it is unclear whether apoE lipoproteins are a
homogeneous population or if their molecular composition varies depending on their
cellular origin. Emerging evidence suggests that CNS apoE lipoproteins contribute to
AD-related processes, including amyloid deposition, neuroinflammation, synaptic

maintenance, and blood-brain barrier function in a cell type-specific manner.

We hypothesized that the compositions of CNS apoE lipoproteins depend on their
cellular origin and investigated the lipid and protein profiles of apoE particles
secreted by induced pluripotent stem cell (iPSC)-derived brain cells and derived from
human cerebrospinal fluid (CSF) using liquid chromatography-mass spectrometry
(LC-MS/MS).

Our results demonstrate that astrocytes, pericytes, and microglia secrete apoE
lipoproteins with distinct, cell type-specific lipid and protein profiles. Astrocyte-
secreted particles were enriched in sphingomyelins and proteins linked to lipid
metabolism, whereas pericyte-secreted particles contained ether-linked
phospholipids and proteins associated with antioxidant activity. The lipidation of
microglial apoE was markedly lower, but these particles had higher levels of
transferrin, apoC-Il, and cathepsin D. Notably, one-third of identified features were
cell type-specific, highlighting the substantial molecular specialization across cell
types. Most lipids and proteins identified in cell-secreted apoE were also detected in

CSF-derived particles.

Our findings advance the understanding of apoE biology by shifting the focus from
apoE as a single, homogeneous entity to a diverse population of complex particles,
the composition of which might be Ilinked to functions in health and

neurodegenerative diseases.
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1. Introduction

Apolipoprotein E (apoE) is the primary structural protein of lipoproteins in the central
nervous system (CNS). There, it facilitates lipid transport in cerebrospinal and
interstitial fluids and contributes to neuronal maturation, inflammation, and
complement regulation, among other processes'. Genetic variation in APOE is the
strongest genetic determinant of sporadic late-onset Alzheimer's disease (AD) with
APOE4 increasing disease risk, APOE3 considered neutral, and APOE2 being
protective “*. While this association is well established, the mechanisms by which
apoE contributes to AD remain unclear. A major challenge is that apoE-containing
lipoproteins are secreted by multiple CNS cell types and circulate throughout the

brain, making it difficult to define cell type-specific functions®.

Multiple cell types in CNS, including astrocytes, pericytes, and microglia, produce
apoE-containing lipoproteins®®. Knocking out Apoe in the whole body reduces
amyloid burden and tauopathy in mouse models™, however, cell type-specific
deletions yield divergent outcomes. Astrocyte-specific Apoe knockout decreases
amyloid pathology, whereas Apoe deletion in microglia does not significantly affect
plague formation, even though microglia are a major source of apoE in the CNS™*2,
Together, these observations suggest that not all apoE lipoproteins exert the same
functions within the CNS. Notably, Yamazaki et al. demonstrated that astrocyte-
derived apoE lipoproteins are similar in size to pericyte-derived apoE, yet they

contain four times less cholesterol*®

. Building on these findings, Merrill et al. recently
demonstrated that human CSF comprises multiple lipoprotein subspecies composed
of hundreds of different proteins with apoE, apoA-I, and clusterin (CLU or apoJ)
serving as the major scaffolding proteins. The authors also identified diverse apoE
particle-associated proteins involved in the immune response, inflammation, wound

healing, and nervous system development™,

We therefore hypothesized that the lipid and protein composition of CNS apoE
lipoproteins is determined by their cellular origin. Using LC-MS/MS-based lipidomics
and proteomics, we characterized apoE particles secreted by human induced
pluripotent stem cell (iPSC)-derived astrocytes, microglia, and pericytes. We
identified distinct, cell type-specific lipid and protein signatures, which provide new
insight into the functional heterogeneity of apoE lipoproteins in the CNS and their

potential roles in AD.
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2. Methods
2.1iPSC culture

BIONi037-A iPSC line (genotyped APOE3/E3, derived from a 77-year old healthy
female donor) was purchased from The European Bank for induced pluripotent Stem
Cells (EBiSC)". iPSCs were cultured on Matrigel-coated (354277 Corning) plates in
mTeSR Plus medium (100-0276 StemCell Technologies), passaged every 3-4 days.
Culture media changes were performed every 1-2 days. For passaging, cells were
washed with PBS (10010023 Gibco), incubated with ReLeSR (100-0483 StemCell
Technologies) for 5 min at 37°C with 5% CO,, detached in 1 mL culture medium and

transferred to new Matrigel-coated plates.
2.2 Pericyte differentiation

Pericyte differentiation through the neural crest intermediate stage was carried out
as described by Faal et al.’®. Briefly, a single cell suspension of iPSCs was created
by treating the cells with Accutase (A1110501 Gibco). Cells were seeded at a density
of 20°000 cells per cm? in mTeSR Plus with ROCK inhibitor (ROCKi) (1:1000, 130-
103-922 Miltenyi Biotec). The next day, culture medium was changed to the Neural
Crest Induction Medium (NCIM): DMEM/F12 (11320-033 Gibco) containing 2% B27
(17504-044 Gibco), 3 uM CHIR 99021 (4423/10 Tocris), 20% BSA (A7906-100G
Sigma-Aldrich), 1X Glutamax (35050061 Gibco) and 1:1000 ROCK inhibitor (ROCKi,
130-103-922 Miltenyi Biotec). Medium was changed every day for 6 days (NCIM with
1:1000 ROCK: for the first two days, followed by 4 days with NCIM without ROCKI).
On day 6, neural crest cells were passaged with Accutase and seeded at the density
of 25’000 cells per cm? in complete Pericyte Medium (1201 ScienCell), containing
pericyte growth supplements and 2% FBS following manufacturer’'s
recommendations. Cells were cultured in Pericyte Medium for the next two weeks.
Passages were performed with Accutase and cells were re-plated in media
containing 1:1000 ROCK:.

2.3 Astrocyte differentiation

Astrocyte differentiation through the neural progenitor intermediate stage was carried
out using the STEMdiff SMADi Neural Induction Kit (08581 StemCell Technologies)

according to the manufacturer’s instructions. After 3 weeks of neural induction,
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neural progenitor cells (NPCs) were differentiated to mature astrocytes using the
STEMdiff™ Astrocyte Differentiation Kit (100-0013 StemCell Technologies) and
STEMdIiff™ Astrocyte Maturation Kit (100-0016 StemCell Technologies) following the

manufacturer’s instructions.
2.4 Microglia differentiation

Microglia were differentiated from IiPSCs through the intermediate stage of
hematopoietic stem cells using the STEMdiff™™ Hematopoietic Kit (05310 StemCell
Technologies) and STEMdiff™ Microglia Differentiation Kit (100-0019 StemCell

Technologies) according to the manufacturer’s instructions.
2.5 Cell marker expression analysis by immunofluorescence staining

Cells were seeded on Matrigel-coated glass coverslips in 24-well cell culture plates
(0.08 x 10° cells/well) or in Matrigel-coated black 96-well optical bottom plates
(165305 Thermo Scientific) (0.01 x 10° cells/well). After 1-3 days of culture in
respective culture media, cells were washed once with PBS and fixed in 4%
paraformaldehyde (PFA, 158127 Sigma-Aldrich). After 20 minutes, cells were
washed three times with PBS and permeabilized with 0.2% Triton X-100 (X100-1L,
Sigma-Aldrich) in PBS. After 10 minutes, cells were washed three times with PBS
and blocked in PBS containing 5% Normal Donkey Serum (NDS, S30 Merck) and
0.2% BSA (A4503-50G Sigma-Aldrich) for at least 1 hour. The cells were then
incubated overnight at 4°C with the respective primary antibodies, diluted in blocking
solution: rabbit anti-Oct4 (RRID: AB_ 2687916, 1:500), mouse anti-Nanog (RRID:
AB_ 3076592, 1:500), mouse anti-PDGFRB (RRID: AB_1269704, 1:250), rabbit anti-
NG2 (RRID: AB_2877152, 1:200), rabbit anti-S1008 (RRID: AB 882426, 1:100),
rabbit anti-lbal (RRID: AB_ 2636859, 1:1000), mouse anti-GFAP (RRID:
AB_3095092, 1:100), mouse anti-CD45 clone HI30, (RRID: AB_3752289, 1:200).

The next day, cells were washed five times with PBS and incubated at room
temperature with the respective donkey anti-mouse AlexaFluor 647 (RRID:
AB_162542, 1:500) or anti-rabbit donkey anti-rabbit AlexaFluor 568 (RRID:
AB_162542, 1:500) secondary antibodies. After one hour, the cells were washed
twice with PBS and cell nuclei were stained with DAPI (MBDO0015 Sigma-Aldrich,
1:5000 in PBS) for 7 min before mounting with ProLong™ Gold Antifade Mounting

Solution (P36934 Invitrogen). Images were acquired using Cytation 5 cell imaging
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multimode reader (Agilent BioTek) at 20x or 40x magnification and processed with
Genb software (Agilent BioTek) and Fiji ImageJ (1.54f, NIH).

2.6 Gene expression analysis using RT-qPCR

Total RNA was isolated from respective cells using the NucleoSpin™ Mini Kit for
RNA  Purification (740955 Macherey Nagel) following  manufacturer’s
recommendations. 0.5 pg of RNA were reverse-transcribed into cDNA using
RevertAid First Strand Synthesis kit (K1621 Thermo Scientific). Real-time qPCR
reactions were carried out in a Light Cycler 480-Il (Roche) using the LightCycler®
480 SYBR Green | Master Mix (04887352001 Roche) and respective primers for
genes of interestt GAPDH: for: CCCATGTTCGTCATGGGTGT; rev:
TGGTCATGAGTCCTTCCACGATA, POUSF1: for: GCAAAGCAGAAACCCTCGTG,
rev. GATCTGCTGCAGTGTGGGT, SOX2: for. CAACGGCAGCTACAGCATGA, rev:
CTCGGACTTGACCACCGAAC, NANOG: for: GAGATGCCTCACACGGAGAC, rev:
GGGTTGTTTGCCTTTGGGAC, PAX6: for: CGCAGGAGGAAGTGTTTTGC, rev:
TGCTGATTGGTGATGGCTCA, NES: for: TTCCCTCAGCTTTCAGGACCC rev:
TGTCTCAAGGGTAGCAGGCA, SOX1: for: GGAATGGGAGGACAGGATTT, rev:
ACTTTTATTTCTCGGCCCGT, GFAP: for: GAGATCGCCACCTACAGGAA, rev:
GGCTGGTTTCTCGAATCTGC, S100B: for: ACAAGGAAGAGGATGTCTGAGC, rev:
GCCGTCTCCATCATTGTCCA, AQP4: for: GTGGGGTAAGTGTGGACCTTT, rev:
GCCAGAAATTCCGCTGTGAC, SOX10: for: ATGAACGCCTTCATGGTGTGGG, rev:
CGCTTGTCACTTTCGTTCAGCAG, PDGFRB: for: ACAGACTCCAGGTGTCATCC,
rev. AGTTGACCACCTCATTCCCG, MCAM: for: GCCAGTCCTCATACCAGAGC,
rev: TCTTACGAGACGGGGGTAGC, CSPG4: for:
GTCCTGCCTGTCAATGACCAAC, rev: CTGTGGGTGAGATCATGTGG,

CD34: for: AACCCAGCCTCCCTCCTAAC, rev: TCCTAGAGAGACGCACCGAG,
SPN: for: CTGATTCCAGATCCCACGCT, rev: CGGCCTTAGGGTCACTTGTT,
PTPRC: for: AACAGTGGAGAAAGGACGC, rev: ATGCAGTGGTGTGAGTAGGT,
ITGAM: for: TGGTGGCTTCCTTGTGGTTC, rev: AAGCCCCTTGCGTTCTCTTG,
TREM2: for: ACGCTGCGGAATCTACAACC, rev: AGTGGGTGGGAAGGGGATTT.
Gene expression was analyzed with the AACt method. All results were normalized
to GAPDH housekeeping gene. For each marker gene, expression values were

normalized (set to 1) to the reference cell type: iIPSCs for pluripotency markers;
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NPC, NC, or Heme for the markers of intermediate stage cells; astrocytes, pericytes,

or microglia for target cell markers.
2.7 Media collection for the characterization of secreted apoE particles

Terminally differentiated pericytes, astrocytes, and microglia were cultured in their
respective delipidated culture media (2% delipidated FBS for pericytes, serum-free
media for astrocytes and microglia). After 72 hours with no medium changes,
conditioned media were collected and centrifuged at 1000g for 10 minutes at 4°C to
remove floating cells and debris. Supernatants were transferred to new tubes and
stored at 4°C with cOmplete Mini protease inhibitor cocktail tablets (11 836 153 001
Roche, 1 tablet per 10 mL media) for up to one week before apoE concentration

determination by ELISA and apoE particle immunoprecipitation.
2.8 CSF preparation for apoE immunoprecipitation

Three anonymized samples of human CSF were purchased from BiolVT (product
number HUMANCSFR-0101364) and pooled together. The pooled sample was
centrifuged at 1000g for 10 minutes at 4°C to remove debris. The supernatant was
transferred to a new tube and used immediately for apoE concentration

determination by ELISA and apoE particle immunoprecipitation.
2.9 ApoE concentration determination using ELISA

The concentration of apoE in CSF and cell-conditioned media was determined by
apoE ELISA as previously described'. Briefly, high binding 96-well plates (3855
Thermo Scientific) were coated with 1.67 pg/mL apoE monoclonal antibody E276
(3712-3 Mabtech) in PBS at 4°C. After overnight incubation, plates were washed with
PBST (PBS + 0.05% Tween-20 (P3563 Sigma-Aldrich) and blocked with 0.1%
Blocker A (R93BA-4 Meso Scale Discovery) diluted in PBST. 100 pL of samples or
human recombinant apoE (3712-10 Mabtech) standards (0.49 - 500 ng/mL) diluted
in PBST were added to the wells and incubated at room temperature. After one hour,
biotinylated anti-human apoE monoclonal E887 antibody (3712-6-250 Mabtech) and
Streptavidin-HRP (3310-9 Mabtech) were used for detection. Peroxidase activity was
detected with QuantaBlu Fluorogenic Peroxidase Substrate Kit (15169 Thermo
Scientific) according to manufacturer’s instructions. Fluorescence readings (Ex 325

nm/Em 420 nm) were performed with Cytation 5 microplate reader (Agilent BioTek).
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Sigmoidal, 4-parameter logistic curve fitting was performed in GraphPad Prism to

determine apoE concentrations.
2.10 Immunoprecipitation of apoE particles

Antibody-bead conjugates were prepared with the Dynabeads® Antibody Coupling
Kit (14311D Thermo Scientific) according to the manufacturer’s instructions. Goat
anti-human apoE antibody (A81-118A-1MG Fortis) and Dynabeads® M-270 Epoxy
(14301 Thermo Scientific) were used per one coupling reaction at a ratio of 35 ug to
5 mg, respectively. At the end of the protocol, antibody-bead conjugates were
resuspended in the storage buffer (SB) and stored at 4°C for up to four days. On the
day of the immunoprecipitation, antibody-bead conjugates were washed six times
with PBS (10010023 Gibco) to remove traces of detergents from the storage buffer.
Before apoE immunoprecipitation, the cell-conditioned media were concentrated
using Amicon Ultra 30 kDa centrifugal filters (UFC5030 Merck Millipore) following the
manufacturer’s instructions. Astrocyte-conditioned media were added to the
antibody-bead conjugates with volumes adjusted to contain 150 ng apoE per
reaction. Other cell-conditioned media and CSF were added to the antibody-bead
conjugates with volumes adjusted to contain 500 ng apoE per one reaction. Equal
final reaction volumes were maintained across all samples by adjusting sample input
volumes with PBS (for CSF) or vehicle medium (for conditioned media). Samples
were incubated overnight (20 hours) at 4°C with end-over-end rotation. After 20
hours, supernatants were removed using a magnetic separation rack. Antibody-bead
conjugates with immunoprecipitated apoE were washed three times with cold PBS
(15 min end-over-end rotation with each wash). Immunoprecipitates on beads were

stored at -70°C until further processing.
2.11 Proteotype determination

The analysis included immunoprecipitated apoE from 1) human CSF, 2) astrocyte-
conditioned media, 3) pericyte-conditioned media, 4) microglia-conditioned media,
and 5) iPSC-conditioned media. A mix of all cell culture media (vehicle media without
cell contact, in equal volumes) was used as the negative control. The control
samples were processed in the same manner as the experimental samples,

including incubation with the antibody-bead conjugates.
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Immunoprecipitated apoE particles on magnetic beads were lysed and processed
with iST 8x kits (P.0.00001 PreOmics) to obtain the peptide mix prior to analysis by
liquid chromatography coupled to mass spectrometry (LC-MS/MS).

An estimated 500 ng of peptides, as quantified by NanoDrop, were injected per
sample for LC-MS/MS analysis. Peptides were separated on a Vanquish™ Neo
UHPLC system (Thermo Scientific) equipped with a 50 cm pyPAC™ Neo HPLC
column (COL-nano050NeoB, Thermo Scientific). Samples were loaded at 0.7 pL
min~ in 100% mobile phase A (99.9% H,0O, 0.1% formic acid) with a maximum
pressure of 400 bar. Peptides were eluted at 300 nL min™ using a stepped gradient
from 8-32% mobile phase B (80% acetonitrile, 0.1% formic acid) over 36 min,
followed by 32-50% B over 4 min. Samples were analyzed in technical triplicates by
data-dependent acquisition (DDA) on an Orbitrap Exploris™ 480 mass spectrometer
(Thermo Scientific). Full MS scans were acquired over an m/z range of 350-1200 at
a resolution of 120,000, with a normalized AGC target of 300% and a maximum
injection time of 25 ms. The top 20 precursor ions were fragmented by HCD
(normalized collision energy, 30%), and MS/MS spectra were acquired at a
resolution of 15,000, using a normalized AGC target of 50%, maximum injection time

set to auto, and a dynamic exclusion of 15 s.

Raw files were analyzed with FragPipe v23.0 using the DDA+ workflow. Spectra
were searched with MSFragger v4.3 against the reviewed UniProt Homo sapiens
reference proteome (June 2025) supplemented with common contaminants and
reverse decoy sequences. The search was performed with strict trypsin specificity,
allowing for up to two missed cleavages and a precursor and fragment mass
tolerance of 20 ppm. Carbamidomethylation of cysteine was set as a fixed
modification, while methionine oxidation and protein N-terminal acetylation were
included as variable modifications. Peptide-spectrum matches were rescored using
MSBooster with DIA-NN-predicted spectra and retention times, followed by validation
with Percolator. Protein inference was performed with ProteinProphet, and peptide
and protein identifications were filtered to a 1% false discovery rate (FDR). Label-
free quantification was performed with lonQuant using the MaxLFQ algorithm with

match-between-runs enabled.
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The initial protein list was curated by removing likely contaminants®®: keratins,
histone, ribosome, heat shock protein subunits, and fragments of the antibody used
for the immunoprecipitation. Extracellular matrix, cytoskeletal proteins, and enzymes
were retained despite their classification as frequent background proteins in
proteomics studies'® because of their possible biological relevance and prior
detection in CSF lipoproteins by Merrill et. al. in 2023, Only proteins enriched (fold
change (FC) 2 2 and adjusted P value < 0.05) in each experimental condition
compared to vehicle media controls were defined as associated with apoE particles.
Protein filtering criteria and results are included in the Supplementary File 1.
STRING database was used to assign proteins to GO terms and identify potential

protein functions®.
2.12 Lipidome determination
For lipidomics analyses, we included the same conditions as for proteomics.

Lipid extraction from the immunoprecipitated apoE particles on magnetic beads was
carried out using the butanol:methanol (BuMe, 1:1, v/v) method prior to LC-MS/MS
analysis. 200 pL of BuME, including the internal standard mixture EquiSPLASH
(Avanti Polar Lipids, 1 pg/sample), were added per sample. The samples were
vortexed and briefly sonicated before shaking for 20 min in a thermomixer at 1000
rom at room temperature (RT). All the subsequent steps of the extraction were
performed at RT. Samples were centrifuged for 10 min at 16’000 rcf, the
supernatants were transferred to new tubes and dried under a gentle nitrogen
stream. Then, the samples were reconstituted in 100 pL of MeOH:IPA (1:1, v/v),
vortexed and shaken in a thermomixer for 10 min, 1000 rpm. Lastly, the samples
were centrifuged for 10 min at 16’000 rcf and the supernatants were transferred to

LC-MS glass vials.

Lipid profiling analysis was performed as previously described® with modifications.
Analyses were conducted on a Thermo Vanquish Horizon Binary Pump UHPLC
system coupled to a Thermo Orbitrap Exploris 240 mass spectrometer with a heated
electrospray ionization (HESI) source. Chromatographic separation was achieved on
a Waters ACQUITY Premier BEH C18 column (1.77um, 2.17x150 mm) maintained
at 60r1°C. Mobile phase A was MeCN:H,O (60:40, v/v) with 5I'TmM ammonium

acetate, and mobile phase B was MeCN:IPA (10:90, v/v) with 5[TmM ammonium
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acetate. The following gradient was applied at 0.60mLOmin™t: OCmin, 15% B;
1.870min, 30% B; 2.08Cmin, 48% B; 9.1700min, 82% B; 9.590min, 99% B; 10.08-
12.671min, 99% B; followed by re-equilibration to 15% B. The injection volume was
3MuL. The Orbitrap Exploris 240 was operated in positive ionization mode with the
following source settings: sheath gasi1=130, auxiliary gasii=r13, spray
voltage(1=113,80011V, vaporizer temperaturel =[135071°C, ion transfer tube
temperature1="130077°C. Internal mass calibration was performed at the start of
each run, and mild trapping was enabled to minimize in-source fragmentation. MS1
settings: resolution 60,000; scan range 150-200071m/z; AGC target 1e6; maximum
injection time 10 ms. MS2 settings: DDA of top five precursors, isolation window
100m/z; stepped normalized collision energy 10, 30, and 40%; resolution 30,000;
AGC target 1e5; maximum injection time 107Ims; RF lens 50%. Pooled quality
controls (QC) of all samples were used in the beginning, middle, and end of the
batch.

Data analysis and lipid identification were performed using the Compound
Discoverer software (Thermo Scientific, version 3.3.3.200). Lipid identification was
achieved by comparing all lipids with a lipid blast in silico library result and confirming
the match by the presence of diagnostic fragments according to the Lipidomics
Standards Initiative (LSI) guidelines®. Only lipids that matched the expected
fragmentation spectra, mass accuracy threshold, and the expected pattern of
retention times were included in the analyses. Only lipids enriched (fold change (FC)
2 2 and adjusted P value < 0.05) in each experimental condition compared to vehicle
media controls were defined as associated with apoE particles. Lipid filtering criteria

and results are included in the Supplementary File 2.
2.13 Statistics

Normality or lognormality of data distribution were assessed with the Shapiro-Wilk
test. Comparisons between two groups were performed using Welch's t-test,
comparisons between multiple groups — with one-way ANOVA followed by Dunnet’'s
post hoc multiple comparisons test. Mann-Whitney and Kruskal-Wallis tests were
used as non-parametric alternatives for two-group and multiple group comparisons,
respectively. Data visualization and statistical analyses were conducted in GraphPad
Prism and R software. ChatGPT (model GPT-40, OpenAl) and Claude (model

11
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Sonnet 5, Anthropic) Large Language Models were used for R code troubleshooting

and optimization.

Lipidomics and proteomics data analysis was carried out in R using Bioconductor
packages lipidr and limma. Data were visualized with pheatmap, ggplot2, and eulerr
packages. Lipidomics data were normalized using internal standards and log,-
transformed. Relative lipid abundances were calculated from internal standard-
normalized linear data, before log,-transformation. Absolute concentrations were
determined by normalizing analyte signal to internal standards of known

concentration.

Proteomics data were log.-transformed and median-centered. Relative protein
abundances were calculated from median-centered linear data, before log,-
transformation. Proteins with at least 40% non-missing values across all samples
were retained for analysis. Missing values were imputed using the minimum
probability (MinProb) method from the imputeLCMD R package. For heatmap and
volcano plot visualization, proteomics data were additionally normalized using APOE
intensity after median-centering. P values were adjusted for multiple testing with the
Benjamini-Hochberg method to control the false discovery rate (FDR). Differences
were considered statistically significant at p < 0.05, FDR < 0.05, and |[FC| = 2
(log2FC| = 1), where applicable.

For all analyses, one replicate represented one well derived from an independent
differentiation. Three replicates were analyzed per cell type for -omics analyses and

at least three replicates per cell type for gPCR.
3. Results
3.1 APOE3/E3 iPSCs differentiate into apoE-secreting brain cells

To investigate the composition of apoE particles secreted by different brain cell
types, we differentiated human iPSCs into astrocytes, pericytes and microglia (Fig. 1
A). First, we verified the pluripotency of iPSCs by positive expression of pluripotency
markers. Gene expression of POUSF1 (encoding Oct-4), SOX2, NANOG was
confirmed by RT-gPCR (Sup. Fig. 1 A, C, E) and Oct-4 and Nanog protein
expression — by immunofluorescence (IF) staining (Fig.1 B). We confirmed the

differentiation of iPSCs into target cell types by analyzing the expression of cell type-
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specific markers on the RNA and protein levels. We included iPSCs, intermediate-

stage cells, and terminally differentiated cells in the gene expression analyses.

Astrocytes were differentiated via neural progenitor cells (NPC). Expression of
astrocyte markers GFAP, S100B, and AQP4 (Fig. 1 C) together with loss of
pluripotency markers POU5F1 and NANOG (Sup. Fig. 1 A) in the resulting cells
confirmed differentiation into astrocytes. iPSC-derived astrocytes conserved the
expression of SOX2 and the NPC markers PAX1, NES, and SOX1 (Sup. Fig. 1 A-B),
suggesting that a population of cells that are incompletely differentiated remained in
culture at the end of the differentiation protocol. We further confirmed the expression
of S100B and GFAP proteins in iPSC-derived astrocytes (Fig. 1 D).

Pericytes were differentiated via neural crest cells (NC). Expression of pericyte
markers PDGFRB, MCAM (encoding CD146), and CSPG4 (encoding NG2) (Fig. 1
E), together with loss of pluripotency markers POU5SF1, SOX2, and NANOG (Sup.
Fig. 1 C) and loss of NC marker SOX10 (Sup. Fig. 1 D) in differentiated cells
confirmed differentiation into pericytes. iPSC-derived pericytes also expressed NG2
and PDGFRB on the protein level (Fig. 1 F).

Microglia were differentiated via hematopoietic stem cells (Heme). Expression of
microglial markers ITGAM (encoding CD11b) and TREM2 (Fig. 1 G), together with
loss of pluripotency markers POU5F1, SOX2 and NANOG (Sup. Fig. 1 E) and
downregulation of hematopoietic stem cell markers CD34 and SPN (encoding CD43)
(Sup. Fig. 1 F) in the resulting cells confirmed differentiation into microglia. PTPRC
(encoding CD45) expression was not detected in iPSCs, but it was present in
resulting iPSC-derived microglia. However, PTPRC expression was not significantly
higher in differentiated microglia than in hematopoietic stem cells, suggesting that
the resulting cells likely belong to the CD45", CD11b" population of brain microglia
(Fig. 1 G)*. iPSC-derived microglia also expressed the Ibal and CD45 proteins (Fig.
1 H). Finally, we confirmed that iPSC-derived astrocytes, pericytes, and microglia, as

well as undifferentiated iPSCs, expressed and secreted apoE (Sup. Fig. 2 A).

3.2 Lipids associated with brain apoE differ depending on the cell type of
origin
To characterize the lipid composition of apoE lipoproteins secreted by iPSC-derived

astrocytes, pericytes, and microglia, we maintained the cells in respective delipidated
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culture media for three days before immunoprecipitation and lipidomics analysis of
the secreted apoE particles. We profiled sphingolipids, phospholipids, glycerolipids,

and cholesteryl esters.

The comparison of astrocyte-, pericyte-, and microglia-secreted apoE particles
revealed different and unique lipidation patterns depending on the cell type of origin.
Microglia-secreted apoE were poorly lipidated, while astrocyte- and pericyte-

secreted particles were enriched in several lipid classes (Fig. 2 A).

We then performed differential lipid expression analysis, comparing apoE from each
brain cell type to vehicle media controls, and defined cell type-specific apoE lipids as
those significantly enriched in that comparison. 22 of 51 lipid species present in brain
cell-secreted apoE (43%) were unigue to astrocyte-secreted particles (8
phosphatidylcholines  (PC), 11  sphingomyelins  (SM),  hexosylceramide
HexCer 42:2;02, cholesteryl ester CE 18:1, and ether-linked phosphatidylcholine
PC 0O-32:1). 19 lipid species (37%) were unique to pericyte-secreted apoE (5 PC, 6
PC-0, 2 phosphatidylethanolamines (PE), and 6 ether-linked PE (PE-O)). Seven
lipid species (PC 0-34:1, PC 0-36:3, PC 0-34:0, PC 0O-32:0, PC 32:2, PC 0-38:4,
PC 0-36:2)) were shared among astrocyte- and pericyte-secreted particles. Three
lipid species were detected in apoE particles of all three brain cell types, namely
PC 0-34:2 and the two isobars of PC 0O-32:1. None were unique to microglia-
secreted apoE (Fig. 2 B, Sup. Table 1).

Differential expression analysis confirmed that astrocyte-secreted apoE patrticles are
enriched in SM, while pericyte-secreted apoE particles are enriched in ether-linked
phosphoglycerides: PC-O and PE-O (Fig. 2 C). The most differentially abundant lipid
species were SM 38:1;02, SM 40:2;02, and SM 39:1;02 in astrocyte-secreted apoE
and PC 0-38:5, PE 0-36:2, and PE O-34:2 in pericyte-secreted particles. Lipid class
enrichment comparison between astrocyte- and pericyte-secreted apoE particles
further confirmed the enrichment of SM or PC-O and PE-O, respectively (Fig. 2 D).
Lipid class enrichment analyses of pericyte- vs. microglia-secreted particles (Fig. 2
E) and astrocyte- vs. microglia-secreted apoE particles (Fig. 2 F) showed enrichment
of almost all lipid classes in either astrocyte or pericyte apoE particles, confirming

poor lipidation of microglial apoE.
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We further investigated the composition of apoE particles secreted by each brain cell
type using relative abundance calculations for each lipid class. PC 40:5 and its one
isobaric form were removed from relative abundance calculations as likely cell
culture artifacts due to their high abundance in cell-secreted apoE — 10.7% of total
lipid signal in astrocyte-, 20.6% in pericyte-, and 54.4% in microglia-secreted
particles, but not CSF apoE, where it comprised 0.6% of total lipid signal (Sup. File
3). PC, PC-0O, and SM accounted for the largest proportions of total detected lipids
across investigated cell types. However, the abundance of each lipid class differed
between pericyte-, astrocyte-, and microglia-secreted particles. Notably, pericyte-
secreted apoE particles contained more PC-O than astrocyte-secreted particles
(29.6% vs. 12.9% respectively) and less SM (12.0% vs. 26.5% respectively). The
lipid class composition of microglia-secreted apoE resembled pericyte-secreted
apoE particles in PC-O and SM levels but microglial apoE contained more PE
(15.6% vs. 5.4% in pericyte- and 1.0% in astrocyte-secreted particles) and PE-O
(4.8% vs. 3.6% in pericyte- and 0.4% in astrocyte-secreted apoE particles) (Fig. 2
G). CE and HexCer accounted for less than 1% of total detected lipids across the
investigated cell types. These lipid classes were relatively most abundant in
microglia-secreted particles, but their absolute concentrations were highest in
astrocyte-secreted apoE patrticles and similar between pericytes and microglia (Fig.
2 G, Sup. Fig. 3 A). Overall, we demonstrated that the lipid composition of apoE
lipoproteins depends on their cellular origin. Particles derived from astrocytes,
pericytes, and microglia showed different lipidation patterns and cell type-specific

lipid enrichment.

3.3 Proteins associated with brain apoE differ depending on the cell type of
origin

To investigate the protein compositions of brain cell-secreted apoE lipoproteins, we
cultured iIPSC-derived cells as described above and immunoprecipitated secreted
apoE patrticles for proteotype analysis. The comparison of microglia-, astrocyte-, and
pericyte-secreted apoE particles revealed different and unique protein expression
patterns depending on the cell type of origin (Fig. 3 A). Among detected features, we
observed several proteins linked to lipid metabolism (e.g., phospholipid transfer
protein — PLTP, clusterin — CLU, apolipoprotein C-Il — APOC2)?, extracellular matrix
(ECM) components or ECM-associated proteins (e.g., nidogen-1 — NID1,
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transforming growth factor-beta-induced protein — TGFBI, annexin A2 — ANXA2)*,
proteins involved in amyloid processing (CLU, cathepsin D — CTSD, disintegrin and
metalloproteinase domain-containing protein 10 — ADAM10)*?’
(lactadherin — MFGE8)??°, and ATPase-associated proteins, including ATP6AP2 — a

subunit of the vacuolar ATPase responsible for lysosomal acidification®’. (Sup. Table

or amyloid formation

2). Similarly to lipids, many proteins enriched in astrocyte- and pericyte-secreted

particles were downregulated in microglia-secreted apoE (Fig. 3 A).

We then defined cell type-specific apoE proteins via differential expression analysis,
comparing each cell type's apoE to vehicle media controls. The overlap of proteins
revealed that 11 of 112 (10%) brain cell-secreted proteins associated with apoE were
shared between astrocyte-, pericyte, and microglia-secreted particles. These
included APOE, ATP6AP2 and ATP6AP1, galectin-1 (LGALS1), ADAM10, osteoponin
(SPP1), serine protease HTRA1, NID1, profilin-1 (PFN1), serine/threonine-protein
phosphatase PPP2R1A, and ubiquilin-1 (UBQLN1). STRING GO database search
suggested a functional link between APOE and ADAM10, SPP1, LGALS1, and
UBQLN1". 62 (55%) of identified proteins were uniquely associated with pericyte-
secreted apoE particles. A STRING GO database search revealed that these
proteins are linked to antioxidant and peroxidase activities, as well as cell adhesion
molecule bindinglg. Additionally, we observed complement system components C3,
C4A, C5, and C9 among pericyte-associated apoE particle proteins. Twenty-one
(19%) of all brain cell-secreted proteins associated with apoE were found in both
pericyte- and astrocyte-secreted apoE particles, including ECM components (e.g.,
fibronectin-1 — FN1), glycolytic enzymes (e.g., glyceraldehyde-3-phosphate
dehydrogenase — GAPDH and pyruvate kinase — PKM), and lipid metabolism
regulators (e.g., PLTP and CLU). We noted three proteins (versican — VCAN,
proprotein convertase subtilisin/kexin type 1 inhibitor — PCSK1N, and apolipoprotein
D — APOD) uniquely associated with astrocyte-secreted particles and four proteins
shared between astrocyte and microglial apoE (lipoprotein lipase — LPL, osteolectin
— CLEC11A, galectin-3 — LGALSS3, and APOC?2). Nine proteins were detected in both
pericyte- and microglia-secreted particles (ATPase subunit ATP5F1B, beta-1,4-
galactosyltransferase 1 — BAGALT1, ganglioside activator GM2A, tensin-4 — TNS4,
olfactomedin-like protein 3 — OLFMLS3, peroxisome proliferator-activated receptor
delta — PPARD, GTP-binding nuclear protein RAN, TGFBI, CTSD) and two proteins
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were uniquely associated with microglial apoE (transferrin — TF, and coiled-coil
domain-containing protein CCDC40) (Fig. 3 B, Sup. Table 2).

Differential expression analysis of astrocyte- vs. pericyte-secreted particles revealed
the enrichment of TF, LGALS3 and its binding protein (LGALS3BP), VCAN, APOC2,
and APOC3 in astrocyte-secreted apoE particles, while the expression of proteins
with peroxidase activity (peroxiredoxins 6 and 1 — PRDX6 and PRDX1)*,
complement components, and ECM-binding proteins TGFBI and thrombospondin-1

(THBS1) was higher in pericyte-secreted apoE patrticles (Fig. 3 C).

Differential expression analyses of astrocyte- vs. microglia-secreted particles
(Fig. 3 D) and pericyte- vs. microglia-secreted apoE particles (Fig. 3 E) confirmed
that microglia-secreted apoE particles contained less proteins in comparison to
astrocyte- and pericyte-secreted particles. Peptidylprolyl isomerase A (PPIA), also
known as cyclophilin A (CypA), was highly enriched in both astrocyte- and pericyte-
secreted apoE compared to microglia-secreted apoE. Gelsolin (GSN) was enriched
in astrocyte-secreted particles. Proteins associated with the extracellular matrix (e.g.,
THBS1, fibulin-1 — FBLN1, periostin — POSTN, vitronectin — VTN)** and PRDX6
were more represented in pericyte apoE (Fig. 3 E). However, TF, proteins potentially
involved in amyloid processing (CTSD, TGFBI, ADAM10)'°, and APOC2 were

enriched in microglia-secreted particles (Fig. 3 D-E).

Relative abundance calculations of proteins associated with astrocyte-secreted apoE
particles revealed that 18 proteins contribute cumulatively to 90% of their proteotype.
LGALS3BP was the most abundant (17.0%), followed by APOE (9.8%), alpha-2-
macroglobulin (A2M; 9.6%) and CLU (7.7 %) (Fig. 3 F). In pericyte-secreted apoE
particles, 20 proteins contributed to 90% of the proteotype, with C3 (11.6%), beta-
actin (ACTB; 11.5%), and APOE (11.1%) as the most abundant (Fig. 3 G). In
microglia-secreted apoE particles, only 11 proteins contributed to the 90% of the
proteotype, with TF (32.2%) and APOE (28.3%) being the most abundant, followed
by CTSD (7.1 %) (Fig. 3 H, Sup. File 4). Together, these results demonstrate that

each brain cell type secretes apoE particles with a unique protein composition.
3.4 iPSC secrete apoE particles with distinct lipid and protein compositions

Although the primary focus of this study was the composition of brain cell-derived

apoE lipoproteins, we also observed apoE secretion by undifferentiated human
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iPSCs (Sup. Fig. 2 A). We therefore investigated the lipidome and proteotype of
apoE particles secreted by iPSCs. These particles were characterized by high
proportion of PE (56.3%), followed by PC-O (19.4%), and PC (18.3%). SM were the
least abundant in iPSC-secreted apoE particles compared to apoE secreted by other
cell types (2.5 % of total lipid signal) (Sup. Fig. 4 A, Sup. Fig. 3 B, Sup. File 3).
APOC3 was highly represented in iPSC-secreted particles (39.0% of total protein
signal), followed by APOE (22.5%) and GAPDH (5.4%) (Sup. Fig. 4 E, Sup. File 4).
Differential expression analysis of iIPSC-secreted and astrocyte-, pericyte- or
microglia-secreted apoE particles confirmed the enrichment of PE and ether-linked
PE (PE-0O), as well as the depletion of SM and PC in iPSC-secreted apoE particles
(Sup. Fig. 4 B-D). Although we observed similar protein groups (proteins linked to
lipid metabolism, extracellular matrix, peroxidase activity, amyloid beta processing)
associated with iPSC-secreted apoE particles, differential expression analysis
identified distinct protein abundance profiles in iPSC apoE compared to apoE
secreted by different brain cell types. APOC3 was one of the most highly upregulated
proteins in iPSC-secreted apoE in comparison to astrocyte-, pericyte-, and microglia-
secreted particles. Additionally, peroxiredoxins, ECM proteins OLFML3 and VCAN,
C9, and MFGE8 were among the most upregulated features in iPSC-secreted

particles compared to brain cell-secreted apoE (Sup. Fig. 4 F-H).

3.5 ApoE particles secreted by brain cells contain lipids and proteins that are
found in CSF.

After confirming that the composition of brain apoE particles depends on the cell type
of origin, we aimed to verify the presence of identified lipids and proteins in vivo. To
do so, we used apoE particles immunoprecipitated from human CSF as the
reference. We identified 114 lipids in CSF apoE, 55 of which were common with cell-
secreted apoE patrticles (Fig. 4 A, Sup. File 2). Relative abundance calculations of
lipid classes in CSF-derived apoE patrticles revealed a high proportion of PC
(65.2%), SM (20.0%), and PC-O (7.6%), resembling the typical lipidome of blood-
borne HDL particles® and the composition of astrocyte-secreted apoE (Fig. 4 B,
Sup. Fig. 3 C, Sup. File 3). We then selected the 10 most prevalent lipids detected in
brain cell-secreted apoE particles and compared their relative levels with the lipids of

CSF-derived apoE. We observed similar distribution patterns across all conditions
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but with short-chain PC 32:2 and two PE species being more abundant in cell- than

in CSF-derived apoE particles (Fig. 4 C).

We identified 154 proteins associated with CSF apoE, 113 of which were common
with cell-secreted apoE particles (Fig. 4 D, Sup. File 1). Calculations of relative
abundance showed APOE (28.2 % of total protein signal), other apolipoproteins
(APOA1 — 15.2%, CLU — 14.0%, APOD — 3.6%, APOA4 — 2.7%), GSN (2.2%), and
PLTP (1.7%) among proteins contributing to 90% of total CSF-derived apoE
proteotype. We also noted the presence of albumin (ALB and ALB-1; total 12.4%)
and hemoglobin subunits (HBA2 and HBB; total 8.9%) (Fig. 4 E, Sup. File 4). We
then selected 10 proteins associated with brain cell-secreted apoE particles, which
were among the most abundant and could be linked to relevant biological functions
or represented each of the common protein groups detected (lipid metabolism:
APOE, APOC2, APOC3, CLU; amyloid processing: CTSD and CLU; extracellular
matrix interactions: FN1, LGALS3BP; implication in neurodegenerative diseases —
ATP2AP2%: complement system component C3; iron transport — TF). We compared
their relative levels in brain cell- and CSF-derived apoE particles and observed that
these proteins were also present in CSF apoE particles, although their abundances
differed (Fig. 4 F). Taken together, these results showed that CSF-derived and brain
cell-secreted apoE particles are composed of largely overlapping lipid and protein
components, suggesting that despite differences in relative abundance, their

molecular compositions are similar.
4. Discussion

In this study, we demonstrate that the lipid and protein composition of CNS apoE
particles depends on their cellular origin. The protein and lipid profiles of apoE
particles secreted by astrocytes, microglia, and pericytes were different, showing that
CNS apoE is a diverse population of particles rather than a single, uniform type of
lipoprotein. Notably, cell type-specific apoE particles contained proteins and lipids
associated with lipid metabolism, oxidative stress resistance, lysosomal function,
extracellular matrix biology, iron transport, and amyloid beta processing. This
suggests that they may play distinct roles in brain homeostasis and

neurodegenerative diseases.
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Ether-linked phosphatidylcholines (PC-O) and sphingomyelins (SM) showed the
strongest cell type specificity among the differences in particles’ lipid
composition. PC-O were enriched in pericyte- and microglia-secreted apoE, while
SM predominated in astrocyte-secreted particles. PC-O contribute to membrane
rigidity and protect against oxidative damage®**. Along with the enrichment of
antioxidant proteins (PRDX1 and PRDX6), the increased presence of PC-O in
pericyte-secreted apoE suggests a potential role in oxidative stress resistance.
Oxidative stress-related disturbances are implicated in blood-brain barrier (BBB)
dysfunction and neurodegeneration®**’. Since SM also increase membrane rigidity
through interactions with cholesterol and are metabolically co-regulated with PC-O%,
elevated PC-O may compensate for lower SM levels in pericyte- and microglia-
secreted particles. Microglial apoE particles were characterized by higher PE content
and lower overall lipidation compared to astrocyte- and pericyte-secreted apoE. PE
enrichment, particularly in iPSC-secreted apoE, together with lower
phosphatidylcholine abundance, suggests that some apoE may be transported in
extracellular vesicles rather than in lipoproteins ***2. These findings underscore the
importance of defining the distribution of apoE between extracellular vesicles and
lipoproteins across various CNS cell types. Reduced lipidation of microglial apoE can
be explained by lower abundance of PLTP, reduced CLU, and increased APOC2,

345 Low

which promotes lipoprotein lipase—mediated triglyceride hydrolysis
lipidation of apoE particles in microglia observed in our study is consistent with
previous reports describing these cells as producers of relatively lipid-poor apoE-

containing lipoproteins*®*’.

However, this finding contrasts with more recent
evidence demonstrating that murine microglia secrete larger apoE particles than
astrocytes®. Similarly, a recent study identified an enrichment of cholesteryl esters in
microglial apoE*’. These discrepancies may reflect species-specific differences, as
the contrasting observations were obtained from mouse glia, whereas we used
human iPSC-derived cells in this study. There are marked differences between
human and mouse lipoproteins and microglia, including differences in transcriptional
programs, lipid metabolism, and functional responses®>3. Among these variations,
the regulation of the ATP binding cassette transporter ABCAL is particularly relevant.
ABCAL1 is the main transporter responsible for cholesterol and phospholipid transfer
to apoE particles, and its regulation differs between human and mouse models™.

This species-specific regulation of apoE lipidation pathways may explain the
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differences in apoE particle composition observed between studies. Conversely,
higher lipidation of astrocyte- and pericyte-derived apoE may reflect more efficient
apoE recycling. This process has been described in peripheral cells and has been
proposed to occur in CNS glia®®%. The capacity of microglia to recycle apoE and
generate more lipidated lipoprotein particles might be of particular interest as recent
studies showed that impaired apoE secretion during inflammation or in APOE4/E4
microglia led to increased intracellular lipid accumulation and microglial
dysfunction®¥°!. Alternatively, the observed low lipidation of microglial apoE might be
due to the limited sensitivity of untargeted lipidomics methods to cholesterol and
cholesteryl esters. Notably, the present study focused on sphingolipid, phospholipid,
glycerolipid, and cholesteryl ester classes, which can be reliably profiled together
using a single LC-MS/MS method. Given the central role of cholesterol metabolism
in neurodegenerative diseases, future studies incorporating cholesterol-optimized
methods would complement these findings and provide a more complete picture of

apoE particle composition.

We also observed cell type-specific differences in apoE-associated proteins involved
in amyloid beta metabolism and lysosomal function. The differential abundance of
CLU, CTSD, and ADAM10 suggests that apoE particles from different cellular
sources may regulate amyloid processing and clearance differently. Additionally,
ATP6AP2, a vacuolar ATPase component required for lysosomal acidification, was
enriched in astrocyte-derived apoE, suggesting a potential relationship between
astrocyte-derived apoE and lysosomal function®*®%®* Our findings are consistent
with a recent study by Strickland et al., who reported the enrichment of PLTP and
CLU in astrocyte-derived apoE and LPL in microglial apoE, as well as increased
sphingomyelin content in astrocyte particles®. We noted an upregulation of
complement system components in pericyte-secreted apoE, consistent with the
evidence about complement secretion by pericytes® and the role of the complement
cascade in maintaining BBB integrity®®*. CypA, identified as a component of
astrocyte- and pericyte-secreted apoE particles, is also involved in the BBB
regulation, with increased CypA activity contributing to BBB breakdown®’. The high
contribution of transferrin to microglial apoE suggests a potential role of these
particles in iron homeostasis, which has been implicated in inflammation and

neurodegenerative diseases®.
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A few methodological considerations are worth noting. First, a population of
incompletely differentiated astrocytes remained after differentiation; however,
additional passaging before apoE particle immunoprecipitation and previous reports
describing Sox2 expression in mature astrocytes mitigate concerns about its
impact®®. To address lower apoE secretion by astrocytes, we report relative lipid and
protein abundances across investigated cell types. Additionally, in heatmaps and
volcano plots comparing proteins associated with apoE-containing lipoproteins,
proteomics data were normalized to APOE intensity. Second, our study focused
exclusively on APOE3/E3 cells. While APOE genotype is a major determinant of AD
risk, recent evidence suggests that apoE lipid composition is more strongly
influenced by cell type than by genotype®’. Lastly, our immunoprecipitation approach
could not distinguish between lipidated apoE, lipid-free apoE, and apoE associated

with extracellular vesicles.

Including CSF-derived apoE as an in vivo reference allowed us to evaluate the
physiological relevance of our findings. The lipid composition of CSF-derived apoE
resembled that of CNS lipoproteins and was consistent with previous CSF lipidomics

70,71

studies Similarly, the major proteins associated with CSF-derived apoE

overlapped significantly with those previously identified in CSF lipoproteins®*®* 7277,
Hemoglobin beta reflected minor blood contamination’® and apoA-I likely originated

F'%8 therefore these

from peripheral high-density lipoprotein (HDL) entering the CS
proteins were excluded from analyses of cell-secreted apoE. Albumin, although
potentially reflecting blood contamination, has been previously reported in CSF
lipoproteins™® and can bind lipids®. However, we excluded it from the cell-secreted
apoE analyses due to its high presence in vehicle media controls. Most proteins and
lipids identified in cell-secreted apoE were also present in CSF-derived apoE,
supporting the biological relevance of our in vitro model. Features that were only
enriched in apoE secreted by cultured cells, such as LGALS3BP and PC 40:5, may
represent culture-specific components or transient constituents of newly secreted

apoE particles. However, both have previously been implicated in AD pathology®®’.

In summary, our findings demonstrate that CNS apoE particles are molecularly
heterogeneous and that their protein and lipid composition is determined by their
cellular origin. ApoE particles from different cell types differ in molecular features

linked to oxidative stress resistance, lipid metabolism, extracellular matrix biology,
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lysosomal function, and amyloid processing. This suggests that apoE secreted by
astrocytes, microglia, and pericytes may perform distinct functions in brain

homeostasis and neurodegenerative diseases.
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9. Figure captions

Figure 1. Differentiation of iPSC into pericytes, astrocytes and microglia. A)
Schematic differentiation of iPSCs to astrocytes, pericytes, and microglia. Astrocytes
(markers: S100B, GFAP, AQP-4) were differentiated via Neural Progenitor cells
(NPC, markers: Pax6, Sox1, Nestin (Nes)); Pericytes (markers: CD146, PDGFR,

NG2) were differentiated via Neural Crest cells (NC, marker Sox10); Microglia

23


https://doi.org/10.64898/2026.09.07.749850

bioRxiv preprint doi: https://doi.org/10.64898/2026.09.07.749850; this version posted September 14, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(markers: CD11b, TREM2, CD45") were differentiated via Hematopoietic stem cells
(Heme, markers: CD34, CD43, CD45). B) Expression of pluripotency markers (Oct4,
Nanog) in iPSCs, nuclei counterstained with DAPI. Scale bars 100 um. C) Gene
expression of GFAP, S100B, AQP4 in iPSCs, NPC, and astrocytes by gRT-PCR. D)
Expression of S1008 and GFAP in astrocytes. Nuclei counterstained with DAPI.
Scale bars 100 um. E) Gene expression of pericyte markers (PDGFRB, MCAM —
encoding CD146, CSPG4 — encoding NG2) in iPSCs, NC, and pericytes by qRT-
PCR. F) Expression of NG2 and PDGFRp in pericytes. Nuclei counterstained with
DAPI. Scale bars 100 um. G) Gene expression of microglial markers (PTPRC —
encoding CD45, ITGAM — encoding CD11b, TREM2) in iPSCs, Heme, and microglia
by qRT-PCR. H) Expression of Ibal and CD45 in microglia. Nuclei counterstained
with DAPI. Scale bars 100 um. Points in graphs represent individual experiments
(biological replicates, n = 3-4), bars represent the mean, and error bars + SD, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns — not significant, n.d.- not detected
within 40 amplification cycles. iPSC — induced pluripotent stem cells, NC — neural
crest, Heme — hematopoietic stem cells, Peri — pericytes, Micro — microglia, Astro —

astrocytes.

Figure 2. Lipid profiling reveals that different lipids are associated with apoE
particles depending on the cell type of origin. A) Heatmap represents color-
coded abundance (Z-scored, row-scaled) of lipid species associated with apoE
particles secreted by microglia, astrocytes, and pericytes. Only lipids enriched
(logoFC 2 1, FDR < 0.05) in each condition vs. vehicle media controls are shown. B)
The overlap of lipids identified as associated with astrocyte, pericyte, and microglial
apoE, defined as enriched (logo.FC 2 1, FDR < 0.05) in each condition vs. vehicle
media controls. C) Differential expression of lipids associated with astrocyte vs.
pericyte apoE particles. Each point represents one lipid species. Significance
thresholds: |log.FC| 2 1, FDR <0.05. D-F) Lipid class enrichment analysis of
differentially abundant lipids in astrocyte vs. pericyte (D), pericyte vs. microglial (E),
and astrocyte vs. microglial (F) in apoE particles. Lipid class distributions are shown
as boxplots with medians as center lines, whiskers extend to the extreme non-outlier
values, dots represent outliers. Significant classes (FDR < 0.05) are highlighted. FC -
fold change, FDR — false discovery rate. G) Relative abundance of lipid classes in

astrocyte-, pericyte-, and microglia-secreted apoE particles. Points in graphs
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represent individual replicates (n = 3), bars represent the mean, and error bars + SD.

Astro or A — astrocyte-, Peri or P — pericyte-, Micro or M — microglia-secreted apoE.

Figure 3. Proteotype profiling reveals that different proteins are associated
with apoE particles depending on the cell type of origin. A) Heatmap represents
color-coded abundance (Z-scored, row-scaled) of proteins associated with apoE
particles secreted by microglia, astrocytes, and pericytes. Top 50 proteins ranked by
ANOVA F-statistic are shown. Only proteins enriched (log,FC = 1, FDR < 0.05) in
each condition vs. vehicle media controls were included in the analysis. Data are
normalized to APOE intensity in addition to global (median-centered) normalization.
B) The overlap of proteins identified as associated with astrocyte, pericyte, and
microglial apoE, defined as enriched (log,FC = 1, FDR < 0.05) in each condition vs.
vehicle media controls. C-E) Differential expression of proteins associated with
astrocyte vs. pericyte (C), astrocyte vs. microglial (D), and pericyte vs. microglial (E)
apoE particles. Data are normalized to APOE intensity in addition to global (median-
centered) normalization. Significance thresholds: |log2FC| =2 1, FDR < 0.05. Proteins
contributing cumulatively to 90% of total astrocyte- (F), total pericyte- (G), and total
microglia-secreted (H) apoE proteotype and their relative abundances, expressed as
percentage of all detected proteins. Points in graphs represent individual replicates
(n = 3), bars represent the mean, and error bars + SD. Astro — astrocyte-, Peri —

pericyte-, Micro — microglia-secreted apoE.

Figure 4. The components of cell-secreted apoE particles’ lipidome and
proteotype are found in human CSF. A) The overlap of lipids identified as
associated with CSF and cell-secreted apoE. 114 lipids were detected and annotated
in the dataset. ‘Cell apoE’ lipids are defined as enriched (log,FC = 1, FDR < 0.05) in
each condition vs. vehicle media controls. B) Relative abundance of lipid classes in
CSF-derived apoE particles. Points in graphs represent individual replicates (n = 3),
bars represent the mean, and error bars + SD. C) Dot plot shows that the most
abundant lipid species detected in cell-secreted apoE are also present in CSF apoE.
Lipid abundances are expressed as the percentage contribution of each lipid species
to the total lipid signal per sample. Mean percentages of three replicates are shown.
D) The overlap of proteins identified as associated with CSF and cell-secreted apoE.
154 proteins were detected and validated in the dataset. ‘Cell apoE’ proteins are

defined as enriched (log,FC = 1, FDR < 0.05) in each condition vs. vehicle media
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controls. E) Proteins contributing cumulatively to 90% of total CSF apoE proteotype
and their relative abundances, expressed as percentage of all detected proteins.
Points in graphs represent individual replicates (n = 3), bars represent the mean, and
error bars + SD. F) Dot plot shows that selected (most abundant and biologically
relevant) proteins detected in cell-secreted apoE are also present in CSF apoE.
Protein abundances are expressed as the percentage contribution of each protein to
the total protein signal per sample. The mean percentages of three apoE

immunoprecipitation replicates from pooled human CSF are shown.

Supplementary Figure 1. Relative gene expression of pluripotency and
intermediate differentiation stage markers across iPSC-derived cell types. A)
Gene expression of pluripotency markers (POU5SF1, SOX2, NANOG) and (B) neural
progenitor markers (PAX6, NES, SOX1) in iPSCs, NPC, and astrocytes. C) Gene
expression of pluripotency markers (POU5F1, SOX2, NANOG) and (D) the neural
crest marker (SOX10) in iIPSCs, NC, and pericytes. E) Gene expression of
pluripotency markers (POU5F1, SOX2, NANOG) and (F) hematopoietic stem cell
markers (CD34, SPN) in iPSCs, Heme, and microglia. Points in graphs represent
individual experiments (biological replicates, n = 3-4), bars represent the mean, and
error bars + SD, *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001, ns — not
significant. iPSC — induced pluripotent stem cells, NC — neural crest, Heme -

hematopoietic stem cells, Peri — pericytes, Micro — microglia, Astro — astrocytes.

Supplementary Figure 2. ApoE levels in culture media of iPSC-derived cells. A)
ApoE levels in the culture media of each cell type, measured by ELISA. Points in
graphs represent individual experiments (biological replicates, n = 3-5), bars
represent the mean, and error bars + SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001. Only significant pairwise comparisons are shown.

Supplementary Figure 3. Lipid class concentrations. A) Absolute concentrations
of lipid classes in astrocyte-, pericyte-, and microglia-secreted apoE particles. A —
astrocyte-, P — pericyte-, M — microglia-secreted apoE. B) Absolute concentrations of
lipid classes in IPSC-secreted apoE particles. C) Absolute concentrations of lipid
classes in CSF-derived apoE particles. Points in graphs represent individual

replicates (n = 3), bars represent the mean, and error bars + SD.
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Supplementary Figure 4. Composition of iPSC-secreted apoE particles. A)
Relative abundance of lipid classes in iPSC-secreted apoE particles. Points in
graphs represent individual replicates (n = 3), bars represent the mean, and error
bars + SD. B-D) Differential expression of lipids associated with iPSC vs. astrocyte
(B), iPSC vs. pericyte (C), and iPSC vs. microglial (D) apoE particles. Each point
represents one lipid species. Significance thresholds: |log2FC| 2 1, FDR < 0.05. E)
Proteins contributing cumulatively to 90% of total iPSC-secreted apoE proteotype
and their relative abundances, expressed as percentage of all detected proteins.
Points in graphs represent individual replicates (n = 3), bars represent the mean, and
error bars + SD. F-H) Differential expression of proteins associated with iPSC vs.
astrocyte (F), iPSC vs. pericyte (G), and iPSC vs. microglial (H) apoE particles. Data
are normalized to APOE intensity in addition to global (median-centered)

normalization. Significance thresholds: |log2FC| 2 1, FDR < 0.05.
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Figure 1. Differentiation of iPSC into pericytes, astrocytes and microglia.
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Figure 2. Lipid profiling reveals that different lipids are associated
with apoE particles depending on the cell type of origin.

% Up in Peri Up in Astro
-342) (1) Lipids enriched (FDR < 0.05, FC > 2) _ag. . i SM(38:1,02)g0(40:2;02)
e ?015) in each condition vs. vehicle medium 6 PO(O-38:9) (ZUDE(O-GG 2 PCi32: OHPC(aﬁ SM(39:1;02)
) PE(6:2JPE(O-34:2) 5 40438 4) P (3400).SM(42 1,02)
o ;§§ 8 PC(385) o @ SM(40:2; 02&% (@) *bc32:2) (1)
1 PC(0-36:1) 1
BU o-jgg?f) ) ( PE)(%J_éM) sM(42i2; oz) (1) ?ﬁ‘: 20) 2(;)
<) () . H
20 jg? , 2 pcB6:2) (1) 5
;f,itcz’fj;gi)u) T4 PE(0-38:8) (1), ! GE(18:1) ool
;‘;ég o PE(242) ; (32:2)
2103 B '
2212) 7 PC(0-384 (1) '
: ;' 3 PC(0-36:4) '
32 o) 2 PC(0-3§5) (3} '
g: i s ; PC(32:2) (2)
32H@ = PE(D-36:3 hS.
o 25 59 ) SM(4P.§,02) )
20 7 : :
4:1 ' '
- 6:3 ' '
20 T [T L. o
- 1:4;(1) E E
o izn ! '
385 (3) | '
Ség;(n 0 | |
3 -4 -2 0 2 4
g_ﬁ‘é @ Log2 Fold Change
Lipid class: Astrocyte vs. Pericyte apoE E Lipid class: Pericyte vs. Microglial apoE Lipid class: Astrocyte vs. Microglial apoE
Enriched in Peri | Enriched in Astro Enriched in Micro | Enriched in Peri Enriched in Micro | Enriched in Astro
o T o — o -
PE-O A[D . PE-O . -m— PE-O l
| 1 |
g e - , {4 1
% | % ! g
© X © ! © '
g Poo {1 S Poo - S poo {1
= ! =3 : i3 !
HexCer E | HexCer i | HexCer| E |
CE | CE | CE |
| I
6 3 3 6 6 3 0 3 6 6 - 0 3 6
Enrichment score Enrichment score Enrichment score
G PC PC-0 SM
60
304
40 20
20
(2]
kel 10
£ 10
3
5o 0 0
o PE PE-O CE HexCer
s 5
S 15 0.6 0.6
kS 4
R
104 3 0.4 0.4
2
51 0.2 0.2 i i
1
0 o 1 : = o 0.0
A P M A P

B

C

Astrocyte vs. Pericyte apoE

Ml



https://doi.org/10.64898/2026.09.07.749850

Figure 3. Proteotype profiling reveals that different proteins are associated
with apoE particles depending on the cell type of origin.
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Figure 4. The components of cell-secreted apoE particles’ lipidome and proteotype are found in human CSF.
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and intermediate differentiation stage markers across iPSC-derived cell types.

Supplementary Figure 1. Relative gene expression of pluripotency
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Supplementary Figure 2.
ApoE levels in culture media of iPSC-derived cells.
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Supplementary Figure 3. Lipid class concentrations.
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Supplementary Figure 4. Composition of iPSC-secreted apoE particles.
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