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CLU alleviates Alzheimer’s disease-relevant
processes by modulating astrocyte reactivity and
microglia-dependent synaptic density
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e AD-risk SNPs at the CLU locus selectively reduce CLU
expression in astrocytes

e Increased inflammatory proteins in CLU-deficient and AD
CLU risk astrocytes

e Microglia mediate CLU-dependent synapse reduction and
increased tau phosphorylation

e AD-protective CLU alleles disrupt the link between tau
pathology and cognition
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In brief

Lish et al. reveal that AD-protective CLU
alleles enhance CLU upregulation in
response to accumulated
neuropathology, thereby dampening
inflammatory signaling between
microglia and astrocytes. Using several
complementary approaches, they show
that CLU upregulation in astrocytes
protects neurons from microglia-
mediated induction of phospho-tau and
synapse loss.
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SUMMARY

Genetic studies implicate clusterin (CLU) in the pathogenesis of Alzheimer’s disease (AD), yet its precise mo-
lecular impact remains unclear. Through unbiased proteomic profiling and functional validation in CLU-defi-
cient astrocytes, we identify increased nuclear factor kB (NF-kB)-dependent signaling and complement C3
secretion. Reduction of astrocyte CLU induced microglia-dependent modulation of extracellular apolipopro-
tein E (APOE) and phosphorylated tau, as well as increased microglial phagocytosis and reduced synapse
numbers. By integrating mouse and human cellular models with comprehensive analyses of human plasma
and brain tissue, we demonstrate that CLU AD-risk alleles are associated with reduced CLU protein and
heightened inflammatory profiles. These findings establish a mechanistic link between AD genetic risk fac-
tors, astrocyte reactivity, and microglia-mediated effects on synaptic integrity. Collectively, these results
support a model in which CLU upregulation in response to neuropathology is associated with maintenance
of cognitive function, while diminished astrocyte CLU levels heighten disease susceptibility.

INTRODUCTION CLU is a secreted molecular chaperone that binds

misfolded proteins, facilitating their clearance through re-

Elevated clusterin (CLU) levels are consistently observed in the
brain tissue and cerebrospinal fluid of individuals with Alz-
heimer’s disease (AD),'™® a disease characterized by the accu-
mulation of amyloid beta (AB) plaques and neurofibrillary tau tan-
gles. Despite this, the role of CLU in AD remains unclear, with
conflicting evidence as to whether it is neuroprotective, patho-
genic, or simply a byproduct of disease. Genome-wide associa-
tion studies (GWASSs) have identified intronic single-nucleotide
polymorphisms (SNPs) at the CLU locus that significantly influ-
ence late-onset AD (LOAD) risk.”® However, the effects of these
SNPs on CLU expression are inconsistent, with studies reporting
both decreases®'? and increases'® ' in expression levels.
While CLU is expressed across various brain cell types, the
cell-specific effects of these LOAD-associated SNPs and their
broader impact on cellular function remain poorly understood.

ceptor-mediated endocytosis. In AD, CLU localizes to AB
plaques,””'® modulates AB aggregation, and promotes
clearance, supporting a neuroprotective role. It also ac-
cumulates at synapses, with astrocyte-secreted CLU shown
to regulate excitatory synaptic transmission and spine den-
sity in mouse models.?*?° Beyond these roles, CLU partici-
pates in lipid metabolism,”® complement inhibition,?”
apoptosis,”® and inhibition of nuclear factor-«B (NF-kB) ac-
tivity.29"*2 While these studies have advanced our under-
standing of CLU biology, they have largely relied on mouse
models or investigated CLU’s role outside the brain. To
determine whether and how CLU may interact with these
cellular processes to affect AD risk, it is crucial to employ
a physiologically relevant system in which CLU is expressed
at endogenous levels in human brain cells.
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Figure 1. CLU risk alleles are associated with reduced CLU expression in astrocytes in the human brain
(A) Postmortem human brain extracts from LPNCI (N = 12), HPNCI (N = 8), and AD (N = 10) groups were sequentially extracted using TBS, SDS, and urea. LPNCI,
low neuropathology, not cognitively impaired; HPNCI, high neuropathology, not cognitively impaired; AD, pathological and clinical Alzheimer’s diagnosis. See

Table S1.

(B) Representative western blot (WB) of CLU and B-actin (full dataset in Figure S1A).
(C-E) Quantification of presecretory CLU (C), mature CLU (D), and their ratio (E) normalized to B-actin. See Figures S1B-C for additional quantifications.
(F) Pearson correlations of mature CLU (urea fraction) with neuropathological and cognitive scores.
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The need for human in vitro models is especially critical for
capturing and dissecting the mechanisms of intercellular
signaling, given the intricate interplay between innate immune
activation, complement signaling, and synapse loss in AD. Amy-
loid plagues trigger microglial activation,®*° leading to the
release of proinflammatory molecules such as tumor necrosis
factor (TNF), interleukin-1a (IL1a), and complement component
1q (C1q).°® These molecules drive neurotoxic astrocyte reac-
tivity characterized by NF-kB activation and increased comple-
ment C3 secretion. Combined, these proinflammatory states
disrupt brain homeostasis and promote neurodegeneration.
The complement system plays a central role in this process,
regulating synapse pruning and microglial phagocytosis through
the involvement of complement proteins such as C3 and
C19.°"*9 In disease, the complement system becomes exces-
sively activated in response to neuronal damage, including
exposure to AB,*°~*? which may contribute to synapse loss and
neurodegeneration (reviewed in Batista et al.*®). Although CLU
has been suggested to modulate the complement cascade,
NF-kB signaling, and synaptic transmission in non-human
models, it remains unclear whether and how CLU might mediate
crosstalk between these signaling cascades to influence human
disease risk.

Here, we conducted in-depth, multi-omic postmortem studies
of human brain tissue from several hundred individuals and
found that CLU expression is higher in AD brain tissue. Impor-
tantly, however, CLU protein and RNA levels, specifically in as-
trocytes, were lower in individuals carrying CLU risk alleles. Pro-
teomic and functional studies revealed that CLU reduction
(heterozygous, HET) or loss (knockout, KO) in human induced
pluripotent stem cells (hiPSC)-derived astrocytes drives height-
ened reactivity, including increased secretion of C3 and inflam-
matory proteins, which were rescued by CLU overexpression
or NF-kB inhibition. Using co-cultures comprising astrocytes,
neurons, and microglia, we demonstrate an essential require-
ment for microglia in mediating CLU-dependent modulation of
apolipoprotein E (APOE) and phosphorylated tau levels. CLU-
deficient astrocytes also induced a reduction in synapse
numbers and increased microglial phagocytosis. Across exper-
imental models, we observed parallels between CLU deficiency
and the effects of CLU LOAD risk SNPs. In vivo, mice carrying a
humanized CLU risk allele showed reduced CLU protein levels
and increased expression of phagocytosis- and complement-
related genes. Longitudinal plasma analyses revealed that indi-
viduals with protective CLU alleles exhibited increased CLU
levels without changes in inflammatory markers, whereas those
with risk alleles did not exhibit an increase in CLU levels but
showed elevated inflammatory markers over time. Finally, genet-
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ically diverse iPSC-derived astrocytes (iAs) demonstrated that
CLU risk alleles were associated with reduced CLU and APOE
levels and increased complement protein and phosphorylated
tau levels when co-cultured with familial AD (fAD) neurons and
APOE4 microglia. These data culminate in support of a new
paradigm regarding CLU biology: efficient CLU upregulation in
response to AB and tau accumulation can prevent dysregulated
inflammatory signaling between astrocytes and microglia,
thereby protecting against neurodegeneration and cognitive
decline.

RESULTS

AD CLU risk alleles are associated with reduced CLU
expression in astrocytes in the human brain
To conclusively determine the levels of CLU in individuals with
AD and the association of risk SNPs at the CLU locus with
CLU levels,'™** we analyzed human brain tissue from hundreds
of deeply phenotyped participants in the Religious Orders Study
and Rush Memory and Aging Projects (ROSMAP).**~*® Protein
expression of CLU was assessed using western blot (WB) and
tandem mass tag-mass spectrometry (TMT-MS). We compared
CLU levels across three categories of individuals: low neuropa-
thology, not cognitively impaired (LPNCI), high neuropathology,
not cognitively impaired (HPNCI), and AD. LPNCI individuals
had neither a clinical nor neuropathological diagnosis of AD,
HPNCI had a neuropathological diagnosis of AD with no cogni-
tive impairment, and AD individuals had both a neuropatholog-
ical and clinical diagnosis.*>**°

Brain tissue from 30 individuals was homogenized using
sequential extraction in tris-buffered saline (TBS), sodium dodecyl
sulfate (SDS), and urea (Figure 1A; Table S1). WB analysis with an
antibody recognizing the a-chain of CLU detected two bands: a
68 kDa immature presecretory form and a 37 kDa mature
processed form (Figures 1B and S1A). CLU expression was
elevated in AD individuals across all extractions and both forms
of CLU (Figures 1C, 1D, and S1C), but the presecretory-to-mature
CLU ratio was lower in AD (Figure 1E), suggesting increased pro-
cessing through the secretory pathway. As expected, CLU protein
levels correlated strongly with neuropathological measurements
from the same individuals (Figure 1F). However, it is notable that
the correlation between CLU and tangle score is much stronger
than with the B-amyloid score. TMT-MS analysis of urea-extracted
CLU protein from 702 ROSMAP brains® confirmed higher CLU
expression in HPNCI and AD individuals compared with LPNCI
(Figure 1G), with females trending toward higher expression in
AD (Figure S2J). However, individuals homozygous for the
risk C allele of rs11787077 exhibited lower CLU levels (Figure 1H),

(G and H) CLU levels in ROSMAP brain samples (urea extracts, TMT-MS) by diagnosis (G; N = 236 LPNCI, 230 HPNCI, and 236 AD) and rs11787077 genotype (H;
N =134 T/T, 245 C/C, and 390 C/T). See Figure S2H for (G) stratified by CLU peptide.
(I) CLU levels from (H), further stratified by Braak stage and genotype, with significant reductions in C/C vs. T/T or C/T at stages 3-4 and 5-6 (two-way ANOVA with

Dunnett’s multiple comparisons test). See Figures S2L-S2N.

(J) Heatmap of CLU eQTL summary statistics for eight SNPs across brain cell types. *FDR < 0.05. See Table S2.

(K-M) Pearson correlations between postmortem tangle score and global cognition in amyloid-positive (see STAR Methods) ROSMAP participants, stratified by
rs11787077 genotype (N = 147 C/C, 222 C/T, and 72 T/T). Shaded area indicates 95% confidence interval.

For all graphs, data are mean + SEM. One-way ANOVA with Tukey’s multiple comparisons test: ***p < 0.0001, ***p < 0.001, *p < 0.01, *p < 0.05; ns, not sig-

nificant.
See also Table S1.
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Figure 2. CLU deficiency amplifies astrocyte reactivity and inflammatory signatures
(A) Representative immunostaining of CLU WT, HET, and KO astrocytes derived from two iPSC lines (BR33 and BR24), labeled for GFAP (red) and S100B (green).

Scale bar, 100 uM. See Figures S3A and S3B for clone details.

(legend continued on next page)
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a trend observed across 12 of 16 CLU peptides spanning both
a- and B-chains (Figures S1D-E). Since CLU expression corre-
lated strongly with tangle score, we further analyzed its levels
across Braak stages. Strikingly, CLU levels were significantly
elevated in later Braak stages only in individuals carrying the pro-
tective “T” allele (Figures 11 and S2L-S2N).

Although CLU is broadly expressed across cell types, the
contribution of each to CLU expression patterns in relation to
risk alleles remains unclear. Using pseudobulk analysis of sin-
gle-nucleus RNA sequencing (snRNA-seq) from over 400
ROSMAP participants,®’ we found that CLU is widely expressed
but highest in astrocytes (Figures S2A and S2B). Human cellular
models confirmed that astrocytes secrete the highest levels of
CLU compared with neurons and microglia (Figure S2C). Several
AD-associated CLU risk SNPs identified by GWAS were linked
to lower CLU expression specifically in astrocytes, with no
significant changes in neurons or microglia (Figures 1J and
S2D-S2G; Table S2). Notably, in individuals with a high neuro-
pathological burden, the strongest association was observed
between lower CLU expression and the rs11787077-C risk allele
(Figures S2H-).

To evaluate the impact of CLU risk alleles on cognitive function
in the aged brain, we compared individuals carrying risk versus
protective alleles. The ROS and MAP cohorts provide detailed
postmortem neuropathological reports,”” enabling comprehen-
sive genetic association analyses. Among individuals with amy-
loid pathology (as assessed by immunostaining, B-amyloid
score > 1),°°* those with the CLU rs11787077-C risk allele
had worse global cognition (Figure S2K). Additionally, tangle
score was negatively correlated with cognition in individuals
with CLU risk alleles (Figures 1K and 1L), whereas this associa-
tion was absent in those with the protective variant (Figure 1M).
Taken together, these findings support the hypothesis that CLU
is upregulated as a protective response to accumulating neuro-
pathology. However, lower levels of CLU, specifically in astro-
cytes, are associated with an increased risk of cognitive decline
and AD. This dual pattern of CLU regulation highlights its pivotal
role in the pathophysiology of AD and underscores the critical
need to further investigate the molecular consequences of
reduction of CLU in human astrocytes.

CLU deficiency induces protein-level changes
consistent with elevated astrocyte reactivity

To investigate CLU’s role in human cells, we used CRISPR-Cas9
to generate isogenic CLU wild-type (WT), HET, and KO iPSC
lines in two genetic backgrounds (Figures S3A and S3B). These
iPSCs were differentiated into astrocytes,**°° confirmed by glial
fibrillary acidic protein (GFAP) and S100 calcium binding protein
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B (S100B) expression and acquisition of a characteristic star-like
morphology (Figure 2A). WB and ELISA analyses showed ~50%
CLU reduction in HET lines and complete loss in KO lines (Fig-
ure 2B). To assess protein-level disruptions from CLU loss, we
performed TMT-MS on WT and KO iAs. Among 396 differentially
expressed proteins (DEPs) consistently altered across
both genetic backgrounds (Figure 2C; Table S3), CLU KO astro-
cytes exhibited upregulation of proinflammatory cytokines
(interleukin-6, IL-6), chemokines (CXCL6 and CCL20), and com-
plement components (C3). Gene set enrichment analysis (GSEA)
against the Hallmark gene set®’ revealed increased inflammatory
responses and reduced cholesterol homeostasis in CLU KO as-
trocytes (Figure 2D; Table S3).

To further investigate the inflammatory response, we analyzed
a transcriptomic dataset from iAs recently described by our
group.”® In this dataset, nine iA lines from ROSMAP donors
were treated with vehicle or TNF + IL-1 and profiled by bulk
RNA-seq (Figure 2E). We generated a custom human reactive
astrocyte signature by ranking the top upregulated differentially
expressed genes (DEGs) (—logqo adjusted p value x log, fold
change) in response to TNF + IL-1B. Applying this signature to
our CLU astrocyte proteomics dataset revealed significant
enrichment of reactive astrocyte proteins in CLU KO astrocytes
(Figure 2F). Leading-edge proteins included direct NF-kB targets
such as IL-6, CCL2, and intercellular adhesion molecule 1
(ICAM-1) (Figure 2G). Example gene bar plots highlight CCL20,
a top transcript upregulated by TNF + IL-1B, and ras-related
glycolysis inhibitor and calcium channel regulator (RRAD), the
strongest DEP in CLU KO astrocytes (Figures S3C and S3D).
To confirm that CLU loss mimics the proteomic profile of cyto-
kine-stimulated astrocytes, we analyzed secreted proteins in iA
cultures. Consistent with our proteomics data, CLU loss led to
increased secretion of IL-6, C3, serum amyloid A (SAA), and
ICAM-1 (Figures 2H, 2I, and S4A-S4D). WB further confirmed
elevated intracellular ICAM-1 in CLU-deficient astrocytes
(Figures S4E-F). Notably, CLU overexpression rescued the
elevated C3 and IL-6 levels observed with CLU KO
(Figures 3A-3D). These findings indicate that CLU deficiency
amplifies astrocyte inflammatory responses.

Heightened levels of C3 and inflammatory response
genes in CLU-deficient astrocytes are NF-«xB dependent
Previous studies in mouse models and immortalized cell lines
suggest that CLU regulates NF-«B signaling.?? Here, we
examined whether CLU loss affects canonical NF-kB signaling
in human astrocytes by quantifying IkBa protein levels and NF-
kB reporter activity. NF-kB activation is marked by decreased
I«Ba levels, which becomes degraded upon activation.®® WB

B) Representative WB of CLU WT, HET, and KO iAs, probed for CLU and GAPDH.
C) Volcano plot of differential protein expression (KO vs. WT, TMT-MS). Purple, adjusted p < 0.01, log,FC > 0.12 or < —0.12. See Table S3.
D) GSEA of hallmark pathways from differential protein expression analysis. See Table S3.

F) GSEA of TNF + IL-1B-activated targets (top 250, ranked by —logo adjusted p value x logoFC) in CLU KO vs. WT iAs.
G) Heatmap of leading-edge genes upregulated with TNF + IL-18 and in CLU KO vs. WT iAs.

(
(
(
(E) Schematic of RNA-seq experimental design (nine ROSMAP iA lines, vehicle, or TNF + IL-1p; dataset from Lee et al.®).
(
(
(

H and |) Secreted IL-6 and C3 levels in CLU WT, HET, and KO astrocytes (ELISA, normalized to total protein and WT). Data shown as mean + SEM.
(B-H) N = 2 genetic backgrounds, 6 differentiations, and 3 wells per differentiation. Two-way ANOVA with Sidak’s multiple comparisons test, ****p < 0.0001,

***p < 0.001, **p < 0.01; ns, not significant.
See also Table S3.
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analysis of CLU WT, HET, and KO iAs showed a reduction in IkBa
levels after TNF + IL-1p stimulation and a baseline decrease in
CLU HET and KO iAs (Figures S4G and S4H). A luciferase-based
NF-kB reporter assay®® revealed elevated baseline NF-kB
signaling in CLU HET and KO iAs (Figures 3E and S4l), with
increased luciferase activity upon cytokine stimulation in all cul-
tures. These results suggest CLU deficiency enhances baseline
NF-kB signaling in human astrocytes.

Complement protein C3 has been previously defined as an as-
troglial target of NF-kB.°¢" To determine whether upregulations
of C3 and other inflammatory markers in CLU-deficient iAs are
NF-kB dependent, we treated cultures with an NF-kB inhibitor.
Baseline RNA and protein levels of C3 were elevated in CLU
HET and KO vehicle-treated cultures (Figures 3F and S4J), but
NF-kB inhibition significantly reduced C3 levels in these cells,
with no effect in WT iAs. Similarly, elevated IL-6 and CCL2 expres-
sion in CLU HET and KO iAs was attenuated by NF-kB inhibition
(Figures 3G, S4K, and S4L). These findings demonstrate that
the heightened inflammatory response in CLU-deficient astro-
cytes is driven by increased NF-«kB signaling. To assess whether
NF-kB activation regulates CLU expression, we measured CLU
RNA and protein levels in iA cultures following NF-kB stimulation
(Figures 3H and S4M). WT iAs responded by upregulating CLU
transcription and secretion, a finding confirmed in an independent
set of nine ROSMARP iA lines (Figure 3l). These results suggest that
CLU provides negative feedback to regulate NF-«kB signaling in
human astrocytes (Figure 3J). In the following sections, we inves-
tigate the impact of CLU deficiency and the resulting inflammatory
environment on neuron and microglia biology.

Microglia are essential in mediating CLU-dependent
reduction of APOE and elevated phosphorylated tau
levels in co-cultures of neurons, astrocytes, and
microglia

To investigate the non-autonomous effects of astrocytic CLU on
neurons and microglia, we used transwell-based co-cultures
(Figures S5A-S5D). After 3 days, iPSC-derived neurons (iNs)
and iPSC-derived microglia (iMGs) co-cultured with CLU WT
vs. KO iAs were harvested for TMT-MS, showing minimal differ-
ences (Figures S5A-S5L; Table S4). These subtle effects sug-
gest that longer co-culture durations and direct contact may
be needed for the full spectrum of signaling between these cell
types. Thus, we extended the co-culture to 6 days using a tri-cul-
ture system of iNs, iAs, and iIMGs (Figures S5M and S5N). Immu-
nostaining and WB confirmed the presence of TUJ1+ neurons,
IBA1+ microglia, and CD44+ astrocytes (Figures 4A, 4B, and
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S50). As expected, CLU protein levels were reduced in CLU
KO astrocyte tri-cultures (Figure 4C), which also exhibited
decreased APOE secretion (Figure 4D), consistent with astro-
cyte-microglia co-culture findings (Figure S5H). Although CLU
and APOE are expressed across multiple cell types, astrocytes
are the primary source of their secretion (Figures S5P and S5Q).

CLU plays a well-established role in AB clearance through re-
ceptor-mediated endocytosis and inhibition of A oligomeriza-
tion and aggregation.®”~°® However, investigations into CLU’s
interaction with tau pathology remain limited.®”*® Our human
brain analyses revealed a strong association between CLU and
tau accumulation, prompting us to investigate whether astro-
cytic CLU loss affects tau biology in human cells. Tri-cultures
with CLU KO astrocytes exhibited elevated phosphorylated tau
relative to total tau (Figures 4E-4H, S6A, and S6B). If CLU
directly influences neuronal tau pathology, then it is plausible
that microglia are not necessary in these cultures to induce
this neuronal phenotype. To ascertain this, we established
neuron-astrocyte co-cultures under the same conditions but
without microglia (Figures 41 and 4J). Notably, CLU KO astro-
cytes had no significant impact on phosphorylated tau or
APOE levels in these cultures (Figures 4K, 4L, and S6C). These
findings suggest that microglia are essential for CLU-dependent
regulation of APOE levels and tau phosphorylation.

CLU deficiency in astrocytes leads to reduced synapse
number in neurons and increased phagocytosis in
microglia

To investigate microglial contributions to CLU-mediated
neuronal phenotypes, we performed single-cell RNA sequencing
(scRNA-seq) on microglia and neurons co-cultured with CLU WT
or KO astrocytes. Importantly, scRNA-seq served as a hypothe-
sis-generating tool, with key findings validated through comple-
mentary experimental approaches across multiple differentia-
tions. Uniform manifold approximation and projection (UMAP)
clustering identified three major cell types—neurons, astrocytes,
and microglia—across seven subclusters (Figures S7A and
S7B). Despite astrocytes making up ~15% of the culture (Fig-
ure S5N), their recovery for scRNA-seq was poor, a known chal-
lenge in the field.®"° No significant shifts in neuron or microglia
cluster membership were observed between CLU WT and KO
conditions (Figures 4M and S7A-S7H). We first analyzed DEGs
in microglia co-cultured with CLU KO vs. WT astrocytes (Fig-
ure 4N; Table S5). Notable DEGs included genes related to the
complement system (C7TQA, C1QB, and C1QC), phagocytosis
(FCGR1A and SYK), and AD-risk genes (APOE, INPP5D, and

(B-D) ELISA measurements of CLU, C3, and IL-6 in CLU WT, HET, and KO iAs, normalized to total protein and WT CTL.
(E) NF-kB luciferase reporter activity in CLU WT, HET, and KO iAs treated with vehicle or TNF + IL-18 (normalized to Renilla luciferase expression). See Figure S4l

for constructs and timeline.

(F and G) ELISA measurements of secreted IL-6 and C3 following 24 h treatment with vehicle or IkB kinase (IKK) Inhibitor VII, normalized to total protein and WT

vehicle.

(H) Secreted (ELISA) CLU protein levels following 24 h TNF + IL-1pB treatment, normalized to total protein and WT vehicle.
(I) RNA-seq analysis of CLU expression in ROSMAP iAs treated with vehicle or TNF + IL-1p; paired Student’s t test (two-tailed), ****p < 0.0001. Data from Lee

etal.”®

(J) Speculative model of CLU-mediated NF-«B regulation in astrocytes. CLU loss suppresses NF-«B inhibition, increasing C3 and IL-6 secretion.

Data shown as mean + SEM.

(B-H) N = 2 genetic backgrounds, 4-6 differentiations, and 3 wells per differentiation. One-way ANOVA with Sidak’s multiple comparisons test, ****p < 0.0001,

**p < 0.001, **p < 0.01, *p < 0.05; ns, not significant.
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TREM?2). Several disease-associated microglia (DAM) markers
(AXL and CLEC7A)"" were also differentially expressed. The
reduction in APOE aligns with our previous transwell and tri-cul-
ture findings, which showed decreased APOE protein levels in
CLU-deficient conditions (Figures 4D, S5G, and S5H). Addition-
ally, transwell proteomics revealed elevated C1q proteins in mi-
croglia co-cultured with CLU KO astrocytes (Figures S5J-S5L;
Table S4), a finding validated at the protein level in tri-culture
(Figure 40). We also observed a downward trend in reduction
of triggering receptor expressed on myeloid cells 2 (TREM2)
RNA levels in microglia co-cultured with CLU KO iAs (adjusted
p value = 0.11, Table S5). Given TREM2’s reported role as a
CLU receptor’? and its involvement in tau and complement ac-
tivity,”>"® we measured TREM2 protein levels, which were
reduced in CLU KO tri-cultures (Figures S6E and S6F), though
the effect size was modest and varied across cell lines.

Microglia-secreted C1q, TNF, and IL-1a are known to induce
astrocyte reactivity.>® Previously, we showed that microglia-
astrocyte co-culture increases TREM2 protein expression
(A.M.L. et al., unpublished data), while the reactive astrocyte
cocktail (C1g, TNF, IL-1a) reduces TREM2 protein.”® Given
that CLU KO astrocytes exhibit elevated C3 and other reactive
astrocyte markers, and that microglia exposed to CLU KO astro-
cytes secrete more C1q, we hypothesized that C1q treatment
alone could phenocopy some aspects of CLU KO. To test this,
we treated WT neuron-microglia-astrocyte tri-cultures, neuron-
astrocyte co-cultures, and microglia monocultures with either
vehicle or C1q (Figure 5A). In tri-cultures, C1q treatment signifi-
cantly reduced TREM2 and APOE levels while increasing phos-
phorylated tau (Figures 5B, 5C, and S6D-S6l). These effects
were absent in neuron-astrocyte co-cultures and microglia
monocultures, suggesting that C1q phenocopies CLU defi-
ciency but still requires microglia-astrocyte interaction to influ-
ence phosphorylated tau levels (Figure S6J).

To assess how astrocytic CLU loss affects neurons beyond tau
changes, we analyzed scRNA-seq data from neurons co-cultured
with CLU KO vs. WT astrocytes (Table S5 and Figure S7). GSEA
revealed significant dysregulation of synaptic function pathways
in CLU KO co-cultures (Figure S71; Table S5). Given this and the
upregulation of complement proteins C3 and C1q in CLU-defi-
cient conditions, we investigated whether CLU loss alters synaptic
dynamics. Using 1,1’-dioctadecyl-3,3,3',3'-tetramethylindocar-
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bocyanine perchlorate (Dil) membrane labeling, we found that
neurons in CLU KO astrocyte tri-cultures exhibited reduced spine
density but no changes in spine morphology (Figures 5D-5F). To
further assess synaptic density, we co-stained neurons for the
presynaptic marker VGLUT2 and the postsynaptic marker
HOMERH1, quantifying colocalized puncta on TUJ1-labeled neu-
rites (Figures 5G and S7J). Automated CellProfiler analysis
confirmed a decrease in synapse density in CLU KO tri-cultures
(Figures 5H and 5I). Notably, this effect was microglia-dependent,
highlighting the role of CLU in maintaining synaptic integrity
through neuron-astrocyte-microglia interactions.

Given the microglia-dependent synapse loss in CLU-deficient
cultures (Figures 5H and 5I), we examined microglial phagocy-
tosis. Microglia-astrocyte co-cultures were treated with pHrodo-
labeled synaptosomes, a pH-sensitive dye that fluoresces upon
acidification in phagolysosomes.””:"® As a negative control, cyto-
chalasin D, an actin polymerization inhibitor, was included (Fig-
ure 5J). Both live imaging (Incucyte) and flow cytometry of
CD11b+ P2RY12+ microglia showed increased synaptosome up-
take in HET and KO astrocyte co-cultures compared with WT
(Figures 5K, 5L, and S7K). Additionally, C1q secretion was
elevated in CLU HET and KO co-cultures (Figure 5M). Taken
together, our findings demonstrate that CLU depletion in astro-
cytes creates a reactive astrocyte-like environment, marked by
enhanced NF-«kB signaling and increased C3 secretion. This coin-
cides with intercellular interactions between astrocytes and mi-
croglia, resulting in increased microglial phagocytosis and
reduced synaptic density (Figure 5N).

CLU risk alleles are associated with reduced CLU
expression and increased inflammatory profiles across
experimental models

Having shown that CLU deficiency disrupts microglia-astrocyte
communication, we next examined whether similar dysfunction
occurs with CLU risk and protective alleles. To address this,
we first utilized an in vivo mouse model in which CRISPR was
used to substitute a 2 kb region of human CLU containing the
enhancer region and the GWAS AD-risk rs2279590 SNP variant
for the orthologous region of CLU within the C57BL/6J mouse
genome (generously shared by the Model Organism Develop-
ment and Evaluation for Late-onset Alzheimer’s Disease con-
sortium [MODEL-AD] center at University of California, Irvine

Figure 4. Microglia are essential in mediating CLU-dependent loss of APOE and elevated phosphorylated tau levels in co-cultures of neu-

rons, astrocytes, and microglia

A) Representative immunostaining of tri-cultures: TUJ1 (neurons, gray), IBA1 (microglia, green), and CD44 (astrocytes, red). Scale bar, 100 pM.
B) WB of cell-type markers (TUJ1, IBA1, CD44, and GAPDH) in tri-cultures. See also Figure S50 for monocultures.
C and D) ELISA measurements of secreted CLU and APOE in tri-cultures, normalized to total protein.

F-H) Quantification of pTAU epitopes normalized to total tau. See Figure S6A for pTAU217 and AT8 blots. See Figure S6B for total tau quantifications.
1) Representative immunostaining of neuron-astrocyte co-cultures: TUJ1 (neurons, gray) and CD44 (astrocytes, red). Scale bar, 100 pM.

(
(
(
(E) Representative WB of phosphorylated tau (pTAU and PS214), total tau, and GAPDH in tri-cultures.
(
(
(

J) ELISA measurement of secreted CLU in co-cultures, normalized to total protein.

K) pTAU quantification in co-cultures, normalized to total tau. See Figure S6C for representative WB.
L) ELISA measurement of secreted APOE in co-cultures, normalized to total protein.

N) Dot plot of representative DEGs between cell groups (Wilcoxon rank sum test, FDR p < 0.05, except TREM2, FDR p = 0.11). See Table S5.

(
(
(M) Microglia clusters from scRNA-seq of tri-cultures, defined by marker expression. See Figure S7 for all clusters generated across tri-culture conditions.
(
(

O) ELISA measurement of C1q in tri-cultures, normalized to IBA1.

Data shown as mean + SEM, normalized to WT co-cultures. N = 2 genetic backgrounds, 4 differentiations, and 3 wells per differentiation. Two-way ANOVA with
Sidak’s multiple comparisons test, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; ns, not significant.
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Figure 5. Microglia-dependent decreases in synapse density in neurons co-cultured with CLU-deficient astrocytes

(A) Immunostaining of microglia-astrocyte-neuron, astrocyte-neuron, and microglia cultures treated with vehicle or C1q (400 ng/mL, 72 h). TUJ1 (neurons, gray),
CD44 (astrocytes, red), and IBA1 (microglia, green). Scale bar, 50 uM.
(B) ELISA measurement of secreted APOE across culture conditions, normalized to microglia monoculture.
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[UCI); Milinkeviciute et al., unpublished [Figure 6A]). Mice car-
rying the CLU risk SNP exhibited reduced CLU protein levels
(Figures 6B-6E), consistent with our findings in postmortem hu-
man brains (Figures 1H-1J). Bulk RNA-seq of hippocampal tis-
sue revealed significant overlap in dysregulated pathways be-
tween CLU risk SNP mice and CLU-deficient astrocytes
(Figures 6F and 6G; Table S6). Notably, genes linked to inflam-
mation (Cd68, Icam1, Itgb1, Mdk, and Tnfrsf1b), complement
activation (C71qa, C1ab, C1qc, C3, and C3arT), and phagocytosis
(Axl, Clec7a, Trem2, ltgam, and Tyrobp) were upregulated in
mice carrying the risk allele (Figures 6H and 6l; Table S6). These
findings suggest that reduced CLU levels in an AD mouse model
carrying the CLU risk allele are associated with complement
signaling and phagocytosis dysfunction.

Our analysis of human postmortem brain tissue revealed the
strongest associations between decreased CLU expression
and CLU risk alleles in individuals with a high neuropathological
burden (Figure 1), suggesting protective alleles may enhance
CLU upregulation over time. To explore this, we analyzed longi-
tudinal plasma samples from individuals with varying CLU
genotypes and AD diagnoses using the NUcleic acid Linked
Immuno-Sandwich Assay (NULISA assay),’® which includes
120 neurodegeneration-associated proteins and Meso Scale
Discovery (MSD) ELISA (Figures 7A and 7B; Table S7). Linear
regression across CLU SNP dosage showed that CLU genotype
significantly associated with changes in CLU, C-reactive protein
(CRP), cystatin C (CST3), and IL-6 levels over time (Figure 7C).
Protective alleles correlated with greater CLU increases
(Figures 7D-7F), while risk alleles were linked to elevated IL-6,
CST3, and CRP (Figures 7G-7I). These inflammatory markers
were also elevated in CLU HET and/or KO astrocytes in at least
one genetic background (Figures 2H and S4C; Table S38), rein-
forcing the link between CLU genotype, expression, and
inflammation.

Finally, we leveraged the ROSMAP iPSC cohort®®®° to
examine the functional effects of CLU risk and protective alleles
in human cell-based models. Given that CLU expression differ-
ences were most pronounced under high neuropathological
burden and the importance of microglia in regulating aspects
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of CLU’s function, we tested these alleles in an AD-relevant tri-
culture system (Figure 8A). We combined neurons with fAD mu-
tations (APPSwe; PSEN1M146V), APOE4/4 microglia, and astro-
cytes homozygous for either CLU rs11787077 protective (T) or
risk (C) alleles (14 lines total, all APOE3/3). After culture establish-
ment, we assessed AD-related pathology, including Ap mea-
sures, tau phosphorylation, and the expression of proteins previ-
ously identified as dysregulated in CLU KO vs. WT conditions
(Figures 8B-8H and S8A-S8I; Table S8). Remarkably, tri-cultures
with protective CLU alleles exhibited significantly higher CLU
and APOE levels, reduced C3, and decreased phosphorylated
tau (202/205 and 214). Across the 14 lines, CLU protein levels
were positively correlated with APOE and inversely with C3,
C1q, and phosphorylated tau (Figures 8l, 8J, and S8J). To
explore functional outcomes at the synaptic level, we measured
spine density using Dil labeling. While grouping by CLU geno-
type alone showed no significant difference (Figure S8G), higher
CLU levels correlated with increased spine density, while
elevated C3 secretion was associated with reduced spine den-
sity (Figures 8I-8K and S8J). Importantly, not all genetic back-
grounds with CLU protective alleles exhibited these effects, pre-
senting an opportunity for future research to identify additional
genetic factors that may influence the effectiveness of these al-
leles in modulating immune processes. Taken together, these
analyses across multiple experimental modalities provide
compelling evidence that AD-associated variants at the CLU lo-
cus influence CLU expression, inflammatory and complement-
mediated responses, and tau phosphorylation.

DISCUSSION

The connection between CLU and AD was first identified nearly
three decades ago when elevated CLU protein levels were
observed in AD brains. However, its role in AD remains unre-
solved. Early studies have suggested that CLU plays a neuropro-
tective role by inhibiting A aggregation,®°>°° and that elevated
plasma levels correlate with slower brain atrophy.®®'#> Howev-
er, seemingly contradictory findings report that increased CLU in
cerebrospinal fluid was associated with greater entorhinal cortex

C

ailed), **p < 0.01.

) Quantification of phosphorylated tau across conditions with vehicle or C1q. See Figure S6D for representative WB.
D) Representative Dil-stained dendritic spines in tri-cultures. Scale bar, 5 pM.

(
(E) Spine density measurements, blinded analysis. N = 2 genetic backgrounds, 3 differentiations, and 3 wells per differentiation. Unpaired Student’s t test (two-
t
(

F) Cumulative distribution of spine head diameters (Kolmogorov-Smirnov test).

(G) Representative neurite labeled with TUJ1, HOMER1, VGLUT2, and colocalized HOMER1-VGLUT2 puncta (80% overlap). Arrows indicate synaptic structures.

Intensity plot for VGLUT2 (red) and HOMER1 (green) along a 25 um region.

(H and I) Quantification of colocalized HOMER1-VGLUT2 area and puncta, normalized to neurite area. N = 2 genetic backgrounds, 3 differentiations, and 3 wells
per differentiation. Two-way ANOVA with Sidak’s test, *p < 0.05; ns, not significant.
(J) Representative images of astrocyte-microglia co-cultures treated with pHrodo-488/fluorescein isothiocyanate (FITC)-labeled synaptosomes, cytochalasin D

used as a negative control.

(K and L) Quantification of synaptosome phagocytosis by (K) Incucyte live-cell imaging and (L) flow cytometry. Phagocytosis represented by FITC/pHrodo in-

tensity.

(M) ELISA measurement of C1q levels in culture media corresponding to (K) and (L). All data presented as mean + SEM.

For (K-M), N = 2 genetic backgrounds, 6 differentiations, and 3 wells per differentiation. Each dot represents the average of 3 technical replicates. RM one-way
ANOVA, **p < 0.01, *p < 0.05; ns, not significant. All data presented as mean + SEM.

(N) Schematic model summarizing results, relaying that CLU deficiency in astrocytes elevates baseline NF-kB signaling, promoting a reactive astrocyte-like state
with elevated extracellular levels of C3 and IL-6. In tri-cultures, CLU-deficient astrocytes are associated with increased microglia C1q section and phagocytosis,

coinciding with elevated phosphorylated tau and synapse loss in neurons.
See also Table S5.
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Figure 6. Humanized CLU risk SNP mice show reduced CLU expression and elevated complement and phagocytosis pathways in 5x

FAD mice

(A) Schematic of CRISPR editing strategy. A 2 kb human CLU region (intron 7—exon 9), including the AD-risk rs2279590 variant, was inserted into the CLU locus in

C57BL/6J mice. Clu-h2kb-KI mice were crossed with 5XxFAD mice and aged to 4 months.
(B) Representative WB of cerebral cortical tissue from 5xFAD controls and 5xFAD/Clu-h2kb-KI mice, probed for CLU and GAPDH.
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Figure 7. Protective CLU alleles enhance CLU upregulation and reduce inflammatory profiles in human plasma

(A and B) Overview of the longitudinal ROSMAP plasma cohort analyzed. The plot shows ages at each plasma collection analyzed (three per person). Individuals
are color-coded by CLU rs11787077 genotype: T/T (green, N = 11), T/C (blue, N = 24), and C/C (red, N = 11). Red stars indicate the age of first clinical AD
diagnosis.

(C) Simple linear regression analysis of protein slopes across CLU SNP rs11787077 dosage.

(D and G-l) Slopes of CLU (D), IL-6 (G), CST3 (H), and CRP (l) by CLU rs11787077 genotype with simple linear regression p values.

(E and F) Plasma CLU levels at each visit for individuals with T/T (E) and C/C (F) CLU rs11787077 genotypes.

For all graphs, data are presented as mean values + SEM.

See also Table S7.

atrophy,®® and studies in AD mouse models show mixed results.  hundreds of deeply phenotyped aged human participants, a
Some studies associate CLU deficiency with reduced Ap de- mouse model carrying a humanized CLU risk variant, and human
posits,®* while others suggest CLU reduction exacerbates amy-  cellular models of CLU deficiency and LOAD risk variants.
loid pathology.®® To clarify CLU’s role in the aging brain, we sys-  Our findings collectively support a protective role for CLU in
tematically analyzed CLU expression and function across the aging brain and AD. Analyses of brain tissue from over

(C-E) Quantification of mature CLU (C), presecretory CLU (D), and total CLU (E, ELISA). N = 5 females and 5 males per genotype. Unpaired Student’s t test (two-
tailed), **p < 0.01 and *p < 0.05. Data presented as mean + SEM.

(F) Bulk RNA-seq was performed on hippocampal tissue on N = 19 mice; nine 5xFAD hemi;CLU (4 females and 5 males) and 10 5x FAD controls (5 females and 5
males). Volcano plot of DEGs (5% FAD/Clu-h2kb-KI vs. 5XFAD). Red, padj. < 0.05. See Table S6.

(G) Gene set enrichment analysis results from differential gene expression analysis. See Table S6.

(H and I) Heatmap of expression of leading-edge genes for phagocytosis (H) and complement activation (I) upregulated in 5xFAD/Clu-h2kb-KI.
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700 participants® in the ROSMAP studies showed that, while
CLU protein levels are elevated in AD, individuals carrying the
risk allele of the leading CLU AD-associated SNP (rs11787077)
exhibited reduced CLU upregulation in response to accumulated
neuropathology (Figure 1l). This pattern was evident in plasma,
where CLU levels increased over time in individuals with protec-
tive alleles but remained unchanged in those with CLU risk alleles
(Figures 7D-7F). Similarly, a humanized mouse model and iAs
carrying CLU risk SNPs exhibited lower CLU levels under high
neuropathological burden (Figures 6B-6E and 8B).

AB plagues and tau tangles are hallmark AD pathologies, but
tau pathology and synapse loss correlate more strongly with
cognitive impairment.®®®” We observed a strong negative corre-
lation between tangle score and global cognition in individuals
with CLU risk alleles (Figures 1K and 1L), but this relationship
was strikingly absent in those with two protective CLU alleles
(Figure 1M), suggesting protective alleles may mitigate tau-
related cognitive decline. Previous studies in a P301L tauopathy
mouse model showed that CLU loss exacerbates tau pathol-
ogy.®” Building on this, our iPSC-based findings reveal that mi-
croglia are necessary for phosphorylated tau accumulation in
neurons co-cultured with CLU-deficient astrocytes. Notably,
CLU risk alleles in astrocytes also increased phosphorylated
tau in co-cultured neurons (Figures 8F and 8G), linking astrocytic
CLU genetics to tau pathology. While it is unclear whether CLU
directly interacts with tau in our cellular model, as suggested
by studies in mice,®” C1q treatment increased phosphorylated
tau levels only in the presence of microglia (Figure 5C). Recent
research suggests that microglial C1g may be internalized by
neurons and interact with ribonucleoprotein complexes,®® with
RNA-binding proteins co-localizing with phosphorylated
tau.®>°° These findings warrant further studies to explore
C1qg’s potential role in tau pathology and whether it mediates
CLU’s effect on tau.

A major strength of this study is the consistency of phenotypes
across experimental models, while also reinforcing prior findings
from mouse studies of CLU function. A recurrent theme across
our approaches is the upregulation of inflammatory proteins in
CLU-deficient conditions. Our proteomics analysis in CLU KO
versus WT cell models revealed that CLU loss increases human

¢ CellP’ress

astrocyte reactivity, even in the absence of external inflamma-
tory stimuli or AD-related insults like AR or tau. Mechanistically,
we found that chronic CLU deficiency in astrocytes enhances
NF-«B signaling, consistent with mouse and immortalized cell
line studies showing that CLU inhibits NF-«kB activity by binding
and sequestering phosphorylated I«Ba.?**? Additionally, previ-
ous studies have shown that CLU regulates complement activity
by binding C5b-9 to form an inactive complex.®'~%° Here, we
show that CLU deficiency elevated complement proteins C3 in
astrocytes and C1q in microglia (Figures 21 and 40), suggesting
that CLU regulates multiple components of the complement
pathway beyond what was previously recognized. Notably,
CLU overexpression and NF-kB inhibition rescued C3 upregula-
tion in CLU HET and KO iAs (Figures 3C and 3F), mirroring earlier
work identifying C3 as an astroglial target of NF-«kB in mice.®°
Beyond loss-of-function models, our studies of LOAD-associ-
ated variants at the CLU locus consistently associate risk vari-
ants with reduced CLU levels with heightened inflammatory re-
sponses. Mice carrying a human risk variant exhibited lower
CLU protein levels and increased activation of inflammation,
complement, and phagocytosis pathways (Figure 6B-6l). Simi-
larly, in a cohort of longitudinal plasma samples, individuals
with protective alleles displayed higher CLU levels over time,
while those with risk alleles exhibited increased IL-6, CRP, and
CST3 with aging (Figure 7D-71). Remarkably, these same inflam-
matory proteins were upregulated in CLU-deficient astrocytes
(Figures 2H and S4C; Table S3). The association between
plasma CLU changes with age and genotype is compelling,
especially in light of recent studies showing that plasma CLU,
upregulated during exercise, can cross the blood-brain barrier
to suppress inflammatory signaling in brain endothelial cells.*®
Since CLU levels in the plasma are strongly influenced by hepa-
tocyte production, it is plausible that factors like exercise could
drive hepatic changes in CLU and inflammatory protein expres-
sion to varying degrees with CLU genotype, which could in turn
affect brain health. Additionally, tri-cultures with astrocytes car-
rying CLU risk alleles also showed reduced CLU levels and
elevated complement proteins (Figures 8B, 8D, and S8E), mirror-
ing CLU loss-of-function models. Together, these results sug-
gest that CLU genetic variants modulate both CLU expression

Figure 8. CLU risk alleles in genetically diverse iPSC-derived tri-cultures recapitulate CLU loss-of-function phenotypes

(A) Overview of experimental design. Astrocytes derived from fourteen iPSC lines from the ROSMAP study, seven homozygous for the CLU protective allele
(T) and seven for the risk allele (C), were co-cultured with APOE 4/4 microglia and neurons carrying familial AD mutations. Immunostaining of co-cultures with
MAP2 (cyan), CD44 (red), and IBA1 (green). Scale bar, 30 uM.

(B-E) ELISA measurements of secreted CLU, APOE, C3, and C1q in tri-cultures, stratified by astrocyte CLU genotype. Each dot represents astrocytes from a
unique iPSC line, averaged across three replicates. See Figures S8A-S8I.

(F and G) Quantification of phosphorylated tau, normalized to total tau in tri-cultures, stratified by astrocyte genotype. Each dot represents a unique astrocyte line,
averaged across three replicates.

(H) Representative WB of phosphorylated tau (202/205 and 214) and total tau in tri-cultures. See Figure S8l for pTAU 217.

For all graphs, data are presented as mean values + SEM. Unpaired Student’s t test (two-tailed), ***p < 0.001 and *p < 0.05.

(I) Pearson correlations of secreted CLU with other secreted proteins, pTAU, and spine density across co-cultures. See Figure S8J.

(J and K) Correlation of CLU protein with C3 (J) or spine density (K) in CLU CC and TT tri-cultures. Shaded area indicates 95% confidence interval.

(L) Model of CLU-mediated protection in Alzheimer’s dementia. Our findings, along with CLU’s established role as an AB molecular chaperone, suggest that CLU
is upregulated in individuals with protective alleles as amyloid and tau neuropathology accumulates. This upregulation may help mitigate microglia-astrocyte-
driven inflammation, preserving synaptic integrity and cognitive function.

(M) Model of how CLU risk SNPs may influence disease progression. Risk alleles at the CLU locus are linked to reduced CLU expression in astrocytes, weakening
its ability to inhibit complement and NF-kB signaling. This deficiency may increase susceptibility to inflammation, accelerate synapse loss, and heighten the risk of
cognitive decline.

See also Table S8.
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and inflammatory/complement-mediated responses, shedding
new light on decades of research positing a functional role for
CLU in suppressing immune processes. Coupled with CLU’s
well-characterized ability to inhibit Ap aggregation,®*®>® our
findings indicate that protective CLU alleles promote the upregu-
lation of CLU to counteract accumulating amyloid and tau,
thereby mitigating inflammatory interactions between microglia
and astrocytes (Figure 8L). In contrast, reduced CLU levels—
influenced by genetic variants associated with AD—may impair
these protective effects and increase susceptibility to disease
(Figure 8M).

At the genetic level, CLU risk variants may influence cellular
processes by modulating CLU expression through chromatin
regulation. Although our analyses of human brain and iPSC
models primarily focus onrs11787077 for visualization of results,
this SNP—as well as many other LOAD-associated CLU variants
located in intronic regions (Figure S1D)—are in high linkage
disequilibrium (R? > 90%; Figure 1J). These variants may affect
gene expression via shared regulatory mechanisms rather than
through direct coding alterations (although our data cannot rule
out the impact of a specific nucleotide change resulting from
one of the LOAD-associated SNPs). Because chromatin states
and regulatory interactions can be governed by clusters of linked
genetic variants, altering a lone SNP in an isogenic iPSC model
may not fully capture the broader genomic context of CLU risk.
This underscores the value of using iPSCs derived from large co-
horts like ROSMAP that provides a physiologically relevant
framework for studying endogenous CLU risk and protective
haplotypes. Future research should aim to delineate the regula-
tory architecture of the CLU locus to elucidate how these risk
variants collectively influence CLU expression and function
in AD.

CLU genetic variants may influence synaptic integrity by
modulating CLU expression. Mouse studies have previously
shown that astrocytic CLU loss impairs presynaptic function
and reduces spine density.?® Extending this to a human genomic
context, we uncover a key role for microglia in this process. While
the precise mechanism linking microglia-dependent regulation of
astrocyte CLU to reduced synaptic density remains to be deter-
mined, our findings offer valuable insights. Given that CLU defi-
ciency results in elevated levels of C3 and C1q (Figures 21 and
40) and increased microglia phagocytosis (Figures 5K and 5L),
it is tempting to speculate that the CLU-dependent reduction of
synaptic density (Figures 5D-5l) is due to complement-mediated
synaptic pruning by microglia. Supporting this, C1g administra-
tion to tri-cultures phenocopies the loss of CLU, lowering
TREM2 and APOE levels and increasing phosphorylated tau
(Figures 5A-5C and S6G-S6J). Intriguingly, both APOE and
TREM2, which are dysregulated under CLU-deficient conditions,
modulate the complement cascade via C1q binding,”*°” and
TREM2 in microglia is proposed to be a receptor for both APOE
and CLU."? Deficiencies in APOE or TREM2 impair synaptic prun-
ing,”®'°° and CLU has been shown to accumulate at synapses in
human AD brain tissue, more prominently in APOE4 carriers.””
However, TREM2 alterations in our study were less consistent
than changes in C1q or APOE, suggesting that regulation of its
levels may not be the central feature of its relationship with
CLU. Moving forward, modulating TREM2, APOE, or C1q in mi-
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croglia will be an important strategy to clarify the dependency
of these proteins on CLU-mediated synapse integrity and other
phenotypes detailed herein.

Limitations of the study

While postmortem brain analyses are highly valuable, they are
limited to a single time point for each individual. Although our
study includes longitudinal plasma samples, the small cohort
size (46 individuals) and the variability in age and collection
timing complicate interpretation. Future studies with additional
cohorts and time points would be useful to expand upon these
observations. It is important to recognize that CLU SNPs have
a small effect size on LOAD risk, making it unsurprising that as-
sociations between CLU risk variants and protein levels in human
tissues—derived from individuals with diverse ages, sexes, an-
cestries, co-pathologies, and environmental exposures—are
modest. CLU expression is also modulated by other factors,
such as physical aerobic exercise,”® aging,'”" and diabetes, %
which may contribute to the heterogeneity observed in human
cohort studies and discrepancies reported across studies. While
our tri-culture model enables the study of neuron-glial interac-
tions, it has inherent limitations, such as the lack of AD-related
factors such as aging and differences in expression profiles,
cellular ratios, and brain region diversity of cell types. Neverthe-
less, our findings will open new avenues for targeted investiga-
tions into the molecular mechanisms by which CLU regulates
intercellular communication between glia and neurons in disease
risk and resilience.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to the lead
contact, Tracy Young-Pearse (tpearse@bwh.harvard.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead
contact with a completed materials transfer agreement (MTA). ROSMAP
iPSC lines are available from the New York Stem Cell Foundation through
the NYSCF Repository (repository@nyscf.org) with completed MTA to obtain
cohort data and samples (radc.rush.edu).

Data and code availability

o Mouse data: Bulk RNA sequencing data (https://adknowledgeportal.
synapse.org) (https://adknowledgeportal.org/DataAccess/Instructions)
have been deposited in the Gene Expression (GEO) database, with
accession number GEO: GSE294133.

o Cell data: scRNA-seq data have been deposited in the Gene Expression
(GEO) database, with accession number GEO: GSE289565. TMT-MS
data have been deposited to the Synapse database, with accession
numbers Synapse: syn52502746, Synapse: syn50208824, and Syn-
apse: syn53190960.

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.

e For quick visualization of datasets generated in this study, please also
see https://youngpearselab.shinyapps.io/clu_ia/.
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o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Human subject approvals

Sequential human brain extract preparation

Linkage disequilibrium and eQTL analysis
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Rabbit pTAU-214 Cell Signaling Cat # 77348; RRID: AB_2799895
Bacterial and virus strains

pTet-O-NGN2-puro Zhang et al.'%® Addgene plasmid #52047
FUdeltaGW-rtTA Zhang et al.’® Addgene plasmid #19780

Tet-O-SOX9-puro
Tet-O-NFIB-hygro

Canals et al.>®
Canals et al.>®

Addgene plasmid #117269
Addgene plasmid #117271

pGL4.32[luc2P/NF-kB-RE/Hygro] Promega #E849A
pRL-CMV Promega #E2261
pRP[Exp]-CMV>eGFP-CAG>hCLU[NM_001831.4] VectorBuilder N/A
pmax-CMV>eGFP Lonza Plasma #177825
Biological samples
Postmortem brain tissues (Table S1) Religious Orders Study N/A

and Rush Memory and

Aging Project
Plasma (Table S7) Religious Orders Study N/A

and Rush Memory and

Aging Project
Chemicals, peptides, and recombinant proteins
TNF Fisher Scientific Cat #210TA020
IKK Inhibitor VII Millipore Cat #401486
IL1B Fisher Scientific Cat# 201LB005
Ciqg MyBioSource Cat# MBS147305
1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine Invitrogen Cat# D282

perchlorate

Critical commercial assays

R-PLEX Human ApoE Assay
R-PLEX Human C3 Assay

Meso Scale Discovery
Meso Scale Discovery

Cat. #K1512IR-2
Cat. #F21XY-3

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

U-PLEX Human CLU Assay
V-PLEX Human IL-6 Assay
V-PLEX Vascular Injury Panel 2

Meso Scale Discovery
Meso Scale Discovery
Meso Scale Discovery

Cat. #K151B9K-2
Cat. #K151QXD-2
Cat. #K15198D-2

Human TREM2 Assay Abcam Cat. #ab224881

Human C1q Assay Abcam Cat. #ab170246

Deposited data

scRNAseq (cell data) This paper GEO: GSE289565.

Raw data files and metadata

Mass spectrometry proteomics data (CLU WT vs This paper Synapse: syn50208824 (https://www.synapse.
KO monoculture cell data) org/#!Synapse:syn50208824)

Raw data files and metadata

Mass spectrometry proteomics data (Neurons This paper Synapse: syn52502746 (https://www.synapse.
co-cultured with CLU WT vs KO astrocytes cell data) org/#!Synapse:syn52502746)

Raw data files and metadata

Mass spectrometry proteomics data (Microglia This paper Synapse: syn53190960 (https://www.synapse.
co-cultured with CLU WT vs KO astrocytes cell data) org/#!Synapse:syn53190960)

Raw data files and metadata

RNAseq data (mouse data) This paper GEO: GSE294133

Raw data files and metadata

Mass spectrometry proteomics data (human)
Raw datafiles and clinical metadata

Mass spectrometry proteomics data (human)
Search results and database, sample-to-sample
TMT channel information, normalized data
snRNA-seq data (human)

Raw and processed snRNA-seq data

Vialle et al.°° and
Seifar et al.’®*

Vialle et al.®® and
Seifar et al.’®*

Green et al.”"

Synapse: syn5342067 (https://www.synapse.
org/#!Synapse:syn5342067)

Synapse: syn55225561 (https://www.synapse.
org/#!Synapse:syn55225561)

Synapse: syn31512863 (https://www.synapse.
org/#!Synapse:syn31512863)

Experimental models: Cell lines

HUMAN IPSC LINE: BR24
HUMAN IPSC LINE: BR33
HUMAN IPSC LINE: BR09
HUMAN IPSC LINE: BR106
HUMAN IPSC LINE: BR15
HUMAN IPSC LINE: BR266
HUMAN IPSC LINE: BR265
HUMAN IPSC LINE: BR68
HUMAN IPSC LINE: BR97
HUMAN IPSC LINE: BR209
HUMAN IPSC LINE: BR13
HUMAN IPSC LINE: BR205
HUMAN IPSC LINE: BR08
HUMAN IPSC LINE: BR30

Lagomarsino et al.®’
Lagomarsino et al.®°
Lagomarsino et al.®°
This paper
Lagomarsino et al.°
This paper

This paper
Lagomarsino et al.’
Lagomarsino et al.’
This paper
Lagomarsino et al.®’
This paper
Lagomarsino et al.°
Lagomarsino et al.®’

BR24, AJ0040
BR33, AJ0047
BR09, AJ0038
BR106, AJO098
BR15, AJO008
BR266, AJO210
BR265, AJ0215
BR68, AJ0095
BR97, AJ0123
BR209, AJ0162
BR13, AJ0039
BR205, AJO152
BR08, AJ0044
BR30, AJ0042

HUMAN IPSC LINE: BR215 This paper BR215, AJO184
7889-SA (WT) Paquet et al.'®® N/A

7889-SA (APPSWE; pSEN1M146Y) Paquet et al.'®® N/A

Human iPS Cell Line (Episomal, CD34+, APOE4) Alstem cell advancement iPSC16
Oligonucleotides

CLU gRNA: ‘GCGTGCGTAGAACTTCATGC' This paper N/A

Software and algorithms

V4.4.0 of R
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https://www.rstudio.com
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REAGENT or RESOURCE SOURCE IDENTIFIER

CellRanger, v7.1.0 Zheng et al.’®” https://www.10xgenomics.com/support/
software/cell-ranger/latest

Seurat, v5.0.3 Satija et al.'®® https://satijalab.org/seurat/

Fiji Imaged), v2.14.0/1.54f
Prism, v10
NeuronStudio, v0.9.92

Image Studio Lite, v4.0

Schindelin et al.’®®
Graphpad Software

Rodriguez et al.’'®

Image Studio Software

https://imagej.net/software/fiji/

https://www.graphpad.com

https://www.bionity.com/en/encyclopedia/

Neuronstudio.html

https://www.licor.com/bio/image-studio/

Biorender N/A https://www.biorender.com

Cell Profiler, v4.1.1 Paquet et al.'*® https://cellprofiler.org/

Other

Shinyapp visualization of CLU WT vs KO cell data This paper https://youngpearselab.shinyapps.io/clu_ia/.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subject approvals

All work was performed following IRB review and approval through Partners/BWH IRB (2016P000867 and 2015P001676). Human
brain material was obtained from Rush University Medical Center. ROS and MAP studies were approved by an Institutional Review
Board of Rush University Medical Center. All participants signed an informed consent, an Anatomical Gift Act, and a repository con-
sent allowing their data and biospecimens to be repurposed, and for data acquired from these samples to be published. All individ-
uals in the ROSMAP cohorts are administered annual cognitive tests and neuropathological AD indices were acquired postmortem.
For postmortem neuropathological assessments of ROS and MAP participants, measures of neuritic and diffuse plaques and neuro-
fibrillary tangles were determined by silver stain.*® Additionally, measures of Ap load and paired helical filament tau tangles were
measured by staining with M00872 and an antibody specific for phosphorylated tau, respectively.>”~>* The resulting neuropatholog-
ical scores are composite data derived from at least five regions: inferior parietal neocortex, temporal cortex, mid-frontal cortex, hip-
pocampus, and the entorhinal cortex. Clinical diagnosis of Alzheimer’s dementia, mild cognitive impairment (MCI), and no cognitive
impairment (NCI) were done as reported.’"" Cognition was measured with a comprehensive neuropsychological test battery."'? De-
tails regarding participant information for the TMT-MS and snRNA-seq datasets are as previously described.%°"+1%4

Sequential human brain extract preparation

Frozen angular gyrus tissue was thawed and meninges were peeled off and discarded. Aqueous TBS extracts were prepared accord-
ing to the “soaking” method as previously described''®'"* with some modifications. The tissue was chopped on a Mcllwain tissue
chopper set to 0.05 mm width, then soaked for 30 minutes in a 5-ml Eppendorf Protein LoBind tube with nutation at 4°C in five vol-
umes TBS (20 mM Tris, 150 mM NaCl, pH 7.4) supplemented with 5 ug/ml leupeptin, 5 ng/ml aprotinin, 2 pg/ml pepstatin, 120 pg/mi
4-benzenesulfonyl fluoride hydrochloride, and 5 mM NaF. The suspension was then centrifuged at 2,000g in a swinging-bucket rotor
for 10 minutes at 4°C. The supernatants were then centrifuged in 1.5-ml LoBind tubes at 20,000g for 110 minutes at 4°C in a tabletop
centrifuge. The supernatants were pooled and re-aliquoted and frozen at -80°C as the TBS soluble fraction for further analysis. The
pellets were frozen at -80°C for subsequent extraction.

To create the SDS and urea extracts, a pellet from the TBS extract was thawed on ice and reweighed. The pellet was resuspended
in five volumes TBS with 2% SDS. The samples were sonicated at 35% power three times for 10 seconds. They were then centrifuged
again at 20,0009 for 110 minutes at 4°C in a tabletop centrifuge as above. The supernatants were re- aliquoted and frozen at -80°C as
the SDS extract. The pellets were resuspended in another 5 volumes of 8M urea followed by sonication, centrifugation, and aliquoting
for the SDS extracts. See Table S1 for participant details (30 ROSMAP participants with European ancestry). For WB analyses de-
picted in Figure 1: To account for variability across blots, two samples were included on each blot and used as internal normalization
controls. The CLU/B-actin values from these duplicates were used to standardize signal intensity across multiple blots.

Linkage disequilibrium and eQTL analysis

To identify genes with expression changes associated with the dosage of CLU SNPs, we leveraged our recently published cell sub-
type-specific genome-wide cis eQTL analysis of the dorsolateral prefrontal cortex from 424 ROSMAP donors.”" Briefly, after de-novo
clustering and identifying discrete astrocyte subtypes, we used Matrix eQTL v.2.3 to identify dosage-expression associations within
1 Mb of the transcription start site of each gene in all the astrocyte subtypes. We used age at death, sex, and post-mortem interval as
covariates and expression and genotype principal components to account for coexpression and geographic ancestry, respectively.
CLU SNPs with a minor allele frequency greater than 5%, a call rate greater than 95% and Hardy-Weinberg P > 10—6 were retained.

Neuron 7713, 1-22.e1-e11, June 18, 2025 e3



Please cite this article in press as: Lish et al., CLU alleviates Alzheimer’s disease-relevant processes by modulating astrocyte reactivity and microglia-
dependent synaptic density, Neuron (2025), https://doi.org/10.1016/j.neuron.2025.03.034

¢ CellPress Neuron

Significance was computed from a t-test and a two-step Bonferroni-FDR multiple hypothesis correction. The beta of the association
is displayed in Figure 1J. Additionally, linkage disequilibrium with R2 > 0.2 in European populations for eight CLU variants (i.e.,
rs11787077, rs7982, rs11136000, rs2279590, rs9331888, rs9331896, rs1532278, rs9331908) was derived from TopLD database (ac-
cessed on 06/11/2024).

Longitudinal Plasma Cohort and NULISA Sequencing

Plasma samples from 46 individuals (european ancestry) enrolled in the Rush Religious Orders Study and Memory and Aging Project
(ROSMAP) were obtained at three longitudinal time points (see Figure 7A; Table S7 for participant details). Protein profiling was per-
formed by Emtherapro using the Alamar Biosciences NULISA CNS Disease Panel as previously described.”®

Linear Regression Analysis for Longitudinal Plasma Cohort

To normalize the measurements for Alamar sequencing and MSD CLU ELISA, we first performed z-score transformation, followed by
batch correction, and then calculated slopes. For each individual, we determined the slope of protein levels over time by regressing the
measured levels against age at each visit. In this analysis, we used two distinct age metrics: the actual age at visit (i.e., the calendar age
when the sample was collected) for the regression models, and the relative age at visit (i.e., the time elapsed since the baseline visit) for
calculating the slopes. Protein levels were quantified through NULISA sequencing, and CLU levels were measured via MSD ELISA
(1/4000 dilution). Individuals missing measurements at any time point were excluded from the slope analysis—this affected CLU
slopes for one rs11787077 TT sample and two rs11787077 CC samples. Finally, simple linear regression was performed to assess
the association between these slope values and the dosage of the CLU risk SNP rs11787077 (T/T =0, T/C =1, C/C = 2).

Mice
All experiments involving mice were approved by the UC Irvine Institutional Animal Care and Use Committee and conducted in accor-
dance with ethical regulations for animal testing and research. All animals were bred by the Transgenic Mouse Facility at UCI.

To generate mice modeling the human rs2279590 variant (C57BL/6J-Clue™!(CtU»AduCi/ - jackson Laboratory stock #037496),
Alt-R CRISPR RNAs (TMF1353, 1354, 1355, and 1356, Table S6), tracrRNA, and CAS9 protein (HiFi Cas9 nuclease V3, Integrated
DNA Technologies [IDT], Coralville, IA) were assembled into a ribonucleoprotein (RNP) complex and microinjected into C57BL/6J
zygotes (Jackson Lab Stock #000664). A single-stranded DNA (ssDNA: TMF1304, Table S6) was co-injected to introduce the
rs2279590 SNP mutation and replace mouse Clu exons 8 and 9 with their human counterparts.

GO founder animals with the desired DNA sequence modifications were backcrossed with C57BL/6J mice, and N1 heterozygous
mice were sequenced to confirm the presence of the mutant allele. These N1 heterozygous mice were further backcrossed to pro-
duce N2F1 heterozygotes, which were subsequently used to generate animals for analysis. These heterozygotes (female mice) were
then crossed with 5XFAD hemizygous congenic B6J (B6.CgTg(APPSwFILon,PSEN1*M146L*L286V)6799Vas/Mmjax, Jackson Lab
Stock # 34848, MMRRC) male mice to produce N3F1 animals that were heterozygous or wildtype for CLU-2kb-KI and hemizygous
or nontransgenic for 5xFAD. These N3F1 animals were used to produce N3Fx experimental and control animals by natural mating or
in vitro fertilization procedures. The ensuing experimental genotypes will be further referred to as 5xFAD and 5xFAD/CLU-2kb-KI.
Genotyping
Oligonucleotides for polymerase chain reaction (PCR)-based genotyping were purchased from IDT. CLU-2kb-KI genotyping was
performed using separate reverse primers to amplify each the mouse Clu wild-type allele and the CLU-2kb-KI allele (Forward:
5'-TTTCAAGTTTCTGGAGTGCCTACT-3’; Reverse 1: 5'-CTACGGGATGGCTGCAGAG-3’; Reverse 2: 5'-CAGTGACACCGGAAGG
AACG-3). Two fluorophore-labeled hydrolysis probes were used to detect the allelic ratio in the amplicon: one specific to the mouse
Clu wild-type amplicon (5'-AACCCGCAGATCCATATCTG-3'-HEX) and the other to the CLU-2kb-KI allele (5'-GCATGGGGTCA
GCTCTCTAG-3'-FAM). The relative fluorescence from each probe was quantified at the end point of the PCR cycles to determine
the genotype using the allelic discrimination function of Bio-Rad CFX Maestro software (Bio-Rad, Hercules, CA).

Tissue Collection

Mice of all control and experimental genotypes (5xFAD and 5xFAD/CLU-2kb-KI) and both sexes (n=5 per sex) were used for bulk RNA
sequencing and Western Blot experiments. Mice were anesthetized at 4 months of age using CO: inhalation. Following transcardial
perfusion with 1X phosphate-buffered saline (PBS), brains were extracted, and hemispheres were separated along the midline. The
left hippocampus and cortex were dissected and flash-frozen on dry ice. Samples were pulverized using a Bessman Tissue Pulver-
izer. Half of pulverized hippocampus and a third of pulverized cortex was used for bulk RNA sequencing and Western Blot analysis,
respectively.

Induced pluripotent stem cell lines

IPSC lines were utilized following IRB review and approval through MGB/BWH IRB (#2015P001676). iPSCs were generated from cry-
opreserved peripheral blood mononuclear cell (PBMC) samples from autopsied participants from the ROS and MAP cohorts. iPSCs
were generated using Sendai reprogramming method.®° iPSCs undergo a rigorous quality procedure that includes a sterility check,
mycoplasma testing, karyotyping, and pluripotency assays performed by the New York Stem Cell Foundation (NYSCF). iPSCs were
maintained using StemFlex Medium (Thermo Fisher Scientific). All cell lines were routinely tested for mycoplasma using PCR kit
(MP0035-1KT) and STR profiling to prevent potential contamination or alteration to the cell lines. iPSC cell lines harboring two
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homozygous familial Alzheimer’s disease mutations (APPSWE/PSEN1M146V; APPSWE/PSEN1M146Y) and its isogenic WT control (Coriell
Institute, catalog ID: AG07889) were obtained from NYSCF and are previously described."'® APOE e4/e4 (cat#iPS16) iPSCs were
obtained from Alstem.

CRISPR/Cas9 editing to generate CLU WT, HET, and KO iPSCs

The following lines were chosen for CRISPR/Cas9 mutagenesis of CLU: BR33 and BR24, two iPSC lines derived from non-cogni-
tively-impaired individuals (male and female, respectively) from the ROSMAP cohorts. gRNA ‘GCGTGCGTAGAACTTCATGC" was
used to target exon 4 within the CLU sequence. The Zhang Lab CRISPR Design website (crispr.mit.edu) was used to generate guide
RNAs (gRNAs) with minimal off-target effects. gRNAs were cloned into the pXPR-003 vector. hiPSCs were electroporated with the
sgRNA-encoding plasmid and Cas9, cells were isolated for monoclonal selection and Sanger sequenced to determine CLU muta-
tions. For each targeted iPSC line, one unedited/wildtype clone and two mutant clones (HET and KO) were chosen for downstream
analyses (summarized in Figures S3A and S3B). Stem Cell Technologies hPSC Genetic Analysis kit (#07550) was used for the
isogenic pairs (iPSCs) to check for karyotype abnormalities. IDT CRISPR Cas9 guide RNA design checker was used to check for
any potential off-target effects.

Differentiation of iPSCs to induced astrocytes (iAs)
iPSC-derived astrocytes (iAs) were differentiated following a previously published paper®® with minor modifications.*®%"1¢ iPSCs
were plated at 95k cells/cm? on growth factor reduced Matrigel (Corning #354230) coated plates prior to virus transduction.
Then, iPSCs were transduced with three lentiviruses — Tet-O-SOX9-puro (Addgene plasmid #117269), Tet-O-NFIB-hygro (Addgene
plasmid #117271), and FUdeltaGW-rtTA (Addgene plasmid #19780). The cells were then replated at 200k cells/cm2 using StemFlex
Medium (Thermo Fisher Scientific) and ROCK inhibitor (10 uM) (D0). The media was changed daily with Expansion Media (EM) from
days 1 to 3, and gradually switched from EM to FGF media from day 4 to day 7. On day 8, cells were dissociated using Accutase, and
plated at 84k cells/cm? using FGF media. Doxycycline (2.5ug/ml, Sigma) was added from day 1 to the end of the differentiation, pu-
romycin (1.25mg/ml, Gibco) was added on days 3 and 4 of the differentiation, and hygromycin (100mg/ml, InvivoGen # ant-hg-1) was
added from days 4-6 of the differentiation. From day 8 to the end of differentiation day 21, cells were cultured with maturation media
and fed every 2-3 days.
Induced astrocyte protocol media
® Expansion Media: DMEM/F12 (Thermo Fisher Scientific), 10% FBS, 1% N2 Supplement (Stemcell Technologies), 1%
GlutaMAX (Life Technologies).
o FGF Media: Neurobasal media, 2% B27, 1% NEAA, 1% GlutaMAX, 1% FBS, 8ng/ml FGF, 5ng/ml CNTF, 10ng/ml BMP4.
o Maturation Media: 1:1 DMEM/F12 and neurobasal media, 1%N2, 1%GlutaMAX, 1% Sodium Pyruvate, 5ug/ml N-1% N2, 1%
GlutaMAX, 1%Sodium Pyruvate, 5ug/ml N-N-acetyl cysteine, 5ng/ml heparin-binding EGF-like GF, 10ng/ml CNTF, 10ng/mi
BMP4, 500ng/ml dbcAMP.

Differentiation of iPSCs to microglia-like cells (iMGs)
iPSC-derived microglia-like cells (iMGs) were differentiated following a previously published protocol,''” '8 with minor modifica-
tions.?%""9 iPSCs were plated on growth factor reduced Matrigel (Corning #354230) using StemFlex Medium (Thermo Fisher Scien-
tific) and ROCK inhibitor (10 uM). From day O to day 12 of differentiation, StemDiff Hematopoietic Kit (StemCell Technologies) was
used to generate hematopoietic precursor cells (HPCs). On day 12, cells were replated at 10k cells/cm? in iMG media supplemented
with 3 cytokines (IL-34 (100 ng/mL, PeproTech), TGF-b1 (50 ng/mL, Militenyi Biotech), and M-CSF (25ng/mL, Thermo Fisher Scien-
tific)). From days 12-20, iMG media with freshly added cytokines were added to the culture every other day. On day 20, cells were
plated at 53k cells/cm? with 1:1 mixture of old media and fresh iMG media with 3 cytokines. From day 20 to day 37, iMG media with
freshly added 3 cytokines were added to the culture every other day. On day 37, cells are resuspended in iMG media with five cy-
tokines (100ng/mL IL-34, 50ng/mL TGF-B1, 25ng/mL M-CSF, 100 ng/mL, CD200 (Novoprotein) and 100ng/mL CX3CL1
(PeproTech)), supplemented every other day until day 40.
iPSC-derived microglia protocol media
® iMG media: DMEM/F12, 2X insulin-transferrin-selenite, 2X B27, 0.56X N2, 1X GlutaMAX, 1X non-essential amino acids, 400mM
monothioglycerol, 5 mg/mL insulin, and 1% Pen-Strep.
® 3cytokines: 100 ng/mL IL-34 (PeproTech), 50ng/mL TGF-b1 (Miltenyi Biotech), and 25 ng/mL M-CSF (ThermoFisher Scientific).
® 5 cytokines: 100ng/mL IL-34, 50 ng/mL TGF-b1, 25ng/mL M-CSF, 100ng/mL, CD200 (Novoprotein) and 100ng/mL CX3CL1
(PeproTech).

Differentiation of iPSCs to induced neurons (iNs)

iPSC-derived neurons (iNs) were differentiated following a previously published paper'®® with minor modifications.?”'?° iPSCs were
plated at a density of 95k cells/cm? on plates coated with growth factor reduced Matrigel one day prior to virus transduction (Corning
#354230). Then, iPSCs were transduced with three lentiviruses — pTet-O-NGN2-puro (Addgene plasmid #52047, a gift from Marius
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Wernig), Tet-O-FUW-EGFP (Addgene plasmid #30130, a gift from Marius Wernig), and FUdeltaGW-rtTA (Addgene plasmid #19780, a
gift from Konrad Hochedlinger). The cells were then replated at 200k cells/cm? using StemFlex Medium (Thermo Fisher Scientific) and
ROCK inhibitor (10 uM) (day 0). The media was changed to KSR media (day 1), 1:1 of KSR and N2B media (day 2) and N2B media (day
3). On day 4, cells were dissociated using accutase, and plated at 50k cells/cm? using iN D4 media (NBM media +1:50 B27 + BDNF,
GDNF, CNTF (10 ng/mL, PeproTech). Doxycycline (2ug/ml, Sigma) was added from day 1 to the end of the differentiation, and pu-
romycin (5mg/ml, Gibco) was added from day 2 to the end of the differentiation. On day 3, B27 supplement (1:100) (Life Technologies)
was added. From day 4 to the end of differentiation day 21, cells were cultured in iN day 4 media and fed every 2-3 days.
Induced neuron protocol media

® KSR media: Knockout DMEM, 15% KOSR, 1x MEM-NEAA, 55 mM beta-mercaptoethanol, 1x GlutaMAX (Life Technologies).

o N2B media: DMEM/F12, 1x GlutaMAX (Life Technologies), 1x N2 supplement SB (Stemcell Technologies), 0.3% dextrose (D-

(+)-glucose, Sigma).
o NBM media: Neurobasal medium, 0.5x MEM-NEAA, 1x GlutaMAX (Life Technologies), 0.3% dextrose (D-(+)-glucose, Sigma).

iPSC Microglia-Astrocyte and Neuron-Astrocyte co-cultures
iNs and iAs were differentiated to day 20 as described above. iIMGs were seeded at 53k cells/cm?. On day 20, iAs were dissociated
and replated to transwell inserts (non-contact) or on top of iN cultures (contact) at 47k cells/cm?. For non-contact cultures, on day 21,
iAs were co-cultured with iMGs or iNs by transferring transwell inserts into the wells containing iMG cultures. On this day, the medium
was switched to BrainPhys media + 5 cytokines.
iPSC Microglia-Astrocyte and Neuron-Astrocyte co-culture media
® BrainPhys Neuronal Medium (StemCell Technology, 5792) + NeuroCult SM1 Neuroonal Supplement (StemCell Technology,
5711) + 100ng/mL IL-34, 50ng/mL TGF-B1, 25ng/mL M-CSF, 100ng/mL, CD200 (Novoprotein) and 100ng/mL CX3CL1 (Pe-
protech).

iSPC-Astrocyte-Neuron-Microglia tri-culture
iNs and iAs were differentiated to day 20 and iMGs were differentiated to day 40 as described above. Initially, iNs, iMGs, and iAs are
seeded at 53k cells/cm?2. On day 20, iAs are dissociated using accutase and are replated on top of iN cultures at a density of 47k cells/
cm? in iA maturation media + 1:50 B27 + BDNF, GDNF (10 ng/mL, Peprotech) + Doxycycline (2.5ug/ml, Sigma) + ROCK inhibitor
(10 uM). On day 21 (day 40 of iIMG differentiation), iMGs are dissociated and replated on top of iN-iA co-cultures at a density of
42k cells/cm? in BrainPhys media + 5 cytokines. All three cell types were then co-cultured together for an additional six days. The
final ratio of cells at the end of co-culture is approximately 5 neurons: 1 astrocyte: 3 microglia. See Figures S5M-S5N.
iPSC-tri-culture media
® BrainPhys Neuronal Medium (StemCell Technology, 5792) + NeuroCult SM1 Neuroonal Supplement (StemCell Technology,
5711) + 100ng/mL IL-34, 50ng/mL TGF-B1, 25ng/mL M-CSF, 100ng/mL CD200 (Novoprotein) and 100ng/mL CX3CL1 (Pe-
protech).

METHOD DETAILS

Western blotting

Cells were lysed with RIPA lysis buffer (Thermo Fisher Scientific #89900) with the protease inhibitor (Complete TM mini protease in-
hibitor, Roche) and phosphatase inhibitor (phosphoSTOP, Roche) added freshly before the lysis. Cells were lysed for 30 minutes on
ice before transferring lysates to microcentrifuge tubes. Cell debris was pelleted by centrifugation (13,000 x g) for 10 minutes at 4°C.
Supernatant (cell lysate) was collected and stored at -20°C until use. Protein concentration in cell lysate samples was determined
with the Pierce BCA Protein Assay kit (ThermoFisher, #23225). Cell lysates were prepared with 4X LI-COR loading buffer (Fisher Sci-
entific, #NC9779096) and 2.5% B-mercaptoethanol, centrifuged, and incubated at 95°C for 10 minutes. Samples were resolved using
Novex NUPAGE™ 4-12% Bis-Tris gels (ThermoFisher, #NP0336BOX) and NUPAGE™ 1X MOPS-SDS or MES-SDS running buffer
(ThermoFisher, #NP0001). Gel electrophoresis was run at 200V for 50 minutes. SeeBlue Plus2 (ThermoFisher, #LC5925) pre-stained
protein standard was used for evaluation of molecular weight. The gel was extracted and transferred to a nitrocellulose membrane by
incubation with 20% methanol tris-glycine transfer buffer at 400mA for two hours. The transferred blot was blocked with Odyssey
blocking buffer (LI-COR, #927-50100) for 1 hour at room temperature with agitation and incubated with primary antibody (diluted
in blocking buffer) overnight at 4°C with agitation. Blots were incubated with LI-COR secondary antibody diluted 1:10,000 in
TBST for 1 hour at room temperature with agitation. Blots were washed twice (10 minutes per wash) with TBST and stored in 1X
TBS until imaging. Blots were imaged on a LI-COR Odyssey machine and quantified using ImageStudio software.

Immunocytochemistry

Cells were washed with PBS and then fixed with 4% paraformaldehyde (PFA, Sigma) for 15 minutes at room temperature. Cells were
blocked in 2% donkey serum (Jackson Immunoresearch Laboratories) and 0.2% Triton-X-100 (Sigma) in PBS for 1 hour at room

e6 Neuron 713, 1-22.e1-e11, June 18, 2025



Please cite this article in press as: Lish et al., CLU alleviates Alzheimer’s disease-relevant processes by modulating astrocyte reactivity and microglia-
dependent synaptic density, Neuron (2025), https://doi.org/10.1016/j.neuron.2025.03.034

Neuron ¢? CellPress

temperature with agitation. For cultures with microglia, 0.04% PFA was spiked into the wells prior to removing the conditioned media.
The plates were then placed at 37°C for 20 minutes, allowing for a gentle initial fixation to avoid microglia loss during the fixation pro-
cess. Primary antibodies were diluted in a fresh donkey serum blocking buffer and cells were incubated with primary antibody so-
lution overnight at 4°C. Then, cells were washed with PBS three times, incubated with secondary antibodies for 1 hour at room tem-
perature with agitation, and then washed with PBS three times. Cells were treated with DAPI stain (1:1000 dilution) for 10 minutes at
room temperature with agitation, followed by a final wash to prepare for imaging. Images were taken on a Zeiss LSM710 Confocal,
Andor Dragonfly 600 Spinning Disk Confocal, or Zeiss LSM880 + Fast Airyscan Confocal microscope. For the representative images
shown in Figure 8A, the ‘Remove Outliers’ function was used in ImagedJ with a radius of 5 pixels and a threshold of 50, applied uni-
formly across all images. This step was used only to remove bright pixel artifacts that were introduced during antibody staining. All
images were processed in Imaged with brightness and contrast adjustments applied consistently across all images for visualization
of representative cultures throughout conditions.

Antibodies for western blot and immunocytochemistry

Antigen Host ICC/WB Dilution Vendor Catalog #
AT8 (MAPT) P202, P205 Mouse WB 1:250 ThermoFisher MN1020
CLU Rabbit WB 1:1000 Abcam ab92548
GAPDH Mouse WB 1:10000 ProteinTech 60004
GFAP Chicken ICC and WB 1:1000 Abcam ab4672
IBA1 Goat ICC and WB 1:500 Abcam AB5076
ICAMA1 Rabbit wWB 1:1000 CST 4915

IkBa Mouse WB 1:1000 CST 4814S
S100B Rabbit ICC 1:1000 Abcam ab52642
TAU (MAPT) Rabbit WB 1:1000 CST 46687S
TREM2 Rabbit WB 1:1000 Abcam ab209814
TUJ1 Chicken ICC and WB 1:1000 Millipore MAB1637
Vimentin Mouse ICC 1:1000 Millipore CBL202
CD44 Mouse WB and ICC 1:1000 Abcam ab253530
VGLUT2 Mouse ICC 1:1000 Abcam ab79157
HOMER1 Rabbit ICC 1:1000 Synaptic Systems 160003
NeuN Rabbit ICC 1:500 Abcam ab177487
TUJ1 Chicken ICC 1:500 Novus nb100-1612
pTAU 217 Rabbit WB 1:1000 GeneTex GTX135775
pTAU 214 Rabbit WB 1:1000 Cell Signaling 77348
qPCR

At iA day 21, cells were harvested and RNA was purified using Purelink RNA Mini kit (Invitrogen). cDNA was generated using
SuperScript Il (Invitrogen). gPCR was performed using Power SYBR™ Green Master Mix and run on ViiA7 system (Applied Bio-
systems). Samples were assayed with 3 technical replicates and analyzed using the AACt method and expression was normalized
to GAPDH expression.

Primers

Target Species For/Rev Sequence

GAPDH Human F GGGAGCCAAAAGGGTCATC
GAPDH Human R TGGTTCACACCCATGACGAA
CLU Human F TGCGGATGAAGGACCAGTGTGA
CLU Human R TTTCCTGGTCAACCTCTCAGCG
Cc3 Human F GTGGAAATCCGAGCCGTTCTCT
C3 Human R GATGGTTACGGTCTGCTGGTGA
CCL2 Human F AGAATCACCAGCAGCAAGTGTCC

(Continued on next page)
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Continued

Target Species For/Rev Sequence

CcCL2 Human R TCCTGAACCCACTTCTGCTTGG
IL6 Human F AGACAGCCACTCACCTCTTCAG
IL6 HUman R TTCTGCCAGTGCCTCTTTGCTG
ELISAs

48hr conditioned media was collected prior to harvest. Extracellular proteins were measured following manufacturer instructions.
Samples were normalized to total protein concentration as determined by the Pierce BCA Protein Assay kit (ThermoFisher,
#23225). For C1q ELISA in tri-culture, samples were normalized to IBA1.

ELISA kits used for extracellular measurements

Analyte(s) Species Vendor MSD Assay Kit Catalog #
C3 Human MesoScale Discoveries R-PLEX F21XY-3
CLU Human MesoScale Discoveries U-PLEX K151B9K-2
IL-6 Human MesoScale Discoveries V-PLEX K151QXD-2
ICAM-1, VCAM-1, CRP, SAA Human MesoScale Discoveries V-PLEX Vascular Injury Panel 2 K15198D-2
APOE Human MesoScale Discoveries R-PLEX K1512IR-2
Ciqg Human Abcam N/A ab170246
TREM2 Human Abcam N/A ab224881

Cell culture treatments relating to NfkB inhibition or activation

For iA monocultures, 24hrs prior to harvest, cells were fed with iA media containing the following: 500nM IKK Inhibitor VII (Millipore,
401486) as previously described'?" or 5ng/ml TNF (Fisher Scientific, 210TA020) + 1ng/ml IL1 (Fisher Scientific, 201LB005) as pre-
viously described.®® The vehicles were DMSO for IKK Inhibitor or 0.1% BSA in PBS for TNF and IL1p. For iA-iIMG-iN, iA-iN, and iIMG
cultures, 72hrs prior to harvest, cells were fed with tri-culture medium containing the following: 400ng/mL C1q (MyBioSource,
MBS147305) as previously described.*®

Canonical NfkB luciferase reporter assay

For the NfkB luciferase assay, two reporter plasmids were used: (1) pRL-CMV, encoding Renilla luciferase controlled by a CMV pro-
moter, and (2) pGL4.32[luc2P/NF-kB-RE/Hygro], encoding Firefly luciferase under a minimal promoter with an NfkB response
element (Promega, #E2261 and #E849A, respectively). Day 18 iAs were transfected with the two reporter plasmids using the Amaxa
P3 Primary Cell 4D-Nucleofector Kit (Lonza, #V4XP-3024) at a ratio of 2ug pGL4.49[luc2P/NF-kB-RE/Hygro] and 0.2ug pRL-CMV per
1 million cells. Nucleofected cells were plated in white-walled 96-well plates (Corning #3917) at 100k cells/well. 48 hrs post-nucle-
ofection, the media was replaced with vehicle (0.1% BSA) or 5ng/mL TNF + 1ng/ml IL1B (Fisher Scientific, 210TA020) as a positive
control. Cells were treated for 24 hours before lysing the cells and measuring Firefly and Renilla luciferase signal using the Dual-
Luciferase Reporter Assay System (Promega, #E1910). Luciferase signal was measured using a spectrophotometer, integrating
the luminescence signal for 5 seconds. Baseline canonical NfkB signaling was calculated by dividing Firefly signal / Renilla signal
in vehicle-treated samples.

CLU overexpression

On day 18 of iA differentiation, cells were dissociated in accutase (diluted 1:3 in PBS) and transfected (as described in the previous
section) with 2 ng pmax-CMV>eGFP (Lonza, #V4XP-3032) or 2 pg human tagged CLU (pRP[Exp]-CMV>eGFP-CAG>hCLU
[NM_001831.4]). 72 hours following transfection, conditioned media was collected and cells were harvested as described in previous
sections.

Synaptosome Isolation and pHrodo Conjugation

Synaptosomes were isolated from mouse brains using Syn-PER Reagent (Thermo Fisher Scientific), following the manufacturer’s
protocol and as previously described’’ with minor modifications. Briefly, phosphatase and protease inhibitors were added to
Syn-PER at a concentration of 1 tablet per 10 mL. Mouse brain tissue was weighed, and 10 mL of Syn-PER Reagent was added
per gram of tissue. The tissue was homogenized on ice using a Dounce homogenizer with ~10 slow strokes. The homogenate
was centrifuged at 1200 x g for 10 minutes at 4°C to remove debris, and the supernatant was collected. This was further centrifuged
at 15,000 x g for 20 minutes at 4°C to pellet the synaptosomes. The final pellet was resuspended in 0.1 M sodium bicarbonate buffer
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(pH 8.3-8.4) at a concentration of 50 mg/mL. For pHrodo conjugation, the synaptosome suspension was incubated with 3 uM of
amine-reactive pHrodo Green STP dye (Thermo Fisher Scientific) for 45 minutes at room temperature in the dark. The mixture
was diluted 1:10 in DPBS and centrifuged at 2500 X g for 5 minutes at 4°C. The pellet was washed twice with DPBS and resuspended
in sterile-filtered brainphys media to a final concentration of 50 mg/mL. Synaptosomes were used for treatments at a final concen-
tration of 1 mg/mL.

Flow Cytometry

Phagocytosis assays were conducted using iPSC-derived microglia-astrocyte co-cultures treated with pHrodo-labeled synapto-
somes. Prior to flow cytometry, live imaging was performed using the Incucyte platform to assess pHrodo signal integrity. pHrodo
intensity was measured and normalized to the total cell area to quantify synaptosome uptake. For flow cytometry, iMGs were gently
dissociated with PBS and centrifuged at 500 x g for 5 minutes at 4°C. Cells were stained with Zombie Violet (BioLegend) for live/dead
discrimination and incubated on ice for 20 minutes, protected from light. After washing, cells were stained with PE-conjugated anti-
P2RY12 (BioLegend, #392104, 1:20) and PE-Cy7-conjugated anti-CD11b (BioLegend, #101215, 1:200) antibodies in FACS buffer
(HBSS supplemented with 10% FBS, 25 mM HEPES, and 2 mM EDTA). Staining was performed for 30-60 minutes on ice, followed
by fixation with 4% paraformaldehyde for 20 minutes. Samples were analyzed on a Fortessa flow cytometer equipped with 355 nm,
488 nm, 561 nm, and 640 nm lasers. Phagocytosis was quantified as the percentage of pHrodo-positive cells within live, P2RY12+,
and CD11b+ gated populations. Data acquisition and analysis were performed using FlowdJo software, with compensation applied for
multicolor fluorescence detection.

TMT proteomic and data analysis

Sample processing

iAs were plated in 6-wells (1 million cells/well) and differentiated to day 21. Media was removed from the wells and iAs were washed
2x with ice-cold DPBS. Samples were processed as previously described.'?>'?° Cells were lysed in 250 pL of urea lysis buffer (8 M
urea, 100 mM NaHPO4, pH 8.5) with the protease inhibitor (Complete TM mini protease inhibitor, Roche) and phosphatase inhibitor
(phosphoSTOP, Roche) added freshly before the lysis. All homogenization was performed using a Bullet Blender (Next Advance) ac-
cording to manufacturer protocols. Briefly, each tissue piece was added to urea lysis buffer in a 1.5 mL Rino tube (Next Advance)
harboring 750 mg stainless steel beads (0.9-2 mm in diameter) and blended twice for 5 min intervals in the cold room (4 °C). Protein
supernatants were transferred to 1.5 mL Eppendorf tubes and sonicated (Sonic Dismembrator, Fisher Scientific) 3 times for 5 s with
15 sintervals of rest at 30% amplitude to disrupt nucleic acids and subsequently vortexed. Protein concentration was determined by
the bicinchoninic acid (BCA) method, and samples were frozen in aliquots at —80 °C. Protein homogenates (50 pg) treated with 1 mM
dithiothreitol (DTT) at 25 °C for 30 min, followed by 5 mM iodoacetamide (IAA) at 25 °C for 30 min in the dark. Protein mixture was
digested overnight with 1:100 (w/w) lysyl endopeptidase (Wako) at room temperature. The samples were then diluted with 50 mM
NH4HCOS3 to a final concentration of less than 2 M urea and then and further digested overnight with 1:50 (w/w) trypsin (Promega)
at 25 °C. Resulting peptides were desalted with a Sep-Pak C18 column (Waters) and dried under vacuum.

Tandem mass tag (TMT) labeling

Peptides were reconstituted in 100pl of 100mM triethyl ammonium bicarbonate (TEAB) and labeling performed using TMTPro
isobaric tags (Thermofisher Scientific, A44520) as previously described.'**'?* Briefly, the TMT labeling reagents were equilibrated
to room temperature, and anhydrous ACN (200mL) was added to each reagent channel. Each channel was gently vortexed for
5min, and then 20mL from each TMT channel was transferred to the peptide solutions and allowed to incubate for 1hr at room tem-
perature. The reaction was quenched with 5%(v/v) hydroxylamine (5 mL) (Pierce). All 16 channels were then combined and dried by
SpeedVac (LabConco) to approximately 100mL and diluted with 1 mL of 0.1% (v/v) TFA, then acidified to a final concentration of 1%
(v/v) FA and 0.1% (v/v) TFA. Peptides were desalted with a 60 mg HLB plate (Waters). The eluates were then dried to completeness.
High pH fractionation was performed essentially as described'?” with slight modification. Dried samples were re-suspended in high
pH loading buffer (0.07% v/v NH40OH, 0.045% v/v FA, 2% v/v ACN) and loaded onto a Water’s BEH (2.1mm 3 150mm with 1.7 mm
beads). An Thermo Vanquish UPLC system was used to carry out the fractionation. Solvent A consisted of 0.0175% (v/v) NH,OH,
0.01125% (v/v) FA, and 2% (v/v) ACN; solvent B consisted of 0.0175% (v/v) NH,OH, 0.01125% (v/v) FA, and 90% (v/v) ACN. The
sample elution was performed over a 25 min gradient with a flow rate of 0.6 mL/min with a gradient from 0% to 50% B. A total of
96 individual equal volume fractions were collected across the gradient and dried to completeness using a vacuum centrifugation.
Data processing protocol

Allraw files were searched using Thermo’s Proteome Discoverer suite (version 2.4.1.15) with Sequest HT. The spectra were searched
against a human UniProt database downloaded August 2020 (86395 target sequences). Search parameters included 10ppm precur-
sor mass window, 0.05 Da product mass window, dynamic modifications methionine (+15.995 Da), deamidated asparagine and
glutamine (+0.984 Da), phosphorylated serine, threonine, and tyrosine (+79.966 Da), and static modifications for carbamidomethyl
cysteines (+57.021 Da) and N-terminal and Lysine-tagged TMT (+304.207 Da). Percolator was used to filter PSMs to 0.1%. Peptides
were grouped using strict parsimony and only razor and unique peptides were used for protein level quantitation. Reporter ions were
quantified from MS2 scans using an integration tolerance of 20 ppm with the most confident centroid setting. Only unique and razor
(i.e., parsimonious) peptides were considered for quantification. Abundance data were log, transformed and batch effects were re-
gressed using ComBat'?® Differential expression was calculated using the DEP package in R.'?°
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Gene set enrichment analysis (GSEA)

Gene set enrichment analysis (queried against the Broad Hallmark gene set) was performed using the R package fgsea'?” and results
were plotted using the R package ggplot2. Custom.gmt files were imported using fgsea. For reactive astrocyte signaling targets, the
differential expression results of TNF + IL1p-treated vs. vehicle-treated iAs were ranked (-log+q adjusted p-value * log, fold change).
The top 250 upregulated genes with stimulation were used as the “Reactive Astrocyte” target gene set.

Dissociation for single cell RNA sequencing and library generation and analysis

All media were removed from both culture conditions (WT iMG + WT iA + WT iN, WT iMG + KO iA + WT iN) and the samples were
processed as previously described with minor modifications.''® Briefly, cells were dissociated with a 1:1 mixture of warm trypsin-
EDTA:cold StemPro Accutase Cell Dissociation Reagent for 10min at 37°C. Trypsin was quenched with trypsin Neutralization
Solution (ScienCell, 0113-2) prior to collection of cell suspension. Four independent culture wells were combined for each culture
condition. Cell suspensions were centrifuged for 5 min at 300 x g and resuspended in 1 mL of BrainPhys media. The cell pellet
was triturated gently with a p1000 tip and passed through a 40uM Flowmi Cell Strainer (Millipore, BAH136800040-50) to remove
debris. Cell suspensions were centrifuged at 200 rcf for 5min and resuspended in 0.04% BSA in PBS. Washes were repeated two
more times. At the end of the final wash, cell suspension was passed through another 40uM Flowmi Cell Strainer. Each triple-culture
was loaded onto an individual 10X Chromium Chip well (60,000 cells per well) and resulting emulsions were used to generate scRNA-
seq libraries using the Chromium Next GEM Single Cell 3’ v3.1 chemistry.

Libraries were multiplexed and sequenced on a NovaSeq to an average depth of >20K reads per filtered barcode before filtering.
Fastq files were mapped using the 10xgenomics Cellranger (v7.0.0) pipeline and a GRCh38 index and resulted in an average of >4K
mapped and filtered reads per cell. Mappings and counts were analyzed using the Seurat package (v5.0.3) in R (v4.4.1) using RStudio
(v1.4.1103). Briefly, imported Cellranger data were filtered to remove cells with <3000 or > 10000 mapped genes and with > 20%
mapping to mitochondrial genes, and to remove suspected doublets. The remaining dataset has 52,078 cells (17,479 iMGs,
33,837 iNs, and 762 iAs) with an average number of mapped genes detected per cell of 1,924 for iMGs, 2,309 for iNs, and 2,684
for iAs, and average total unique molecular identifiers (UMIs) per cell of 3,644 iMGs, 4,199 iNs, and 5,477 iAs. After filtering, normal-
ized and scaled data were clustered using the 3000 most highly variable features. Uniform Manifold Approximation and Projection
(UMAP) was run on the first 20 principal components. DEGs between cell groups were identified using FindMarkers function in Seurat
using the Wilcoxon Rank Sum test with multiple comparisons adjusted (FDR) p-value cutoff of 0.05.

Bulk RNA-sequencing (RNA-seq)

Frozen tissues were lysed and homogenized using the TissueLyser Il (Qiagen, Germantown, MD). Total RNA was extracted with the
RNeasy Mini Kit and treated with the RNase-Free DNase Set on the QlAcube (Qiagen) liquid handling platform. RNA integrity was
assessed using the Qubit RNA 1Q Assay (Life Technologies), and samples with an RNA integrity number (RIN) of >7.0 were selected
for cDNA synthesis. cDNA synthesis, amplification, library construction, and sequencing were performed by Novogene (Sacramento,
CA) using lllumina NovaSeq and HiSeq platforms with paired-end 150 bp (PE 150) sequencing strategy.

Fastq files were assessed for quality using fastqc. Reads were pseudo-aligned using Salmon'?® and imported into DESeq2'?° for
differential expression analysis. Counts were normalized, filtered for low abundance transcripts, and batch effects were regressed
using ComBat in the sva package.'?® Principal component analysis (PCA) was performed on the batch-corrected, variance-stabilized
expression matrix using the R function prcomp.'%® Differential expression was assessed using the DESeq2 package in R. Gene set
enrichment was calculated (queried against the M5 Gene Ontology pathway database) using the R package fgsea.'®” Genes were
ranked according to -logo(p-value)*sign of the log, fold change. Heatmaps were produced for using the R package pheatmap with
color palettes from the R package Seurat.

Dendritic Spine Imaging and Analysis

Wells of a 96-well plate fixed with 4% paraformaldehyde underwent dendritic spine labeling using the fluorescent dye 1,1’-diocta-
decyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil, Invitrogen Cat #D282) as previously described.'*° Briefly, PBS was
removed from each well, and forceps were used to obtain and sprinkle 3-5 Dil crystals across each well. A small amount (~10uL)
of PBS was added to the edge of each well to avoid drying and peeling of cells. Plates were then incubated on an orbital shaker
for 10 minutes at room temperature. Following incubation, wells were washed 2-3 times with PBS, and then wells were left in
PBS overnight at 4°C. Approximately 12-18 hours later, plates were removed and washed three times (5 min) with diH20 at room
temperature. PBS was added to each well, the plates were covered, and incubated at 4°C for at least 72 hours prior to imaging
to allow for complete dye incorporation into the cells. Images of neuronal dendrites were obtained using the Super Resolution Air-
yscan function on a Zeiss LSM880 + Fast Airyscan Confocal microscope. Five dendrite images per well were collected using a 63X (oil
immersion) objective at 50nm pixel sizes with 0.2um z-steps, followed by standard Airyscan image processing in Zeiss ZenBlack
software. Images were exported as TIFF format (in Imaged version 2.14.0/1.54f) and imported into NeuronStudio for analysis of den-
dritic spine densities and morphologies. Spine density measurements were acquired by reconstructing the dendritic cable to acquire
the length of each imaged dendrite, followed by manual identification of spines for each dendrite. Mean densities were obtained for
each dendrite within a well of a 96-well plate, and final data were analyzed with each well representing an individual data point.
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Cumulative distributions of assigned spine head diameters (HEAD.DIAMETER) and neck lengths (MAX.DTS) were analyzed by
Komogorov-Smirnov tests to evaluate statistical differences of spine morphologies. The data was blinded prior to analysis.

Synapse Imaging and quantification

Coverslips fixed with 4% paraformaldehyde underwent synapse immunolabeling using antibodies against a postsynaptic marker
(HOMERT1) and presynaptic marker (VGLUT2) along TUJ1-marked neurites. Images were obtained using the Andor Dragonfly 600
Spinning Disk Confocal. Five images per coverslip were collected using a 40X (oil immersion) objective, and were subsequently
analyzed using CellProfiler.”®" Using the software’s primary object identification module, individual puncta corresponding to
HOMER1 and VGLUT2 were detected. Co-localization analysis was performed by measuring the overlap between HOMER1 and
VGLUT2 puncta, with an overall threshold of 80% as a proxy for synaptic sites. Additionally, puncta were required to be located
on TUJ1-marked dendrites. For objects meeting both the co-localization and dendrite criteria, the number of puncta and area of
each punctum was quantified and normalized to the total neurite area.

Data visualization
Schematics were generated using Biorender. Graphs and heat maps were generated using R Studio'°® or GraphPad Prism 10.

QUANTIFICATION AND STATISTICAL ANALYSIS
Information regarding statistical analyses can be found in the figure legends. All statistical tests were performed using GraphPad
Prism 10 or R Studio. All data is shown as mean + SEM. Comparisons between two groups were using student’s t test, and com-

parisons between more than two groups were analyzed using one-way or two-way ANOVA followed by Tukey’s or Sidak’s post-
hoc test. Pearson correlation method (linear relationship) was used for correlation analyses.
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