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Blood-brainbarrier (BBB) dysfunctionis an early feature of Alzheimer’s
disease (AD) and s particularly pronounced inindividuals carrying the
APOE €4 allele, but the mechanisms linking APOE €4 to BBB failure remain
unclear. Here we show that astrocyte-derived fibronectin (FN1) is a key

mediator of apolipoprotein E4 (APOE4)-driven BBB dysfunctionin AD.
Using postmortem human brain tissue, human three-dimensional vascular
models and in vivo models, we demonstrate that APOE4, amyloid-342

and inflammatory signals induce astrocytic FN1 upregulation and
excessive perivascular deposition. Fibronectin accumulation s sufficient
to cause BBB leakage and disrupt VEGF/HB-EGF/IGF-1signaling through
integrin-mediated focal adhesion kinase activity. Reducing fibronectin

or restoring growth factor signaling rescues BBB functioninvitro and
invivo. Together, evidence from experimental models, human brain
tissue and clinical datasets identifies fibronectin as a proximal mediator of
APOE4-driven gliovascular dysfunction and highlights FN1 as a potential
therapeutic target for vascular and BBB dysfunctionin AD.

Blood-brain barrier (BBB) dysfunction is a hallmark of Alzheimer’s
disease (AD)' ®and is exacerbated inindividuals carrying the APOE €4
allele, the strongest genetic risk factor for late-onset AD”®. Remodeling
of the extracellular matrix (ECM) contributes to BBB dysfunction®*™,
but the mechanisms linking apolipoprotein E4 (APOE4) and ECM
remodelingremainunclear. We previously reported that APOE €4 carri-
erswith AD accumulate fibronectin at the gliovascular interface of the
BBB, and that a protective loss-of-function fibronectin 1 (FNI) variant
reduces AD risk by 71% (ref.12). These findings implicate fibronectin as
adownstream mediator of APOE4 but leave its pathogenic mechanism
unresolved. Here, we demonstrate that APOE4 and amyloid-342 (Ap42)
drive the pathological accumulation of astrocyte-derived fibronectin
at the gliovascular interface, disrupting astrocyte-endothelial com-
munication and growth factor signaling essential for BBB integrity.
Integrating human genetics, postmortem neuropathology, cerebro-
spinal fluid (CSF) analyses, single-cell transcriptomics, humaninduced
pluripotent stem (iPS) cell-derived cerebrovascular models, and com-
plementary zebrafish and mouse models, we establish fibronectin as
akey mechanistic mediator of BBB dysfunctionin AD.

Results

Fibronectinis induced in human brains with AD and
cerebrovascular pathology

Because AD and cerebrovascular pathology (CVP) frequently
coexist*”*, we examined whether both conditions promote fibronec-
tin deposition. We hypothesized that these conditions may induce
fibronectin deposition and contribute to BBB dysfunction. To test
this hypothesis, we examined fibronectin upregulation as a shared
pathological featurein AD and CVP. We performed immunolabeling for
fibronectin and CD31 (avascular endothelial marker) in the dorsolateral
prefrontal cortex (Brodmann area 9) of 23 postmortem human brains
divided into four groups based on postmortem neuropathological
assessments (Fig. 1a-e and Supplementary Table 1): (1) no CVP or AD
(control brains; Braak stage 0-1, no antemortem cognitive abnormali-
ties, arteriolosclerosis score (ATS; indicating microvascular pathology)
0-1,n=35); (2) CVP without AD (ATS 3-4, Braak stage O-Il or higher
without antemortem cognitive abnormalities, n = 6); (3) AD without
CVP (Braak stage IV-VI, ATS 0-1,n = 6); and (4) coincident CVP and AD
(Braak stage IV-VI, ATS 3-4, n = 6)'>. We observed significantly higher
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FN1levelsin CVP brains (+46.7%, generalized estimating equation (GEE)
donor-level comparison: P=1.8 x 10™*) and codirectionally elevated
trendsin AD and AD + CVP (+22.3% and +21.0%, respectively) under
conservative donor-level inference (Fig. 1f-h). As a secondary analy-
sis, when we combined all pathology groups and compared them to
controls, we observed asignificant overall effect on FN1 levels (+29.1%,
GEE donor-level P=8.0 x1073).

Tissue fibronectin has two variants, one containing extradomain
A (EDA) and the other containing extradomain B (EDB), which may be
differentially deposited in the brains of individuals with AD. We tested
isoform specificity using isoform-targeting antibodies to FN1-EDA
and FN1-EDB but observed no preferential deposition of EDA or EDB
(Extended DataFig.1a,b). We also observed that FN1deposits coincide
with morphological changes in microglia from ramified to amoeboid
forms, with IBA1-positive microglia often appearing proximal to and
encircling FN1accumulationsin AD brains (Extended Data Fig.1a-c).

Fibronectinis induced at vasculature in mouse models of
APOE4 expression and AD

To validate our results from human brains, we used aged (21- to
22-month-old) APOE €3 and APOE £4 knock-in mice'®, as APOE £4 mice
have previously been shown to exhibit CVP?°. APOE knock-in mice
allowed us to isolate APOE4-dependent effects independent of overt
AD pathology. We performed immunolabeling for fibronectin and
CD31in brain sections from both genotypes, followed by quantita-
tive analyses of randomly selected regions of the cortex (Fig. 1li-k) to
evaluate the contribution of APOE €4 to fibronectin accumulation. By
comparing FN1levels between genotypes using animals as the unit
of inference, we found that APOE €4 mouse brains showed markedly
higher FN1levels than APOE €3 brains, with a percentage difference of
+98.9% (95% confidenceinterval, 84.1-113.7%; P= 4.1 x10™), indicating
arobustgenotype-dependent effect (Fig. 1j,k). Elevated FN1levels were
a consistent feature in the brains of the APP knock-in mouse model”
(Extended DataFig.1d).

Given that fibrinogen extravasation is an indication of BBB
dysfunction®?, we assessed fibrinogen leakage in APOE £4 versus APOE
€3 mouse brains to determine whether fibronectin accumulation corre-
lates with this BBB compromise. APOE €4 mouse brain tissue exhibited
markedly elevated fibrinogen accumulation in the vasculature com-
pared to APOE €3 brains (Fig. 11). Alog-normal quantile-quantile (QQ)
plot confirmed that fibrinogenintensity values followed alog-normal

distribution (Fig.1m), validating the use of parametric statistics. Quan-
titative analysis revealed a significantincrease in fibrinogen intensity
invessels from APOE ¢4 mouse brains relative to vessels from APOE €3
brains (Fig. 1n). This genotype-dependent increase was consistently
observed across individual mice (Fig. 10). Furthermore, colocaliza-
tionanalysis showed that FN1and fibrinogen overlap was significantly
higherin APOE €4 than in APOE €3 mouse brains (Fig. 1p). Confirming
these observations, comparison of the dextran-based vessel leakage
assay in control and APOE €4 mouse brains (Extended Data Fig. 1e)
showed significantly increased fibronectin deposition and dextran-
Texas Red extravasation in APOE €4 mice compared to control mice
(Extended DataFig. 1f-h), supporting the presence of adysfunctional
BBB and increased leakiness with elevated fibronectin levels in APOE
€4 mice. These results also provide evidence implicating fibronectin
depositionas apathological mediator of cerebrovascular dysfunction
in AD2,5,6,16,24,25.

Fibronectinis associated with altered gliovascular unitin AD

To examine fibronectin’s association with gliovascular alterations
in AD, we analyzed its spatial relationship with the astrocyte end-
feet marker aquaporin-4 (AQP4) and the endothelial marker CDHS
(also known as VE-cadherin) in postmortem human brain tissue
(Extended DataFig.2a-f). In controls, AQP4 showed polarized perivas-
cularlocalization that overlapped with FN1, consistent with fibronectin
localization within perivascular astrocyte-associated regions. In AD,
AQP4 appeared more diffusely distributed with reduced perivascular
polarization, while FN1deposition was broader (Extended Data Fig. 2a).
Although AQP4 remains an astrocytic endfoot protein, its normal
perivascular enrichment is reduced in AD, reflecting an altered spa-
tial organization of astrocytic endfeet relative to the vasculature.
Quantitative analysis showed that the proximity between vascular
FN1and AQP4 was significantly increased in AD compared to controls
(138.5%, P=1.41x107"), indicating altered spatial relationships within
the gliovascular niche (Extended Data Fig. 2b). We next examined
endothelial CDHS distribution in control and AD human brain tissue.
We detected CDHS immunoreactivity along cortical vessels in both
groups, with reduced overall signal intensity in AD samples compared
to controls (Extended Data Fig. 2c,d). To assess the colocalization of
fibronectinwith CDH5, we performed pixel-wise colocalization analysis
(Extended Data Fig. 2e,f). Compared to controls, AD brains showed a
pronounced increase in fibronectin-CDHS5 colocalization (Pearson

Fig.1|APOE €4 induces fibronectin depositionin CVPand AD. a-d’, Double
immunofluorescence staining for CD31 and FN1 with DAPI nuclear counterstain
(blue) in control (a,a’), AD (b,b’), CVP (c,¢’) and AD + CVP (d, d’) conditions.

e, Higher-magnification images of individual vessels. f, Left: schematic depiction
of the criteria for intensity and area measurements for 1,949 blood vessels. Right:
distribution histogram. g, QQ plot for mean intensity values of CD31and FN1
incontrol, AD, CVP and AD + CVP conditions. Blue points, observed residual
quantiles; orange diagonal line, expected quantiles under anormal distribution.
h, Quantification of FN1levels across control, CVP, AD and AD + CVP human
brainsamples. Each dot represents one blood vessel. Measurements were
obtained fromn =5 control,n=6 CVP,n=6AD and n=6 AD + CVPindependent
human donors. Multiple vessels were analyzed per donor, and statistical
inference was performed at the donor level using GEEs (two-sided) to account
for repeated measurements. Red lines, mean values. i, Schematic overview of
the experimental approachillustrating the use of mouse models carrying the
APOE €3 and APOE €4 alleles, the process of histological sectioning and staining,
and the subsequent quantification of results. j, Comparative analysis of FN1
expression in APOE €3 and APOE €4 mouse models. The leftimages display
merged double immunofluorescence staining for CD31and FN1. The middle
and rightimages show individual immunofluorescence staining for CD31and
FN1, respectively. k, Fluorescence intensity of fibronectin across a number of
observations, with corresponding percentage changes and Pvalues. The graphs
quantify the fluorescence intensity of fibronectin in individual animals. Each
data columnrepresents one mouse (n = 6 APOE €3/€3 mice and n = 6 APOE €4/¢4

mice). Multiple vessels were analyzed per mouse, and statistical inference was
performed at the animal level using GEEs (two-sided). I, Representative confocal
images of brain sections stained for FNI, fibrinogen and nuclei (DAPI) in APOE
€3/e3 and APOE £4/¢4 brains. Top row, low-magnification views; bottom row,
higher magnification of selected regions marked with boxes. m, log-normal QQ
plots comparing vessel-level fibrinogen intensity in APOE €3/€3 and APOE €4 /€4,
validating the log-normal distribution before statistical testing. n, Quantification
of fibrinogen intensity across vessels, showing a significant increase in APOE
e4/e4.Each dot represents one vessel; violin plots depict the distribution and
median (Kolmogorov-Smirnov, unpaired test, two-tailed). P<1.0 x 107,

o, Scatter plot of fibrinogen intensity. Each data point represents one vessel.
Measurements were obtained from n = 6 independent mice per genotype.
Multiple vessels were analyzed per mouse, and statistical inference was
performed using a nested ¢ test with a 95% confidence interval. p, Quantification
of FN1-fibrinogen colocalization comparing genotypes. Data are presented as
mean + s.e.m. Each data point represents one mouse (n = 6 independent mice
per genotype). Statistical inference was performed at the animal level using an
unpaired ¢ test (two-sided). Scale bars, 50 pm (a-d’,j, 1) and 15 um (e). Data are
represented as dot plots or multivariable graphs, and statistical significance is
noted as not significant (NS), with the precise Pvalue, or as *P < 0.05, **P < 0.005,
***P<0.001and ***P< 0.0001. Each data pointin the graphsis anindividual
measurement nested within a replicate cluster; these replicate clusters serve as
the units of inference in the GEE with robust SEs.
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r=0.36; Mander’s overlap coefficient = 0.613), accompanied by a
rise in Li’s intensity correlation quotient (0.068-0.114), indicating a
nonrandom spatial association between FN1and CDHS5 in AD. While
CDH5 staining reveals altered endothelial CDH5 distribution in AD tis-
sue, definitive assessment of adherens junction ultrastructure would
require junction-preserving fixation and thicker tissue sections.

APOE4 induces fibronectin deposition

Having established that the APOE 4 allele exacerbates cerebrovascular
injury characterized by fibronectin accumulation and fibrinogen leak-
age, we next sought to identify the cellular sources and mechanisms
driving this deposition. Endothelial cellsand astrocytes are prominent
cell types of the BBB; therefore, we hypothesized that these cells con-
tribute to fibronectin deposition in an APOE4-dependent manner.
We used isogenic human iPS cell-derived APOE €3/€3 and APOE €4/¢4
astrocytes® to examine differences in fibronectin expression. APOE
€4/e4 human astrocytes not only showed increased fibronectin expres-
sion butalso generated amorphous fibronectin deposits. In contrast,
APOE £3/¢3 astrocytes deposited fibronectin at lower levels and in
fibrillar, thread-like arrays (Fig. 2a,b). Similarly, when we compared
two-dimensional (2D) iPS cell-derived endothelial monolayers and
three-dimensional (3D) vasculogenesis and angiogenesis model plexus
(VAMP) cultures” containingisogeniciPS cell-derived endothelial and
mural cellsacrosstwoindependent APOE €3/€3 and APOE e4/e4 isogenic
pairs, we found that fibronectin expression was increased inthe APOE
€4/e4 versions of both models (Fig. 2c-e and Extended Data Fig. 2g).
To determine whether fibronectin deposition around the blood ves-
sels increases with APOE €4/¢4, as previously observed in the human
brain'?, we measured FN1intensity proximal to CD31-positive vascular
structuresin 3D VAMP cultures and found elevated levels in APOE 4/e4
models compared toisogenic APOE €3/€3 controls (Fig. 2e). Consistent
with theincreased fibronectin deposition observed in APOE €4/¢4 cel-
lular and vascular models, we also found that FN1 protein levels were
significantly elevated in the CSF of individuals with AD compared to
controls (Student’s t test: £ = 5.22, P=3.31 x 107) (Fig. 2f).

To identify the FNI-expressing cell types in the human brain, we
analyzed our recent single-nucleus transcriptomics datasets gener-
ated from the brain tissue of 52 individuals®. We found that, among
413,175 cells sequenced®, 19,387 cells express FNI (4.7%), and astrocytes
constitute 22.7% of FNI-expressing cells, while endothelial cells and
pericytes together constitute 8.9% of FNI-expressing cells (Fig. 2g). To
validate these in silico analyses and to determine FN1 protein expres-
sionatthe celltypelevel, we performed spatial multipleximmunohisto-
chemistry in human brain samples using cell type-specific markers for
major cell types (Fig. 2h and Extended Data Fig. 2h). We observed that

astrocytes, endothelial cells and pericytes (Fig. 2h), as well as non-BBB
neuronal cells (Extended Data Fig. 2h), express FN1. We also observed
that advanced perivascular amyloid aggregates immunoreactive for
4G8 appear to overlap with FN1 deposits associated with astrocytes
(Fig. 2h). When we analyzed an independent human single-nucleus
RNA-sequencing (snRNA-seq) dataset®, we found that astrocytes show
the highest upregulation of FNI with APOE €4 (Extended Data Fig. 3a).
To validate these transcriptional changes at the protein level, we ana-
lyzed multipleximmunostaining of human brain tissues from APOE €3/
g3 controls, APOE €3/€3 AD cases and APOE €4/¢4 AD cases. Automated
analyses 0f 1,098,338 cells (165,099 GFAP" astrocytes, 417,936 MBP*
oligodendrocytes, 153,096 IBA1* microglia, 205,398 MAP2" neurons,
86,668 CD31" endothelial cellsand 70,141 PDGFRB" pericytes) showed
thatthe APOE €4/¢4 genotype increases FN1protein levelsinastrocytes
(Extended DataFig.3b-e). These results demonstrate that, in the brain,
astrocytes drive APOE 4-dependent FN1 deposition at the vascular
interface, consistent with their enrichment among FN1-expressing
cellsin perivascular regions (Fig. 2h).

APOE4 and fibronectin colocalize

APOEis knownto formextracellular aggregates™-°, and we previously
showed that fibronectin also accumulates as extracellular deposits™.
IniPS cell-derived APOE €4/¢4 astrocytes, fibronectin deposits colocal-
ized with APOE4, unlike in APOE €3/e3 astrocytes (Fig. 3a). APOE €4/c4
astrocytes also exhibited significantly higher APOE protein levels than
APOE €3/€3 astrocytes (163.6%, P=1.6 x10?) (Fig. 3a,b). At any given
APOE intensity, APOE €4/¢4 astrocytes consistently contained more
fibronectinthan APOE €3/€3 astrocytes, resulting in significantly higher
APOE and FN1levels (Fig. 3c; £3: R*= 0.049, £4: R*= 0.396). Accordingly,
APOE £4/¢4 astrocytes showed greater colocalization of APOE and
fibronectin deposits than APOE €3/€3 astrocytes (Fig. 3d).

Immunolabeling of APOE, fibronectinand GFAP in postmortem AD
brains (n =4 APOE €4/e4 and n = 4 APOE €3/€3) confirmed these in vitro
findings (Fig. 3e,f). Donor-clustered GEE analysis showed significantly
increased APOE (+64.9%; P=7.3 x107%) and FN1(+30.6%; P=1.9 x 10 %) in
APOE e4-associated AD compared to APOE €3-associated AD (Fig. 3f,g).
Consistent with this, the correlation between APOE and fibronectin was
stronger in APOE €4 carriers thanin noncarriers (Fig. 3h; €3: R*= 0.108,
£4:R?>=0.154).

To examine fibronectinlocalizationrelative to astrocyte endfeet,
we quantified its colocalization with the astrocytic marker AQP4 within
FNI1-positive regions of interest (ROIs) from cortical sections of APOE
€3/e3 and APOE €4 /¢4 brains (Fig. 3i-1). FN1 strongly colocalized with
AQP4 across all samples, confirming enrichment at astrocytic endfeet
(Fig. 3k). Additionally, APOE4 exhibited greater colocalization with

29,30

Fig.2|APOE €4 induces fibronectin production in endothelial cells and
astrocytes. a, Immunofluorescence staining for FN1with DAPI counterstain in
APOE €3/€3 and APOE £4/¢4 isogenic iPS cell-derived human astrocytes. Single
channels in white show FN1. Rightmost panels show high-magnificationimages
of FN1deposition. b, Top: quantification of FN1intensity in single cells and their
close periphery from acquired images. Bottom: western blot analysis (n =3
samples per group). Each data point represents one cell. Measurements were
obtained from n =12 independent biological replicates. Multiple cells were
analyzed per biological replicate, and statistical inference was performed using
GEEs (two-sided). Data are presented as mean = s.e.m.P=1.0 x10°. ¢, Human
iPS cell-derived APOE €3/€3 and APOE £4/¢4 endothelial cultures showing

the endothelial markers ZO-1and CD31 with DAPI counterstain. d, RT-qPCR
results in APOE €3/¢3 and APOE €4/¢4 endothelial cells for FNI gene expression
(mean *s.d.; unpaired t test, two-sided, P= 0.0114). e, Left: 3D VAMP cultures
from APOE £3/¢3 and APOE €4/¢4 iPS cells stained for CD31and FN1, showing
FN1depositionat the vascular interface, whichincreases with APOE 4. Right:
quantification graph, where each data point represents anindependent 3D
VAMP culture. Measurements were obtained from n = 3independent biological
replicates per condition. Statistical analyses were performed using biological

replicates. Data are presented as mean + s.e.m. (unpaired ¢ test, two-sided).

f, Violin plots of FN1 expression (relative fluorescence units (RFU) onalog, scale)
inAD (n=156) and control (n =139) CSF from the Emory Somalogic 7k dataset.
Samples are color-coded by case status and APOE genotype (€2/€3, €3/€3, €3/¢4,
e4/e4). Unknown or infrequent genotypes (for example, £2/e4) were excluded
from the visualization. Statistical test: linear regression model Wald ¢ test.

g, Breakdown of all FNI-expressing cells in human brain snRNA-seq analyses from
ref.28. OPC, oligodendrocyte precursor cell; InhN, inhibitory neuron; ExcN,
excitatory neuron. h, Spatial multipleximmunohistochemistry on AD patient
brain tissue sections for FN1, B2M (endothelial cells), PDGFR (pericytes) and
GFAP + AQP4 (astrocytes and their endfeet). Enlarged images show the strongest
FN1deposits along with cell markers. 4G8 (advanced amyloid aggregate)
overlaps with FN1deposits. Representative images are from two independent
runs with similar results. Scale bars, 25 um (a, high-magnificationimages: 10 pm),
10 um (e, h) and 20 pum (c). Data are represented as dot plots or multivariable
graphs, and statistical significance is noted as NS, with the precise P value, or
as*P<0.05,**P<0.005,**P<0.001and ***P < 0.0001. Each data pointin the
graphsis anindividual measurement nested within a replicate cluster; these
replicate clusters serve as the units of inference in the GEE with robust SEs.

Nature Aging | Volume 6 | September 2026 | 1901-1927

1904



Article

https://doi.org/10.1038/s43587-026-01204-0

a iPS cell-derived human astrocytes b c iPS cell-derived human endothelia
N1 DAPI FN1 N1 DAPI APOE £3/e3 APOE e4/eA
4 b Z 150 ; gk
(2}
o
£ 100
@ £ d Normalized FN1
§ Z 5o expression
L £ 2
o g 0.00025
o = 0
< p £3/e3 e4/c4 0.00020
n =12 replicates as 0.00015
unit of inference,
+84.8%, P =1.0E-09 0.00010
APOE £3/€3 APOE 4/c4 500005
250 _ - 1 :
i 000000
= kk%k
g 5 555\& e
=] <
K o3 10 F o
w =L P? P?
L £.c
O 6 53
& cg 5 n =3 experiments
E n =3 APOE £3/£3 lines
0 n =3 APOE €4/¢€4 lines
& >
2% o
e f
3D VAMP cultures with Human CSF Human brain snRNA-seq
iPS cell-derived cells FN1 expression FN1-expressing cells
Q P=0.004 B B
> 50k Two-tailed t test t=5224, P=3.36-07 3.85%
" *x X — 85% 565% 1179
Ly S o Endothelia OPC o
s} S E Microglia
% £3 40k . 5.09% T
=9 o ) i Pericytes
23 30k -| S 5 2% H2.65%
33 & 6.69% ExcN
ES = 69%
=+ 20k - = InhN
E 8 “ L 212
£ O 10k - m oS 19,387
2o Fhex  usel |
O—**— i 2118%
o = Oligo- 9
] W 22.71%
3 S = [ Control £2/e3 [ AD £3/e3  dendrocytes Astrocoytes
I = 2 [ Control £3/e3 [ AD £3/e4
" g)_ o [ Control 3/e4 [ AD e4/c4
9_ << % Il Control e4/e4
<
h Human brain multiplex immunofluorescence
FN1 B2N FN1 FN1 FN1 FN1 FN1 FN1
GFAP + AQP4 GFAP + AQP4 GFAP + AQP4 320
DAPI DAPI DAPI DAPI DAPI DAPI DAPI

58 DAPI

4A(

FN1

FN1 GFAP + AQP4
4G8 DAPI

Nature Aging | Volume 6 | September 2026 | 1901-1927

1905



Article

https://doi.org/10.1038/s43587-026-01204-0

APOE £3/e3

a [+
100
z
z
82 b
§ . £
S w =
2 9. = e oo £3/£3
S = 2 e e4jed
< 5 0 T T !
£ kS 0 50 100
2 8 APOQE intensity
o
o
Q <
z T d  APOEe3/e3 APOE £4/e4
[} (o]
el O
= 3 = z 2z
[ @ [
o g c =4
w (7] [
L w < =y
£ 0 = £
[ = |
" z
< B Z £

o (6]
APOE intensity APOQE intensity

150

Low I High
Frequency
e APOE FN1 GFAP DAPI APOE FN1 GFAP
J
8
2 Q
RS
a4
c < -
: :
E o
=
]
<]
£EE :
2 F W
O W
By 4
g <
<
f Merge APOE N GrAp G E4/E3:+64.9% E4/E3: +30.6%
P=7.3E-03 P=1.9E-02
S Zég T _ 258 . Pearson correlation between Pearson correlation between
@ 2 @l . = || 228 k1 § % " FN1 and AQP4 (FN1 channel as ROI) APOE and AQP4 (APOE channel as ROI)
el é R T : 2 64 o ‘ £3/e3 e4/e4 €3/e3 edfed
& £ 164 2 ! ¥ 1.0 T-RR—XP—Qe—T— 10
3 o ed . = | £ 824 AV = =
= [ = m g | v 2 2
< % ot L% .- S Tx 05
L el ewed] | ebml ewed 5 Bt
2> D> £ a2e> D P> e 82 o
c cE
h 52 58
- £0o £0-05
w >
= = L] 5}
3 5 o o
= i
w g oS =r—TT T T 1 -
Q ks # #2 #3 # #2 #3 #1 #2 #3 # #2 #3
= % P=0.188,n =485 P=0.172,n=2,327

N %,@@@v&q?@

APOE intensity

Fig. 3| FN1 colocalizes with APOE4. a, Immunofluorescence staining for FN1
and APOE with DAPI counterstain (blue) in APOE €3/€3 and APOE g4/€4 isogenic
iPS cell-derived human astrocytes. Single channels in white show FN1and

APOE. b, Quantification of APOE protein intensity in extracellular locations.
Eachdatapoint represents one independent biological replicate (well).n=6
independent biological replicates. Data are presented as mean + s.e.m. Statistical
test: replicate-clustered GEE (two-sided). ¢, Correlation graph for APOE and FN1
intensities in APOE £3/e3 and APOE €4 /4 astrocytes. d, Colocalization histogram
for APOE and FN1. The upper right quadrant shows colocalization, which is
enriched in APOE €4/g4. e, Immunofluorescence staining for FN1, APOE and
GFAP with DAPI counterstain in APOE £3/€3 and APOE £4/4 postmortem human
brainsamples from AD cases. Single channels in white show FN1, APOE and GFAP
individually. f, High-magnification views from a smaller region of the brains
shownin e, illustrating colocalization of APOE and FN1at the GFAP-enwrapped
BBB predominantly in the APOE £4/e4 case. g, Quantification of APOE and FN1
intensities in human brains. Measurements were obtained fromn = 4 APOE €3/
€3 ADdonorsand n=4 APOE e4/e4 AD donors. Multiple ROIs were analyzed per
donor, and statistical inference was performed at the donor level using GEEs
(two-sided). Data are presented as mean + s.e.m. h, Correlation graph for APOE
and FN1 intensities in APOE €3/e3 and APOE £4/e4 AD cases. i, Representative
confocalimages of cortical tissue from APOE £3/e3 and APOE e4/e4 individuals,

stained for APOE, FN1, AQP4 and DAPI. Bottom panels show single-channel
images for FN1and APOE. j, Higher-magnification images from the same samples
showing perivascular localization of AQP4, FN1and APOE, with DAPI-labeled
nuclei. Insets show single-channel views of one vessel. k, Quantification of
Pearson correlation coefficients between FN1and AQP4, using FN1-positive
ROIs. Measurements were obtained fromn =4 APOE €3/e3 ADdonorsandn=4
APOE €4/¢4 AD donors. Each data point represents one ROL Multiple ROIs were
analyzed per donor, and statistical inference was performed at the donor level
using GEEs (two-sided). Data are presented as mean + s.e.m. High correlation
was observed inindividual groups, but nosignificant difference in FN1-AQP4
colocalization was found between APOE genotypes. 1, Quantification of Pearson
correlation coefficients between APOE and AQP4, using APOE-positive ROIs.
Colocalizationlevels were variable but not significantly different between

the APOE £3/e3 and APOE €4 /€4 groups. Data are presented as mean £ s.e.m.
(donor-clustered GEE, two-sided). Scalebars, 25 um (a), 50 um (e, i, j), 5 um
(insets inj) and 15 um (f). Data are represented as dot plots or multivariable
graphs, and statistical significance is noted as NS, with the precise Pvalue, or as
*P<0.05,**P<0.005, **P< 0.001 and ***P < 0.0001. No comparisonindicates
no significant differencesink and 1. Each data point in the graphs is an individual
measurement nested within a replicate cluster; these replicate clusters serve as
the units of inference in the GEE with robust SEs.
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AQP4 than APOE3 (Fig. 31), indicating preferential accumulation at
astrocytic endfeet in APOE €4 brains.

To test whether APOE and FN1 interact directly, we immunopre-
cipitated FN1 from conditioned media and lysates of iPS cell-derived
astrocytes (Extended Data Fig. 3f,g). FN1 was efficiently immunopre-
cipitated, but APOE was not detected in the FN1immunoprecipitates,
indicating no detectable directinteraction under these experimental
conditions. These data do not supportadirect FN1-APOE interaction
under the experimental conditions used, but they do not exclude
indirect associations or technical factors that may have prevented the
detection of such interactions.

Inflammation enhances fibronectin deposition
The APOE ¢4 allele promotes both fibronectin deposition and vascu-
lar injury, which are associated with inflammation®~', Because APOE
£4 and brain amyloidosis amplify inflammation'*"*? and are linked
to ECM remodeling during tissue repair®*, we investigated whether
inflammation mediates APOE €4-dependent fibronectin deposition.
We used primary human astrocyte (pHA) cultures®*” embedded
in a starPEG-heparin hydrogel system to model inflammation and
recapitulate key features of the brain microenvironment, including
fibronectin- and laminin-rich ECM structures and astroglia-neuron
networks**¥. Tumor necrosis factor (TNF) induced reactive astrocytic
states, nuclear factor-kB (NF-kB) signaling and FN1 expression (Fig. 4
and Extended Data Fig. 4a-f), whereas interleukin-4 (IL-4) reversed
these effects (Fig. 4a—c). Because pHAs express TNF and IL-4 recep-
tors*” and upregulate their expression following TNF treatment
(Extended Data Fig. 4g), these findings support direct cytokine regula-
tion of astroglia. Comparison with previous analyses of 3D pHA cultures
treated with AB42 or kynurenic acid (KYNA)*** showed that TNF sig-
nificantly increased FN1expression, whereas IL-4 reduced fibronectin
levels both on its own and following TNF or AB42 treatment (Fig. 4d).
Likewise, TNF andIL-1B increased FN1expressionininduced pluripotent
stem cell (iPS cell)-derived endothelial cells (Extended Data Fig. 4h),
supporting inflammatory regulation of fibronectininboth astrocytes
and endothelial cells.

We nextanalyzed snRNA-seq data from1.64 million nucleiacross
424 dorsolateral prefrontal cortex samples from the Religious Orders
Study and Memory and Aging Project (ROSMAP)*®, Fibronectin was

associated with pathological AD, particularly in astrocyte cluster 5
(B: 0.0300, standard error (SE): 0.0057, false discovery rate (FDR)
P:1.55x107®), characterized by inflammation, gliosis and SERPINA3
expression (Fig. 4¢). SERPINA3 is areactive astrocyte marker® that was
likewise upregulated in TNF-treated 3D astrocytes (Fig. 4c). Postmor-
tem immunolabeling confirmed fibronectin upregulationin reactive
astrocytes, with FNlintensity strongly correlating with GFAP intensity
(Spearman r=0.9177, P<1.0 x107; Fig. 4f, n=3). Label transfer from
the ROSMAP snRNA-seq dataset® to ourindependent snRNA-seq data-
set”® further showed that reactive astrocyte subcluster 5 expressed FN1
inthe highest proportion of cells (Extended Data Fig. 5a), confirming
thatreactive astrocytes are amajor source of FNI1.

We validated these findings in vivo using a zebrafish model,
where TNF induced fibronectin deposition around astroglia concomi-
tant with NF-kB activation (Fig. 4g-i and Extended Data Fig. 5b-o0).
Camptothecin and Torin2, which promote anti-inflammatory states
by modulating microglial polarization®’, rescued amyloid-induced
fibronectin deposition and astrocytic hypertrophy at the gliovascu-
lar interface in a zebrafish model of amyloid-mediated fibronectin
deposition'>'**3¢3°-*¢ marked by increased astrocytic glutamine syn-
thetase (GS) levels (Fig. 4j,k and Extended Data Fig. 50). Analysis of
ROSMAP human brain single-cell RNA-sequencing (scRNA-seq) data
showed increased astrocytic NF-kBl expressionin AD, withastronger
effectin APOE €4 carriers (P < 0.0001) (Fig. 41). NF-kB2 expression also
strongly predicted FN1levels in astrocytes (8= 0.44, P=2.4 x107%;
Fig. 4m), consistent with the findings in zebrafish. Together, these
results identify inflammation as a major driver of fibronectin deposi-
tionand astrocyte reactivity".

Fibronectin attenuates the VEGF/HB-EGF/IGF-1

signaling cascade

Having found thatinflammatory states enhance fibronectin deposition,
particularly at astrocytic endfeet where APOE4 accumulates, we next
investigated whether elevated fibronectin could perturb BBB signaling
cascades essential for vascularhomeostasis. Toinvestigate the potential
downstream effects of increased fibronectin, we performed single-cell
transcriptomics in fnlb knockout zebrafish (fnb7")*, which blocks the
upregulation of fibronectin after AB42 exposure (Fig. 5a,b)". We per-
formed differential gene expression and Kyoto Encyclopedia of Genes

Fig. 4| Inflammation enhances fibronectin productionin reactive astrocytes.
a, Schematic of culture and treatment conditions for bulk RNA sequencing in

3D pHA cultures. b, RNA read numbers for selected TNF downstream genes
(TNFRSF1B, C3,CCL5 and SAAI) in TNF-treated pHA cultures. Each data point
represents anindependent 3D hydrogel culture. Measurements were obtained
fromn =3independentbiological replicates. Data are presented as mean + s.e.m.
Statistical test: two-tailed unpaired ¢ test. ¢, Heat map of differential expression
of selected TNF targets and reactive astrocyte markers in TNF versus control

and TNF + IL-4 versus control 3D pHA cultures. FC, fold change. d, Heat map

of differential expression of FNI under several toxicity conditions in 3D pHA
cultures. KYNA, AB42 and AB42 + IL-4 from ref. 37. Statistical test: negative
binomial generalized linear model, two-sided Wald test, Benjamini-Hochberg
FDR. e, Analysis of the association of FNI with human AD traits in ROSMAP cohort
astrocyte clusters positively associates FNI with reactive astrocyte cluster 5
(Ast.5). DLPFC, dorsolateral prefrontal cortex. f, (1) Immunostaining for GFAP
and FN1 with DAPI counterstain in control and AD postmortem human brains;
(2,3) quantification of FN1(2) and GFAP (3) intensities in masked astrocytesin
control versus AD cases (n =3 for each group); (4) correlation of FN1and GFAP
intensities in sampled astrocytes from the control and AD groups (n =120).
Measurements were obtained from n = 3 independent donors per group. Multiple
astrocytes were quantified per donor, and statistical analyses were performed
with a two-tailed Kolmogorov-Smirnov test (FN1: P = 2.48 x 107*; GFAP:

P=1.70 x107%). g, Immunofluorescence staining for GS, FN1and NF-kB:GFP in
control and TNF-injected zebrafish brains. Smaller panels show individual color-
coded channels. h, Quantification of GFP and FN1intensities. Each data point
represents one gliovascular contact point. Measurements were obtained from

n=4independentanimals per group. Multiple measurements were obtained

per animal, and statistical inference was performed at the animal level using
GEEs (two-sided). Data are presented as mean + s.e.m. i, Interaction graph for
NF-kB:GFP and FN1levels. Statistical test: simple linear regression, Pearson
correlation coefficient. j, Immunostaining for GS and FN1with DAPI counterstain
incontrol, AB42-injected, AB42 + camptothecin-injected and AB42 + Torin-
injected zebrafish brains. Images highlight the dorsoventral vascular hub. Insets:
FNI1channel alone. k, Quantification graph for FN1and GS intensities normalized
to DAPI. Every data point represents an independent gliovascular contact point,
and statistical inference was performed at the level of the individual animals.
Statistical test: animal-clustered GEE (two-sided). Scale bars, 10 pm (f) and 25 pm
(g,j).1, Donor-level distributions of NF-kB1 expression in astrocytes from the
ROSMAP dataset, stratified by AD diagnosis (control versus AD) and APOE €4
carrier status. MCI, mild cognitive impairment. A significant upregulation of
NF-kB1was observed in AD, with a stronger effect in APOE €4 carriers (P < 0.0001).
Statistical test: two-sided Wald test from multivariable linear regression models
adjusting for relevant demographic and technical covariates, followed by
pairwise comparisons between diagnostic groups. m, Scatter plot showing a
positive correlation between NF-kB2 and FN1 expression (8~ 0.44, P=2.4 x 107%)
inhuman astrocytes. Data are presented as mean * s.e.m. Quantitative datain
the graphs are represented as dot plots, and statistical significance is noted

as NS, with the precise Pvalue where applicable, or as *P < 0.05, **P < 0.005,
***P<0.001and ****P < 0.0001. ND, no statistical difference. GEE Pvalues are
provided in Supplementary Table 1. Each data point in the graphs is an individual
measurement nested within a replicate cluster; these replicate clusters serve as
the units ofinference in the GEE.
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Fig. 5| Fibronectin suppresses VEGF signaling. a, Schematic of single-cell
sequencing (scSeq) comparison in wild-type (wt) control and fnlb homozygous
knockout (KO; fn1b™") zebrafish, both after AB42 treatment. b, UMAP plot of 38
identified cell clusters. ¢, Heat map showing the number of DEGs in each cluster.
d,e, Heat maps showing the number of times a certain KEGG pathway identifier
isenriched inthe identified clusters. Upregulated (d) and downregulated (e)
genes were analyzed separately and depicted with individual heat maps. GnRH,
gonadotropin-releasing hormone. f, Selected top DEGs within the VEGF signaling-
related KEGG pathway inendothelial cells and astrocytes. g, VEGFA expression
changesin publicly available human single-nucleus datasets from control and AD
human brains (from refs. 2,24,53,100). h, Ridge plots of vegfa expression (left) and
representative VEGFA immunofluorescence staining (right) in wild-type + AB42
andfnlb™ + AB42 zebrafish brains. Astrocytesincrease vegfa expression upon
fnlblossof function. AG, astrocyte; VSMC, vascular smooth muscle cell; PE,
pericyte; OD, oligodendrocyte; NB, neuroblast; NE, neuron; MG, microglia; InN,
inhibitory neuron; ExN, excitatory neuron; IM, immune cell; ImN, immature
neuron; ER, erythroid cell; EN, endothelia. Data are presented as mean £ s.e.m.

i, Left: immunofluorescence staining for VEGFA and GFAP with DAPI counterstain
incontrol and AD postmortem human brains, showing reduced VEGFA in AG

and around the blood vessels (BV). Right: quantification of VEGF intensity.
Measurements were obtained from n =3 independent zebrafish pergroup.
Statistical inference was performed at the animal level using GEEs (two-sided).
Data are presented as mean +s.e.m. j, (1) VEGFA protein in APOE €3/e3 and APOE €4/
&4 iPS cell-derived human astrocytes (left), and quantification of VEGFA protein
intensity (right). Each data point represents one cell. Statistical analyses were
performed using two-sided replicate-averaged GEE, with n =4 biological replicates
as the unit of inference. Dataare presented as mean +s.e.m. (2) VEGFA protein
inAPOE £3/€3 iPS cell-derived human astrocytes in the absence and presence

of fibronectin coatingon the plates (left), and quantification of VEGFA protein

= Noncarrier = Carrier

intensity (right). Each data point represents one cell. Statistical analyses were
performed using replicate-averaged GEE, with n = 6 biological replicates as the unit
ofinference. Data are presented asmean + s.e.m. k, RT-qPCR for vegfaa in control,
AB42-injected and AB42 + FAK inhibitor-injected zebrafish brains. Measurements
were obtained from nn = 9 independent replicates per group. Data are presented as
mean + s.e.m. Statistical test: Kruskal-Wallis with the two-stage step-up procedure
of Benjamini, Krieger and Yekutieli (control versus AB42: P< 0.001; AB42 versus
AB42 +FAK inhibitor: P= 0.0022).1, VEGFA immunofluorescence in isogenic APOE
€3/e3 and APOE €4/e4 humaniPS cell-derived astrocytes in the presence or absence
oftreatment with the FAK inhibitor PF-573228 (left), and quantification of VEGFA
protein intensity (right). Data are presented as mean + s.e.m. KW, Kruskal-Wallis;
FAKi, FAK inhibitor. m, VEGFA immunofluorescence in APOE £4/€4 human iPS cell-
derived astrocytes after treatment with the B-integrin blocker ATN-161 (left), and
quantification of VEGFA protein intensity (right). Each data point represents one
independent biological replicate. Statistical analyses were performed usingn=6
biological replicates and two-sided replicate-clustered GEE. Data are presented
asmean ts.e.m.n, Pseudolog-transformed coexpression analysis of FN1 (x axis)
and VEGFA (y axis) in astrocytes, stratified by disease status (control versus AD)
and APOE €4 status (noncarrier versus 4 carrier). Points represent single-cell

data. Each panel displays a fitted linear regression (solid line) with 95% confidence
intervals (shaded area). The strong main effect of FN1on VEGFA expression
(F=26.39,P=2.79 x107"yand the significant three-way interaction among FN1,
APOE g4 status and disease status (F=14.02, P=1.81 x 10 *) demonstrate genotype-
and disease-specific patterns of coregulation. Statistical test: two-sided Wald test.
Scalebars, 5 um (h), 10 pm (I, m) and 25 um (i, j). Data are represented as dot plots
or multivariable graphs, and statistical significance is noted as NS, with the precise
Pvalue,oras*P<0.05,*P < 0.005,**P< 0.001and ***P < 0.0001. Each data point
in the graphsis anindividual measurement nested within a replicate cluster; these
replicate clusters serve as the units of inference in the GEE.
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Fig. 6 | VEGF signaling is required for HB-EGF expression and subsequent
IGF-1induction. a, Schematic of the VEGFRi study and subsequent single-cell
transcriptomics in the double reporter zebrafish line Tg(flila:EGFP)* and
Tg(her4:RFP)*?, marking endothelial cells and astrocytes, respectively. b, UMAP
of theidentified cell types. ¢, Distribution of DEGs amongcell types. d, Violin
plots showing the expression of the VEGFRs kdr, fIt1 and flt4 in cell types. e, Heat
map of differential expression of selected VEGF target genes in major cell types
fromband c. AE, arterial endothelia; VSM, vascular smooth muscle; N, neuron;
O, other. f,Immunostaining for HB-EGF and kdr/:GFP with DAPI counterstain

in controland VEGFRi zebrafish brains showing single vasculature (left), along
witha quantification graph for HB-EGF (right). VEGFRi reduces HB-EGF levels.
Each data point represents one gliovascular contact point. Measurements were
obtained from n=4 independent animals per group. Multiple contact points
were analyzed per animal, and statistical inference was performed at the animal
level using GEEs (two-sided). Violin plots show the data distribution; the center
line indicates the median; the box represents the interquartile range (25th-75th
percentile); whiskers extend to the minimum and maximum values; points
representindividual observations. g, Left: ridge plot for hbegfexpression in
control+ AB42and fnib™" + AB42 zebrafish brainsindicating upregulation
inendothelia. Right: immunostaining for HB-EGF. h, Multivariable graph for
downregulated pathways in astrocytes, showing enrichment of MAPK, ErbB,
mTOR and insulin signaling pathways. PPAR, peroxisome proliferator-activated
receptor. i, Heat map showing differential expression of selected EGF target
genes in astrocytes after VEGFRI. j, Immunofluorescence staining for IGF-1, GS

Isogenic iPS cell-derived human astrocytes

4
3
2
ther P
Excitatory neurons Total ° kdrt
Neurons ot g 01 T -
ImmaluveneuvonsEndomeUa E 3
o 2
¥ nmmovy neurons 2 o
Neuroblasts @ fut
W a3.42% 676 AG a0
26.20% 408 VSM R
& WB2%% 129 MG 2
vascular smooth muscle W700% 123 AE
& i W674% 105EN 1
““Microglia W7.45% 16 Other cell types o 3
“FEQEEEZREC2E8
> o =
g wt + Ap42 | b+ Apa2
hbegf B 2 el aa La: Astroglia KEGG down
pency[e 20 7 Odds ratio
[Siie " @ o 200 ®MAPKsignaling pathway
3 15 ®294 @ErbB signaling pathway
Neuroblast 2 ® 433 mTORsignaling pathway
i o ®lnsulin signaling pathway
\nhlbnory croglia g 3 1o STalkereceprorsgnaing
ne cells Eq [*] ®rears signaling
\mmature neuron & 5 ® Notch s\gnslmg pathway
Excitatory neuron g
Erythroid eolls /\ ad
e v k ———a T
Astrogha y &g g
o 1 2z 3 44 0 1 2 3 a4
Expression level Expression level
\GH intensity (a.u.)
20 30 40 n

Integrin B, inhibition

£33 0 05 10

APQE gdfed
e3fe3 + vehicle
+ingml’

Contral

ot !l!l!! 3

s

3

ATN-1B1
+15.9%
P=11E-05

plﬂ

APOE edfed
astrocytes
EoGs Bl

=
Q

3

5
5
a

o

~
w
IS

Uncoated

rm coaled

APOE £3/e3
astrocytes
ES% ENS=

«F

Normalized IGF-1in @) Normalized IGF-1in

R N p 28{09

and kdrl:GFP with DAPI counterstain in control and VEGFRi zebrafish brains.

k, Quantification of IGF-1levels. Each data point represents one gliovascular
contact point analyzed with animals as the unit of inference (n = 3 per group).
Data are presented as mean + s.e.m. Statistical test: two-sided animal-clustered
GEE. 1, RT-qPCR scheme showing sorting of her4:EGFP-positive astrocytes

after HB-EGF injection, whichincreases igfI expression as determined by two
primer pairs (pp), while vegfa expression remains unchanged in the adult
zebrafish brain (reference gene: 3-actin). m, Left: immunocytochemistry for
IGF-1 and GFAP with DAPI counterstain in APOE €3/e3 and APOE €4/¢e4 isogenic
astrocytes with and without 10 ng mI™ HB-EGF treatment. Right: quantification
of IGF-lintensity normalized to cellnumber. Each data point represents one
cell. n= 6 independent biological replicates with multiple data points. Dataare
presented as mean +s.e.m. Statistical test: two-sided, replicate-clustered GEE.
n, Immunostaining for IGF-1in APOE €4 /€4 astrocytes with and without ATN-161
treatment (left), along with quantification per cell (right). o, Quantification of
IGF-1in APOE €3/€3 astrocytes with and without fibronectin coating of the wells.
Each data point represents one cell. n = 4 independent biological replicates with
multiple data points. Data are presented as mean + s.e.m. Statistical test: two-
sided animal-clustered GEE. Scale bars, 5 um (f, g) and 25 um (j, m, n). Data are
represented as dot plots or multivariable graphs, and statistical significance is
noted as NS, with the precise Pvalue, oras*P< 0.05, *P < 0.005, **P< 0.001and
P < (0.0001. Each data point in the graphs is an individual measurement nested
within areplicate cluster; these replicate clusters serve as the units ofinference in
the GEE with robust SEs.

and Genomes (KEGG) pathway analyses across 32,294 cellsin38 clusters
by comparingcellsfromwild-type (+Ap42) and fnlb ™ (+Ap42) zebrafish
(Fig. 5c—e and Extended DataFig. 6). Weidentified significantenrichment
of vascular endothelial growth factor (VEGF) (P=3.8 x 1072, odds ratio
(OR) =2.87) and insulin pathways (P=4.3 %107, OR = 35.78), mediated
by MAPK signaling (P=4.0 x107°, OR = 3.41) (Fig. 5d,e). We show that
fibronectin modulates VEGF and insulin signaling by altering ECM activity.

VEGF signaling is essential for BBB integrity and vascular-astro-
cytic communication, and its disruption in AD contributes to BBB
breakdown***5-°, We hypothesized that reduced VEGF signaling medi-
atesthe pathological effects of fibronectin. Astrocytesinfnibknockout
zebrafish upregulated the NF-kB inhibitor nfkbib™, the VEGF ligand
vegfa, the insulin growth factor igf1 and the VEGF signaling inducer
irfbp2b**, while fn1b knockout endothelia upregulated NF-xB-related

genes that potentiate VEGF signaling® (Fig. 5f,). These findings are
consistent with those in the human AD brain, where single-nucleus
transcriptomics showed that astrocytic VEGFA is reduced in AD
(Extended Data Fig. 7a,b)>**%>, We found that vegfa expression
increased in fnlb ™ zebrafish brains (Fig. 5h). VEGFA protein levels
were significantly reduced in AD brains compared to control brains
(-12.3%, P=3.7 x10™") (Fig. 5i) and in APOE £4/e4 compared to APOE €3/
£3iPScell-derived astrocytes (-19.4%, P= 3.6 x107°) (Fig. 5j). Culturing
APOE £3/¢3 astrocytes on fibronectin-coated plates also significantly
reduced VEGFAlevels (-25.7%, P=1.2 x107'%), recapitulating the effects
of APOE €4/¢4 on astrocytic VEGFA (Fig. 5j). We show that fibronectin
modulates VEGF and insulin signaling by altering ECM activity, linking
inflammatory remodeling of the vascular niche to impaired trophic
signaling at the BBB.
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Fibronectin binds integrins-*® that are expressed on astrocytes
(Extended Data Fig. 7c). We tested the hypothesis that inhibition of
focal adhesion kinase (FAK), an intracellular mediator of the integ-
rin signaling cascade’’, could restore VEGFA expression by treating
zebrafish with the selective FAK inhibitor PF-573228 (ref. 59). This
restored VEGFA expression under AB42 conditions (Fig. 5k). Similarly,
blocking FAK with PF-573228 inisogenic APOE €3/€3 and APOE €4/€4 iPS
cell-derived astrocytes restored thereduced VEGFA levelsin APOE €4/e4
astrocytes (Fig. 51). Treatment with ATN-161, anindependent 3-integrin
blocker, resulted in a similarly significant upregulation of VEGFA in
APOE £4/g4 astrocytes (+20.0%, P=1.0 x 10™*) (Fig. 5m), validating the
relationship between integrin signaling and fibronectin-mediated
alteration of VEGFA in astrocytes.

To examine the relationship between fibronectin and VEGFA
protein levels in humans, we performed transformed gene coexpres-
sion analyses in human CSF from AD and control brains (Fig. 5n).
FN1 expression was strongly associated with VEGFA levels (F=26.39,
P=2.79x107), and a significant three-way interaction among FNI,
APOE €4 status and disease status (F=14.02, P=1.81x10™) indicated
that the slope of the FN1-VEGFA relationship differs in APOE €4 carri-
erswith AD compared to noncarriers and controls. In controls, VEGFA
expression levels were similar between APOE €3 and APOE €4 carri-
ers, whereas in AD brains, non-g4 carriers exhibited a compensatory
increase that was absentin APOE €4 carriers. To determine whether the
FN1-VEGFA relationship observed in CSF extends beyond the central
nervous system (CNS), we analyzed plasma protein levels in 113 indi-
viduals from another cohort'>° (Extended Data Fig. 7d). Unlike in CSF,
plasma FN1did not correlate with VEGFA (Pearson r = 0.13; R*= 0.018)
(Extended DataFig. 7e), indicating that the FN1-VEGFA association is
CNS-specificand varies according to the APOE genotype in AD.

To investigate the downstream mechanisms of the FN1/VEGF
signaling axis, we used double-transgenic zebrafish (Tg(flila:EGFP),
Tg(her4.1:RFP))*-*>—marking cerebrovascular endothelial cells (green)
and astrocytes (red) with fluorescent reporters—and inhibited VEGF
signaling using VEGF receptor (VEGFR) inhibitors (tivozanib, ZM
306416 and semaxanib). Single-cell transcriptomics of 22,712 sorted
cells (17% endothelial cells, 39.2% astrocytes) identified 1,557 differ-
entially expressed genes (DEGs) (Fig. 6a-c and Extended Data Fig. 8).
To identify potential genes proximally regulated by VEGF signaling,
we analyzed previously documented VEGF target genes®*** among
the DEGs. We found that VEGFR inhibition (VEGFRI) significantly
downregulated endothelial hbegfisoforms, as validated in kdrl:GFP
zebrafish, afluorescent reporter for endothelia (-28.3%, P=3.5x1072)
(Fig. 6¢,f). This is consistent with the upregulation of hbegfin fnib
knockout, validated by single-cell sequencing and tissue immunolabe-
ling (Fig. 6g), and indicates that reduced endothelial heparin-binding
EGF-like growth factor (HB-EGF) expression downstream of FN1/VEGF
signaling also contributes to BBB pathology.

HB-EGF, upon binding to the EGF receptor (ERBB1), regulates
inflammation, neurogenesis and astrocyte maturation through
MAPK and ERBB1 signaling®. Thus, fibronectin-dependent reduc-
tion of HB-EGF may alter astrocytes in the gliovascular niche. VEG-
FRi in zebrafish revealed downregulated MAPK, ERBB and insulin
pathways, reflecting changes observed in fn1b knockout (Fig. 6h).
Notably, known EGF targets®®®’, including igfl, were significantly
reduced (Fig. 6i), a finding further confirmed by immunolabeling
and quantification (-35.2%, P = 6.6 x 10"*°) (Fig. 6j,k) and independ-
ent human brain single-nucleus datasets®®’°. HB-EGF induced igf1
expression without affecting vegfa levels (Fig. 61), and in human iPS
cell-derived astrocytes, insulin-like growth factor 1 (IGF-1) expression
was significantly increased by HB-EGF in a dose-dependent manner
in both isogenic APOE €3 and APOE €4 astrocytes (APOE €3: +73.4%,
P=3.1x10"% APOE £4:+39.0%, P=1.0 x 107*) (Fig. 6m), indicating that
HB-EGF is upstream of IGF-1. To determine whether IGF-1expressionin
astrocytesisintegrin-dependent, we treated APOE €4 astrocytes with
the B-integrin blocker ATN-161and observed significantly upregulated
IGF-1protein (+15.9%, P=1.1x107) (Fig. 6n). Conversely, APOE £3/¢3
astrocytes showed ssignificantly reduced IGF-1levels when the culture
wells were coated with fibronectin (-19.9%, P= 2.8 x 107°), recapitulat-
ing the effects of the APOE €4/€4 genotype on IGF-1levelsin astrocytes
(Fig. 60).

As IGF-1is crucial for BBB function”, these findings indicate
that the FN1/VEGF/HB-EGF/IGF-1signaling axis regulates gliovascular
homeostasis, which is disrupted in AD through APOE £4-dependent
elevated fibronectin deposition. To assess whether HB-EGF and IGF-1
couldreverse fibronectin-mediated VEGF reduction and BBB damage,
we analyzed the gliovascular structure and tight junctions in VEGFR
inhibitor-treated zebrafish with or without ectopic HB-EGF/IGF-1.
VEGFRi compromised endothelial integrity, as ZO-1/GFP colocaliza-
tionwas significantly reduced (Fig. 7a,b; analyses were performed on
parenchymal capillary vessels rather than larger arterial structures),
consistent with previous findings*®*. In contrast, HB-EGF/IGF-1treat-
ment restored tight junction levels (Fig. 7b).

Gliovascularinteractions, vital for BBB and brain homeostasis>*"*”,
are disrupted early in AD**'>?°%57¢ By investigating the evolutionary
conservation of the VEGFA/HB-EGF/IGF-1 signaling axis, we observed
reduced levels of VEGFA, HB-EGF and IGF-1in zebrafish, APP knock-in
mice and human AD brains (Fig. 7c-e). AD brains with Braak stage V-VI,
representing advanced AD pathology characterized by extensive neu-
rofibrillary tangles in the neocortex and substantial cognitive decline”,
alsoshowsignificant alterations in VEGFA, HB-EGF and IGF-1 (Fig. 7d-f),
mirroring fibronectin-induced VEGFR/HB-EGF/IGF-1 signaling dis-
ruption. To further validate the downstream effects of fibronectin
and APOE &4, we performed KEGG pathway analysis and FNI-APOE
€4 interaction modeling from single-cell endothelial transcriptomics
in ROSMAP human brains (Fig. 7g). Donor-level expression analysis

Fig.7 | Conserved activities of HB-EGF and IGF-1regulate gliovascular
interactions and endothelial tight junctions. a, Representative images of
mCherry-positive parenchymal microvessels (capillary structures) and BLBP
(astroglial marker) staining in the zebrafish brain. Images are from three
independent experiments with similar results. b, Left: immunostaining for GS,
kdrl:GFP and ZO-1with DAPI counterstain in control, VEGFR inhibitor-treated and
VEGFRinhibitor + 1GF-1/HB-EGF-injected zebrafish brains. Right: quantification
graph of ZO-1/GFP colocalization, which indicates BBB integrity (n = 3 animals
per group). Quantification was restricted to small-diameter parenchymal

vessels and did notinclude large pial arteries. Statistical test: two-sided, animal-
clustered GEE. ¢, Immunostaining for IGF-1(red), HB-EGF and VEGFA with DAPI
counterstain (blue) in postmortem control (Braak stage ) and AD (Braak stage VI)
human brains. Individual channels are shown in white. d, Immunofluorescence
staining for IGF-1, HB-EGF and VEGFA with DAPI counterstain in wild-type and APP
knock-in (APP-KI) mouse models. e, Quantification of HB-EGF, IGF-1and VEGFA
intensities in human brains. Statistical test: two-sided Welch’s ¢ test (HB-EGF

and IGF-1: P< 1.0 x 107, VEGFA: P=9.7 x 1078). f, Quantification of HB-EGF, IGF-1
and VEGFA intensities in mouse brains. Statistical test: two-sided Welch’s t test
(HB-EGF: P= 6.8 x107;IGF-1: P= 0.0099; VEGFA: P= 0.016). g, Top 10 enriched
KEGG pathways for genes showing a significant FN1 x APOE4 interaction in brain
endothelial cells. Bar lengths indicate —log,,-transformed FDR values, and bar
color corresponds to the number of differentially interacting genes (orange,
positive interaction; purple, negative interaction). p, index of the gene tested as
the outcome variable; HSV1, herpes simplex virus type 1. h, Regional plot showing
the mQTL (methylation quantitative trait loci) effects of a genetic variant of FN1
(rs2304573) on methylation levels of the transcriptional regulatory regions of
the human VEGFA locus. The dotted red line indicates statistical significance.
Statistical test: two-sided Wald test. Scale bar, 50 pm (a), 25 um (¢, d) and 10 pm
(b). Data are represented as dot plots or multivariable graphs, and statistical
significance is noted as NS, with the precise P value where applicable, or as
*P<0.05,*P<0.005,**P < 0.001and ***P<0.0001.
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revealed significantinteractions between FN1and APOE €4 statusin the
vascular endothelium. In particular, multiple genes exhibited robust
changes associated with increasing FN1levelsin APOE €4 carriers com-
pared to noncarriers. KEGG enrichment analysis of these interacting
genes uncovered distinct pathway signatures, with some pathways
enriched among negatively regulated genes (for example, insulin
signaling) and others enriched among positively regulated genes (for
example, COVID-19 pathways). This mirrors the downregulation of
IGF-1signaling observed in vitro and provides clinical validation of our
findings that fibronectinand APOE €4 lead to altered insulin signaling
inthe gliovascular niche.

To explore the molecular interaction between FN1 and VEGFA
expression, we analyzed the available epigenetic datasets and meth-
ylation profiles in autopsied AD brains’®. We found an intronic FN1
variant linked to altered VEGFA methylation, which supports the tran-
scriptional regulation of VEGFA by fibronectin (Fig. 7h). These findings
are consistent with human brain single-nucleus transcriptomics stud-
ies!>2438:53:5436577980 which show upregulated FNI gene expressionand
reduced VEGFA/IGF-1expressionin astrocytes (Extended Data Fig. 9a).

Fibronectininduces BBB leakage

Fibronectinaccumulation coincided with vascular fibrinogen deposi-
tion and localization in astrocytic endfeet. We then tested whether
increased fibronectin alone is sufficient to disrupt BBB integrity by
overexpressing human FN1in the astroglia of zebrafish larvae and by
generating a her4.1 promoter-driven FN1-T2A-GFP construct (human
FN1linked to GFP through a T2A self-cleaving peptide) for injection.
Controlanimals injected withempty plasmid or PBS maintainedintact
vascular dextran-Texas Red confinement and exhibited minimal
fibronectin signal or leakage (Extended Data Fig. 9b-e). In contrast,
her4.I:FN1-T2A-GFP larvae exhibited astroglial GFP expression, elevated
fibronectinlevelsand dextranleakage (Extended DataFig. 9b-e). These
dataindicate that astroglial FN1expressionis sufficient to compromise
the integrity of the gliovascular barrier.

Discussion

Our findingsillustrate the crucial role of fibronectin as a pathological
mediator in AD, especially among APOE €4 carriers (Supplementary
Fig.1). By integrating data from postmortem human brains, animal
modelsandiPS cell-derived cultures, we demonstrate that fibronectin
deposition contributes to BBB dysfunction through multipleintercon-
nected mechanisms, including aberrant interactions with APOE €4,
inflammation-induced upregulation of fibronectin and suppression of
growth factor signaling pathways. Our work demonstrates that APOE
€4-induced BBB dysfunctionin AD is augmented by the pathological
deposition of fibronectin. Fibronectin deposition disrupts regulatory
signaling cascades at the gliovascular interface, exacerbates vascular
dysfunction and neuroinflammatory states, and alters pathways essen-
tial for maintaining BBB integrity.

Fibronectinisakey ECM proteinwithacritical rolein tissue repair
and remodeling'®**®, promoting fibrous tissue deposition and the
recruitment of other matrix components to stabilize injured tissues.
While essential for peripheral wound healing, excessive fibronectin
deposition in the CNS can be detrimental®*%, Fibronectin accu-
mulation within the gliovascular interface interferes with the critical
crosstalkbetween astrocytes and endothelial cells, leading to impaired
clearance of metabolic waste, reduced vascular integrity and exacer-
bated neuroinflammation. Fibronectin deposition at the BBB, par-
ticularly in APOE €4 carriers, is consistent with the broader vascular
basement membrane remodeling observed in AD"*>*%, Our findings
mechanistically link astrocyte-derived fibronectin to altered gliovas-
cular signaling and BBB dysfunction. This conclusionis supported by
elevated FN1levels in the CSF of living individuals with AD, the strong
associationbetween fibronectin and inflammatory astrocytic statesin
human AD brains, and altered VEGFA regulation associated with FN1

variantsin postmortem AD brains, highlighting FN1as both abiomarker
candidate and amechanistic mediator of AD-related BBB dysfunction.
The genetic association of FN1with vascular traits, including stroke and
small vessel disease® (Supplementary Tables 2-4), further supports
itsrole in cerebrovascular integrity. A recent study®® also supports the
convergence between APOE4 and fibronectin in CVP. Together, these
findings establish the upstream mechanism by which astrocyte-derived
fibronectin disrupts the BBB, providing a mechanistic basis for the
subsequent vascular remodeling observed in AD.

We show links between FN1activity and VEGF signaling, a pathway
critical for maintaining cerebrovascular health and integrity*%*53%,
In AD, astrocytic states transition from maintenance roles to
disease-associated reactive states, characterized by the upregula-
tion of reactive markers and the loss of homeostatic genes, including
VEGFAY. Previously, we showed that VEGFA, predominantly expressed
by astrocytes, is significantly downregulated in AD, thereby disrupting
gliovascular signaling*>*®. Clinically, lower VEGFA levels are associ-
ated with increased tau pathology, altered cerebral blood flow, BBB
dysfunction and impaired cognition*®*#°°%?! consistent with the
broader finding that astrocytic malfunction in AD compromises BBB
integrity>**°. APOE £4-induced fibronectin activity regulates VEGF,
HB-EGF and IGF-1signaling, representing a prominent pathological
mediator of AD at the BBB niche. Consistent with prior studies’”*, we
demonstrated impaired VEGF and IGF-1signaling in AD by identifying
fibronectin as amediator of these disruptions.

In AD, the accumulation of amyloid and tau reduces IGF-1, which
mediates the effects of HB-EGF expression, further promoting AD
pathology in the brain (Supplementary Table 5). This suggests amecha-
nism connecting the combined functions of HB-EGF and IGF-1 with
the interaction between astrocytes and endothelial cells to maintain
a healthy BBB, thereby promoting homeostatic clearance mecha-
nisms in the perivascular space. Interstitial clearance through the
vascular basement membrane, which is primarily formed and regu-
lated by endothelial cells and astrocytes, also has a critical role in AD
pathology®*®. A previous study showed that HB-EGF, in combination
withIGF-1, stimulates astrocyte migration and wound closure, showcas-
ing their synergisticimpact onglial behavior during CNSinjury repair®.
HB-EGF and IGF-1are necessary for functional astrocyte-endothelial
interactions that maintain the structural and functional integrity of the
gliovascular architecture, supporting homeostatic processes such as
amyloid clearance*'®7*9293%,

Our results demonstrate that fibronectin is consistently enriched
at AQP4-positive astrocytic endfeet, indicating FN1deposition at key
perivascular regions (Fig. 3i,k), which is likely to contribute to BBB
dysfunction. We also observed agenotype-specific shiftin APOE-AQP4
colocalization, as APOE €3/€3 brains show strong positive or negative
correlations, whereas APOE €4/¢4 brains exhibit predominantly posi-
tive correlations (Fig. 31), suggesting increased APOE4 accumulation
at astrocytic endfeet concomitant with fibronectin accumulation.
This convergence of FN1and APOE4 at gliovascular sites may amplify
astrocyte-endothelial dysfunction in APOE €4 carriers. The asso-
ciation of altered plasma (Supplementary Tables 2-4), CSF (Fig. 5n)
and brain (Fig. 41,m) fibronectin levels with CVP and related mark-
ers further strengthens the important link between fibronectin and
vascular and brain pathology. It also suggests predictive surrogate
readouts for potential therapeutic interventions aiming to reduce
fibronectin deposition at the gliovascular niche. Consistent with
our findings, a recent proteomic study of the monogenic small ves-
sel disease CADASIL reported strong upregulation of FN1 in plasma,
with higher FN1 levels associated with greater brain atrophy, accel-
erated functional decline and lower global cognitive scores’, rein-
forcing the connection between vascular integrity, brain health and
fibronectin dysregulation.

Although single-cell transcriptomic studies have reported
higher FN1 expression in pericytes and endothelial cells than in
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astrocytes>*+?5385370 these measurements reflect mRNA abundance
rather than extracellular protein deposition, which can diverge sub-
stantially due to post-transcriptional regulation and ECM assembly””.
Astrocytes are among the most abundant CNS cell types, comprising
~40% of brain cells, and nearly all astrocytes contact the vasculature®®”.
In contrast, endothelial cells and pericytes together account for
only 2-4% of CNS cells?****5*1°0_ Although we found that FN1 is pro-
duced by multiple cell types (Fig. 2g,h), consistent with previous
studies®****3*7%58 the combination of astrocyte abundance at the
gliovascular niche and marked APOE e4-associated upregulation of FN1
suggests that astrocytes are the predominant contributors to patho-
logical fibronectin depositionin AD. Our spatial immunohistochemi-
calanalyses (Fig. 2h) support this conclusion. We identify fibronectin
as a central pathological mediator of APOE €4-associated BBB dys-
function, highlighting the potential therapeutic value of preserving
gliovascular integrity. Although APOE €4 has been widely reported to
reduce overall APOE secretion and steady-state protein levels in the
brain and CSF'”, the increased APOE intensity observed in APOE €4/
€4 astrocytes likely reflects intracellular and perivascular accumula-
tionrather thanincreased synthesis. This interpretationis consistent
with impaired APOE €4 lipidation and BBB trafficking, resulting in
aggregation andretention within astrocytic endfeet and perivascular
regions'>'*?93174192 and further supports abroader role for FN1in vas-
cular pathology. The protective FN1 loss-of-function variant'?, which
limits fibronectin deposition and protects APOE €4 carriers from BBB
dysfunction, also reduces the risk of Lewy body disease'”, supporting
a broader role for fibronectin-mediated vascular pathology across
neurodegenerative disorders.

Despite the robust findings in this study, we note some limita-
tions. To further enhance the applicability of these findings to human
AD, validation can be conducted in additional human brains and in
reductionist models of the human vascular niche. Furthermore, the
known overlap of other comorbidities, such as diabetes and hyper-
tension, could contribute to the observed relationships among
fibronectin, VEGFA, HB-EGF, IGF-1 and AD pathology. Although we
identified inflammation as one driver of fibronectin deposition, the
specific inflammatory signals and their roles at different stages of
the disease require further investigation. While this study estab-
lishes fibronectin as a mechanistic mediator of BBB dysfunction, the
consequences of this pathway for cognition and higher-order brain
function were not directly assessed and remain animportant area for
future investigation.

Methods

Ethics

Human samples were sourced from the New York Brain Bank at
Columbia University Vagelos College of Physicians and Surgeons and
anonymized to ensure that researchers had no access to the donors’
personal information. All postmortem tissue was banked with con-
sent from next of kin and distributed stripped of identifiers under
institutional review board protocol AAAB0192 as ‘not human subject
research’. All mice used in this study were treated in accordance with
the National Institutes of Health Guide for the Care and Use of Labora-
tory Animals and approved by the Columbia University Medical Center
Institutional Animal Care and Use Committee (IACUC) (approval nos.
AABF3553 and AABR4602). Animals were maintained in atemperature-
and humidity-controlled facility at Columbia University Medical Center
onal2-hlight and 12-h dark cycle, with ad libitum access to food and
water in compliance with protocols approved by the IACUC at Colum-
bia University. For zebrafish, all animal experiments were performed
in accordance with applicable regulations and were approved by the
IACUC at Columbia University (approval no. AABN3554). Animals from
the same fish clutch were randomly assigned to each experimental
group. Animals were handled with caution to reduce suffering and
minimize the total number used.

Brain preparation and immunohistochemistry
Twenty-three postmortemsections of Brodmannarea9 in the prefron-
tal cortex were acquired from the New York Brain Bank at Columbia
University and provided as paraffin-embedded specimens along with
neuropathological evaluations. We selected the dorsolateral prefron-
tal cortex (Brodmann area 9) for analysis due to its well-established
involvementinearly vascular and neurodegenerative changesin AD, its
availability with comprehensive neuropathological assessmentsin our
cohort, and its widespread use in large-scale transcriptomic studies,
facilitating integration with existing datasets such as ROSMAP3%5480.104,
Immunohistochemistry was performed following previously described
procedures™', Forimmunohistochemistry, primary antibodies used
included FN1 (Proteintech, cat. no. 66042-1-Ig, dilution 1:250), CD31
(Abcam, cat.no.ab134168, dilution 1:250), FN1-EDA (Antibodies-online,
cat. no. ABIN108413, dilution 1:200), FN1-EDB (Cell Signaling, cat.
no. 36349, dilution 1:200), AQP4 (Abcam, cat. no. ab284135, dilution
1:200), FN1(Sigma, cat. no. F3648, dilution1:200), IBA1 (Wako, cat. no.
1127991, dilution 1:100), APOE (Millipore Sigma, cat. no.178479, dilu-
tion1:200, and Bioss, cat. no. bs-5039R, dilution 1:200), CDH5 (Thermo
Fisher Scientific, cat. no. PA5-143232, dilution 1:100), GFAP (Abcam, cat.
no. ab4674, dilution 1:200), GFAP (Thermo Fisher Scientific, cat. no.
OPA1-06100, dilution 1:250), VEGF (R&D Systems, cat. no. MAB2932-
100, dilution1:200), IGF-1(Abcam, cat. no.ab106836, dilution 1:200),
HB-EGF (Thermo Fisher Scientific, cat. no. PA5-119187, dilution 1:200)
and AB42 (Cell Signaling, cat. no. 8243S, dilution 1:200). Secondary
antibodies used were goat anti-mouse Alexa Fluor 488 (Thermo Fisher
Scientific, cat. no. A11001, dilution 1:500), goat anti-mouse IgG1 Alexa
Fluor 555 (Thermo Fisher Scientific, cat. no. A21127, dilution 1:500), goat
anti-rabbit Alexa Fluor 555 (Thermo Fisher Scientific, cat. no. A32732,
dilution 1:500), goat anti-rabbit Alexa Fluor 647 (Thermo Fisher Sci-
entific, cat. no. A32733, dilution 1:500), goat anti-chicken Alexa Fluor
488 (Thermo Fisher Scientific, cat. no. A11039, dilution 1:500), donkey
anti-mouse AlexaFluor 488 (Thermo Fisher Scientific, cat. no. A32766,
dilution 1:500), donkey anti-goat Alexa Fluor 555 (Thermo Fisher Sci-
entific, cat. no. A32816, dilution 1:500) and donkey anti-rabbit Alexa
Fluor 647 (Thermo Fisher Scientific, cat. no. A32795, dilution 1:500).
Human APOE replacement mouse models'**'”” and APP knock-in
mice (APP(NL-G-F), harboring the Swedish, Arctic and Iberian muta-
tions)? were used for this study. Nontransgenic C57BL/6) mice served
as controls for App™“* mice. App"“* and control mice were given a
ketamine/xylazine cocktail for deep anesthesia and then transcardially
perfused withice-cold 100 mM PBS (pH 7.4), followed by 10% formalin
(Fisher Scientific). Isolated brains were incubated in 10% formalin over-
night and thenimmersed in 30% sucrose at 4 °C until they sank. Brain
hemispheres were cryopreservedin OCT mounting medium, sectioned
into 40-pum sagittal brain slices using a Leica CM3050 S cryostat and
kept in cryoprotectant at 20 °C until immunofluorescence was per-
formed. APOE replacement mice were cervically dislocated, and their
brains were subsequently drop-fixed for 48 hin 10% formalin at 4 °C.
Brains were then transferred to 30% sucrose at4 °C and cryo-embedded
for sectioning. Coronal sections of 40 um thickness were acquired
andimmunostained. Brain sections comprising cortico-hippocampal
regions fromboth sets of experiments were selected and subjected to
free-floating immunostaining. Brain sections were initially rinsed in
PBS and permeabilized with 0.3% Triton X-100, followed by blocking
with 10% normal goat or donkey serum in PBS-T (PBS with Tween-20)
for 60 min at room temperature. Primary antibodies were applied
overnight at 4 °C in 2% serum in PBS-T. The following primary anti-
bodies were used in various combinations: FN1 (Proteintech, cat. no.
66042-1-Ig, dilution 1:300), CD31 (Abcam, cat. no. ab13468, dilution
1:300), VEGF (R&D Systems, cat.no. MAB2932-100, dilution 1:300), IGF-1
(Abcam, cat. no. ab106836, dilution 1:300), HB-EGF (Thermo Fisher
Scientific, cat.no. PA5-119187, dilution1:300), Fibrinogen (Abcam, cat.
no.ab34269, dilution1:300), AQP4 (Abcam, cat.no.ab284135, dilution
1:200), AQP4 (Proteintech, cat. no. CL594-16473, dilution 1:200), FN1
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(Sigma, cat.no.F3648, dilution1:200), CDHS5 (Thermo Fisher Scientific,
cat.no. PA5-143232, dilution 1:100), GFAP (Abcam, cat. no. ab4674, dilu-
tion 1:200) and GFAP (Thermo Fisher Scientific, cat. no. OPA1-06100,
dilution 1:250). The next day, after washing with PBS-T, the sections
were incubated with the appropriate secondary antibodies diluted in
2% serum in PBS-T. Secondary antibodies used were goat anti-mouse
Alexa Fluor 488 (Thermo Fisher Scientific, cat. no. A11001, dilution
1:500), goat anti-mouse IgG1 Alexa Fluor 555 (Thermo Fisher Scientific,
cat.no.A21127, dilution 1:500), goat anti-rabbit Alexa Fluor 555 (Thermo
Fisher Scientific, cat. no. A32732, dilution1:500), goat anti-rabbit Alexa
Fluor 647 (Thermo Fisher Scientific, cat. no. A32733, dilution 1:500),
goat anti-chicken Alexa Fluor 488 (Thermo Fisher Scientific, cat. no.
A11039, dilution 1:500), donkey anti-mouse Alexa Fluor 488 (Thermo
Fisher Scientific, cat.no.A32766, dilution 1:500), donkey anti-goat Alexa
Fluor 555 (Thermo Fisher Scientific, cat. no. A32816, dilution 1:500) and
donkey anti-rabbit Alexa Fluor 647 (Thermo Fisher Scientific, cat. no.
A32795, dilution1:500). DAPl or Hoechst 33342 dye (5 ug ml™) (Thermo
Scientific) was used for nuclear staining for 3 minat room temperature.
Following PBS-T washes, sections were mounted on Superfrost Plus
slides and coverslipped using SlowFade Gold antifade reagent (Invitro-
gen, Thermo Fisher Scientific). The slides were keptin the dark at 4 °C
until imaging. All mouse models used were 18-22 months old, with at
least three animals of both sexes included in every experimental group.

Cerebroventricular microinjection, VEGFR blockage, tissue
preparation and immunostaining in zebrafish

Wild-type AB, fn1b knockout, transgenic Tg(nfkb:GFP), Tg(her4.1:GFP)
and Tg(fnib:mCherry) zebrafish lines aged 6-12 months were used
for zebrafish experiments and cerebroventricular microinjection*.
Transgenic Tg(kdrl:GFP)'* zebrafish of both sexes, aged 6 months, were
used for the VEGFRi study. All fish were sourced from the same clutch
and randomly assigned to different experimental groups. The fish
were exposed to fish water supplemented with semaxanib (SU5416) at
10 pM (Selleck Chemicals, cat. no. S2845), tivozanib (AV-951) at 10 pM
(Selleck Chemicals, cat. no. S1207) and ZM 306416 at 10 uM (Selleck
Chemicals, cat. no.S2897). Doses were adjusted according to the vali-
dated dosages'”. This treatment was applied for 3 h daily over aspan of
3 consecutive days. Following the treatment, the fish were killed, and
tissue samples were collected'*’™., Other injectionsincluded PBS (con-
trol), human AB42 (20 pM), human HB-EGF (10 pg ml™, Gibco, Thermo
Fisher Scientific, cat.no.100-47-50UG), human IGF-1(10 pg ml™, Gibco,
Thermo Fisher Scientific, cat. no. PHG0071), Torin2 (10 pM, Cayman
Chemical Company, cat. no. 14185), camptothecin (1 uM, Millipore
Sigma, cat.no.390238), human TNF recombinant protein (100 ng ml™,
CellSignaling, cat.no.16769S), PF-573228 (100 uM, FAK inhibitor, CAS
no. 869288-64-2, Selleck Chemicals, cat. no.S2013) and ATN-161 (10 pM,
Selleck Chemicals, cat. no.S8454). The total injection volume was 1 pl.
Animals were euthanized at relevant time points and subjected either to
histological tissue preparation or to brain dissection and dissociation
for single-cell sequencing preparation*>'**"2,

For histological tissue preparation, zebrafish heads were dissected
and fixed overnight at 4 °C in 4% paraformaldehyde (PFA). Samples
were washed several times with 0.1 M phosphate buffer and incubated
overnight in a solution containing 20% sucrose and 20% EDTA at 4 °C
for cryoprotection and decalcification. The next day, samples were
embedded inthe cryoprotectant sectioning resin OCT (Thermo Fisher
Scientific, cat.no.23-730-571) and cryosectioned into 12-um-thick sec-
tions on SuperFrost Plus glass slides. Forimmunohistochemistry, the
sections were dried at room temperature, followed by washing stepsin
PBS with 0.3% Triton X-100 (PBSTx). Primary antibodies were applied
overnightat4 °C. The next day, the slides were washed three times with
0.3% PBSTx, and then the appropriate secondary antibodies, together
with DAPI, were applied for 2 h at room temperature. The slides were
then washed several times before mounting with coverslips using 70%
glycerolin PBS. The following primary antibodies were used in various

combinations: FN1 (Proteintech, cat. no. 66042-1-Ig, dilution 1:300),
GS (Abcam, cat. no. ab176562, dilution 1:500), BLBP (Abcam, cat. no.
ab279649, dilution 1:500), ZO-1 (Thermo Fisher Scientific, cat. no.
33-9100, dilution 1:500), GFP (Thermo Fisher Scientific, cat. no. PAl-
9533, dilution 1:2,000), VEGF (R&D Systems, cat. no. MAB2932-100,
dilution 1:500), IGF-1 (Abcam, cat. no. ab106836, dilution 1:300) and
HB-EGF (Thermo Fisher Scientific, cat. no. PA5-119187, dilution 1:300).
Secondary antibodies used were as follows: goat anti-mouse Alexa
Fluor 488 (Thermo Fisher Scientific, cat. no. A11001, dilution 1:500),
goat anti-chicken Alexa Fluor 488 (Thermo Fisher Scientific, cat. no.
A11039, dilution1:500), goat anti-rabbit Alexa Fluor 555 (Thermo Fisher
Scientific, cat.no. A32732, dilution1:500), goat anti-mouse Alexa Fluor
555 (Thermo Fisher Scientific, cat. no. A21127, dilution 1:500), goat
anti-rabbit Alexa Fluor 647 (Thermo Fisher Scientific, cat. no. A32733,
dilution 1:500), donkey anti-mouse Alexa Fluor 488 (Thermo Fisher
Scientific, cat. no. A32766, dilution 1:500), donkey anti-goat Alexa
Fluor 555 (Thermo Fisher Scientific, cat. no. A32816, dilution 1:500)
and donkey anti-rabbit Alexa Fluor 647 (Thermo Fisher Scientific,
cat.no. A32795, dilution 1:500). For antigen retrieval of ZO-1and FN1,
slideswere heated in10 mM sodium citrate (pH 6.0) at 85 °C for 15 min
before the primary antibody incubation step. Imaging was performed
using a Zeiss Axiolmager Z1and a Zeiss LSM 800 confocal microscope.
For data analysis, colocalization of immunohistochemical markers
was quantified using the Colocalization module in ZEN software (Carl
Zeiss). Statistical analysis was conducted using GraphPad Prism (ver-
sion 6.02, GraphPad Software). Differences between experimental
groups were assessed using unpaired parametric ¢ tests with Welch’s
correction. Effect sizes were calculated using G*Power (https://www.
psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-
arbeitspsychologie/gpower), and sample sizes were estimated with
nQuery and scPower'”. Each experimental group included at least
three animals of both sexes.

3D hydrogel preparation, cytokine treatment, RNA isolation
and sequencing

Primary human fetal astrocyte (ScienCell Research Laboratories, cat.
no.1800) starPEG-heparin hydrogel (3D pHA) cultures were prepared
as previously described**”’. Briefly, the pHAs at passage 2 were thawed
and counted using an automated cell counter (Countess Il FL, Thermo
Fisher Scientific). Cells (0.375 x 10°) were plated into T75 flasks in 10 ml
of complete astrocyte medium (Astrocyte Medium, ScienCell Research
Laboratories, cat. no. 1801, supplemented with 2% FBS, 1x Astrocyte
Growth Supplement and 1x penicillin-streptomycin). The cells were
dissociated and collected from the culture flasks using StemPro
Accutase Cell Dissociation Reagent (Gibco, cat. no. A1110501) 3 days
after thawing. After centrifugation at 271g (Thermo Fisher Scientific
Heraeus Megafuge 16R, rotor 75003629 with a 168 mm maximum
radius) for 8 min, the supernatant was carefully aspirated, and pHAs
wereresuspended in DPBS or complete astrocyte medium and counted.
The cell concentration was adjusted to 25,000 cells per hydrogel.
Afterward, the cells were first gently mixed with a heparin-maleimide
conjugate (C. Werner, TU Dresden, cat. no. HM6 170530) solution and
thenwith astarPEG-MMP-peptide conjugate (C. Werner, TU Dresden,
cat.no.PM-CIWC-Ac171107) solutionin al:1:2 volume ratio to obtain the
desired hydrogel volume with final concentrations of 1.5 mM heparin-
maleimide conjugate and 1.12 mM starPEG-MMP-peptide conjugate
in a 20 pl total volume. Next, a 20 pl droplet was quickly placed on a
Parafilmsheet and left to gelate for about 2 min. Finally, the hydrogels
were gently transferred into 24-well non-tissue culture-treated plates
(Falcon, cat. no. 351147) containing 0.75 ml of complete astrocyte
medium per well and cultured in a humidified cell cultureincubator at
37 °C.Themedium was changed 1day after cell encapsulationand three
times a week thereafter. The 3D pHA cultures were maintained for up
to 3 weeks depending on the experimental setup. Human astrocytes
encapsulated in hydrogels were treated with TNF (Peprotech, cat. no.

Nature Aging | Volume 6 | September 2026 | 1901-1927

1915



Article

https://doi.org/10.1038/s43587-026-01204-0

300-01A, 0.1 ug ml™, 5.7471 nM) and IL-4 (Peprotech, cat. no. 200-04,
0.1 pg ml™, 6.6225 nM), or a combination of both, 1 day following cell
encapsulation. These treatments were prepared by diluting stock solu-
tionsin complete astrocyte medium and were applied continuously by
replenishing the treatment medium along with the medium of control
cellsthree times aweek until the end of the 3-week culture period. We
used the Norgen Total RNA Extraction Kit for isolation. In brief, three
gels per condition were lysed inlysis buffer, followed by centrifugation
and washing according to the manufacturer’s protocol. The RNA con-
centration was measured using aNanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific), and the quality of the RNA was assessed
using an Agilent 2100 Bioanalyzer (Agilent Technologies). Samples
with an RNA integrity number >9 were deemed suitable for further
analysis (Extended Data Fig.10).

Library preparation, sequencing, alignment to the human genome
and bioinformatic analyses were performed*"*°. In brief, complemen-
tary DNA (cDNA) libraries were prepared following the protocol for
the NEBNext Ultra Directional RNA Library Prep Kit. This involves
the following steps: mRNA isolation through poly(A)+ selection and
fragmentation; first-strand and second-strand cDNA synthesis; puri-
fication using the Agencourt AMPure kit; and end repair/dA-tailing of
cDNA. Adaptors were ligated to the dA-tailed cDNA, followed by size
selection using AMPure XP beads. Indexing of the library constructs
was performed with Illumina index primers during the subsequent
PCR amplification using NEBNext Q5 2x PCR Master Mix. Lastly, the
libraries were purified using the Agencourt AMPure kit. Libraries were
pooled and sequenced on an lllumina NextSeq 500 system, resulting
in approximately 27-38 million 75-bp single-end reads. All protocols
were performed according to the manufacturers’ instructions. Raw
sequence data were processed using a standard Illumina pipeline.
Quality-controlled reads were aligned to the human genome (GRCh38)
using GSNAP, and differential expression analysis was conducted with
DESeq2. A minimum of three biological replicates per condition were
used, with power analysis ensuring an adequate sample size to detect
atleast atwofold change in gene expression at a 5% error rate.

Cell sorting and single-cell transcriptomics in zebrafish

The telencephalon of 6- to 16-month-old fish was dissected inice-cold
PBS and directly dissociated using the Neural Tissue Dissociation Kit
(Miltenyi Biotec, cat. no. 130-092-628)*1°°, After dissociation, cells
werefiltered through a40-pm cell strainerinto10 ml of 2% BSAin PBS,
centrifuged at 300g for 10 min and resuspended in 4% BSA in PBS.
The viability indicator dyes SYTOX Blue (Invitrogen, cat. no. S34857)
and Vybrant DyeCycle Ruby (Invitrogen, cat. no. V10309) were used
to sort the cells by flow cytometry (FACS). Samples from different
experimental groups were simultaneously sorted on separate FACS
machines (Sony MA900-FP) to minimize the time they remained on
ice. Sorting histograms are provided in Extended Data Fig. 10. The
resulting single-cell suspension was promptly loaded onto the 10x
Chromiumsystem'*. The10x libraries were prepared according to the
manufacturer’sinstructions. The generated libraries were sequenced
using the lllumina NovaSeq 6000 platform**'1°'5, Intotal, 66,848 cells
were sequenced for the fn1b™ study. The raw sequencing data were
processed using the Cell Ranger Single Cell Software Suite (version
6.1.2,10x Genomics) with the default options. On average, 95.45% of
thetotal 399.6 million gene reads were aligned to the zebrafish genome
assembly GRCz11 (Ensembl release 105). For single-cell sequencing of
VEGFR inhibitor treatment, we treated double-transgenic zebrafish
(Tg(flila:EGFP), Tg(her4.1:RFP))*"°* (n =3 per group) with a VEGFR
inhibitor cocktail (ZM 306416, semaxanib and tivozanib) or DMSO
as the control. Doses were adjusted according to the established and
validated protocol*°. Three days after treatment, we dissected the
telencephalons and dissociated the tissue using the same methodol-
ogy described above. Filtered and dissociated cells were resuspended
in 4% BSA in PBS. GFP" and RFP" cells were then sorted into separate

tubes using a Sony MA900-FP sorter and promptly loaded onto the
10x Chromium system. The 10x libraries were prepared, and cDNA
libraries were sequenced using the Cell Ranger Single Cell Software
Suite (version 6.1.2,10x Genomics). In total, 24,518 cells were sequenced
and analyzed. On average, 95.6% of the 357.4 million gene reads per
cohort mapped to the zebrafish genome assembly GRCz11 (Ensembl
release 105). The resulting matrices were used asinput for downstream
data analysis with Seurat™.

Read alignment and quality control

To create Seurat objects for fnlb ™ study, we filtered out cells with fewer
than 200 expressed genes and genes expressed in fewer than three cells.
Afterfiltering out the low-quality cells, the Seurat objects were normal-
ized, and the top 2,000 variable genes were used for further analysis.
Anchors were identified using the FindIntegrationAnchors function,
and the datasets were integrated using the IntegrateData function.
Layers were integrated (IntegratelLayers) and joined (JoinLayers). In
addition, DoubletFinder” was used to identify and remove doublets,
and the remaining analyses were performed on singlets. The integrated
Seurat object included 62,302 cells and 25,030 genes. The data were
scaled using all genes, and 32 principal components were identified
(RunPCA). Cell clustering, marker gene analyses, differential gene
expression and preparation of feature plots were performed using
Seurat (version 5) functions as described in previous studies*7*"¢,
To identify DEGs, we used the FindMarkers function of Seurat with a
logfc.threshold of 0.25. To create Seurat (version 4.1.3) objects for the
VEGFRi study, asimilar analytical pipeline was used. The clusters were
identified using aresolution of 1. In total, 37 clusters were found. The
main cell types were identified using sI00b and gfap for astrocytes;
kdrl and lefI for endothelial cells; hbaal and bal for erythroid cells;
nell2b and slc17a6a for excitatory neurons; tubbS and marcksb for
immature neurons; il2rb and rgs13 for immune cells; gadl and gad2
for inhibitory neurons; sv2a, nrgna and grinla for neurons; cd74a
and apocl for microglia; pcna and mcmS for neuroblasts; pdgfrb and
kcne4 for pericytes; mbpa and mpz for oligodendrocytes; aplnra for
oligodendrocyte precursor cells; and myhlla and tagin2 for vascular
smooth muscle cells*>”*"2,

IsogeniciPS cell-derived astrocytes

KOLF2.1) isogenic iPS cell lines, expressing the APOE €3/¢3 and APOE
e4/e4 variants, were cultured according to a previously described
protocol®. The iPS cells were maintained under feeder-free condi-
tions on hydrogel-coated plates using mTeSR1 medium (STEMCELL
Technologies). Medium changes were performed daily, and cells were
passaged at approximately 80% confluency to maintain optimal growth
conditions. Differentiation of iPS cells into astrocytes was performed
following a previously described protocol™. Differentiation efficiency
was confirmed by immunostaining for astrocytic markers such as
GFAP, ensuring the generation of a homogeneous astrocyte popula-
tion. For immunocytochemistry, astrocytes were fixed with 4% PFA,
permeabilized with 0.1% Triton X-100 and blocked with 5% normal
serum to minimize nonspecific binding. Cells were then incubated with
the following primary antibodies: APOE (rabbit polyclonal antibody,
Bioss, cat no. bs-5039R, 1:500), FN1 (mouse monoclonal antibody,
Proteintech, cat. no. 66042-1-Ig, 1:500), VEGFA (mouse monoclonal
antibody, R&D Systems, cat. no. MAB2932,1:500), GFAP (rabbit poly-
clonal antibody, Thermo Fisher Scientific, cat.no. OPA1-06100, 1:500)
and IGF-1 (rabbit polyclonal antibody, Abcam, cat. no.ab9572,1:500).
Secondary antibodies conjugated to Alexa Fluor dyes (488, 555 or 647)
were used at a dilution of 1:1,000, and DAPI was included for nuclear
staining. iPS cell-derived isogenic astrocytes were treated with human
HB-EGF recombinant protein (Thermo Fisher Scientific, cat. no. 100-
47) at final concentrations of 1 and 10 ng ml™. Treatments were per-
formed over 24 h, after which the cells were fixed and processed for
immunostaining. Immunofluorescence images were acquired using
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a Zeiss Axio Observer microscope equipped with a confocal module.
Image quantification was conducted using Zeiss ZEN software, sup-
plemented by Arivis analytical pipelines to assess marker intensity and
colocalization. For quantification, images containing FN1, APOE and
DAPI signals were analyzed to assess fibronectin distribution in rela-
tion to the cell nucleus, cell body and its close periphery. Masks were
generated based on DAPI" nuclei, with boundaries extended by 10 pm
from the nuclear edge to encompass the cell body and its immediate
periphery, also capturing the extracellular fibronectin localized near
the cells. FN1 intensity within these defined regions was measured,
and the results were normalized to the area of the analyzed region
to ensure consistency and comparability across samples. Data were
then subjected to statistical analysis using GraphPad Prism. Pairwise
comparisons were analyzed using ¢ tests with Welch’s correction, while
multiple comparisons were evaluated using two-way analysis of vari-
ance (ANOVA) with Tukey’s post-hoc test. All results are expressed as
mean +s.e.m., and a significance threshold of P < 0.05 was applied to
determine statistical significance.

Vascular cells, iPS cell culture and cell lines

This study used APOE isogeniclines derived from four different donors,
generated from previously published iPS cell lines"®. All lines tested
negative for mycoplasma and were karyotypically normal, as con-
firmed by G-banded karyotype analysis (WiCell Research Institute).
The iPS cells were maintained in six-well plates coated with growth
factor-reduced Matrigel or Cultrex at 37 °C and 5% CO,. The cultures
were fed twice a week with mTeSR1 medium containing an FGF2 DISC
(StemCultures, DSC500-48). Each week, one FGF2 DISC was added
to a well of a six-well plate containing 2 ml of mTeSR1 medium. The
medium, but not the FGF2 DISC, was replaced every 2-3 days based on
culture confluency. Human pluripotent stem (hPS) cell cultures were
clump-passaged using ReLeSR about once a week, and a new FGF2
DISCwas added. Cells were not allowed to grow past 80% confluency.
iPSand vascular cell samples were genotyped periodically to confirm
APOE €3/€3 versus APOE £4/¢4 line status using TagMan SNP assays
(rs429358, Life Technologies, Assay ID: C_3084793_20; rs7412, Life
Technologies, Assay ID: C_904973_10). Assays were performed using
aQuantStudio 6 Flex system.

Codifferentiation of iPS cells into vascular cells

When hPS cells reached approximately 80% confluency, they were pas-
saged using Accutase and seeded at a density of 50,000 cells per cm?on
Cultrex-coated tissue culture plates. hPS cells were cultured overnight
in mTeSR1 medium supplemented with 10 uM Y-27632. To start the
differentiation, we followed our previously published protocol”. In
brief, hPS cell medium was replaced with LaSR medium composed of
Advanced DMEM/F12, GlutaMAX and 60 pg ml™ of L-ascorbic acid; sup-
plemented with 6 pM CHIR99021; and cultured for 2 days to pattern cells
toward mesoderm. Onday 2, the medium was fully replaced with LaSR
medium supplemented with 100 ng mI™ VEGF,,; and 20 ng ml™ FGF2.

FN1-APOE co-immunoprecipitation

APOE €3/¢3 and APOE €4/¢4 iPS cell-derived astrocytes were cultured
for 14 days. Conditioned medium and cell lysates were collected in IP
lysis buffer (Thermo Fisher Scientific, cat. no. 97787) supplemented
with protease and phosphatase inhibitor cocktails. Both lysates and
conditioned medium were centrifuged at 36,800g for 10 min at 4 °C,
and the supernatants were collected. Soluble protein concentrations
were determined using the BCA assay. Co-immunoprecipitation was
performed using amouse monoclonal FN1antibody (Proteintech, cat.
no. 66042-1-1g) bound to 15 pl of Protein G-agarose beads. Samples were
incubated overnight at 4 °C with gentle shaking. The following day, the
beads were washed three times with IP lysis buffer, and the bound pro-
tein complexes were eluted by boiling the beads in LDS buffer at 95 °C
for 5 min. Proteins were separated on 4-12% Bis-Tris NUPAGE gels and

transferred to membranes, which were probed with a goat polyclonal
APOE antibody (1:1,000, Sigma, cat. no.178479) and developed using
aBio-Rad ChemiDocimager.

FN1 measurement in human CSF and plasma

For CSF, we obtained FN1 values and associated clinical data from
the Emory CSF Somalogic 7k dataset, available at https://synapse.
org/Emory300ATX (project SynID: syn52888250) and through the
AMP-AD Knowledge Portal. Before statistical analysis, data were
log,-transformed to improve normality, as confirmed by Shapiro-Wilk
tests. Because the transformed AD and control groups did not violate
normality or variance assumptions, we applied atwo-sample Student’s
ttest to compare FN1 levels between groups. Fold change was calcu-
lated by exponentiating the difference in group means (log, scale).
Plasma levels of FN1 and VEGFA were measured using commercially
available ELISA kits (VEGFA: Abcam, ab222510; FN1: Abcam, ab108847)
according to the manufacturer’s protocol. Briefly, plasma samples
were thawed on ice, diluted (1:2 for VEGFA and 1:4,000,000 for FN1)
and incubated in antibody-coated wells. Bound protein was detected
using fluorescently conjugated secondary antibodies. Absorbance was
measured at 450 nm using a BioTek ELx800 plate reader, and concen-
trations were calculated using standard curves generated from protein
standards. Allmeasurements were performed in duplicate and normal-
izedtointra-well references. Other AD-related plasmabiomarker data
were obtained from previously published studies'.

Cell sorting and iPS cell-derived endothelial cell

monolayer culture

Vascular differentiated cells (described above) were sorted on days
5-8 of differentiation using CD31 magnetic beads (Miltenyi, 130-091-
935).Sorted hPS cell-derived endothelial cells were plated at densities
of approximately 3.0-5.5 x 10° cells per cm? on culture plates coated
with EmbryoMax (0.1% gelatin, Sigma, ESO06B) and containing LaSR
medium supplemented with 10% FBS, 25 ng mI" VEGF, 20 ng mI™ FGF2
and 10 pM Y-27632. The medium was replaced the following day to
remove Y-27632. Endothelial cells were cryopreservedin CS10 freezing
mediumwhen the cultures reached approximately 80% confluency. For
some experiments, three APOE €3/€3 lines and three APOE €4/¢4 lines
were thawed, cultured on EmbryoMax-coated plates for an additional
3 days, and then collected for RNA analysis. In other experiments, iPS
cell-derived endothelial cells were not frozen but were instead cultured
for an additional 2-4 days after sorting with PromoCell MV2 medium
(C-22022) before RNA isolation. In either experimental setup, APOE
€3/e3 and APOE €4/¢4 lines were differentiated, sorted and grown in
parallel for comparison.

3DiPS cell vascular models in fibrin hydrogels (VAMP models)
Toencapsulate unsorted vascular cells into the hydrogel, we followed
methods we previously established”. In brief, vascular cells were col-
lected as single cells between days 5 and 8 of differentiation. Cells were
counted, spun down and resuspended at 2 x 107 cells per ml. Next, 25 pl
of cell suspensionin LaSR medium with thrombin (4 units per ml PBS™
(PBS supplemented with Ca* and Mg?")) and 25 pl of fibrinogen solution
(20 mg ml™in PBS™) were thoroughly mixed and immediately pipet-
tedintoacell culture-treated plate. The resulting fibrin gel comprised
10 mg ml™*fibrinogen, 2 units per ml of thrombin and 1 x 107 cells per ml.
After fibrin polymerization, LaSR medium supplemented with 5 pl mI™
aprotinin (10,000 kallikrein inhibitor units per mlstock solution) and
50 ng mI™ VEGF was added to induce vessel growth. A 50% medium
exchange was performed every 3-4 days. VAMPs were collected for
analysis after 7 days of culture.

2D endothelial cell monolayers and immunofluorescence
Cells were fixed with cold 4% PFA for 15 min and washed three times
with PBS. Cells were permeabilized for 7 min with 0.1% saponin (Sigma,
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S$7900) in PBS, washed with PBS and blocked in 2% fish gelatin for
45 min. The antibody buffer consisted of 0.01% saponin in 0.5% fish
gelatin in PBS. Primary antibodies were applied sequentially with
washes between steps. CD31 (BD Biosciences, cat. no. 550389, 1:200)
and ZO-1 (Proteintech, cat. no. 21773-1-AP, lot no. 00106957, 1:200)
were incubated for either 12 h at 4 °C or 2 h at room temperature on
arocker. Washes between antibody steps were performed at room
temperature on a rocker using PBS for 5 min (twice), followed by one
wash with antibody buffer. Secondary antibodies (1:250; Alexa Fluor
568 anti-mouse, Thermo Fisher Scientific, A11019; Alexa Fluor 647
anti-rabbit, Jackson ImmunoResearch, 705-606-147) were applied
sequentially for 45 min at room temperature on a rocker, followed by
DAPI staining for 15 min. Fluorescence imaging was performed on an
Echo Revolution microscope witha20x objective (NA 0.45), equipped
with DAPI, FITC, Texas Red and Cy5 emission/excitation filters. Images
were converted to the OME-TIFF format, and those shown were cropped
at higher magnification for visualization.

Whole-mount immunofluorescence of 3D VAMP models
Cellswere fixed with cold 4% PFA for1honarocker at 4 °Cand washed
three times with PBS. Staining was performed without permeabiliza-
tion or blocking steps. Primary antibodies were diluted in PBS, with
anti-CD31 at 1:200 (BD Biosciences, cat. no. 550389, lot no. 4137906)
and anti-fibronectin at 1:250 (Invitrogen, cat. no. PA5-29578, lot no.
79657018). Allwashes were performed with PBS in triplicate for 60 min
at4 °Conarocker. The primary antibodies were incubated sequentially
overnight onarocker at4 °C, with washes following each incubation.
Secondary antibodies were incubated overnight at a1:250 dilution in
PBS, using Alexa Fluor 647-conjugated donkey anti-rabbit IgG (Jackson
ImmunoResearch, cat. no. 711-605-152, lot no.165592) and Alexa Fluor
488-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch,
cat. no. 715-545-150, lot no. 174724). The VAMPs were stored in PBS
forimaging.

Fibronectin and CD31imaging and analysis in 3D VAMP models
Imaging of the VAMPs was performed on a Zeiss LSM 780 confocal
microscope with aZeiss Plan-Apochromat 40x objective (NA1.2, water
immersion). The 488-nm argon laser and the 633-nm HeNe laser were
used at the same power throughout all acquisitions. Optical sections
were matched for each channel with an optical section thickness of
1.2 pumand astep size of 0.6 pm. To avoid bias, each z-stack was selected
by searching for CD31staining only. Three VAMPs were imaged per cell
line, each with a minimum of three z-stacks.

Analysis was performed using Imaris software (version 10.2.0).
Three ROIs were selected per image; the ROIs were restricted to
tube-like (vessel) formations. To keep the size of rendered regions
comparable, the ROIs were cut from raw files at the same size of
30 pm x 80 pm (xy), with a thickness of 4.5 pm (eight z-slices). Selection
ofeachROIwasrecorded to confirmthat no overlap had occurred. The
CD31signal withineach ROlwas 3D-rendered using the Imaris Surfaces
application. There was noimage subtraction, deconvolution or other
processing before rendering. The surface algorithmincluded smooth-
ingat 0.6 um, and eachisogenic pair was subjected to the same thresh-
old. Asizerestrictionfilter was added to the surface rendering so that
each ROI contains only one large tube-like structure, removing small
edges of neighboring structures. Imaris surface statistics files were
exported as CSV files for each ROI. The statistics were opened in Excel,
organized by cell line, and the mean fibronectin intensity within CD31
structures was exported to Prism for graphing and statistical analysis.

Western blots

VAMP sample preparation (treated). VAMP models were pooled
based on genotype and lysed in 100 pl of lysate buffer consisting of a
1:1mixture of Laemmlibuffer (without bromophenol blue) and 1x RIPA
buffer supplemented with abroad-spectrum protease inhibitor (1:50)

(Roche, cat.no.11836170001) and phosphatase inhibitor (1:10; Roche,
cat. no. 04906837001). The samples were mechanically dissociated
with a pestle to help dissolve the model and then sonicated for 10 min
using a30-son/offcycleat4 °C.Inbetween each round, aP200 pipette
was used to mechanically dissociate any remaining chunks. The sonica-
tionand mechanical dissociation steps were each repeated three times.

VAMP sample preparation (untreated). Three VAMP models were
pooled and lysed in 100 pl of lysate buffer consisting of a 1:1 mixture
of Laemmli buffer (without bromophenol blue) and 1x RIPA buffer
supplemented with abroad-spectrum protease inhibitor (1:50; Roche,
cat.no.11836170001) and phosphatase inhibitor (1:10; Roche, cat. no.
04906837001). Samples were lysed using a LABGIC tissue grinder to
disrupt the 3D model, then sonicated for 10 min using a 30-s on/off
cycle at 4 °C. The samples were then centrifuged at 36,800g at 4 °C
for 10 min. The supernatant was discarded, and the remaining lysate
wasretained.

Astrocyte lysates. Isogenic iPS cell-derived human astrocytes were
cultured instandard medium. Culture medium was removed, and the
cells were pelleted after washing with ice-cold PBS. For protein isola-
tion, pelleted cells were treated with a cell lysis buffer containing 8 M
urea, 1% SDSin 0.1 Mammonium bicarbonate and protease inhibitors
(one mini-Complete EDTA-free tablet). The cell lysates were centri-
fuged at 36,800gfor 30 min at4 °C. The supernatant, containing total
proteins, was collected in anew tube. The total protein concentration
was then determined using the BCA assay (Pierce).

Allsamples. Total protein concentrations were determined using the
DC Protein Assay (Bio-Rad, 5000111). Lysates and conditioned medium
were prepared for gel electrophoresis by diluting each sample with
Laemmli SDS sample buffer (Boston BioProducts, BP-111R). A 30-pg
sample (VAMP) was loaded onto a 6% Bis-acrylamide gel. The gel was
thenrunonice forapproximately 2 h. Using a wet transfer system, pro-
teins were transferred fromthe Bis-acrylamide gelto a polyvinylidene
fluoride membrane at 20 V and 3 A overnightin anice bucket at 4 °C.
The membranes were dried for 10 minat37 °C, thenrehydratedin100%
methanol for 30 s, followed by Tris-buffered saline (TBS) for 5 min
on arocker at room temperature. Membranes were stained for total
protein (LiCor, 926-10016). Next, the membranes were blockedinal:1
mixture of TBS and EveryBlot blocking buffer (Bio-Rad,12010020) for
10 minonarockeratroomtemperature. The membrane wasincubated
with primary antibodies (fibronectin, 1:1,000; Invitrogen, PA5-29578)
diluted in blocking buffer (a 1:1 mix of EveryBlot blocking buffer and
TBST (TBS with 0.2% Tween-20)) overnight onarockerat4 °C. Allblots,
raw data and experimental parameters are provided as source data.

Chemiluminescent secondary antibody and imaging

The following day, the membranes were washed in TBST on an orbital
shakerat 125 rotations per minute (rpm) for 5 min per wash, withatotal
of four washes. The membranes wereincubated with an anti-rabbit IgG
HRP antibody (Cell Signaling, 7074S) diluted in blocking buffer (a1:1
mix of EveryBlot blocking buffer and TBST) for1 honarocker atroom
temperature. The membranes were thenwashedin TBST on an orbital
shaker at 125 rpm for 5 min per wash, with a total of four washes, fol-
lowed by a final fifth wash in TBS. Finally, the membranes were rinsed
with Milli-Q water and incubated in Clarity Western ECL Substrate
(Bio-Rad,170-5060) for 3 min. The membranes were thenimaged using
the Odyssey M imaging system, and quantification was performed
using the Empiria Studio program, normalizing to total protein.

KEGG pathway analyses of €4 carrier screenin

endothelial snRNA-seq

We obtained snRNA-seq datafroma multiregion single-cell transcrip-
tomic atlas of postmortem human brains (1.3 million cells from 48
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ROSMAP participants, covering six brain regions and six stages of AD
progression; Synapse SynID: syn52293442 and syn3157322). Using Seu-
rat (version 4), we isolated astrocytes and major vascular cell subsets
(endothelial cells, pericytes, smooth muscle cells), annotated relevant
clinical metadata (for example, Braak stage, APOE genotype) and fil-
tered cells by quality control criteria (minimum 200 detected genes,
<10% mitochondrial content and <5% ribosomal content). We then
applied SCTransform (version2) tonormalize the dataand regress out
technical covariates, including mitochondrial and ribosomal content.
For downstream analyses, we aggregated gene expression at the donor
level, retaining genes that met aminimum detection threshold for each
cell type. We tested the effects of APOE genotype and AD diagnosis
on FN1and VEGFA expression within astrocytes and endothelial cells
by fitting a linear mixed-effects model for each gene. Specifically, we
retained only donors whose Braak stage classified themas control (O-II)
or AD (IV-VI) and limited APOE genotype categoriesto €3/€3, €3/e4 and
€4/e4. The model included a fixed effect for APOE genotype, a fixed
effect for AD diagnosis, and their interaction, with donor ID specified
asarandom intercept. We used ImerTest for model fitting, emmeans
for post-hoc comparisons and a violin/box plot overlay to visualize
expression distributions. We then assessed FN1-VEGFA coexpressionin
astrocytes using athree-way interaction modelinvolving FN1(genel),
APOE4 status and disease status (control versus AD) to capture poten-
tial genotype-by-disease effects. When necessary, we applied log-like
(pseudolog) transformations to stabilize variance, refitted the model
and visualized predicted interactions using ggeffects. Then, we per-
formed adonor-level analysis of NF-kB1 expression across Braak-based
classifications (control, mild cognitive impairment, AD) in astrocytes
using a Kruskal-Wallis test (due to non-normal distributions), followed
by Dunn’s post-hoc tests (FDR-corrected). We also assessed associa-
tions between NF-kB1 (or NF-kB2) and FN1expressionin astrocytes by
fitting ordinary least squares regressions controlling for age and sex.
Finally, to test whether FN1 expression interacts with APOE €4 carrier
status, we fitted alinear model of each gene’s donor-level expression on
FN1,APOE €4 carrier status, and their interaction. Genes with significant
interaction terms (P < 0.05, uncorrected) were assessed using KEGG
enrichment analysis (clusterProfiler) to identify biological pathways
enriched among positively and negatively interacting genes.

RNA isolation, cDNA preparation and qPCR iniPS cell-derived
endothelial cells

Total RNA was isolated from cells using the Zymo RNA Clean & Concen-
trator Kit. RNA concentrations were measured using aNanodrop instru-
ment, and cDNA was generated with the High-Capacity cDNA Reverse
TranscriptionKit. QPCR was run with 1.25 ng of cDNA per reaction using
TagMan probes for FN1 (Assay ID: Hs01549976_ml1, Life Technologies)
with 18S (Assay ID: Hs01026310_ml1, Life Technologies) as the loading
control. qPCR was performed on a QuantStudio 6 Flex system.

RT-qPCRin zebrafish

HB-EGF was microinjected into the adult telencephalon of the reporter
transgenic zebrafish line Tg(her4:GFP)'™°, a widely used reporter that
labels astroglial populations. Because adult zebrafish astroglial popula-
tions overlap in molecular markers, we used her4.1 to label the domi-
nant astroglia. One day after cerebroventricular microinjection, the
brains were dissected, and single-cell suspensions were prepared.
Following FACS, GFP-positive sorted astrocytes and the remaining
GFP-negative sorted cells, mainly neurons, were immersed in TRIzol
reagent (Invitrogen, cat. no. 15596026). Sorting histograms are pro-
vided in Extended Data Fig. 10. RNA isolation was performed using
the Direct-zol RNA Microprep Kit (Zymo Research, cat. no. R2060)
according to the manufacturer’s instructions. cDNA was synthesized
fromthe purified RNA using the SuperScript Il First-Strand Synthesis
System (Invitrogen, Thermo Fisher Scientific, cat. no.18080051) with
oligo(dT) primers, following the manufacturer’s protocol. The reverse

transcription followed by qPCR (RT-qPCR) reaction was performedin
afinal volume of 10 pl. To reach the final volume, we used 5 pl of Pow-
erUp SYBR Green Master Mix 2x (Applied Biosystems, cat.no. A25742),
1uM of each primer (igfI forward #1: CAGCAAACCGACAGGATATGG,
reverse #1: CAGCTCTGAAAGCAGCATTCG fromref.121; igflforward #2:
GGGATGTCTAGCGGTCATTT, reverse #2: CAGTGAGAGGGTGTGGGTA;
vegfaforward: TTCGAGCGCCTCATCATTAC, vegfareverse: GCTGCTG-
GTAGACATCATCC; B-actin forward: ATGCAGAAGGAGATCACATCCC,
-actinreverse: GCTTGCTAATCCACATCTGCTG), 1 plofthe cDNA (10 ng
final concentration), and UltraPure DNase/RNase-free distilled water
(dH,0) (Invitrogen, cat. no.10977015). The cycle threshold (C,) value
for the target gene was calculated using the QuantStudio 3 real-time
PCR system. Amplification conditions for RT-qPCR were as follows:
50 °Cfor2 min, 95 °C for 10 min, followed by 40 cycles of 95 °Cfor15s
and 60 °C for 1 min. The melting curve for each sample was analyzed
by heating at 95°C for 15 s, 60 °C for 1 min and 95 °C for 1 s after the
amplification reactions.

Human single-nucleus datasets

Preprocessing and quality control steps for snRNA-seq data—includ-
ing library alignment, background noise removal, demultiplexing,
normalization, clustering, removal of low-quality cells and cell type
classification—were performed®**°, We tested the association between
pathological AD and normalized snRNA-seq data using logistic regres-
sion, controlling for age and sex. Results were corrected for multiple
hypothesis testing by calculating the FDR.

Human brain DNA methylation measurement

The genome-wide DNA methylation profile was measured using
the Infinium MethylationEPIC Kit (Illumina) on the New York Brain
Bank, National Institute on Aging-AD Family-Based Study (NIA-AD
FBS)/National Centralized Repository for AD and Related Dementias
(NCRAD) and Estudio Familiar de Influencia Genetica en Alzheimer
(EFIGA) cohorts®®. For sample-level quality control, we checked the
control probes, sex mismatch, contamination and genotype outlier
calling toidentify and remove samples that failed any of these quality
control metrics. For CpG probe-level quality control, we kept those
CpGsiteswithadetection Pvalue of <0.01across all qualified samples
and masked sample-specific CpG sites with new detection P values
of >0.01 (ref. 122). We further removed CpG sites reported to have
cross-hybridization problems'” and polymorphic CpG sites'>. We
further corrected the dye bias for all qualified CpG probes. For this
study, we used 20 Hispanic samples with both DNA methylation data
and genome-wide association study data.

Causal mediation analyses

Causal mediation modeling was performed in ROSMAP RNA-
sequencing samples'?* to test whether the expression of the mediator
gene mediates the association between the expression of the predictor
gene andthetraitin dorsolateral prefrontal cortex samples. This analy-
sis was performed using the mediation package in R, and confidence
intervals were established through a nonparametric bootstrap method

involving 1,000 resamples'®.

Fibronectin overexpression and BBB leakage assay

Zebrafish embryos were injected at the single-cell stage with the
her4.1:FN1-T2A-GFP plasmid to express human fibronectin (FN1, derived
fromref.126) specifically in astroglia. Later, at 4 days post-fertilization,
intravascularinjections of 3-kDa dextran-Texas Red (Invitrogen, D3328)
ata concentration of 10 pg ml™ were performed'”. Five minutes after
dextraninjection, thelarvae were fixed using 4% PFA at 4 °C overnight.
Thefollowing day, larvae were washed three times (5-10 min each) with
0.1MPBS (pH7.4), thendehydrated ingraded methanol/PBS solutions:
25% methanol (10 min), 50% methanol (10 min), 75% methanol (10 min),
and finally storedin100% methanol. Forimmunohistochemistry, larvae
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were depigmented using freshly prepared H,0,-KOH solution (100 pl
of 30% H,0, +100 pl of 10% KOH + 800 pl of dH,0) for 15 min at room
temperature, then rehydrated through 75%, 50% and 25% methanol in
PBS (10 min each), followed by 100% PBS and three washes with 0.3%
PBSTx (PBS + 0.3% Triton X-100). Blocking was performed with 10%
goat serum in 0.3% PBSTx for 2 h at room temperature. Primary anti-
bodies—anti-GFP (Abcam, ab4674,1:2,000), anti-dextran (STEMCELL
Technologies, clone DX1,1:1,000) and anti-FN1(Sigma-Aldrich, F3648,
1:500)—were appliedin 2% goat serumin 0.3% PBSTx overnight at 4 °C.
After three 10-minwashes in 0.3% PBSTx, secondary antibodies (1:500)
and DAPIwere applied for 3 hatroomtemperature. Larvae were washed
five times (10 min each), mounted in1% low-melting-point agarose with
80% glycerol, and imaged using a confocal microscope. GFP-tagged
FN1expression and dextran diffusion were analyzed (n > 10 larvae per
group). For mouse BBB leakage, 3-kDa dextran-Texas Red (Invitrogen,
D3328) wasinjected into the tail vein of 20-month-old animals, which
were euthanized 30 min after the injection. Brains were drop-fixed in
4% PFA, and subsequent tissue preparation was performed.

For mouse and zebrafish experiments, dextran leakage and
fibronectin deposition were quantified from confocal images using
ZEN software (Zeiss). Blood vessels were delineated based on CD31
immunoreactivity (mouse) or vascular fluorescence (zebrafish), and
perivascular ROlIs were defined relative to vessel boundaries. Extravas-
cular dextran signal intensity and fibronectin fluorescence were
quantified following background subtraction. Correlation analyses
between fibronectinintensity and dextranleakage were performed on
aper-animal basis using Pearson correlation. For dextran leakage analy-
sis, the extravascular signal was quantified by excluding CD31-positive
vessel lumens and measuring the surrounding parenchymal fluores-
cence. Analyses were restricted to small-diameter parenchymal vessels
based on morphology and location, excluding large surface arteries.

Association with vascular traits

We examined variants within 1 Mb of FNI for associations with cer-
ebral small vessel disease and stroke traits using European-ancestry
genome-wideassociationstudy dataforwhite matter hyperintensities',
perivascular spaces'”’, cerebral microbleeds™° and stroke subtypes™".
Associations were considered significantat P< 5 x 10 8and suggestive at
P<1x1073; corresponding plasma protein associations were obtained
from the UK Biobank®. Mendelian randomization analyses using geneti-
cally predicted FN1 proteins from 35,559 Icelanders™? were performed
with TwoSampleMR', including only independent cis-protein quantita-
tive traitloci (< 0.01, P< 5 x107%). The primary method used was the
inverse-variance weighted approach, with heterogeneity and pleiotropy
assessed by Cochran’s Q, MR-Egger and weighted median approaches.
Significance was defined as P < 0.005 (ten outcomes), and directionality

was confirmed using the Steiger test™*.

Spatial multipleximmunohistochemistry

Formalin-fixed, paraffin-embedded tissue blocks were obtained from
the New York Brain Bank and sectioned at a thickness of 6 pm. For
dewaxing and rehydration, tissue sections were submerged in CitriSolv
(Decon Labs, 1601) for 20 min, followed by washing twice with 100%
ethanoland once with 70% ethanol. For epitope retrieval, tissue slides
were microwaved twice for 25 min each at 30% power in Tris—Cl (pH 9.0)
(Abcam, ab93684) and EDTA (pH 8.5). The slides were removed from
the microwave and allowed to cool. The slides were washed three
times with 1x TBST (Thermo Scientific, 28360) before performing
sequential immunofluorescence staining using an automated hyper-
plex throughput immunofluorescence machine (COMET, Lunaphore
Technologies)™. Reagents for automated sequentialimmunofluores-
cence were prepared according to the manufacturer’s instructions.
Briefly, antibodies were diluted in multistaining buffer (Advanced Cell
Diagnostics, BU06); imaging buffer (Advanced Cell Diagnostics, BUO9)
was prepared using diluent1(20x), diluent 2 (10x) and water; quenching

buffer (Advanced Cell Diagnostics, BUOSL) was prepared with solution
landsolution 2 (10%) in water; and elution buffer (Advanced Cell Diag-
nostics, BUO70L) was prepared by combining buffer 1and diluent 2. All
buffers were diluted to a final 1x concentration. Images were taken dur-
ing each staining cycle. For quality control, autofluorescence images,
negative controls (secondary antibody autofluorescence only) and
post-elution images were captured. To control experimental condi-
tions, control, AD €3/e3 and AD €4/e4 samples were run simultaneously.
During the COMET run, each cycleincluded three primary antibodies
imaged in the FITC, Cy5 and Cy7 channels. During each immunofluo-
rescence cycle, the tissue was blocked with 1% BSA (Miltenyi Biotec,
130-091-376) for 2 min, then incubated with primary antibodies for
4 min, followed by 1 min of blocking, and finally incubated with sec-
ondary antibodies for 1 min. After each cycle, the antibody was eluted
using the elution buffer and imaged for post-elution quality control.
For CNS cell markers, MAP2 (1:5,000), GFAP (1:2,500), IBA1 (1:100),
MBP (1:12,000), CD31 (1:50) and CD140b (1:250) were used to detect
neurons, astrocytes, microglia, oligodendrocytes, endothelial cells
and pericytes, respectively. Secondary antibodies—donkey anti-rabbit
IgG (Thermo Fisher Scientific, A31573), anti-mouse IgG (Thermo Fisher
Scientific, SAO00081), anti-chicken IgY (Thermo Fisher Scientific,
A78952) and anti-goat IgG (Thermo Fisher Scientific, A11055)—were
usedatal:1,000 dilution. Images were captured at 20x magnification.
Allimages were automatically processed and aligned using the COMET
software (Lunaphore Technologies), and the output was generated as
asingle OME-TIFF file for further analysis.

For visualization and subtraction of autofluorescence and nega-
tive controls, HORIZON Viewer (Lunaphore Technologies) software
was used”®. The images were analyzed for quantitative outcomes
using HALO software (Indica Labs, PR02122) with artificial intelligence
add-ons'. For nuclei and membrane segmentation, the software was
trained based on the size, shape and intensity of DAPl and membrane
markers across all cell types. For FN1 measurements, thresholds were
set using the software’s threshold calculation function for all images.
The intensity of all stained markers across all cell types was analyzed
for all subjects, and the tissue area and total cell number for each cell
type and subject were normalized to the final FN1intensity. The com-
bined file containing datasets from all analyzed images is provided in
the source datafor Extended Data Fig. 3. The results were generated as
CSVfiles. For visualization, the CSV files were processed using RStudio.

Image acquisition and quantification
Immunofluorescenceimages were acquired using aZeiss LSM 800 con-
focal microscope with identical acquisition settings for all samples. For
each histological section, five randomly selected fields were imaged.
Vascular structures were delineated using established endothelial
markersin ZEN software (Carl Zeiss), and fluorescence intensity, vessel
areaand diameter were quantified within vessel-delimited ROIs. Image
acquisition and quantification were performed blinded to genotype,
diagnosis and experimental conditions. Vessels exceeding 50 pm in
diameter were excluded.

For mouse experiments, five fields from at least three sections per
animal were analyzed. For zebrafish experiments, at least five images
were acquired from aminimum of three animals per condition. Human
brain analyses were performed on multiple sections per donor, with
donorstreated as the units of biological replication. For analysesinvolv-
ing repeated measurements nested within individuals (for example,
vessels, ROIs, or cells within animals or human donors), statistical
inference was performed using GEEs™**°, with the individual animal or
donor specified as the clustering variable. This ensured that inference
was conducted at the appropriate biological unit and avoided inflation
ofthe degrees of freedom from lower-level observations. GEEs were fit-
ted using a Gaussian distribution withanidentity link and an exchange-
ableworking correlationstructure, appropriate forimaging-based data
inwhich repeated observations within individuals are correlated but
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not ordered”*'*, Robust (sandwich) variance estimators were used for
inference. Overall effects were assessed using omnibus Wald x> tests,
and planned contrasts were evaluated using Wald tests from the same
models. Effect sizes are reported as percentage differences with 95%
confidenceintervals, where applicable. The number of individuals and
nested observationsisreported for each analysis. For datasets without
anested structure, standard parametric or nonparametric tests were
applied asappropriate, including Welch'’s ¢ tests, Brown-Forsythe and
Welch’s ANOVA, or Kruskal-Wallis tests with multiple-comparison cor-
rection using the Benjamini-Krieger-Yekutieli procedure.
Colocalization analyses were performed using Mander’s coeffi-
cients''and Pearson correlation metrics implemented in ZEN software
or ImageJ/Fiji (Coloc 2 plugin), with thresholds determined using
Costes’ method. For FN1-AQP4 spatial proximity analyses, binary
masks were generated for each channel, and Euclidean distances
between FNI-positive pixels and the nearest AQP4-positive pixels were
computed. For CDH5-FN1analyses, connected vascular components
were identified using connected-component labeling, excluding small
objects (<50 pixels), and per-region intensities were quantified. All
colocalization and proximity measurements involving nested obser-
vations were analyzed using donor- or animal-clustered GEE models.
For analyses involving astrocytic markers (GFAP, FN1), fluorescence
intensities were quantified within marker-defined ROIs and analyzed
using donor-clustered GEE models. Correlations were assessed using
Spearman’s rank correlation. Statistical significance thresholds are
indicated as P < 0.05 unless otherwise stated. No data were excluded
except when tissue integrity was compromised during preparation.

Statistics and reproducibility

Sample sizes were chosen based on prior studies using similar exper-
imental models and endpoints'>'***¢12 the availability of human
postmortem samples and established cohort datasets, and feasibility
constraints foranimal and cell culture experiments. They are reported
in the corresponding figure legends and source data. Normality and
equality of variance were assessed where applicable using Shapiro-Wilk
tests and Brown-Forsythe or equal variance tests. When the assump-
tions for parametric testing were not met, nonparametric tests or
variance-robust methods were used as appropriate. Data distributions
are shown using individual data pointsin the relevant graphs.

For animal experiments, animals from the same litter or clutch,
where applicable, were assigned to experimental groups before treat-
ment. Cell culture experiments were performed using independently
generated biological replicates, which were assigned to treatment
conditions. No animals, human donors, biological replicates or experi-
mental datasets were excluded from the analyses, except when samples
failed technical quality control criteria during preparation and were
therefore unsuitable for downstream analysis. For sequencing experi-
ments, low-quality cells and doublets were removed during standard
quality control processing before downstream analyses. Quantita-
tive image analyses were performed blinded to experimental group
allocation whenever feasible. Samples were decoded only after the
completion of image acquisition and quantification.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All sequencing datasets generated in this study have been deposited
inthe NCBI Gene Expression Omnibus (GEO) with the following acces-
sion numbers: GSE268721, GSE268780, GSE268803 and GSE269111.
Previous datasets used in this study are GSE108038 and GSE78117. The
unique reagents generated in this study are available from the corre-
sponding author upon reasonable request. Source data are provided
with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended DataFig. 1| Increased expression of fibronectin splice variants FN1-
EDA and FN1-EDB in Alzheimer’s disease brains; and FN1-deposited vessels
show leakage in APOE4 mice. a, Representative confocal images of cortical
sections from control (BraakI) and AD (Braak VI) brains stained for FN1-EDA,
FNI1-EDB, IBA1 (microglia), and DAPI (nuclei). AD tissue shows elevated FN1-EDA
and FN1-EDB immunoreactivity and diffuse deposition compared to control.
Representative images are from independent experiments that were repeated
three times with similar results. b, Corresponding single-channel grayscale
images from the same fields shownin A. FN1-EDA and FN1-EDB are both minimally
expressed in control tissue but are markedly upregulated in AD, particularly
around vessels and glial structures. ¢, High-magnification views showing close
spatial association of FN1splice variants with IBA1-positive microgliain AD
cortex. FN1-EDA and FN1-EDB signals appear localized around or within activated
microgliain AD, suggesting microglial association or uptake. Scale bars: 25 um.
d, Assessment of FN1expression in control and APP knock-in mouse model.
Merged double immunofluorescence staining (left) and individual staining for
CD31(middle) and FN1 (right) are shown. The graphs quantify the fluorescence
intensity for FN1and CD31, providing statistical analysis with n representing

the number of observations, as well as percent changes and p-values. Each

data point represents one mouse. Measurements were obtained fromn =3
independent mice per group. Multiple vessels were analyzed per mouse,

and statistical inference was performed at the animal level using generalized
estimating equations (GEE, two-sided). Data are presented as mean £ s.e.m.
Scale bars equal 100 pm. Quantitative datain the graphs are represented as dot
plots, and statistical significance is noted as non-significant (ns) or with the
precise p-value where applicable. * (p < 0.0332), ** (p < 0.0021), ** (p < 0.002),
and ***(p < 0.0001). e, Representative confocal images show fibronectin,
Dextran, CD31in control (left) and APOE4/4 (right) mice at 20 months of age.
Scale bars: 5 pm. f, Schematic illustrating the quantification strategy. CD31
staining was used to delineate vessel boundaries, and perivascular regions of
interest (ROIs) were defined to quantify fibronectin deposition and extravascular
Dextran intensity outside the vessel lumen. g, Quantification of fibronectin
intensity (top) and extravascular Dextran intensity (bottom) in control and
APOE4 mice. Each data point represents a vessel. Statistical inference was
performed at the level of the individual animals using Nested t-test, two sided.
Data are presented as mean +s.e.m. Statistical comparisons were performed
with animals as the unit of inference. APOE4 mice show significantly increased
fibronectin deposition and Dextran leakage compared to controls. h, Correlation
analysis between fibronectin intensity and extravascular Dextran intensity
across quantified vessels, demonstrating a strong positive association between
fibronectin deposition and BBB leakage. Data are presented as mean +s.e.m
(Pearson correlation).
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Extended Data Fig. 2| Changes in glial polarity and altered fibronectin

(FN1) localizationin AD. a, Representative images of cortex from control and
Alzheimer’s disease (AD) cases stained for aquaporin-4 (AQP4), fibronectin
(FN1), and nuclei (DAPI). b, Quantification of FN1-AQP4 spatial proximity.
Measurements were obtained from n =3 independent human donors per group.
Multiple ROIs were analyzed per donor, and statistical inference was performed
at the donor level using generalized estimating equations (GEE, two-sided). c,
Representative images of CDHS5 (VE-cadherin) immunostaining in cortical tissue
from control and AD cases. d, Quantification of CDHS intensity. Measurements
were obtained from n =3 independent human donors per group. Multiple

ROIs were analyzed per donor, and statistical inference was performed at the
donor level using generalized estimating equations (GEE, two-sided). Data are
presented as mean * s.e.m. e, Dual-channel images of CDHS and FN1and their
colocalization. Data are presented as mean +s.e.m. f, 2D histograms of CDH5

and FN1signalintensities (Coloc 2 analysis. Scale bars: 50 pm. g, Western blot
quantification for FN1 expression in 3D VAMP models with isogenic iPSC-derived
celllines. Western blot analyses showing FN1 protein levels in 3D VAMP cultures
derived twoisogenic lines. Increased FN1levels are observed in APOE4/4 (2E3,
4B4) models compared to their corresponding APOE3/3 controls (MC2C,
RC2C)inbothisogenic lines. Each data point represents one independent 3D
VAMP culture. Statistical analyses were performed using biological replicates.
Data are presented as mean +s.e.m. h, FN1 protein localization in brain cell
types with multipleximmunostaining. Representative images from multiplex
immunostaining for FN1, GFAP (astrocyte). AQP4 (astrocyte endfeet), CD31
(endothelia), B2M (endothelia), MBP (oligodendrocyte), IBA1 (microglia),
PDGFR (pericyte), MAP2 (neuron). Scale bars: 100 pm for MBP and MAP2;

50 pm elsewhere. Representative images are from two independent runs with
similar results.
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Extended Data Fig. 3 | Differential expression of FN1in human brain with DAPI counterstain in APOE3/3 and APOE4/4 AD patient brains. Representative
APOE4. a, Graph indicates differential expression of FNI gene in human brain images are from two independent runs with similar results. Scale bars 50 pm.
snRNA-seq dataset comparing APOE4 carriers to APOE3 individuals (fromref.28, f, Upper blot: representative immunoblots showing the presence of APOE in
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Bulk RNA sequencing in 3D hydrogel cultures, TNF
treatment response, and TNFa and IL4 receptor expression in 3D pHA
cultures. a, Sample correlation graph for control, IL4-treated, TNFa-treated, and
TNFa + IL4-treated replicates. b, Principal component analyses of groups. ¢, MA
plots for comparison between samples. Red, overexpression above significance
threshold, green, downregulated above significance threshold. d, KEGG pathway
schematics indicating changes NFkB and TNFa signaling components after TNFa
treatmentin 3D primary human astrocytes (pHA) cultures. Red: upregulated,
green: downregulated. e, KEGG pathway chart for differentially expressed genes
in TNFa-treated versus control 3D pHA cultures and TNFa + IL4-treated versus
TNFa-treated 3D pHA cultures. Gene Set Enrichment Analysis (GSEA), with
statistical significance determined by phenotype-label permutation and FDR
correction. f, Immunostaining for GFAP with DAPI counterstain in control and
TNFa-treated 3D pHA cultures. Scale bars equal 25 pm. Representative images
are from three independent experiments with similar results. g, RNA sequencing

read counts of TNFRSF1A, TNFRSF1B, and IL4R in 3D primary human astrocyte
(pHA) cultures under control and TNFa-treated conditions. Each data point
represents one independent 3D pHA culture (n = 3 independent biological
replicates per condition). Statistical analyses were performed using biological
replicates and with unpaired two-tailed t-test. Data are presented as mean + s.d.
h, RT-qPCR analysis of FN1 expression in human iPSC-derived endothelial cell
(iPSC-EC) monolayers treated with vehicle or TNFa (50 ng/ml) plus IL1f (100 ng/
ml) for 24 h. Gene expression was normalized to 18S. Each data point represents
oneindependent biological replicate (n =4 (APOE33) and n =7 (APOE44)
independent cultures). Violin plots show the data distribution; the center line
indicates the median, the box indicates the interquartile range, whiskers extend
to the minimum and maximum values, and points represent individual biological
replicates. Statistical significance was determined using an unpaired two-sided
Student’s t-test. p=0.0005.
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Extended DataFig. 5| TNFa activates NFkB signaling in zebrafish brain.

a, Bar plot showing the fraction of cells expressing FNI across astrocyte states
identified in the Hispanic multiome dataset® following label transfer from
ROSMAP data*®. Astrocyte state 5 (Ast.5), corresponding to the reactive astrocyte
cluster, exhibits the highest FN1 expression frequency. b, In vivo experimental
scheme. Adult transgenic reporter zebrafish that express GFP under the NFkB
promoter were injected. Histological sections were prepared at 1day after the
injection. Immunostaining for GFP is followed by quantification and statistical
analyses of GFP-positive cells in the medial telencephalic region. c-f, GFP and
DAPI staining on brain sections of NFkB:GFP reporter transgenic animals
injected with PBS (¢, d) and TNFa (e, f). ¢’, Individual GFP fluorescence channel
of c.€’, Individual GFP fluorescence channel of e. d, f, Topological fluorescence
histograms for NFkB activity in the brain sections of the animals injected with
PBS (d) and TNFa (f). g, Quantification of the average number of NFkB-positive
cells per telencephalic section under the treatment conditions shownin b-e.
Five brain sections were analyzed from each animal (n =3 independent animals
per condition; 15 sections total). Each data point represents one brain section.

Statistical inference was performed at the animal level with Kruskal-Wallis,
Dunn’s multiple comparison test. Data are presented as mean +s.e.m. h-1, GFP
and DAPI staining on brain sections of NFkB:GFP reporter transgenic animals
injected with PBS (h), TNFa (i), and TNF« + T17 (TNFa blocker, ref.142) i, k, m,
Topological fluorescence histogram for NFkB activity in g (i), j (k), and m (I).

n, Quantification of the average number of NFkB-positive cells per telencephalic
section under the treatment conditions shown in g-k. Five brain sections were
analyzed from each animal (n = 3 independent animals per condition; 15 sections
total). Each data point represents one brain section. Statistical inference was
performed at the animal level with Kruskal-Wallis, Dunn’s multiple comparison
test. Data are presented as mean * s.e.m. Statistical analyses for multiple
comparisons were performed with Dunn’s multiple comparison test after
Kruskal-Wallis test. p values are shown. Scale bars equal 50 pm. o, Individual
animal representation of datain Fig. 4k. Each data pointin graphs are individual
measurements that are nested within replicate cluster, which are the unit of
inference using GEE with robust SEs (two-sided).
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gene expression against reads per cellinwt + AB42 and fnlb™ + AB42 samples.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Expression of VEGF ligands, expression of integrin
receptorsin 3D pHA cultures and adult zebrafish brain astrocytes, and
relationship of plasma FN1 levels with VEGFA. a, Violin plots for expression of
vegfa, vegfb, vegfc, and vegfdin zebrafish brain. b, Split violin plots for expression
of vegfa, vegfb, vegfc, and vegfd comparing control and A342 treatment
conditions. Data fromrefs. 12,43,45,112. ¢, Heat maps for bulk RNA sequencing
reads in 3D pHA and her4:GFP-positive sorted astrocytes from zebrafish brain.
Data fromrefs.37,43,45.d, Pearson correlation matrix depicting relationships

between plasma FN1levels and plasma biomarkers associated with AD, including
VEGFA, Ab42, Tau, p-Tau-181, NfL, and GFAP. Pearson correlation coefficients

(r) are color-coded from-1(red) to 1 (blue), with values provided in each cell.
Plasma FN1shows no correlation with VEGFA (r = 0.13). e, Scatter plot showing
the relationship between plasma FN1and VEGFA concentrations. No significant
correlationis observed (R% =0.018). Both axes are log-scaled, and a non-linear fit
with confidence intervalsis shown.
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Extended Data Fig. 8| See next page for caption.
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Extended Data Fig. 8| Single cell transcriptomics in VEGFRi zebrafish brains.
a, Dot plot for cell type markers. b, UMAP for cell types in color-codes. ¢, UMAP
for cell types in control (left) and VEGFRi (right) samples. d, Total number

of cells sequenced per experimental group as pie charts, and their cell type
percentages. e, Heat map comparing sequenced cell numbersin clusters (control
and treatment - VEGFRI). f, Distribution graphs for percent mitochondrial gene
expression against reads per cellin control and VEGFRi samples. g, Distribution

graphs for number of sequenced genes per cell against reads per cellin control
and VEGFRisamples. h, Distribution plot for most variable gene expressions. i,
Violin plots for sequenced genes per cell, reads per cell, percent mitochondrial
gene expression and percent ribosomal gene expression. Vehicle-treated and
VEGFRi flila:EGFP-sorted cells had two replicates, vehicle-treated and VEGFRi
her4:RFP-sorted cells has one replicate.
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Extended Data Fig. 9| Expression of FN1, VEGFA, IGF1in integrated human

single nucleus dataset, and astroglial FN1 causes vascular leakage in zebrafish.

a, Graphindicating astrocyte clusters in human single nucleus datasets that
upregulate FNI and downregulate /GF1 and VEGFA. Data derived from integration
of single nucleus datasetsin refs. 2,24,40,53 by ref. I: ref. 40 Y: ref. 2., Z: ref. 24, M:
ref. 53. Statistics: MAST hurdle model, with regression coefficients () estimated
for the effect of interest and statistical significance evaluated using Wald tests.
b, Representative confocal images of control and her4.1:FN1-T2A-GFP zebrafish
larvae after injection with 3 kDa Dextran-Red at 3 dpf and fixation 15 min after
injection. Merged and single-channel images show GFP, Dextran-Red, and FN1.
Control larvae show Dextran-Red largely confined to the vasculature, whereas
her4.1:FN1-T2A-GFP larvae show astroglial GFP expression, increased FN1signal,

andincreased extravascular Dextran-Red signal. Scale bars, 100 pum. ¢, Schematic
showing the region-of-interest strategy used to quantify FN1deposition and
extravascular Dextran-Red intensity. d, Quantification of FN1lintensity and
extravascular Dextran-Red intensity in control and her4.1:FN1-T2A-GFP larvae.
Each data point represents one quantified ROI. Measurements were obtained
from n =3 independent animals per group. Multiple ROIs were analyzed per
animal, and statistical inference was performed at the animal level using a
two-tailed nested t-test to account for repeated measurements from the same
animal. e, Correlation between FN1intensity and Dextran-Red intensity across
quantified ROIs. Pearson correlation coefficient, 95% confidence interval, and
exact Pvalueareindicated on the graph (Pearson correlation). Data are presented
asmeanz*s.e.m.
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Extended Data Fig. 10 | RNA quality in bulk RNA sequencing of 3D pHA cultures. Flow cytometry gating parameters, electrophoresis file run summary, and RNA
integrity measures by electropherogram summaries and RIN values.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O OO0 o ogfl

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

KX
XX X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Raw single-cell RNA sequencing data were processed using the Cell Ranger Single Cell Software Suite (10x Genomics, v6.1.2) with default
parameters, and reads were aligned to the zebrafish reference genome GRCz11 (Ensembl release 105). Cell clustering, marker gene
identification, differential expression analysis, and feature plot generation were performed using Seurat (v5). For quantitative RT-PCR, cycle
threshold (Ct) values were obtained using a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific). Genome-wide DNA methylation
profiles were generated using the Infinium MethylationEPIC BeadChip (lllumina) at the New York Brain Bank. Confocal image acquisition and
colocalization analyses were performed using the ZEN software colocalization module (blue edition, version 3.2; Carl Zeiss, Jena, Germany).
Automated cell counting was conducted using a Countess Il FL Automated Cell Counter (Thermo Fisher Scientific). RNA integrity and quality
were assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies).




Data analysis Imaging data were acquired using Zeiss Axiolmager Z1, Zeiss LSM780, and Zeiss LSM800 confocal microscopes. Colocalization of
immunohistochemical markers was quantified using the ZEN software colocalization module (Carl Zeiss, Germany). Multiplex
immunofluorescence staining was performed using the COMET platform (Lunaphore Technologies), and image analysis was conducted using
HORIZON Viewer (Lunaphore Technologies) and HALO software (Indica Labs).

For bulk RNA sequencing analyses, quality-controlled reads were aligned to the human genome (GRCh38) using GSNAP, and differential
expression analysis was performed with DESeq?2. Single-cell RNA-seq datasets were processed using Seurat (v5). Cells with fewer than 200
expressed genes or genes expressed in fewer than three cells were excluded prior to downstream analyses. Following quality filtering,
datasets were normalized, the top 2,000 variable genes were selected, and datasets were integrated using FindIntegrationAnchors,
IntegrateData, Integratelayers, and JoinLayers functions. DoubletFinder was used to identify and remove doublets prior to downstream
analyses.

Cycle threshold (Ct) values for qRT—PCR experiments were obtained using a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific).
Statistical analyses were performed using GraphPad Prism (v9.2.0).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All sequencing datasets generated in this study are deposited to NCBI Gene expression Omnibus (GEO) with the following accession numbers: GSE268721,
GSE268780, GSE268803, and GSE269111. Previous datasets used in this study are GSE108038 and GSE78117. Source data underlying all graphs in the main figures
and Extended Data figures are provided with this paper. The unique reagents generated in this study are available from the corresponding author upon reasonable
request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender na

Reporting on race, ethnicity, or na
other socially relevant

groupings

Population characteristics na

Recruitment na

Ethics oversight Human samples were sourced from the New York Brain Bank and anonymized to ensure that researchers had no access to

the personal information of the donors. Approval from the Institutional Review Board at Columbia University Irving Medical
Center was obtained prior to the generation of clinical data.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For single-cell sequencing experiments, SCOPIT was used to estimate sequencing depth and cell numbers. For experimental studies, sample
sizes were guided by prior work in the field and, where appropriate, power calculations performed using G¥*Power or nQuery. For analyses of
human cohorts, postmortem tissue, cerebrospinal fluid, proteomic, transcriptomic, and genetic datasets, all available eligible samples meeting
predefined inclusion criteria were analyzed; no formal sample size calculations were performed for these observational studies. For imaging
datasets involving nested measurements, the biological replicate (animal or donor) was predefined as the independent unit of inference.

Data exclusions  No animals, human donors, biological replicates, or experimental datasets were excluded from the analyses except where technical sample
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Data exclusions

Replication

Randomization

Blinding

preparation or processing problems occurred, as described in the Methods. For sequencing experiments, low-quality cells and doublets were
removed during standard quality-control processing before downstream analyses.

Experimental findings were independently replicated where appropriate using biological replicates, independent human cohorts,
complementary experimental systems, and orthogonal methodologies. Representative microscopy and immunoblot images are from
experiments repeated independently with similar results, as indicated in the figure legends. For experimental studies, a minimum of three
biological replicates (individual animals or human donors) per condition was used where applicable. Multiple measurements (e.g., vessels or
ROIs) obtained from the same individual were treated as nested observations and analyzed using cluster-aware statistical models, with the
biological replicate defined as the independent unit of inference.

Animals were randomly assigned to experimental and control groups where applicable to minimize selection bias. Experimental groups were
balanced across independent experiments, and randomized block designs were used when appropriate. Human postmortem tissues,
cerebrospinal fluid samples, and publicly available transcriptomic and genetic datasets were observational and therefore not subject to
experimental allocation. Image acquisition and guantitative analyses were performed in a blinded manner, and statistical analyses accounted
for relevant biological covariates where appropriate.

Image acquisition and quantitative image analyses in zebrafish and mouse experiments were performed in a blinded manner. Tissue staining
and labeling were performed by one investigator, while image quantification was performed independently with sample identities concealed
until completion of the analysis. Blinding was not applicable to computational analyses of previously generated datasets or automated
bioinformatic workflows, which were performed using predefined analysis pipelines.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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Antibodies

Animals and other organisms

Dual use research of concern

Antibodies used

For the immunohistochemistry (IHC), the primary antibodies used included:

FN1 (Proteintech, Cat.# 66042-1-Ig, dilution 1:250 and 1:300), (Sigma, Cat. #F3648, dilution 1:100),

CD31 (Abcam, Cat.# ab134168, dilution 1:250 and 1:300), CD31 (BD Biosciences, Cat # 550389, dilution 1:200)
GFAP (Thermo Fisher, Cat.# OPA1-06100, dilution 1:250), GFAP (Abcam, Cat.#4674, dilution 1:500), GFAP (Novus, Cat.# NBP1-05198,
dilution 1:2500)

VEGF (R&D Systems, Cat.# MAB2932-100, dilution 1:200 and 1:300)

IGF-1 (Abcam, Cat.# ab106836, dilution 1:200 and 1:300), IGF1 (Abcam, Cat #ab9572, dilution 1:500)

HB-EGF (Thermo Fisher, Cat.## PA5-119187, dilution 1:200 and 1:300)

A-betad? (Cell Signaling, Cat.# 8243S, dilution 1:200)

GS (Abcam, Cat.# ab176562, dilution 1:500)

MAP2 (Abcam Cat. #ab5392, dilution 1:1000)

MBP (Abcam Cat #ab133620, dilution 1:20000)

IBA1 (Abcam Cat# ab283319, dilution 1:500), (WAKO, Cat #011-27991, dilution 1:100)

CD140b (R&D Systems Cat #AF385, dilution 1:100)

4G8 (Biolegend Cat#t 800701, dilution 1:100)

AQP4 (Abcam Cat #ab282586, dilution 1:10000), (Abcam Cat #ab284135 dilution 1:200), (Proteintech Cat #CL594-16473 dilution
1:500)

CDHS5 (Thermo Fisher Cat #PA5-143232, dilution 1:200)

Fibrinogen (Abcam Cat #ab34269, dilution 1:100 and 1:300)

APOE (Millipore Sigma Cat #Calbiochem 178479, dilution 1:200), (Bioss Cat #bs-5039R, dilution 1:200)

B2M (Abcam Cat #ab75853, dilution 1:200)

Z0-1 (Thermo Fisher, Cat.# 33-9100, dilution 1:500), ZO1 (Proteintech, cat# 21773-1-AP, dilution factor 1:200)
GFP (Thermo Fisher, Cat.# PA1-9533, dilution 1:2000)

BLBP (Abcam, Cat.# ab281734, dilution 1:1000), BLBP (Abcam, Cat.# ab279649, dilution 1:500)

PDGFRB (R&D Systems, Cat. #AF385-SP, dilution 1:100)

FN1-EDA (Antibodies-online, Cat.# ABIN108413, dilution 1:200)

FN1-EDB (Cell Signaling, Cat.# 36349, dilution 1:200)

Fibronectin (Thermo Fisher, Cat.# PA5-29578, dilution 1:250)

Anti-Dextran Antibody, Clone DX1; Unconjugated, mouse mAb 1gG1 (Stem Cell, Cat # 60026, dilution 1:500)
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The secondary antibodies employed were:

Goat anti-mouse Alexa Fluor 448 (Thermo Fisher, Cat.# A11001, dilution 1:500)

Goat anti-chicken Alexa Fluor 448 (Thermo Fisher, Cat.# A11039, dilution 1:500)

Goat anti-rabbit Alexa Fluor 555 (Thermo Fisher, Cat.# A32732, dilution 1:500)

Goat anti-mouse Alexa Fluor 555 (Thermo Fisher, Cat.# A21127, dilution 1:500)

Goat anti-mouse Alexa Fluor 568 (Thermo Fisher, Cat.# A11019, dilution 1:250)

Goat anti-rabbit Alexa Fluor 647 (Thermo Fisher, Cat.# A32733, dilution 1:500)

Donkey anti-mouse Alexa Fluor 488 (Thermo Fisher, Cat.# A32766, dilution 1:500)

Donkey anti-goat Alexa Fluor 555 (Thermo Fisher, Cat.# A32816, dilution 1:500)

Donkey anti-rabbit Alexa Fluor 647 (Thermo Fisher, Cat.# A32795, dilution 1:500)

Donkey anti-Rabbit IgG Alexa Fluor 647(Thermo Fisher Scientific, #A31573, dilution 1:1000)
Donkey anti-Mouse IgG AF750 (Thermo Fisher Scientific, #5A000081, dilution 1:1000)

Donkey anti-Chicken IgY AF647 (Thermo Fisher Scientific, #A78952, dilution 1:1000)

Donkey anti-mouse 1gG AF568 (Thermo Fisher Scientific, #A10037, dilution 1:1000)

Donkey anti-Chicken IgY AF488 (Thermo Fisher Scientific, #A78948, dilution 1:1000)

Donkey anti-Goat IgG Alexa 4Fluor 488 (Thermo Fisher Scientific, #A-11055 1:1000)

Donkey anti-Goat IgG AF647 (Jackson Immunoresearch, #705-606-147, dilution 1:250)

Donkey anti-rabbit F(ab)" AlexaFluor-647 (Jackson ImmunoResearch 711-605-152, dilution 1:250)
Donkey anti-rabbit F(ab)" AlexaFluor-488 (Jackson ImmunoResearch 715-545-150, dilution 1:250)

S
Q
—t
c
@

S}
O
=4
o
=
—
@

S}
O
=
>

Q
wv
c
3
=
Q

<

For Western Blot and Co-immunoprecipitation, following antibodies were used:

Fibronectin (Invitrogen PA5-29578, 1:1000), FN1 (Proteintech, Cat.# 66042-1-Ig, dilution 1:1000)
b-actin (Millipore Sigma A5316-100UL, dilution 1:1000)

APOE (Millipore Sigma/Calbiochem, Cat. #178479, dilution 1:1000)

Validation Antibodies are validated by the manufacturer through wither western blots, immunization peptide inhibition or knockout validation.
All antibodies were tested for efficacy and reliability with no-primary controls in human samples, cell cultures,and zebrafish before
use.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Primary human fetal astrocytes were obtained from ScienCell Research Laboratories (Cat. #1800; sex not specified by the
vendor). KOLF2.1J isogenic human iPSC lines (male donor) expressing APOEe3/3 or APOEe4/4 variants were used, together
with additional previously published APOE isogenic iPSC lines derived from four independent human donors, as described in
the Methods. iPSCs were maintained under feeder-free conditions in mTeSR1 medium and differentiated into astrocytes,
endothelial cells, mural cells, and 3D vascular models as described. Differentiation efficiency was confirmed by
immunostaining for lineage-specific markers.

Authentication Primary human fetal astrocytes were commercially obtained from ScienCell Research Laboratories and authenticated by the
vendor. KOLF2.1J and the additional APOE isogenic iPSC lines were authenticated by genotype verification and G-banded
karyotyping, as described in the original publications and confirmed prior to use. All lines used in this study exhibited normal
karyotypes.

Mycoplasma contamination Cells are negative for HIV-1, HBV, HCV, mycoplasma, bacteria, yeast, and fungi.

Commonly misidentified lines  The cell lines used in this study are not listed in the ICLAC register of commonly misidentified cell lines.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Human APOE targeted replacement mice on a C57BL/6J background (APOEe3 and APOEe4 lines) and APPNL-G-F knock-in mice
(C57BL/6J background; Swedish, Arctic, and Iberian mutations) were used. Age- and sex-matched C57BL/6J wild-type mice served as
controls where appropriate. Adult Tg(kdrl:GFP) zebrafish (Danio rerio; approximately 6 months of age; both sexes) were used for
VEGFR inhibition studies. Tg(flila:EGFP) and Tg(her4.1:RFP) zebrafish lines were used for cell sorting and functional analyses.

Wild animals na
Reporting on sex Animals from both sexes were used for this study in equal ratios.
Field-collected samples na

Ethics oversight All mice used in this study were treated in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and approved by the Columbia University Medical Center Institutional Animal Care and Use Committee (IACUC) (approval
number AABF3553 and AABR4602). Animals were maintained under temperature and humidity-controlled environment of Columbia
University Medical Center on a 12/12-h light/dark cycle, with ad libitum access to food and water in compliance with the protocols
approved by the Institutional Animal Care and Use Committee of Columbia University (IACUC). For zebrafish, all animal experiments
were performed in accordance with the applicable regulations and approved by the Institutional Animal Care and Use Committee




(IACUC) at Columbia University (protocol number AC-AABN3554). Animals from the same fish clutch were randomly distributed for
each experimental group. Animals were handled with caution to reduce suffering and overall animal numbers.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied:
Authentication Describe-any-authentication procedures foreach-seed stock-used-ornovelgenotype-generated-—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Zebrafish brains were dissected and single-cell suspensions were prepared according to previously established protocols
(https://doi.org/10.1016/j.xpro.2020.100042). The telencephalon of 6-16-month-old fish was dissected in ice-cold PBS and
enzymatically dissociated using the Neural Tissue Dissociation Kit (Miltenyi Biotec, Cat. No. 130-092-628). After dissociation,
cells were filtered through a 40 pum cell strainer into PBS containing 2% BSA, centrifuged at 300 g for 10 min, and
resuspended in PBS with 4% BSA. Viability indicator dyes Sytox Blue (Invitrogen, Cat. No. S34857) and DyeCycle Ruby
(Invitrogen, Cat. No. V10309) were used during fluorescence-activated cell sorting (FACS). Samples from different
experimental groups were processed in parallel to minimize processing-related variability.

Instrument Sony MA9SQO-FP cell sorter (Sony Biotechnology).

Software Sony Cell Sorter Software (Sony Biotechnology).

Cell population abundance For VEGFR inhibition experiments, a total of 24,518 sorted cells were collected and analyzed. For fnlb~/~ experiments,
66,848 sorted cells were collected across biological replicates.

Gating strategy Sytox Blue—negative (viable) and DyeCycle Ruby—positive (proliferating) cell populations were gated for cell viability. FSC-A/

SSC-A gates were used to select the cellular fraction, and FSC-H/FSC-A gating was applied to exclude doublets. Gates were
established using unstained and single-color controls and applied consistently across all samples. Representative sorting
histograms are provided in Supplementary Information 1.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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