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Brain perivascular macrophages regulate
endothelial cell function via a cMAF-dependent
transcriptional program in mouse and human
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cMAF is essential for the specification of brain perivascular
macrophages (PVMs)

cMAF supports cerebrovascular functions through local
IGF1 production

This cMAF-dependent program is conserved in mice and
humans

A genetic variant that increases cMAF expression correlates
with reduced AD risk
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In brief

This study identifies cMAF as a key
transcription factor that orchestrates the
molecular crosstalk between brain
perivascular macrophages and arteries,
thereby sustaining cerebrovascular
function in health and disease.
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SUMMARY

Brain perivascular macrophages maintain brain physiology, yet their transcriptional regulators and functions
in health and disease remain unclear. Using single-cell multi-omics and functional experiments, we identify
cellular musculoaponeurotic fibrosarcoma oncogene (cMAF) as a key transcription factor for brain perivas-
cular macrophages, and conditional deletion of cMAF disrupts their phenotype in vivo. Functionally, cMAF
drives insulin-like growth factor-1 (IGF1) expression in perivascular macrophages, enabling communication
with endothelial cells. Consistently, cMAF deletion in perivascular macrophages causes transcriptional alter-
ations in cerebral arteries, affecting vascular functions. Notably, cMAF emerges as the main transcription fac-
tor for human perivascular macrophages, suggesting conservation of this transcriptional module. During Alz-
heimer’s disease (AD), human perivascular macrophages upregulate cMAF and IGF1 to enhance
communication with vascular cells, and this response is abrogated in APOE4 carriers. Lastly, we explore
an uncharacterized polymorphism in cMAF, providing evidence that the cMAF program is protective against
AD. Targeting cMAF in perivascular macrophages may offer new therapeutic strategies for neurodegenera-
tive and cerebrovascular diseases.
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INTRODUCTION

Brain macrophages are implicated in maintaining CNS homeosta-
sis and immune defense. Microglia (MG) within the CNS paren-
chyma support brain development, promote consolidation of
neuronal circuits, and clear apoptotic cells.~'° The brain-border
regions harbor a diverse repertoire of macrophages referred to
as border-associated macrophages (BAMs) or CNS-associated
macrophages (CAMs)."""'? BAMs regulate neurovascular com-
munications, orchestrate CNS immune responses and tissue
repair during neuroinflammation,®~'® and have been implicated
in vascular damage during hypertension,'”'® g-amyloidosis, '°
and anti-Ap immunotherapy.”®?’

BAMs comprise at least two transcriptionally distinct sub-
types, defined by major histocompatibility complex class Il
(MHC class Il) or CD163 expression,®® consistently reported
across multiple studies.''***?° Developmentally, MHCII* BAMs
largely derive from definitive hematopoiesis, whereas CD163*
BAMs, like MG, mainly arise from yolk sac hematopoie-
sis.?223:2729 gpatially, MHCII* and CD163* populations occupy
distinct niches: MHCII™ BAMs enrich the dura mater and choroid
plexus, while CD163* BAMs predominate in the leptomeninges
and perivascular spaces.'"?>?° BAM depletion studies have
shown that the CD163* BAM profile is strongly shaped by its em-
bryonic ontogeny, as bone-marrow-derived macrophages
(BMDMs) are unable to fully recapitulate this phenotype.®°=? In
contrast to MG,?>**** however, the transcriptional and epige-
netic programs instructing niche-specific BAM identities remain
poorly understood. Comprehensive transcriptomic and epige-
netic profiling of BAMs is warranted to uncover their molecular
underpinnings in health and disease.*®

Using single-cell epigenomics and transcriptomics, combined
with transcription factor (TF) binding analyses, we identified
cMAF (cellular musculoaponeurotic fibrosarcoma oncogene, en-
coded by Maf) as the key regulator of the CD163* macrophage
phenotype. Conditional deletion of cMAF in brain macrophages
induced a striking phenotypic conversion of CD163* BAMs into
MHCII*-like cells, which was associated with disrupted fluid cir-
culation within the CNS, leading to reduced cerebrospinal fluid
(CSF) flow and impaired cerebral hemodynamic responses to
hypercapnia.

Mechanistically, we found that perturbation of the CD163*
phenotype affected gene expression and vasodilation in brain
arteries. CD163" BAMs orchestrated communication with
vascular cells via angiogenic molecules, including insulin-like
growth factor-1 (IGF1). Consistently, conditional IGF1 deletion
in brain macrophages phenocopied the vascular defects
observed in cMAF knockout (KO) mice.

Moreover, cMAF emerged as the central TF in human
CD163* BAMSs, revealing a conserved transcriptional pro-
gram. CD163* BAMs in Alzheimer’s disease (AD) patients ex-
hibited enhanced cMAF activity together with increased IGF1/
IGF1-receptor (IGF1R) communication with brain arteries. This
induction, however, was not observed in patients carrying the
APOEA4 allele, the major risk factor for AD.*%*” We also char-
acterized an AD-protective single-nucleotide polymorphism
(SNP) within the MAF locus associated with elevated MAF
and IGF1 expression in CD163* BAMs. Taken together, these
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findings suggest that the cMAF program in CD163" BAMs
plays a protective role in neurodegeneration and may repre-
sent a promising target for therapeutic intervention.

RESULTS

Transcriptomic and epigenetic analyses identify cMAF
as a key TF in CD163* BAMs

In this study, we focused on CD163* BAMs, which express high
levels of CD163, CD206, CD38, FOLR2, and LYVE1, but not
MHC class Il, and are enriched in the brain perivascular spaces
(Figure 1A). Both MG and CD163* BAMs originate from a com-
mon YS progenitor but undergo divergent specification pro-
grams, likely regulated by distinct TFs and epigenetic mecha-
nisms.?”?? Although previous studies have identified key TFs
shaping the microglial phenotype (e.g., SALL1, SMAD4, MAFB,
and IRF8),2234%8:39 the essential regulators of CD163* BAM
development remain to be determined.

We sought to identify potential regulators of the CD163* state
by single-cell multi-ome analysis of brain macrophages.” Sin-
gle-cell assay for transposase-accessible chromatin using
sequencing (scATAC) analysis of differential open chromatin re-
gions (OCRs) revealed broad differences between CD163*
BAMs and MG or MHCII* BAMs (Figure 1B). The specific
genome-wide OCRs for CD163* BAMs and MG (Figure 1C) likely
reflect the activation of distinct transcriptional programs. Motif
enrichment analysis identified binding sites for MAF family TFs
(cMAF, MAFG, and MAFA) among the top motifs in CD163*
OCRs compared with either MG or MHCII™ OCRs (Figure S1A).
Integration of both motif accessibility and expression level cova-
riates revealed cMAF as the most enriched TF in CD163" BAMs
relative to MG (Figure 1D). It was previously demonstrated that
SMAD4 is a key driver of the microglial transcriptional pro-
gram,”>** and its deletion in MG results in the upregulation of
CD163* BAM signature genes (i.e., Apoe, Lyz2, Mrc1, Ms4az7,
and Pf4). Consistently, SMAD4-deficient MG also upregulate
Maf (encoding cMAF) expression (Figure S1B). These data sug-
gest that cMAF may drive the CD163™ program in BAMs, while
SMAD4 suppresses cMAF in MG to promote the microglial
program.

To test this hypothesis, we performed chromatin immunopre-
cipitation sequencing (ChlP-seq) for cMAF in BMDMs, which
served as an in vitro benchmark to assess cMAF genomic occu-
pancy (Figure 1E). In BMDMs, cMAF strongly bound the CD163*
OCRs identified by scATAC-seq but not the microglial OCRs.
Analysis of publicly available SMAD4 ChlP-seq data®* revealed
the opposite pattern (Figure 1F). Peaks for both cMAF and
SMAD4 were predominantly located within promoters and tran-
scription start sites (TSSs) and intronic and intergenic regions
(Figure 1G). When focusing on coding regions, cMAF peaks
were enriched in CD163* BAM genes, whereas SMAD4 peaks
overlapped with MG signature genes (Figure 1H). For example,
cMAF binding was detected at the loci of CD163* genes such
as Apoe, Cd163, Mrc1, and Pf4. Conversely, no cMAF binding
was observed in H2-Ab1, H2-Aa, and H2-Eb1 genes that define
the MHCII* signature (Figure S1C). Additionally, we performed
footprinting analysis of our scATAC data to assess Tn5 transpo-
sase insertions (defining open chromatin) near cMAF motifs
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Figure 1. cMAF is the top enriched TF in CD163" BAMs

(A) Cartoon illustrating the phenotypes of brain macrophages.

(B) Heatmaps of the differential OCRs in scATAC-seq data.

(C) ATAC-seq coverage for differential OCRs between CD163* BAMs and MG.

(D) Volcano plot depicting the mean chromVAR motif deviation in CD163* BAMs versus MG (top), and the correlation between chromVAR deviation and

expression enrichment in CD163" BAMs versus MG (bottom).
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in a genome-wide manner. This analysis revealed increased
chromatin accessibility at cMAF motifs (indicating greater
cMAF binding) in CD163* BAMs compared with MHCII* BAMs
and MG (Figure 11). To further test cMAF occupancy at the
CD163" BAM signature genes in vivo, we performed CUT&RUN
(cleavage under targets and release using nuclease) for cMAF in
MG and BAMs sorted from newborn brains (Figure 1J). This anal-
ysis confirmed strong cMAF binding at CD163* BAM genes
(suchas Cd163, Mrc1, Pf4, Ms4a7, Stab1, and Lyve1) and overall
greater DNA binding in BAMs compared with MG (Figures 1K
and 1L). These findings suggest that cMAF is directly involved
in regulating CD163* BAM gene expression.

To validate the role of cMAF in promoting this transcriptional
program, we performed CRISPR-Cas9-mediated deletion of
Maf (as well as Mafb to prevent compensatory mechanisms) in
BMDMs and analyzed gene expression changes using bulk
RNA sequencing (RNA-seq) (Figure S1D). Consistently,
CD163" genes (Stab1, Fcrls, Apoe, Mrc1, Clec4atl, Pf4, F13a1,
and Cd163) were downregulated in double KO (dKO) BMDMs,
whereas cell-cycle-related genes (Top2a, Stmn1, and Mki67)
and stem-cell genes (Cd34) were upregulated (Figures S1E
and S1F). The downregulation of Mrc1, a hallmark CD163*
signature gene, was further confirmed by qPCR (Figure S1G).
These data suggest that, in the absence of Maf, BMDMs un-
dergo de-differentiation and downregulate BAM signature genes
while activating self-renewal mechanisms.*%*’

Lastly, we investigated whether the Maf locus exhibited differ-
ential accessibility across our populations of interest. Although
no obvious differences were observed at the Maf promoter, the
non-coding region extending up to 150 kb downstream of the
Maf TSS contained several ATAC peaks with varying accessi-
bility. Notably, the +92 kb peak was highly specific to CD163"*
BAMs and displayed significant linkage to the Maf promoter
(Figure 1M). These observations suggest that expression of
cMAF in CD163* BAMs is likely regulated by a specific repertoire
of active enhancers.

cMAF sustains the CD163* BAM phenotype in vivo

To demonstrate that cMAF is a key TF for CD163" BAMs in vivo,
we crossed Maf-flox mice*? with the Crybb1-Cre line”” (hereafter
Maf”": Cre) (Figure 2A), which mediates recombination in virtually
all MG and CD163* BAMs during the third embryonic week. Flow
cytometry analysis of BAMs (Figure S2A) identified two major
populations: CD163"MHCII~ cells (corresponding to CD163*
BAMs) and CD163"MHCII* cells (corresponding to MHCII*
BAMs). Strikingly, the CD163*MHCII™ population was almost
completely absent in Maf: Cre mice (Figure 2B). Similar
results were obtained when gating on CD206"MHCII~ cells

Cell

(Figure S2B), confirming the reproducibility of the observed
phenotype regardless of the gating strategy. These data indicate
that cMAF is essential for the development or maintenance of the
CD163* population enriched in perivascular spaces.

Next, we performed ADAPT-3D (accelerated deep adaptable
processing of tissue for three-dimensional fluorescence tissue
imaging),”® a non-shrinking technique that enables high-resolu-
tion deep tissue imaging of cleared brains to visualize BAMs in
the leptomeninges and perivascular compartments (Figure 2C).
Although CD206* BAMs were abundant in the Maf”" brain,
MHCII* BAMs became the main population in Maf”": Cre mice.
This phenotypic shift in BAMs was further confirmed by immuno-
fluorescent staining for CD206 and MHC class Il or LYVE1 and
F4/80 on brain sections from Maf”": Cre mice (Figures 2D and
S2C). Compared with Maf”" littermate controls, Maf”": Cre mice
exhibited a remarkable expansion of MHCII* perivascular mac-
rophages, while LYVE1* macrophages were markedly reduced
(Figure 2E). No change was noted in the vascular density
throughout the brain cortex (Figure S2D), indicating that the
phenotype observed in perivascular macrophages is unlikely to
result from vascular atrophy or malformation in Maf”: Cre
mice. Interestingly, analysis of BAMs in PO pups revealed negli-
gible differences between genotypes (Figure S2E), suggesting
that the transcriptional derailment due to cMAF deficiency
emerges postnatally, presumably between birth and 4 weeks
of age.

We then assessed the microglial phenotype by flow cytome-
try, focusing on key surface markers of homeostatic microglia
(HM) (CX3CR1, TMEM119, SIGLEC-H, MERTK, and P2RY12).
MG from Maf”": Cre mice did not upregulate MHC class Il and
maintained expression of all assessed markers, with CX3CR1,
MERTK, and P2RY12 being slightly downregulated (Figure 2F).
This finding was further corroborated by immunofluorescent
staining for IBA1 and TMEM119 on brain sections, showing no
differences in microglial density or IBA1 and TMEM119 staining
between genotypes (Figure 2G). We conclude that cMAF condi-
tional deletion in brain macrophages during embryonic develop-
ment induces dramatic phenotypic changes in CD163* BAMs,
while MG remain largely unaffected.

Finally, we tested whether cMAF deletion induced replace-
ment of resident CD163* BAMs by monocyte-derived macro-
phages through parabiosis of Maf’" and Maf”": Cre littermates
with transgenic mice expressing green fluorescent protein under
the ubiquitin C promoter (UBC-GFP). After 6 weeks of shared cir-
culation, despite substantial blood chimerism being detected in
both genotypes (Figure 2H), virtually no GFP* (parabiont-
derived) macrophages could be observed within the brain peri-
vascular compartments (Figure 2I). Conversely, sparse GFP*

(E) Cartoon illustrating the workflow for ChIP-seq of cMAF in BMDMs.

(F) Visualization of the cMAF ChIP-seq (BMDMs) or SMAD4 ChlP-seq (MG) coverage over the differential ATAC-seq OCRs between CD163* BAMs and microglia.

(G) Genomic annotations for cMAF and SMAD4 ChIP-seq peaks.

(H) Heatmap of the top 1,000 cMAF and SMAD4 ChiIP-seq peaks within coding genes.
() cMAF motif footprinting in the three populations of brain macrophages in scATAC-seq data.
(J) Cartoon illustrating the workflow and sorting strategy of brain macrophages for cMAF CUT&RUN.

(K) cMAF CUT&RUN and ChlP-seq tracks at the Pf4 and Cd7163 loci.

(L) Heatmap of the top 1,500 cMAF peaks in BAMs with annotation of key BAM signature genes (left). Correlation of cMAF peaks between BAMs and MG (right).

(M) ATAC-seq and cMAF binding peaks downstream of the Maf locus.
See also Figure S1.
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macrophages were found in the choroid plexus and leptome-
ninges (Figure S2F) regardless of the host genotype. These
data strongly suggest that cMAF deficiency does not cause
depletion of CD163* BAMs and ensuing replacement by circu-
lating monocytes but rather triggers a broad phenotypic reprog-
ramming of these macrophages without significantly affecting
their longevity (Figure 2J).

Single-cell transcriptomics reveals minor impact of
cMAF deficiency in MG

To further investigate these phenotypic changes, we performed
single-cell RNA sequencing (scRNA-seq) on total macrophages
sorted from mouse brains (Figure S3A). After excluding doublets
and low-quality cells, unsupervised clustering using uniform
manifold approximation and projection (UMAP) identified several
clusters with differential distributions between genotypes. These
were annotated as follows: HM, KO Mg, two interferon (IFN)-
responsive MG clusters (IFN-1 and IFN-2), mitotic MG, and
BAMs (Figures S3B and S3C).

We found that KO Mg upregulated genes such as Apoe,
Arhgap15, and Tmem176a, while downregulating homeostatic
microglial markers such as Csmd3, Nav3, and Maf
(Figure S3D). Notably, Maf expression was almost completely
abolished in Maf”": Cre mice (Figure S3E), confirming efficient
deletion. Considering the genotypes present in each cluster,
HM and the IFN-1 cluster were almost exclusively derived
from Maf”* control mice, while KO Mg, IFN-2, and the mitotic
cluster predominantly originated from Maf”: Cre mice. In
contrast, total BAMs were equally represented in both geno-
types (Figure S3F).

Next, we analyzed differentially expressed genes (DEGs;
logo(fold-change) > 1 or < —1) between genotypes and identified
25 DEGs in MG and 20 in BAMs (Figures S3G and S3H). Some
DEGs were shared between both populations, including the up-
regulation of Apoe and Tmem176a and the downregulation of
Ferls and Maf (Figure S3l). Overall, we conclude that although
cMAF deletion in MG induces some transcriptional changes,
its impact appears relatively minor compared with KOs of other
TFs such as SMAD4, SALL1, or IRF8.7%°4%844

Cell

Phenotypic reprogramming of CD163* BAMs upon cMAF
deletion

To better assess changes in BAM subsets, we re-clustered the
BAM population separately, resolving two main populations cor-
responding to the MHCII* and CD163* BAM phenotypes
(Figures 3A and 3B). The MHCII* cluster was enriched for
MHC class ll-related genes (H2-Aa and Cd74), the chemokine
receptor Ccr2, and the immunomodulatory molecule Cd52
(Figure 3C). Conversely, the CD163* cluster was enriched for
the scavenger receptors Cd7163 and Mrc1 (CD206), the Fc recep-
tor-like molecule Fcrls, and the hyaluronan receptor Lyvel
(Figure 3D). Maf expression was prominent in CD163* BAMs
and positively correlated with CD163* signature genes
(Figures 3E and 3F). However, Maf transcript expression was
barely detectable in Maf”": Cre mice, confirming successful
gene deletion (Figure 3G).

Next, we assessed the relative contribution of each genotype
to the two BAM populations. Although the MHCII* cluster con-
tained a larger fraction of cells from Maf”: Cre mice, the
CD163* cluster was composed almost exclusively of cells from
Maf”" control mice (Figure 3H). In other words, the CD163*
BAM population was largely ablated in Maf”": Cre mice. Lastly,
we analyzed DEGs in MHCII* BAMs, comparing genotypes.
Only a few DEGs were identified, and Maf emerged as the
most downregulated gene, indicating that MHCII* BAMs are
phenotypically similar in both genotypes (Figures 3l and 3J).
Altogether, these findings demonstrate that the CD163™" signa-
ture in BAMs critically depends on cMAF, and its deletion leads
to the near-complete ablation of this cellular phenotype.

cMAF deletion in CD163* BAMs impairs CSF flow

Because of their strategic location at the brain borders, including
the abluminal surface of CNS the vasculature, BAMs are directly
exposed to CSF. Previous studies have shown that complete
BAM depletion through genetic deletion (Lyve?-Cre: Csf1r""
or injection of clodronate-filled liposomes negatively impacts
CSF flow.*® To assess CSF circulation in Maf”: Cre mice, we
performed intra-cisterna magna (icm) injections of fluorophore-
conjugated ovalbumin (OVA) and monitored fluorescence

Figure 2. cMAF is required to maintain CD163" BAMs in vivo

(A) Cartoon illustrating the cMAF conditional deletion strategy using Crybb1-Cre.

(B) Flow cytometry analysis of the BAM phenotypes in Maf”" and Maf”": Cre littermate mice (n = 5 mice per genotype, 5-7 weeks old; two-way ANOVA and Sidak’s

multiple comparisons test, mean + SEM; two independent experiments).

(C) Confocal imaging of cortical BAMSs in whole-brain tissue clearing comparing Maf”* and Maf”": Cre littermate mice (4 weeks old, single experiment).
(D) Confocal imaging of brain perivascular macrophages comparing Maf”" and Maf”": Cre littermate mice.

(E) Quantification of MHCII* or LYVE1™ perivascular macrophages comparing Maf’* and Maf”": Cre littermate mice (n = 4 mice per genotype, 4 weeks old, average
of three images per mouse; Mann-Whitney U test, mean + SEM; two independent experiments).

(F) Flow cytometry histograms of microglial markers comparing Maf”" and Maf”": Cre littermate mice (n = 4-6 mice per genotype, 8-13 weeks old; Mann-Whitney
U test, mean + SEM; two independent experiments).

(G) Confocal imaging of MG stained for IBA1 and TMEM119 comparing Maf”* and Maf"": Cre littermate mice (n = 4-6 mice per genotype, 8-13 weeks old, average
of three images per mouse; Mann-Whitney U test, mean + SEM; two independent experiments).

(H) Flow cytometry analysis of blood chimerism in either CD45* cells or monocytes (CD11b*Ly6G~CD115*) from Maf” and Maf”": Cre littermates after 6 weeks
parabiosis with UBC-GFP mice (n = 4 mice per genotype, 16-18 weeks old at surgery, analysis 6 weeks post-surgery; Mann-Whitney U test, mean + SEM; three
independent experiments).

(I) Confocal imaging of brain perivascular macrophages in Maf"* and Maf”": Cre littermates after 6 weeks parabiosis with UBC-GFP mice (n = 4 mice per genotype,
average of six images per mouse, Mann-Whitney U test; three independent experiments; yellow arrowheads indicate intravascular GFP* cells).

(J) Cartoon illustrating the phenotypic conversion, rather than replacement, of brain perivascular macrophages upon cMAF deletion.

See also Figure S2.
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Figure 3. CD163* BAMs undergo a phenotypic switch in the absence of cMAF
) sScRNA-seq data of BAMs re-clustered from total brain macrophages (n = 2 mice per genotype, 8 weeks old).

A
(B) Gene-by-cell heatmap of the top 10 genes per cluster.
(C) Visualization of MHCII" BAM marker gene expression.

(D) Visualization of CD163* BAM marker gene expression.
(E) Visualization of Maf gene expression.
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F) Pearson correlation of MHCII* and CD163* BAM marker genes in Maf’" mice.

G) Violin plot of Maf expression comparing Maf”’ and Maf”": Cre cells.

Maf”

Maf”: Cre

Normalized
expression

Fraction of cells

E’é‘f;iiff“ 100% 50% 10%
= Q0o
MHCII*

o0 L X
.
Tyz1 Lyzz Csfor KiraZ Gas6 Dab? Fors Maf
MHCIF  m
lMaf" Cre

Lyz1

Tyz2 Kiraz Fors

(legend continued on next page)

Cell 189, 1-21, October 29, 2026 7




Please cite this article in press as: Brioschi et al., Brain perivascular macrophages regulate endothelial cell function via a cMAF-dependent
transcriptional program in mouse and human, Cell (2026), https://doi.org/10.1016/j.cell.2026.07.043

¢? CellPress

OPEN ACCESS

accumulation along the perivascular space of the middle cere-
bral artery (MCA) over a 1-h observation period (Figure 4A).
OVA influx along the MCA was significantly impaired in Maf"":
Cre mice for the first 28 min post-injection, after which both
groups plateaued (Figures 4B-4D). Postmortem analysis of
OVA distribution within the brain parenchyma confirmed
reduced coverage and intensity of the injected tracer
(Figures 4E and 4F). In contrast, intra-striatal injections of OVA
(45 kDa) and dextran (10 kDa) revealed no significant differences
in diffusion within the brain parenchyma (Figures S4A and S4B).
These findings suggest that cMAF deletion in CD163* BAMs im-
pairs CSF circulation within the CSF-filled subarachnoid space,
where BAMs are abundant, while interstitial fluid dynamics in
the brain parenchyma remain unaffected.

cMAF deletion in CD163* BAMs disrupts CBF dynamics
Next, we asked whether cMAF deletion in CD163* BAMs could
impact CNS hemodynamics. To test this, we performed cerebral
blood flow (CBF) analysis using multi-parametric photoacoustic
microscopy (PAM) of brain blood vessels. Mice underwent a
30-min PAM scan under steady-state conditions while breathing
room air, followed by a second 30-min scan under hypercapnic
conditions (10% CO,) to induce brain hyperemia (Figure 4G).
Remarkably, while Maf”" control mice exhibited a significant in-
crease in CBF and dilation of meningeal arteries in response to
hypercapnia, Maf’": Cre mice showed no detectable changes
(Figures 4H and 4l). Because Crybb1-Cre recombines both MG
and CD163* BAMs, we generated Maf”": Pf4-Cre mice to specif-
ically target BAMs*® and assessed CBF by comparing Maf”":
Pf4-Cre and Maf”" control mice using the same experimental
paradigm described above (Figure S4C). Consistently, Maf”":
Pf4-Cre mice exhibited a marked phenotypic conversion in
BAMs and an impaired hemodynamic response to hypercapnia
compared with littermate controls (Figures S4D and S4E). These
findings indicate that molecular perturbation of CD163* BAMs
disrupts the physiological mechanisms underlying cerebrovas-
cular regulation. Despite the observed phenotype, intravenous
injection of NHS-biotin revealed no defects in blood-brain barrier
(BBB) integrity in cMAF-deficient mice (Figures S4F and S4G).
Collectively, these results indicate that the absence of a physio-
logical CD163* BAM population disrupts both CSF and CBF
dynamics. However, consistent with previous reports,*” BAM
perturbation under steady-state conditions does not affect
BBB permeability.

cMAF deletion in CD163* BAMs impairs molecular
crosstalk with brain arteries

Having established that cMAF deletion disrupts the phenotype of
CD163" BAMs and affects CSF flow and cerebrovascular re-
sponses to hypercapnia, we assessed potential cell-extrinsic ef-
fects on the neurovascular unit. To this end, we performed
scRNA-seq on CD45~ cells sorted from the brain cortex of Maf”"

Cell

control and Maf”": Cre mice (Figure S5A). After quality control
and unsupervised clustering, we identified distinct clusters cor-
responding to endothelial cells (FIt1, Cdh5, Ly6c1, and Pecam1),
neuroblasts (Nav3, Map2, Sox11, and Dcx), pericytes (Vtn, Rgs5,
and Pdgfrb), vascular smooth muscle cells (vSMCs; Acta2,
Myh11, and Tagln), astrocytes (Slc1a2, Slc1a3, and Gpc5), oligo-
dendrocytes (Plp1, Mbp, and Mag), and a small fraction of fibro-
blasts (Slc4a10, Ptgds, and Mgp) and ependymal cells (Ttr,
Enpp2, and Ncam1) (Figure S5B).

We then re-clustered the vascular cells (endothelial cells, peri-
cytes, and vSMCs) to better explore phenotypic changes within
this compartment (Figure 5A). This analysis resolved endothelial
cell populations corresponding to arteries (Vegfc, Mgp, Glul,
Gkn3, and Bmx), veins (VWwf, Vcam1, Ill1r1, Icam1, and Cfh),
and capillaries (Tfrc, Spock2, Sic7ab, Cxcl12, and Car4), while
those corresponding to arterioles and venules exhibited
an intermediate phenotype among these endothelial cell types
(Figure 5B). The overall frequency of these populations remained
unchanged between genotypes (Figure 5C). However, several
DEGs were identified, particularly in arterial endothelial cells,
which exhibited both upregulated and downregulated tran-
scripts (Figure 5D).

Given that perivascular macrophages are predominantly local-
ized in the arterial perivascular space®® and that brain arteries
regulate both CBF and CSF flow,"®*° we focused our down-
stream analysis on this cell population. Differential expression
analysis in pseudo-bulk revealed that several key genes involved
in vascular functions were downregulated in Maf”: Cre mice,
including constituents of the vascular ECM (Eln, Col5a2, Mgp,
and Fbin5), metalloproteinase inhibitors (Timp2), and enzymes
regulating vasodilation (Ptgis). Conversely, negative regulators
of eNOS (Nostrin) and plasminogen activators (Plaur) were upre-
gulated (Figure 5E). Consistently, differential pathway analysis in
arteries using both Gene Ontology (GO) term enrichment anal-
ysis and gene set enrichment analysis (GSEA) revealed a signif-
icant downregulation of pathways related to ECM production
or assembly and elastic fiber formation in Maf”": Cre mice
(Figures S5C and S5D).

Next, we analyzed the CellChat ligand-receptor network be-
tween BAMs and vascular cells and found that several interac-
tions between CD163* BAM ligands and arterial receptors
were lost in Maf”": Cre mice (Figure 5F). Among these, the
GAS6 to MERTK and IGF1 to IGF1R ligand-receptor pairs
emerged as the most significantly affected. Further comparison
of MHCII" and CD163" ligand signaling to arteries confirmed that
these networks were enriched in CD163* BAMs (Figure 5G).
Consistently, a population of Gas6-Igf1 double-positive BAMs
was present in Maf’" but not in Maf”": Cre mice (Figure 5H). To
further validate these findings, we employed NicheNet, an alter-
native computational framework for analyzing intercellular
communication across cell types. Consistently, this analysis
confirmed that the GAS6- and IGF1-dependent signaling

(H) Frequency of Maf’* and Maf”": Cre cells in each BAM cluster.

(I) Scatterplot and heatmap displaying the DEGs in the MHCII* BAM cluster between genotypes (log,(fold-change) > 1 or < —1, p < 0.01).
(J) Dot plot and violin plots of selected DEGs in the MHCII* BAM cluster between genotypes.

See also Figure S3.
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pathways were specifically enriched in CD163* BAMs
(Figures S5E and S5F). Presence of Igf1 RNA in brain perivascu-
lar macrophages (corresponding to CD163* BAMs) was
confirmed in situ by RNAscope (Figure S5G). Furthermore, evi-
dence of cMAF binding at both Gas6 and Igf1 promoters in
CD163" BAMs and BMDMs (assessed by CUT&RUN and
ChIP-seq, respectively) was consistent with a direct role of
cMAF in the transcription of these genes (Figure 5I). To confirm
the functional relevance of IGF1 and GAS6 in endothelial cells,
we cultured primary aortic endothelial cells or sorted brain endo-
thelial cells (BECs) with these factors and performed bulk RNA-
seq (Figure S5H). Stimulation with IGF1 and GAS6 induced upre-
gulation of several genes involved in blood pressure regulation,
ECM production, and vascular dynamics (Figure S5I). These
transcriptional changes resulted in enrichment of pathways
related to cholesterol and lipid metabolism, vasculature devel-
opment, angiogenesis, ECM organization, vSMC cell prolifera-
tion, and circulatory system regulation (Figures S5J and S5K).

Finally, we directly demonstrated that IGF1 derived from
CD163* BAMs is required to sustain cerebrovascular function
using two independent approaches. First, we sorted BECs
from Maf”: Cre and Maf”" littermate mice and performed western
blot analysis for phospho-IGF1R. Our results showed a reduc-
tion in IGF1R phosphorylation at both autophosphorylation and
signaling tyrosine residues (Tyr1135 and Tyr980, respectively)
in BECs from Maf”": Cre mice (Figure 5J). These data suggest
that BECs exhibit reduced IGF1R dimerization (likely due to
lower ligand availability) and impaired IGF1R signaling when
cMAF is deleted in CD163* BAMs. Second, we generated Igf1”":
Crybb1-Cre (Igf1™: Cre) mice to delete IGF1 in brain macro-
phages and assessed CBF dynamics using the same experi-
mental paradigm as that used in Maf”: Cre mice (Figure 5K).
Our analysis confirmed that IGF1 deletion in CD163" BAMs is
sufficient to impair CBF regulation and arterial dilation during hy-
percapnia, thereby recapitulating the phenotype observed in
Maf”: Cre mice (Figure 5L). These data demonstrate that
CD163" BAMs critically modulate BEC function through a
cMAF-dependent transcriptional program encompassing IGF1
production.

cMAF is a key TF in human CD163* BAMs
To assess the TF repertoire in human brain macrophages, we
merged and harmonized multiple publicly available single-nucleus

Cell

RNA sequencing (snRNA-seq) datasets of the human brain,**>*

retaining only data from healthy subjects. This approach enabled
the identification of all major brain cell populations (Figure S6A),
including neurons, oligodendrocytes, astrocytes, endothelial cells,
mural cells (pericytes and vSMCs), and macrophages, which were
subsequently re-clustered separately. Consistent with our findings
in mice, we identified three major brain macrophage populations:
MG, HLA-DR* BAMs, and CD163* BAMs (Figure 6A). These pop-
ulations exhibited conserved expression of marker genes
(Figure 6B). For instance, human MG were enriched for NAV3,
P2RY12, and CX3CR1 and HLA-DR* BAMs for SPP1, HIF1A,
and CD83, while CD163* BAMs expressed high levels of F13A17,
MRC1, and LYVET (Figure 6C). Notably, MAF expression was pri-
marily enriched in CD163* BAMs and positively correlated with the
CD163* signature genes (Figures 6D and 6E). To further investigate
transcriptional regulation in these populations, we applied single-
cell regulatory network inference and clustering (SCENIC), an algo-
rithm that identifies gene regulatory networks (or regulons) across
celltypes and states. This analysis revealed several TFs with differ-
ential activity between MG, HLA-DR* BAMs, and CD163* BAMs.
Remarkably, MAF emerged as the most enriched TF in CD163*
BAMs, suggesting that the cMAF-dependent transcriptional pro-
gram in these cells is evolutionarily conserved (Figures 6F and
6G). High expression of cMAF in CD163" brain perivascular mac-
rophages was validated by immunohistochemistry and immuno-
fluorescent staining (Figures S6B and S6C). Transcriptional
network analysis further revealed that cMAF directly or indirectly
controls the expression of CD163* signature genes in human
BAMs, such as MRC1, F13A1, COLEC12, and IGF1
(Figure S6D). Finally, we performed CellChat ligand-receptor
network analysis between human BAMs and adult> or fetal®® brain
arteries (Figure S6E). In both cases, IGF1 appeared as a putative
CD163* BAM-derived ligand signaling to IGF1R on arteries, sug-
gesting conservation of this intercellular communication pathway.
To conclude, CD163" BAMs exhibit highly similar phenotypes in
mouse and human, and the cMAF-dependent program appears
conserved across species, suggesting evolutionary selection.

The cMAF program in CD163* BAMs is protective during
AD

Whether BAMs play protective or detrimental roles during neuro-
degeneration and the relationship between the cMAF program
and disease progression remain unknown. To address this

Figure 4. CD163* BAMs reprogramming impairs CSF and CBF

(A) Cartoon and stereomicroscope images illustrating the experimental design for CSF flow analysis.

(B) icm injected OVA-647 fluorescent signal fold-change over the 1-h imaging period (n = 8-10 mice per genotype, 8-12 weeks old; multiple Mann-Whitney U
tests, mean + SEM; three independent experiments).

(C) Area under the curve of the plot in (B) (n = 8-10 mice per genotype, 8-12 weeks old; Mann-Whitney U test, mean + SEM; three independent experiments).
(D) Representative images of OVA-647 along the MCA perivascular space during the first 10 min post-injection comparing Maf”f and Maf”": Cre littermate mice.
(E) Representative images of OVA-647 influx into the brain parenchyma comparing Maf” and Maf”": Cre littermate mice.

(F) Quantification of OVA-647 influx into the brain parenchyma comparing Maf”* and Maf”': Cre littermate mice (n = 10 mice per genotype, 8-12 weeks old,
average of eight images per mouse; Mann-Whitney U test, mean + SEM; three independent experiments).

(G) Cartoon illustrating the PAM experimental paradigm.

(H) Quantification of blood flow speed before and after hypercapnia (two-way ANOVA and Sidak’s multiple comparisons test), percentage CBF change (two-way
ANOVA and Sidak’s multiple comparisons test, mean + SEM) and artery diameter change (Mann-Whitney U test, mean = SEM), comparing Maf’* and Maf”": Cre
littermate mice (n = 8-9 mice per genotype, 8 weeks old; three independent experiments).

(I) Representative PAM images of meningeal blood vessels at baseline and after hypercapnia.

See also Figure S4.
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knowledge gap, we analyzed brain snRNA-seq data from AD pa-
tients and control subjects.®® After re-clustering macrophages,
we resolved MG and CD163* BAMs (Figure 7A). Focusing on
CD163" BAMs, SCENIC identified cMAF as one of the top
enriched regulons in AD patients compared with controls
(Figure 7B), with cMAF regulon activity increasing along disease
progression (Figure S7A). Alongside MAF expression, CD163"*
BAMs upregulated angiocrine factors such as platelet-derived
growth factor-C (PDGFC) and IGF1 during disease, whereas
NAMPT (an angiogenic and pro-inflammatory enzyme also
known as visfatin®’) was downregulated (Figure S7B). The
APOEA4 allele is a major genetic risk factor for AD. Interestingly,
MAF and IGF1 expression in CD163* BAMs positively correlated
with amyloid-p load in APOE3 homozygous subjects, but this
correlation was lost in APOE4 carriers. Little or no positive corre-
lation was observed in MG regardless of the APOE genotype
(Figure 7C).

Moreover, we observed a significant enrichment of pathways
regulating angiogenesis and vascular dynamics in arteries from
AD patients compared with controls. These pathways largely
overlapped with those enriched in arteries from Maf”" mice but
not those from Maf”": Cre mice lacking the cMAF program
(Figure 7D). Consistently, among the top 30 pathways enriched
in AD arteries, 13.3% were shared with arteries from Maf”"
mice but none with Maf”’: Cre mice (Figure 7E). In line with
this, AD arteries upregulated ECM-regulating genes (such as
elastin, FBLN5, MGP, and collagens), many of which were down-
regulated in arteries from Maf”": Cre mice (Figure 7F). Supporting
these findings, CellChat analysis revealed increased vascular
endothelial growth factor-B (VEGFB), IGF1, and PDGFC
signaling between BAMs and arterial or mural cells in AD patients
(Figure 7G). Furthermore, MAF expression in CD163" BAMs and
ELN expression in arteries were significantly correlated in
APOES3, but not in APOE4 patients (Figure S7C), suggesting
that cMAF activity in BAMs is linked to increased ECM produc-
tion in arteries. The presence of CD163* BAMs expressing
cMAF in the perivascular spaces with amyloid-p pathology was
confirmed by immunofluorescence (Figure S7D), and the number
of these cells was positively correlated with the severity of cere-
bral amyloid angiopathy (CAA) (Figure S7E). These results indi-
cate that, during AD progression, CD163* BAMs upregulate
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the cMAF program and enhance the expression of angiocrine li-
gands, thereby strengthening communication between BAMs
and the vascular compartment. However, this response is blunt-
ed in APOE4 carriers, who are more prone to vascular
damage.®®°°

Finally, we investigated polymorphisms in the MAF locus
associated with AD and assessed potential causal relationships
between MAF expression levels and AD risk. Recent genome-
wide association studies (GWASs) identified a SNP located
~19 kb downstream of the MAF 3’ end (rs450674) that is signif-
icantly associated with AD and neuritic plaques.®®®" Colocaliza-
tion analysis revealed a significant shared association between
genetic regulation of MAF expression and AD risk at rs450674
in two independent databases (Bellenguez et al.?® and
MetaBrain EUR) (Figures 7H and S7F). Consistently, the SNP’s
minor allele (C<T) showed a positive additive effect on MAF
expression in the total RNA from the cerebral cortex (Figure 71).
Mendelian randomization (MR) analysis revealed a significant
negative association between the effect of the SNP on MAF
expression and AD risk (Figure 7J), suggesting that increased
MAF expression may confer protection against AD. To determine
whether the SNP at rs450674 affects MAF expression in brain
macrophages, we analyzed human brain snRNA-seq data linked
to whole-genome sequencing from 437 individuals®® (Figure 7K).
After resolving MG and CD163* BAMs, we assessed the relation-
ship between rs450674 genotype and MAF RNA levels and
found that individuals homozygous for the C/C genotype exhibit
approximately 15% higher MAF expression in both CD163*
BAMs and MG compared with reference variant individuals
(T/T) (Figure 7L). Furthermore, CD163* BAMs with C/C genotype
exhibited more than a 65% increase in IGF1 expression
compared with T/T BAMs (Figure S7G). These data indicate
that carriers of the SNP at the MAF locus exhibit increased
expression of MAF as well as cMAF-dependent genes in
CD163* BAMs and are associated with reduced AD risk. Anal-
ysis of human scATAC-seq and bulk H3K27Ac ChlP-seq data-
sets®*®* further confirmed that this SNP lies immediately adja-
cent to an ATAC peak in BAMs that is linked to the MAF
promoter (Figure S7H), within a region showing histone acetyla-
tion in brain myeloid cells but not in neurons, oligodendrocytes,
or astrocytes (Figure S7l). These data suggest that the SNP

Figure 5. cMAF regulates the crosstalk between CD163* BAMs and brain arteries
(A) scRNA-seq of the brain vascular compartment (n = 2 mice per genotype, 8 weeks old).

(B) Ridge plots of selected marker genes for each cell cluster.

(C) scRNA-seq dataset split by genotype and frequency of Maf”" and Maf”": Cre cells in each cluster.

(D) Scatterplots showing the DEGs between genotypes in each cluster.

(E) Heatmap of the DEGs (DESeq?2 adj.p < 0.05) in arteries between genotypes. Expression levels of selected genes are shown by violin plot.
(F) CellChat dot plot of the downregulated ligand-receptor pairs in Maf”": Cre mice (BAMs = sender; vascular cells = receiver).
(G) CellChat chord plot of putative signaling interactions from MHCII* and CD163* BAM cells to arteries.

(H) Contour plot of Igf1 and Gas6 expression in BAMs comparing genotypes.

() cMAF binding peaks at the Gas6 and Igf1 promoters in BAMs compared with MG (CUT&RUN) or BMDMs (ChlP-seq).
(J) Western blot for two distinct phospho-IGF1R residues in BECs sorted from Maf”" and Maf”": Cre littermate mice (representative of two independent

experiments).

(K) Cartoon illustrating the Igf1 conditional deletion strategy and representative PAM images of meningeal blood vessels at baseline and after hypercapnia.
(L) Quantification of blood flow speed before and after hypercapnia (two-way ANOVA and Sidak’s multiple comparisons test), percentage CBF change (two-way
ANOVA and Sidak’s multiple comparisons test, mean + SEM) and artery diameter change (Mann-Whitney U test, mean + SEM), comparing Igf1”* and Igf1”": Cre
littermate mice (n = 5-9 mice per genotype, 4-5 months old; three independent experiments).

See also Figure S5.
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Figure 6. The cMAF transcriptional program is conserved in human CD163* BAMs

(A) Aggregated snRNA-seq data of human brain macrophages colored by cluster assignment.

(B) Visualization of gene expression in single cells for selected signature macrophage genes.

(C) Dot plot of gene expression for three selected marker genes for each macrophage population.
(D) Visualization of MAF expression in single cells by feature map (left) and violin plot (right).

(E) Pearson correlation of MG and CD163* BAM marker genes within single cells.

(F) Dot plot of the top 10 SCENIC regulons enriched in each human macrophage cluster.

(G) Visualization of SCENIC regulon enrichment in single cells.

See also Figure S6.
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resides within a distal MAF regulatory element that is predomi-
nantly active in BAMs. Furthermore, we found that the SNP
maps within a binding motif for the zinc-finger transcriptional
activator Zscan29 (encoded by Zfp690), and the minor allele in-
creases the predicted binding affinity compared with the refer-
ence variant (Figure S7I). Therefore, we propose that the SNP
at rs450674 increases MAF transcription by augmenting the
transcriptional activity of a cis-regulatory element at the MAF
3’ end.

Lastly, we sought to determine whether the impairment of the
cMAF-dependent angiogenic program in the presence of APOE4
is conserved across species. We therefore performed scRNA-
seq of brain macrophages from 8-month-old APOE3 and
APOE4 knockin mice (Figure S7J) and focused on CD163*
BAMs (Figure S7K). Differential expression analysis revealed
that several genes linked to communication with endothelial cells
are downregulated in the presence of APOE4, including /gf1,
Pdgfc, and Tfrc (Figures S7L and S7M). These transcriptomic
changes were also associated with the downregulation of multi-
ple biological pathways involved in lipid transport, immune re-
sponses, oxidative stress, and regulation of the circulatory sys-
tem (Figure S7N). Although further studies are required to
better understand the underlying mechanisms, our data suggest
that APOE4 negatively impacts the ability of CD163* BAMs to
communicate with the brain vasculature. Taken together, these
findings suggest that enhancement of cMAF expression in peri-
vascular macrophages confers protection against AD, whereas
APOEA4, a major risk factor for AD, impairs the cMAF transcrip-
tional program in these cells.

DISCUSSION

Recent studies have highlighted the importance of perivascular
macrophages (here identified as CD163* BAMs) in regulating
CSF and blood flow dynamics within the CNS.*>®° However,
the transcriptional mechanisms controlling their identity and
functions are poorly understood. Our findings show that cMAF
drives a transcriptional program that endows perivascular mac-
rophages with vascular-supporting properties, with IGF1
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emerging as a central mediator. In the absence of cMAF, peri-
vascular macrophages undergo phenotypic reprogramming
and lose IGF1 expression. Although IGF1 promotes angiogen-
esis in cancer and stroke,®®°” here we propose that perivascular
macrophage-derived IGF1 supports vascular function through
direct signaling to endothelial cells®® and likely other compo-
nents of the neurovascular unit, including vSMCs.®® Consis-
tently, mice with cMAF deletion in perivascular macrophages
exhibit defective CSF flow and impaired cerebrovascular re-
sponses to hypercapnia. This is consistent with a previous report
that macrophage-derived IGF1 protects cardiomyocytes in hy-
pertension.”® A recent study in IL34-deficient mice harboring
fewer perivascular macrophages showed increased CBF under
steady-state conditions.®® In our model, cMAF-deficient mice
exhibit impaired hemodynamic adaptation to hypercapnia and
no CBF changes at baseline. This discrepancy may arise from
phenotypic reprogramming rather than depletion of perivascular
macrophages. Additionally, Maf complete KO embryos are MG-
deficient due to impaired differentiation of yolk sac myeloid pro-
genitors,”" while our conditional KO system, which spares yolk
sac progenitors,”” shows modest changes in MG.

A population of CD206*LYVE1*MHCII™ macrophages associ-
ated with blood vessels has been identified across multiple tis-
sues®*">7’®; however, given the phenotypic heterogeneity of
endothelial cells across organs,’® whether their phenotype
and functions are strictly conserved among compartments re-
mains unclear. Indeed, cMAF-deficient macrophages increase
vascular branching in adipose tissue,”” a phenotype not
observed in the CNS. Thus, cMAF regulates perivascular macro-
phage identity, but its downstream effects are likely shaped by
the local microenvironment. Beyond IGF1, the cMAF program
may protect the brain vasculature through additional mecha-
nisms, such as GAS6, which has been shown to maintain
vascular integrity and eNOS expression in endothelial cells,”®
or PDGF-C, which regulates BBB permeability’® and shapes
vSMC development.®°

The phenotype of perivascular macrophages is highly
conserved between mouse and human,®' and we also demon-
strate that the cMAF program is maintained between species.

Figure 7. CD163* BAMs enhance the cMAF program and vascular crosstalk in AD

(A) snRNA-seq data of human brain macrophages from AD and control subjects colored by Log, gene expression ratios of MG and BAM genes.

(B) Dot plot of the top 15 SCENIC regulons enriched in AD versus control subjects within CD163* BAMSs.

(C) Correlation between MAF or IGF1 average gene expression and amyloid pathology score, split by APOE genotype and cell type.

(D) Radar chart showing GO terms enriched in arteries from AD patients, and comparative enrichment in arteries from Maf”" and Maf”’: Cre mice. GO terms
computed from DEGs enriched in arteries from AD versus control subjects or enriched in arteries from Maf”’ versus Maf”": Cre mice.

E) Venn diagram of the top 30 GO terms in AD arteries compared with GO terms in arteries from Maf”* or Maf”’": Cre mice.

F) Heatmap of differential ECM-modulating genes in arteries from AD and control subjects.

H) Local plots of the rs450674 locus from two different AD cohorts. Each point represents a variant, with color representing the R2 to the index SNP rs450674

purple).

(
(
(G) CellChat dot plot of the differential ligand-receptor pairs comparing AD and control subjects (BAMs = sender; vascular cells = receiver).
(
(i
(

1) Violin plot showing MAF expression in the cerebral cortex from individuals with each genotype: reference variant (TT), heterozygous (CT), and minor allele

homozygous (CC).

(J) MR scatterplot for MAF expression and AD risk (red line represents the MR estimate). Each point is a variant with significant MAF expression quantitative trait

locus (eQTL; p < 5e-3) and not in linkage disequilibrium (R? < 0.001).

(K) Cartoon describing the human snRNA-seq dataset from Fuijita et al.®? (

whole-genome sequencing [WGS]).

(L) snRNA-seq of human brain macrophages colored by cluster assignment (top). Violin plots showing MAF expression in MG or CD163* BAMs from individuals
with each genotype. The numbers above the violin plots represent the percent change in mean MAF expression compared with the TT genotype.

See also Figure S7.
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We provide several lines of evidence supporting the protective
role of cMAF in AD. A recent GWAS identified a SNP
(rs450674) near the MAF 3' linked to reduced AD risk.®® We
show that this SNP lies within a transcriptionally active regulatory
region in perivascular macrophages and is associated with
increased cMAF and IGF1 expression. Moreover, cMAF and
IGF1 are upregulated in perivascular macrophages in AD and
positively correlate with amyloid pathology. Importantly, this
response is blunted in APOE4 carriers, who are more vulnerable
to CAA and vascular damage.”® Consistently, perivascular mac-
rophages in APOE4 knockin mice downregulate angiocrine mol-
ecules, including IGF1, indicating that the APOE genotype
directly affects their functions. Indeed, a recent report shows
that perivascular macrophages promote vascular damage in
the presence of APOE4.%? Vascular cells are profoundly affected
in AD,*>%% yet how this contributes to neurodegeneration
remains an open question.®* It also remains unclear what
drives cMAF upregulation during disease. One candidate mole-
cule is the blood-derived complement C3, which induces cMAF
in macrophages,®® and hence could link BBB leakage and
the protective cMAF response. Notably, cMAF mutations
cause the Down-like neurodevelopmental disorder Aymé-Gripp
syndrome,®® raising the question of whether cerebrovascular
impairment contributes to this condition.

In conclusion, our findings identify cMAF as a central regulator
of a conserved perivascular macrophage program that safe-
guards CNS vascular function and fluid dynamics. Thus, the
cMAF pathway emerges as a potential therapeutic target to
enhance neurovascular resilience in AD.

Limitations of the study

Because cMAF deletion induces detectable changes in MG, their
contribution to the observed vascular phenotype cannot be
formally excluded. Ultrastructural analysis of the perivascular
compartment is needed to resolve structural alterations within
the neurovascular unit. Our cerebrovascular analyses are limited
to the hypercapnia paradigm; whether cMAF influences re-
sponses to other stimuli remains to be tested. Finally, the impact
of the rs450674 and APOE variants on BAMs versus MG,
including potential sex-dependent effects, requires further
investigation.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Marco Colonna (mcolonna@mgh.harvard.edu).

Materials availability

The mouse lines used in this study are publicly available through The Jackson
Laboratory, with the exception of the Maf’®/"°* strain, which was provided by
Dr. Jun Yan (University of Louisville School of Medicine) under a materials
transfer agreement (MTA).

Data and code availability

Sequencing data generated in this study have been deposited at the Gene
Expression Omnibus (GEO) under accession number GEO: GSE298940 and
are publicly available as of the date of publication. Key scripts used for data
analyses can be found at https://github.com/juliabelk/brioschi_2023.
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Mouse single-cell RNA sequencing data (analysis)
c-MAF and SMAD4 ChlIP-seq (analysis)
cMAF CUT&RUN in microglia and BAMs (analysis)
Human single-nuclei RNA sequencing data (analysis)
Genetic analysis of the MAF polymorphism
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models

All the animals used in this study were of C57BL/6J background and housed under specific pathogen-free conditions at the Wash-
ington University School of Medicine animal facility. The Maf’®*/"°* strain“? was generated and provided by Dr. Jun Yan (University of
Louisville School of Medicine) and carries LoxP sites flanking Maf exon 1. These mice were intercrossed with the Crybb1-iCre line®?
generated in the Marco Colonna laboratory (JAX:038436) or with Pf4-iCre mice®’ (JAX:008535). Igf17¥/oX mice®® (JAX:016831) were
intercrossed with the Crybb1-iCre line. These studies included both male and female mice, with both sexes equally distributed across
experimental groups. Mice with conditional deletion of Maf or Igf1 did not exhibit appreciable sex-dependent differences in the phe-
notypes examined. APOE3 and APOE4 knock-in female mice®® (JAX:029018 and JAX:027894) were purchased from Jackson lab-
oratory and co-housed until analysis. As only female mice were used for this strain, sex-dependent effects could not be assessed.
The age of the mice at the time of analysis is reported in the figure legends. All experiments involving laboratory animals were per-
formed with the approval of the Institutional Animal Care and Use Committee at Washington University in St. Louis.

Human brain samples

Autopsy brain specimens were obtained from the Mayo Clinic Alzheimer’s Disease Research Center (ADRC) brain bank based on
neuropathologic diagnoses with appropriate IRB approval (Mayo Clinic IRB 21-001463). Cases were selected and reviewed for
AD neuropathologic change (ADNC), including Thal phase, Braak Stage, and CERAD score (Table S1). Grading for cerebral amyloid
angiopathy was performed according to NACC criteria by a board-certified neuropathologist (O=none, 1=mild, 2=moderate, 3=se-
vere). Ultimately, twenty-three cases were selected based upon an admixture CAA score and ADNC level, with relative balance of
and consideration for age, sex, and APOE genotype. No significant differences were observed between male and female donors
in the histological analyses of perivascular macrophages.

Primary cell cultures (bone marrow derived macrophages, BMDM)

C57BL/6J bone marrow cells were collected from femurs and tibias crushed in a mortar, filtered through a 70 um strainer in 50 ml PBS
and centrifuged 450 x g for 5 minutes. Cell pellets underwent RBC lysis, before being filtered and centrifuged as before. For BMDM
differentiation, cells were cultured in IMDM medium supplemented with 20% FBS, 10% L929-conditioned medium containing
M-CSF, 2mM L-glutamine, 5mM 2-mercaptoethanol and antibiotics (penicillin G 100 U/ml and streptomycin sulfate 100 U/ml). After
6 days of culture, BMDMs were collected.

Primary cell cultures (endothelial cells)
Primary aortic endothelial cell cultures were prepared as previously described, with minor modifications.?® Briefly, 3-month-old
C57BL/6 mice were anesthetized with a ketamine/xylazine injection and perfused via the left ventricle with 1ml of room-temperature
PBS containing heparin (1,000 U/ml), immediately followed by perfusion with 5ml of ice-cold PBS to remove residual blood cells. The
thoracic aorta was dissected using micro-dissection tools and transferred to a Petri dish containing ice-cold PBS. Residual adipose
tissue was carefully removed with surgical forceps, and the aorta was cut into 3-4 segments of approximately 1 cm each. Segments
were then opened longitudinally using micro scissors and placed lumen-side down in a 6-well plate pre-coated with Matrigel (Corn-
ing). The aorta segments were immediately incubated at 37°C with 5% CO2 in 200ul of Endothelial Cell Medium (Cell Biologics,
M1168), prepared according to the manufacturer’s instructions. After 4 hours, 2ml of additional medium was added to each well. After
4-5 days, the sections were carefully removed from the Matrigel, and adherent endothelial cells were left expanding for an additional
4-5 days. Cells were then dissociated from the Matrigel using Cell Recovery Solution (Corning), re-plated in a 24-well plate coated
with 0.1% gelatin and expanded for 2 days, as described above.

Primary brain endothelial cells (BEC) were prepared from 6-week-old C57BL/6 mice as described in the “sample preparation for
flow cytometry and sorting” section. Brain cell pellets were stained with CD45-AlexaFluor 647 (1:200), CD31-PE (1:100), and
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Ly6C-APCCy7 (1:200) for 30 minutes on ice (antibody details on the key resources table). DAPI was used for live/dead cells discrim-
ination. The DAPI~CD45 CD31*Ly6C* population was sorted on FACS Aria-lll (BD Bioscience) using a 100 pm nozzle. Approxi-
mately 600,000 cells per sample were sorted (two brains were pooled for each sample). BECs were collected into Endothelial Cell
Medium (Cell Biologics, M1168), plated onto a Matrigel-coated 24-well plate and expanded for 12 days in Endothelial Cell Medium.
Matrigel was removed using Cell Recovery Solution (Corning) prior to RNA extraction.

On the day of the experiment, aortic endothelial cells or BEC were incubated in serum-free medium for 2 hours prior to stimulation
with recombinant mouse GAS6 (250 ng/mL; R&D Systems) and recombinant mouse IGF1 (200 ng/mL; PeproTech), or PBS as a con-
trol. After 6 hours stimulation, the medium was removed, and wells were washed with PBS. Cells were lysed in 450l of lysis buffer for
RNA extraction. The lysate was mixed by pipetting and briefly shaken for 1 minute at room temperature. Lysates were collected, and
RNA was purified using the RNeasy Micro Kit (Qiagen), following the manufacturer’s protocol. Purified RNA was stored at —80°C until
analysis.

METHOD DETAILS

Sample preparation for flow cytometry and sorting

Unless otherwise specified, the entire sample preparation was carried out on ice or at 4°C. Mice received a lethal dose of the
Ketamine/Xylazine cocktail by intraperitoneal (ip.) injection. After the loss of the paw-pinch reflex, mice were transcardially perfused
with 20 ml of ice-cold phosphate-buffered saline (PBS, Corning). Cortices were dissected and transferred into a dounce homogenizer
with cold Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 0.5% Bovine Serum Albumin (BSA, Rockland) and
2.5 mM EDTA (Corning). After homogenization the cell suspension was filtered through a 70pm strainer and pellets were resuspended
in 30% isotonic percoll (GE Healthcare). Myelin was depleted by centrifugation at 800g for 20 minutes. The cell pellets were then
stained for flow cytometry analysis or sorting.

For flow cytometry analyses, single-cell suspensions underwent live/dead staining (LIVE/DEAD Fixable Aqua, Thermo Fisher) at a
1:1000 dilution in PBS for 30 minutes, followed by Fc-receptor blocking (clone 2.4G2, made in-house from HB-197 hybridoma cells).
Surface staining was performed for 30 minutes to 1 hour (antibody details on the key resources table). Flow cytometry analysis was
conducted on Symphony A3 (BD Bioscience). Raw data were analyzed with FlowJo v10. To sort brain macrophages in adult mice,
cells were stained with CD45-PE (1:200), CD11b-APC (1:100), and lineage exclusion mix (Ly6C-FITC 1:200, Ly6G-FITC 1:200, CD43-
FITC 1:100, CD44-FITC 1:100, NKp46-FITC 1:100) for 30 minutes. To sort brain macrophages in PO pups, cells were stained with
CD45-AlexaFluor-674 (1:100), CD11b-APCCy7 (1:100), F4/80-PE (1:50), CD206-PECy7 (1:50), MHCII-BV650 (1:400) and lineage
exclusion mix (Ly6C-FITC 1:200, Ly6G-FITC 1:200, CD43-FITC 1:100, NKp46-FITC 1:100) for 30 minutes. For live/dead discrimina-
tion, a 1 mg/ml of DAPI (4',6-diamidino-2-phenylindole, Sigma) at 1:5000 final dilution was added to the sample immediately prior to
sorting. Sorting was performed on FACS Aria-lll (BD Bioscience) using a default 85um nozzle, and macrophages were collected into a
1.5ml Eppendorf tube containing PBS + 0.4% UltraPure BSA (Thermo Fisher) + 1U/ul of Recombinant RNasin Ribonuclease Inhibitor
(Promega).

To sort brain blood vessels, cortices were homogenized with GentleMACS tissue dissociator (Mylteni Biotech) in prewarmed
DMEM supplemented with 2% Bovine Calf Serum (BCS, HyClone), 25pg/ml Liberase DL, 100pg/ml Dispase, 0.5mg/ml Papain,
10pg/ml DNase-I (all enzymes from Sigma) for 30 minutes at 37°C. After homogenization the cell suspension was filtered through
a 70 pm strainer and myelin depletion was performed in 30% isotonic percoll at 800g for 20 minutes at 4°C. Cell pellets were stained
with Fc block, CD45-PE (1:200), CD31-AlexaFluor-647 (1:100), and Ly6C-APCCy7 (1:200) for 30 minutes on ice (antibody details on
the key resources table). DAPI was used for live/dead staining as described above. The CD45 DAPI™ double-negative population
was sorted on FACS Aria-lll (BD Bioscience) using a 100pm nozzle. Cells were collected into a 1.5ml Eppendorf tube containing
PBS + 0.4% UltraPure BSA (Thermo Fisher) + 1U/ul of Recombinant RNasin Ribonuclease Inhibitor (Promega). With this isolation
protocol, we confirmed that the CD31*Ly6C™ cells (endothelial) account for approximately 70% of the total CD45 DAPI~ population.

Cerebrospinal fluid circulation and glymphatic flow
Mice were anesthetized by ip. injection of 100 mg/kg ketamine and 10 mg/kg xylazine. The fur was shaved from the neck and head
and the mice were immobilized in a stereotaxic device. Skin and muscles on the posterior side of the neck were incised to expose the
cisterna magna. A 3l tracer solution containing 1.5ul OVA-AlexaFlur-647 (4 mg/ml stock, Thermo Fisher) and 1.5ul Dextran-
AlexaFluor-488 10kDa (1 mg/ml stock, Thermo Fisher) diluted in aCSF were injected intra-cisterna magna (i.c.m) using a
33-gauge Hamilton syringe at approximately 3ul/minute. The syringe was left in place for 1 minute after injection to prevent backflow.
CSF flow analysis was performed as previously described.*® Briefly, the temporal skull bone was surgically exposed, and intravital
imaging of the MCA was performed under a stereomicroscope (Leica, M205 FA) at 4 frames/minute for one hour. Mice were then
perfused with ice-cold PBS prior tissue collection. Brain and deep cervical lymph nodes (dCLN) were harvested and fixed in 4%
PFA for post-mortem analyses. Imaging of brain and dCLN cryosections sections was performed using a VS200-S6 slide scanner
(Olympus) with a 10x/NA0.4 objective.

Intra-striatal injection was performed as previously described.*>°" Briefly, mice were anesthetized, shaved and fixed on a stereo-
taxic device as described above. A craniectomy was performed with a surgical drill above the injection site and a 1l tracer solution
containing 0.5ul OVA-AlexaFluor-647 (4 mg/ml) and 0.5ul Dextran-AlexaFluor-488 10kDa (1 mg/ml stock) diluted in aCSF was
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injected at the following Bregma coordinates: AP: +1.5 mm; ML: —1.5 mm; depth: +2.5 mm). Stereotaxic injection was performed at
1pl/minute with a 1.14mm outer diameter glass capillary (World Precision Instruments) mounted on a Nanoliter 2020 injector (World
Precision Instruments). Mice were perfused with ice-cold PBS one hour after injection and brains were fixed in 4% PFA. Fluorescent
images were acquired using a Zeiss Observer Z1 inverted microscope with a plan-Neofluar 20x/NAQ.5 objective (Zeiss), equipped
with a Colibri 7 LED light source (Zeiss) and an ORCA-ER digital camera (Hamamatsu Photonics).

NHS-Biotin injection for BBB permeability analysis
Mice were anaesthetized by isoflurane inhalation and injected retro-orbitally with 5 mg of EZ-Link Sulfo-NHS-LC-Biotin (Thermo
Fisher) freshly dissolved in PBS. Five minutes later, mice were perfused with ice-cold PBS, and brains were harvested and fixed
in 4% PFA for downstream analyses. Fixed brain sections were stained with Alexa Fluor™ 750-conjugated Streptavidin (Thermo
Fisher, 1:500) for 2 hours at room temperature and thoroughly washed prior to mounting. Images were acquired using a VS200-
S6 slide scanner (Olympus) with a 10x/NA0.4 objective.

Immunofluorescence staining

When blood vessels were imaged, mice anesthetized with Ketamine/Xylazine cocktail received a retroorbital injection of 100ul of flu-
orophore conjugated Tomato-Lectin (Vector Laboratories) approximately 5 minutes prior to PBS perfusion. Perfused brains were
fixed in 4% PFA overnight at 4°C, dehydrated in 30% sucrose (Sigma) solution for at least 48 hours, embedded in OCT medium
and frozen at -20°C before being cut into 60 or 100 um-thick sections at the cryostat (Leica). For antibody staining, 60 pm-thick brain
cryosections were blocked for 2 hours at room temperature in PBS with 5% BSA and 0.5% Triton X-100 (Sigma). Primary antibody
staining was performed in free-floating in staining buffer (PBS with 1% BSA and 0.5% Triton X-100) for 48 hours at 4°C. Secondary
staining with fluorochrome-conjugated antibodies and DAPI (Sigma, 1:4000 dilution from a 1 mg/ml stock solution) was carried out at
room temperature for 2 hours (antibody details on the key resources table). For lymphatic and glymphatic flow analyses, 100 pm-thick
brain cryosections (free floating) and 30 pm-thick dCLN cryosections (pre-mounted on slides) were counterstained stained with DAPI
for 15 minutes at room temperature. Immunostained samples were washed 1x10 minutes in PBS + 0.05% Tween 20 (Fluka) and
2x10 minutes in PBS only at room temperature before being mounted on Superfrost glass slides (Thermo Fisher) and embedded
in Prolong Glass anti-fade mounting media (Thermo Fisher) and covered with 1.5H high-precision cover glasses (Marienfeld-
Superior).

Confocal microscope

Confocal imaging was performed using a Zeiss LSM880 Airyscan inverted confocal microscope, equipped with a 10X/NAOQ.6 air
objective, a 20X/NAO0.8 air objective, a 40x/NA1.4 oil-immersion objective and a 63 x/NA1.4 oil-immersion objective and operated
by ZEN Black software (ZEISS Efficient Navigation, Zeiss). Z-stack images were acquired with a at a resolution of 2048 x2048 pixels.
Maximal projections were rendered in Imaris V8.3 (Bitplane, Zurich, Switzerland).

Brain tissue clearing and imaging

Accelerated Deep Adaptable Processing of Tissue for 3-Dimensional Fluorescence Tissue Imaging (ADAPT-3D) was used to achieve
optical transparency and immunolabeling of mouse brains as previously described.*® Briefly, mice were intravenously injected with
100p! of Tomato-Lectin-Dylight488 (Vector Laboratories) and perfused with 20mlice-cold PBS 5 minutes later. Brains were harvested
and immersed in ADAPT-3D fixative overnight followed by decolorization and delipidation of both residual heme and lipids for 3 days.
Immunofluorescent antibody staining was performed for CD206 (Cell Signaling, 1:100) and MHCII (Biolegend, 1:200) in blocking so-
lution for an additional 3 days under mild shaking. Secondary staining with fluorochrome-conjugated antibody was performed over-
night. Finally, tissues were equilibrated in a 1:1 solution of ADAPT-3D Refractive Index Matching Solution (RIM) for 1 hour before im-
mersion in ADAPT-3D RIM. Brains were mounted on Attofluor Cell Chambers filled with ADAPT-3D RIM. Images were acquired using
a seven-laser inverted Leica SP8 microscope, with full spectral hybrid detectors using a 10X NAO.3 objective lens. All image collec-
tion was performed using Leica LAS X software, and analysis was performed using Imaris (Bitplane) v10 software.

Immunohistochemistry and immunofluorescence staining of healthy human brains
Immunohistochemistry and immunofluorescence were performed on 2um-thick formalin-fixed paraffin embedded (FFPE) sections of
human frontal cortex, obtained postmortem from N=4 otherwise healthy subjects without clinical evidence of neuroinflammatory
conditions (archives of ASST Spedali Civili di Brescia). Endogenous peroxidase was blocked by incubation with methanol (Honey-
well) and hydrogen peroxide (AppliChem) 0.03% for 20 minutes during rehydration. Upon antigen retrieval in water bath with EDTA
buffer at pH 8.00, immunostaining was performed using primary antibodies against cMAF (clone EPR16484, Abcam), CD163 (clone
10D6, Thermo Fisher) and CD34 (clone QBENnd/10, Leica) for 1 hour at room temperature. Immunohistochemistry reactions were re-
vealed using Novolink Polymer (Leica) followed by diaminobenzidine (DAB, Dako). Second and third immune reaction were visualized
using Mach 4 MR-AP (Biocare Medical) followed by Vector Blue (Vector, SK-5300) and StayRed/AP (Abcam). Finally, the slides were
counterstained with Meyer’s Haematoxylin (Bio-Optica).

For immunofluorescence staining, FFPE sections were incubated in blocking solutions containing 5% BSA in TBS with 1% Tween-
20. Primary staining was performed for 1 hour at room temperature using CD163, cMAF, CD34 and HLA DP/DR/DQ (clone PdV5.2,
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Santa Cruz Biotechnology) primary antibodies. Secondary staining was performed using Novolink Polymer (Leica) followed by tyr-
amide fluorophore AF488 (Thermo Fisher), CF555, CF647 and CF754 (Biotium). Nuclei were counterstained with DAPI. Sections
were digitized using Axioscan7 (Zeiss) equipped with Hamamatsu Orca Flash 4 at 20x magnification using a Colibri 7 LED light source
with different excitation modules (385nm, 475nm, 567nm and 761nm).

Immunofluorescence staining of AD brains
Sections from dorsolateral prefrontal cortex were sampled and processed in a routine fashion and in accordance with Mayo ADRC
protocol. Formalin-fixed, paraffin-embedded sections were sectioned at 6pm and underwent a deparaffinization and rehydration us-
ing a xylene/decreasing ethanol series. Microwave antigen retrieval was performed (10mM tris base with 1mM EDTA and 0.05%
Tween20) for 15 min at 99°C and underwent cooling for an additional 30 min. Slides were blocked with 4% FBS in TBS and incubated
with primary antibody (rabbit anti-cMAF Abcam, and mouse anti-CD163 Leica) overnight at 4°C. Sections were then incubated with
fluorophore-conjugated secondary antibodies 2 hours at room temperature, followed by staining with a 0.0125% Thioflavin-S
(Sigma-Aldrich) ethanol solution. Finally, slides were mounted with ProLong Gold Antifade media with DAPI (Invitrogen). Images
were acquired using a Revolution EchoScope fluorescence microscope.

For analysis, n=10 leptomeningeal and cortical vessels were selected at random per subject (20X objective, Echoscope), and num-
ber of perivascular macrophages co-expressing CD163 and cMAF were counted per vessel. For statistical analysis, average number
of cMAF* perivascular macrophages per subject was calculated and plotted as a function of CAA severity.

RNA-scope HiPlex Assay

Four to five weeks old BI6 mice were perfused in cold PBS, brains were snap frozen in OCT on dry ice and stored at —80°C. Hybridization
of Igfir and Igf1T mRNA was performed using the RNAscope HiPlex Assay V2 method. Briefly, on the day of experiment 20pm-thick
sections were mounted onto Superfrost Plus glass slides and dried at —20°C for 1 hour. Sections were fixed in 4% PFA for 60 minutes
at room temperature, followed by dehydration in gradients of ethanol (50%>70%>100%). Sections were air dried for 5 minutes prior
to incubation with Protease IV for 30 minutes at RT. Probes hybridization was performed for 2h at 40°C targeting Igf1r and Igf1
(Bio-Techne) mRNA followed by amplification using RNAscope HiPlex Amp reagents for 3x30 minutes at 40°C. Probes detection
was performed with HiPlex Fluoro T2 (Dylight 550) and T3 (Dylight 650) reagents for 15 minutes at 40°C. Sections were stored in
5xSSC buffer at 4°C until immunofluorescent staining. Sections were blocked and permeabilized (PBS with 2% BSA, 5% donkey serum
and 0.2% Triton X-100), followed by staining with goat anti-Podocalyxin (R&D Systems, 1:200) and rat anti-CD206 (BioLegend, 1:100)
antibodies for 24 hours at 4°C. Secondary staining with fluorophore-conjugated antibodies and DAPI was performed for 2 hours at RT.
Images were acquired using a Stellaris TCS SP8 confocal microscope (Lecia). Row image files were analyzed in ImageJ.”

Multi-parametric photoacoustic microscopy

Multi-parametric photoacoustic microscopy (PAM)?*°* was used for label-free, in vivo imaging of cerebral vascular structure and
blood flow speed. Prior to imaging, skull thinning was performed under anesthesia (1.5% isoflurane) to enhance image resolution
and contrast while minimizing perturbation to brain activity.?*~°° Following skull exposure and fascia removal, the skull over the region
of interest was thinned using a surgical hand drill. To prevent overheating and maintain clarity of the thinned-skull window, saline was
repeatedly applied throughout the procedure. Mice were allowed to recover for ~30 minutes before being transferred to the PAM
system for imaging. Right before imaging, ultrasound gel was applied to the thinned-skull window to ensure acoustic coupling. Sub-
cutaneous electrodes were inserted into the limbs and connected to the PowerlLab system (26T, ADInstruments) for heart rate moni-
toring. Electrocardiogram (ECG) signals were processed and displayed in real time using LabChart 8 Pro (ADInstruments). The body
temperature was maintained at 37°C with a temperature-controlled heating pad throughout surgery and imaging. During imaging,
mice remained under anesthesia (1% isoflurane). Two imaging sessions were conducted through the thinned-skull window: (1) a
baseline session with medical air inhalation and (2) a hypercapnia challenge session using a gas mixture of 90% medical air and
10% CO,, as previously described.*>"°® The hypercapnia session started 5 minutes after initiating gas delivery to allow for equilibra-
tion. PAM data were analyzed in MATLAB. Maximum amplitudes of photoacoustic signals were projected to generate 2D vascular
structure images. Blood flow parameters were quantified using a previously reported correlation analysis-based method.”*9":98
Briefly, PAM data output includes the vessel diameter (D), and the blood flow speed along the central axis of the vessel (V). Cerebral
blood flow (CBF) was calculated as:

aD?V
171

where W is the tissue weight, and = corresponds to ~3.14. The tissue weight was estimated by assuming an average cortical thick-
ness of 1.2 mm and a tissue density of 1.05 g/ml. To quantify the relative change in CBF between baseline and hypercapnia condi-
tions, we computed the CBF change ratio (CBF_CR) as:

i ; 2
CBF _CR - (ﬂ'DHypercapniaVHyPeraapma) / (W >
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Because the same region of interest was analyzed under both conditions, Whypercapnia @nd Woaseiine Were assumed to be identical.
This allows the expression to be simplified to:

D? V, )
CBF _CR = Hypercapnia ¥ Hypercapnia

2
DBaseline VBase/ine

Flow speeds in the same vascular regions were compared between the two conditions, and the mean CBF percentage change was
calculated for arteries and veins.

Parabiosis
Mice were anesthetized by ip. injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). Adequate anesthesia was confirmed prior to
surgery. The lateral flanks of each mouse were shaved and aseptically prepared using povidone-iodine followed by 70% ethanol.
Corresponding longitudinal skin incisions were made extending from the olecranon to the knee joint. The underlying subcutaneous
tissue was bluntly dissected to mobilize approximately 0.5 cm of free skin along the incision margins. To minimize tension on the skin
closure, the forelimbs and hindlimbs of each pair were joined by suturing the olecranon and knee joints together using absorbable 5-0
Vicryl sutures. The adjacent dermal edges were then aligned and closed with 5-0 nylon sutures. Postoperatively, mice received sus-
tained-release buprenorphine (1 mg/kg) for analgesia and enrofloxacin (Baytril; 2.5 mg/kg) for antimicrobial prophylaxis. Parabiotic
mice were housed one pair per cage, provided with softened food placed on the cage floor, and monitored daily for signs of pain,
distress, wound dehiscence, or impaired mobility.

After 6 weeks of shared circulation, parabionts were anesthetized with ip. injection of ketamine/xylazine cocktail, and blood was
collected from the heart prior to transcardial perfusion with PBS. Brains were subsequently harvested and fixed in 4% PFA overnight
at 4°C for downstream imaging analyses.

Western blot of brain endothelial cells

N=3 Maf"": Cre and N=3 Maf"" littermate mice (3-months-old) were administered with 100l Tomato-Lectin Daylight-649 via retroor-
bital iv. injection under anesthesia, and PBS perfused 5min later. Brain endothelial cells (BEC) were prepared as described in the
“sample preparation for flow cytometry and sorting” section, with minor modifications. To avoid the inclusion of immunoglobulin
heavy and light chains into the protein extract, antibody staining was omitted. BEC were sorted as DAPI” Tomato-Lectin™ population
and approximately one million cells per sample (pool of three brains) were sorted in endothelial cells media (see EC culture method)
supplemented with phosphatase inhibitor (Active Motif). Sorted cells were washed three times in cold PBS, followed by cell lysis in 1X
lysis buffer with TmM PMSF (Cell Signaling Technology) for 30 minutes on ice with intermittent vortexing. Cell lysate was spun at
12,0009 for 15 minutes and supernatant was collected for estimation of protein concentration and downstream protein denaturation
in 4X SDS loading buffer.

Equal amounts of protein were loaded on 4-20% Mini-PROTEAN TGX gels (Bio-Rad), run in tris-glycine SDS buffer and transferred
to PVDF (Polyvinylidene Difluoride) membrane in tris-glycine buffer. After transfer, membrane was washed in Tris-buffer saline con-
taining 0.01% Tween-20 (TBS-T) and blocked in 5% BSA. Membrane was then incubated overnight with primary antibody under
gentle rocking at +4°C followed by 3 washes with TBS-T and incubation with HRP-conjugated secondary antibody for 2 hours at
room temperature. Membrane was washed 3 times and western blot was developed using Chemiluminescent substrate (Thermo
Fisher) in a Bio-Rad ChemiDoc MP imaging system. To stain more target proteins, the membrane was incubated in stripping buffer
(Thermo Fisher) and underwent the same staining protocol described above. The following antibodies from Cell Signaling Technology
were used: anti-Phospho-IGF1 Receptor-p Tyr980, anti-Phospho-IGF1 Receptor-p Tyr1135, anti-IGF1 Receptor-p total protein, anti-
B-Actin, anti-Rabbit-HRP.

CRISPR-Cas9 gene editing in BMDMs

Single guide RNAs (sgRNAs) were designed using CHOPCHOP®® and generated using GeneArt Precision gRNA Synthesis kit
following manufacturer’s instructions (JRNA sequence in the key resources table). Ribonucleoprotein (RNP) complexes of Cas9-
sgRNAs were obtained by incubating 5ug of Cas9 (Thermo Fisher) with 6 pg sgRNA for 15 minutes at room temperature. Bone
marrow cells (5x10°, day 0 of differentiation) were resuspended in P3 solution (Primary Cell 4D-Nucleofector kit), mixed with RNP
complex and electroporated using ED-113 program of the 4D-Nucleofector System (Lonza). Control BMDMs were electroporated
with scrambled gRNA + Cas9. The culture medium of BMDMs was replaced 24 hours after nucleofection. After 6 days of culture,
gene-edited BMDMs were collected for analysis.

Gene-editing efficiency was assessed via Non-Homologous End Joining (NHEJ) at targeted sites. Briefly, genomic DNA was pu-
rified using QlAamp DNA Micro kit and targeted regions were amplified by PCR. Amplification products were purified with AMPure XP
beads, quantified by NanoDrop 8000 and mixed 1:1 with PCR product from wild-type cells. Annealed PCR products (500 ng)
were digested with T7 Endonuclease for 30 minutes at 37°C and subjected to capillary electrophoresis using D1000 TapeStation
kit (Agilent 4200 TapeStation). NHEJ frequency was calculated as percentage of cleavage of the PCR product (% NHEJ = 100 x
(1 = (1 — Fraction cleaved) x 1/2)).

Maf deletion efficiency was further confirmed in western blot. Briefly, cells were lysed with a buffer containing 10 mM Tris-HCI pH 8,
1 mM EDTA pH 8, 140 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.1% deoxycholate and protease/phosphatase inhibitors. Protein
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extracts underwent electrophoresis and immunoblotting with rabbit anti-cMAF (Abcam, 1:1,000) and Mouse anti-Vinculin (Merck
Millipore 1:1,000), followed by secondary staining with goat anti-rabbit-HRP and goat anti-mouse-HRP (Thermo Fisher).

Real-Time quantitative PCR

Total RNA was extracted using ReliaPrep RNA Cell Miniprep System and quantified using NanoDrop 8000. Single-stranded cDNA
was synthesized using ImProm-Il Reverse Transcription System and SuperScript IV Vilo Master Mix starting from 500 ng total
RNA. Analysis of Mrc1 expression was performed using Fast SYBR Green Master Mix on a ViiA7 Real-Time PCR System (primer pairs
on the key resources table).

Bulk RNA-seq of BMDMs with CRISPR-Cas9 gene editing (library preparation)

Total RNA from wild-type and Maf-Mafb dKO BMDMs was purified using the ReliaPrep RNA Cell Miniprep System (Promega) and
RNA-Seq libraries were generated using the Smart-seq2 method.'% Briefly, 5ng of RNA were retrotranscribed, cDNA was PCR-
amplified for 15 cycles and purified with AMPure XP beads. After purification, the concentration was determined using Qubit 3.0
and size distribution was assessed using Agilent 4200 TapeStation system. Then, the tagmentation reaction was performed starting
from 0.5 ng of cDNA for 30 minutes at 55°C followed by PCR ampilification for 12 cycles. Libraries were then purified with AMPure XP
beads, quantified using Qubit 3.0, assessed for fragment size distribution on an Agilent 4200 TapeStation system. Sequencing was
performed on an lllumina NovaSeq6000 (1x75bp reads) following manufacturer’s instruction.

Bulk RNA-seq of primary endothelial cells (library preparation)

Bulk RNA-seq was performed by the Genome Technology Access Center (GTAC) at the McDonnell Genome Institute (Washington
University in St. Louis). Total RNA integrity was determined using Agilent Bioanalyzer. Sequenced samples had an RNA integrity num-
ber (RIN) between 9.8 and 10. Library preparation was performed with 10-5ng of total RNA per sample. ds-cDNA was made using the
low-input SMARTseq mRNA kit (Takarabio) according to manufacturer’s protocol. cDNA was fragmented using a Covaris E220 son-
icator using peak incident power 18, duty factor 20%, cycles per burst 50 for 120 seconds. cDNA was blunt ended, had an A base
added to the 3’ ends, and then had Illlumina sequencing adapters ligated to the ends. Ligated fragments were then amplified for 15
cycles using primers incorporating unique dual index tags. Libraries were pooled and sequenced on an lllumina NovaSegX Plus
(2x150 sequencing recipe), targeting 50M reads per sample. Basecalls and demultiplexing were performed with lllumina’s bcl2fastq
software with a maximum of one mismatch in the indexing read.

10x Genomics single-cell ATAC sequencing (library preparation)

Generation of single-cell ATAC data was previously described.?? Briefly, over 100,000 CD45*Ly6G~ brain immune cells were sorted
and processed according to the Multiome 10x Genomics demonstrated protocol (CG000365). Nuclei were extracted using the ATAC
cell lysis buffer (10mM Tris-HCI pH 7.4, 10mM NaCl, 3mM MgCI2, 0.1% Tween-20, 0.1% NP-40 Substitute, 0.01% Digitonin, 1%
UltraPure BSA, 1mM DTT, and 1U/pl RNase inhibitor, diluted in nuclease-free water). After 3 minutes lysis, nuclei were washed three
times in wash buffer (10mM Tris-HCI, 10mM NaCl, 3mM MgCI2, 0.1% Tween-20, 1% UltraPure BSA, 1mM DTT, and 1U/ul RNase
inhibitor), before being resuspended in 5ul nuclei buffer (10x Genomics nuclei buffer, 1mM DTT and 1U/ul RNase inhibitor). 10x Ge-
nomics operations were performed on the Chromium 3v3.1 Next GEM using Single Cell Multiome ATAC + Gene Expression Reagent
Bundle (PN-1000283). Barcoded transposed DNA was amplified for 7 cycles before being purified using SPRIselect beads. Single-
cell ATAC libraries were pooled and sequenced on NovaSeq 6000 + S1 flow cell (lllumina) using the XP workflow and a 51x8x16x51
sequencing recipe targeting 250M reads per sample.

10x Genomics single-cell RNA sequencing of brain macrophages (library preparation)

Brain immune cells were isolated as described above in the respective section. Suspension of brain immune cells was stained with
the TotalSeq-B anti-mouse Hashtag reagent (Biolegend, B0301 and B0302) at 1:200 dilution in Fc block prior to adding the staining
mix with fluorophore conjugated antibodies. Anti-CD45.2-PE (Biolegend) was used for this experiment to avoid competition with the
anti-CD45 hashtag. Brain macrophages from two mice per genotype (stained with either BO301 or BO302 reagents) were pooled in
one collection tube during sorting. Sorted cells were washed in PBS and resuspended into PBS + 0.04% UltraPure BSA buffer at a
concentration of approximately 1,000 cells/pl. Single-cell libraries were prepared using the Chromium Next GEM Single Cell 3’ HT
(high throughput) v3.1 protocol in super-loading mode, targeting 40,000 cells/sample. Briefly, cDNA was prepared after the GEM
generation and barcoding, followed by the GEM-RT reaction and bead cleanup steps. Purified cDNA was amplified for 11-13 cycles
before being cleaned up using SPRIselect beads, and cDNA concentration was determined on the Bioanalyzer. GEX libraries were
prepared as recommended by the Chromium Next GEM Single Cell 3" HT Reagent Kits v3.1 (Dual Index) (CG000416) with appropriate
modifications to the PCR cycles based on the calculated cDNA concentration. For sample preparation on the 10x Genomics plat-
form, the Chromium Next GEM Single Cell 3’ HT Kit v3.1 - 48 rxns (PN-1000348), Chromium Next GEM Chip M Single Cell Kit -
16 rxns (PN-1000371) and Dual Index Kit TT Set A, 96 rxns (PN-1000215) were used. The concentration of each library was accurately
determined through gPCR utilizing the KAPA library Quantification Kit according to the manufacturer’s protocol (KAPA Biosystems/
Roche) to produce cluster counts appropriate for the lllumina NovaSeq X Plus instrument. Normalized libraries were sequenced on a
NovaSeq X Plus Flow Cell using the 151x10x10x151 sequencing recipe according to manufacturer protocol. Read 1 was trimmed to
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the 10x Genomics recommendation of 28bp. A median sequencing depth of 50,000 reads/cell was targeted for each gene expression
library.

10x Genomics single-cell RNA sequencing of brain vascular cells (library preparation)

Brain vascular cells were isolated as described above in the respective section from two mice per genotype. Sorted cells were
washed in PBS and resuspended into PBS + 0.04% UltraPure BSA buffer at a concentration of approximately 1,000 cells/pl. Sin-
gle-cell libraries were prepared using the Chromium GEM-X Single Cell 3 v4 protocol, targeting 20,000 cells/sample. Briefly,
cDNA was prepared after the GEM generation and barcoding, followed by the GEM-RT reaction and bead cleanup steps. Purified
cDNA was amplified for 11-13 cycles before being cleaned up using SPRIselect beads, and cDNA concentration was determined
on the Bioanalyzer. GEX libraries were prepared as recommended by the Chromium GEM-X - Single Cell 3' Reagent Kits v4
(CG000731) with appropriate modifications to the PCR cycles based on the calculated cDNA concentration. For sample preparation
on the 10x Genomics platform, the Chromium GEM-X Single Cell 3’ Kit v4 - 16 rxns (PN-1000691), Chromium GEM-X Single Cell 3’
Chip Kit v4 - 4 chips (PN-1000690) and Dual Index Kit TT Set A, 96 rxns (PN-1000215) were used. The concentration of each library
was accurately determined through gPCR utilizing the KAPA library Quantification Kit according to the manufacturer’s protocol
(KAPA Biosystems/Roche) to produce cluster counts appropriate for the lllumina NovaSeq X Plus instrument. Normalized libraries
were sequenced on a NovaSeq X Plus Flow Cell using the 151x10x10x151 sequencing recipe according to manufacturer protocol.
Read 1 was trimmed to the 10x Genomics recommendation of 28bp. A median sequencing depth of 50,000 reads/cell was targeted
for each gene expression library.

c-MAF ChlP-seq in BMDMs (library preparation)

Upon differentiation, 108 BMDMSs were fixed with 1% formaldehyde, and nuclear fractions isolated and lysed as described previ-
ously."®" Fragmented chromatin was obtained using Covaris E220 focused-ultrasonicator and nuclear extracts were incubated over-
night at 4°C with Dynabeads Protein G, previously coupled with 10pg of anti-cMAF antibody (Abcam, ab77071). DNA fragments were
immunoprecipitated in a 96-well magnet, and de-crosslinked overnight at 65°C. DNA was then purified with AMPure XP beads and
quantified with Qubit 3.0. ChIP DNA (5 ng) was used for library preparation with lllumina TruSeq ChlP Library Prep kit and sequenced
on lllumina NovaSeq6000 (1x75bp reads).

c-MAF CUT&RUN in microglia and BAMs (library preparation)

CUT&RUN was performed as previously described.'%%'°® Approximately 100,000 CD206*MHCII~ BAMs and microglia sorted from
PO BI6 brains were resuspended in PBS at 1,000 cells/pl. Cell were bound to Concanavalin A-coated magnetic beads and permea-
bilized with Wash Buffer (20 mM HEPES pH 7.5, 150 mM NacCl, 0.5 mM spermidine, and one Roche Complete protein inhibitor tablet
per 50 mL) containing 0.05% digitonin (Dig Wash). The cells were incubated with anti-cMAF antibody (Abcam, ab77071 at 1:25 dilu-
tion) or IgG negative control antibody (Antibodies-online ABIN101961) or H3K27me3 positive control antibody (Cell Signaling 9733S)
overnight at 4°C. The slurry was then washed twice with Dig Wash buffer and incubated with Protein A/G-MNase (Epicypher,
15-1016) for 1 hour at 4°C, followed by two additional washes with Dig Wash. Tubes were placed on ice and incubated with Dig
Wash containing 2 mM CaCl, to initiate MNase digestion of bound fragments. After 30 minutes incubation, 4X STOP buffer
(80 mM EGTA, 0.05% Digitonin, 100 ng/mL RNase A) was added to stop the reaction, and fragments were released by incubation
for 30 minutes at 37°C. The supernatant containing cleaved DNA fragments was transferred to a new tube and used directly as input
for barcoded lllumina libraries, as previously described. ' Libraries were pooled and sequenced on an lllumina NovaSegX Plus tar-
geting 150M reads.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bulk RNA-seq of BMDMs (analysis)

Reads were aligned to the mm10 mouse reference genome using STAR aligner (v 2.5.3)'%*; the featureCounts function from Rsu-
bread package (v 1.24.2)'°° was used to compute reads over RefSeq Mus musculus transcriptome (mm10), setting minMQS option
to 255. Downstream analyses were performed in R (v 3.4.1) with edgeR R package (v. 3.20.7).'°° Read counts of expressed genes
were normalized with the Trimmed Mean of M-values (TMM) method using calcNormFactors function. Dispersion was estimated with
the estimateDisp function. Differential expression across different conditions was evaluated fitting a negative binomial generalized
linear model on the dataset with gimQLFit function and then performing a quasi-likelihood (QL) F-test with gimQLFTest function.
Reads per kilo base per million (RPKM) values were computed for each gene with rpkm function. Genes with RPKM > 1.5 in at least
two samples in the datasets were retained. DEGs were identified using the following threshold: Log,(fold-change) >1 or <—1 and
P-value <0.01.

Bulk RNA-seq of primary endothelial cells (analysis)

Adapter trimming was performed using fastp (v0.20.1)'%” and reads were aligned to the GRCm39 reference genome using hisat2
(v2.1.0)."% To count reads overlapping genes, featureCounts v2.0.6 was used, and the output was loaded into R (v4.2.2) for down-
stream analysis. To identify gene names and biotypes, biomaRt (v2.54.1) was used. The counts matrix was filtered to include only
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protein coding genes with a minimum average count of DESeq2=10 across samples. DESeqg2 (v1.38.3) was used for differential gene
analysis. Results were visualized using ggplot2 (v.3.4.1) and pheatmap (v1.0.12).

10x Genomics single-cell ATAC sequencing (analysis)

Single cell multi-ome data, including scATAC-seq, was previously collected.?? Bigwig files were exported from ArchR (v1.0.3) using
default settings for visualization in the Integrative Genomics Viewer (IGV) as described previously. Downstream analyses were per-
formed in ArchR. Differential motifs and peaks between BAM subsets or microglia were identified using “getMarkerFeatures” and
peak lists were visualized with the “markerHeatmap” utility. Footprinting analysis of the cMAF motif was performed using “getFoot-
prints” and “plotFootprints” functions. Putative regulatory elements were linked to the Maf promoter using the “getCoAccessibility”
and “plotBrowserTrack” tools. Coverages of bigwig files at specific peak lists were also visualized using the “plotHeatmap” function
in deepTools (v3.5.4).

Mouse single-cell RNA sequencing data (analysis)

Fastq files from scRNA-seq data were trimmed and aligned to the GRCm39 reference genome (refdata-gex-GRCm39-2024-A avail-
able from 10X Genomics) using the “cellranger count” pipeline (v8.0.1). For the brain macrophage dataset, both Gene Expression
and Antibody Capture of the TotalSeq-B antibodies were quantified for each sample by supplying a custom Feature Reference
spreadsheet to the cellranger count utility. Counts matrices were then loaded into Seurat (v4.4.0) for data normalization, clustering,
and visualization.'%® Data was normalized using “NormalizeData” with scale.factor=10,000. The top 2,000 variable features were
identified using “FindVariableFeatures" with the “vst” method. For dimensionality reduction, “RunPCA”, “FindNeighbors”, “RunU-
MAP”, and “FindClusters” were run using the resolution and dimensions specified below for each object.

Initial quality control for both the brain macrophage and endothelial cell datasets, cutoffs of nFeature_RNA > 250 and percent.mt
genes < 20 were used. For the brain macrophage samples, which utilized TotalSeq-B hashtags, an additional filtering step was per-
formed based on the hashtag signals. Cells with high-confidence detection of hashtag-1 and hashtag-2 were determined based on
expression of at least 0.7 and 1.2, respectively, in the “ADT” normalized data slot. These cutoffs were determined based on manual
gating of positive and negative cells. Double positive and double negative cells were excluded from downstream analysis. After qual-
ity filtering, 61,800 cells were used for downstream analysis in the total brain macrophages object (resolution=0.1, dims=1:6). BAMs
were re-clustered separately using the same method described above. A minor cluster of residual contaminating microglia was
manually excluded, thus yielding 496 cells for analysis (resolution=0.1, dims=1:6). For the vascular cells object, 84,570 cells were
obtained after quality filtering (resolution=0.1, dims=1:10).

For Gene Set Enrichment Analysis (GSEA) of the arteries cluster, normalized gene expression for each individual sample was
loaded on GSEA (v4.3.3)''° and enrichment analysis was run on “the m2.all.v2024.1.Mm.symbols.gmt” database at default param-
eters, using gene_set permutation type and the Diff. of Classes metric for genes ranking. CellChat (v2.1.2) and NicheNet (v2.2.0) were
used for cell-cell communication analysis.'""""'? First, the BAM and vascular cells Seurat objects were merged using the merge()
function. CellChat analysis and visualizations were performed between indicated cell types to identify putative ligand-receptor inter-
actions. For NicheNet analysis, BAM- specific ligands were determined by using the FindMarkers() function in Seurat with a
min.pct=0.05 and adj.p < 0.05 cutoffs. The top 100 markers for each cell type were filtered based on mouse “ligand_target_matrix”
in NicheNet. The ligand-receptor network was determined between BAM-derived ligands and the putative receptors expressed in the
arteries cluster. Finally, we used the “make_heatmap_ggplot” function in NicheNet for data visualization.

c-MAF and SMAD4 ChIP-seq (analysis)

SMAD4 ChIP-seq data was obtained from a previously published study GSE226092.%* Data for both cMAF and SMAD4 ChlIP-seq
datasets was processed as previously described."'® Briefly, adapter trimming was performed using fastp (v0.20.1),'%" reads were
aligned to the mm10 reference genome using hisat2 (v2.1.0),'°® duplicates were removed using “Picard markDuplicates”
(v2.18.29) (https://github.com/broadinstitute/picard), and then peaks were called using MACS2 (v2.2.9.1).""* Deduplicated frag-
ments were loaded into R, normalized by total fragment count, and exported as bigwig files for visualization in the Integrative Geno-
mics Viewer (IGV). The HOMER “annotatePeaks.pl” (v5.1) utility was used to obtain the genomic annotation of each peak and the
nearest gene of each peak.'"®

cMAF CUT&RUN in microglia and BAMs (analysis)

CUT&RUN data was processed identically to the ChlP-seq data with modifications only for peak calling. Peak calling was performed
in MACS2 using modified parameters including the IgG sample as background, —keep-dup all, -nomodel, —-nolambda, -q 0.001.
Annotation of peaks in coding genes was performed using the HOMER annotatePeaks.pl utility. For correlation and heatmap anal-
ysis, peak counts in each sample were normalized to counts per million (CPM) prior to visualization. BigWig tracks were normalized to
reads in TSS, identically to the ChIP-seq data, and visualized in IGV.

Human single-nuclei RNA sequencing data (analysis)
Gene expression matrices from three publicly available snRNA-seq studies on the human brain
tive genomic data repositories (accession numbers provided in the data availability statement). For Siletti et a

°1-53 were obtained from their respec-
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supercluster was downloaded from the CELLXGENE archive. Quality control filtering was applied to retain nuclei meeting the
following thresholds: <30,000 UMlIs per cell; 1,000-4,000 detected genes per cell; mitochondrial genes <10%. Additionally, the
snRNA-seq dataset from Zhou et al.*° was obtained from the Seurat object provided by the authors, with quality control performed
as in the original study. To minimize variability due to pathological conditions, only samples from healthy or control subjects were
selected for downstream analyses.

The datasets were individually normalized using SCTransform, regressing out mitochondrial gene percentages. Integration was
performed using the reciprocal PCA method in Seurat, accounting for cross-dataset heterogeneity and due to the dataset’s size.
3,000 features were used for integration. The resulting integrated dataset was then subsetted to retain only macrophages, identified
by the enrichment of myeloid marker genes, and re-integrated using Seurat’s canonical correlation analysis method with 3,000 inte-
gration features. PCA was conducted on the integrated matrix, followed by nearest-neighbor graph construction, UMAP, and clus-
tering. Clusters were annotated as Microglia or BAMs based on gene expression profiles, following manual exclusion of a contam-
inating T cell cluster.

For transcription factor activity analysis of the healthy human brain, the macrophage population was downsampled to a maximum
of 4,000 cells per cluster to optimize computational efficiency. The log-normalized gene expression matrix was extracted, and genes
not meeting the filtering thresholds (minimum of 6 UMI counts per sample, expression in at least 1% of cells, and inclusion in the
RcisTarget database) were excluded. The filtered matrix was then converted into a.loom file, and SCENIC analysis was performed
using the command-line interface of pySCENIC via the Docker image (aertslab/pyscenic_scanpy:0.12.1_1.9.1). The.loom output
from pySCENIC was subsequently loaded into R and integrated back into the Seurat object for data visualization.

snRNA-seq data from AD patients were downloaded from Rosenzweig et al.*® Clustering was performed as described in the anal-
ysis of the mouse datasets using the following parameters: resolution=0.1, dims=1:10. Myeloid cells were identified by CSF1R
expression, while vascular cells were identified by expression of FLT1, PECAM1, CD34, and both populations were reculstered sepa-
rately. Subjects with type-Il diabetes were excluded to avoid confounding factors. Ligand-receptor analysis between CD163* BAMs
and arteries or mural cells from controls subjects and AD individuals was performed in CellChat (v2.1.2) as described for the mouse
section. However, to account for the lower sequencing depth of this dataset, trim=0.05 was used within the computeCommunProb
function. Transcription factor activity analysis of CD163* BAMs comparing controls and AD was conducted in pySCENIC as
described above.

Genetic analysis of the MAF polymorphism
Colocalization analysis was performed using the coloc.abf() function from the coloc (v. 5.2.3
the shared regulation between AD risk®® and MAF expression in post-mortem brain cortex samples from European individuals.
Variants within 1TMB of rs450674 were harmonized to ensure consistent direction of effect and then input into coloc. Results were
visualized with the locuscomparer (v. 1.0.0) package in R. To test potential causality of MAF expression on AD risk, Mendelian
randomization (MR) analysis was conducted using the TwoSampleMR (v. 0.6.4) package''® in R. Only SNPs with significant MAF
eQTL (P < 5x107®) and not in linkage disequilibrium (LD) with each other (R? < 0.001) were selected for analysis, and MR was run using
the inverse variance weighted method. Results were visualized with the mr_scatter_plot() function from the TwoSampleMR package.
Local plots were created using the locuszoomr (0.3.5) package, with 1000 Genomes EUR used for the LD reference. Plots were
created using ggplot2 (v. 3.5.2) and ggpubr (v. 0.6.1) in R. Genomic coordinates of the rs450674 SNP were plotted in the UCSC
Genome Browser including Jaspar predicted TF binding sites and overlapped with publicly available H3K27Ac tracks from different
brain cell types.®® The Zscan29 binding affinity to the major and minor allele was calculated with TFinder.""®

For analysis of human microglia and BAMs in subjects with the rs450674 SNP, a microglia single nuclei rds. object was down-
loaded from synapse (syn53693904). To resolve microglia and BAMs, brain myeloid cells were re-clustered in Seurat (dims=1:15
and resolution=0.3) after exclusion of a small population of monocytes present in the original dataset. Genotype information was ob-
tained from whole genome sequencing data and added to the Seurat metadata for genotype-stratified analyses. scATAC-seq data
from Reid et al.>* were visualized using the WashU Epigenome Browser.'%°

)16 package in R (v. 4.4.0), to measure

117

Statistics

Statistical analysis was conducted using the GraphPad Prism 10.4 software package. A two-tailed Mann-Whitney U test was used to
determine statistical differences between two individual groups. When the effect of two independent variables was analyzed, a two-
way analysis of variance (ANOVA) with Sidak’s multiple comparisons test was used. Quantifications shown in bargraphs and scat-
terplots display the mean values + standard error of the mean (SEM), as well as the values of each individual sample. Statistical sig-
nificance was set as a P-value < 0.05 (exact P-values are shown). Information regarding mouse age, sample size (n), statistical tests,
definitions of averages and error bars, and the number of independent experiments is provided in the figure legends.
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