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In brief

Bhatta et al. profile the human choroid
plexus by single-nucleus RNA
sequencing and spatial transcriptomics,
identifying a TTN-expressing
macrophage population within the
stroma. These cells are expanded in
donors with Alzheimer’s disease,
implicating border-associated
macrophages in neuroimmune changes
at this CNS barrier.
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SUMMARY

The choroid plexus (ChP) regulates cerebrospinal fluid homeostasis and immune surveillance, but its cellular
organization and response to Alzheimer’s disease (AD) remain incompletely defined. Here, we integrate sin-
gle-nucleus RNA sequencing with spatial transcriptomics to generate a high-resolution atlas of the adult hu-
man ChP. We identify all major epithelial, stromal, and immune populations and resolve heterogeneity within
macrophages, including a distinct subset expressing the giant protein TTN. These TTN* macrophages exhibit
coordinated cytoskeletal, stress-response, and phagocytic gene programs and localize to perivascular and
stromal niches. In AD, we observe broad, cell type-specific transcriptional remodeling across epithelial,
endothelial, mesenchymal, and immune compartments, with expansion of TTN* macrophages and increased
senescence signatures. Spatial and ligand-receptor analyses reveal altered tissue organization and macro-
phage interaction patterns with neighboring cells. Combined with in situ validations, these findings provide
evidence of TTN expression by macrophages, and reveal a broader AD-associated contextual shift in human

ChP immune function in which TTN* macrophages are enriched.

INTRODUCTION

The choroid plexus (ChP) is a vital brain structure that consists of
a network of capillaries surrounded by mesenchymal and epithe-
lial cells and resides within the ventricles of the brain. The ChP
produces cerebrospinal fluid (CSF) and, along with arachnoid
membranes, forms the blood-CSF barrier. This specialized bar-
rier and signaling hub exists at the interface between the periph-
eral circulation and the central nervous system (CNS). The ChP
functions as an active immunological checkpoint that integrates
peripheral signals with CNS-derived cues to regulate leukocyte
entry, antigen presentation, and inflammatory tone." Anatomi-
cally and functionally, the ChP resides at a strategic neuroim-
mune nexus: resident stromal, epithelial, and endothelial cells
form a scaffold for diverse immune populations that continuously
survey the ventricular environment and coordinate immune re-
sponses across the blood-CSF interface.

Among these immune populations, ChP macrophages exhibit a
hybrid identity. They share features with CNS border-associated
macrophages (BAMs), circulating monocytes, and tissue-resident
macrophages (TRMs), and display functional diversity shaped by
stromal niche cues, barrier architecture, and CSF-borne cyto-
kines.?™ Despite their central role in neuroimmune communica-
tion, the molecular diversity of ChP macrophages in the adult hu-
man brain has not been fully defined, and the mechanisms that
govern their migration, functional states, and integration into the
ChP tissue microenvironment remain poorly understood.
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Recent advances in single-cell and single-nucleus transcrip-
tomics have begun to resolve the cellular composition of CNS
border tissues and their alterations in aging and disease,
revealing diverse epithelial, stromal, and immune populations
with distinct molecular identities.”® These approaches have
been particularly valuable for defining transcriptional heteroge-
neity within immune compartments, including macrophages,
and for identifying cell type-specific programs associated with
homeostasis and inflammation.'® However, key aspects of hu-
man ChP organization remain incompletely understood,
including how distinct cell populations are coordinated within a
shared tissue environment and how their molecular states are
influenced by local context.

These challenges are especially relevant in the context of
neurodegenerative disease. The ChP undergoes structural and
functional remodeling in neurodegeneration, including barrier
dysfunction, altered secretory activity, and immune perturba-
tion,"""'* yet the molecular basis of these changes in the human
ChP remains poorly defined. In particular, it is unclear how
macrophage states are altered in Alzheimer’s disease (AD) and
how these changes relate to broader shifts across epithelial,
endothelial, and stromal compartments.

A significant gap in understanding concerns how ChP macro-
phages integrate mechanical signals, a dimension of immune
regulation increasingly recognized across tissues.'® Mechanical
forces shape leukocyte migration, adhesion, antigen scanning,
and inflammatory activation; cytoskeletal programs are central
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to how immune cells sense and respond to physical cues.'®'®

Macrophage polarization is known to be influenced by biophys-
ical cues in the extracellular environment such as interstitial flow,
stretching, spatial confinement, and matrix stiffness.’® How
these mechanisms contribute to ChP macrophage trafficking
and function are largely unknown.

To address these questions, we combined single-nucleus
RNA sequencing with spatial transcriptomics to generate a
high-resolution molecular atlas of the adult human ChP, enabling
us to define macrophage heterogeneity and characterize coordi-
nated, disease-associated changes across cell types.

RESULTS

A single-nucleus transcriptomic atlas defines the
cellular landscape of the human ChP

To characterize the cellular architecture of the adult human ChP,
we generated a single-nucleus RNA-sequencing (snRNA-seq)
atlas from postmortem lateral ventricular ChP tissue from donors
with (n = 4) and without (n = 5) AD. Integration of data across do-
nors and technical variability was mitigated using scVI*° for
batch correction and latent space integration, enabling robust
alignment of transcriptomic signatures. Dimensionality reduction
and visualization were performed with scanpy,”' using the inte-
grated scVI latent space to generate high-resolution uniform
manifold approximation and projection (UMAP) embeddings
that revealed distinct clusters and their transcriptomic heteroge-
neity. Cell type annotation was performed using a custom,
manually curated panel of ChP-specific marker genes (see
Table S2), allowing accurate delineation of epithelial, stromal,
neuronal, and immune populations.

UMAP projection of expression profiles from 37,378 nuclei re-
vealed major epithelial, endothelial, mesenchymal, immune,
glial, and neuronal compartments (Figure 1A). Bayesian compo-
sitional modeling using scCODA?> demonstrated that epithelial
cells dominate the tissue composition (59.5%), followed by
endothelial (7.4%), mesenchymal (6.4%), macrophage (4.6%),
glial (4.5%), ependymal (4.7%), neural (3.9%), B cells (3.3%),
dendritic cells (2.7%), and T cells (2.9%); immune lineages
thus comprise ~14% of total nuclei (Figure 1B). Notably, the
presence or absence of diagnosis of AD did not yield significant
coefficients of any of the cell classes in the scCODA model, indi-
cating similar proportional representation in AD as control. Ca-
nonical lineage markers were enriched within their respective
cell populations with minimal cross-lineage expression
(Figure 1C).

ChP macrophages are a heterogeneous population with
characteristics of BAMs

Subclustering of macrophages (n = 412) resolved three transcrip-
tionally distinct groups, exhibiting differential enrichment for TRM
signatures (Figure 1D). Canonical microglia-associated genes
did not show high expression in any of these groups
(Figure 1E). To contextualize these states, we used module
scores® computed in scanpy to quantify expression spanning
diverse myeloid programs, including TRM identity, inflammatory
activation, phagocytosis, metabolic states, and antigen presen-
tation, which revealed substantial functional heterogeneity
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across clusters (Figure 1F; for a listing of genes used to define
these modules, see Table S3). Mapping these cells onto a
cross-tissue myeloid atlas®® showed that ChP macrophages
occupy transcriptional positions that bridge classical monocytes,
intermediate macrophages, alveolar-like macrophages, and
dendritic cell states (Figure 1G), consistent with a composite pe-
ripheral-CNS border identity. The majority of the macrophages
from the ChP dataset mapped to classical monocytes and
cycling cells. Cells with signatures similar to alveolar macro-
phages, DC2 (dendritic cells), and intermediate macrophages
also represented significant portions of the mapped data. Addi-
tionally, smaller subsets of cells mapped to intestinal macro-
phages and erythrophagocytic macrophages, highlighting the
presence of gene signatures that resemble those found in these
specialized macrophage types. This mapping suggests the exis-
tence of a variety of macrophage subtypes within the ChP that ex-
press gene signatures similar to immune cells in different tissues.

Differential expression across macrophage subclusters re-
veals gene sets that segregate into three transcriptionally
coherent modules reflecting distinct functional identities within
the ChP (Figure 2A). Subcluster 1 contains signatures of bar-
rier-associated functions such as epithelial-interaction and ho-
meostatic tissue-residence (e.g., CX3CR1, SPIC, MUC16,
CLSTN2, CASR, and HYKK). Subcluster 2 comprises macro-
phages enriched for tissue-resident surveillance and immune
quiescence (e.g., CX3CR1, SPP1, and TNFRSF14), metabolic
and mitochondrial specialization (e.g., MRPL17, ECHS1, and
MT1H), and proteostatic and chromatin regulatory programs
(e.g., UBQLN2, HMGN2, and SAP25), suggestive of stress-adap-
tive or remodeling functions consistent with long-lived, interface-
associated macrophages. Subcluster 3 is enriched for genes
involved in anti-inflammatory and pro-resolving activity (e.g.,
ANXA1 and SUMO4), tissue remodeling and matrix interaction
(e.g., LYVE1 and SPP1), RNA-processing and stress adaptation
(e.g., PRPF4 and HNRNPUL2), and vesicular and ion-regulatory
dynamics (STX16 and CLIC2). Human ChP macrophages thus
show divergent structural, metabolic, and immune states similar
to those in mice®® and to other sites of human tissue residence.

ChP macrophages include a titin-expressing population
validated by qPCR
TTN emerged as a distinguishing transcript of ChP macrophage
subcluster 3 (Figure 2A), and TTN* macrophages constituted
22.6% of the total macrophage population across all cases.
Immunohistochemistry with anti-CD163 antibodies confirmed
the presence of macrophages embedded within the perivascular
spaces and stromal and epithelial folds of the ChP in our samples
(Figure 2B). Violin plots of TTN expression distributions in single
macrophages demonstrated significantly higher levels in AD
compared to control samples (Figure 2C). Expression of TTN
RNA was evaluated in publicly available single-cell RNA-
sequencing atlases, identifying TTN* myeloid cells in multiple
datasets (see Figures S1A and S1B). TTN expression was partic-
ularly prominent in myeloid/macrophage cells occupying adi-
pose tissue (see Figure S1C).

To validate TTN expression independently of sequencing, we
enriched for CD163* macrophages using magnetic bead sepa-
ration, and performed RT-gPCR for TTN transcripts in
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Figure 1. Cell type composition of human choroid plexus

(A) Uniform manifold approximation and projection (UMAP) of all single-nucleus transcriptomes profiled from ChP tissue from n = 9 donors. Distinct clusters
correspond to major choroid plexus cell types based on lineage markers, including epithelial cells, endothelial and vascular-associated cells, mesenchymal/
stromal populations, immune lineages (macrophages, dendritic cells, and lymphocytes), glial and ependymal-like cells, and rare neuronal nuclei.

(B) Inferred underlying proportions of each cell class, derived from intercepts of a scCODA model fit to the complete dataset accounting for compositional
constraints and batch effects in the data.

(C) Dot plot summarizing the expression of canonical marker genes across annotated cell populations in the choroid plexus single-nucleus RNA-seq dataset.
Columns represent marker genes grouped by cell type (top), and rows correspond to annotated cell populations. Dot size indicates the fraction of cells within
each population expressing a given gene; color intensity reflects the mean expression level among expressing cells.

(D) UMAP visualization of macrophage subclusters and tissue-resident macrophage (TRM) scores for n = 7 donors for which single macrophage nuclei were
recovered. Left: single-cell UMAP projection of macrophages, colored by subclusters (Cluster 1: orange; Cluster 2: green; Cluster 3: red), highlighting tran-
scriptionally distinct populations. Right: same UMAP projection showing computed TRM score per cell.

(E) UMAP plots of single cell data from macrophage cluster colored by normalized expression of microglial markers P2RY12, TMEM119, and TREM2, showing
minimal expression in all macrophage subclusters.

(F) Violin plots show enrichment scores for curated myeloid gene sets (see Table S3) representing monocyte and macrophage phenotypes across diverse tissues.
Individual points indicate sample-level scores, with horizontal bars marking median values.

(G) ChP macrophages mapped onto Cross-Tissue Immune Atlas myeloid compartment. Each dot represents an individual cell, with colors indicating different cell
types; larger dots represent ChP macrophages in our current dataset.

macrophage-enriched tissue and control unenriched whole ChP  population-level conclusions about patient characteristics asso-
tissue (Figure 2D). Four distinct primer sets detected TTN tran-  ciated with TTN expression in ChP macrophages from this
scripts at higher abundance in CD163" enriched tissue experiment, these results support the existence of near com-
compared with whole tissue in a subset of patients plete TTN transcriptsin macrophages occupying human ChP tis-
(Figures 2D-2F). Though the sample size precludes drawing sue. TTN expression was also confirmed on RT-gPCR of RNA
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Figure 2. Titin-expressing macrophages are present in the choroid plexus

(A) Heatmap of the top eight differentially expressed genes in each of the three ChP macrophage subclusters. Gene expression levels are represented on a
normalized gradient scale.

(B) DAB immunohistochemical stain of a 5 um FFPE section of control ChP tissue using a CD163 antibody. CD163-positive macrophages are marked by brown
staining, while cell nuclei are counterstained blue with hematoxylin, indicating their distribution within the vascularized ChP tissue. Scale bars, 40 pm.

(C) Violin plots illustrating TTN expression levels in Alzheimer’s disease and control conditions; plot shows the distribution, density, and variability of TTN
transcript counts in ChP macrophages within each condition. * = p < 0.05 (Wilcoxon rank-sum test).

(D) Schematic representation of the experimental workflow for evaluation of TTN RNA enrichment in macrophages, involving tissue dissociation, CD163 positive
cell enrichment, RNA isolation, cDNA synthesis, PCR amplification using isoform-specific TTN primers, and AACq calculation with GAPDH used for normali-
zation.

(E) Fold changes, computed from AACq, in TTN isoform expression relative to GAPDH in CD163-bead enriched macrophages relative to whole tissue. The x axis
represents different primer sets (1, 3, 7, and 12), and the y axis shows fold changes (log scale). Each point represents a single donor sample/primer set pair.
(F) Schematic representation of the TTN gene on chromosome 2 with indicated primer binding sites relative to exons.

(G) Representative multiplex immunofluorescence image of ChP stained with primary antibodies for Iba1 (yellow), titin (red), Pan-cytokeratin (green), and vVWF
(magenta), co-stained with DAPI (blue), showing cytoplasmic titin protein in ChP macrophages (arrowheads). All scale bars, 20 pm.

extracted from macrophages isolated from frontal cortex, CSF, ChP samples co-stained with Iba1, a marker of macrophages/
subcutaneous fat, and mesenteric fat (see Figure S2). microglia, along with Pancytokeratin to stain ChP epithelial cells

To determine whether titin protein was present in macro- and vVWF to delineate vascular endothelium, revealing positive
phages in the ChP, we performed multiplex immunofluores- staining for titin in the cytoplasm of Ibal* macrophages
cence staining with an anti-titin antibody of postmortem human  (Figure 2G).
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Figure 3. Spatial organization and functional states of TTN-expressing ChP macrophages

(A) Distinct molecular programs are expressed in TTN* macrophages. Violin plots showing module scores for curated macrophage gene signatures. TTN* cells
exhibit enhanced cytoskeletal, phagocytic, autophagy-lysosomal, inflammatory, oxidative stress-response, and MHC class Il programs, along with elevated
senescence and DAM-like signatures, compared with TTN™ macrophages. * p < 0.05, ** p < 0.01, ** p< 0.001, *** p < 0.0001, Wilcoxon rank-sum test.

(B) MEF2 transcription factor activity in macrophage subclusters. UMAP plots of single cell data colored by normalized expression of MEF2A, MEF2C, and
MEF2D highlights differential activation across macrophage populations, consistent with transcriptional profiles associated with cytoskeletal remodeling and
mechanosensitive signaling.

(C) UMAP plot of single cell macrophage cluster colored by TTN expression level (raw counts).

(D) Altered local cellular neighborhoods of TTN* macrophages. Bar plots quantifying the proportion of neighboring cell types surrounding TTN* versus TTN™
macrophages demonstrate that TTN* cells engage distinct spatial niches, with increased macrophage-endothelial and macrophage-macrophage proximity and
reduced localization to epithelial and mesenchymal compartments. * p < 0.05, ** p < 0.01, **** p < 0.0001, Wilcoxon rank-sum test.

(E) Upper row: example spatial distribution of immune and stromal populations in the ChP from two samples. High-resolution spatial transcriptomics maps
showing the organization of epithelial, endothelial, mesenchymal, dendritic cell, and macrophage compartments; spots are colored according to cell type
contributing predominance of transcripts. Lower row, left: TTN* macrophages localize largely in perivascular space (within regions of endothelial cell enrichment),

(legend continued on next page)
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TTN* macrophages exhibit distinct molecular programs
and occupy particular spatial niches in the ChP

We next asked whether TTN expression defines a functionally
distinct macrophage state. Gene signature scoring”'**° revealed
that TTN* cells display coordinated upregulation of cytoskeletal
remodeling, phagocytic, lysosomal, autophagy, inflammatory,
and oxidative stress-response pathways, as well as elevated
DAM-like and senescence signatures (Figure 3A; gene lists for
modules are given in Table S5). Given the close link between
TTN and mechanotransduction, we examined expression of
MEF2A, MEF2C, and MEF2D, transcription factors with known
roles in cytoskeletal regulation and stress adaptation. All three
showed enrichment in the TTN* macrophage subcluster 3
(Figures 3B and 3C), supporting a possible TTN-MEF2 axis in
ChP macrophages. These patterns suggest that TTN* macro-
phages occupy a mechanically and metabolically engaged
phenotype.

Spatial transcriptomics using Slide-seq®® on ChP from four
donors with AD, with integration of our snRNA-seq data via
GIMVI,?" revealed that TTN* macrophages preferentially cluster
near other macrophages and show reduced proximity to epithe-
lial and mesenchymal cells relative to TTN™ cells (Figure 3D).
Spatial transcriptomic mapping revealed a structured organiza-
tion of immune and stromal compartments within the ChP,
consistent with its folded epithelial architecture surrounding a
vascularized core (Figure 3E). Epithelial cell-enriched regions
formed contiguous layers, while endothelial and mesenchymal
populations localized to stromal interiors, delineating perivascu-
lar niches. Within this spatial framework, macrophages were
distributed throughout the tissue but exhibited non-random
localization patterns. TTN* macrophages were preferentially en-
riched in perivascular regions characterized by high endothelial
cell density, with additional presence extending into adjacent
mesenchymal compartments. This distribution contrasts with a
more diffuse localization of TTN™ macrophages, and suggests
that TTN expression is associated with positioning in mechani-
cally and functionally distinct microenvironments. The spatial
correspondence between TTN* macrophages and vascular-
stromal interfaces supports a model in which these cells are
specialized for interactions within dynamic, shear-, and ten-
sion-exposed regions of the ChP.

Spatial neighborhood analysis around macrophage subtypes
revealed distinct cell type enrichment patterns (Figure 3F). For
each sample, spatial neighborhoods were defined using k-near-
est neighbors (k = 7), and the probability of observing each non-
macrophage cell type in the local vicinity of spots containing
macrophages of subclusters 1, 2, and 3 was computed relative
to the global cellular composition of the sample. This analysis

Cell Reports

identified significant enrichment of mesenchymal and endothe-
lial neighbors for the TTN-enriched subcluster 3, compared to
enrichment of endothelial neighbors only for subcluster 1, and
an enrichment for dendritic cell neighbors of macrophage sub-
cluster 2.

Global analysis of TTN transcript counts across cell types re-
vealed high expression in macrophages accompanied by broad
low expression in other cell types (Figure 3G). Single-nucleus
RNA sequencing preferentially recovers nuclear transcripts and
under-detects exceptionally long genes such as TTN, so the
cross-cell type comparison in Figure 3G reflects relative nuclear
transcript abundance rather than total cellular TTN. Consistent
with this, in situ hybridization revealed abundant epithelial TTN
RNA (Figure 4F), greater than the single-nucleus data alone
would indicate, while titin protein was present at more modest
levels in epithelium by immunofluorescence (Figure 2G): a tran-
script-protein relationship consistent with post-transcriptional
regulation. TTN is therefore expressed broadly across ChP com-
partments and is not restricted to macrophages.

AD drives transcriptional remodeling, senescence, and
alteration of interaction networks in ChP macrophages
To define how AD reshapes transcriptional programs across
ChP cell populations, we examined cell type-resolved gene
expression patterns in our single-nucleus RNA transcription
data. Visualization of differentially expressed genes across all
major cell classes revealed widespread but structured transcrip-
tional remodeling in AD.

AD-associated changes are organized into coherent gene
expression blocks within specific cell types rather than reflecting
global expression shifts (Figure 4A). In addition to shifts in mac-
rophages, other cell populations also exhibited disease-associ-
ated transcriptional changes. Epithelial and ependymal cells
showed alterations in genes related to cellular stress, transport,
and barrier-associated functions, while mesenchymal and endo-
thelial compartments demonstrated modulation of genes linked
to extracellular matrix organization and vascular signaling.
Neuronal and glial populations exhibited more subtle but detect-
able shifts.

A UMAP plot of the cells shows contributions to all major cell
type classes from both AD and control samples, with disease-
associated within-class shifts (Figure 4B); corresponding to the
lack of significant disease-condition coefficients for any of the
cell classes in the scCODA composition model. Macrophage
subcluster composition differed between conditions, with con-
trol samples predominantly composed of subcluster 1 (71%
versus 13% in AD), whereas AD samples were enriched for sub-
cluster 3 (73% versus 3% in controls), with more modest shifts

but are also present in mesenchymal compartments. Lower row, right: adjacent H&E stained sections showing reference microanatomy for spatial tran-
scriptomics panels; corresponding areas indicated by dashed outlines. All scale bars, 500 pm.

(F) Spatial neighborhood enrichment of cell types around macrophage subtypes in the choroid plexus. Heatmap showing mean log, enrichment of neighboring
cell types in the local spatial neighborhoods of spots containing macrophages of subclusters 1, 2, and 3 across samples (k = 7 nearest neighbors). Enrichment
values represent the ratio of observed neighborhood frequency to global cell-type frequency within each sample, averaged across samples. Positive values
indicate enrichment, while negative values indicate depletion. Statistical significance was assessed using a within-sample permutation test (2,000 permutations),
in which non-macrophage cell labels were randomly reassigned while preserving spatial coordinates and macrophage identities. Empirical p values were
computed for each sample and combined across samples using Fisher’s method. *p < 0.05, *p < 0.01, **p < 0.001.

(G) UMAP plot of complete single cell dataset showing TTN expression (raw counts). Arrow indicates macrophage cluster (see Figure 1A for all cell type labels).

6 Cell Reports 45, 117859, August 25, 2026
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Figure 4. Alzheimer’s disease reshapes transcriptional state, senescence programs, and interaction networks of choroid plexus macro-
phages

(A) Cell type-resolved heatmap of AD-associated gene expression in human choroid plexus. Single-cell RNA sequencing data are shown as a heatmap of gene
expression across individual cells, grouped by cell class and disease condition. Expression values are Z scored per gene across all cells for visualization.
Columns represent individual cells, ordered by cell type and condition (control vs. AD), with top annotation bars indicating cell class (upper) and condition (lower).
Rows represent genes, including the top differentially expressed genes upregulated in AD within each cell class, supplemented with selected genes of interest.
Within each cell class, genes are ordered by their relative enrichment in AD compared to control cells.

(B) UMAP of all single-nucleus transcriptomes profiled from ChP tissue, colored by condition.

(C) UMAP of single-nucleus transcriptomes profiled from ChP macrophages, colored by condition.

(D) Global transcriptional changes in choroid plexus macrophages in Alzheimer’s disease (AD). Volcano plot depicting differentially expressed genes (DEGs)
between AD and control choroid plexus macrophages. For each gene, the fold change (x axis) is plotted against the —log4o adjusted p value (y axis). Genes
surpassing the significance thresholds (adjusted p value < 0.05 and [log,FC| > 0.5) are highlighted in red, while dashed lines denote the statistical and fold-change
cutoffs. Representative genes with the largest effect sizes or strongest statistical significance are annotated.

(E) Senescence scores derived using the SenePy framework demonstrate increased senescence signatures across multiple choroid plexus cell types, including
macrophages (** p < 0.01, *** p < 0.0001, Wilcoxon rank-sum test).

(legend continued on next page)
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observed in subcluster 2 (x2 test, p < 1 x 107'7; Figure 4C). The
presence of elevated proportions of TTN* macrophages was
seen in all donors with AD from which macrophages were recov-
ered (see Table S4).

We performed differential expression analysis between AD
(n = 63) and control (n = 349) macrophages. AD macrophages
exhibited a broad transcriptional shift, with TTN, STAB1, SAT1,
MEF2A, and TNFAIP3 among the most significantly upregulated
genes, while neuronal-adhesion and cytoskeletal-associated
transcripts (RBFOX1, PTPRD, DLG2, and CSMD1) were promi-
nently downregulated (Figure 4D). These changes highlight dis-
rupted cytoskeletal, stress-response, and immune-modulatory
programs in AD macrophages.

Because many TTN-associated pathways intersect with
cellular aging, we also quantified senescence scores across
ChP cell types. Senescence scores were elevated across multi-
ple cell types in AD, including macrophages, epithelial, and
endothelial compartments, with increases of similar magnitude
across these populations (Figure 4E).

TTN RNAscope with Iba1/Pan-cytokeratin/vVWF immunofluo-
rescence imaging identified TTN transcripts in both nuclei and
cytoplasm of Ibal* cells (Figure 4F). Quantitative analysis of
Iba1* cells indicated that TTN™ macrophages were present in
control ChP but substantially expanded in AD tissue
(Figure 4G), validating the transcriptomic findings of disease-
associated expansion of the TTN* macrophage population.

Pathway enrichment analysis (Figure 4H) strongly implicated
dysregulation of Rho family GTPase signaling, a core regulatory
axis that integrates mechanical inputs with cytoskeletal remod-
eling, adhesion dynamics, and migratory behavior. RhoA,
Rac1, and Cdc42 act as molecular switches that coordinate
actin polymerization, membrane protrusion, and contractility.
These programs are essential for macrophage motility, phagocy-
tosis, and environmental sensing, consistent with altered
mechanotransduction and responsiveness to tissue cues. Addi-
tional perturbations are seen in clathrin-dependent endocytosis,
HSP-90 chaperone activity, vesicle trafficking, and immune acti-
vation pathways, consistent with remodeled environmental
responsiveness.

To identify upstream regulatory programs underlying tran-
scriptional remodeling in AD, we performed SCENIC-based reg-
ulon analysis in ChP macrophages (see Table S6). This revealed
a set of transcription factor networks with increased activity AD
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relative to controls, including AP-1 family members (JUN, JUNB),
RUNX (RUNX1), and chromatin- and stress-associated regula-
tors such as HMGB1 and HMGB2. Additional enrichment was
observed for transcription factors linked to calcium signaling
and cytoskeletal dynamics, including NFATC2, as well as factors
associated with stress adaptation and metabolic regulation,
such as FOXO3 and CLOCK. Notably, several of these regulons
showed consistent increases across macrophage subtypes,
indicating that regulatory changes are not restricted to a single
subpopulation but instead reflect a broader shift in macro-
phage state. In contrast, regulators associated with canonical
developmental or lineage-specifying pathways, including Wnt/
B-catenin-related factors (TCF12 and TCF7L2), exhibited more
modest or variable changes. Overall, these findings indicate
that AD-associated transcriptional remodeling in ChP macro-
phages is accompanied by coordinated activation of stress-
responsive, chromatin-associated, and cytoskeleton-linked reg-
ulatory programs.

To quantify changes in cell-cell communication in AD, we per-
formed ligand-receptor inference using LIANA?® and compared
interaction patterns across cell types (Figure 4l). Globally, the
number of retained interactions increased in AD (581 vs. 501 in
controls). Focusing on macrophage interactions with other cell
types, we observed a shift in both magnitude and directionality.
Outgoing interactions from macrophages increased modestly in
AD (44 vs. 26 edges; logoFC = 0.76), whereas incoming interac-
tions to macrophages increased more substantially (63 vs. 28
edges; logo,FC = 1.17). A similar pattern was observed for inter-
action strength, with a relatively modest increase in macrophage
outgoing signaling (log>FC = 0.44) compared to a larger increase
in incoming signaling (log>FC = 1.33). At the level of specific cell-
cell pairs, macrophage interactions exhibited partner-specific
remodeling. Outgoing interactions from macrophages were
most increased toward other macrophages, but decreased
toward other cell types. In contrast, incoming interactions to
macrophages were broadly increased across multiple compart-
ments, with the largest gains arising from endothelial and
mesenchymal cells.

DISCUSSION

The ChP is increasingly recognized as a dynamic neuroimmune
interface whose cellular states adapt to age, injury, and

(F) Example micrographs of AD and control choroid plexus, stained with immunofluorescence markers Iba1 (yellow), Pan-cytokeratin (green), and vVWF (magenta),
co-stained with DAPI (blue), along with RNAscope single molecule FISH probes for TTN RNA (red). Arrowheads indicate Iba1* macrophages containing TTN RNA.
All scale bars, 20 pm.

(G) Frequency of macrophages containing TTN transcripts in RNAscope assay, quantified as percentage of total number of macrophages present per field. An
increased fraction of TTN-expressing macrophages are found in AD ChP compared to control (*** = P(AD > control) > 0.999, Bayesian independent samples t test
reporting posterior probability).

(H) Enrichr over-representation analysis performed using across GO Biological Process (2023), KEGG (2021), and Reactome (2022) gene sets. The dot plot
summarizes the top enriched pathways, with the x axis representing enrichment significance (—logo adjusted p value) and dot color reflecting the Enrichr
combined score integrating statistical significance and deviation from background expectation. Pathways are ranked by adjusted p value, highlighting the major
biological processes associated with the observed gene expression changes.

(l) Circos plots of ligand-receptor interactions inferred by LIANA show altered macrophage connectivity in AD. Sectors represent individual cell types, and links
indicate inferred signaling interactions from ligand-expressing source cells to receptor-expressing target cells. Link width, opacity, and radial prominence are
scaled according to interaction strength (LIANA scaled weight), with larger and darker links denoting stronger predicted communication. Links are colored
according to source cell type. Sector size is proportional to the cumulative interaction strength associated with each cell type. Cell types with no interactions
crossing significance threshold p < 0.05 are omitted from the plot.
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neurodegeneration. ChP macrophages are a mixed population
of long-lived, yolk sac-derived macrophages and replenishing
bone marrow-derived macrophages that are adapted to the
epithelial-stromal interface, positioned at the front line of
blood-CSF communication.®® In this study, we identified a tran-
scriptionally diverse macrophage compartment within the hu-
man ChP. Cross-tissue atlas mapping positions these cells at
the intersection of TRM programs, monocyte-like states, and
stress-responsive immune signatures. These findings align
with previous descriptions of BAM heterogeneity and niche-
driven specialization, while highlighting a range of phenotypic
states in human ChP macrophages. The background stromal,
epithelial, and endothelial cell milieu represents a unique struc-
tural context in which ChP macrophages operate, supporting im-
mune sampling, antigen presentation, and barrier-associated
surveillance.

ChP macrophages show specialization for their tissue
microenvironment

By combining single-nucleus and spatial transcriptomics, our
study provides a comprehensive transcriptional and spatial atlas
of macrophages in the adult human ChP. BAMs, of which ChP
macrophages are a specialized subset, are myeloid cells
that reside at CNS interfaces, including the meninges and peri-
vascular spaces, where they form a distinct compartment from
parenchymal microglia.”> BAMs are defined by transcriptional
programs that integrate immune surveillance, antigen presenta-
tion, and regulation of leukocyte trafficking.®® Developmentally,
many BAM populations arise from embryonic progenitors and
are maintained through local self-renewal,® although mono-
cyte-derived cells contribute under inflammatory or disease
conditions, and in homeostasis in the ChP.° Blood-derived mac-
rophages have been demonstrated to play a critical role in CNS
tissue repair after injury, mediated in part by IL-10.%°*" Function-
ally, BAMs coordinate communication between the peripheral
immune system and the CNS, shaping immune entry, inflamma-
tory tone, and tissue homeostasis at neurovascular interfaces,
and are increasingly implicated in neurodegenerative and neuro-
inflammatory diseases.

Among ChP macrophages, three distinct subsets have been
described in mice: an Slc40a1* subset located near larger ves-
sels co-expressing Spic and Clec4n; a subset of Lyvel* cells
found on the epiplexus surface; and an Spp1-expressing sub-
set.?® We find human subsets overlapping with the three seen
in mice. Overlapping with the LYVE1* subset, our data reveal
an unexpected mechanobiological program centered on titin.

The discovery of TTN-expressing (TTN*) macrophages in the
human ChP, and their selective expansion and molecular re-
programming in AD, defines a previously unrecognized axis of
macrophage mechanotransduction at the brain’s borders.

Titin expression identifies a distinct macrophage state

TTNis canonically understood as a structural and elastic scaffold
that governs sarcomere mechanics in striated muscle. However,
emerging work in lymphocytes demonstrates that immune cells
can deploy TTN isoforms to regulate membrane tension, adhe-
sion, and migratory behavior.***® As in other leukocytes,®* these
functions depend on dynamically tuning actin architecture in
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response to mechanical cues.®® TTN-deficient lymphocytes
display impaired motility and altered actin dynamics, identifying
TTN as a master regulator of immune cell trafficking. These ob-
servations suggest that TTN operates as a mechanotransductive
scaffold that integrates cytoskeletal tension, cell-environment in-
teractions, and signal responsiveness; these processes are cen-
tral to immune cell behavior within mechanically heterogeneous
tissues like the ChP.

The primer sets we used in PCR validation (see Figure 2F) in
CD163-expressing macrophages target non-overlapping re-
gions of the TTN transcript including the Z-disk region, the
I-band region (PEVK), and the A-band region (C-zone super re-
peats), indicating expression of extended TTN isoforms rather
than short or fragmented transcripts, and suggesting that mac-
rophages express structurally complex TTN variants. This,
together with in situ histologic detection, establishes TTN as a
feature of a macrophage subset in the human ChP, extending
TTN biology beyond lymphocyte trafficking and adding to our
understanding of immune mechanobiology.

Interpreting TTN across ChP cell types requires accounting for
both the transcript and the assay. TTN is the largest gene in the
human genome, and single-nucleus RNA sequencing, which
samples nuclear RNA and under-recovers very long transcripts,
is expected to underrepresent total cellular TTN. Our in situ data
bear this out. Epithelial cells show abundant TTN RNA by RNA-
scope alongside the low per-nucleus epithelial TTN measured by
sequencing, indicating that the single-nucleus values reflect
relative nuclear abundance rather than absolute expression.
Epithelial titin protein was detected by immunofluorescence at
more modest levels than the transcript, consistent with post-
transcriptional regulation in these cells. We therefore do not
interpret TTN as macrophage-restricted. Rather, TTN is ex-
pressed across ChP compartments, and our data identify a spe-
cific macrophage subset in which TTN marks a coordinated
cytoskeletal, phagocytic, and stress-response program that ex-
pands in AD. Interestingly, spatial transcriptomic analysis identi-
fied enrichment of the TTN™ macrophage population localized
near endothelial cells, suggesting a preferential perivascular dis-
tribution and histologic studies identified TTN* macrophages in
this location.

TTN* cells show heterogeneous but elevated expression of
MEF2A, MEF2C, and MEF2D, transcription factors activated
downstream of cytoskeletal deformation, Ca?* flux, and RhoA
signaling.”>*® In proinflammatory conditions, MEF2C contrib-
utes to classical activation in macrophages,’ in contrast to brain
microglia, in which it mitigates proinflammatory TNF and IL-1p
production.®® Consistent with this, our data show that TTN*
ChP macrophages display elevated MEF2A/C/D activity and up-
regulation of pathways involved in cytoskeletal remodeling,
phagocytosis, oxidative stress responses, MHC class Il antigen
presentation, and autophagy. In the densely folded, fluid-
exposed, and mechanically active environment of the ChP,
TTN expression may therefore provide a structural and regulato-
ry advantage for macrophages navigating stromal surfaces,
engaging epithelial barriers, and responding to blood and CSF
flow-derived shear forces.

Like other BAMs, ChP macrophages exhibit specialized mor-
phologies and dynamic processes shaped by the mechanical
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and biochemical attributes of their niche.*® TTN expression pro-
vides a plausible molecular mechanism for coordinating these
specialized cytoskeletal behaviors. The presence of TTN* mac-
rophages fills a gap in our understanding of how ChP macro-
phages sense and respond to mechanical forces within the
epithelial-stromal microenvironment. In lymphocytes, TTN iso-
forms regulate microvilli formation, integrin-mediated adhesion,
and mechanical properties that enable trafficking.®> Similarly,
the TTN* macrophage population identified here is enriched for
transcriptional programs linked to cytoskeletal remodeling and
adhesion, and is preferentially localized to vascular-adjacent
niches, supporting a model in which TTN contributes to orga-
nizing structural and functional states across immune cell types.

Signaling interactions with titin in cytoskeletal control
and environmental sensing

Titin has well-characterized interactions with actin and actin-
associated complexes, including binding via its PEVK region
and Ig-like domains, that enable it to modulate cytoskeletal ten-
sion and contribute to force transmission and mechanosensing
in cytoskeletal networks under load.*>*" In lymphocytes, titin is
required for mediation of chemokine signaling by RhoA and
Rac1.°® In macrophages, TTN expression may similarly tune
the sensitivity of Rho-actin circuits, with downstream effects
on force generation, motility, and immune synapse formation.

Differential expression and pathway enrichment analyses re-
vealed substantial perturbation of Rho-family small GTPase
pathways in AD macrophages. RhoA, Rac1, and Cdc42 orches-
trate actin polymerization, contractility, and membrane dy-
namics that enable leukocyte migration, adhesion, and phago-
cytosis.**™* Prior studies demonstrate that Rho-GTPase
signaling controls these functions in macrophages*>“°*" and
interfaces with inflammatory signaling including NF-xB and
oxidative stress responses, representing a potential link from
mechanical inputs to immune function.

In this framework, TTN* macrophages may be more respon-
sive to environmental cues as they navigate the biomechanically
complex epithelial folds, fluid shear forces, and variable sub-
strate stiffness of the ChP. The observation that TTN* macro-
phages occupy spatial niches enriched for endothelial interfaces
suggests that they reside at boundaries where vascular, stromal,
and epithelial compartments intersect, which may expose these
cells to localized hemodynamically driven gradients in shear,
tissue deformation, and substrate stiffness that could engage
titin-associated mechanotransduction pathways.

A disease-associated program emerges in AD ChP
macrophages
AD is increasingly recognized as a disorder involving complex
neuroimmune imbalances.**°" While microglial activation in
the parenchyma has been extensively studied,**® the ChP rep-
resents an overlooked interface where peripheral immune cells
interact with CNS-derived signals.”'®'* The ChP epithelium
and its resident macrophages orchestrate leukocyte trafficking
into cerebrospinal fluid and regulate inflammatory tone
throughout the brain."":54:°

The expansion of TTN* macrophages in AD suggests that this
mechanosensitive program becomes preferentially induced or
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selected under disease conditions. AD macrophages exhibit
coordinated upregulation of TTN itself and MEF2-linked signa-
tures, along with Rho-GTPase pathway dysregulation, oxidative
stress responses, and hallmarks of cellular senescence. These
changes are accompanied by marked downregulation of
adhesion- and cytoskeleton-associated transcripts such as
RBFOX1, PTPRD, DLG2, and CSMD1, consistent with altered
structural and signaling capacity.

Our analysis of ligand-receptor interactions in AD indicates
that intercellular signaling networks are not uniformly increased
or diminished but instead undergo directional and cell type-spe-
cific remodeling. In particular, macrophages exhibit a dispropor-
tionate increase in incoming interactions from endothelial,
mesenchymal, and epithelial compartments, alongside more
modest and heterogeneous changes in outgoing signaling.
This shift suggests that macrophages in AD may become more
responsive to environmental cues while altering their signaling
outputs to specific partners. One interpretation is that increased
incoming signaling reflects heightened integration of these cells
within the local microenvironment, particularly at vascular and
stromal interfaces where mechanical and inflammatory cues
converge.

These findings support a model in which AD-associated
macrophage reprogramming, potentially in macrophages
recently recruited to the ChP, reflects coordinated changes in
transcriptional state and network connectivity, resulting in a pop-
ulation that is both more environmentally responsive and func-
tionally specialized within the ChP niche.

The relationship between TTN* macrophage abundance and
AD severity could not be assessed in the present study, as data-
sets included only a single donor with intermediate-level AD
neuropathologic change. While donor-level analyses across
the broad cohort demonstrate consistent enrichment of TTN*
macrophages in AD, future studies incorporating larger,
severity-stratified cohorts with matched spatial and transcrip-
tomic profiling will be required to determine whether these
changes scale with disease progression.

Implications for neuroimmune biology and future
directions

This study provides single cell and spatial transcriptomic atlases
of adult human ChP from subjects with and without AD, a
resource for future studies of the blood-CSF barrier in neurode-
generation. Additionally, our findings introduce titin as a previ-
ously unrecognized component of macrophage biology and
identify a mechanobiologically specialized macrophage pro-
gram at the borders of the human brain. By demonstrating that
TTN* macrophages display distinct transcriptional signatures,
spatial organization, and disease-associated remodeling, this
study expands the conceptual framework of immune mechano-
transduction and implicates TTN in neuroimmune function in
disease.

Our findings extend recent models of ChP macrophage het-
erogeneity and dysfunction. Du et al. identified three principal
ChP macrophage populations: CD163*, MHCII*, and CD9* sub-
sets, with distinct developmental origins and spatial niches.’
Consistent with this framework, we resolve multiple macrophage
states spanning tissue-resident and monocyte-like identities,
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but additionally identify a TTN™ macrophage population charac-
terized by coordinated activation of cytoskeletal, phagocytic,
and stress-response programs. Our results also align with prior
work demonstrating that the ChP functions as a dynamic im-
mune interface in systemic infection, with regulated leukocyte
trafficking and cytokine signaling shaping CNS immunity.*® In
the context of AD, our findings further extend observations in
the APP/PS1 mouse model, in which early epithelial dysfunction,
including impaired barrier integrity and altered secretion of
macrophage-regulatory factors, was observed.'? In human AD,
we similarly observe broad, cell type-specific transcriptional
remodeling across epithelial, endothelial, and stromal compart-
ments. However, our data further indicate that macrophages un-
dergo a coordinated state transition in AD, including expansion
of a TTN* senescent population and reduced ligand-receptor
connectivity with neighboring cells. These findings support a
model in which ChP dysfunction in AD reflects coupled alter-
ations in epithelial and immune compartments, linking barrier
disruption with macrophage reprogramming and loss of tissue
integration.

Future work should determine whether TTN directly regulates
macrophage mechanics, migration, or adhesion in the ChP;
whether specific TTN isoforms confer specialized biomechanical
properties; and whether mechanobiology-associated pathways
can be therapeutically modulated to modulate cell migration
and crosstalk in AD. More broadly, these results raise the possi-
bility that mechanical changes at CNS interfaces contribute to
the immune dysregulation characteristic of neurodegenerative
disease.

Limitations of the study

This work is exploratory in scope. The donor cohort is modest in
size and cross-sectional, so the AD-associated changes
described here are correlative, and larger, severity-stratified co-
horts will be needed to determine whether TTN* macrophage
abundance tracks with disease progression. Detection of TTN
is also shaped by the assays used: single-nucleus sequencing
under-recovers exceptionally long transcripts, which is why we
paired sequencing with RT-gPCR, RNAscope, and immunofluo-
rescence rather than relying on any single modality. Finally, the
functional consequences of macrophage TTN expression,
including whether it is required for the cytoskeletal and mecha-
nosensory programs with which it is associated, remain to be
tested directly in experimental systems.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfiled by the lead contact, Marcello DiStasio
(marcello.distasio@yale.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® The snRNA-seq and spatial transcriptomics data generated in this study
have been deposited in the NCBI Gene Expression Omnibus (GEO) un-
der accession numbers GSE315551 and GSE315553, respectively.
Processed count matrices, cell annotations, and metadata used for all
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analyses are included in the GEO record. Additional data supporting
the findings of this study are available from the corresponding author
upon reasonable request.

® Custom analysis code is available at https://github.com/distasiolab/
SHIPBIO (initial release https://doi.org/10.5281/zenodo.21516630).
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Tissues were obtained from deidentified postmortem human donors to the Yale Legacy Tissue Donation Program; use of deidentified
postmortem human tissue was reviewed and approved by the Yale Institutional Review Board under protocol #2000032009. All do-
nors or next of kin were consented for participation. Donor metadata is provided in Supplemental Materials Table S1.

METHOD DETAILS

ChP tissue preparation

ChP tissues were dissected from the bilateral lateral ventricles. ChP samples were divided, with portions of tissue >10 grams snap
frozen and a portion fixed in 10% formalin and embedded in paraffin.

Single-nucleus RNA sequencing

Nuclei were isolated on ice using the Nuclei EZ Prep Kit (NUC-101, Sigma-Aldrich) according to the manufacturer’s instructions, with
some modifications. All procedures were carried out on ice or at 4°C. Briefly, frozen tissue was subjected to dounce homogenization
using the KIMBLE Dounce Tissue Grinder Set (Sigma) and EZ Lysis buffer. After lysis, the sample was centrifuged and supernatants
were discarded. Isolated nuclei were further processed using EZ lysis buffer and ice-cold Nuclei Suspension Buffer (1x PBS con-
taining 0.01% BSA and 0.1% RNAse inhibitor), before being resuspended in Nuclei EZ Storage buffer and passed through a
40 pm nylon cell strainer. The nuclei suspensions were counted with trypan blue using a hemocytometer under a microscope.
RNA libraries of barcoded single nuclei were assembled in compliance with the 10x Chromium Next GEM Single Cell 3’ platforms
manufacturer procedures. Sequencing was performed by the Yale Center for Genome Analysis (YCGA) using an lllumina NovaSeq
6000, ensuring high-quality single nucleus RNA sequencing data for downstream analysis. The raw data obtained from sequencing
was converted to fastq files, which were then aligned to the human reference genome (GRCh38) using the 10x Cell Ranger 7.1.0
pipeline.
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Slide-seq spatial transcriptomics
OCT-embedded snap frozen tissues were cryosectioned at 10 um thickness and applied to barcoded Curio Bioscience Seeker v1.1
3 x 3mm slide-seq tiles according to the manufacturer’s protocol. Orientations were not standardized because of free-hand embed-
ding plane, chosen to preserve the folded epithelial-stromal architecture of the tissue. Near-consecutive sections were used for
spatial transcriptomics and matched histologic assessment where applicable.

Sections were fixed, permeabilized, and processed for spatially resolved cDNA synthesis using Slide-seq reagents. Libraries were
prepared and sequenced using an lllumina NovaSeq 6000, achieving a mean spatial resolution of 10 um per bead. Raw sequencing
data were processed using the Curio computational pipeline implemented in Nextflow.

CD163* cell selection, RNA extraction, and cDNA synthesis

RNA was extracted from CD163 microbead-separated macrophages (Miltenyi Biotec, Cat. #130-124-420) using the RNeasy Mini Kit
(Qiagen), following the manufacturer’s protocol. The extracted RNA was quantified, and its purity and integrity were assessed using a
NanoDrop 2000 spectrophotometer (Thermo Scientific). For cDNA synthesis, 12 ng of RNA-equivalent cDNA was generated. The
cDNA synthesis was performed using the iScript cDNA Synthesis Kit (Bio-Rad, Cat. #1708891), ensuring high-quality template for
subsequent qPCR analysis. The cDNA was subsequently amplified using TTN-specific primers (IDT DNA; For sequences of primers
used, see key resources table.

Validation and analysis of cDNA using qPCR

The TTN expression levels were assessed using quantitative PCR (QPCR) conducted with a Bio-Rad system. The generated cDNA
was validated using gPCR, and the amplification plots were analyzed with Bio-Rad CFX Maestro software. This analysis provided
detailed amplification profiles of the expression of TTN in the CD163 microbead-separated macrophages, with GAPDH serving as
a control.

Relative TTN isoform expression was calculated by the AACq method: for each primer set, Cq values were first normalized to
GAPDH within each sample (ACq = Cqrrn — Cqgarpr), and the ACq of CD163 bead-enriched macrophages was then referenced
to that of the paired unenriched whole ChP tissue (AACqQ = ACQenriched — ACQunore), With fold change in enriched relative to whole
tissue reported as 2249,

Immunofluorescence and RNA in situ hybridization

Formalin-fixed, paraffin-embedded (FFPE) tissue blocks were sectioned into 5 pm thick slices and mounted on Superfrost Plus mi-
croscope slides. The slides were baked overnight at 40°C to ensure adherence of the sections, deparaffinized, and hydrated prior to
staining.

For titin immunofluorescence, primary antibody incubation with rabbit anti-titin (Proteintech Cat. #27867-1-AP) (1:250), guinea pig
anti-Pan-cytokeratin antibody (Origene Cat. #BP5069) (1:75), sheep anti-vWF (Invitrogen Cat. #PA1-43057) (1:500), and chicken anti-
Ibal antibody (Synaptic Systems Cat. #234 009) (1:500) was conducted overnight at 4°C, followed by detection with secondary
donkey anti-rabbit Alexa Fluor 647 (Invitrogen, Cat. #A31573) (1:500), goat anti-guinea pig Alexa Fluor 488 (Invitrogen Cat.
#A11073) (1:500), donkey anti-sheep Alexa Fluor 555 (Invitrogen Cat. #A21436) (1:500), and goat anti-chicken Alexa Fluor 594 (Invi-
trogen, Cat. #A11042) (1:500). Nuclei were counterstained with DAPI.

RNA probes were obtained from ACDBIo, Inc., Newark, CA, for TTN (RNAscope Probe Hs-TTN, Cat. #550361) and detected using
TSA Vivid Fluorophore Kit 650 (Tocris Bioscience, Cat. #7527). RNAscope was performed following manufacturer’s protocol. Micro-
graphs for positive and negative control probes are shown in Figure S4. Primary antibody incubation with guinea pig anti-pan Cyto-
keratin antibody (Origene Cat. #BP5069) (1:75), sheep anti-vWF (Invitrogen Cat. #PA1-43057) (1:500), and chicken anti-Iba1 antibody
(Synaptic Systems Cat. #234 009) (1:500) was conducted overnight at 4°C, followed by detection with secondary goat anti-guinea pig
Alexa Fluor 488 (Invitrogen Cat. #A11073) (1:500), donkey anti-sheep Alexa Fluor 555 (Invitrogen Cat. #A21436) (1:500), and goat anti-
chicken Alexa Fluor 594 (Invitrogen, Cat. #A11042) (1:500). Nuclei were counterstained with DAPI.

Slides were imaged on an inverted fluorescence microscope (Thunder Imager, Leica Microsystems, Wetzlar, Germany). For RNA-
scope quantification, only Iba1 immunofluorescence was used (for example images see Figure S3). Multiple slides imaged per con-
dition, with a mean of 27.2 images per slide and a mean of 34.6 images per case. The total number of macrophages and the number of
macrophages with probe signal in areas of 558.14 pm x 348.84 um were recorded and pooled based on condition (AD or control). A
total of 312 images were analyzed: 91 images from control slides (n = 2) and 221 images from AD slides (n = 7). Statistical analyses
were performed using a Bayesian independent sample t test (H; = AD > Control).

DAB immunohistochemistry

FFPE sections were deparaffinized in xylene and rehydrated using graded alcohols. Antigen retrieval was performed using citrate
buffer, followed by blocking with 1% BSA and 0.3% Triton X-100. Primary antibody incubation with rabbit anti-CD163 (Abcam
Inc., Cat. #ab182422) (1:200) was conducted overnight at 4°C. Detection was with biotinylated goat anti-rabbit IgG and ABC reagent
(Vector Laboratories Cat. #PK-6101), with visualization via DAB substrate.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Computational analysis
The snRNA-seq data was analyzed using Python-based tools, including scanpy v1.11.32" scvi-tools v1.3.2%°, and associated pack-
ages. Additional custom Python code was used for spatial ROl selection and analysis (see Data Availability section).

Quiality control filtering was performed in Python using scanpy. Nuclei with low-complexity profiles or high mitochondrial transcript
content were excluded on a sample-by-sample basis based on visual inspection of distributions followed by upper and lower thresh-
olds set in multiples of median absolute deviations of the following criteria: total detected genes, total UMls, and % mitochondrial
reads. Genes detected in fewer than 2 nuclei were removed. Ambient RNA correction was not applied. Because these data were
generated from isolated nuclei, ambient cytoplasmic RNA contamination was expected to be less prominent than in whole-cell data-
sets. We therefore prioritized standard quality-control filtering and downstream validation, ensuring that cell classes were clearly
separable on the basis of canonical marker genes. After quality control, data from individual donors were integrated using scVI
for batch correction and latent-space modeling.

To integrate single-nucleus RNA sequencing data across donors and conditions, we used a variational autoencoder framework
implemented in scvi-tools. Raw count data were stored in the counts layer of an anndata object and used as input to the model.
The anndata object was configured using SCVI.setup_anndata with donor identity (sample) specified as a batch covariate and dis-
ease condition (condition) included as an observed label. An SCVI model was trained with default parameters and a fixed random
seed (seed = 0) to ensure reproducibility. The trained model was used to compute a low-dimensional latent representation of
each nucleus, capturing biological variation while correcting for batch effects across samples. In addition, normalized gene expres-
sion values were obtained from the model using a library size of 10,000 counts per cell.

For downstream visualization and clustering, principal component analysis (PCA) was applied to the scVI latent space, followed by
UMAP embedding. A semi-supervised UMAP was generated by incorporating cell class labels as guidance during embedding. Near-
est-neighbor graph construction and Leiden clustering were performed on the scVI-derived representation, and clusters were anno-
tated based on the most frequent marker-based cell class assignment within each cluster.

Differential gene expression

To define transcriptional changes between conditions and macrophage subpopulations, we performed differential gene expression
(DGE) analysis on scVI-corrected expression values using scanpy.tl.rank_genes_groups with the Wilcoxon rank-sum test, and genes
were ranked by adjusted p-value and fold change. Where applicable, adjusted p-values were corrected for multiple testing using the
Benjamini-Hochberg procedure. For visualization, log, fold changes are reported. To focus on robust and biologically meaningful
differences, we applied a threshold of log-FC > 0.5 and adjusted p-value <0.05.

Cell composition analysis

To characterize the baseline cellular architecture of the tissue independent of experimental perturbation, we examined the intercept
terms of a scCODA model fitted to our data, which represent the log-scale baseline abundances of each cell type relative to the refer-
ence population. scCODA implements a Bayesian multinomial-logit framework with a spike-and-slab prior, allowing simultaneous
estimation of positive, negative, or null compositional effects while accounting for the inherent sum-to-one constraints of composi-
tional data. By transforming the posterior mean intercepts through a softmax function, we derived an interpretable baseline compo-
sition profile reflecting the expected proportion of each cell type before conditioning on the experimental variable. This intercept-
derived composition provides a model-based estimate of the underlying cellular milieu, integrating information across all samples
while adjusting for reference constraints and compositional dependencies. In our dataset, the resulting stacked bar representation
highlights the baseline dominance of specific populations and provides a principled point of comparison for evaluating subsequent
condition-associated shifts in relative abundance.

Gene module scoring

Gene module scores were computed using scanpy.tl.score_genes, which measures the average expression of a predefined gene set
in each cell relative to a background reference set of matched genes. Scores are centered around zero, such that positive values
indicate enrichment of the module and negative values indicate depletion relative to background. Gene sets for scoring were curated
from a combination of publicly available pathway databases (MSigDB, Reactome), ImmGen and human myeloid single-cell atlases,
and manual literature curation. Specific genes used for myeloid cell types (Figure 1F) are listed in Table S3, and genes used for func-
tional annotations (Figure 3A) are listed in Table S5. Unless otherwise specified, statistical tests on proportions were performed at the
donor level.

Gene set enrichment analysis and senescence scoring

To investigate coordinated pathway-level changes, we performed gene set enrichment analysis (GSEA) using Enrichr®’ across Gene
Ontology Biological Process, KEGG, and Reactome databases. Enrichment statistics were derived from the ranked DGE results. To
quantitatively assess cellular aging programs, we used SenePy,"® a framework for single-cell resolution senescence scoring. SenePy
computes enrichment scores for curated senescence gene sets while adjusting for dataset-specific expression variability.
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Cell interaction analysis

Cell-cell communication was inferred using LIANA,?® which provides consensus scoring across multiple ligand-receptor inference
algorithms to ensure robustness to model-specific biases. We applied LIANA to scVI-normalized expression profiles in our snRNA-
seq data to quantify the probability of active ligand-receptor interactions between all annotated cell classes. Ligand-receptor inter-
actions were filtered based on statistical significance (p < 0.05) and ranked by scaled weight, with the top interactions retained for
visualization. Consensus scores were aggregated and visualized using circos plots to highlight directional communication patterns in
control and Alzheimer’s disease tissue.

Atlas integration

To contextualize ChP macrophages within a broader myeloid landscape, we performed cross-dataset integration between our
macrophage snRNA-seq data and the myeloid compartment of a cross tissue immune cell atlas®* using a non-negative matrix factor-
ization (NMF) framework implemented in python with the scikit-learn library. NMF decomposes high-dimensional single-nucleus
gene expression matrices into a set of biologically interpretable latent factors whose non-negativity constraints promote sparse, ad-
ditive representations of cellular programs. For integration, we projected both our ChP dataset and external reference atlases of hu-
man myeloid populations into a shared NMF-derived factor space. This approach aligns gene expression profiles across datasets
without imposing hard cluster boundaries and enables robust comparison of transcriptional identities across tissues. The resulting
joint factorization allowed us to map ChP macrophages onto well-defined myeloid states.

Spatial transcriptomic data analysis

Spatial barcode deconvolution, gene count matrices, and spatial alignment were performed using the Curio pipeline and validated
with gene signatures and anatomical landmarks. After batch correction with Harmony,*® we used GIMVI®’ to integrate our ChP-
derived snRNA-seq dataset into the spatial transcriptome dataset to increase gene coverage. We then used CellCharter®® to perform
graph-based coarse neighborhood clustering, and identified cell types using gene signature scores for canonical cell-type marker
sets, assigning each cell to the class whose marker signature achieved the maximal score for that cell.

Spatial neighborhood analysis

To integrate transcriptional states with spatial organization in the ChP, we performed a multimodal spatial neighborhood analysis
combining cross-modal imputation, graph-based clustering, and neighborhood enrichment statistics. First, we used GIMVI,?’ a vari-
ational inference framework that jointly models snRNA-seq and spatial transcriptomics data, to impute high-resolution gene expres-
sion profiles into spatial RNA expression profiles. This approach enables transfer of macrophage subcluster signatures onto the tis-
sue architecture while preserving spatial covariance across modalities. We then applied CellCharter,®® which performs graph-based
clustering on spatial expression graphs, to delineate coherent anatomical and functional domains within the ChP. These domains
captured epithelial folds, stromal regions, and immune-enriched microenvironments and provided a spatial scaffold for downstream
analyses. Squidpy’s neighborhood enrichment framework®' was used to quantify the overrepresentation of specific cell types in the
immediate proximity of TTN-positive and TTN-negative macrophages. Neighborhood enrichment around macrophage subclusters
was quantified as the logs ratio of neighborhood frequency to global frequency. Statistical significance was assessed with a permu-
tation-based test in which non-macrophage cell labels were randomly shuffled within each sample while preserving spatial coordi-
nates and macrophage center identities, thereby maintaining sample-specific composition and spatial structure. For each macro-
phage subtype and neighboring cell type, empirical p-values were calculated from 2,000 permutations based on the null
distribution of log, enrichment. p-values were then combined across samples using Fisher’s method to obtain a single significance
estimate per cell type-macrophage subtype pair.
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