nature cell biology

Resource

https://doi.org/10.1038/s41556-026-02074-9

Cell atlas of the developing human meninges
reveals a dura-like nature of meningiomas
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The vertebrate central nervous systemis enveloped by the meninges,
consisting of the pia, arachnoid and duralayers. The arachnoid is
hypothesized to give rise to the most common primary intracranial
tumours, meningiomas. However, supporting molecular evidence is lacking.
There are no effective medical therapies to treat meningiomas that are
resistant to local interventions, encumbered by our limited understanding
of their cellular origin. Here, to advance our understanding of meningioma

biology, we generated a comprehensive reference single-cell and spatial
transcriptomic atlas of human fetal meninges at postconceptional weeks
5-13. We found that the meningeal layers develop concurrently, and
identified aninner CDHI-positive duralayer expressing tight-junction
genes consistent with barrier function. Comparing meningiomas with fetal
meninges, we show that, transcriptionally, meningioma cells resemble
dura-lineage cells, and that common meningioma driver genes were
expressed in the duralineage. This raises the hypothesis that meningiomas
could originate from dura-lineage cells.

The vertebrate central nervous system (CNS) is enveloped by the
meninges, comprising the pia, arachnoid and dura maters. The menin-
gesattach the brain to the skull, supply blood flow and immune pro-
tection, and provide space through which cerebrospinal fluid (CSF)
flows around the brain. Several CNS developmental defects result
from aberrations of the meninges, such as those caused by FOXC1
mutations’. Importantly, the meninges give rise to the most common
primary intracranial tumours, meningiomas. Although commonly
benign or low grade, there are no effective medical therapies for
higher-grade atypical or anaplastic meningiomas that are resistant

to standard interventions?, partly due to our limited understanding
of their origin.

Meningioma tumours arise from meningeal cells, but the precise
celltype of originis not fully known. John Cleland (1864)* first described
meningiomas as a tumour of the arachnoid granulations, which are
protrusions of the arachnoid mater into the dural venous sinuses
that drain CSF into venous blood. Martin Schmidt (1902)* showed
that meningioma cells can resemble arachnoid cap cells, which form
whorls and psammoma (sand-like) bodies on the perimeter of arach-
noid granulations—an observation agreed upon by the influential
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neurosurgeon Percival Bailey (1931)°. Contemporary authors gener-
ally concur with the arachnoid cap cell origin®. However, this origin
has only been inferred on the basis of histological and morphological
similarities, while molecular evidence is lacking.

In other tumours, the cell of origin has been inferred from tran-
scriptional similarity to normal cell types, for example, based on
single-cell atlases’. However, meningiomas have not yet been described
onthebasis of their similarity to cells of the different meningeal layers.
While efforts to map the cellular architecture of the meninges have
increased in recent years, few studies have specifically focused on
meningeal fibroblasts. The first such effort performed single-cell RNA
sequencing (scRNA-seq) of embryonic day (E)14.5 Collal-positive cells
inmice, and shed initial light on fibroblast heterogeneity within the pia,
arachnoid and dura mater®, This was followed by ascRNA-seq study of
the human adult dura’, and the adult mouse and human leptomeninges
(piaand arachnoid)'®". Other studiesincidentally included parts of the
meningesin their datasets when sampling the brain'**, whereas others
focused their analyses on the cranium'" orimmune cells'®.

Tumours tend to hijack developmental mechanisms””*%, There-
fore, understanding the molecular determinants of meningeal origin
and developmentis key toidentifying the drivers of growth and trans-
formation of meningiomas. Despite the clinicalimportance of menin-
geal origin for meningioma biology, no comprehensive cell atlas has
been published covering the developing human meninges. As aresult,
not much is known about how the human meninges develops either,
suchas the genesis and maturation of meningeal layers by fibroblasts,
andincodevelopment withimmune and vascular cellsinthe meninges.

Here, we therefore set out to survey the development of human
meninges, fromembryonic postconceptional week (PCW) 5-8 and fetal
PCW 9-13 (hereafter PCW 5-13 is collectively referred to as ‘fetal’), by
scRNA-seq and probe-based in situ gene expression analysis (Xenium,
hereafter ‘spatial transcriptomics’; Fig. 1a). We also collected published
bulk RNA-seq and scRNA-seq data for human meningiomas'’,and gener-
ated new spatial transcriptomic data for seven such tumours (Fig. 1b).
Below, we describe our cell atlas of the developing meninges, focusing
onimmune cells, vascular cells and, importantly, fibroblasts. We then
use well-annotated fibroblast cell types and gene expression programs
that are active during normal meningeal development as a blueprint
to further our understanding of the cellular composition and drivers
of human meningiomas (Fig. 1c).

Our work is published alongside a paper by the Sarah Teichmann
group® that complements our findings with a particular focus on the
immune compartment of the developing meninges.

Results

Comprehensive cellular and spatial atlas of the developing
human meninges

For scRNA-seq, we collected 16 human meninges samples from 13
donors across PCW 5-13. We collected the whole meninges that peeled
off the brain (Extended Data Fig. 1a,b). A total 0f 156,726 high-quality
cells were used for further analysis (Fig. 1a), and the mean unique
molecularidentifiers (UMIs) per sample were 8,842. As expected, anu-
cleated erythropoietic cells showed the lowest gene and UMI counts
(Extended Data Fig. 1c); excluding those cells, the mean UMI count
was 10,249 (Supplementary Table 1). An analysis of the distribution of

maternal and paternal SNP alleles” (Methods) indicated that all cells
were fetal except some erythrocytes (Extended Data Fig. 1d). We found
that the data were well integrated across samples evenin the absence
ofbatch correction, which we therefore omitted to avoid suppressing
true biological variation (Extended Data Fig. 1e,f).

We generated a total of 245 clusters, annotated to four levels of
detail: celltype (n =115), subclass (n =105), class (n = 45) and superclass
(n=8). We computed metadata such as cell cycle score, fetal age and
enriched genes for each cluster (Supplementary Table 2). The largest
superclass consisted of FOXCI" fibroblasts, which made up half the
dataset, in addition to PECAMI" endothelial, ABCC9" perivascular,
PTPRC immune and ALAS2" erythropoietic cells inthe meninges, across
all donors. We also acquired interacting SOX2" neural, SOX10* neural
crestand FOXJI' epithelial (choroid plexus, ChP) cells (Fig.1d-h). Due
to the diversity of our dataset, we were able to generate highly specific
markers for many cell types of the meninges (Extended Data Fig. 1g).

We used spatial transcriptomics to validate and locate cell types
identified from using scRNA-seq data. To keep the meninges anatomi-
callyintact, we cryosectioned whole heads at PCW 6 and PCW 9.5. Two
mediolateral sagittal sections from PCW 6 and one lateral sagittal sec-
tion from PCW 9.5 were analysed, with a custom probe-set targeting
389 genes (Supplementary Table 3) selected on the basis of the fetal
scRNA-seq data. We generated 53 and 50 clusters respectively, after
single-nucleus segmentation at the two ages (Extended Data Fig. 1h,i
and Supplementary Table 4). At PCW 6, we found diverse populations
of craniofacial mesenchyme, neural crest-derived tissues, progeni-
tors and differentiating neural cells of the CNS, ChP and vascular and
immune cells. Importantly, we identified the earliest described layer of
the meninges; the primary meninx (Extended Data Fig.1h). AtPCW 9.5,
clustering highlighted aremarkably complete stack of layers spanning
the developing cortical layers from the ventricular zone to Cajal-Ret-
zius cells in the cortical plate, to fibroblasts of the meninges, future
skull, periosteum and skin (more in Fig. 4). We also noted scattered
populations of variousimmune cells, Schwann cells (melanocyticline-
age) and vascular cells, among others (Extended Data Fig. 1i).

In the following sections, we analysed each superclass of menin-
geal cells—immune, vascular and fibroblasts—focusing on their hetero-
geneity and maturation during meningeal development.

Fetalimmune heterogeneity and B-lineage cells from PCW 5
The fetal meninges harboured a surprising heterogeneity of
immune cells across PCW 5-13, even at the earliest stages. We iden-
tified 19 cell types of myeloid and lymphoid origin (Fig. 2a,b and
Extended DataFig. 2a). Except for three cells, allimmune cells were of
fetal origin (Fig. 2c). Furthermore, spatial transcriptomics validated
and located those immune cells in the primary meninx at PCW 6, and
leptomeninges and dura at PCW 9.5 (Fig. 2d-g).

Macrophages were the most abundant (Fig. 2h), with plentiful
IBAT1" cells concentrated around the primary meninx/leptomeninges
at PCW 6 and 9.5 (Extended Data Fig. 2b). IBA1 staining of meninges
revealed a uniform sparse tiling of macrophages in en face floating
sections (Extended DataFig. 2¢), consistent with repelling mechanisms
controlling their location. The leptomeninges defined an anatomi-
cal barrier where microglia (CX3CRI, P2RY12 and C3) always resided
on the brain side, while monocytes/macrophages (CD14 and MRCI)

Fig. 1| Cellular and spatial atlas of the developing human meninges. a, Data
from fetal meninges. Left: number of cells collected from PCW 5-13 meninges
for scRNA-seq (in total, 156,726 cells passing QC, n =13 samples). Right: spatial
transcriptomics of sagittal sections of PCW 6 and 9.5 heads (n =1each). Polygons
are segmented nuclei coloured by clusters. Lines define the meninges and where
scRNA-seq data were collected. b, Data from meningioma tumours. Left: SCRNA-
seq datafrom Choudhury et al.”. Right: spatial transcriptomics generated in this
study (n =7 tumours). ¢, Strategy to compare scRNA-seq and spatial data from
fetal meninges and meningioma tumours, to study conserved developmental

cell typesin meningioma. d, UMAP embedding of scRNA-seq data from fetal
meninges coloured by Superclass. e, scRNA-seq dendrogram with attributes
from top to bottom: 245 clusters, 105 subclasses, 45 classes and 8 superclasses;
coloured asind, heatmap showing gene expression of neural cells (SOX2), neural
crest (SOX10), ependymal cells (FOXJI), meningeal fibroblasts (FOXCI), pericytes
(ABC(C9), endothelial cells (PECAMI), immune cells (PTPRC) and erythropoietic
cells (ALAS2).f, Distribution of superclass cell types across donors. Colours as
indand e.g, UMAPs of each superclass coloured by clusters. h, Scatter plot of
number of cells and number of clusters per superclass. n =13 samples for d-g.
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resided in the leptomeninges and the rest of the head, already from
PCW 6 (Fig. 2f). Microglia were also concentrated inside the devel-
oping eye, while monocytes/ macrophages resided outside, except
one macrophage inside a ring of endothelial cells at the very centre
(Extended DataFig. 2d).

Thereis growing evidence for a B lymphoid cell presence in early
human development. Recentinvestigations defined CD34'IL7R*CD19"
early lymphoid progenitors (ELP) in human fetal liver as early as PCW
672, and the yolk sac ‘lymphoid B lineage’ from PCW 4-6%. These
data raise the intriguing possibility that adaptive lymphoid cells are
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generated and established in peripheral organs as early as PCW 6.
However, this has not been determined yet in the embryonic head
and meninges. B-lineage cells made up 0.3% of immune cells in the
meninges (Fig. 2h) and were clearly distinct from innate lymphoid
subtypes (innate lymphoid cell precursors and CD56-bright natural
killer cells) (Extended Data Fig. 2e,f). Our scRNA-seq data confirmed
that CD34°IL7R*CDI19-low ELP-like B-lineage cells were transcriptionally
similar to second trimester fetal bone marrow ELPs**, where B cellsare
well described to differentiate and diversify (Fig. 2i). We confirmed ELP
presenceinembryonic meninges as early as PCW 5, and up until about
PCW 7, after which point (PCW 8-13) the meningeal B lineage appeared
to differentiate and acquire more mature markers for pre pro-, pro-,
pre-, and immature B cells (Extended Data Fig. 2g).

These data position the meninges as a contributor to the first-and
second-trimester differentiation and diversification of human B cells.
Furthermore, we demonstrate B cell presence in the embryonic menin-
ges1week earlierin gestation than previously reported for liver tissue.

Fetal meningeal vasculature and ChP

The fetal meninges contained perivascular cells such as pericytes,
smooth muscle cells, and perivascular fibroblasts (Fig. 3a), as well as vas-
cularendothelial cells (Fig. 3b,c). The endothelial cells expressed stereo-
typicalgenesinvolvedinarteriovenous zonation (Fig. 3d,e), as previously
described in mouse and human® %, and also contained COLISAT'ESM1"
tip cells (Fig. 3d). RNA velocity (scVelo; Fig. 3b) and analysis of endothelial
cluster composition over time (Fig. 3e) showed that PCW 5 was domi-
nated by a primary vascular plexus giving rise to tip cells penetrating
the brain. This was followed by the appearance of arterial and venous
capillaries around PCW 6-9, giving rise to larger arterioles and venous
lymphatic-like cells respectively at PCW 12-13. However, the forebrain
lacked venous capillaries from PCW 5to 13 (Fig. 3e), indicating that this
vascular specification occurred earlier in the meninges. Immunostaining
of smooth muscleactin (ACTA2gene) showed thatlarger arteries existed
inthe leptomeninges, dura and skin at PCW 9.5 (Fig. 3f,g).

Most endothelial cells in the meningeal scRNA-seq dataset
expressed the transcription factor FOXQI (Fig.3d), which controls the
differentiation of the blood-brain barrier endothelial cells in mice”.
Spatial transcriptomics showed that all endothelial cells in the head
expressed PECAMI, while FOXQI was uniquely expressed by endothe-
lial cells below the arachnoid and extending into the brain (Fig. 3h) as
early as PCW 6 (Fig. 3i).

The cellular ontogeny of meningeal lymphatic vessels is still
unclear®. We found that ACKRI'LYVEI" venous cells expressed the
key lymphatic transcription factor PROX1*** (Fig. 3d). Spatially,
PROXI'FOXQI" endothelial cells were present below the arachnoid,
and PROXI'FOXQI endothelial cells in the developing skin at PCW
9.5 (Fig. 3h,j). These observations suggest that (1) meningeal lym-
phatic cells were mostly derived from the venous endothelium, and
(2) subarachnoid lymphangiogenesis may have started in early fetal
development, surprisingly so, because meningeal lymphatics develop
postnatally in mice*.

CSFisgenerated by filtration of blood at the ChP, filling the brain
ventricles and subarachnoid spaces. We characterized the ChP withiits
epithelial cells, stroma, vascular and immune cells, and its inside-out

anatomyinrelationtothebrainand meninges (Extended DataFig.3a-e).
The ChP epithelium develops by differentiation from adjacent neu-
roepithelium (future multiciliated ependymal cells). Our scRNA-seq
datacomprised 22 clusters of brain and ChP epithelial cells from PCW
5to13 (Extended DataFig.3g,h) and identified HTR2Cas aunique ChP
epithelial marker (Extended Data Fig. 3i). At the junctions between
future ChP epithelium and surrounding neuroepithelium, we identi-
fied similar dual neuro-epithelial progenitors (RSPO2 and RSPO3")
and ciliogenesis programs (DEUPI (mouse Ccdc67), SHISA8 and AQPI)
as previously described in mice” (Extended Data Fig. 3j,k). Interest-
ingly, by creating a gene-set score based on adult CSF proteomics®*
(Supplementary Table 5), we observed that CSF genes were already
expressed in fetal ChP epithelial cells (Extended Data Fig. 3I).

Wealsoidentified a fibroblast type present only in the ChP, which
uniquely expressed TCF2I (Extended Data Fig. 3m,n). Both scRNA-seq
and spatial transcriptomics showed that they also expressed the
immune-related genes PTPRC (CD45, pan-leukocyte marker), and
CD38. However, mouse Tcf21'Cd38' fibroblasts did not express Ptprc
(Extended DataFig.3m).

Our findings demonstrate that human ChP development uses
mechanisms that are largely conserved from rodents, but with
human-specific features that suggest an evolved role for ChP fibro-
blastsinimmune surveillance at the blood-CSF border.

Fibroblast layer development in the fetal meninges and head
Fibroblasts are the principal cells of connective tissues. However, a
comprehensive molecular analysis of human fetal head fibroblasts and
the transcriptional cell-type composition of newly forming meningeal
layers remain to be elucidated.

Fibroblast heterogeneity and organization. Our scRNA-seq analy-
sis across the PCW 5-13 meninges yielded 71,657 fibroblasts. From
this, we generated 55 clusters that we annotated as 29 cell types
with distinctly enriched genes (Fig. 4a,b, Extended Data Fig. 4a and
Supplementary Table 2). Twenty of these cell types belonged to the
three meningeal layers; the pia, arachnoid and dura mater, their precur-
sors, and the early primary meninx. We also captured other interesting
fibroblasts, such as a fibroblast expressing TAGAP (T cell activating
protein), osteogenic fibroblasts (PTHLH), chondrocytes (MATN4),
hindbrain (HOXA3) fibroblasts and the previously mentioned PTPRC*
fibroblast unique to the ChP (Fig.4b,c).

Next, we charted the distribution of fibroblast cell types in situ,
inwholeheadsat PCW 6 and PCW 9.5 (Fig.4d,e). At PCW 6, early crani-
ofacial mesenchyme was found in well-defined spatial domains such as
the mesenchyme of extraocular (eyes), maxillary/mandibular (jaws),
otic (future ears) and cranial nerve-associated tissues (Fig. 4d). We
also identified a spatial cluster representing the earliest meninges
described intheliterature, the primary meninx, from whichwe had also
obtained scRNA-seq data (Fig. 4a—c). The primary meninx was a thin
layer surrounding the entire brain together with FOXQI" endothelial
cells (Fig. 4d, insets i-ii, and Fig. 3i), except around the lower ven-
tral hindbrain where a pool of primary meninx, endothelial, immune
and erythropoietic cells were mixed together (Fig. 4d, inset iii). We
found that LAMC3 was uniquely expressed by the primary meninx

Fig. 2 | Immune cell diversity in the developing meninges. a, UMAP coloured
by clusters of annotated immune cells. MEMP, megakaryocyte erythroid mast
cell progenitor; MEP, megakaryocyte erythroid progenitor. b, UMAP coloured
by sample age. ¢, UMAP coloured by maternal/fetal genotype, by maternal/
paternal SNP analysis (Methods). The inset highlights two maternalimmune
cells (arrows). n/a, genotype not called. d, UMAPs coloured by gene expression
onagrey background of all cells, and spatial transcriptomics at PCW 9.5, of mast
cellmarkers. e, UMAPs coloured by gene expression ofimmune cell markers.

f, Spatial transcriptomics of PCW 6 (n =1) and 9.5 (n = 1) fetal heads, showing
RNA molecules on DAPI. Marker genes for microglia, monocytes/macrophages

and dendritic cells are shown, coloured asin a. g, The same as fbut for ILC/
natural killer T (NKT) cells, B cells and the myelocytic lineage. h, Percentage of
immune cell types, coloured asina. i, Dot plot of scRNA-seq gene expression of
B-lineage markers across developmental tissues (fetal bone marrow as B cell ref.
24 versus yolk sac”, and meninges (these data)). The size of the dot represents
the percentage of cells within a group that express a given gene, and the colour
of the dotindicates In(x + 1) mean gene expression within the group, where
xequal counts normalized to1 x 10* per cell. ELP, early lymphoid cell; HSCs,
haematopoietic stem cell; HSPCs, haematopoietic stem and progenitor cells.
n=13 meninges samples for a-e, handi.
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orange arrows) and arachnoid (SLC22A6) in aPCW 9.5 head. Coloured dots
represent RNA molecules. i, Spatial transcriptomics of PECAM1 and FOXQlina
PCW 6 head.j, The same as h but with pia (LAMC3), around an artery.

(Extended Data Fig. 4b and Supplementary Table 4). By contrast,
the meningeal marker FOXCI was expressed broadly in craniofacial
fibroblasts at PCW 6, and only later became specific to the meninges
(Extended DataFig. 4b).

AtPCW 9.5, fetal head fibroblasts surrounding the telencephalon
were already stratified into well-defined layers stacked on top of each
other (Fig. 4e, insetiv). Clustering of the spatial dataallowed us toiden-
tify fibroblasts of the skin (periderm and basal epidermis), future skull
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putative pia, arachnoid and duralineages. d, Sagittal section of a PCW 6 head
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scRNA-seq class ‘Primary meninx’in ¢. Mac, macrophage; MonoC, monocyte;
PR, prominence. e, The same as d but at PCW 9.5 around the telencephalon
(n=1).Insets show the meningeal clusters, and where scRNA-seq was sampled.
Colours for meningeal layers match those in c. ECA, epicranial aponeurosis;

LM, leptomeninges; SMC, smooth muscle cells. f, Analysis of meningeal layer
maturation. Top left: UMAP of all fibroblasts (n = 13), subsets of PCW 6 (n = 2),10
(n=2)and 13 (n=1) (this study) and adult™ (n = 3) fibroblasts. Cells are coloured
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by their expression of the gene they express most highly among LAMC3 (pia),
SLC22A6 (arachnoid) and COL8AI (dura). Bottom left: stacked bar chart showing
the fraction of fetal and adult fibroblasts expressing alist of enriched genes from
adult pia, arachnoid, and dura (Methods). Y, years. Right: median expression
ofthe enriched gene lists over developmental timepoints (n =13). g, Top:
immunohistochemistry of ki67 and DAPlinaPCW 9.5head (n =1). Inset region
‘iv’asinebutonanadjacent section. Bottom: scRNA-seq UMAP of fibroblasts
coloured by cell cycle score. h, Spatial transcriptomics showing layer-specific
markers. Brackets indicate the meninges. i, The same as hbut SLC47A1 (inner
dura) and MSX2 (outer dura, skull and periosteum). j, The same region ashand
ibut showing spatial clusters. k, H&E staining (n =1). Black brackets show the
meninges and pink brackets the dura. I, H&E staining of adult human dura (n = 4).

Nature Cell Biology


http://www.nature.com/naturecellbiology

Resource

https://doi.org/10.1038/s41556-026-02074-9

and periosteum, and the meningeal layers. Other cell types were also
present within these fibroblast layers, such as the neural crest-derived
Schwann-melanocytic lineage between the periosteum and basal epi-
dermis, lymphatic endothelial cells and pools of erythropoietic cells
in the outer periosteum, and classical monocytes mostly in the outer
dura. The meninges were divided into eight spatial clusters: five of the
outer dura, oneinner duralayer, the arachnoid and the pia.

The meningeal layers develop concurrently. Next, we focused on
meningeal layer formation over time (Fig. 4f-h). Using the scRNA-seq
and spatial transcriptomic data, we identified and validated unique
markers distinguishing the pia (LAMC3), arachnoid (SLC22A6)
and dura (COL8AI), from PCW 5-13 and in adults (Fig. 4f,h and
Extended Data Fig. 4a). LAMC3, which was expressed in the primary
meninx at PCW 6, was specifically expressed in the piain later ages. This
indicated that the first meningeal fibroblasts to surround the brain are
piaprecursors, and/or that the pia develops from the primary meninx.
Arachnoid and dura precursors were also present at PCW 5-6, although
the emerging spatial organization of meningeal layers was found only
around parts of the hindbrainin these sections (Extended Data Fig. 4c).
AtPCW9.5, precursors of all three layers covered the entire cortex, and
SLC22A2, which was expressed in more mature arachnoid populations,
appeared firstin the ventral telencephalon (Extended Data Fig. 4d).

We wondered whether the meningeal layers develop as separate
lineages, and if therefore intermediate lineage-specific precursor cell
types could be identified, as in haematopoiesis. However, examining
the expression of the layer-specific markers LAMC3, SLC22A6 and
COL&AI in subsets of cells from PCW 6, 10 and 13, instead revealed
gene expression gradients and a continuum of pia, arachnoid and
dura cells at each age (Fig. 4f, top left). The same was true when pool-
ing samples at PCW 5-6, 9-10 and 12-13, ruling out batch effects
(Extended Data Fig. 4e). While this does not account for the spati-
otemporal aspects of layer maturation observed in mice, it indicated
that the meninges mature as a continuum of cell states, segregating
into distinct layer-specific types only at developmental timepoints
beyond PCW13.

To further support this parallel model of meningeal development,
we created a maturation score based on 50 enriched genes from each
adult meningeal layer (Methods) (Fig. 4f, bottom left) and examined
the temporal emergence of each layer as measured by this score. The
analysis revealed that (1) genes expressed by the adult meninges were
expressedinthefirst trimester, (2) their expressionincreased over PCW
5-13, demonstrating agradual maturation of the meningeal layers, and
(3) the pia, arachnoid and dura mature concurrently (Fig. 4f bottom left
andright, and Extended Data Fig. 4f). The latter was also supported by
the observation of cycling populations in each layer (Fig. 4g). Taken
together, these results contradict abranched lineage model asseenin
neurogenesis or haematopoiesis. Instead, they support amodel where
the meningeal layers are formed concurrently, by agradual refinement
of cell states that only segregate into truly distinct layer identities at
later developmental timepoints. This resembles how patterning by
morphogenetic gradients and cell-cellinteractionsinfluence cell fate
and layer stratification®*’,

Identification of aninner and outer dura layer. Next, we investigated
the dura in more detail (Fig. 4h-1). Our spatial transcriptomic data
identified separate outer and inner layers of the dura (Fig. 4e). While
both expressed COL8A1, the known chondrogenic marker COL2A1™ and
duramarker FXYDS®, theinner layer was distinguished by high SLC47A1
expression (previously attributed to the duraborder™). The outer dura
was distinguished by expression of MSX2, whichwas also expressed in
osteogenictissues (Fig. 4h-jand Extended DataFig. 4g). Weidentified a
spatial cluster representing their potential common progenitor, which
joined the outside of the primary meninx to surround the brain, and
expressed MSX2, HHIP and COL2A1 (Fig. 4d ‘Skull/dura progenitors’,
Extended DataFig.4c and Supplementary Table 4). This suggests that,
from PCW 5to 6, this lineage, together with the primary meninx, give
rise to allthe meningeal layers. This observation, together with the simi-
larity between outer dura and skull progenitors, was also supported
by Banksy spatial domain analysis (Methods; Extended Data Fig. 4h,i).
Surprisingly, haematoxylin and eosin (H&E) staining revealed 8-12
sheets of fibroblastsin the outer dura (and extending to the outermost
layer of the head), depositing extracellular matrix (ECM) thatbecomes
compactinthe adultdura (Fig. 4k,I).

The inner dura expresses many tight-junction genes necessary
toformabarrier

Theinner layer of the dura comprised a sheet of single cells, apposed
onto the arachnoid. In the fetal head, the epithelial marker CDHI
(E-cadherin) was expressed in three thin fibroblast layers: the menin-
geal barrier, the outermost periosteal layer (epicranial aponeurosis)
and the periderm (Extended Data Fig. 5a). Focusing on the meningeal
barrier, in mice, Cdhl is reportedly expressed only by arachnoid bar-
rier cells*°. In our data, CDHI was expressed by both the SLC47A1*
inner dura and SLC22A6" arachnoid barrier precursors, forming two
very closely aligned layers of cells from PCW 9 onwards (Fig. 5a,b and
Extended DataFig. 5b,c). Theinner duraand arachnoid barrier precur-
sors also shared expression of CCN3 (also known as NOV), SLC4A4 and
PTGDS (Fig. 5a,b) among others. PTGDS has been reported to target
the arachnoid”, but Ptgds-Cre lineage tracing in mice has shown that
itisexpressed in the whole meninges*. In our data, PTGDS expression
progressively increased with age in all three layers, including the pia
(Extended DataFig. 5d,e).

These observations suggest that the inner dura layer may form a
functionally distinct layer attached directly on top of the arachnoid,
rather thanbeingasimple continuation of the dura proper. Supporting
this idea, the inner dura histologically resembled arachnoid barrier
precursorsrather than the outer dura (Fig. 5a, H&E). We noted further
that arachnoid and dura cells in both human adult and mouse fetal
meninges* also expressed CDHI (Fig. 5¢), demonstrating that this
inner dura is an evolutionarily conserved feature that persists into
the adult (Fig. 5¢). Spatial transcriptomics of four human adult dura
demonstrated that there existed CDHI'SLC47A1" cells, and that were
negative for SLC22A6 and SLC22A2 (Extended Data Fig. 5f).

To form a seal separating the dural and subarachnoid spaces,
arachnoid barrier cells express tight- and adherens junctions. Inter-
estingly, we found that genes encoding most of the components of a

Fig. 5| Analysis of the arachnoid barrier and inner dura. a, Spatial
transcriptomics of CDH1, CCN3 (also known as NOV), SLC4A4 and PTGDS, and H&E
stainingat PCW 9.5 (n=1). Ar., arachnoid; iDura, inner dura; oDura, outer dura.
b, The same genes as a but coloured on scRNA-seq UMAPs of fibroblasts, ona
grey background of all cells (n =13). Black lines separate putative pia, arachnoid
and duralineages. ¢, UMAPs with SLC22A6 (arachnoid), CDHI (barrier cells) and
SLC47A1 (inner dura) expression in human fetal PCW 13 (this study, n =1), human
adult” (n =3) and mouse embryonic* (n = 42) fibroblasts. Orange lines indicate
the separation between arachnoid and dura, based on SLC22A6 expression.

d, Clusters in fetal PCW 13 fibroblasts (this study) and adult fibroblasts'?. Cluster
colours match the expression of layer-specific genesin a. e, Stylized heatmaps

showing the expression of genes encoding core components of tight-, adherens-
and tricellular junction complexes, in clusters of fetal and adultinner dura and
arachnoid barrier cells. Grey text indicates protein names where the gene names
are dissimilar. f, Schematicillustration of our hypothesis that the arachnoid
barrieris created between a layer of arachnoid barrier cells and the inner dura.
Tight-and adherens junction proteins produced by genesin e, are shown,

where the proteins left to right are in the same order as in e top to bottom, for
intracellular and transmembrane domains. AD barrier, arachnoid-dura barrier.
g, STRING interaction network of a uniquely bioactive gene signature in inner
dura (n=13 samples). Gene centrality outlined by red.
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functional tight-junction complex (Fig. 5d-f) were also expressed in
both the human fetal and adult inner dura (Fig. Se, olive colour). Key
genes included the transmembrane components OCLN (Occludin), a
few CLDNs (Claudins) and JAMs, and the intracellular domains MAGIs,
TJPs (Zona Occludens proteins), PARD3/PARD6A-B (PAR3/PAR6) and
CDC42. Likewise, adherens junction genes were expressed, like CDH1
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(E-Cadherin), NECTINs, CTNNA/Bs (a/B-catenin) and AFDN (Afadin)
(Fig. Se-f and Extended Data Fig. 5g,h). Finally, genes encoding four
components of tricellular junctions were also expressed in the inner
dura, MARVELD?2 (Tricellulin), MARVELD3, LSR (Angulin-1) and /LDR2
(Angulin-3), which together are sufficient to form functional tricellular
junction units (Fig. 5e).
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highlight clusters of meningeal layers. ¢, LDA topics transferred to fetal spatial
data.Insets are the same asinb. d, LDA topics transferred to spatial data of grade
3 hypermitotic meningiomas M99, M73 and M89. e, Spatial clusters of tumours.
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Based on these observations, we propose the possibility that the
complete meningeal barrier is formed by two CDHI' layers of cells: the
inner dura and the arachnoid barrier (‘Discussion’).

We also found high bioactivity in the developing meningeal bar-
rier (Supplementary Table 6). STRING network and pathway analysis
showed that the inner dura and arachnoid barrier shared expression
of genes involved in IL-6-centred inflammation and fibrosis; PI3K/
AKT, WNT and VEGFA/VEGFR2 signalling; axon guidance; EGF-IL-6—
WNTS5A-centred cancer pathways; and an IL-13-FN1-centred immune
network (Extended Data Fig. 6a). However, inner dura cells uniquely
had astrong TNF and INS-central cytokine and growth factor signature
(Fig. 5g).

Ontologies of shared inner dura and arachnoid barrier
enriched genes included ‘Cell junction’ and ‘Anchoring junction’
(Supplementary Table 6). However, uniquely enriched genes in the
inner dura represented ‘Extracellular matrix’ and ‘Secreted’, while
the arachnoid barrier was enriched by ‘Transport of small molecules’
and ‘Active transmembrane transporter activity’ via solute carriers
(Extended Data Fig. 6b). Therefore, the function of the meningeal
barrier may also include those of inner duracells.

Meningioma tumours are dura-like

Meningioma tumours are thought to arise from the meningothelial
cells of the arachnoid (arachnoid cap and barrier cells) based on their
histological similarities®. However, molecular evidence supporting
the similarity of meningioma tumour cells to normal meningeal cell
typesis still lacking. To establish this, we re-analysed previously pub-
lished single-cell and bulk RNA-seq data', and generated new spatial
transcriptomic datafrom seven meningiomas that we compared with
our fetal datasets.

We processed ten sections from seven meningiomas
(Supplementary Table 1) with spatial transcriptomics using the same
gene panel as the fetal samples (Supplementary Table 3). To allow
comparison with fetal meninges, we applied latent Dirichlet alloca-
tion (LDA) topic modelling** to our scRNA-seq data from PCW 5-13
fibroblasts and perivascular cells (Fig. 6aand Extended Data Fig. 7a,b).
Like clustering, LDA identifies topics—gene modules—that correspond
to cell identities. In addition, it can reveal modules that are shared
across cell types, such as cell cycle genes. We generated 35 topics (see
detailsin the Methods) and identified those corresponding to the pia,
arachnoid, PTGDS" precursors, inner dura and dura (inner and outer)
(Fig. 6a). We also identified one topic shared between arachnoid and
inner dura cells; topic #20, ‘barrier’, with the junctional gene CDH1
appearingasone of the topic-defining genes (Extended Data Fig. 7cand
Supplementary Table 7). To validate these inferred topic identities, we
transferred the topics to fetal spatial transcriptomic data, validating
topicactivity to the corresponding anatomical layers of the meninges.
As expected, the barrier topic #20 was active in both arachnoid and
inner duralayers (Fig. 6b,c).

Having thus confirmed LDA topic specificity to meningeal layers,
we next transferred the topics to spatial data from one grade I and
six grade Il tumours (Fig. 6d-f and Extended Data Fig. 7d). Although
tumour cells are highly abnormal, we reasoned that the expression of
normal gene programs might still reveal their underlying cell iden-
tity. As expected, the pia topic was nearly absent. More surprisingly,
the arachnoid topic was also absent, and only M108 expressed an
arachnoid precursor topic. Instead, the most highly activated topics
were the inner dura, dura and barrier. Notably, in normal meninges,
the barrier topic was shared between arachnoid and inner dura cells,
but the absence of arachnoid topic activity in meningiomas argues
strongly that tumour cells were not arachnoid, but dural. The pres-
ence of meningeal gene programs also informed our annotation of
meningioma clusters (Fig. 6e and Extended DataFig. 7e). Furthermore,
we did not notice any SLC22A6 expression (arachnoid), while CDH1
(barrier) and SLC47A1 (inner dura) markers were clearly expressed.

Consistently, where PTGDS was expressed, it was in non-arachnoid
cells (Extended Data Fig. 7f,g). Notably, some tumour cells expressed
periosteal, chondrogenic and cranial markers (MFAPS, COL2A1 and
HHIP) (Extended Data Fig. 7g, dot plot, and Supplementary Table 4) and
had abone-like appearance with H&E staining (Extended Data Fig. 7g).
Immunohistochemistry of tumours also confirmed cycling cells,
vasculature, macrophages and lectin-positive non-vascular regions
(Extended Data Fig. 7g). While cycling tumour cells expressed CDH1,
CCN3,and SLC47A1, and were therefore inner dura-like, the only cycling
cells in normal adult dura were vascular, and not dural fibroblasts
(Extended Data Fig. 7h).

We also extended the LDA analysis to a previously published
bulk RNA-seq dataset of 185 grade I-1ll meningiomas'® (Fig. 6g and
Extended Data Fig. 7i). In agreement with our spatial data, these bulk
datasets showed very low activity of pia and arachnoid topics. Instead,
inner duraand dura topics dominated, followed by the barrier topicin
hypermitotic and merlin-intact meningioma subtypes, and an osteo-
genic topicinimmune-enriched meningiomas.

As a control, we generated LDA topics directly from the tumour
spatial data, too, and transferred the tumour topics to fetal spatial data
tovalidate layer resemblance (Extended Data Fig. 8a). Consistent with
the above, all tumours contained a combination of topics resembling
either barrier precursors, the inner dura, dura and/or chondrogenic
and osteogenic populations. Only tumour M108 contained, in addi-
tion to dural topics, an arachnoid topic (Extended Data Fig. 8b,c and
Supplementary Table 8), consistent with our results in Fig. 6f. Overall,
these observations strongly suggest that meningiomas predominantly
contain dura-like cells. It also raises the intriguing hypotheses that
meningiomas (1) originating fromarachnoid barrier cells later develop
into dura-like cellsand/or (2) could originate from dural cells, instead
of, orinaddition to, the arachnoid.

Furthermore, spatial visualization of cell type clusters, and a
Banksy spatial domain analysis (Supplementary Table 9) showed that
some tumours were highly spatially structured inamanner that resem-
bled ajumbled version of dural and early cranial development, with vas-
cularandimmune cellsinterspersed (Fig. 6h and Extended Data Fig. 9).
In other tumours, however, cells appeared mixed more uniformly
(Fig. 6e and Extended DataFigs. 7e and 9).

The duralineage expresses genes frequently mutated
inmeningioma

Further extending our analysis to a previously analysed scRNA-seq
dataset of six meningiomas (grades I-111)" (Fig. 7a), we found again
that barrier, inner dura and dura topics dominated in separate clus-
ters (Extended Data Fig. 10a-d). Notably, our ‘Dura-like meningi-
oma’ overlapped with the previously annotated ‘ECM remodelling
meningioma’, and a subset of pericytes were ‘pia-like’ (Fig. 7b and
Extended DataFig.10a-d). By applying animproved karyotyper algo-
rithm (Methods) to this scRNA-seq dataset, we found that most cycling
cells were derived from tumour MSC6, which carried a distinct karyo-
type (chromosome 9,12 and 15 gain) and lacked the typical chromosome
22loss that was used to define tumour cells in the original publication
(Fig. 7c and Extended Data Fig. 10e).

The LDA topics above were defined on developing meninges, but
tumours are found in postnatal brains. As an alternative indicator of
cellidentity, we used adult layer-specific genes (asin Fig. 4) and exam-
ined their expression in tumour cells. We found that, in each subtype
of tumour cells, the dura score dominated. Arachnoid scores were
very low, and piascores were present in some cycling populations and
pericytes (Fig. 7d).

As an independent line of evidence, we reasoned that both
tumour suppressors and driver genes must be normally expressed
in the cell of origin, before oncogenic transformation. We collected
the 20 most frequently mutated genes in meningiomas, (omitting
TERT; Methods; Extended Data Fig. 10h) and analysed their collective
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Fig. 7| Genetic analysis supporting a dura origin of meningioma tumours. a,
UMAP of pooled but not harmonized tumour cells and pericytes, coloured by
samples (n = 6). Data from Choudhury et al.””. b, UMAP coloured by transferred
annotations'’, with additional annotations added in this study. Arach., arachnoid;
iDura, inner dura; menO, meningioma. c, UMAP coloured by karyotype.d,
Stacked bar chart showing the fraction of tumour cell types expressing enriched
genes from adult meningeal layers (asin Fig. 4). Lane forimmune cells not

shown because we focused on tumour cells. e, Left: UMAP of fetal fibroblasts

and perivascular cells, coloured by subclass. Right: UMAPs of fetal fibroblasts
and perivascular cellsand adult fibroblasts™, coloured by a gene-set score of

the top 20 mutated genes in meningioma, minus TERT (https://cancer.sanger.
ac.uk/cosmic/browse/tissue). f, Mutated gene-set score as in e quantified per
fetal subclass. Stars indicate the same cells across e and f. CDP, committed dura
precursor; CAP, committed arachnoid precursor; CPP, committed pia precursor.
g, Schematicillustration of healthy meninges, and the proposed formation of
meningioma tumours from dura cells.

expression in normal fetal and adult meninges. Intriguingly, the cells
with by far the highest expression of these putative meningioma can-
cer drivers were those of the dural lineage (Fig. 7e,f). To reduce the
influence of common cancer driver genes shared with other cancer
types, we repeated the analysis after removing genes commonly
mutated alsoinglioblastoma, intestinal cancer or in pancreatic cancer

(Supplementary Table 10). In each case, inner dura/dura and/or com-
mitted dura precursors remained the most enriched for expression of
cancer drivers (Extended Data Fig. 10g-1). While future mechanistic
dataare necessary to establish anew model, these results lend further
independent support to the possibility that meningioma tumours
could arise from cells of the dural lineage (Fig. 7g).
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Discussion

Fibroblasts and mesenchymal cells are poorly described in general,
partly due to their unconventional lineage plasticity*>*®. This often
leads to ambiguous descriptions of cellular subtypes and function,
and poor subtype markers. Spatial transcriptomics greatly aided in
generating amore detailed annotation of fetal craniofacial and menin-
geal fibroblasts. By using scRNA-seq and spatial transcriptomics we
molecularly described the earliest progenitors of pia, arachnoid and
dura mater. We showed that meningeal layer development is defined
by gene expression gradients, and occurs concurrently. We also pro-
vided previously undescribed insights into human fetalimmune cells,
vasculature and ChP.

Here, we hypothesize that inner dura cells form a second barrier
sheet on top of the arachnoid. We discovered a fibroblast type tran-
scriptionally similar to dura cells (FXYD5 and SLC47A1) but expressing
CDHI, that is, ‘inner dura’ cells forming a single sheet directly on top
of CDHI" arachnoid barrier precursors. The current literature reports
that only arachnoidbarrier cells express CDHI*°,and CDHI'PTGDS" cells
have been annotated as the arachnoid barrier". The first scRNA-seq
paper of mouse E14.5 Collal’ cells found two clusters expressing
Cdhl,onearachnoid (cluster ‘M3’) and one dura (‘M4’). However, it was
reported that only the ‘M3’ arachnoid cluster expressed tight-junction
genes®. Interestingly, our inner dura cells expressed tight-junction
genesand resembled arachnoid barrier cells histologically. This raises
the intriguing possibility that the inner dura layer is epithelial (CDHI)
and that the complete meningeal barrier is formed by two layers of
cells: the inner dura and the arachnoid barrier. This model is further
supported by electron microscopy'®, which has shown the meningeal
barrier to be formed by precisely two layers of cells. Our findings are
not necessarily inconsistent with mouse models of arachnoid barrier
layer development”, but show that the use of CDH1 (and PTGDS) does
not discriminate between the arachnoid barrier and inner dura, and
therefore propose that the composition of the ‘arachnoid barrier’ may
include the inner dura. To confirm the barrier function of the inner
dura, the expression of tight-junction proteins needs to be validated,
together with functional experimentation. If confirmed, we propose
renaming the arachnoid barrier to the ‘arachnoid-dura barrier’, and
the CDHI" inner dura cells to ‘dura barrier cells’.

Recent efforts have refined meningioma classifications based on
integrative multidimensional molecular profiling, paired with clinical
parameters to more accurately reflect clinical outcomes**™', Surpris-
ingly, however, meningiomas have not been described on the basis of
their molecular similarity to meningeal layers. Potentially, this hasbeen
due to the longstanding acceptance of the meningothelial arachnoid
cell origin®**, and the existence of very few meningeal molecular and
cellular atlases® " to compare with. Here, we leveraged our comprehen-
sive atlas of human meninges development to show that meningioma
cells are predominantly dura lineage-like. Instead, arachnoid gene
signatures were depleted. Our results prompt the hypothesis thatinner
dura cells could be a meningioma progenitor cell, because they (1)
expressed CDH1, as did meningioma, (2) were located in the meningeal
barrier, consistent with previous anatomical evidence, (3) histologi-
callyresembled arachnoid barrier cells, (4) of all the topics, inner dura
cells (topic 30) were the most consistent in all meningiomas, and (5)
expressed cancer driver genes. The fact that genetic driver genes of
meningiomawere enriched ininner duracells suggests that these cells
are particularly vulnerable to cancer transformation.

Previous studies generated meningiomas from PTGDS-expressing
primordial meningeal cells in mouse-models****. However, we found
that PTGDS does not distinguish the arachnoid barrier from the inner
dura. While our results challenge the view of arachnoid meningothelial
cells as the predominant meningioma cell of origin, our findings are
not necessarily inconsistent with previous findings, just that they
did not discriminate between arachnoid barrier and inner dura cells
experimentally. Considering the clinical diversity of meningioma

tumours it is likely that other progenitor cells drive or contribute to
meningioma tumorigenesis as well, such as NOTCH3"* mural cells*.
Future experiments will be necessary to test our hypothesis and estab-
lish whether cells of the dura lineage can generate meningiomas, and
whether different tumour subtypes might arise fromarachnoid barrier
cells versus dural cells.

Our study has several limitations. Fetal tissue availability was a
limiting factor; for example, we did not access PCW 11 meninges. Most
dura cells in our scRNA-seq atlas expressed CDHI; therefore, we cap-
tured mostly inner dura. Likewise, we aspired to collect the arachnoid
and whole dura from adult patients for spatial analysis; however, due
to surgical limitations, we mostly obtained the dura border to some
periosteal dura.

In this study, we mainly focused on hypermitotic grade 3 menin-
giomas for spatial transcriptomics. However, meningiomas have 15
histological subtypes**. While we performed LDA topic transfer to bulk
RNA-seq of 185 meningiomas (grades 1-3), further investigationis nec-
essary to conclude whether our observations apply to other subtypes
or clinical parameters (age, sex, survival and so on).

Online content
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Methods

Donors

Human prenatal samples were collected from elective medical abor-
tions at the Department of Gynecology, Danderyd Hospital and Karo-
linska Huddinge Hospital, and Addenbrooke’s Hospitalin Cambridge,
following oral and writteninformed consent by the patient. In Sweden,
the use of abortion material was approved by the Swedish Ethical
Review Authority and the National Board of Health and Welfare. Inthe
UK, approval fromthe National Research Ethics Service Committee East
of England - Cambridge Central was obtained (Local Research Ethics
Committee, 96/085). No compensation was provided to the donors.

Patient samples
Human dura samples and one meningioma sample (‘SL123’) were col-
lected from the Karolinska Hospital with informed consent from the
patients and with ethical approval from the Swedish Ethical Review
Authority (2020-03505). The use of samples was approved by the
Swedish Ethical Review Authority (2020-02096).
Meningiomasamples were collected from the University of Califor-
niaSan Francisco (UCSF), complied with all relevant ethical regulations,
and was approved by the UCSF Institutional Review Board (13-12587,
17-22324,17-23196 and 18-24633). As part of routine clinical practice at
UCSF, all patients who were included in this study signed a written waiver
ofinformed consent to contribute deidentified data toresearch projects.

Population characteristics. Sex. Fetal samples were collected and
processed as soon as possible; hence, the sex of the sample could not be
determined ahead of time. Therefore, the sex wasinferred afterwards
based on expression of the gene XIST. For scRNA-seq, datafrom seven
female and six males individuals was collected. The sex of two fetal
samples used for Xenium and IHC is unknown. Sex was reported for
adult patient samples (meningioma and dura), where data from five
female and six male individuals was collected.

Demographics. Samples were collected with anonymity from Sweden,
the UK and the USA, which might bias the biological variability. The
donation procedures did not allow the collection of data regarding
race, ethnicity or, for example, maternal health (for fetal samples).
Details aboutall samples can be found in Supplementary Table 1.

Reagents and resources
A detailed list of all reagents and resources is available in
Supplementary Table 11.

Tissue sample collection

Human fetal meninges. Fourteen samples of human prenatal menin-
ges were used in this study, at PCW 5-13. Two samples of fetal heads
were used, at PCW 6 and 9.5. The postconception age of the embryos
and fetuses was estimated by information from the clinical ultrasound,
last menstrual period, true crown-rump length and age-dependent
anatomicallandmarks. However, the precision of determining the PCW
should be considered as +0.5 weeks.

For Karolinska Hospital samples, the tissue was immediately
transported to the laboratory following abortion, and dissected in
ice-cold 0.9% NaCl solution under sterile conditions within1-2 h post
abortion. For scRNA-seq, meninges were dissected and keptinice-cold
Hibernate-E mediumuntil further processing. For spatial analysis, fetal
heads were covered by Tissue-Tek Optimal Cutting Temperature com-
pound (OCT) incryomolds, snap-frozeninaslurry of 2-methylbutane
(Sigma-Aldrich) and dryice, and stored at -80 °C pending sectioning.

For Cambridge samples, tissues were dissected in a class Il hood
on the day of collection and stored in Hibernate-E medium at 4 °C.
The tissue was shipped to Sweden at refrigerated temperature, and
delivered 2 days after abortion. The procedure is covered under ethics
REC:96/085.

Human adult dura. Four dura samples were collected from patients
undergoing surgery for low-grade gliomas and subependymoma (that
is, non-invasive, and meninges unaffected). During surgery, durawas
placed in Hibernate-E medium on ice and transported as such. Upon
arrival, samples were washed in fresh Hibernate-E, then embedded in
OCT, and snap-frozen in 2-methylbutane and dry ice slurry. Samples
were stored at —80 °C until further use.

Human meningioma. Six meningioma tumour samples that were
resected from 1991 to 2016 and snap-frozen were identified from an
institutional biorepository and clinical database at the UCSF. World
Health Organization (WHO) grading was performed using contem-
porary criteria outlined in the WHO 2016 and 2021 classification of
tumours of the CNS. Samples were shipped to Sweden on dry ice,
and stored at —80 °C. Upon use, samples were embedded in OCT for
cryosectioning. ‘SL123’ meningioma was collected at the Karolinska
Hospital as the dura samples above.

Cell dissociation

Dissected meninges were processed around 6-48 h after tissue col-
lection, depending on the source (Karolinska Hospital/Cambridge).
Tissues were stored at 4 °C in Hibernate-E medium during transport
from Cambridge and until processing. Ice-cold Earle’s Balanced
Salt Solution (Worthington) was carbogenated (95% 0,/5% CO,) and
used throughout the whole procedure. Meninges were dissociated
using the Worthington’s Papain Dissociation System (Worthington)
(https://doi.org/10.17504/protocols.io.xmbfk2n). Tissues were enzy-
matically digested at 37 °C for 10-15 min, followed by trituration using
fire-polished glass Pasteur pipettes. Cell suspensions were filtered
through a 30-pm cell strainer (CellTrics, Sysmex) and centrifuged
for 5 min at 200g to obtain cell pellets. Supernatants were carefully
removed, and cells were resuspended in small volumes of Earle’s Bal-
anced Salt Solution (depending on cell density). Cell concentrations
were estimated using acounting haemocytometer (Biirker/Neubauer
chamber) and diluted with Earle’s Balanced Salt Solution until the
desired concentrations were reached. All suspensions were kept on
ice until loading on the 10x Chromium chips.

scRNA-seq

Droplet-based scRNA-seq was performed using the 10x Genomics
Chromium Single CellKit v3.Single-cell suspensions, at aconcentration
0f800-1,200 cells ml™, were mixed with master mix and nuclease-free
water according to the Chromium manual, targeting 5,000-10,000
cells per reaction. Twelve PCR cycles were used for cDNA synthesis,
and the rest of the library preparation was performed according to
the manufacturer’s instructions (10x Genomics, lllumina). All librar-
ieswere sequenced on an Illumina NovaSeq 6000 using S4 to a target
sequencing depth of 100,000 reads per cell. Sequencing saturation
was examined for each sample using preseq (https://github.com/
smithlabcode/preseq).

Cryosectioning

Fresh-frozentissue wasembedded in OCT as above. The tissue was accli-
matized in the cryostat chamber, and the specimen/chuck was set to
-16 °C and the knife to —14 °C (for fetal heads, duraand meningiomas).
The samples were sectioned at 10 um and collected on Xenium slides
following the manufacturer’srecommendations, or captured on Super-
frost Plus Adhesion Microscope Slides for other stainings as below.

Xenium in situ gene expression

Fresh-frozen 10-pm tissue sections were placed on Xenium slides.
The next steps were performed at the In Situ Sequencing Facility at
SciLifeLab. The tissue was fixed and permeabilized according to the
Xenium Fixation and Permeabilization Protocol (Demonstrated Pro-
tocol CG000581). A predesigned Human Lung panel (289 genes) and a
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custom gene panel (100 genes; Supplementary Table 3) were applied to
thetissue. Probes were hybridized to target RNA, followed by ligation
and enzymatic amplification to generate multiple copies of eachRNA
target, asoutlined inthe Probe Hybridization, Ligation, and Amplifica-
tion User Guide (User Guide CG0O00582). The prepared Xenium slides
were subsequently loaded onto the Xenium Analyzer forimaging and
analysis, following the Decoding and Imaging User Guide (User Guide
CG000584). Instrument software version 1.4.3.1and software analysis
version 1.4.0.7 were used throughout the process.

Post-Xenium H&E staining

To remove autofluorescence quencher from the post-Xenium slides,
tissues were incubated in1.74 mg ml” sodium hydrosulfite dissolved in
Mili-Qwater for 10 min. The slides were thenrinsed three timesin Mili-Q
water for 1 min, followed by a 2-min wash with distilled water (dH,0).
Theslides were subsequently washed three times with 1x PBS and three
times with dH,O for 5 min. Haematoxylin solution (H&E stain kit) was
applied to each section for 1 min and rinsed in two changes of dH,0.
Bluing agent (H&E stain kit) was applied to each section for 15 s, and
the slide was rinsed twice with dH,0. The slide was dipped in ethanol,
and excess >99.5% ethanol was blotted off. Eosin Y solution (H&E stain
kit) was applied to each section for 30 seconds and rinsed in ethanol.
Thesections were subsequently dehydrated in three changes 0f>99.5%
ethanol for 2 min each and rinsed in xylenes, before mounting with
Entellan new. The slide was left to solidify for 24 hinaventilated hood.

Immunohistochemistry cryosections

The supplier information and dilution used for each antibody is pro-
vided in Supplementary Table 11. Fresh-frozen tissue samples were
cryosectioned at 10 pm and captured on Superfrost Plus Adhesion
Microscope Slides. A hydrophobicbarrier was drawnaround tissue sec-
tions usingImmEdge Hydrophobic Barrier PAP Pen. The sections were
fixed with4% formaldehyde in 1x PBS for 10 min. The slides were washed
with 1x TBS for 5 min, then three changes of 0.025% Triton X-100 in 1x
TBS for 5 min each with gentle agitation. The sections were incubated
with 200 pl of 10% normal goat serum and 1% bovine serum albumin
(BSA) in1x TBS blocking solution per section for 2 hatroom tempera-
ture. Amixture of desired primary antibodies was prepared with follow-
ingdilutions:1:1,000 recombinant Anti-Ki67 antibody (B56) and either
1:100 Aquaporin 1/AQP1 antibody (1/22), 1:1,000 Anti-Ibal antibody
(EPR16588), or 1:200 anti-alpha smooth muscle Actin antibody (SP171)
with 1% BSA in 1x TBS. The sections were incubated with the primary
antibody mixture in a humidifying chamber at 4 °C overnight. Slides
were washed with two changes of 0.025% Triton X-100 in 1x TBS for
5mineachwith gentle agitation. Amixture of secondary antibodies was
prepared with following dilutions: 1:500 goat anti-mouse IgG (H + L)
Highly Cross-Adsorbed Secondary Antibody Alexa Fluor Plus 555 (for
use with Ki67 primary antibody) and either 1:500 goat anti-rabbit IgG
(H +L) Highly Cross-Adsorbed Secondary Antibody Alexa Fluor 647 (for
use with IBA1or ACTA2 primary antibodies) or 1:500 goat anti-mouse
IgG2b Cross-Adsorbed Secondary Antibody, Alexa Fluor 555 (for use
with AQP1 primary antibody) with1% BSAin 1x TBS. The sections were
incubated with secondary antibodies for 1.5 h at room temperature
in a dark staining chamber. Subsequently, the slide was washed with
three changes of 1x TBS for 5 min each in a dark humidifying cham-
ber. A stain mixture was prepared containing 2 pg mlI™ Hoechst 33258
and 1:200 Lectin HPA From Helix pomatia (edible snail) Alexa Fluor
488 Conjugate in 1x TBS. The sections were incubated with the stain
mixture for 30 min at room temperature in a dark staining chamber.
The slides were washed with 0.025% Triton X-100 in 1x TBS for 30 min
and subsequently washed in three changes of 1x TBS for 5 min each at
roomtemperature inadark staining chamber. The slides were washed
in1x TBS for 30 minin adark staining chamber, before mounting with
ProLong Gold Antifade Mountant and a coverslip. The slides were left
to solidify overnight in a dark staining chamber.

Immunohistochemistry free-floating tissue

The supplier information and dilution used for each antibody is pro-
vided in Supplementary Table 11. Fresh meninges pieces were placed
into a 12-well plate and fixed with 4% formaldehyde in 1x PBS for
10-15 minwith gentle agitation. Subsequent steps were conducted as
abovebutinal2-well plate, with antibodies diluted in avolume of 1 ml
per well to cover the tissue, and washed with 2 ml. Following the final
washes, the floating meninges were placed on Superfrost Plus Adhesion
Microscope Slides, and excess liquid was carefully removed. They were
thenmounted with ProLong Gold Antifade Mountant and a coverslip as
above, and left to solidify overnight in a dark staining chamber

Histology image acquisition

The supplier information and dilution used for each antibody is pro-
vided in Supplementary Table 11. Histology image acquisition was
performed on a Zeiss Axio Scan.Z1 slide scanner with Zen Blue v3.1
acquisition software, using the Plan-Apochromat 20x/0.8 M27 objec-
tive with numerical aperture 0.8. For acquiring brightfield images
(H&E staining), a Hitachi HV-F203SCL camera (pixel size of 4.4 pm)
with a visible-light LED illumination source was used. For acquiring
fluorescence images, a Hamamatsu ORCA-Flash4.0 V3 Digital CMOS
camera (pixel size of 6.5 pm) with a Colibri 7 LED light source (100%
intensity), multiband 405 + 493 + 575 + 654 + 761 beamsplitter and
multi-bandpass 425/30 + 514/31 + 592/25 + 681/45 + 785/38 emission
filters was used. Namely, the following configurations were used: H3258
channel (Hoechst stain) was imaged using LED-Module 385 nm and BP
385/30 excitation filter; AF488 channel (Lectin HPA Alexa Fluor 488
conjugate) wasimaged using LED-Module 475 nm and BP 469/38 excita-
tion filter; AF555 channel (goat anti-mouse IgG Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor Plus 555, goat anti-mouse IgG2b
Cross-Adsorbed Secondary Antibody, Alexa Fluor 555) was imaged
using LED-Module 567 nm and BP 555/30 excitation filter; AF647 chan-
nel (goat anti-rabbit IgG Highly Cross-Adsorbed Secondary Antibody,
AlexaFluor 647) wasimaged using LED-Module 630 nm and BP 631/33.
Histology image acquisition was performed at Karolinska Institutet’s
Biomedicum Imaging Core facility (https://ki.se/en/bic).

Alignment of Xenium and histology images

H&Eimages are provided in the Xenium datafolders (Biolmage Archive,
accession number S-BIAD1600). To align H&E files with the Xenium
data, the appropriate .ome file and .csv alignment file need to be
opened inthe Xenium Browser.

Statistics and reproducibility

No statistical method was used to predetermine sample size. Sam-
ple collection and processing was not intentionally randomized, but
depended on the sequence of availability of human fetal tissue. No
samples were excluded from analysis, and no datawere excluded except
where noted below (for example, doublet removal). The experiments
were not randomized, and the investigators were not blinded during
experiments and outcome assessment. Statistical testing (Fig. 6) used
the Mann-Whitney Utest, which does not assume anormal distribution.

scRNA-seq data preprocessing
llluminaruns were demultiplexed with cellranger mkfastq version 6.1.2
(10x Genomics). Read mapping and UMI counts were determined using
STARSolo* version 2.7.10a, using human genome GRCh38.p12 and
transcriptannotations from ENSEMBL release 93 from reference pack-
age GRCh38-3.0.0 as available from 10Xgenomics (www.10xgenomics.
com). STARSolo was run with the following parameters:

--soloType CB_UMI_Simple

--soloCellFilter EmptyDrops_CR <expectedNcells>0.991045000

90000500 0.0120000 0.0110000

--soloCBmatchWLtype IMM_multi_Nbase_pseudocounts

--soloUMIfiltering MultiGeneUMI_CR
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--soloUMIdedup IMM_CR

--clipAdapterType CellRanger4

--outFilterScoreMin 30

Replicates were pooled, resulting in one loom file (loompy.org)
persample.

Quality control

Samples were analysed with ‘cytograph qc’ (https://github.com/lin-
narsson-lab/adult-human-brain), which uses a modified version of
DoubletFinder to calculate adoublet score for each cell®. We captured a
median13,062 cellsfrom eachsample and thenfiltered cells on the basis
of their total number of mMRNA molecules—as counted by UMIs—and
percentages of unspliced RNA, as well as doublet scores. ‘cytograph
qc’ was initially run with standard parameters, where cells with fewer
than1,000 UMIs, unspliced molecule fractionless than 0.1, or adoublet
score below 0.4 were removed from further analysis. A second round of
quality control (QC) was performed after clustering (below). After QC,
afinal dataset containing 156,726 cells remained. Mean cells, genes and
UMIs per sample are presented in Supplementary Table 1. Variability
across donors probably reflected the quality of the tissue.

Clustering

Cellswere clustered using an updated version of the Cytograph package
(https://github.com/linnarsson-lab/adult-human-brain). All cells that
passed QC were pooled into a single dataset for initial clustering. The
command ‘cytograph build’ was runwith configuration factorization:
HPF, nn_space: HPF, n_factors: 94, steps: nn, embeddings, clustering,
aggregate, export. Default values were used for other parameters.

To obtain finer clusters, these top-level clusters were split by the
dendrogram using the command ‘cytograph split --method dendro-
gram’. Fibroblasts, neural, and vascular cells were split one more time by
the dendrogramsuchthatno splithad more than37 clusters. A second
round of more stringent QC was performed, whereby a cluster was
removed ifatleast40% of cellsin the cluster had fewer than 1,800 UMIs,
or if we manually spotted clusters containing doublets or HBB (eryth-
rocyte) contamination. Then, the splits were pooled into final subsets;
Subset_Neural, Subset_Neural_crest, Subset_Epithelial, Subset_Fibro-
blasts, Subset_Perivascular, Subset_Endothelial, Subset_ Immune and
Subset_Erythropoietic (Supplementary Table 2). Subset clusters were
annotated and analysed separately, and pooled into a final complete
dataset containing all 245 clusters (Supplementary Table 2; All_cells).
Uniform Manifold Approximation and Projection (UMAP) embeddings
were calculated for each subset and the pooled dataset of all cells.

Annotation

Clusters were manually annotated as CellType based on literature,
regional and age composition (Supplementary Table 2). Three
additional levels of annotations were provided, on broader levels;
‘subclass’, ‘class’ and ‘superclass’. We computed cell cycle scores as
previously described®. We used the expression of aset of well-known
cell cycle genes® as a proxy for active proliferation. We calculated
the cell cycle score as the fraction of UMIs those genes represented,
and then the percentage of cells per cluster with a cell cycle score
>0.01. We also computed gene enrichment as previously described®,
and available in deposited Jupyter Notebooks (https://github.com/
linnarsson-lab/human-meninges-development). In brief, gene enrich-
ment is a measure of overexpression in a cluster relative to other
clusters, taking into account both mean expression and fraction of
non-zero cells.

Maternal calling by SNP analysis

We used Souporcell as created by Heaton et al.”, and freely available
at https://github.com/wheaton5/souporcell, applying it to the out-
put from the STARSolo runs. Souporcell uses variants detected in
scRNA-seq reads to assign cells to their donor of origin.

LZI

Processing of Xenium'’s spatial datasets

Four types of sample were profiled: (1) developmental human
meninges (PCW 6), (2) developmental human meninges (PCW 9.5),
(2) adult human dura and (3) meningioma tumours (more details in
Supplementary Table1). Due to the differences expected between each
ofthe sampletypes, each of the sample types was processed indepen-
dently using Scanpy (see ‘Code availability’ section).

Processing of developmental and adult meningeal Xenium data-
sets. For developmental (PCW 6 and PCW 9.5) heads and adult dura
samples, cells were first loaded and combined into a single AnnData
object. With the aim of minimizing the segmentation errors caused
by Xenium'’s segmentation pipeline, only transcripts identified within
segmented nuclei were kept for each of the profiled cells. This approach
discards a considerable amount of the profiled reads but minimizes
potential mis-segmentation effects®®. General segmentation caveats
have been reviewed elsewhere®. Only transcripts annotated as genes
inthe provided panel wereretained. Cells were then filtered to remove
low-quality observations, discarding cells with fewer than 8 detected
genes or fewer than 20 total transcripts. After this, expression values
were normalized to atotal count 0of 10,000 transcripts per cell, followed
by logarithmic transformation. Highly variable genes were identified
based on specific thresholds of mean expression and dispersion, and
principal component analysis was performed to reduce dimensionality.
Theneighbourhood graph was constructed using the top 50 principal
components, and clustering was conducted using the Leiden algorithm.
AUMAP 2D representation was generated to visualize cell clusters, and
the processed data were saved. Based on the spatial location and dif-
ferentially expressed genes identified for every cluster, clusters were
annotated assigning a cell type to each high-quality cell profiled. For
developmental datasets (PCW 6 and PCW 9.5), due to the complexity
of both mesenchymal and neural clusters, these clusters were inde-
pendently subclustered in a subsequent analysis (Code availability),
integrating the resulting annotations into a final object containing a
cell type assigned to each high-quality cell profiled.

Processing of meningioma Xenium datasets. Due to high biological
variability between tumour samples, they were processed ona tumour
basis, combining only replicates of the same tumour whenavailable. QC
measures were applied to filter out cells with fewer than three detected
genes or fewer than five total transcripts. Expression data were nor-
malized to a total count of 10,000 transcripts per cell, followed by a
logarithmic transformation. Principal component analysis was used to
reduce dimensionality, with the top 50 principal components selected
to capture major sources of variation in the dataset. A neighbourhood
graph was constructed using the top 40 components, enabling (1)
the application of the Leiden algorithm to identify clusters and (2) a
low-dimensional representation of the data, using UMAP.

Banksy domain identification in Xenium datasets

BANKSY was used to identify spatially distinct tissue domains. Analysis
was performed by grouping sectionsintoindependent batches based
on developmental stage or, for tumour samples, by individual donor.
Within each batch, multiple sections were aligned along the x axis
with a 2,000-unit buffer to create a non-overlapping, unified spatial
coordinate system. Spatial feature augmentation was performed by
initializing aneighbourhood graph with 15 nearest neighbours usinga
scaled Gaussian decay kernel. We applied the BANKSY multiparametric
clustering approachwith a mixing parameter of = 1, a spatial weighting
lambda of 1.0, and a clustering resolution of 0.4. The resulting spatial
domainassignments were thenintegrated into the original metadata.

B-lineage analysis
We produced dotplots to visualize gene expression, using raw gene
expression count matrices subset to cell types of interest as input. We
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then normalized these count matrices using the Scanpy (v1.9.3) sc.pp.
normalise_per_cell function with counts_per_cell_after =1e4. AIn(x+1)
transformation was then applied to the normalized counts using the
sc.pp.loglp function. Gene expression was then visualized using the sc.pl.
dotplotfunction. Toincreaseinterpretability of plots, the vmax argument
was sometimes used to apply an upper limit to the colour scale (where
used, noted within GitHub scripts). Data produced in this study were
compared with datafrom fetalbone marrow as B cell ref. 24 and yolk sac”.

RNA velocity analysis

scVelo (Bergen et al.®?) version 0.3.3 and scanpy version 1.12 were
installed in February 2026, along with accompanying packages as per
maintainers instructions (https://scvelo.readthedocs.io/en/stable/
installation.html). For preprocessing, we used the commands pp.filter_
and_normalize(adata, min_shared_counts =20, n_top_genes =2000),
pp.moments(adata, n_pcs=30, n_neighbors=30), and generated veloc-
ity graphs with default settings using tl.velocity and tl.velocity_graph.

CSF proteome analysis

Proteomics from human CSF was acquired from ref. 39
(Supplementary Table 3, ‘CSF minus plasma’) and fromref. 38 (CSF pro-
teomeresource: Supplementary Table 5, ‘Peptides glyco and non-glyco’).
Thelistswere combined intoatotal of 272 proteins. The equivalent genes
wereidentified, and 23 genes not expressed in fetal epithelial cells were
removed. A collective CSF gene-set score was calculated with the remain-
ing genes as described below (Neftel score adaptation).

Neftel score

Weindependently re-implemented the gene profile scoring algorithm
from Neftel et al.®*, and generalized it to work with any given set of
genes. Our implementation in Python is provided as neftel_score.
py, and we confirmed that our code reproduces the original analysis
from Neftel et al. Note that this is a non-deterministic algorithm, and
theresults that we presented in Fig. 7, Extended Data Fig. 10, and their
respective source data are from an average of ten runs per analysis.

Fibroblast layer-maturation score

Fibroblast data from the snRNA-seq data of Siletti et al.”* were down-
loaded, and the top 50 enriched genes per meningeal layer were calcu-
lated. The full pipeline is available in our accompanying GitHub page,
Jupyter Notebook ‘Fig4_SFig4_and_layer_score_Fig7.ipynb'. In brief,
cells were grouped by meningeal layer using label encoding, and for
each gene we computed (1) the mean expression and (2) the fraction
of non-zero cells per layer using grouped aggregation. An enrich-
ment score was then calculated per gene and layer as the product of
the ratio of in-layer versus out-of-layer non-zero fractions and mean
expression (with a small pseudocount), where out-of-layer values
were computed as weighted averages of all other layers. Genes were
ranked by this enrichment score for each layer, and the top 50 genes
per layer were selected. Next, three criteria wereimposed to filter the
gene lists such that they contained genes that are highly expressed,
and only after PCW 6.

(1) Tobe expressed in PCW 5-6:>15% of cells should have at least
one transcript of the gene. If expressed in PCW 5-6, these genes
were removed so that the gene list reflects genes involved in
maturation of the meningeal layers.

(2) Tobe expressed: gene count >2.

(3) Tobe considered pia/arachnoid/dura: at least 5% of the en-
riched genes should be expressed in a cell to not be classified as
‘Other’.

STRING network and pathways analysis
The gene expression values of a list of bioactive molecules, and
enriched genes, for the inner duraand arachnoid barrier clusters were

analysed and visualized using Cytoscape version 3.10.1°*. The expres-
sion of bioactive molecules and enriched genes was analysed (1) as
uniquely expressed by the inner dura or arachnoid barrier, and (2) as
shared between the two. STRING database® version 2.2.0 was used
to visualize networks of interconnected molecules (50% confidence
for node connectivity), belonging to significantly enriched pathway
ontologies (Supplementary Table 6). Pathway analysis in STRING is
based on KEGG, Reactome and Wiki pathways.

Topic modelling with LDA

LDA** was used to identify transcriptional modules that vary across
cells, and also reveals co-expressed genes in single-cell data. We used
tomotopy version 0.12.2 to perform topic modelling with LDA. Model
training, identification of topic-representative genes, and other gen-
eral parameters were performed as previously described™. Here, the
number of topics ‘k’ generated were a range of 25, 30 and 35. Some
topics were specific to quality, for example, HBB erythrocyte contami-
nation, mitochondrial or ribosomal genes, and one topic contained
genes from the Y chromosome. Some topics were not specific or did
notseemto be biologically meaningful. Therefore, we manually chose
topics of interest, based on those active in meningeal layers. At 35
topics, the dura topic split into an inner dura topic and dura topic,
while those active in barrier, arachnoid precursors and arachnoid
cells did not change. Therefore, we picked k =35 and did not gener-
ate more. We identified representative genes for each topic by using
the topic probabilities reported for each gene (function ‘get_topic_
word_dist’). We filtered genes by specificity (topic probabilities for
eachgene normalized by that gene’s probability across all topics) and
then sorted the remaining genes by their unnormalized probabilities
(Supplementary Table 7). A script is available as optimize_lda.py at
github.com/linnarsson-lab/adult-human-brain, and scripts of its appli-
cationinthisstudy are available at https://github.com/linnarsson-lab/
human-meninges-development.

Transfer of scRNA-seq LDA topics to Xenium in situ gene expres-
sion data. LDA also allows you to score new cells for agiven gene topic.
We validated the scRNA-seq topic annotations by transfer to spatial
data. Topics from the model were transferred to matching genesin the
Xeniumdataset (one grade land six grade Ill tumours), and the weights
obtained used to colorize the in situ images.

Transfer of scRNA-seq LDA topics to bulk RNA-seq data. Bulk
RNA-seq data of 185 meningiomas was downloaded from Choudhury
et al.” and split according to their methylation group; merlin-intact,
immune-enriched and hypermitotic (grades I-1lI). For each tumour and
tumour type, the relative contribution of each topic was calculated.
For visualization, topics that were not biologically relevant or not
expressed by any of the tumours were removed, and sums of those
expressed were normalized to 1.0.

LDA topic modelling on tumour Xenium in situ gene expression
data. Topics were generated as above with k = 35shown, but for indi-
vidual tumour samples. Topics, filtered genes and topic annotations
arepresented in Supplementary Table 8. The topics were transferred
to PCW 9.5 fetal spatial data, and were annotated on the basis of fil-
tered genes and fetal anatomy resemblance. We did not annotate
topics without filtered genes (that is, genes defining the topic did
not pass the filtering criteria), except a few cases where they could
be annotated on the basis of non-neural fibroblast layer resemblance.
Tumour topics that mapped outside the meninges (for example,
cycling genes also in the ventricular zone) might represent general
gene programs associated with stemness, maturation or migration.
Note that some topics annotated as ‘immune’ aren’t necessarily cell
type specific, but rather represent a functional program (for example,
attracting T cells).
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Reanalysis of meningioma scRNA-seq data

The data were downloaded from the work of Choudhury et al.”” and
processed with the same Cytograph pipeline as described for the
fetal meninges scRNA-seq data generated in this study. Tumour cells
(fibroblast-like) and pericytes were pooled into anew loom file, as with
the fetal meningeal fibroblasts and pericytes. This dataset contained
two gradeltumours, three grade Il tumours and one grade Ill tumour.
Harmony batch correction on the tumour scRNA-seq datawas not used,
aswedecided to proceed without it to preserve biological heterogene-
ity and to keep the comparison consistent with the fetal data.

Computational expression-based karyotyping

We inferred chromosomal copy number aberrations by determining
normalized gene expression along chromosomes, using anormal brain
atlas? asthereference. By using an external reference, we avoided the
need to manually identify normal cells within each sample. We normal-
ized expression in each cell to the median total UMIs across all cells.
We included only genes from the autosomes that were expressed at
more than10% of the 99th percentile expression level in at least half of
theclustersinthereference atlas. Then, for each cell in the sample, we
identified the reference cell type (cluster in the atlas) with the great-
est correlation coefficient. For each cell, we then computed a ploidy
score along the chromosomes by dividing the normalized expression
inthe cell by the normalized expression in the reference cell type and
multiplying by two. We smoothed the ploidy along the chromosomes
in windows of 25 genes and then normalized the resulting ploidy to
the median ploidy and multiplied by two. We used the resulting ploidy
vectors (one for each cell in the sample) as the input for a clustering
procedure: we computed the first five principal components, calcu-
lated a nearest-neighbour graph (k= 30 neighbours) and used Leiden
graphclustering to find metacells having similar ploidy profiles. Finally,
for each metacell, we used a hidden Markov model to infer integer
chromosomal copy numbers. The detailed Python code implementing
thisalgorithmis provided as hmm_karyotyper.py, which also provides
visualization of theresult.

Expression of COSMIC-mutated genes in meningeal fibroblasts
Wereasoned that genes frequently mutated ina tumour must often be
expressed in the cell of origin, before oncogenic transformation. For
example, atumour suppressor would be expressed in the cell of origin,
anditsloss by for example deletion would drive tumorigenesis. On the
other hand, atumour suppressor gene that is not expressed in the cell
of origin would not drive tumorigenesis even if mutated. Similarly, a
proto-oncogene would be expressed in the cell of origin, butits expres-
sion might beincreased by copy number amplification, driving tumour
growth. However, if it is not expressed, amplification would notincrease
expression. Again, similarly, a mutation in a proto-oncogene protein
will drive tumorigenesis only if the proto-oncogene is expressed; if
it is not, the mutation cannot have any effect. As an exception, the
telomerase gene TERT is adriver gene not expressed in somatic cells. It
iscommonly induced de novo by activating promoter mutations and,
hence, not expected to be expressed in the cell of origin.

The Catalogue of Somatic Mutations in Cancer (COSMIC) Can-
cer Browser (https://cancer.sanger.ac.uk/cosmic/browse/tissue)
version 98-99 was used to find the top 20 mutated genes in meningi-
oma, glioblastoma (astrocytoma grade IV), intestinal carcinoma and
prostate adenocarcinoma. Overlapping genes between cancers were
removed, to ensure that generic cancer drivers did not have an effect
(Supplementary Table 10). The telomerase gene TERT was removed,
butincludingitin the analysis does not change the result because it is
not normally expressed in somatic cells.

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

Data availability

Source data are provided with this paper. All other data supporting the
findings of this study are available from the corresponding author on
reasonable request. Sequencing data that support the findings of this
study have been deposited in the European Genome/Phenome Archive
(https://ega-archive.org/) under accession code EGAD50000001434.
Count matrices are available via GitHub at https://github.com/linnars-
son-lab/human-meninges-development. A permanentarchived version
of the repository is available via Zenodo at https://doi.org/10.5281/
zenodo.21356807 (ref. 66). Xenium in situ data and images have been
depositedinthe Biolmage Archive under accession code S-BIAD1600
(https://www.ebi.ac.uk/bioimage-archive/). Previously published
sequencing datathat werere-analysed here are available at NCBI Gene
Expression Omnibus under accession code GSE183656.

Code availability

Alloriginal code for the analysis and visualization of data, and all code
neededtoreproduceallfigures, is available via GitHub at https://github.
com/linnarsson-lab/human-meninges-development, without any
restrictions to access. A permanent archived version is available via
Zenodo at https://doi.org/10.5281/zenodo0.21356807 (ref. 66).
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Extended Data Fig. 1| scRNA-seq QC and spatial clusters, related to Fig. 1.
a,PCW5.5(n=1),7.5(n=3)and13.5 (n =1) meninges dissected off fetal brains.

b, ScCRNA-seq samples and sequencing information. ¢, Top: UMl distribution and
gene count histograms. Bottom: UMAP embeddings of the scRNA-seq dataset,
coloured by log UMIs and log genes per cell. d, UMAP coloured by maternal/fetal
genotype, from Souporcell SNP analysis. e, UMAP coloured by sample ages.

f, UMAPs without and with Harmony batch correction, coloured by donors.

g, Dotplot of enriched genes per Class annotation. n = 13 samples for ¢-g. ChP,
Choroid plexus; EMT, epithelial-mesenchymal transition; ERY, erythropoietic;

OligodendroC, oligodendrocyte; prog., progenitor. h-i, Spatial transcriptomic
clusters in sagittal sections of one PCW 6- (H) and one PCW 9.5 (1) fetal head.
Brackets and bold text highlight meninges-associated clusters. Dashed lines
show where tissue folded before analysis. CP, cortical plate; Di, diencephalon;
HB, hindbrain; 1Z, intermediate zone; MB, midbrain; OPC, oligodendrocyte
progenitor cell; SMC, smooth muscle cell; SVZ, subventricular zone; V, ventral;
VZ,ventricular zone. Source numerical dataand code to reproduce the figure has
been deposited at Zenodo under 10.5281/zenodo.21356807.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Macrophages/microglia, lymphoid, and erythropoietic
cells, related to Fig. 2. a, Proportion ofimmune cell types by age, foralln =13
samples. In grey: proportion of immune cells by age compared to all cellsin the
meninges. b, IBAlImmunostaining (macrophages and microglia), Lectin dye
(vasculature), and DAPI (nuclei) in sagittal sections adjacent to sections used
for spatial transcriptomics (n=1). ¢, Asbbut PCW 9.5 floating meninges (n = 3).
d, PCW 6 eye, with spatial transcriptomic data showing dots representing RNA
molecules of markers for monocytes/macrophages, microglia, and dendritic
cells, and IBAlimmunostaining (n =1). e, Dot plot showing the expression of
lymphoid markers in a subset of meningeal lymphoid cells. Grey box indicates
genes also included in the spatial transcriptomics (Xenium in situ) probe panel.
f, Enriched genes for fetal meningeal immune cells for all n =13 samples.

g, Dot plot of scRNAseq gene expression of B-lineage markers in developmental
meninges across time (from 5-13 PCW). The size of the dot represents the %

of cells within agroup that express a given gene, and the colour of the dot
indicates In(x + 1) mean gene expression within the group, where x equal counts
normalised to 1e4 per cell. ELP, early lymphoid cell. h, UMAP of erythropoietic
cells coloured by clusters (n =13 samples for h-1). i, UMAP of erythropoietic cells
coloured by cell type annotation. j, UMAP of erythropoietic cells coloured by
sample ages. k, Enriched genes per erythropoietic cell annotation. I, Dot plot
showing expression of yolk sac-derived primitive (HBE1/HBZ) and definitive
(HBB) markers, and classical genes involved in erythropoiesis. Source numerical
dataisinSource_Data_EDFig2.xlsx, and code to reproduce the figure has been
deposited at Zenodo under 10.5281/zenodo.21356807.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Fetal choroid plexus development, related to Fig.

3. a, Spatial transcriptomic data showing FOXCI+ mesenchymal/meningeal
progenitors, endothelial cells (PECAMI), and choroid plexus (ChP) ependymal
cells (FOXJI) at PCW 6 (n =1). FB, forebrain; MB, midbrain; HB, hindbrain.
b,Sameasabutat PCW 9.5 (n =1). ¢, Annotated spatial clusters of the lateral
ventricle ChPat PCW 9.5.d, Lectin dye (vasculature), DAPI (nuclei) and Aquaporin
1(AQP1) immunostaining (n =1). e, Spatial transcriptomic data showing PECAM1
and FOXQI RNA moleculesin the ChP stroma. f, Same as e but CD14/MRCI+
monocytes/macrophages, FOXCI + ChP meningeal stroma, and C3/P2RY12+
microglia. g, scRNA-seq UMAP of ChP and brain epithelial cells, coloured by
clusters (from n =13 samples). h, UMAP of epithelial cells coloured by sample

ages. i, Spatial transcriptomics showing HTR2C expression (n = 2). j, Dot plot
showing the expression of genes involved in epithelial ciliogenesis (left), per
annotated cell type on UMAP (right) (n =13). k, Schematic and spatial validation
of RSP0O2/3+ dual neuro-epithelial progenitors, and ciliogenesis markers, at PCW 6
and 9.5.1, UMAP of epithelial cells, coloured by a CSF gene-set score (Methods)
(n=13 samples). m, UMAPs of human fetal (this study, n =13)) and mouse
embryonic (n=42)* meningeal fibroblasts coloured by expression of TCF21/
Tcf21, PTPRC/Ptprc, and CD38/Cd38 on agrey background of all cells. n, Spatial
validation of TCF21 + PTPRC + CD38+ fibroblasts in the PCW 9.5 ChP (n =1). Source
numerical dataand code to reproduce the figure has been deposited at Zenodo
under10.5281/zenodo.21356807.
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9.5inb-d.c, Spatial transcriptomics of identified layer markers LAMC3 (pia),
SLC22A6 (arachnoid), COL8AI (dura), MSX2 (outer dura, skull and periosteum),
and HHIP (skull) at PCW 6. d, Spatial transcriptomics showing LAMC3, SLC22A6,
COL8A1, and SLC22A2 expression at PCW 9.5. e, UMAPs of subsets of pooled PCW
5-6 (n=3),9-10 (n=3),and 12-13 (n = 2) fibroblasts. Cells are coloured by their

PVALB
AC067956.1
BMP3

PCW 9-10 PCW 1213

@LAMC3
a«’% . @SLC22A6
iR © COL8A1

e T PRl 9g
3 epefel-ie
R IN g8
n angmUGo %9
g 333403 %5
3 <88 "8 @
< < <
0 P
1 .
9 .
3 P <
®4 o e
o5 10 . .o
®6 12 -9
®7 13
8 ngeoceygnnedesnane nozRK IRz Ra8 D
2 o83genane =382
9 BE00ENSE2R 08355505028 E05EF50E38R
10 gera 25k “d §ERT et <@g Cia
® 11 5] 3 S8 51 &
12 3 = =
°E o
5
14 8
15 7.
16 s
17 Qo
) 18 10
12
2.5 mm %g 13

KCNMA1
STXBP6
AGBL1

KCNMA1-AS1

expression of the gene they express most highly among LAMC3 (pia), SLC22A6
(arachnoid), COL8AI (dura).f, Dotplot showing the expression of enriched
genes fromadult pia, arachnoid, and dura (Fig. 4f), in fetal fibroblasts over
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Extended Data Fig. 5| Shared and unique gene expression ininner duraand
arachnoid barrier cells, related to Fig. 5. a, Spatial transcriptomics showing
CDH1 expression in PCW 9.5 head fibroblasts (n =1). b, Stacked bar chart

showing the fraction of SLC22A6 + CDHI+ and SLC47A1 + CDHI+ double positive
cells, and SLC22A6 + SLC47A1 + CDH1+ triple positive cells across all donors.

¢, Spatial transcriptomics of SLC22A6, SLC47A1, and CDHI in three different
telencephalic regions at PCW 9.5 (n =1). Insets as in (A). White lines are drawn
around two example cells. d, Same as abut PTGDS expression. e, Dotplot showing
the expression of arachnoid and dura-specific genes over time, in arachnoid,
chondrogenic, dura, pia, and primary meninx (n =13 samples).

RHOA

f, Spatial transcriptomics showing SLC47A1, CDH1, SLC22A2, SLC22A6 and PECAM1
expression in human adult dura (representative image for n = 4 adult dura).

g, Heatmap showing the expression of genes from the full KEGG list of tight
junction genes (#M11355), in scRNA-seq clusters of PCW 13 (n =1) and adult (n =3)
meningeal fibroblast. Right: Stylised heatmaps with a threshold criteria of genes
being expressed in at least 5% of cells/cluster. h, Same as g but the full KEGG list
ofadherens junction genes (#M638). Source numerical datais in Source_Data_
Fig5_EDFig5.xlsx, and code to reproduce the figure has been deposited at Zenodo
under10.5281/zenodo.21356807.
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Extended Data Fig. 6 | STRING interaction network analysis, related to Fig. 5. a,
STRING interaction networks of shared bioactive genes between inner duraand
arachnoid barrier clusters, splitinto subsets of significantly enriched functional
pathways. Gene centrality (connectedness) outlined by red (n =13 samples).

b, Subset of enriched genes ininner duraand arachnoid barrier clusters, and
relevant ontologies. Source numerical data and code to reproduce the figure has
been deposited at Zenodo under 10.5281/zenod0.21356807.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Further analysis demonstrating that meningioma
tumours are dura-like, related to Fig. 6. a, Cells coloured by their expression
ofthe gene they express most highly among FOXCI (meningeal fibroblasts &
pericytes), CSPG4 (pericytes), ACTA2 (SMCs). n =13 samples for a-c. b, UMAP of
fetal fibroblasts and perivascular cells coloured by sample ages. ¢, Genes ranked
highly by our LDA model for meningeal layer topics. Gene expression shown on
UMAP of fetal fibroblasts and perivascular cells, on grey background of all cells.
Ar. prec., Arachnoid precursors; iDura, inner dura. d, LDA topics transferred to
spatial data from three high grade hypermitotic meningioma tumours; M46,
M47 &M108, and one grade | tumour; SL123. e, Spatial clusters of tumours shown
ind, coloured by their most similar meningeal layer. f, Spatial transcriptomic
datashowing SLC22A6, PTGDS, CDH1, and SLC47A1 expressionin M99, M73, and

M89 tumours. Inset references i and ii are for h. g, Left: Dot plot showing gene
expression of meningeal layer markers in M99 clusters. MonoC, Monocytes. Top
right: Spatial transcriptomic data of MFAPS, COL2A1 and HHIP, on H&E staining.
Bottom right: Immunohistochemistry of Ki67, and IBA1, and DAPI and Lectin dyes
(n=1).Inset referencesiandiicanbe seeninf.h, Spatial transcriptomic data of
four human adult dura samples, showing RNA molecules of cycling cells (TOPIA,
CDK1, MKI67) and endothelial cells (PECAMI). Cell cycle score on scRNA-seq
UMAP of adult fibroblasts. i, Stacked bar chart showing scores of LDA topics
transferred to bulk RNA-sequencing data from n = 185 meningioma tumours?.
Source numerical dataisin Source_Data_EDFig7.xlsx, and code to reproduce the
figure has been deposited at Zenodo under 10.5281/zenodo.21356807.
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Extended Data Fig. 8| LDA topic analysis of tumour spatial data, related to

Fig. 6. a, Strategy to generate LDA topics on tumour spatial data, and transfer
them to PCW 9.5 fetal spatial data to map gene programs by anatomy. b,
Scatterplots of spatial data, coloured by their LDA topic score (n = 7). Examples of
annotated topics for each tumour, and their transferred scores in fetal data. Stars

b Annotate based on enriched genes and anatomy
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Source numerical dataisin Source_Data_EDFig8.xlIsx, and code to reproduce the
figure has been deposited at Zenodo under 10.5281/zenodo.21356807.
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Extended Data Fig. 9| Banksy domain analysis of tumour spatial data, related
toFig. 6. a, Spatial plot coloured by domains, and heatmap of proportion of cell
types per domain, in tumour M99. See also Supplementary Table 9. b, Same as
afor tumour M47. ¢, Same as a for tumour M89.d, Same as a for tumour M46.

gtz 8
Proportion
e, Same as a for tumour M73. f, Same as a for tumour M108. g, Same as a for
tumour SL123. Source numerical data and code to reproduce the figure has been

deposited at Zenodo under 10.5281/zenodo.21356807.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Resource https://doi.org/10.1038/s41556-026-02074-9
a Pia Arachnoid Barrier prec. Barrier iDura Dura b Cycling C oroxct @acTaz
LAMC3 SLC22A2 PTGDS CDH1 SLC47A1 COLBA1 TOP2A ©CSPG4 @FOXM1
§ 9‘( Q e Q\ }g a a/ ’ .
' i, | EY e, 0 @ 0
& o Wﬁ ﬁ ""*’*‘

(o}

LDA Topics transferred to meningioma

Topic 6 23 28 20 30
o 8
g :
@ ’ 7 L
2 ’
g Vo :
2 @ 4
e Karyotyping Genes in genomic order 21
1 2 3 4 5 6 7 8 9 10 11 12 1314 1516 17 18 19 2022 XY  Merlin-intact
MSC1 = ©® Tumour
= o Normal
Uncertain
2] — = =
3 L = - £
(8} | = 1 = =
=== — = e——=F = == ]
MSC2=—=—— = = w=——— B o
o = - -
© = =5
o = —
MSC3=—+——1—+ === ji
ll = = t
© = —
(8} = =
MSC4 ; 1 =
= | I | E— =
0 T = =E=Ts== ==
5 =
o =
MSC5 = o
2 == = ==
Ko} = i
O= i i
- - —— = =
- 8 =
Mscé y=—— == S - e
=== == : e .’ *
© = % = = = ;A.‘ E == == ‘g
© = S e e == ——=— - ; ;
— = A it

GBM minus MenO

«Q

MenO minus GBM

h MenO mutated genes

Overlapping in

=
=

f Cell types

©FOXC1 ®SLC38A11.
©PTPRC ®FOXM1 i

Immune cel

Fibroblasl—like/~_

Fibroblast—likev-:i" »
-

Immune cells

= Immune cells

Fibroblast-like

, Fibroblast-ike

e

é

— Pericytes

Immune cells

01 GBM & MenO:
8 NF2 _ APC EGFR
N TRAF7 PRKARTA NF1 Removed in
fo( 7 Fommmmemm e L e
= |Enriched €==>Depleted KMT2C NF1 (TERT),) Men© minus GBM
4 EGFR  NOTCH1
7 : . . = P TSC2  PREX2
<& @@oﬁ%\&%‘%‘%ﬁ%&éz oqﬁ iﬁ%@&g&&%&f&%ﬁ@ LRP1B ROS1
$PRP AT FE g sio Kol
SO IR ?\2\@(\ P SO ST LZTR1 (TERT)
i F P K &R & & k PAC minus MenO MenO minus PAC | overlanping
verlapping in
IC minus MenO MenO minus IC Overlappingin ¢ 1 PAC & MenO:
IC & MenO: ] LRP1B
21 QzCTzC @ |- m KMT2C
c [ T - ————— S
@ 5 I. EGFR §° e | | =
Sol Mmmam____ [ e s
g -==mpgg -
s R
L @S B SR CAELS S SR R S L@ RREOLOR .
5 F S AR L Q.S @] R.SHSSEELR LR & o°@‘g°0§§§°§%§/§§§%§éfo&%§§¢ 0‘%&@ °§<\§°§ 265 2&&6@?‘32@& 4
S BB SRR et RO A . O S -
Q&“& & SN Q@ S BRE & S S N R S [N
3 O &F ROSIAS) 8 ) < < R EE Q
d@% SO’ PSS TS & ¥ [
i\%o”\ 2y & &5 o &
< e 5

Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Analysis of meningioma scRNA-seq, and mutated
genes from various cancers in fetal meningeal fibroblasts, related to Fig. 7.

a, UMAP of tumour cells, coloured by the expression of genes ranked highly by
our LDA model for meningeal layer topics, on agrey background of all cells (n =6
for whole figure). b, UMAP of tumour cells coloured by TOP2A expression. c,
Cells coloured by their expression of the gene they express most highly among
FOXCI (meningeal fibroblasts & pericytes), CSPG4 (pericytes), ACTA2 (SMCs),
and FOXM1 (cycling tumour). d, LDA topics for meningeal layers and cycling cells
(Topic 5) transferred to meningioma scRNA-seq data. e, Karyotyping of individual
tumours. Chromosomal deletions are blue, and gains are brown. Bars to the right
and UMAPs of individual tumours indicate cells that are tumour (pink), normal
(green) and of uncertain karyotype (light blue). f, Annotation of individual
samples, and expression of FOXCI (meningeal), SLC38A11 (pericytes), ACTA2

(SMCs), PTPRC (immune). g, Quantification of gene-set score of top 20 mutated
genes in glioblastoma (GBM) tumours minus genes overlapping with top 20
mutated genes in meningioma (MenO), and MenO minus GBM overlapping
genes, in fetal meningeal fibroblast and perivascular cell Subclass (as in Fig. 7f.
Analysis shows average of n =10 runs). h, Top 20 mutated genes in meningioma,
and genes overlapping between the top 20 mutated genes in GBM and MenO.

i, Same as g but for intestinal carcinomas (IC). j, List of overlapping genes
between the top 20 mutated genes in IC and MenO. k, Same as g but for prostate
adenocarcinomas (PAC).1, List of overlapping genes between the top 20 mutated
genesin PAC and MenO. Source numerical datais in Source_Data_EDFigl0.xIsx,
and code to reproduce the figure has been deposited at Zenodo under 10.5281/
zenodo.21356807.
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Data analysis All original code for the analysis and visualisation of data has been deposited to our companion GitHub page at https://github.com/linnarsson-
lab/human-meninges-development.

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

Data

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

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

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

scRNA-seq: BAM files are available from the European Genome/Phenome Archive (https://ega-archive.org/) under accession number EGAD50000001434. Accessing
the data requires signing a data access agreement to rpotect the privacy of donors under GDPR.

Count matrices are available from our companion GitHub page at https://github.com/linnarsson-lab/human-meninges-development.

Xenium in situ data and images are available from the Biolmage Archive under accession number S-BIAD1600 (https://www.ebi.ac.uk/bioimage-archive/).
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Reporting on sex and gender As our fetal samples were collected and processed as soon as possible, the sex of the sample could not be determined ahead
of time, as such we collected from both sexes. Sex was reported for the meningioma and dura samples and can be found in
Supplementary table 1. Sex/Gender was not considered in this manuscript as we collected samples from both sexes and we
do not expect it to have a significant impact on our findings.

Reporting on race, ethnicity, or  Samples were collected anonymously from donation in Sweden, the United Kingdom, and the US. The donation procedures

other socially relevant did not allow us to collect race or ethnicity or similar information about the donors. As such we do not know if the ethnic

groupings backgrounds of the samples are broadly representative of the general population.

Population characteristics See above.

Recruitment Donors were recruited as part of routine health care, upon receiving a meningioma diagnosis, or upon electing to perform an
abortion.

Ethics oversight Human prenatal samples were collected from elective medical abortions at the Department of Gynecology, Danderyd

Hospital and Karolinska Huddinge Hospital, and Addenbrooke’s Hospital in Cambridge, following oral and written informed

consent by the patient. In Sweden, the use of abortion material was approved by the Swedish Ethical Review Authority and
the National Board of Health and Welfare. In the UK, approval from the National Research Ethics Service Committee East of
England — Cambridge Central was obtained (Local Research Ethics Committee, 96/085).

Human dura samples and one meningioma sample (“SL123”) were collected from the Karolinska Hospital with informed
consent from the patients and with ethical approval from the Swedish Ethical Review Authority (2020-03505). The use of
samples was approved by the Swedish Ethical Review Authority (2020-02096).

Meningioma samples were collected from the University of California San Francisco (UCSF), complied with all relevant ethical
regulations, and was approved by the UCSF Institutional Review Board (13—12587, 17-22324, 17-23196 and 18-24633). As

part of routine clinical practice at UCSF, all patients who were included in this study signed a written waiver of informed
consent to contribute deidentified data to research projects.

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

Field-specific reporting

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

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences
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Life sciences study design

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

Sample size The study is exploratory, focusing on an atlas of the developing meninges. Due to the nature of human fetal samples, it was not possible to
include a fixed number of samples per timepoint. Rather, a sufficent number of samples was included to ensure deep sampling of
developmental lineages where no single human sample dominated. These considerations were based on prior experience. There is no
accepted minimum or maximum sample size for such a cell atlas; generally the more samples are included, the better the resolution.

Data exclusions | No samples were excluded
Replication Single-cell data was validated by extensive spatial transcriptomics data at two timepoints, as well as targeted validation by
immunohistochemistry as indicated. Some pre-natal ages could not be replicated by more than one sample, because we do not determine the

ages of human material that can be received, therefore, it is difficult to replicate within specific time frames of the project.

Randomization  N/A

Blinding We were blinded to the donor patient information due to confidentiality and anonymity around abortions. Blinding of the age of the fetal
samples was not possible, since we needed to know the age for analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z| |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

XXX XXX S
Ooddodi

Antibodies

Antibodies used Recombinant Anti-Ki67 antibody [B56] Abcam Cat# ab279653, RRID: AB_2934265
Aquaporin 1/AQP1 Antibody (1/22) Santa Cruz Biotechnology Cat# sc-32737, RRID: AB_626693
Anti-Ibal antibody [EPR16588] Abcam Cat# ab178846, RRID: AB_2636859
Anti-alpha smooth muscle Actin antibody [SP171] Abcam Cat# ab150301
Goat anti-Mouse I1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 555 Thermo Fisher Scientific Cat# A32727,
RRID: AB_2633276
Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647 Thermo Fisher Scientific Cat# A-21245,
RRID: AB_2535813
Goat anti-Mouse IgG2b Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 555 Thermo Fisher Scientific Cat# A-21147,
RRID: AB_2535783

Validation According to manufacturer's website
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Plants

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

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

was applied.
Authentication Describe-any-atthentication-procedures foreach-seed-stock-used-ornovel-genotype-generated.-Describe-any-experiments tised-to

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