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Internal organs are encased by a supportive epithelial monolayer of meso-
dermal origin, termed mesothelium. The nature, evolution and function of
mesothelial cells, and their genetic regulation impacting disease development
are insufficiently understood. Here, we generate a comprehensive organ-wide
single-cell transcriptomic compendium of mesothelium across healthy and
diseased mouse and human organs, delineating the evolution of conserved
activated states of mesothelial cells in response to disease. We uncover genetic
drives behind each cell state and reveal a conserved metabolic gate into
multipotent proteolytic, inflammatory and fibrotic cell differentiation, in
mouse and human. Using lung injury models in mice, in combination with
mesothelial cell-specific viral approaches, we show that direct metabolic
reprogramming using Ifi2712a and Cripl on organ surfaces, blocks multipotent
differentiation and protects mouse lungs from fibrotic disease. These findings
place mesothelial cells as cellular exemplars and gateway to fibrotic disease,
opening translational approaches to subvert fibrosis across a range of clinical

indications.

Internal organs and the body cavities, in which they reside, are shel-
tered in a continuous epithelial monolayer called mesothelium.
Mesothelium covers adult organs, whereas during embryogenesis it is
known as coelomic epithelium’. After birth, the lining of the intestines,
stomach and liver are defined as “peritoneal” mesothelium; the lungs
and the interior wall of the chest cavity are covered by so-called
“pleural” mesothelium and heart and the roots of the great vessels
have “pericardial” mesothelium.

Mesothelia provide versatile homeostatic supportive functions to
the internal organs and body cavities'™. For example, mesothelia

secrete the lubricants that protect organs from external friction or
adhesions. Mesothelial cells secrete a carbohydrate-rich glycocalyx
across the serosal membranes’ that coats organ surfaces with a pro-
tective barrier®®. Mesothelial cells also receive fluids from the sur-
roundings in a dynamic interchange.

In addition to these homeostatic supportive functions, mesothe-
lial cells have been shown to impact organ immunity, thereby con-
tributing to disease progression and injury-repair. This occurs for
example, through expressing inflammatory cytokines and multiple
pattern-recognition receptors’. The mesothelium also communicates
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with macrophages and neutrophils, thereby modulating innate
immune cell influx across serosal membranes and into the organs®™.
Mesothelia also produces growth factors and extracellular matrix
(ECM) components*™, This allows mesothelial cells to contribute to
fibrosis progression across a variety of internal organs and cavities,
including myocardial infarctions”™ ", heart repair'®’, CCL4-induced
liver fibrosis®, lung fibrosis**> and abdominal adhesions***.

Despite indications that protective and deleterious functions of
mesothelial cell states are clearly tightly linked to organ disease
responses, mesothelial cells remain outside from current mainstream/
accepted paradigms of mammalian and human fibrosis. This is due in
part to lack a comprehensive understanding of mesothelial cells in
health and disease, and lack of tools/methodologies to explore their
function in living mammals. Understanding the mechanism of how
mesothelial cells choreograph and switch the response to disease and
repair injury, promises enhanced wound healing and the subverting of
fibrotic disease across a arrange of human clinical indications.

Here, we generate comprehensive transcriptomic atlases of
thousands of individual mesothelial cells across mouse and human
organs and pertinent diseases. We discover universal supportive and
disease-specific cell states, across many organs, in a conserved multi-
potent differentiation trajectory in lining mesothelium, starting with a
crucial metabolic priming commitment event. This differentiation
cascade dictates and choreographs disease responses through specific
genes driving the sequential differentiation between each mesothelial
cell state in the run-up to fibrosis. Our schema of mesothelial cell states
and functions presented here thus opens therapeutic opportunities for
the prevention and treatment of organ diseases.

Results

A mesothelial cell compendium across healthy mouse organs
To obtain a detailed panoramic view of mesothelial cell states across
mouse internal organs, we compiled and re-analyzed 32 single-cell
RNA-seq datasets from public repositories across twelve different tis-
sues/organs including lung, heart, liver, spleen, mesentery, kidney,
pancreas, adipose tissue, uterus, vasculature, prostate and omentum—
generating a compendium of 23,134 mesothelial cells. When available,
we used pre-processed data and extracted mesothelial cell datasets
based on the authors” annotation. When annotation was unavailable,
we used raw data, which we preprocessed, filtered, and annotated,
using restricted criteria of defined mesothelial markers. We also
excluded immune, endothelial, and epithelial cell types. We then cor-
rected our compiled dataset for any batch effects using BatchBench®
before merging, filtering, normalizing (Fig. 1la and Supplemen-
tary Fig. 1a).

We then performed dimension reduction UMAP analysis, followed
by Leiden analysis (resolution=0.5), which revealed eight distinct
mesothelial cell clusters. We annotated these according to their most
distinguishing gene’s expression: Cadherin 12 (Cdh12), Sodium Leak
Channel Non-Selective (Nalcn), Prothymosin Alpha (Ptma), Delta Like
Non-Canonical Notch Ligand 1 (DIkl), Dermatopontin (Dpt), Mito-
chondrially Encoded Cytochrome C Oxidase I (Cox1), Thymosin Beta
10 (Tmsb10) and Actin Gamma 1 (Actgl) (Fig. 1b).

Each of these eight mesothelial cell types, expressed unique
transcript profiles with over 200 differentially expressed genes. When
comparing the tissues origins of the groups we found they had distinct
organ-distributions with organ-specific expression pattern. Some of
the cell types were found in a unique organ, whereas others were
globally present across different organs. For example, adipose tissue
and lung cells, contain organ-specific mesothelial subsets (Supple-
mentary Fig. 1b).

Lung mesothelium was more complex, including two different
mesothelial cell types, distinguished by expression of Ptma and Cox1.
Indeed, immunostaining on healthy mouse lung samples confirmed
both subtypes were present (Supplementary Fig. 1c). Interestingly, the

Ptma group of cells also overexpress infectious disease and innate
immune response genes and those involved in cellular responses to
stimuli. As with lung adipose tissue was composed of two different cell
types expressing either Cdh12 or Nalcn. Gene ontology (GO) enrich-
ment indicated Cdhl2 cells are involved in regulation of macro-
molecule biosynthesis process, cell projection organization, cellular
response to stress and cytoskeleton organization, whereas Nalcn cells
are involved in immune response and cellular responses to stimuli
(Supplementary Fig. 1d).

Our analysis further identified two multi-organ mesothelial cell
types. The first expressed Tmsbl0 and was present across many dif-
ferent organs such as prostate, uterus, spleen, heart, and vascular.
Tmsbl0 plays an important role in cytoskeletal organization by bind-
ing to actin monomers, suggesting a role for this mesothelial cell type
in organ surface rigidity. The second multi-organ mesothelial cell type
overexpressed Actgl and was specific to abdominal organs including
liver, kidney and omentum. Actgl is a non-muscular cytoskeletal actin
isoform that regulates cell proliferation, apoptosis and tumor cell
migration.

We then employed “pseudotime” analysis to determine the hier-
archical “distance” between the mesothelial cells from different tis-
sues. Our analysis indicated mesothelial cells within individual body
cavities (either pericardial, pleural or peritoneal) share gene expres-
sion patterns, have a closer hierarchical distance, and have a more
recent common cellular ancestor than mesothelial cells from adjacent
cavities (Fig. 1c and Supplementary Fig. 1e, f).

A mesothelial cell compendium across mouse diseased organs
Next, we extended our analysis to diseased tissues and organs. For a
deep dive into the different mesothelial cell states and their potential
functions in disease, we collected mesothelial cell scRNA-seq data
from twenty-five mouse datasets representing seven different fibrotic-
related diseases, including lung and liver fibrosis, heart and kidney
ischemia, heart aortic constriction, pancreatic adenocarcinoma, peri-
toneum adhesion, vasculature high fat diet. This revealed three new
disease-specific cell states (Fig. 1d).

We determined the most enriched signaling pathways in each
state, using reactome pathway analysis, and annotated these three
mesothelial cell states as (i) a “fibrogenically-active” cell state expres-
sing pathways for collagen biosynthesis and its modifying enzymes, (ii)
a “metabolically-active” state expressing metabolic pathways of amino
acids and derivatives, and (iii) a “proteolytically-active” state related to
connective tissue dismantling, including matrix metalloproteinases
and collagen degradation enzymes (Supplementary Fig. 1g-j). These
three cell states were universal, appearing across many diseases, ani-
mal models and organs (Fig. 1e). We further identified distinguishing
markers for each cell state, including Matrix Gla protein (Mgp) and
Secreted Protein Acidic and Cysteine Rich (Sparc) for “fibrogenically
active”, interferon alpha-inducible protein 27 like 2A (Ifi2712a) and
Cysteine Rich Protein 1 (Cripl) for “metabolically-active” cells and
Decorin (Dcn) and Placenta Associated 8 (Plac8) for “proteolytically-
active” cells (Fig. 1f).

Lung fibrosis is driven by mesothelial cell state differentiation
To determine the interrelationships between the three universal
mesothelial cell states across a disease progression timeline, we ana-
lyzed scRNA-seq of mesothelial cells from a Bleomycin-instilled lung
fibrosis model, using eighteen different time points spanning 54 days
(Fig. 2a). This lung fibrosis progression analysis revealed the same
three cell states with the same markers as before: (i) fibrogenic, (ii)
metabolic, and (iii) proteolytic with the addition of a fourth (iv)
“immune modulatory” state with Serum Amyloid A3 (Saa3) as marker
(Fig. 2b, c). This fourth cell state was enriched for interleukin and
cytokine signaling and other immune system pathways (Supplemen-
tary Fig. 2a-g).
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active cells expressing chemoattractant Saa3. Finally, immune
modulatory cells were predicted to differentiate into fibrogeni-
cally active cells, overexpressing Mgp, Sparc and collagens 1 and
3 (Fig. 2d and Supplementary Fig. 2g). This unprecedented dif-
ferentiation pathway is likely key to the fibrotic process.

The predictive differentiation steps were mirrored by sequential
enrichment of the mesothelial cell states over the time-course. For
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Fig. 1| Steady-state and disease mouse mesothelial cell atlas. a Schematic
representation of the experimental procedure for the generation of the healthy
state mouse mesothelial cell atlas. Thirty-two single cell datasets of healthy mouse
mesothelial cells in twelve different organs were collected and integrated for the
single-cell atlas generation. Preprocessed data and raw data were processed,
annotated and then we extracted the mesothelial cells cluster based on the
expression of MsIn, Pdpn, Wtl and the absence of Cd45, Cd34 and Epcam. Batch
effect was then removed, and datasets were merged and analyzed. b UMAP
embedding of 23,134 single cells in the steady-state atlas. The eight clusters iden-
tified through graph-based clustering are labeled with the most discriminative gene
and indicated by different colors. ¢ Hierarchical clustering of the different

mesothelial cells, depending on the tissue of origin showing the hiearchy of the
mesothelial cells in the different tissues. d UMAP embedding of 5,601 single cells in
the mesothelial disease-state atlas. The three clusters identified through graph-
based clustering are indicated by different colors. e UMAP embedding of the
mesothelial disease-state atlas color coded with the expression of the highest
enriched reactome terms. f Gene markers of the different disease states of the
mesothelial cells. UMAP of mouse disease state mesothelial cell atlas, color coded
for the different cluster markers. On the left bottom, is a heat map of the relative
average expression, of the most strongly enriched genes for each cluster in the
mesothelial disease state atlas (log(fold change), of one cluster versus all others.
Created in BioRender. Kadri, S. (2025) https://BioRender.com/2qncylb.

example, mesothelial cells adopted a metabolically active phenotype
in the initial pre-fibrotic period from day 2 until day 6 of the Bleomycin
model. On day 7 after Bleomycin installation these metabolically active
cells differentiated into proteolytic cells, and the two cell types co-
existed within the lung pleura until day 10 when some proteolytic cells
adopted immune modulatory phenotypes. This immune phenotype
emerges around day 5 and gradually increases, reaching its peak at day
10. Then, these immune modulatory cells transition progressively into
fibrogenic cells, coinciding with the onset of lung fibrosis at day 11.
Starting from day 21 fibrogenic cell numbers plummet, reverting to
metabolically active cells, which coincides with fibrosis resolution
(Fig. 2e). We confirmed the temporal appearance of these four cell
types on sections from fibrotic mouse lungs across day 0, 5, 10, and
day 14 (Supplementary Fig. 3).

Next, to identify the genetic regulation of this cell state differ-
entiation, we estimated fate probability and analyzed driver genes
across all mesothelial cell states, using the CellRank package?”. We
identified the same drive genes between the cells states in disease as
we had observed in our cross-tissue analysis above including
the metabolic driver Ifi27I12a, Dcn and Plac8 controlling proteolytic
differentiation, Saa3 driving Immune modulatory differentiation,
and Mgp, and Sparc are at the apex of fibrogenic differentia-
tion (Fig. 2f).

Mesothelial differentiation triggers pathological matrix
internalization

To functionally explore the role of these drivers, ex vivo, we over-
expressed individual cell state drivers on pleural lung surfaces.
Transfection was made possible with a specialized AAV capsid con-
taining an RGD motif on its viral coat, enabling immediate binding and
internalization of the AAV into pleural lining cells. Our AAV strategy
contained the genetic driver under the control of a CMV promoter, to
force a strong and constitutive expression on pleural surfaces, as well
as an mCherry reporter tag, to visualize and quantify transfection/
transduction efficiency. To directly assess proteolysis and surface
material transfer, we tagged pleural ECM with Fluorescein Iso-
thiocianate (NHS-ester), and 300 uM thick slices were incubated with
medium for 5 days then immunolabeled and visualized with confocal
microscopy (Fig. 3a).

Overexpression of the above drivers induced a robust differ-
entiation of lining mesothelium ex vivo. Overexpression of Ifi2712a
increased metabolism and mitotic activity, evidenced by increased
Ki67 and PCNA staining (Supplementary Fig. 4a). Overexpressing Dcn
and Plac8 induced further differentiation into proteolytic cells,
resulting in massive proteolysis of pleural ECM and inward transfer of
digested macromolecules (Fig. 3b, ¢). High resolution multi-photon
images showed a reorganization of ECM occurred at pleural surfaces,
consistent with ECM proteolytic disassembly, accompanied by inter-
stitial accrual of macromolecules (Fig. 3d). Proteolytic activity was
confirmed by increased Ctsb expression on mesothelial cells (Sup-
plementary Fig. 4b). Finally, overexpression of the fibrogenic driver
Mgp, induced mesothelial-to-mesenchymal transition, cell migration

and a-SMA protein expression, consistent with a fibrogenic cell fate
(Supplementary Fig. 4c).

Forced mesothelial differentiation results in lung fibrosis

To directly investigate the role of mesothelial cell state drivers in dis-
ease progression, we transfected AAV into the pleural space in animals,
then injected NHS-FITC intrapleurally to label the ECM there, followed
by Bleomycin instillment through the trachea to induce lung fibrosis
(Fig. 4a). ECM labeling protocol adopted from ref. 28 was used to track
ECM movement and structure in the pleural surface.

We confirmed transfection occurred exclusively on mesothelial
cells, with no detectable expression in AT2 cells (pro-SPC~) or mac-
rophages (F4/807) (Fig. 5a and supplementary Fig. 5). In the AAV
transfection setup control, Bleomycin-instilled lungs had decreased
lung function, increased weight loss, and decreased survival rates
down to 70% (Fig. 4b-d). Ashcroft scores of treated lungs, 14 days
post-Bleomycin, revealed increased fibrosis with clear damage to lung
structure with fibrous bands. Bleomycin induced profuse migrations of
mesothelial cells from pleural lining into deep lung tissues that were a-
SMA-positive (Fig. 4e). At the peak of fibrosis development, 14 days
post-Bleomycin, 40% of total a-SMA-positive cells within fibrotic foci
were from the pleura (Fig. 5b). This confirms the fibrogenically active
mesothelial cell state contributes to lung fibrosis.

To assess the role of the metabolic cell state to fibrosis develop-
ment, we transfected pleural surfaces with AAVs overexpressing the
Ifi2712a metabolic state driver. Four days post-transfection, animals were
divided into two groups, one receiving intra-tracheal PBS, and another
receiving Bleomycin to induce fibrosis. Remarkably, directed differ-
entiation of pleural surfaces into metabolically active cells, with our
Ifi2712a driver, protected lungs from fibrosis. Ifi2712a-transfected animals
all survived and rapidly recovered their body weight after Bleomycin
administration (Fig. 4b, c). Structurally, Ifi2712a-transfected lung surfaces
lacked fibrosis throughout the interior of the lungs, with minimal to non-
existent fibrous thickening of pleural, alveolar, or bronchiolar walls and
minimal a-SMA+ expressions (Fig. 4e and Fig. 5c).

Next, to assess the role of the proteolytic mesothelial cell state
driver to fibrosis development, we transfected pleural lining mesothe-
lium with AAVs overexpressing Dcn and harvested lungs 14 days post-
transfection. In the absence of Bleomycin instillment, Dcn-transfected
animals had less body weight, impaired lung function, and thickening
and disassembly of the ECM on lung surfaces (Fig. 4b, c). Confocal
microscopic observations showed pleural ECM (labeled with NHS-FITC)
underwent proteolysis with larger lacunarity and porosity between
fibers, accompanied by inward transfer of pleural-born ECM into deep
lung tissue. Immunostaining confirmed that the proteolytic enzymes
Ctsb and Mmp8 were both upregulated on mesothelial cells in response
to Dcn overexpression, similarly to their upregulation in response to
Bleomycin treatments (Fig. 4e and Fig. 5d).

Then, we assessed the importance of differentiation to the fibro-
genic mesothelial state by transfecting pleural lining mesothelium
with AAVs overexpressing the fibrogenic driver Mgp in healthy
animals. Lungs harvested at 14 days post-transfection had
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accumulation a-SMA-positive cells and fibrotic foci within deep lung
tissue; they had decreased body weight and decreased survival. Mgp
overexpression on pleural surfaces of these healthy lungs led to
impaired lung function and increased Ashcroft scores (Fig. 4b, c).
Using Ashcroft scoring, we observed that lung architectures in Dcn and
Mgp overexpressing mice exhibit features resembling those of fibrotic
lungs when compared to healthy controls, including pleural

Fibrogenic correlation

thickening, alveolar wall thickening, and the emergence of small
fibrotic foci. Our pleural lineage-tracing combined with immunos-
taining confirmed that reprogramming mesothelium into fibrogenic
mesothelial cells, directly induces fibrosis, expression of a-SMA within
lung parenchyma and formations of fibrotic foci (Fig. 4e). To further
confirm the de novo deposition of collagen by the mesothelial cells in
the interstitial lung tissue we generated a Collagenl (Coll) reporter
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Fig. 2 | Time-resolved scRNA-seq data of mesothelial cells in the lung
Bleomycin-induced fibrosis model. a Schematic of the sample preparation for the
high-resolution mesothelial cell scRNA-seq dataset. Wild type mice received a sin-
gle shot of Bleomycin at day 0. Lungs were harvested on the selected days (day 2 to
day 54) and digested. Single cell suspensions were then sorted using Max sorting
(negative gating for Cd45, Cd31, Terl19, Lyvel). Single cell suspensions were ana-
lyzed using scRNAseq. b UMAP of the time-scaled high-resolution mouse Bleo-
mycin mesothelial cell dataset, color-coded for the newly identified lineages.

¢ UMAP of the novel mesothelial cell lineages, highlighting the expression of the
gene markers of the different clusters: KIf9 for Healthy, 1fi2712a for metabolically
active, Dcn for proteolytic, Saa3 for immune-modulator and Mgp for fibrogenic.
d Partition-based graphic abstraction of the trajectories between the different

identified populations. Upon Bleomycin installation, mesothelial cells differentiate
to metabolically active cells. These metabolically active cells give rise to proteolytic
cells. The proteolytic cells differentiate into immune modulator cells then into
fibrogenic cells which eventually revert back to metabolically active cells. e Graphic
predicting trajectory of interconversion of different mesothelial cell population
relative abundance during Bleomycin-induced injury (x axis, day O to day 54). Up-
regulated genes are shown for each step in the illustration underneath. f Gene
driver plot, produced using the CellRank package, of the differentiation from
metabolically active to proteolytic (right plot) and from Immune modulator to
Fibrogenic. Plots highlight the most distinguishing genes corrrelating with the
phenotype differentiation process. Created in BioRender. Kadri, S. (2025) https://
BioRender.com/onyksnk.

AAV (Fig. 5e). Pleura mesothelial lining was transfected 4-day prior
intratracheal bleomycin instillation. Confocal images shows mesothe-
lial cells inward migration associated with the newly deposited Coll
(Fig. 5f, g). In addition, hydroxyproline measurements were performed
for each group using the Enzymatic Hydroxyproline Assay (Fig. 4g),
and the results were consistent with the histological measurements,
providing additional validation for our findings.

Directed conversion into fibrogenic and proteolytic states with
Dcn and Mgp drivers, did not lead to the protective effects seen with
metabolic conversion by Ifi2712a. In the presence of Bleo treatments,
directed proteolytic and fibrogenic conversions worsened lung fibro-
sis, with accelerated morbidity, mortality, and more rapid weight loss.
Mgp-transfected Bleomycin-treated lungs underwent pleural thicken-
ing, with accelerated ECM proteolysis and inward accrual of fibrotic
foci (Supplementary Fig. 6). Ashcroft scores in these animals increased
to 7, reflecting severe fibrosis phenotypes, which were absent from
control Bleo experiments. Overall, these data demonstrate that
mesothelium plays multiple roles in fibrosis development, and that
directed pleural modulation with our drivers may reduce lung fibrosis.
Ifi2712a, Dcn and Mgp thus represent key therapeutic opportunities.

A mesothelial cell compendium across human organs
To gain a global view of all mesothelial cell states during human health,
we extracted, merged, and analyzed mesothelial cells from twenty-two
different human scRNA-seq datasets, representing eleven different
human organs: lung, heart, liver, kidney, stomach, gut, colon, mesen-
tery, vasculature, omentum, and adipose tissue. Human mesothelial
cells clustered into nine different cell states, each with unique tran-
scripts. As with our mouse cell types, certain human mesothelial cell
types were multi-organ, whereas others were organ-specific. Shared
types included pleura-visceral cells expressing TMSB10, gut-lung-
mesenteric cells expressing macrophage migration inhibitory factor
(MIF), Adipose-omentum expressing actin gamma 1 (ACTG1) and a
universal multi-organ cell group expressing Receptor For Activated C
Kinase 1 (RACK1) in gut, colon, mesenteric, stomach, lung and aorta. As
in mice, human lung had the same two healthy cell types expressing
PTMA and COX]1, separately. Similarly, human adipose tissue had the
same mesothelial types, overexpressing NALCN and ACTG], as seen in
mouse. These findings indicate mammalian conservation of meso-
thelial cell states and functions across organs (Fig. 6a, b).
Hierarchical clustering analysis of the human mesothelial
cells across all organs revealed similarities between cells from
similar organs and cavities (Fig. 6¢). Human and mouse meso-
thelial cell groups shared homology. For example, human and
mouse both have lung specific COX1+ cells. Similarly human and
mouse both have visceral Tmsb10+ subsets. The human multi-
organ RACKI1 lineage was uniquely exclusive to human mesothe-
lium. However they do resemble mouse liver-kidney-omentum
Actgl+, mouse visceral and cardiovascular Tmsb10+, Mouse Aorta
Dpt+ and mouse adipose specific Nalc+ cells (Fig. 6d), indicating a

possible relationship between these more restricted cell states
(Supplementary Fig. 7a, b).

In human we also found that the mesothelial cell states were
disease dependent. For example, there were two different types of
mesothelial cells in the healthy condition: COX1+ and PTMA+. Healthy
COX1+ mesothelial cells are associated with post-translational protein
modification, matrisome and ECM organization. On the other hand,
pathways associated with healthy PTMA+ were the innate immune
system, cytokine signaling in immune system and signaling by inter-
leukins, suggesting a more specific role of PTMA+ cells as an immune
modulator subpopulation (Fig. 6e and Supplementary Fig. 7c, d).

Moreover, we observed three types of mesothelial cells in human
lung disease corresponding to the disease condition: (i) ILD-Covid
mesothelial cells with markers such as MGP and Galectin 1 (LGALSI), (ii)
IPF mesothelial cells with markers like IFI27L2A and CRIP1 and (iii)
Smoker-Adenocarcinoma mesothelial cells with markers including
Serum Amyloid A3 (SAAP3) and Aldo-Keto Reductase Family 1 Member
C2 (AKRIC2). The differentially expressed genes and different func-
tions are illustrated in Fig. 6f.

Cross-species comparison analysis using scArches demonstrated
transcriptomic equivalences between the mouse and human cell types.
Briefly, the model was trained on the mouse dataset to distinguish the
different populations, then applied on the human dataset to map the
cells onto the corresponding mouse cell types. We found that human
mesothelial cells in idiopathic pulmonary fibrosis have a similar
expression profile to mouse metabolically active cells with similar
markers such as IFI27L2A and CRIP1 (Fig. 6g). We also found that
Interstitial lung disease and Covid-19 mesothelial cells have similar
expression patterns, with both mouse fibrogenic and proteolytic
mesothelial cells, with markers MGP and CCDC80. The third disease
population included smokers and adenocarcinoma mesothelial cells
with markers such as SAA3P and AKRIC2 and this mapped to the
mouse immune modulator subtype. All these data demonstrate the
cross-disease conservation of mesothelial cell states.

Functional enrichment of biological terms confirmed that Healthy
COX1+ cells are involved in protein secretion and golgi vesicle trans-
port (which are related to matrisome and extracellular matrix organi-
zation) and that Healthy PTMA+ has immune modulator functions. The
ILD-Covid group is functionally enriched for epithelial mesenchymal
transition (EMT), with an equivalent mouse cell group. In fact, ILD-
Covid cell types mapped to the fibrogenic mouse cells, which are also
enriched for cell migration and mesothelial to mesenchymal transi-
tion. To confirm the markers identified for the five different human
lung mesothelial cell states, we performed immunohistochemistry
analysis and found that the different markers are indeed expressed in
mesothelial cells in the respective populations: PTMA and KLF9 for
healthy; MGP for ILD-Covid; CRIP1 for IPF and SAA3P for Smoker-
Adenocarcinoma (Fig. 6h and Supplementary Fig. 7e, f).

In sum, our findings present an in-depth and comprehensive
profile of mesothelial cell states and their genetic drivers, across
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mouse and human diseases (Fig. 7). Directed reprogramming of organ  mesothelial cells transition through no less than four different
surfaces opens therapeutic opportunities for the prevention and cell states during fibrosis. Mesothelial cells initially differentiate

treatment of organ diseases. to become metabolically active (i). After several days, in
bleomycin-induced fibrosis, this metabolically active population
Discussion gains a proteolytic phenotype (ii). The proteolytic cells then

Previously, mesothelial cells were annotated into just two transition into an immune-modulatory phenotype (iii), before
different states: “healthy” or “activated””***. Here we reveal, finally becoming fibrogenic (iv).
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Fig. 3 | Ex vivo functional validation of the mesothelial cell populations.

a Schematic representation of the precision cut lung slice protocol, in which
mesothelial cells were transfected and ECM surface was labeled to assess ECM
digestion and inward movement. The first step after lung harvesting was lung
incubation with the viral particles (2 h) followed by the ECM labeling using NHS-
FITC. The lung slices were cultured for 5 days. b Histogram of ECM movement (x
axis) inside the lung slices after culture for 5 days with the overexpressed genes
indicated on the y axis, colored according to the legend underneath. N =3 biolo-
gical replicates (C57BL/6) WT mice) and three independent experiments. A two-
sided independent T-test was used for the comparison of two groups. Data are
presented as mean values + SEM. Source data are provided as a Source Data file.
¢ Fluorescent microscopy images of lung slices, that had their surface ECM labeled

at day 0, and were then transfected with the indicated AAVs: control virus, Ifi2712a
and Scdl (markers of metabolically active), Dcn and Plac8 (markers of proteolytic),
Mgp and Sparc (markers of fibrogenic). The thickness of the surface is indicated by
white bars. N =3 biological replicates (C57BL/6] WT mice) and three independent
experiments. Scale bar is 2 mm. d High magnification multiphoton microscope
images of the lung slices after 5 days of culture, highlighting the surface ECM (green
labeling) and transfected mesothelial cells (magenta). Note the enormous increase
of ECM in Dcn- and Plac8-transfected slices and the punctate expression of those
proteins (white arrows in the merged image). N = 3 biological replicates (C57BL/6)
WT mice) and three independent experiments. Scale bar is 100 um.Created in
BioRender. Kadri, S. (2025) https://BioRender.com/wburpzt.

Each cell type has a different role in the pathogenesis of lung
fibrosis. According to our analysis, the initial metabolic activation,
provides a gateway toward disease progression by blocking cellular
differentiation. Focal adhesion, tight junctions, actin cytoskeleton and
EMT are also all compromised in metabolically activated cells. By
contrast, the cell cycle and cell division are upregulated.

We discovered two important genes that drive mesothelial cells
toward metabolic activity: Cripl and interferon-induced gene Ifi2712a.
Cripl is known to be regulated by transforming growth factor-f31 (TGF-
B1) and it is expressed in lung fibrosis®. Ifi2712a has also been found in
infected lungs®. Crucially we show that overexpressing Ifi2712a pro-
tects lungs from fibrosis.

After the initial activating differentiating step, the metabolically
active cells then give rise to two different pathologic cell states: pro-
teolytic and fibrogenic. Proteolytic mesothelial cells express proteases
in the extracellular domain and are responsible for the degradation of
ECM macromolecules at the pleural and alveolar space. The proteo-
lytic mesothelial cells naturally express proteases, while the fibrogenic
differentiated cells express collagens. These two cell states ensure
constant influx of ECM macromolecules into deep lung tissue, to fur-
ther drive tissues toward fibrosis.

Once fully differentiated, the fibrogenic mesothelial cells con-
tinue to contribute to ECM movement. Indeed, the fibrogenic cells are
directly attached to ECM-fragments during cell migration (Supple-
mentary Fig. 2) and overexpressing, the fibrogenic cell differentiation
gene divers, Mgp and Plac8 caused ECM displacement and fibrosis
(Supplementary Fig. 3).

Current model of lung fibrosis development implicates interstitial
fibroblasts. The models state that these fibroblasts are activated, by
injury, to synthesize and deposit fibrotic material into lung
interstitium®. This sequence of events it thought to be initiated by
immune modulators TGF-f1, IL- 1 and PDGF.

Our findings provide a new scenario, by which material is
propelled into lung tissue from pleural surfaces to contribute to
fibrosis. At day 10, in the Bleomycin model, mesothelial cells dif-
ferentiate from proteolytic cells to give rise to transient immune
modulatory cells that express chemoattractant and complement
proteins. We previously demonstrated that neutrophils direct
preexisting matrix to initiate repair in damaged tissues®. We can
now place proteolytic mesothelial cell subtype as upstream and
obligatory for ECM dislodgment into injury sites to occur. These
proteolytic cells can either further differentiate into fibrogenic
cells, to enhance fibrosis, or they can de-differentiate back into
metabolically active cells, in which case fibrosis subsides and
resolves. These previously hidden cell states and their differentia-
tion regulators in mesothelium, are a clinical handle on fibrotic
disease progression that promise control of fibrotic disease across
a range of clinical settings. While our single-cell analysis supports
the sequential relationships of these mesothelial states, we
acknowledge that some of the observed transcriptional patterns
may be influenced by technical limitations associated with the
method used. Despite applying rigorous quality control, we cannot

fully exclude the possibility of residual technical artifacts. Future
studies will be important to further validate these findings.

Methods

Animals

Wild type mouse lines (C57BL/6)), were obtained from Charles River.
Animals were bred and maintained in the Helmholtz Animal Facility in
accordance with EU directive 2010/63. Animals were housed in indi-
vidual ventilated cages, and animal housing rooms were maintained at
a constant temperature of 20-24 °C and humidity of 45-65% with a 12-
h light cycle and were supplied with water and chow ad libitum. All
animal experiments were reviewed and approved by the Government
of Upper Bavaria and registered under the project number ROB-55.2-
2532.Vet_02-19-101 and conducted under strict governmental and
international guidelines. This study is compliant with all relevant
ethical regulations regarding animal research.

Experimental design and animal treatment

Mice were divided randomly into two groups: (A) saline-only (PBS), or
(B) bleomycin (Bleo). Lung injury and pulmonary fibrosis were induced
by single-dose administration of bleomycin hydrochloride (Sigma
Aldrich, Germany), which was dissolved in sterile PBS and given at
3U/kg (intratracheal instillation) bodyweight. The control group was
treated with sterile PBS only. Mice were sacrificed at designated time
points (days 1-14, 21, 28, 35, 56) after instillation. Treated animals were
continuously under strict observation with respect to phenotypic
changes, abnormal behavior and signs of body weight loss.

Human tissue

Resected lung tissue and lung explant material was obtained from the
CPC-M bioArchive at the Comprehensive Pneumology Center (CPC),
Munich. ILD and IPF diagnosed lung tissue (n = 3 each) derived from
lung explant material. These tissues are obtained during lung trans-
plantation and consist of non-resolving end-stage fibrotic lung disease
and diagnosed as IPF. Healthy control tissue (n = 3) was derived from
tumor resection in no other chronic lung disease patients. Smoker lung
tissue (n =3) was derived from tumor resection from smoker patients
with no other chronic lung disease.

Labeling of ECM on organ surfaces

Succinimidyl esters (N-Hydroxysuccinimide (NHS)-esters; 1308
Thermo Fisher) were diluted in DMSO to a concentration of 25 mg/ml
and stored at —80 °C. To achieve ectopic labeling of matrix, we gen-
erated a labeling solution by mixing NHS-ester solution 1:1 with
100 mM pH 9.0 sodium bicarbonate buffer. For in-vivo experiments,
we generated a labeling solution by mixing 5ul Succinimidyl esters
(NHS-esters; Thermo Fisher) from stock solution (25 mg/ml) with 5yl
of 100 mM pH 9.0 sodium bicarbonate buffer. This was combined with
40 ul PBS to a total volume of 50 ul. Labeling solution was applied intra
pleurally under isoflurane anesthesia with a 30G cannula. For
precision-cut lung slices ECM labeling, sterile Whatman filter papers
(Sigma Aldrich) were soaked in NHS-labeling solution and placed on
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the whole lung lobe. After 1 min, the labeling Whatman filter paper was
removed. Tissue was washed with PBS 3 time to remove excess of
labeling.

AAV production
Production and purification of AAV preparations for AAVCNA35m-
Cherry was performed according to the AAVpro Purification Kit Maxi
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(Takara Bio) protocol. In brief, five T225-flasks were triple-transfected
with the following three plasmids: (i) plasmid pHelper from the AAV-
pro Helper Free System kit (Takara Bio), (ii) the plasmid pAAV2/8RGD
containing coding sequences of the AAV2-derived rep proteins and the
modified AAV8 capsid proteins and (iii) the pAAV-Cp-SV40pA deriva-
tive containing the AAV genome with the respective transgene. At 96 h
post-transfection, cells were collected and AAV vector particles were

Nature Communications | (2025)16:8295


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63990-2

Fig. 4 | Metabolically active mesothelial cell differentiation genes drive fibrosis.
a Treatment scheme for candidate gene overexpression in lung mesothelium.

b Ashcroft scores by using the trichrome staining of the lung sections in the dif-
ferent conditions: Control PBS (Ctrl); Control AAV Bleomycin (Bleo); Ifi2712a AAV
PBS (Ifi2712a PBS); Ifi2712a AAV Bleomycin (Ifi2712a Bleo); Dcn AAV PBS (Dcn PBS)
and Mgp AAV PBS (Mgp PBS). N = 6 biological replicates (C57BL/6) WT mice) and
three independent experiments. A two-sided independent 7-test was used for the
comparison of two groups. Data are presented as mean values + SEM. Source data
are provided as a Source Data file. ¢ Daily body weight lost in the different groups.
Data are presented as mean values + SEM. Source data are provided as a Source
Data file. d Experimental group survival rates. Source data are provided as a Source
Data file. e Lung function impairment in the different conditions: Trichrome
staining images of the control PBS, control bleomycin, Ifi2712a PBS, Ifi2712a bleo-
mycin (from up to bottom) with arrows highlighting fibrotic clots (Ctrl and Bleo).
On the right: confocal images of the lung stained with different staining: «-sma,
Ki67 (both yellow) and mesothelial transfected cells (magenta). On the right-hand
side, the quantification of the different immunostaining. N = 6 biological replicates

(C57BL/6) WT mice) and three independent experiments. A two-sided independent
T-test was used for the comparison of two groups. Data are presented as mean
values + SEM. Scale bar is 20 um. Source data are provided as a Source Data file.

f Lung function impairment in the different conditions: Trichrome staining images
of the control PBS, Dcn PBS, control PBS, Mgp PBS (from up to bottom) with arrows
highlighting fibrotic clots (Ctrl and Bleo). On the right: confocal images of the lung
stained with different staining: extracellular matrix (NHS-FITC), Ctsb, a-sma (both
yellow) and mesothelial transfected cells (magenta). On the right-hand side, the
quantification of the different immunostaining. N = 6 biological replicates
(C57BL/6) WT mice) and three independent experiments. A two-sided independent
T-test was used for the comparison of two groups. Data are presented as mean
values + SEM. Scale bar is 20 um. g Hydroxyproline measurements were performed
for each group using the Enzymatic Hydroxyproline Assay. N = 6 biological repli-
cates (C57BL/6) WT mice) and three independent experiments. A two-sided inde-
pendent T-test was used for the comparison of two groups. Created in BioRender.
Kadri, S. (2025) https://BioRender.com/s4fbbop.

released by breaking up the cells through three freeze-thaw cycles.
Genomic DNA was digested with Cryonase cold-active nuclease, and
AAV vector particles were separated from cell debris by filtration (0.45-
um filter). Finally, AAV particles were separated from low molecular
weight contaminants by using 100-kDa size-exclusion columns. Titers
of final AAV preparations were determined by qPCR utilizing the
AAVpro Titration Kit (QPCR) V2 (Takara Bio). Local AAV labeling was
performed using sterile Whatman filter papers, as described above for
NHS ex-vivo surface labeling.

Precision-cut lung slicing and in vitro culture

Precision-cut lung slices (PCLS) were obtained from mouse lungs
according to the protocol described in ref. 19, with some modifica-
tions. Adult C57BL/6 mice (10 weeks old) were humanely killed by
intraperitoneal injection of pentobarbital. The anterior chest wall was
excised and trachea was carefully exposed. A tiny opening was made in
the anterior wall of the trachea just below the cricoid cartilage. A rigid
metallic cannula (21G) was carefully inserted through the trachea up to
a millimeter above the bifurcation of the principal bronchi and fixed in
place by suture. After cannulation, the lungs were inflated with 37 °C
1.5% low-melting-point agarose (Sigma; Cat. No. A9414) prepared with
1x serum-free DMEM (SF-DMEM) (Life Technologies; Cat. No. 31966-
021). Agarose was injected to inflate both lungs keeping them in situ
within the chest cavity at volume that enabled lungs to be fully inflated
without hyper- or sub-optimal inflation (1 ml agarose). After inflation,
agarose was solidified by applying ice to the chest cavity for 1 min.
Subsequently, the lungs were excised from the body along with heart
and trachea and immersed in ice-cold SF-DMEM and kept on ice until
slicing. Left lung lobes were isolated and cut transversely at 300 um
using a vibratome (Zeiss Hyrax V50) in ice-cold SF-DMEM buffer. Slices
were obtained from the middle 2/3rds of the lobe to ensure similar
sized slices and placed in a 24-well plate in ice-cold SF-DMEM for all
experiments. PCLS were then incubated at 37 °C for 2 h and washed
twice with warm SF-DMEM to remove excess agarose from the tissue.
PCLS were cultured for up to 120 hin presence of 5% CO2 and 95% air at
37°C in M199 media (Life Technologies; Cat. No. 11150059) supple-
mented with Insulin/transferrin/selenium (Life Technologies; Cat. No.
41400045), vitamin C (Cat. No. A4403), vitamin A (Cat. No. R2625),
hydrocortisone (Cat. No. H4001), 1% penicillin-streptomycin (All from
Sigma) as described previously (10.1165/rcmb.2013-00560C) and
media was changed every 2nd day. After incubation PCLS were fixed
with 4% paraformaldehyde for 2 h at 4 °C and prepared for imaging and
immunostaining.

Tissue preparation
Upon organ excision, organs were fixed overnight at 4 °C in 4% par-
aformaldehyde. The next day, fixed tissues were washed three times in

Dulbecco’s phosphate buffered saline (DPBS, GIBCO, no. 14190-094),
and frozen in optimal cutting temperature compound (Sakura, no.
4583) and stored at -20°C. Fixed and embedded tissues were
embedded and cut with a Microm HM 525 (Thermo Scientific) by the
standard protocol. For antigen retrieval sections were incubated in ice-
cold acetone for 5 min at 4 °C and then washed with PBS. Sections were
either used for Masson’s Trichrome staining or for
immunohistochemistry.

For Immunohistochemistry, slices were blocked for non-specific
binding with 5% non-immune secondary antibody host serum (UCSF
Cell Culture Facility) in PBS for 60 min at room temperature, and then
incubated with primary antibody in blocking solution overnight at
4°C. The next day, following 3 times PBS washing, sections were
incubated in PBS with fluorescent secondary antibody, for 120 min at
room temperature. Finally, sections were washed three times with PBS
and mounted with Fluoromount- with DAPI (Life Technologies, 00-
4959-52), and stored at 4 °C in the dark. Masson’s trichrome staining
was performed using a commercial kit (Sigma Aldrich HT15) following
manufacturer’s recommendations. Fibrosis severity was assessed
using the Ashcroft scoring system. For each lung lobe, three repre-
sentative non-overlapping regions were selected and scored by two
trained laboratory personnel who were blinded to the experimental
groups. The scores from the selected regions were averaged for each
lobe to obtain a fibrosis assessment. To ensure the consistency of the
Ashcroft scoring, the same regions were analyzed across adjacent
sections, and inter-scorer agreement was evaluated statistically to
confirm the reliability of the scores. To quantify collagen content, a
hydroxyproline assay was performed using a commercially available
kit (Hydroxyprolin Assay-Kit, ab222941, abcam). Hydroxyproline con-
tent was assessed from whole lung tissue. Every 10 mg of lung tissue
was homogenized in 100 pL distilled water using an ultrasonic probe
homogenizer. A 100 pL aliquot of the homogenate was transferred to a
pressure-tight polypropylene vial, followed by the addition of 100 pL
of 10 N NaOH. Samples were hydrolyzed at 120 °C for 1 h, cooled oniice,
and neutralized with 100 uL of 10N HCI. After centrifugation at
10,000 x g for 5min, the supernatant was collected and used for
hydroxyproline quantification. The hydrolyzed samples were evapo-
rated at 65 °C and subjected to oxidation and colorimetric detection
according to the manufacturer’s protocol. Absorbance was measured
at 560 nm using a microplate reader, and hydroxyproline concentra-
tion was calculated based on a standard curve.

Primary antibodies were used: a-sma (Abcam ab21027 1:200),
Ki67 (Abcam ab16667 1:200), Cathepsin B (Elabscience E-AB-10208.120
1:100), Crip1 (Sigma SAB2105782 1:500), Dcn (Abcam ab277636 1:200),
Saa3 (Biozol GTX03433 1:250), Mgp (Biomol ARG58960.100 1:200),
Ptma (Abcam ab247074 1:200), Coxl (Sigma SAB2500266
1:200), Gpméa (Bio-techne NBP1-68861 1:500), EMT Marker antibody
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Microscopy

Masson’s trichrome stained sections were imaged under a M205 FCA
Stereomicroscope (Leica) and ZEISS Axiolmager Z2m (Carl Zeiss). For
precision-cut lung slice imaging, fixed samples were embedded in 35-
mm glass-bottom dishes (Ibidi) with low-melting-point agarose (Bio-
zym) and left to solidify for 30 min. Imaging was performed with a
THUNDER Imager Model Organism (Leica) or Leica SP8 multiphoton
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Fig. 5 | Immunostaining of the different markers identified in the high resolu-
tion lung fibrosis mesothelial cell dataset. a Immunostaining showing the AAV
control specificity to the mesothelial cells. N = 6 biological replicates (C57BL/6] WT
mice) and three independent experiments. Scale bar is 0.5 mm. b Immunostaining
of a-sma of Bleomycin ctrl AAV group. Tile imaging was used to capture the lungs
and performed measurements on fibrotic foci across at least 12 different regions of
the affected lungs. N=12 biological replicates (C57BL/6) WT mice) and three
independent experiments. Data are presented as mean values + SEM. Scale bar is
20 um. Source data are provided as a Source Data file. c Immunostaining of a-sma in
1fi2712a bleo day 14 group. N = 6 biological replicates (C57BL/6) WT mice) and three
independent experiments. A two-sided independent T-test was used for the com-
parison of two groups. Data are presented as mean values + SEM. Scale bar is 20 um.
Source data are provided as a Source Data file. d Immunostaining of Mmp8 in Dcn
PBS day 14 group. N = 6 biological replicates (C57BL/6) WT mice) and three

independent experiments. A two-sided independent 7-test was used for the com-
parison of two groups. Data are presented as mean values + SEM. Scale bar is 10 um.
Source data are provided as a Source Data file. e Experimental design of the col-
lagen reporter AAV approach: AAV with coll reporter was injected intrapleurally
4 day before the bleomycin instillation. At day O the bleomycin was administrated
intratracheal and lungs were harvested 14 day after that. f Weight loss, survival
curve and lung function of the different groups in the Coll reporter experiment
(from right to left). N = 6 biological replicates (C57BL/6) WT mice) and three
independent experiments. A two-sided independent T-test was used for the com-
parison of two groups. Data are presented as mean values + SEM. Source data are
provided as a Source Data file. g Panel of trichrome staining and immunostaining of
the Coll reporter and the mesothelial cells. N = 6 biological replicates (C57BL/6] WT
mice) and three independent experiments. Scale bar is 20 um.Created in BioR-
ender. Kadri, S. (2025) https://BioRender.com/p5Sgpaxé6.

microscope. Two- and three-dimensional data were processed with
Imaris 9.1.0 (Bitplane) and ImageJ (1.52i). Contrast and brightness were
adjusted for better visibility. The acquired fluorescent z-stacks were
analyzed in Imaris 9.3 software (Bitplane), ECM movement, cell num-
ber, area and immunolabeling quantifications were analyzed using
image).

Mouse and human scRNA-seq atlas generation and meta-
analysis
In order to comprehensively analyze the mesothelial cells function and
relatedness across different organs we generated a steady-state
mesothelial cell atlas composed of 32 datasets®* ™S, Similarly, to
assess differential response and differentiation of mouse mesothelial
cells across different tissue during diseases*®>>761¢78 we estab-
lished a perturbed-state mesothelial atlas composed of 22 datasets.
Furthermore, we established a healthy human mesothelial cell atlas
using 23 datasets”®**. For the human lung mesothelial cell atlas we
used 6 datasets of healthy lung that were included in the previous atlas
to which we added 10 disease lung datasets’ > including IPF, ILD,
Smoker, Adenocarcinoma and Covid-19. All Mesothelial atlases were
generated and then analyzed using the following steps: (1) Processing
and filtering and extracting individual mesothelial sScRNA-seq datasets;
(2) Dataset integration and batch removal for the four atlases; (3)
Clustering and annotation of steady- and perturbed-state mesothelial
atlases; and (4) Hiearchical clustering and cross species analysis. The
aforementioned steps are described in detail in the following sections.
(1) Processing and filtering and extracting individual mesothelial
scRNA-seq datasets: Single cell transcriptomics datasets were used to
generate four different atlases of mesothelial cells: (i) steady-state
mouse mesothelial cell atlas; (ii) disease-state mouse mesothelial cell
atlas; (iii) steady-state human mesothelial cell atlas and (iv) human lung
mesothelial cell atlas. Single cell transcriptomics datasets, generated
using 10X Genomics and available as processed CellRanger files, were
collected from public repositories (Supplementary Tables 1-4). For
public datasets where processed files were not made available, we
analyzed raw data using “cellranger count” (CellRanger 2.1.0, 10X
Genomics) based on mouse reference genome GRCm38 or human
GRCh38.p14 (for the human atlases). Pre-processed files were analyzed
using phyton toolkit Scanpy (v1.9.0). Each raw dataset that we pro-
cessed we filtered low quality cells (using scanpy.pp.filter_cell func-
tion) with <200 measured genes and a high percentage of
mitochondrial contamination (>-5). After filtering low quality cells, raw
data were saved to be used for the batch effect removal. After that files
were processed according to the developers recommendations. The
dimensional reduction method used was the UMAP algorithm. Cells
were them clustered using leiden or Louvain with variable resolutions
to match the author clustering and used markers. Mesothelial cells
clusters were identified using the markers MsIn, Wtl, Pdpn, Procr.
Simmilarly, cell clusters marked by the canonical marker gene for

immune cells Ptprc (Cd45), epithelial cells Epcam), endothelial cells
(Cd31) and were discarded. Raw data was then recovered and all
individual datasets were then used for integration to create the dif-
ferent atlases: a steady-state mesothelial atlas comprising data from
healthy tissues in mouse and human each; a perturbed-state meso-
thelial atlas comprising data from diseased and inflamed tissues in
mouse and a human lung mesothelial cell atlas containing steady and
perturbed states.

(2) Dataset integration and batch removal for the four atlases:
Before dataset integration, mesothelial cell datasets were converted
into SingleCellExperiment using Seurat’® (v4.3.0) in R (v4.2.3). Data
were then merged and batch effect was removed using BatchBench
package®. Output file we imported were converted to h5ad using
Zellkonverter (v1.12.0) and imported to Scanpy. The mouse
mesothelial-specific atlases included steady- and perturbed-state
atlases comprising 32,134 and 5601 cells, respectively. The human
steady-state atlas included 16107 cells, whether the human lung steady
and perturbed-states included 5802 cells.

(3) Clustering and annotation of steady- and perturbed-state
mesothelial atlases: Atlas files were processed according to developers
recommendation and we used UMAP algorithm for the dimensional
reduction. The clustering was performed using Leiden with variable
resolution (between 0.2 and 0.5) to ensure the less possible shared
markers between clusters. Differential gene expression was computed
using the Scanpy function tl.rank_genes_groups using a Wilcoxon rank
sum test.

(4) Hierarchical clustering and cross species analysis: Hierarchical
clustering was computed for the different origin tissues using the
principle components with the function tl.dendrogram within the
Scanpy toolkit. The cross species analysis was performed using
the scArches’ tool. The reference dataset used was the mouse atlases.
We trained the models on mouse steady-state for the human steady-
state atlas and on mouse lung high resolution bleomycin dataset for
the human lung mesothelial atlas. After training the model on the
reference datasets, node weights were transferred to a new model.
Human datasets were then tested and cells were annotated according
to the respective reference dataset.

Stromal cell enrichment for scRNAseq

Three lungs per time point were pooled for each sequencing run.
Lungs were subsequently minced with fine scissors into small pieces
(approximately 1mm?). The resulting fragments were further pro-
cessed by enzymatic digestion in 5 mL enzyme mix consisting of dis-
pase (50 caseinolytic units/ml), collagenase (2mg/ml), and DNase
(30 pg/ml), for 30 min at 37°C under constant agitation (180 rpm).
Enzyme activity was inhibited by adding 5ml of PBS supplemented
with 10% FBS. Dissociated cells in suspension were passed through a
70-pm strainer and centrifuged at 500 x g for 5 min at 4 °C. Red blood
cell lysis (Thermo Fisher; 00-4333-57) was performed for 2 min and
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then stopped with 10% FBS in PBS. The resulted single cell suspension  then washed and incubated at 4 °C for 20 min with suitable magnetic
was filtered and incubated at 4 °C for 30 min with conjugated primary  beads against the conjugated fluorophores and dead cell markers
antibodies (dilution 1:200) against specific cell markers of unwanted (Dead Cell removal kit, Miltenyi 130-090-101). Microbeads used: Anti-
cell type lineages. Antibodies used: APC-anti-CD31 (eBioscience 17- Cy5/AlexaFluor647 (Miltenyi 130-090-855) and anti-APC (Miltenyi 130-
0311-82), eFluor660-anti-Lyvel (eBioscience 50-0443-82), APC-anti- 091-395). Cells were separated using OctoMACS and MS columns
Terl19 (Biolegend bld-116212), Alexa Fluor 647-anti-Epcam (Biozol (Myltenyi) according to manufacturer’s guidelines. Negative selection
BLD-118212) and APC-anti-CD45 (Biolegend Bld-103112). Cells were was then washed, counted, and diluted at 100 cells per microliter in
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Fig. 6 | Steady and disease-state human mesothelial cell atlases. a UMAP
embedding of human mesothelial single cells in the steady-state atlas. Nine clusters
identified through graph-based clustering are indicated by color. b UMAP high-
lighting the expression levels of the different identified markers for each cluster.
c Hierarchical clustering of the different mesothelial cells, depending on the tissue
of origin, showing the cellular progenitors of the mesothelial cells in different
tissues. d Cross-species analysis of the corresponding identified human and mouse
mesothelial cell clusters in health. e UMAP of the identified human lung mesothelial
cells in health and disease, color coded for the annotation of the healthy state
(COX1+ and PTMA+) and disease (IPF, ILD-Covid and Smoker-Adenocarcinoma).

f Heat maps of the relative average expression of the most highly enriched genes
for each cluster in disease-state human lung mesothelial atlas (log(fold change) of
one cluster versus all others. g Riverplot comparing the identified human lung
clusters to the mouse newly identified clusters using scArches. h UMAPs and
immunostainings of the different human mesothelial healthy and disease markers
co-labeled with the mesothelial marker Gpméa as indicated. On the right-hand side,
the quantification of the different immunostaining. N = 6 biological replicates and
three independent experiments. Data are presented as mean values + SEM. Scale
bar is 200 um. Source data are provided as a Source Data file.
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Fig. 7 | Upon lung injury mesothelial cells are activated into metabolically
active mesothelial cells. Upon injury, healthy mesothelial cells are activated with
various upregulated metabolic processes and more active cell division. This
population named “metabolically active” is characterized by the overexpression of
Ifi2712a, Cripl and Scdl. The metabolically active state is the first stage of meso-
thelial cell differentiation upon injury that then gives rise to two other cell subtypes

cells (Mgp)
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involved in the development of lung fibrosis. (i) First there are “proteolytic cells”,
which overexpress proteases and are involved in the degradation of existing ECM.
(i) The second cell type are fibrogenic, with an active mesothelial to mesenchymal
transition, de novo ECM deposition, and a tightened cell-ECM interaction,
increased glycolytic cell decoration and immune cell invasion. Created in BioR-
ender. Kadri, S. (2025) https://BioRender.com/k2y5xb4.

PBS with 0.04 % BSA and 300 U/ml of RNase inhibitor (RiboLock LIFE
technologies e00382). Only samples with >90 % living cells were used
for Dropseq separation.

Single cell RNA-sequencing using Dropseq

Stromal-enriched cell suspensions were separated using the Drop-
seq80 microfluidic-based method following the McCaroll lab protocol
with a few adaptations. Briefly, using a microfluidic PDMS device
(Nanoshift), cells were encapsulated in droplets with barcoded beads
(120/pl, ChemGenes Corporation, Wilmington, MA) at a rate of
4000 pi/hr. Droplet emulsions were collected for 15 min/each prior to
droplet breakage with perfluoro-octanol (Sigma-Aldrich). After
breakage, beads were harvested, and the hybridized mRNA transcripts
were reverse transcribed (Maxima RT, Thermo Fisher). Unused pri-
mers were removed by the addition of exonuclease I (New England
Biolabs). Beads were then washed, counted, and aliquoted for pre-
amplification (2000 beads/reaction, equals ~100 cells/reaction) with 12
PCR cycles (with the recommended settings). PCR products were
pooled and purified twice by 0.6x clean-up beads (CleanNA). Prior to
tagmentation, cDNA samples were loaded on a DNA High Sensitivity
Chip on the 2100 Bioanalyzer (Agilent) to ensure transcript integrity,
purity, and amount. For each sample, 1 ng of pre-amplified cDNA, from
an estimated 1000 cells, was tagmented by Nextera XT (Illumina) with
acustom P5 primer (Integrated DNA Technologies). Single cell libraries
were sequenced in a 100 bp paired-end run on an Illlumina HiSeq4000
using 0.2 nM denatured sample and 5% PhiX spike-in. For priming of

the 1st read, 0.5pM ReadlCustSeqB (primer sequence: 5-
gectgtecgeggaageagtggtatcaacgecagagtac-3’) was used.STAR (version
2.5.2a) was used for mapping the reads and to align them to the mm10
genome reference (provided by Drop-seq group, GSE63269) that was
tailored to include the eGFP cDNA transcript.

Analysis of the high-resolution mesothelial data set
The computational analysis of the high-resolution mesothelial cell
dataset was performed using the different steps previously mentioned
and in accordance to the developers recommendation of Scanpy
toolkit. Mesothelial cells were selected by eliminating cells with epi-
thelial (Epcam) endothelial (CD31), immune (Cd45) and fibroblast
(Pdgfra) markers. To filter the data further, the cells were clustered and
clusters expressing non-epithelial markers were excluded from the
data set. Ambient RNA analysis was performed using SoupX (Version
1.6.0)'*°, and doublet detection was conducted with DoubletDetection
(Version 4.0)'%". Leiden clustering was used with the high possible
resolution which maintained the healthy mesothelial cells in one
cluster (resolution 0.8). Trajectories were inferred by partition-based
graph abstraction with RNA velocity-directed edges using the scvelo
toolkit'®’. “Dynamic modeling” was used under standard settings to
calculate velocities. Cells were arranged under the inferred trajectory
using “velocity pseudotime” function rooting the trajectory origin in
healthy mesothelial cells (day 0).

For the gene ontologies and pathway analyses we used the
toolkits GSEApy'® and decoupleR™* implementation of AUCell'”. For
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pathway analysis we used the Reactome'® (Version 86) and for the
biological processes we used the updated version 2023-07-27'". For
the gene drivers analysis we used the toolkit CellRank* to estimate fate
probabilities and driver genes.

Statistics

Data were analyzed in Prism 7.0.0 (GraphPad). Statistical tests were
performed as indicated in the figure legends, and n values are also
provided. All error bars represent mean +s.d. Mice and tissues were
randomly assigned to treatment groups where applicable. No data
were excluded. Data were presumed to be normally distributed. Sta-
tistical significance was defined as P < 0.05, for reasons of space and
visibility, the individual P values less than 0.0001 were just mentioned
as P<0.0001.

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

Data availability

The data generated in this study have been deposited at Zenodo
https://zenodo.org/records/17013540. Source data are provided with
this paper.

Code availability
The code generated in this study have been deposited at Zenodo
https://zenodo.org/records/17013540.
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