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snRNA-seq analysis of RAS lungs revealed the general principle of an entity-spanning composition
of the usual fibrotic niche consisting of aberrant basaloid cells, ectopic COL15A1" pVECs, and
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Abstract

Rationale Restrictive allograft syndrome (RAS) is a major cause of mortality following lung
transplantation due to progressive fibrosis of the lung allograft, with no therapeutic options. Knowledge of
the cellular and molecular mechanisms driving fibrosis in RAS remains limited.

Objective To characterise the cellular and molecular changes in human RAS lungs through single-nucleus
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transcriptomic profiling.

Methods Single-nucleus RNA-sequencing (snRNA-seq) was performed in peripheral lung tissues from 15
RAS patients undergoing lung re-transplantation, and from nine healthy control lungs. Findings were
validated and extended using histological techniques including immunofluorescence, RNA in situ
hybridisation, Elastica van Gieson immunohistochemistry, quantitative histological analyses, and micro-
computed tomography (CT) scans.

Measurements and main results snRNA-seq analysis of RAS lungs revealed previously undescribed
aberrant basaloid cells, ectopic COL15A1" peribronchial vascular endothelial cells (pVECs), and
CTHRC1" fibrotic fibroblasts. Histological stains disclosed distinctive distribution patterns: aberrant
basaloid cells, primarily localised at the fibrotic edge, together with juxtaposed CTHRCI1" fibrotic
fibroblasts and ectopic COL15A1" pVECs form the fibrotic niche of alveolar fibroelastosis (AFE). PRX"
alveolar microvasculature is partially lost in AFE areas. Micro-CT scans revealed changes from pulmonary
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O — to systemic perfusion, facilitated by COL15A1" pVECs. Lastly, our data reveal potential therapeutic targets
Accepted: 13 April 2026 in RAS, including integrin ovp6, activator of transforming growth factor-p.
Conclusion Considering the multifaceted differences of RAS and idiopathic pulmonary fibrosis, we
revealed a surprising general principle of an entity-spanning composition of the fibrotic niche by aberrant
basaloid cells localised at the fibrotic edge, ectopic COL15A1" pVECs and CTHRC1" fibrotic fibroblasts.
a This suggests a flexible, but cellular pathogenesis-guided, transferability of potential therapeutic
approaches between progressive fibrotic lung diseases.

Introduction

Chronic lung allograft dysfunction (CLAD) after lung transplantation (LuTx) is an aggressive remodelling
process caused by various factors, including allo- and auto-immunity, infection, aspiration and ischaemia.
Due to lacking therapeutic options, CLAD remains a major cause of post-lung transplantation morbidity,
re-transplantation, and post-lung transplantation mortality. CLAD manifests as restrictive and/or obstructive
phenotypes [1-3]. Up to 30% of CLAD patients develop the restrictive phenotype, termed restrictive
allograft syndrome (RAS) [2, 4]. RAS is associated with a worse prognosis than the obstructive phenotype,
bronchiolitis obliterans syndrome (BOS), with survival rates after diagnosis of 6-18 months versus 3-5
years [2, 5-8]. Histologically, RAS lung tissue is characterised by alveolar fibroelastosis (AFE) [6, 9-11],
defined by collagenous obliteration of alveoli, and de-epithelisation/elastosis of alveolar walls with only
scant inflammation [9, 11]. A peculiar feature of AFE is the sharp transition from fibrosis to alveoli with
an inconspicuous architecture, here referred to as the “fibrotic edge” [11].

Much of the current understanding of the pathogenesis and pathognomonic changes in RAS, including risk
factors like acute cellular rejection, donor-specific antibodies, and late-onset diffuse alveolar damage,
derives from animal models, bronchoalveolar lavage or blood analyses [6, 8, 12—14]. Unpublished single-
nucleus RNA-sequencing (snRNA-seq) data suggest that immune mechanisms also contribute to RAS
pathogenesis [15]. However, a detailed characterisation of structural cells in RAS lungs remains lacking. In
this study, we performed the first single-cell transcriptomic analysis of structural (i.e. parenchymal and
supporting stromal) lung cells in human RAS lungs using a data-driven approach to elucidate the cellular
and gene expression changes underlying the histopathological characteristics of this poorly understood
syndrome. We identified by snRNA-seq the previously undescribed presence of aberrant basaloid cells,
ectopic COL15A1" peribronchial endothelial cells (pVECs) and CTHRCI1" fibrotic fibroblast populations
in RAS. Tissue stains and micro-computed tomography (CT) scans revealed distinctive distribution
patterns of these cells, the absence of bronchiolisation in RAS, and a previously undescribed change of
perfusion in the RAS lung.

Parts of these data were previously presented as an abstract at the European Respiratory Society Congress
2024 [16].

Material and methods

Detailed experimental methods and stains of control lungs are provided in the supplementary material. We
performed snRNA-seq using peripheral lung parenchyma from upper lobes of 15 RAS patients undergoing
lung re-transplantation, phenotyped according to current International Society for Heart and Lung
Transplantation (ISHLT) criteria, and upper lobe samples from nine control lungs (surgical size adjustment
during lung transplantation n=5, histologically tumour-free specimens n=4) (figure 1la, supplementary
figure E1, supplementary table E1) [6]. snRNA-seq data were processed with CellRanger and analysed
using R and the Seurat package. Transcriptomic data was deposited on Gene Expression Omnibus under
the accession number GSE284081. Epithelial, endothelial and stromal cell populations were characterised
through iterative clustering followed by differential expression analysis. To focus on structural alterations,
immune cells were excluded from this study. Wilcoxon rank sum test with Bonferroni correction of
p-values for multiple comparisons established cell type-specific marker genes (supplementary table E2).
Epithelial, endothelial and stromal cell subpopulations were validated and localised by immunofluorescent
(IF) microscopy, RNA in situ hybridisation (RNA-ISH), immunohistochemistry (IHC), and combined
Elastica van Gieson (EvG)-IHC stains using formalin-fixed paraffin-embedded samples derived from the
same lung explants used for snRNA-seq, enabling direct molecular and histological correlation within
individual specimens (n=8 RAS and n=12 control lungs for immunofluorescence; n=5 RAS and n=4
control lungs for RNA-ISH; n=8 RAS and n=4 control lungs for EvG-THC) (supplementary tables E3 and
E4, supplementary figures E2-E23, E27). For quantitative analysis of IF and RNA-ISH images, cell
segmentation and machine-learning-based quantification were performed using QuPath (v0.5.1) and the
StarDist extension (supplementary figure E24) [18, 19]. Micro-CT scans of two RAS specimens provided
further insights into the structural characteristics of RAS. No blinding was performed in this study.
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FIGURE 1 Transcriptomic profiling of human restrictive allograft syndrome (RAS) lungs using single-nucleus RNA-sequencing (snRNA-seq).
a) Overview of experimental design. Tissue samples of 15 RAS lung explants from patients undergoing lung re-transplantation and from nine donor
control (CTRL) lungs were used. The lung tissues were mechanically and enzymatically dissociated, followed by the isolation of nuclei from the
dissociated samples. Clean single nuclei suspensions were obtained through flow-activated nuclei sorting (FANS) using
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4’ ,6-diamidino-2-phenylindol (DAPI). For snRNA-seq library preparation, 10x Genomics’ Chromium Next GEM technology for multiplexed fixed
samples was employed. The prepared libraries were sequenced using the Illumina platform. Subsequent computational analysis was performed to
explore and validate the snRNA-seq data. Histological validation and spatial localisation were achieved through immunofluorescence, RNA in situ
hybridisation, combined Elastica van Gieson-immunohistochemistry stains, and micro-computed tomography scans. b) Uniform manifold
approximation and projection (UMAP) representation of 105952 single nuclei obtained from 15 RAS, and nine control donor lungs. Each dot
represents a single nucleus. Nuclei are labelled as one of 19 distinctive cell types in the left UMAP: epithelial cells (alveolar type 1 (AT1), AT2,
aberrant basaloid, basal, ciliated and secretory cells), endothelial cells (aerocytes, vascular endothelial (VE) arterial, VE general (g)Capillary, VE
lymphatic, VE systemic and VE venous cells), and stromal cells (fibroblasts (alveolar, adventitial, fibrotic and inflamed alveolar), mesothelium
(mesothel), pericytes and smooth muscle cells). Additionally, nuclei are labelled by disease status and subject, where each colour depicts a distinct
subject. c) Heat map of the average marker gene expression per cell type. Gene expression values are unity-normalised from 0 to 1. d) Correlation
matrix of all identified cell populations of this dataset and of analogous parenchymal cell types of the idiopathic pulmonary fibrosis (IPF) atlas
[17]. Matrix cells are coloured by Spearman’s p. Annotation bars (RAS or IPF) denote the origin dataset of each cell population. SMC: smooth
muscle cells.

All biological materials and data were collected following written informed consent from the patients and
approval from the ethics committee of Hanover Medical School (IRB number 10141_BO_K_2022).

Results

snRNA-seq was applied to 105952 single nuclei from 15 RAS and nine control specimens (figure 1b). A
technical summary, including median unique molecular identifier/genes/reads per nucleus, reads mapped to
probe set, and the number of detected genes, is provided in supplementary table E2a. Based on distinct
markers, all major lung cell types were identified, as well as aberrant basaloid cells, ectopic COL15A1"
pVECs and CTHRC1" fibrotic fibroblasts, previously discovered in idiopathic pulmonary fibrosis (IPF)
[17, 20], but not in RAS (figure 1b—d, supplementary figure E25). Detailed marker gene expressions of all
profiled nuclei are provided in supplementary table E2b).

snRNA-seq analysis of the epithelial cell repertoire identified the presence of aberrant basaloid cells
in human RAS lungs

40 390 single nuclei (n=24 565 RAS; n=15825 control), representing 38.1% of all profiled nuclei, were
identified as epithelial cells based on distinct marker genes. Major epithelial cell populations of the human
lung, including alveolar type 1 (AT1) and type 2 (AT2) cells, basal cells, ciliated cells, and secretory cells
were identified in all specimens (figure 2a—d, supplementary table E2c). Additionally, we detected aberrant
basaloid cells in all but one of our RAS specimens. This characteristic cell type was first described in 2020
in human IPF lungs, and, to a lesser extent, in COPD lungs [17, 20]. Aberrant basaloid cells express the
basal cell markers KRT17 and LAMB3 alongside canonical epithelial markers, but lack other established
basal cell markers such as KRT5 and KRT15. Furthermore, they express senescence-related genes (CCND1,
MDM?2 and GDF15) and markers of epithelial-mesenchymal transition (EMT) (CDH2, COL1A1, VIM and
FN1) (figure 2d, supplementary table E2c) [17]. Also, they show the highest expression levels of genes
coding for the integrin subunits avp6 (ITGAV, ITGBG6), activators of transforming growth factor (TGF)-B,
compared to all other cell types in our specimens (figure 2d, supplementary table E2b). Pathway analysis
confirmed their unique profile including TGF-B receptor signalling in EMT (supplementary figure E26).
We identified 1274 aberrant basaloid cells in RAS matching this unique gene signature, representing a
median of 5.4% of the epithelial cell compartment in RAS patients (versus controls, unadjusted p<0.0001,
Wilcoxon rank-sum test) (figure 2b and c; supplementary table E2h). Correlation analysis with the IPF cell
atlas data confirmed the transcriptional concordance of aberrant basaloid cells between RAS and IPF
(figure 1d) [17].

Aberrant basaloid cells are localised at the fibrotic edge

We confirmed the presence of aberrant basaloid cells in RAS tissue and investigated their distribution by
IF using antibodies against KRT17, TP63, CTSE, integrin avf6 and COX2, a distinctive marker
combination not overlapping with any other common lung cell type (figure 2d, supplementary table E2b)
[17]. Additionally, we included TP63 for immunofluorescence validation as it is an established and
literature-supported characteristic marker gene of aberrant basaloid cells [17, 20-25]. KRT17, TP63 and
integrin avp6 served to identify aberrant basaloid epithelial cells, while CTSE and COX2 were interpreted
as more broadly expressed epithelial injury marker. All RAS samples exhibited the same characteristic
distribution pattern of aberrant basaloid cells: they consistently localise to the margin of the fibrotic edge,
lining it almost continuously in a single cell layer. Additionally, aberrant basaloid cells invade the alveolar
space in a branching pattern lining fibrotically thickened alveolar septa (figure 3a—c, supplementary figures
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FIGURE 2 Single-nucleus RNA-sequencing (snRNA-seq) analysis reveals aberrant basaloid cells in restrictive allograft syndrome (RAS) lungs. a) Uniform
manifold approximation and projection (UMAP) of 40 390 epithelial single nuclei from 15 RAS, and nine control (CTRL) donor lungs, labelled by cell type
(upper UMAP), disease (bottom left), and subject (bottom right) where each colour depicts a distinct subject. b) Boxplots representing the percentage
makeup distributions of each epithelial cell type among all identified epithelial cells organised by disease group. Whiskers represent 1.5x interquartile
range. Aberrant basaloid cells are significantly increased (p<0.001) in RAS compared to control lungs. Detailed results of unadjusted Wilcoxon rank sum
test comparing RAS and control proportions are reported in supplementary table E2h. c) Stacked bar plots representing the frequency of each epithelial
cell type among all identified epithelial cells per subject. Each bar represents a different subject (15 RAS and nine control subjects). Stacked bars are
ordered by increasing frequencies of aberrant basaloid cells. d) Heat map representing characteristics of the six identified epithelial cell types. Expression
values are centred and scaled across subjects. Each column shows the average expression per subject and disease state. Each subject is represented by a
unique colour, and disease state and epithelial cell type are represented in the coloured annotation bars above. ***: p<0.001.
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FIGURE 3 Immunofluorescent validation reveals aberrant basaloid cells localised at the fibrotic edge. Immunofluorescent and corresponding
Elastica van Gieson (EvG) stains of three different restrictive allograft syndrome (RAS) specimens. Split channels are depicted in supplementary
figures E2-E7. Stains of control (CTRL) lungs are depicted in supplementary figures E8-E11. a-c) Overviews (top rows of a-c) scale bars=1000 pm;
close-up views (bottom rows of a-c) scale bars=100 pm. Arrows indicate aberrant basaloid cells identified based on the combined staining patterns
of KRT17, CTSE, integrin avf6, COX2 and TP63 within the same microanatomical region (the fibrotic edge) across the respective panels.
Immunofluorescent stains demonstrate their preferential localisation at the fibrotic edge and partial expansion into the alveolar space and alveolar
fibroelastosis areas. In proximity to the fibrotic edge, multiple “obliterating alveoli” (air-containing structures in fibrotic areas) are observed. They
show a heterogeneous cellular composition, typically including aberrant basaloid cells, and variably also SFTPC'/KRT17" transitional cells and
LAMP'/AGER" alveolar type 1 (AT1) cells. In concordance with our transcriptomic data, immunofluorescent stains show no bronchiolisation. EvG
stains confirm the alveolar fibroelastosis pattern in RAS. Dashed black lines serve as guides for the identification of the fibrotic edge. d)
Immunofluorescent stains of control lungs, showing a bronchiole with KRT17°/TP63" basal cells. Scale bars=100 um. DAPI:
4’ ,6-diamidino-2-phenylindol.

E2-E7, E23). Throughout the samples, we observed and quantified an epithelial gradient in RAS: aberrant
basaloid cells occur frequently at the fibrotic edge and become increasingly rare toward healthy-looking
alveoli, until eventually disappearing (supplementary figure E24a and b). In contrast to IPF, myofibroblast
foci covered by aberrant basaloid cells were a rare histological finding in RAS. No aberrant basaloid cells
were detected in control specimens (supplementary figures E8—E11).

Fully developed AFE is characterised by a homogeneous, pauci-cellular fibrosis with preserved elastic
fibres of the remnant alveolar walls, which are denuded of epithelial cells, while the former alveoli are
filled with collagen. Near the fibrotic edge, we consistently observed multiple air-containing structures,
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which we termed “obliterating alveoli”. Lining epithelial cells of obliterating alveoli have lost contact to
remnant alveolar walls due to thick collagen depositions (EvG stains in figure 3). Obliterating alveoli
consist of aberrant basaloid cells, SFTPC*/KRT17" transitional cells, and LAMP*/AGER" AT1 cells, most
of which are pathologically CTSE™ (figure 3, supplementary figure E24d—f). Although combinations of
these cell types exist, most obliterating alveoli contain at least some aberrant basaloid cells (supplementary
figure E24d-f). In general, aberrant basaloid cells seem to exclusively appear in monolayers, regardless of
their localisation in RAS lung tissue.

The endothelial cell repertoire is shifted towards ectopic COL15A1" peribronchial vascular endothelial
cells, and shows a loss of PRX" alveolar microvasculature

27 657 single nuclei (n=15309 RAS; n=12 348 control), representing 26.1% of all profiled nuclei, were
identified as endothelial cells (ECs) based on distinct markers (figure 4a—d, supplementary table E2d). We
identified all known EC populations of the human lung in all specimens, including arterial endothelial
cells, aerocytes, general capillary endothelial cells (gCAPs), venous endothelial cells, lympathic endothelial
cells, and COL15A1" pVECs (figure 4a—d, supplementary table E2d) [26]. COL15A1" pVECs are known
to form vessels adjacent to major airways and subpleural vessels, and their transcriptomic profile (e.g.
COL15A1, PLVAP, SPRY1, ZNF385D) aligned with previous studies (figure 4d, supplementary table E2d)
[17, 26]. Pathway analysis suggests unique signalling through e.g. insulin receptor, calcitonin-like ligands
and tachykinin receptors (supplementary figure E26). In RAS, the endothelial repertoire showed a
significant increase in COL15A1" pVECs (1.9% versus 8.2%, unadjusted p=0.04, Wilcoxon rank-sum test)
(figure 4b, supplementary table E2h). Additionally, we observed a nonsignificant trend toward a decreased
fraction of aerocytes in RAS (median percentage 11.2% RAS versus 26.0% control, unadjusted p=0.055)
(figure 4b).

Immunofluorescence revealed ectopic COL15A1" pVECs in RAS, partially replacing PRX" alveolar
microvasculature

We validated the presence of COLI5A1" pVECs using antibodies against their distinctive markers
COL15A1 and PLVAP alongside the pan-endothelial marker CD31. In control specimens, COL15A1"
pVECs are strictly limited to peribronchial vasculature or to larger vessels of the pleura and do not
contribute to the normal alveolar microvasculature (aerocytes and gCAPs), which stains positive for the
pan-microvasculature marker PRX (supplementary figures E15-E17) [26]. In RAS, COL15A1" pVECs
show a deviating distribution pattern: they are no longer restricted to peribronchial vasculature and pleura,
but expand substantially (figure 5, supplementary figure E24c). We refer to all COL15A1" pVECs outside
locations adjacent to major airways or the pleura as “ectopic pVECs”. This designation is based solely on
their spatial localisation, as transcriptomic profiles of ectopic and non-ectopic COL15A1" pVECs were not
distinguishable in our study. Remarkably, ectopic pVECs gradually expand parallel to the aberrant basaloid
cell gradient, forming vessels at fibrotic areas adjacent to the fibrotic edge. Toward the dense fibrotic
subpleural space, we observed a nonsignificant rarefication of ectopic pVECs. However, while ectopic
PVECs are extensively present in fibrotic areas, we observed a significantly reduced number of PRX"
vessels in these areas compared to the alveolar tissue (figure 5a—c, supplementary figure E24c). Similar to
our epithelial findings, ectopic pVECs are not restricted to fibrotic areas, but invade alveolar tissue (figure
5a—c, supplementary figure E24c). Where ectopic pVECs reach into alveolar tissue, we observed a loss of
physiological PRX" alveolar microvasculature in both, immunofluorescencce and EvG-THC stains (figure
5a—f, supplementary figures E12-E14).

Micro-CT imaging with three-dimensional reconstruction revealed pronounced vascular remodelling in the
dense zone of subpleural fibrotic consolidation in RAS tissue (figure 5g). Virtual sectioning showed
extensive sprouting of vasculature-like structures within the subpleural fibrosis, extending into AFE areas.
Most of these vasculature-like structures were CD31" and COL15A1 in sequential EVG-IHC stains (figure
5d-f). Morphologically, these vascular structures appear to originate from the pleura, as cross-sections
became narrower with increasing distance from the pleura (figure 5g).

The stromal cell compartment contains CTHRC1" fibrotic fibroblasts in RAS

37905 single nuclei (n=20712 RAS; n=17 193 control), representing 35.8% of all profiled nuclei, were
identified as stromal cells based on distinct markers. They include pericytes, smooth muscle cells (SMC),
mesothelium, and fibroblast populations. Within fibroblasts, we identified distinct subpopulations,
including alveolar fibroblasts, stressed alveolar fibroblasts, adventitial fibroblasts, and CTHRC1" fibrotic
fibroblasts (figure 6a—d, supplementary table E2e) [27]. While CTHRC1 " fibrotic fibroblasts were found in
RAS and control subjects, they compose a significantly higher fraction of all stromal cells in RAS
compared to controls (median percentage among stromal cells: 21.5% RAS versus 6.4% control,
p=0.0002) (figure 6b, supplementary table E2h). In contrast, the fraction of alveolar fibroblasts in RAS is
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FIGURE 4 Identification of increased COL15AI" peribronchial vascular endothelial cells (pVECs) in restrictive allograft syndrome (RAS). a) Uniform

manifold approximation and projection (UMAP) of 27 657 endothelial single nuclei from 15 RAS, and nine control (CTRL) donor lungs, labelled by

cell type (upper UMAP), disease (bottom left), and subject (bottom right) where each colour depicts a distinct subject. b) Boxplots representing the
percentage distributions of each endothelial cell type among all identified endothelial cells organised by disease group. Whiskers represent 1.5x
interquartile range. *: p<0.05. COL15A1" pVECs are significantly increased (p<0.05) in RAS compared to control lungs. Detailed results of unadjusted
Wilcoxon rank sum test comparing RAS and control proportions are reported in supplementary table E2h. c) Stacked bar plots representing the
frequency (in %) of each endothelial cell type among all identified endothelial cells per subject. Each bar represents a different subject (15 RAS
and nine control subjects). Stacked bars are ordered by increasing frequencies of COLI5A1" pVECs. d) Heat map representing marker gene
expression of the six identified endothelial cell types. Gene expression is unity normalised between 0 and 1 across endothelial cells. Each column

shows individual cell average marker gene expression per subject and disease state. Each subject is represented by a unique colour, and disease

state and endothelial cell type are represented in the coloured annotation bars above.
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FIGURE 5 Localisation of COL15A1" peribronchial vascular endothelial cells in restrictive allograft syndrome (RAS). a-c) Immunofluorescent stains of three
different RAS specimens. Split channels are depicted in supplementary figures E12-E14. Stains of control (CTRL) lungs are depicted in supplementary
figures E15-E17. Arrows in CD3I/COLI5A1 and CD3I/PLVAP panels indicate CD31'/COLI5A1"/PLVAP" (ectopic) peribronchial vascular endothelial cells
(pVECs). pVECs occur in high frequencies in alveolar fibroelastosis (AFE) areas. They also expand into the alveoli, where they partially replace the
physiological CD31"/PRX" microvasculature (arrows in CD3I/PRX panels indicate physiological alveolar capillaries). d-f) Elastica van Gieson (EVG)
immunohistochemistry (IHC) stains of RAS specimens corresponding to the Immunofluorescent stains in a-c). Arrows indicate CD31" VECs and COL15A1"
ectopic pVECs. Positive staining aligns with the observations made in a-c). EvG-IHC staining show that ectopic pVECs in AFE regions lack spatial
connections to former alveolar septa or other physiological structures, suggesting a neoangiogenic potential. Dashed black lines serve as guides for the
identification of the fibrotic edge. Scale bars=100 um, unless otherwise stated. g) Micro-computed tomography (CT) imaging of subpleural RAS
remodelling. Three-dimensional reconstruction of the tissue specimen shows a dense zone of subpleural fibrotic consolidation. Tungsten contrasting
does not contrast fibrotic tissue. Virtual sectioning of the block indicates pronounced sprouting of vasculature-like structures within the subpleural
fibrosis. Morphologically, vascular structures seem to originate from the pleura, as cross-sections of the observed vessels rejuvenate with increasing
distance from the pleura. EVG-IHC staining of a RAS specimen. Scale bar=500 pm. Arrows indicate CD31" VECs, confirming vascular-like structures seen in
micro-CT scans as vessels. The combination with COL15A1 targeted IHC-EVG stains reveals that these vessels are mostly (ectopic) pVECs.
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FIGURE 6 Identification and localisation of CTHRCI"

fibrotic fibroblasts (fib.) in restrictive allograft syndrome (RAS). a) Uniform manifold

approximation and projection (UMAP) of 37905 stromal single nuclei from 15 RAS, and nine control (CTRL) donor lungs, labelled by cell type
(upper UMAP), disease (bottom left), and subject (bottom right) where each colour depicts a distinct subject. b) Boxplots representing the
nonzero-percent makeup distributions of each stromal cell type among all identified stromal cells organised by disease group. Whiskers represent
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1.5x interquartile range. RAS and control cell type frequencies were compared using the Wilcoxon rank sum test (detailed results are presented in
supplementary table E2h). Alveolar fibroblasts are significantly decreased (unadjusted p<0.01) in RAS compared to control lungs and CTHRC1"
fibrotic fibroblasts are significantly increased (unadjusted p<0.001) in RAS compared to control lungs. c) Stacked bar plots representing the
frequency (in %) of each stromal cell type among all identified stromal cells per subject. Each bar represents a different subject (15 RAS and nine
control subjects). Stacked bars are ordered by increasing frequencies of CTHRCI" fibrotic fibroblasts. d) Heat map representing the marker gene
expression of the seven identified stromal cell types. Gene expression is unity normalised between 0 and 1 across stromal cells. Each column
shows average gene expression per subject and disease state. Each subject is represented by a unique colour, and disease state and stromal cell
type are represented in the coloured annotation bars above. e) Heat map of differentially expressed genes comparing RAS and controls in CTHRCI"
fibrotic fibroblasts, hierarchically clustered. Average expression values are scaled across subjects. Each subject is represented by a unique colour,
and disease state and cell type are represented in the coloured annotation bars above. f) Pathway analysis of 15 RAS and nine control specimens.
Depicted are average enrichment scores per cell type and disease state. Enrichment scores are unity normalised between 0 and 1 across all
identified cell types. Cell type and disease status are indicated by the coloured annotation bars above. g-i) RNA in situ hybridisation (RNA-ISH)
staining of three different RAS specimens. Scale bar of overviews (top row)=1000 pm; scale bars of close-up views (bottom row)=100 pm. Split
channels are depicted in supplementary figures E18-E20. Stains of control lungs are depicted in supplementary figure E21. CTHRC1'/COLIAL" cells
represent CTHRCI" fibrotic fibroblasts which are distributed across all parts of alveolar fibroelastosis areas and form small nests in fibrotically thickened
alveolar septa. SMC: smooth muscle cell; mesothel: mesothelium; AT1: alveolar type 1; VE: vascular endothelial cell type. **: p<0.01, ***: p<0.001.

significantly reduced (RAS versus control: 38.0% versus 48.5%, unadjusted p=0.005) (figure 6b). The
identified CTHRC1" fibrotic fibroblasts exhibited a distinct transcriptional profile: aside from CTHRCI,
they exhibit the highest expression of collagens COL1A1 and COL3Al1, extracellular matrix-related genes
such as COMP, LUM, SPARC, THBS2, POSTN, FN1, the growth factor VEGFA, the matricellular protein
CCN4, the TGF-B signalling pathway activator INHBA, and the secreted serine protease PLAU (figure 6d
and e, supplementary table E2e). Biological pathways enriched in CTHRCI" fibrotic fibroblasts include
elastic fibre formation; chondroitin sulfate, dermatan sulfate and peptide hormone biosynthesis; activation
of matrix metalloproteinases; collagen degradation, collagen chain biosynthesis and modifying enzymes,
and collagen chain trimerisation (figure 6f, supplementary table E2f). Taken together, marker gene
expression and enriched pathways of CTHRCI™ fibrotic fibroblasts highlight their prominent role in the
fibrotic remodelling of AFE.

RNA-ISH reveals localisation of CTHRC1" fibrotic fibroblasts in RAS

RNA-ISH stains of CTHRCI'/COL1A1" fibrotic fibroblasts revealed a predominant localisation of
CTHRC1" fibrotic fibroblasts in areas of AFE in RAS, with only very few CTHRC1" fibrotic fibroblasts
observed in controls (supplementary figure E21). CTHRC1" fibrotic fibroblasts are ubiquitously distributed
across all areas of AFE, occasionally forming fibroblast foci at the fibrotic edge. In contrast to aberrant
basaloid and ectopic pVECs, CTHRC1" fibrotic fibroblasts were present in all areas of fibrosis, not only at
the fibrotic edge. Outside fibrotic AFE areas, CTHRC1" fibrotic fibroblasts were sporadically observed in
small nests in thickened alveolar septa in more distal RAS tissue, but not in healthy-looking alveolar walls
(figure 6g—i, supplementary figures E18-E20, and E24g-h).

Discussion

In this study, we provide the first single-cell transcriptomic catalogue of structural lung cells in human
RAS. Our snRNA-seq data revealed aberrant basaloid cells, COL15A1" pVECs and CTHRC1" fibrotic
fibroblasts overlapping with previously identified cell populations in IPF [17]. Other IPF-associated
changes, such as proximalisation of the alveolar epithelium, where AT1 and AT2 cells are replaced by
airway cell populations, were not observed, since our data show neither a significant decline in AT1 and
AT?2 cells, nor an increase in airway-derived cells (figure 2b) [17]. We validated the previously unknown
presence of aberrant basaloid cells, ectopic COL15A1" pVECs and CTHRC1" fibroblasts in RAS by THC,
immunofluorescence and RNA-ISH, and identified their unique distribution patterns.

While allograft airway epithelial cells have been linked to fibroproliferation and aberrant tissue repair in
BOS [28, 29], little was known about epithelial changes in RAS. Aberrant basaloid cells are
disease-associated cells, which have been found in IPF and scleroderma with pulmonary involvement, and
to a much lesser extent in COPD [17, 20, 21]. Their origin remains elusive, but recent research indicates
that human AT?2 cells can transdifferentiate into aberrant basaloid cells [30]. Their discovery in the human
RAS lung suggests previously unknown commonalities between these clinically distinct entities, as their
expression profile closely matches the aberrant basaloid cell population identified by Apawms et al. [17] in
human IPF lungs. Our data indicate a relevant contribution of this cell population to the pathogenesis and/
or disease progression of RAS for the following reasons: first, we identified aberrant basaloid cells in all
but one of our RAS specimens, but none in control specimens, supporting the hypothesis that aberrant
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basaloid cells are a pathognomonic feature of fibrotic lung diseases in general and a hallmark of RAS
specifically. Second, their unique expression profile may promote the fibrotic remodelling seen in AFE
regions of RAS lungs. This is indicated by the EMT-like phenotype, and the high expression of genes
associated with the pathogenesis of IPF such as integrin aVp6, MMP7, GDF15 and EPHB2. Third,
cellular senescence is associated with disease progression in age-related and chronic diseases like IPF, as
well as frailty and transplant-specific complications in solid-organ transplants [31]. Thus, aberrant basaloid
cells probably drive pathological cellular senescence in RAS due to their expression of multiple senescence
markers, including CDKN1A, CDKN2B, MDM?2 and GDF15.

Little is known about the endothelial cell compartment in RAS patients and its possible pathological impacts.
Similar to IPF, we observed significantly expanded COL15A1"/PLVAP" ectopic pVECs in RAS, with largely
overlapping transcriptomic profiles [17]. In RAS, ectopic pVECs at the fibrovascular interface are
characteristically distributed parallel-running to the aberrant basaloid cell gradient, potentially due to repetitive
endothelial injury [32]. EvG-IHC staining demonstrated that ectopic pVECs in obliterated AFE regions lack
spatial connections to former alveolar septa, indicating potential neoangiogensis. Moreover, wherever ectopic
pPVECs infiltrate the alveolar microvasculature, normal PRX" alveolar capillaries are missing. Similar
observations in IPF and nonspecific interstitial pneumonia [17, 30, 33] suggest a contribution of VECs,
particularly COL15A1" pVECs, to the pathogenesis of RAS and other fibrotic diseases. We hypothesise that
these ectopic COL15A1"/PLVAP" pVECs may not possess full barrier function: PLVAP forms the diaphragms
of fenestrated endothelium, potentially influencing vascular permeability and leukocyte trafficking/
transmigration, and is typically absent in mature barrier endothelium [34, 35]. Based on this, we propose that
ectopic pVECs might contribute to impaired gas exchange and vascular permeability in the RAS lung.
Nonetheless, the origin and exact role of ectopic pVECs in RAS remain enigmatic.

AFE is characterised by collagen-rich fibrosis and hyperelastosis within the remodelled alveolar walls [9, 11,
36-38]. In our data, CTHRC1" fibrotic fibroblasts emerged as key mediators of fibroelastotic remodelling in
RAS [13, 14], as they express numerous fibrosis-associated genes, including BMP1, COL1A2, COL3Al,
CXCL12, CTHRC1, MMP2, MMP14, PLOD2, SERPINE1, TIMP1 and TIMP2 [27]. The transcriptional
profile of these CTHRC1" fibrotic fibroblasts is highly consistent with that of the CTHRCI" myofibroblast
subpopulation previously described in IPF [17, 27]. Pathway analysis in CTHRCI1" fibrotic fibroblasts
revealed key pathomechanisms of AFE, including elastogenesis, collagenesis, elastic fibre and extracellular
matrix formation, organisation, and regulation. The fibroblast to CTHRC1 " myofibroblast conversion through
SFRP1" transitional fibroblasts has been recently unravelled [39]. CTHRC1" fibrotic fibroblasts are known
key drivers of fibrosis, not only in the lung (e.g. IPF and scleroderma-associated interstitial lung disease), but
in organ fibrosis throughout [40—42].

While our data reveal multiple unexpected similarities between IPF and RAS, it is equally important to
emphasise their differences: in IPF, aberrant basaloid cells characteristically line the active edge of
pathognomonic myofibroblast foci [17], whereas myofibroblast foci are rare in RAS. Further, the
histo-anatomical distribution of ectopic pVECs differs between IPF and RAS: in IPF, ectopic pVECs are
associated with areas of bronchiolisation, whereas in RAS, bronchiolisation is absent, and ectopic pVECs
primarily localise in AFE areas, possibly contributing to a shift from pulmonary to systemic perfusion.

Currently, no effective therapy for RAS is available. In this context, our observation of markedly elevated
expression levels of genes encoding the integrin subunits avB6 in aberrant basaloid cells is of potential
relevance. Integrin ovf6 can activate latent TGF-B1, and its high expression is known to substantially
contribute to organ fibrosis [43]. Integrin ovB6 therefore emerged as a promising therapeutic target for IPF
[44]. Moreover, increased expression levels of TGF-f1 have also been reported in bronchoalveolar lavage
analysis from RAS patients and linked to the development of BOS [45, 46]. Collectively, these
observations raise the possibility that integrin oov6 may also play a role in RAS pathogenesis and could
represent a candidate target for future therapeutic investigations. Our snRNA-seq dataset may serve as a
reference atlas for exploring the relevance and applicability of antifibrotic strategies in RAS.

Our study has certain limitations. First, the size of our cohort may not capture the complete heterogeneity
of RAS. However, we analysed samples from 15 well-characterised RAS patients, which represents a
substantial number given the rarity of this condition. Due to limited availability of suitable specimens, the
same cohort had to be used for both transcriptomic profiling and histological validation. Second, analysing
end-stage RAS tissue provides insights into the pathophysiological characteristics of RAS, which may be
more ambiguous or absent in earlier disease stages. Furthermore, this single-time-point study could not
study mechanisms of disease progression. Third, due to the integration approach of our snRNA-seq data
analysis, some nuclei of our control specimens were spuriously identified as aberrant basaloid cells and as
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CTHRC1" fibrotic fibroblasts. However, their gene expression profiles showed substantially reduced
expression of major aberrant basaloid/CTHRC1" fibrotic fibroblast-specific marker genes (figures 2d and
6d and e, supplementary figure E26C). Fourth, as we provide nuclei data, capturing the entire
transcriptome is inherently not possible, but we still cover the large majority of transcripts at a single-cell
resolution. Furthermore, given the limited availability of published snRNA-seq data in IPF profiled with
the same technology, we restricted our comparisons to IPF to qualitative alignments based on shared
marker genes and cell-type identities. Future single-cell or single-nucleus RNA-seq datasets will be needed
to confirm and complement our findings. Fifth, as histological protein marker expression was evaluated
using serial tissue sections, definitive multitarget co-expression at the single-cell level cannot be
determined; interpretations therefore rely on concordant localisation across adjacent microanatomical
regions. And last, to enable a focused and high-resolution analysis, we concentrated on RAS and the
structural cell compartment. A simultaneous characterisation of immune cell populations or a comparative

T ATicells @ Aberrant basaloid cells . COL15A1* (ectopic) pVECs
SFTPC*/KRTL7* e o <7 Elastin fibres
AT2 cells ) transitional cells \ PRX* capillaries N
.~ CTHRCI*
Mesothelium =~ fibrotic fibroblasts

FIGURE 7 Graphical summary of aberrant and ectopic cells in restrictive allograft syndrome (RAS). a) Schematic
illustration of healthy lung tissue. The upper illustration shows the mesothelial coated pleura, and subpleural
lung tissue including COLI5AI" vessels near the pleura, alveoli, elastin fibres in alveolar septa, alveolar type 1
(AT1) and AT2 cells, and PRX" capillaries. The lower illustration shows healthy lung tissue including a bronchus
and its corresponding bronchial artery, peribronchial COL15A1" vessels, alveoli, elastin fibres in alveolar septa,
AT1 and AT2 cells, and PRX" capillaries. b) Schematic overview illustration of RAS lung tissue. It shows
characteristic elements of RAS such as a thickened pleura, areas of alveolar fibroelastosis (AFE), vasculature-like
structures within the subpleural fibrosis reaching into AFE areas and rejuvenating with increasing distance from
the pleura, COLI5A1" vessels near the pleura and ectopic COLI5A1" vessels in areas of AFE and in alveolar septa
where they partially replace PRX" capillaries, a decreased amount of PRX" capillaries, CTHRC1" fibrotic fibroblasts
in areas of AFE and sporadically in small nests in thickened alveolar septa in more distal RAS tissue, aberrant
basaloid cells lining the active edge of the fibrotic edge in a monolayer and lining thickened alveolar septa, and
enriched elastic fibres in thickened alveolar septa. c) Schematic close-up illustration of RAS lung tissue. It shows
characteristic elements of RAS such as AFE, ectopic COLI5A1" vessels in areas of AFE and in alveolar septa where
they partially replace PRX" capillaries, a decreased amount of PRX" capillaries, CTHRC1" fibrotic fibroblasts in
areas of AFE, aberrant basaloid cells lining the active edge of the fibrotic edge in a monolayer and lining
thickened alveolar septa, obliterating alveoli near the fibrotic edge consisting of either aberrant basaloid cells,
SFTPC'/KRT17" transitional cells, and LAMP'/AGER" AT1 cells, all of which being pathologically CTSE', and
enriched elastic fibres in thickened alveolar septa. pVEC: peribronchial vascular endothelial cell.
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transcriptomic analysis including BOS would have required the integration of extensive additional datasets.
Given the limited existing knowledge on RAS, such breadth was not feasible within a single study and
should therefore be addressed in future investigations.

Taken together, this study, in combination with previous scRNA-seq studies in fibrotic lung diseases [17,
20, 21], reveals a striking but common cellular similarity in fibrotic lung diseases, despite differing
histomorphological patterns, such as the usual interstitial pneumonia pattern in IPF and AFE pattern in
RAS. Specifically, we observed that the fibrotic niche in both diseases is consistently formed by aberrant
basaloid cells, ectopic COL15A1" pVECs, and CTHRC1" fibrotic fibroblasts (figure 7a—c). These findings
provide a strong rationale for further investigating the potential transferability of IPF-specific therapeutic
strategies to RAS. The unexpected transcriptomic similarity of key fibrotic cell populations in both diseases
suggests overlapping molecular mechanisms that may be therapeutically exploitable. Nonetheless, future
studies are needed to validate these parallels and assess their translational relevance.
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