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DISEASES AND DISORDERS

The pleuroparenchymal fibroelastosis atlas reveals
aberrant cell states and their zonation as an alternate
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Pleuroparenchymal fibroelastosis (PPFE) is a progressive interstitial lung disease (ILD) with defining histology of
intra-alveolar fibrosis with septal elastosis (AFE), suggesting unique cellular disease processes. Here, we present a
binational single-nucleus RNA sequencing atlas of PPFE, based on explanted lungs from 40 patients. Inmunofluo-
rescence microscopy, RNA in situ hybridization, micro-computed tomography (CT), and hierarchical phase-contrast
(HiP) synchrotron CT provided spatial context. We identify PPFE-associated adventitial and elastofibrotic fibro-
blasts as key drivers of elastotic remodeling within an inflammatory microenvironment, maintained by immune
cells forming tertiary lymphoid structures. Spatial mapping reveals an intriguing zonation of AFE, maintained by
intercellular circuits between PPFE-associated cell types. Comparative analysis with idiopathic pulmonary fibrosis
highlights CTHRC1+ fibrotic fibroblasts and aberrant basaloid cells as conserved profibrotic cellular machinery me-
diating collagen deposition across ILDs. This integrative atlas defines the cellular landscape of PPFE and dissects
elastotic from fibrotic remodeling, providing a molecular rationale for niche-specific therapeutic strategies.

INTRODUCTION secondary to allogenic stem cell transplantation, autoimmune condi-

Pleuroparenchymal fibroelastosis (PPFE) represents a rapidly progres-
sive interstitial lung disease (ILD) that predominantly affects females
(1-3). Aside from lung transplantation, no specific treatment options

tions, or lung transplantation, the latter being incorporated within the
restrictive allograft syndrome (RAS). PPFE histopathology is charac-
terized by dense fibrosis of the visceral pleura and a distinct pattern of

are available for PPFE (4). In most cases, no identifiable cause exists
and PPFE is considered idiopathic (iPPFE). PPFE can, however, occur

intra-alveolar fibrosis with septal elastosis (AFE) with deposition of elas-
tic fibers along the residual alveolar walls and intra-alveolar deposition
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of collagen fibrils (I, 5, 6). In addition, lymphoid cell aggregates have
been frequently observed in AFE lesions (5).

The advent of single-cell RNA sequencing (scRNA-seq) has mark-
edly revolutionized our understanding of biology in general (7-9) and
the pathogenesis of various respiratory diseases in particular (10-14).
This is especially true for idiopathic pulmonary fibrosis (IPF) (10, 13),
the most common ILD (15, 16). IPF is characterized by a unique histo-
logical pattern called usual interstitial pneumonia (UIP) (17). scRNA-
seq enabled identification of aberrant cell populations that form the
UIP pattern of IPF including CTHRCI+ fibrotic fibroblasts, aberrant
basaloid cells, ectopic systemic-venous endothelial cells (ECs), and
SPP1+ profibrotic macrophages (10). Given this focus on UIP, non-
UIP lung diseases have not been scrutinized scRNA-seq, leaving po-
tential gaps in our knowledge.

It is currently unknown to what extent scRNA-seq findings in IPF
are transferable to other fibrotic ILDs such as PPFE, given clear radio-
logical and histological distinctions that reflect different underlying
processes (18): PPFE typically affects nonsmoking female patients
with relatively young age (I, 2, 4), whereas IPF more commonly oc-
curs in aged male ex-smokers (1, 4, 16). PPFE usually affects the up-
per lobes of the lungs, contrasting IPF remodeling, predominating in
the lower lobes. Histopathologically, UIP is characterized by spatio-
temporal heterogeneous fibrosis, destruction of the lung architecture,
and bronchiolization of the distal lung (17), whereas AFE is a homo-
geneous fibrosis with preserved lung scaffolds and global lung archi-
tecture (5, 6).

Given these substantial differences between PPFE and IPF, it
remains unknown if PPFE is composed of the usual IPF-associated
pathological cell types or if PPFE-specific cell populations exist.
Equally, an understanding of any shared disease-spanning prin-
ciples of lung fibrosis within these two prototypically progressive
but clinically divergent ILDs would be important. Last, PPFE re-
search has lacked a compass to guide which cellular or molecular
targets would be useful to test in clinical trials. Closing these
knowledge gaps is essential to develop ILD-spanning treatment
approaches and for providing a rationale for PPFE-specific treat-
ment approaches.

Here, we set up the international collaborative single cell-resolved
PPFE atlas. Following integration with a recently published IPF data-
set (GSE286182) (19), we capture the cellular landscape of these pro-
gressively fibrotic ILDs. For validation and localization purposes, we
use micro-computed tomography (CT) guided multiplex RNA in situ
hybridization (ISH), immunofluorescence (IF) microscopy, hierar-
chical phase-contrast (HiP) synchrotron CT (20), and transmission
electron microscopy (TEM) and complement these with extensive in
silico ligand-receptor analysis.

RESULTS

Cohort and dataset characteristics

Biobanked lung tissue from 40 patients with PPFE undergoing lung
transplantation in three European ILD and transplant centers [one in
Hannover, Germany (PPFE-GER; n = 23) and two in Paris, France
(PPFE-FR; n = 17)] as well as 16 controls (Fig. 1A and Table 1) were
analyzed. PPFE diagnosis was confirmed on the basis of high-resolution
computed tomography (HRCT) and typical histopathology (Fig. 1, B
and C) in multidisciplinary team discussions (Table 1 and figs. S1 and
S2). Female patients were more prevalent in both PPFE cohorts (21, 22)
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(PPFE-GER: 65.2%; PPFE-FR: 52.9%; Table 1) as in the German con-
trol cohort (CTRL-GER: 37.5%). The median age at diagnosis was
41.3 years (Q1 = 29.3 years; Q3 = 50.8 years; Table 1), whereas preva-
lence of tobacco smoking was limited to 15% in the PPFE cohort. In
contrast, the median age of CTRL-GER population [61.4 years (Q1
= 53.5 years; Q3 = 66.9 years)] was higher in the CTRL population
(Pval < 0.001). CTRL specimens (n = 16) were equally derived from
two sources: eight samples from lung downsizing during transplanta-
tion and eight samples from peripheral tumor resections (Table 1).
Smoking status significantly differed between PPFE and CTRL co-
horts, with a higher proportion of current or former smokers among
CTRL subjects (Pval < 0.001; Table 1).

Our PPFE cohorts are therefore dominated by young, nonsmoking
and female patients, contrasting published IPF scRNA-seq datasets,
which consist mainly of older, male ex-smokers (10, 13). The etiology
of PPFE was considered idiopathic in most cases, despite extensive
diagnostic workup (PPFE-GER: 87.0%; PPFE-FR: 82.4%; Table 1).

In total, 320,541 single-nucleus transcriptomes were profiled. We
integrated our dataset with 199,379 nuclei sampled from explant tissue
of nine patients with IPF from Leuven, Belgium (Fig. 1A) [GSE286182
(19)]. All major cell types of the human lung were identified across
diseases and subjects based on distinct marker gene expression (Fig. 1,
D to F; fig. S3A; and tables $4 and S5),

Cell frequency analysis by lineage demonstrated marked shifts
toward the lymphoid cell lineage in the PPFE cohorts (Fig. 1, G
and H). Moreover, lymphoid cell frequencies exhibited some vari-
ation among PPFE-GER and PPFE-FR, which correlated signifi-
cantly with the proportion of remodeled parenchyma in serially
sectioned Elastica van Gieson (EvG) or orcein-stained specimens
(Pearson’s R = 0.43; Pval = 0.006; fig. S3, B and C). Fractions of
remodeled parenchyma were higher in PPFE-GER compared to
PPFE-FR (Fig. 1G).

Detailed descriptive statistics of cell types and lineages per disease
are provided in the Supplementary Materials, with selected conspicu-
ities highlighted below. Raw sequencing data of the PPFE atlas were
deposited on the Gene Expression Omnibus under GSE301982 (https://
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE301982), and processed
data can be explored on the PPFE atlas web page (PPFEatlas.com).

Mesenchymal diversity in PPFE

Mesenchymal cells constituted 20.8% of all profiled cells (Fig. 2A). With-
in this subset (Fig. 2, B to D), we identified resident alveolar fibroblasts
(LMCHI and FRASI), subpleural fibroblasts (HASI and WT1I), adventi-
tial fibroblasts (MFAP5, PI16, and SCARA5), and airway fibroblasts
(WNT5A and COL10A1I; Fig. 2E and tables S6 to S8). In addition, peri-
cytes (COXI2) and smooth muscle cells (DES and MYH11) were abun-
dant throughout all cohorts. Within the PPFE cohorts, mesenchymal
cells were the main contributors to collagen and elastic fiber deposition:
CTHRCI+ fibrotic fibroblasts—the major profibrotic cell type in
IPF (10, 23) with high expression of collagen synthesis-related genes
(COL1AI and COL1AZ2; Fig. 2E)—occurred not only in IPF (9.18 +
4.11%, adj.Pvaly crrr, < 0.001) but also, to a similar extent, in PPFE
(PPFE-GER: 9.18 =+ 3.46%, adj.Pvalys ctrr, < 0.001 and PPFE-FR: 9.19 +
3.83% adj.Pvalys cri, < 0.001; Fig. 2F and table S7). Single-sample gene
set enrichment analysis (ssGSEA) for matrisomeDB (24)-related extra-
cellular matrix (ECM) domains confirmed CTHRCI+ fibrotic fibro-
blasts as the main source of parenchymal collagen and proteoglycans
such as DCN, BGN, and LUM in the PPFE lung (Fig. 2, E and G).
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Fig. 1. Experimental design and analysis of lineage composition. (A) Lung tissue from 23 German and 17 French patients was used to construct the 320,541 single
nuclei spanning the PPFE atlas, whereas published snRNA-seq data of 199,379 nuclei from nine patients with IPF (GSE286182) served as disease control. One FFPE block
per PPFE and per CTRL lung was serially sectioned. Initial 50-pm-thick sections were used for nuclei isolation, whereas subsequent 5-pm sections served for validation via
IF staining or RNA ISH. Automated whole-slide cell segmentation in conjunction with ANN algorithm-based cell classification for marker gene positivity was used for
spatial niche profiling. (B) EvG-stained PPFE slides can be segmented into remodeled (purple) and unremodeled alveolar parenchyma (light blue). Both zones are demar-
cated by a sharp line referred to as (fibroelastotic) remodeling edge. (C) Within the remodeled parenchyma, PPFE lesions typically consist of subpleural eosinophilic fibro-
sis and adjacent areas of AFE. Colored boxes highlight lineage-related histopathological hallmarks of AFE remodeling. (D) Uniform Manifold Approximation and Projection
(UMAP) representation of 519,920 nuclei, color coded according to lineage. (E) UMAP by disease. (F) UMAP by subject. (G) Stacked bar plots of relative lineage frequencies
per subject colored by lineage and split by cohort. Subjects were ordered after frequencies of lymphoid cells (bottom). Surface fractions were calculated for remodeled
(light blue) and unremodeled (purple) tissue segmented on serially sectioned EvG-stained images as exemplified in [(B), top]. (H) Relative cell frequencies were calculated
as average per subject and are presented as box plots. Intercohort statistics were assessed on the subject level under the use of the Wilcoxon rank sum test. Created in
BioRender. Schupp, J. (2026) https://biorender.com/br8cghé. Panels (B) and (C) contain representative PPFE lesions that are shown elsewhere in the manuscript.
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Table 1. Detailed PPFE and CTRL cohort statistics. Statistical tests were conducted for given probabilities. None of the investigated variates reached statistical
significance across PPFE cohorts, whereas comparisons of smoking status and age reached statistical significance when testing across PPFE and CTRL cohorts.
DLCO, diffusion capacity of the lungs for carbon monoxide; FVC, forced vital capacity; LTX, lung transplanation.

FRENCH PPFE GERMAN PPFE Total PPFE (N =40) P value (French vs CTRL (N =16) P value (French vs.
(N=17) (N =23) German PPFE) German PPFE vs.
CTRL)

Sex N (%) 0.433%* 0.232*
Fema|e 9(529%) 15(652%) 24(600%) (375%)
. Ma|e 8(471%) 3(343%) 16(400%) 10(62 5%)
SmokmgstatusHMM 0165* <0001*
o (941%) 18(783%) 34(850%) (138%)
.‘,‘Former e 9%) R (21 7%) R (150%) O (31 2%) e

forfn't:f; active/ 0 0 0 5(31.2%)
. . . e
T
Median(Q1,Q3)  420(295,510)  412(299,50.)  413(293,508  614(35669)
Vamcrpatemn) TR BRI PR

Deﬁmte or
con5|stent W|th PPFE

Concom|tant CT patternsN(%) s
Emphysema (0 0%)

Unknown

17 (100.0%) 23 (100.0%) 40 (100.0%)

ndeierminate (11 8%) gy
None 8 (47.1%)
NSIP (11 8%) I
0)

17 (100.0%) 23 (100.0%) 40 (100.0%) 0

(50%)
B
Conammtant hnaiogypatams () B e
ohits e L
. o
2500

Emphysema 0(0.0%)
Granuloma s 1(59%) e SN
up
PPFEsubtype s
Id|opath|c 14(824%) 20(870%)‘”““““”“ 34(850%)
. Secondary (176%) (130%)‘..‘,‘...‘,‘..‘ (150%)
LastFVCbeforeLTX(%predlcted)
Med|
Last DLCO efore |
Median(Q1,03)  350(31537.0)  290(250,330)  350(285370)
H|storyofant|ﬁbrot|csN(%) 0093*
Nmtedamb (62%) 2(87%)3(77%)
e 6o 2(87%)3(77%)

*Pearson’s chi-square test. tKruskal-Wallis rank sum test. $Chi-square test. §HRCT patterns were validated by board-certified radiologists at each
study site. fHistopathology patterns were reviewed by board-certified pathologists at each study site. #Temporal extent of nicotine abuse was not
available for donors of downsizing lungs.
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Fig. 2. Mesenchymal archetypes in the PPFE lung. (A) Relative fraction of mesenchymal nuclei. (B) UMAP of identified fibroblast (Fb) subsets and other cell types
within the mesenchymal lineage. (C) UMAP by disease. (D) UMAP by subject. (E) Unity-scaled average expression of canonical markers per subject (top heatmap). Subjects
were grouped after cohort and disease. Each subject was assigned to a unique color. Genes related to elastic fiber formation, ECM remodeling, and inflammatory signaling
were z-score normalized per average expression per cell type and subject and plotted across cohorts and disease (bottom heatmap). (F) Box plots display the relative
distribution of each mesenchymal cell type relative to the total mesenchymal lineage compartment, stratified by disease-related cohort. n.s., not significant. Whiskers
indicate 1.5 times the interquartile range (IQR). Statistical comparisons across cohorts were performed using the Kruskal-Wallis test. Post hoc tests were performed under
the use of the Wilcoxon rank sum test, with Bonferroni correction for multiple comparisons across cohorts and cell types. Detailed results are provided in table S7.
(G) ssGSEA for MatrisomeDB-curated ECM gene modules in mesenchymal cell types. (H) Differential gene expression of selected genes. (1) Volcano plot of DESeq2 dif-
ferential expression following subject-level pseudobulk aggregation of alveolar fibroblasts comparing PPFE and CTRL, with P values adjusted for multiple testing by the
Benjamin-Hochberg method. Genes exceeding log,FC (fold change) > 1 and adj. Pval < 0.05 were colored in green. Supervised gene annotation highlights genes related
to remodeling in PPFE. (J) Volcano plot of DESeq2 differential expression following subject-level pseudobulk aggregation of alveolar fibroblasts comparing PPFE and
CTRL, with P values adjusted for multiple testing by the Benjamin-Hochberg method. Genes exceeding log,FC > 1 and adj. Pval < 0.05 were colored in light blue. Gene
annotation was performed in a supervised manner, highlighting genes related to remodeling in PPFE.
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The two major PPFE-specific intramesenchymal shifts were
noted, however, for adventitial fibroblasts (PPFE-FR: 9.04 + 5.15%,
adj.Pvalys ctrr, = 0.023 and PPFE-GER: 8.19 + 4.19%, adj.Pvaly,
crrr = 0.024) and adventitial-like “elastofibrotic” fibroblasts (25)
(Fig. 2F and tables S7 to S9). The latter received their name due to
their transcriptional overlap with adventitial fibroblasts (SFRP2,
SCARAS5, and PI16) and CTHRCI1+ fibrotic fibroblasts (INHBA,
FN1I, and ASPN; Fig. 2E). In addition, elastofibrotic fibroblasts coex-
pressed elastic fiber formation-related genes such as (ELN, LOXLI,
FBLN1, and FBLN2; Fig. 2E) as well as LEPR and the alveolar fibro-
blast marker ITGAS8 (Fig. 2H) (26, 27). Meanwhile, they lack expres-
sion of the adventitial fibroblast marker MFAP5 (Fig. 2E). LEPR
expression was up-regulated in PPFE mesenchyme versus CTRL
and IPF in general and was particularly highly expressed in elastofi-
brotic fibroblasts (Fig. 2, H and I, and tables S10 and S11). This
marker emphasizes the elastotic-to-profibrotic fate plasticity of elas-
tofibrotic fibroblasts as murine Lepr+ fibroblasts represent the ma-
jor precursor population of Cthcr1+ fibrotic fibroblasts in mice (26).
Additional discriminating marker genes of elastofibrotic fibroblasts
included DIO2 and COLI5A1 and lipid metabolism-related genes
such as APOD or STEAP2 (Fig. 2E and tables S8 and S9).

Notably, PPFE alveolar fibroblasts demonstrated a significantly
increased expression of GREMI and IGF1I as well as the adventitial
collagen COL14A1, potentially illustrating an early phenotypic shift
from resident alveolar cell populations to mesenchymal cellular ar-
chetypes physiologically located in the loose connective tissue of the
interlobar septum, bronchovascular bundle, or the subpleural con-
nective tissue (Fig. 2] and table S12) (11).

Inflammatory activation states of fibroblasts in PPFE

Intramesenchymal differential expression analysis between PPFE and
CTRL uncovered up-regulation of a gene battery characteristic for the
recently described mesenchymal cell state termed “inflammatory fibro-
blasts” (28) including CXCL12 and CXCL14 (Fig. 2H) as well as inter-
feron signaling-related genes such as IFNARI (Fig. 2I). In murine
bleomycin-induced lung fibrosis, Cxcl12+ inflammatory fibroblasts
arise from alveolar fibroblasts and differentiate into CTRHCI+ fibrotic
fibroblasts (27) while localizing to sites of fibrotic remodeling in IPF
(27). In PPEE, multiple fibroblast subsets including subpleural, adven-
titial, and elastofibrotic fibroblasts acquire this inflammatory activation
state as highlighted by the expression of CXCL12. Notably, we observed
a higher expression of these cytokines in PPFE fibroblasts compared to
CTRL and IPF (Fig. 2H). However, the details of the inflammatory
activation vary: HASI+WT1+ subpleural fibroblasts exclusively ex-
pressed an interferon/TNF (tumor necrosis factor) response signature
with coexpression of CXCL12, CXCL2, and CCL2 (Fig. 2E). Coexpres-
sion of CXCL12 and CXCL14 was restricted to LEPR+ITGA8+DIO2+
elastofibrotic fibroblasts and SFRP2+ adventitial fibroblasts (Fig. 2H).
In contrast to PPFE, CXCL14 and CXCLI12 expression in mesenchymal
cells from IPF or CTRL samples was almost absent (Fig. 2H).

Immune cell landscape in PPFE

In line with the increased expression of the aforementioned lympho-
cyte chemoattractant CXCL12, we observed a significant increase in
relative cell frequency of lymphoid cell proportions in PPFE against
CTRL and IPE, a finding that was replicated in both PPFE cohorts
(PPFE-GER: 43.7 + 16.9%; PPFE-FR: 28.7 + 13.9%; CTRL: 8.52 +
13.76%; IPF: 12.6 + 7.6%; adj.Pvalys crri, < 0.01 and adj.Pvalys crri, <
0.01; adj.Pvaly,1pr < 0.01 and adj.Pvalys jpp = 0.02; Fig. 1, G and H, and
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tables S4 and S5). Phenotyping of lymphoid cells revealed a broad
repertoire of immune cells emerging in the PPFE lung (Fig. 3, A and B,
and tables S13 to S16), further explored in the Supplementary Materi-
als (fig. S4). By contrast, lymphoid cell frequencies were not increased
in IPF (Fig. 1H, adj.Pval,,crry, = 0.75, and table S5).

Myeloid immune cell populations demonstrated a relative de-
crease in alveolar macrophages (AMs) (PPFE-GER: 1.83 + 2.69%,
adj.Pvalvs.CTRL < 0.001; PPFE-FR: 1.57 + 0.96%, adj.PvalVS,CTRL <
0.001; Fig. 3C, fig. S4, and tables S17 to S19). The AM frequency was
not increased within the IPF dataset, with 22.56% of myeloid cells be-
ing identified as AMs (adj.Pvalys crrr = 1). Further differences in cell
frequencies between PPFE and IPF included increased proportions
of classical monocytes within the lung tissue in PPFE (cMono;
adj.Pvalys crri, each < 0.001). Fractions of SPP1+CHITI+ profibrotic
macrophages were not elevated in the PPFE lung (adj.Pvaly crrr, = 1).

Immunomesenchymal cell communication networks
partition into three distinct niches

Correlation of in silico cellular cross-talk analysis with in situ map-
ping of lymphoid and myeloid cell types indicated three intercellular
signaling hubs in PPFE lesions:

We observed an enhanced signaling circuit centered around in-
flammatory fibroblast populations and lymphocytes forming tertiary
lymphoid structures (TLSs: noncapsulated organized lymphoid cell ag-
gregates in nonlymphoid tissues) (29, 30) (Fig. 3D). Within this TLS
niche, SFRP2+ adventitial and elastofibrotic fibroblasts colocalized
with CD4+ and CD20+ positive lymphocytes (Fig. 3D). Ligand-
receptor analyses highlighted signaling between CXCLI2+ fibroblast
and lymphocyte subsets expressing the corresponding receptor CXCR4
as a prominent non-ECM-related pathway. Expression of CXCLI2
was increased in multiple fibroblast populations (Fig. 2H). ISH con-
firmed CXCLI2 expression within the TLS niche (Fig. 3, E to G).
CXCR4 was up-regulated in lymphocyte subpopulations (Fig. 3, H and
I). Together, this suggests the CXCL12-CXCR4 axis as a potential link
between recruited immune cells and inflammatory fibroblasts in PPFE.

Targeted exploration of TLS formation-related cell types identi-
fied a BCL6+ICOS+PDCDI1+ and CXCR5+ population of T follicu-
lar helper cells within the cluster of CD4+ effector memory T cells
with increased expression of CXCL13 in both PPFE cohorts (Fig. 3, H
and I). In addition, we observed potential RORC-expressing lym-
phoid TLS inducer cell populations such as T helper 17 (Ty17) cells
alongside a minor population of ILC3 (Fig. 3H and table S16). In par-
ticular, Ty17 cells were abundant in the PPFE lungs and, to a signifi-
cantly lesser extent, in IPF lungs (Fig. 3A, adj.Pvaly, pr < 0.001).

CD14+ monocytes that accumulated in the circumference of TLSs
exhibited an increased cross-talk weight from diverse fibroblast sub-
sets (peri-TLS myeloid niche; Fig. 3, J to L). Ligand-receptor analysis
of the peri-TLS myeloid niche exhibited increased signaling weights
between myeloid cells and adventitial, elastofibrotic, subpleural, and
CTHRCI+ fibrotic fibroblasts (Fig. 3]). Of special interest is the
fibroblast-to-monocyte communication through CSFI-CSFR, central
for recruitment of classical and nonclassical monocytes (Fig. 3K). IF
staining localized aggregates of large CD68+ macrophages within al-
veoli at the remodeling edge (Fig. 3L). Smaller CD144+CD68+ mono-
cytes formed clusters in the periphery of TLSs near surrounding
CD8+ T cells (Fig. 3L). Serial sections for ISH indicated peri-TLS
monocytes congregating in the same topographic region as SFRP2+
fibroblasts, again suggesting an additive role for the predicted fibromy-
eloid cross-talk in TLS formation of PPFE.
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Fig. 3. Immune cell repertoire and immunofibrotic cross-talk in PPFE. (A) Frequencies of each lymphoid cell type relative to all nuclei from all lineages per sample.
Statistical comparisons across cohorts was performed using the Kruskal-Wallis test. Detailed results are provided in table S14. (B) Common legend of lymphoid cell types.
(C) Relative distribution of each myeloid cell type relative to the total myeloid lineage compartment. Detailed results are provided in table S18. (D) TLS niche. Representa-
tive serial IF and ISH staining of neighboring immune cells and fibroblasts (Fb). UF, usual fibrotic niche; EF, elastofibrosis zone. (E) Intercellular pathway analysis between
subpleural fibroblasts, adventitial fibroblasts, elastofibrotic fibroblasts (sender), and lymphoid cell subsets (receiver). (F) Representative ISH of the CXCL12 expression in
the peri-TLS niche and spatial enrichment analysis of the scaled CXCL12 intensity across ROIs adjacent (n = 52 ROIs) and nonadjacent (n = 51 ROIs) to TLSs. Scale bar,
200 pm. (G) Predicted interaction of subpleural, adventitial, and elastofibrotic fibroblasts (sender) and lymphoid subsets (receiver). Chord thickness corresponds to the
interaction strength (CellChatv2) for each ligand-receptor pair per cell type pair. (H) Nebulosa plots of TLS-related cell types. Separate nebulosa plots are in fig. S4. (I) Aver-
age per subject expression of TLS formation-related genes analyzed by the Wilcoxon rank sum test. (J) Peri-TLS niche. Comparative relative cross-talk weight analysis be-
tween PPFE and CTRL toward myeloid cells. (K) Chord diagram of the differential ligand-receptor analysis (PPFE versus CTRL) of top sending cell types and myeloid cells
using MultiNicheNetR. (L) Representative IF staining of CD14- and CD68-expressing monocytes across remodeling niches in PPFE. (M) Lymphoid fibrotic fibroblast niche.
Representative IF of the TLS in proximity to UF. Scale bars, 200 pm. (N) MultiNicheNetR differential ligand-receptor analysis between PPFE and CTRL focused on lymphoid-
to-CTHRCT1+ fibrotic fibroblast signaling. Created in BioRender. Schupp, J. (2026) https://biorender.com/br8cghé.

Ruwisch et al., Sci. Adv. 12, eaeb5967 (2026) 8 May 2026 7 of 22

9202 ‘2z Re Nl U0 BY1011q1q [eAUSZ - UBUOU |\ WINIIUSZ Z1joyw pH Te B10°80us 105 MmM//:Sdny WoJ) papeojumod


https://biorender.com/br8cgh6

SCIENCE ADVANCES | RESEARCH ARTICLE

Last, we found a profibrotic lymphofibroblastic cross-talk in ac-
cordance with the frequently observed spatial proximity of TLSs to
the usual fibrotic niche composed of CTHRCI+ fibrotic fibroblasts
and aberrant basaloid cells (further expanded on below; Fig. 3M).
Targeted ligand-receptor analysis revealed uniform up-regulation of
classical TGFBI signaling within some of the lymphoid cell subsets
in the PPFE cohorts (Fig. 3N and table S20). Significantly enriched
pathways included ECM remodeling and collagen synthesis (table S21).
Together, these findings suggest that local immune cells may cata-
lyze local profibrotic mesenchymal activation and fibrotic remodel-
ing via TGFBI signaling.

PPFE remodeling is spatially organized into four

distinct zones

Spatial in situ mapping of mesenchymal marker genes revealed a spa-
tially organized disease pattern in PPFE, defining four niches with
distinct cellular composition (Fig. 4A). From the pleural surface to
apparently unremodeled alveolar parenchyma, these zones comprised
(A) a “subpleural fibrosis zone,” (B) a zone marked by septal elastosis
and intra-alveolar collagen deposition referred to as “elastofibrosis
zone, (C) an “immunofibrotic zone,” and (D) a continuous band of
CTRHCI+ fibrotic fibroblasts overlined by a monolayer of aberrant
basaloid cells at the fibroalveolar remodeling edge.

In the subpleural fibrosis zone, HASI+WTI+ subpleural fibro-
blasts (Fig. 4, B and C) (13) were identified and localized to a narrow
area adjacent to the likewise HAS1+ mesothelium (Fig. 5, A to C). On
hematoxylin and eosin and EvG stains, this area corresponded to
highly eosinophilic regions with low cellularity and abundant ECM
deposition (Fig. 4A). Subpleural fibroblast displayed a strong inflam-
matory signature with expression of interferon response genes such as
CXCL2 and CCL2 as well as CXCLI2 and TNFRSFI12A (Fig. 4C). In
addition, enrichment analysis attributed subpleural fibroblasts with
interleukin-4 (IL-4) and IL-13 signaling (Fig. 4I and table S22). The
extent of this zone varied highly among patients in both cohorts and
seemed to only serve as a poor indicator of the overall affected tissue
within the specimen (fig. S2).

Notably, we occasionally observed TLSs in the subpleural fibrosis
zone. CXCL12 chemotaxis is sufficient to induce TLS formation (31),
and CXCLI2+ inflammatory cancer-associated fibroblasts colocalized
with TLSs in the fibrotic tumor environment (32). On the single-cell
level, this is paralleled by the high expression of CXCLI12 expression in
HASI+ subpleural fibroblasts (Fig. 2H and fig. S6).

Below, in the elastofibrosis zone, we located SFRP2+ adventitial
(Fig. 4, D and E) and elastofibrotic fibroblasts (Fig. 4, D and F)
alongside with remnants of remodeled alveolar septa and within
them (Fig. 5, A, E, and F). RNA ISH coupled with phase-contrast
microscopy (PCM) located SFRP2+ fibroblasts in close proximity
to deposited elastic fibers within established AFE lesions and in
thickened alveolar septa next to AFE lesions (Fig. 5G). Further
characterization of PPFE-enriched adventitial fibroblasts by differ-
entially expressed gene enrichment analysis identified five clusters
of pathways (fig. S5, A and B, and table S23): Cluster C1 comprised
ECM-related genes involved in elastic fiber metabolism (EFEMPI,
FBLN2, FBLNI, and MFAP5) and collagens (COL4A4, COL15A1,
and COLI4A1; fig. S5B), whereas cluster C3 depicted an induction
of glycosaminoglycan metabolism (fig. S5A). Meanwhile, the same
enrichment analysis in elastofibrotic fibroblasts identified Reactome
term clusters related to elastic fiber formation (cluster C4) but also

Ruwisch et al., Sci. Adv. 12, eaeb5967 (2026) 8 May 2026

collagen synthesis (cluster C1) and proteoglycan formation (cluster
C2; fig. S5C and table S24).

Micro-CT guided ultrastructural analysis of thickened alveolar
septa illustrated expanded interstitial collagen deposition and elastic
fiber formation (Fig. 5L). Unexpectedly, expansion of the interstitium
correlated with a continuous phenotypic alteration of the overlining
alveolar epithelium with loss of lamellar bodies and increasing thick-
ening of the interposed basal lamina on correlative ultrastructural
examination (Fig. 5L).

The immunofibrotic zone (Fig. 5, I and J), an organized band of
immune cell infiltrates, separates the elastofibrosis zone from the usual
fibrotic niche (Fig. 5K). The relative extent of this immune cell layer
was well conserved among all histologically investigated PPFE speci-
mens (n = 11; Fig. 5M). Semisupervised cell quantification revealed
the highest densities for CD44 and CD8+ lymphocytes in this zone in
concordance with frequently observed TLSs composed of CD4+,
CD8+, and CD20+ lymphocytes (Fig. 5, A, 1, and N). Furthermore,
afferent and efferent vasculature from which immune cells are recruit-
ed are involved in TLS formation (29, 30). Inflammatory SFRP2+ fi-
broblasts were most abundant in the immunofibrotic zone as well
(Fig. 50). This was paralleled by local enrichment of CXCL12 expres-
sion in lesional cells adjacent to TLSs (Figs. 3F and 5]), highlighting
the local immunomesenchymal cross-talk. We noted a gradual accu-
mulation of SFRP2+ fibroblasts from the pleural surface toward the
immunofibrotic zone (Fig. 50). This is contrasted by the significantly
lower densities of CD4+ T cells and SFRP2+ fibroblasts in the elastofi-
brosis zone, reflective of a postremodeling state. However, the extent of
segmented TLSs correlated on sample level with the absolute extent of
the elastofibrosis zone (Pearson’s R = 0.899; Pval = 0.006; fig. S7), sug-
gesting a mechanistic link between manifested TLSs and elapsed elas-
tofibrotic remodeling.

In direct contact with the underlying edge of alveolar-to-elastofibrotic
remodeling, we identified CTHRCI+ fibrotic fibroblasts (Fig. 4, G and
H) embedded in the immature basophilic ECM (Fig. 4A and fig. S2).
Deposition of immature collagen, lack of elastic fibers in the EvG stain
(Fig. 4A), and the presence of fibrotic fibroblasts in this zone (Fig. 5K)
are hallmark histopathological characteristics otherwise found in fibro-
blastic foci of IPF lungs (17, 23, 33-36). Within this zone, the strong spa-
tial expression of COL1A1 was paralleled by IF detection of CTHRCI
(Fig. 5K), confirming COLIAI™ cells as CTHRCI+ fibrotic fibroblasts.
Histological quantification of COLIAI™ cells expectedly demonstrated
the highest densities in the usual fibrotic niche (Fig. 50). Some
COLIAI" cells exhibited coexpression of SFRP2. Topographically, these
SFRP2+COL1A1" cells were mainly restricted to the immunofibrotic
zone and the usual fibrotic niche (Fig. 50). As CXCLI4 expression was
also observed in mesenchymal cells located in the usual fibrotic niche
(Fig. 5D), CXCL14-expressing LEPR+ITGA8+DIO2+ elastofibrot-
ic fibroblasts, identified on the single-cell level, may reflect this
SFRP2+COL1A1" intermediate mesenchymal state that can differenti-
ate in CTHRCI+ fibrotic fibroblasts. In line, CXCL14+ inflammatory
fibroblasts have been observed on the interstitial side of fibroblastic foci
in IPF (27). Accordingly, ssGSEA suggested a fibrotic activation state
with induced collagen synthesis in elastofibrotic fibroblasts (Fig. 2I).
Last, the usual fibrotic niche was spatially restricted to a cuboidal-
shaped layer of KRT17+ aberrant basaloid cells continuously overlined
by CTHRCI+ fibrotic fibroblasts, resulting in a sharp demarcation line
between the remodeled fibrotic tissue and the alveolar parenchyma
(Fig. 5K). This zone will be further explored in the next paragraph.
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Fig. 4. Mesenchymal archetypes in the PPFE lung. (A) Correlative EvG- and RNA ISH-based stains of different pathogenic fibroblast (Fb) archetypes in PPFE. Serial sec-
tions illustrate spatial zonation of remodeling in PPFE. (B) Featureplots of signature genes expressed by subpleural fibroblasts. (C) Nebulosa plot of interferon response
genes expressed by subpleural fibroblasts. (D) Featureplots of selected genes expressed in either adventitial or elastofibrotic fibroblasts. (E) Nebulosa plots of genes re-
lated to elastic fiber formation expressed by adventitial and elastofibrotic fibroblasts. (F) Nebulosa plot of inflammatory gene signature expressed by adventitial and
elastofibrotic fibroblasts (G) Featureplots of selected genes expressed in CTHRC1+ fibrotic fibroblasts. (H) Nebulosa plots of genes related to collagen formation expressed
by CTHRC1+ fibrotic fibroblasts. (I) Reactome pathway-based enrichment analysis of significantly differentially expressed genes of distinct zone-related fibroblast popula-
tions. The number behind the bar indicates the number of enriched genes per Reactome term.
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Fig. 5. Zonation in the PPFE lung. (A) Major zones of remodeling in PPFE indicated by IF and ISH. (B) Representative ISH of the upper lobe PPFE lesion at low magnifica-
tion. (C) Representative high-magnification images of ISH staining of the subpleural fibrosis zone. Depicted TLSs emerged in the subpleural fibrosis zone in n = 5/7 speci-
mens. (D) Representative spatial expression of inflammatory fibroblast-related chemokines. Boxes indicate a higher-magnification image of the usual fibrotic niche (ROI5)
and the remodeling edge (ROI6). Pleura (fine) and immunofibrotic zone (coarse) and CXCL 14+ cells (arrow) are highlighted. (E) Representative high-magnification image
of septal remodeling within the aerated alveolar parenchyma. The remodeling edge is highlighted by a dashed line. (F) Representative high-magnification image of ISH-
stained lesions of elastofibrosis adjacent to the usual fibrotic niche (dashed line). (G) Representative PCM overlay highlights elastic fibers. (H) Representative IF of the
upper lobe PPFE lesion at low magnification. Boxes mark ROIs that are shown in higher magnification. (I) Representative high-magnification IF images of the TLS.
(J) Representative ISH staining of the immunofibrotic zone. (K) Representative IF and ISH staining on serial sections of the usual fibrotic niche. (L) Micro-CT guided cor-
relative imaging of early septal thickening beyond the fibroalveolar remodeling edge. Scale bars, 20 pm (low magnification) and 10 pm (high magnification). Fibroblast
with adventitial fibroblast like morphology (Adv. Fb), alveolar epithelium (AE), basal lamina (BL), alveolar epithelial cells type 2 (AEC2), collagen (COL), and elastin (ELN) are
annotated accordingly. (M) Area proportions of manually segmented remodeling zones (n = 11 PPFE-GER) (N) Cell densities of CD4+, CD8+, and KRT17+ cells per zone
(IF: n = 7). (0) Calculated cell densities of COLTAT+, SFRP2+COL1A1+, and SFRP2+ cells per zone (ISH: n = 11). Scale bars in ISH and IF stains represent 200 pm unless
stated otherwise. Created in BioRender. Schupp, J. (2026) https://biorender.com/br8cgh6.
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Aberrant basaloid cells line the fibroepithelial
remodeling edge
Aberrant basaloid cells were identified with considerable frequency
based on the expression of 28 marker genes (10), which were fully
conserved in both PPFE and the IPF cohorts (Fig. 6, A to C; fig. S8;
and tables S25 to S27). ssGSEA confirmed previously described patho-
genic features of these cells by enrichment of gene ontology (GO)
pathways involved in fibrotic pulmonary remodeling (Fig. 6D and ta-
ble $28). IF staining for KRT17, COX2, ITGAV/B6, and CTSE con-
firmed their localization as a cellular monolayer lining the edge of
elastofibrotic remodeling (Fig. 7, A to N), overlining CTRHCI+ fi-
brotic fibroblasts. This composition is known as fibroblast foci in IPE,
we therefore coined their joint emergence despite a different histo-
logical gestalt “usual fibrotic niche” This spatial pattern was consistently
observed in all investigated PPFE samples. Micro-CT guided ultra-
structural imaging of the usual fibrotic niche visualized aberrant basa-
loid cells as cuboidal shaped cells with apical microvilli and numerous
cytoplasmic intermediate filaments (Fig. 6E, arrows), as already re-
ported in IPF (37). Within the elastofibrosis zone, we observed lesion-
al remnants of alveoli and duct-like structures (Fig. 6F, asterisk) lined
by transitional epithelial cells coexpressing AEC2 (SFTPC and LAMP3),
AEC1 (AGER), basaloid (KRT17), and injury (CTSE) markers (Fig. 7,
Kand M, and fig. $9) not present in alveoli from CTRL lungs (fig. S10).
These intermediate cells were frequently observed in alveoli adjacent
to the fibroelastotic remodeling edge as well (Fig. 7, Fand G, and fig. S9).
CellChat-based interaction weight analysis highlighted CTHRCI+
fibrotic fibroblasts as a general signaling hub with the highest connectiv-
ity to aberrant basaloid cells (Fig. 6, F and G). Major involved pathways
in this unsupervised intercellular cross-talk analysis were related to se-
cretion of collagen, laminin, thrombospondin, and fibronectin (Fig. 6,
H and I). Aberrant basaloid cells express various stimulatory ligands
such as TGFB2 and PDGFC, with predicted activation of CTHRCI+ fi-
brotic fibroblasts in their surrounding niche via corresponding recep-
tors (TGFBR2, PDGFRB, PDGFRA, and ACVRI; Fig. 6]).

Multimodal profiling of lesional vascular

conglomerates in PPFE

Distribution of intraendothelial cell frequencies was shifted in the
PPFE group toward two ectopic cell populations (Fig. 8, A to C):
First, lymphatic ECs (PDPN, CCL21, and RELN; fig. S11, A to E, and
tables S29 to S31) were increased in PPFE (adj.Pvaly jpr < 0.001) but
not in IPF (Fig. 8, B and C). IF staining of PDPN revealed an expan-
sion of lymphatic vasculature in AFE lesions (Fig. 8, D and E). Over-
lay with PCM images located lymphatic ECs in the same niche as
elastic fiber depositing adventitial fibroblasts (Fig. 8D). Second, we
observed a relative increase in ectopic systemic-venous ECs (COLI5A 1
and PLVAP; Fig. 8, B and C). This endothelial phenotype has recently
been described in IPF lungs (10, 38), nonspecific interstitial pneu-
monia (NSIP) (39), and RAS (40). Colocalization of PPFE-associated
endothelial and mesenchymal populations (fig. S11F) prompted
us to assess the underlying intercellular signaling circuits (fig. S11, G
and H). Lymphatic ECs had the highest scaled ligand activity for the
BMP2-ACVRI and PDGFC-PDGFRA axis for signaling toward PPFE-
associated fibroblasts (fig. S11H), whereas systemic-venous ECs
signaled via JAM2-JAM3, JAM2-ITGB1,and JAM2-ITGAV (fig. S11H).
Downstream target genes in PPFE-associated fibroblasts were en-
riched in proteoglycan metabolism, angiogenesis, and ECM remod-
eling pathways (fig. S111 and table S32).

Ruwisch et al., Sci. Adv. 12, eaeb5967 (2026) 8 May 2026

To obtain a better understanding of the three-dimensional (3D)
context of the vasculature in PPFE lesions, we performed HiP-CT of
the intralesional vasculature (Fig. 8F). 3D reconstruction indicated
that the pronounced vascular conglomerate located at the border of
the Elastofibrotic and subpleural fibrosis zone communicates with
interlobar veins (Fig. 8F and movie S1), suggesting intervascular
anastomosis between systemic-venous and pulmonary-venous vas-
culature. Micro-CT imaging of fixed lung tissue contrasted with os-
mium tetroxide and phosphotungstic acid confirmed numerous small
vessels infiltrating the remodeled PPFE tissue originating from the
alveolar parenchyma via the remodeling edge (fig. S12, A and B,
white arrows). Simultaneously, we noted a subpleural vascular off-
spring of narrow caliber vessels with centripetal rejuvenation (fig. S12,
A and B, black arrows).

DISCUSSION

With this study, we provide a binational single-nucleus RNA sequenc-
ing (snRNA-seq) atlas of the cellular and structural landscape in
PPFE. On the cellular level, we observed unexpected activation states
and diversity of mesenchymal cells in PPFE lesions, characterized by
expression profiles reflecting a division of labor in driving elastofibrot-
ic remodeling. We observed a pronounced expansion of lymphocytes
in a disease that, to date, has been considered purely elastofibrotic. We
identified CTHRC1+ fibrotic fibroblasts and aberrant basaloid cells in
PPFE, which had previously been discovered as fibroblast foci-
forming cells in IPF (23, 25, 35). On the histological level, we describe
zonation of PPFE lesions, comprising the abovementioned PPFE-
associated cell types. Comparison with IPF revealed common princi-
ples of lung fibrosis, especially the emergence of the usual fibrotic
niche in two clinically divergent progressive fibrotic ILDs. It also high-
lights differences, in particular PPFE-enriched inflammatory pheno-
types of all major fibroblast populations, intriguing TLS formation in
close proximity to the fibrotic remodeling edge, as well as intercellular
circuits that maintain the zonation of PPFE lesions.

Inflammatory fibroblast activation states have been consistently
reported in murine bleomycin-induced lung fibrosis, but its role in
human disease has been unclear until now (25-27). In PPFE, we
show that multiple nonalveolar fibroblasts acquire such inflammatory
states. Collectively, these fibroblast subtypes normally reside in the
loose connective tissue space of the pleura, adventitia, and the inter-
lobular septum. Of special interest, CXCL12- and CXCL14-expressing
LEPR+ITGA8+SFRP2+DIO2+ elastofibrotic fibroblasts (28) are ex-
panded in the PPFE lung, matching the reported signature of in-
flammatory fibroblasts in the bleomycin model. Unexpectedly, this
phenotypic subset was barely detectable in IPF, in line with recent
spatial transcriptomic analyses in IPF (23, 35, 36). These inflamma-
tory elastofibrotic fibroblasts exhibit substantial marker overlap with
CTHRCI1+ fibrotic fibroblasts, as reported for mice (25-28). In mu-
rine bleomycin-induced lung fibrosis, Cxcl12" inflammatory fibro-
blasts originate from alveolar fibroblasts and progressively differentiate
into Cthrel* fibrotic fibroblasts (27). This contrasts with PPFE, where
the cellular counterparts appear to rather originate from pulmonary
loose connective tissue fibroblasts. Both CXCL12-expressing inflam-
matory adventitial and elastofibrotic fibroblasts are readily found in
PPFE, but not in IPF, and are spatially associated with histopathologi-
cal features such as septal elastosis and elastic fiber deposition. To-
gether, our molecular profiling of the PPFE mesenchyme emphasizes
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Fig. 6. Subanalysis of the epithelial cell lineage. (A) UMAP of epithelial cell types. (B) Frequencies of epithelial cell types by cohort. Statistical comparisons were per-
formed using the Kruskal-Wallis test. Detailed results are provided in table S27. (C) Unity-scaled average expression of aberrant basaloid markers per subject. Subjects
were grouped after cohort and disease. Each subject was assigned to a unique color. (D) Featureplots of cell-based ssGSEA enrichment values of distinct gene ontology
biological pathways (GOBP) of fibrotic remodeling. Arrows indicate clusters of aberrant basaloid cells. (E) Micro-CT guided correlative imaging of early septal thickening
beyond the fibroalveolar remodeling edge. Low-resolution image of osmium tetroxide—contrasted 50-pm-thick sections (left; scale bar is 500 pm). Scale bars, 50 pm (low
magnification), 20 pm (medium magnification), and 10 pm (high magnification). Nuclei (N), cytoplasm (CYT), and intermediate filaments (arrows) are annotated on high-
magnification images. (F) IF stains of the usual fibrotic niche and its overlining epithelium. (G) Intercellular ligand-receptor interaction weight analysis (CellChatv2) among
major epithelial and mesenchymal cell types split by assigned sender lineage. Edge thickness resembles interaction weight. CTHRC1+ fibrotic fibroblasts were colored in
gray for improved visual clarity. (H) Intercellular pathway-based interaction analysis between CTHRC1+ fibrotic fibroblasts and aberrant basaloid cells. Chord thickness
corresponds to the number of predicted significant interactions between the sender and the receiver. (I) Chord diagram of predicted intercellular ligand-receptor pairs
between aberrant basaloid cells and CTHRC1+ fibrotic fibroblasts related to top 3 pathways predicted in (H). (J) MultiNicheNetR differential ligand-receptor analysis be-
tween PPFE and CTRL focused on aberrant basaloid—-to-CTHRC1+ fibrotic fibroblast signaling. Omnipath-related metadata like curation effort (CE), the number of avail-
able resources (Res), and the number of references found (Ref) are also provided. Created in BioRender. Schupp, J. (2026) https://biorender.com/br8cgh6.
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Fig. 7. IF staining of aberrant basaloid cells in the PPFE lung. (A) Representative low-magnification image of whole-slide IF-stained PPFE specimens. Dashed boxes
indicate ROIs. The arrow indicates the fibroepithelial remodeling edge. (B to I) Representative high-magnification images of aberrant basaloid marker genes on serially
sectioned tissue specimens. The immunofibrotic zone is highlighted by a dashed line. (J) Representative low-magnification image of whole-slide IF-stained PPFE speci-
mens with pronounced subpleural fibrosis (coarse dashed line). Dashed boxes indicate ROls. The immunofibrotic zone is highlighted as well (fine dashed line). (K to
N) Representative high-magnification images of aberrant basaloid marker genes on serially sectioned tissue specimens. The immunofibrotic zone is highlighted by a
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stated otherwise. Created in BioRender. Schupp, J. (2026) https://biorender.com/br8cgh6.
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was intentionally reused from Fig. 4A. (F) Zoomed HiP-CT image of PPFE lesions located in the upper lobe. Pulmonary vein segmentation was performed using an ad-
opted nnU-Net framework. The resulting segmentation of the ectopic vasculature (blue) shows the main vessel structures from the highlighted region, illustrating an in-
terconnection of interlobular veins and venous convolutes at the border of subpleural and elastofibrotic remodeling.
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the relevance of inflammatory fibroblast states for elastofibrotic re-
modeling in human disease.

The role of inflammation in lung fibrosis has remained controversial
over decades. On the one hand, various autoimmune diseases can lead
to fibrotic remodeling of the lung, with inflammatory changes usually
preceding the development of definitive fibrosis (41-43). On the other
hand, fibrosis can cause inflammation as fibrotic remodeling itself in-
duces autoantigen shedding with consecutive autoantibody formation
(44). In addition, patients with fibrotic ILD exhibit a dysregulated im-
mune compartment with expansion of regulatory T cells, Gzmhigh
CD4+, and CD8+ effector T cells (14, 45). However, untargeted im-
munosuppression increases mortality in IPF, especially in patients with
short telomers (46, 47), which has also been observed in telomeropathy-
associated PPFE (47-49). Therefore, anti-inflammatory treatment regi-
men are rarely tested in fibrotic lung diseases. Our work highlights
accumulating immune cells forming TLSs and accompanying inflam-
matory fibroblasts as integral components of the cellular landscape of
PPFE, providing a molecular rationale for niche-specific therapeutic
strategies. This may apply beyond PPFE as SFRP2+ fibroblasts have
been described as myofibroblast precursors in systemic sclerosis skin
lesions (50), and CXCL12+ fibroblasts shape the TLS-related stromal
niche in various cancers (32) as well as driving fibrotic bone marrow
remodeling in primary myelofibrosis (51). In the lung, inflammatory
fibroblasts appear to serve as orchestrators of immune cell recruitment
and TLS formation culminating in downstream formation of the usual
fibrotic niche. Hence, our work raises the question whether targeting
inflammatory fibroblasts or TLS formation by interference with the
central CXCLI2-CXCR4 axis could alleviate immunofibrotic remodel-
ing in PPEE.

The divergent radiological and histopathological features of PPFE
and IPF suggest different disease processes. It was somewhat unex-
pected then that CTHRCI+ fibrotic fibroblasts and aberrant basaloid
cells emerged in the PPFE lung as well. As both pathological cell types
replicate their intercellular framework in both PPFE and IPE, we em-
phasize their spatial coemergence as “usual fibrotic niche” Aberrant
basaloid cells are the key players in fibrotic remodeling due to their
unique characteristics of transforming growth factor— (TGEp) activa-
tion, senescence, and injury memory (10), whereas CTHRCI+ fibrotic
fibroblasts secrete immature collagen (33, 34). Since their discovery a
few years ago, an increasing number of single-cell (10, 13, 40, 42) and
spatial transcriptomic (23, 35, 36) studies have reported aberrant basa-
loid cells in IPF and other fibrotic lung diseases. In the IPF lung,
CTHRCI+ fibrotic fibroblasts aggregate to fibroblast foci, which are
covered by aberrant basaloid cells (10, 13, 23, 35, 36). In contrast to
IPE the site of active remodeling of PPFE is not a patchy chaotic mo-
saic but a continuous layer at the alveolofibrotic remodeling edge
(Fig. 9C). PPEE as a disease highlights therefore that the usual fibrotic
niche is more common than previously anticipated and not limited to
the gestalt of fibroblastic foci.

The loss of CD31+PRX+ capillaries and the emergence of ectopic
COLI5A1+ PLVAP+ vessels (38) shown in the herein investigated
PPFE cohorts have been consistently reported in IPF (10), NSIP (39),
and RAS (40). The extent and communication of ectopic COL15A1+
PLVAP+ vascular convolutes in the elastofibrosis zone with interlobu-
lar pulmonary veins in the 3D HiP-CT segmentation in the PPFE
lung are somewhat unexpected. In contrast to IPF, we observed an
expansion of lymphatic ECs, localized to the subpleural and interlob-
ular lymphatic vasculature. CCL214+-PDPN+ lymphatic ECs may

Ruwisch et al., Sci. Adv. 12, eaeb5967 (2026) 8 May 2026

enhance recruitment of SELL-expressing naive T cells to sites of ongo-
ing elastofibrotic remodeling, further shaping the micromilieu of the
immunofibrotic zone. Together, our PPFE study supports that the
observed alveolar vascular remodeling is a general phenomenon of
fibrotic ILD and elaborates on the unique contribution of the lym-
phatics to elastofibrotic remodeling.

To contextualize these findings, we offer the following hypothetical
working model of PPFE development: We observed a strong inflamma-
tory activation in fibroblasts related to the loose connective tissue com-
partment of the pleura and the peribronchovascular bundle (Fig. 9A),
suggesting an initial hit there. Inflammation-activated local adventitial
and subpleural fibroblasts secrete cytokines such as CCL2, CXCL2,
CXCL12, and CXCL14, recruiting CXCR4+ lymphoid and CSFR+
monocytic cell populations. Incoming CD20+ B cell and CD4+ and
CD8+ T cell populations assemble as TLSs at the site of injury orches-
trated by local CXCL12/13 gradients (Fig. 9B). TGFBI in the (peri)-TLS
niche further drives particularly inflammatory adventitial fibroblasts to
transition first into CXCL14-expressing LEPR+ITGA8+DIO2+ elasto-
fibrotic fibroblasts, which might promote interstitial elastotic and fi-
brotic remodeling (Fig. 9C). These cells may then transition into
CTHRCI+ fibrotic fibroblasts that fill former alveoli with collagens and
proteoglycans. Matrix stiffening and altered basal membrane compo-
sition may then trigger epithelial dedifferentiation into aberrant basa-
loid cells (Fig. 9D), which—together with CTHRCI+ fibroblasts—form
the usual fibrotic niche and sustain mesenchymal activation through
TGFB2 and integrin activation. Recruited immune cells then amplify
inflammatory fibroblasts to acquire a metabolic active state character-
ized by excessive interstitial deposition of elastic fibers along the al-
veolar septa. Together, this continuously would lead to propagation
of the elastofibrotic remodeling deeper into the yet intact alveolar
parenchyma (Fig. 9E).

Our study is not without limitations. First, the investigated cohorts
are restricted to two countries in Western Europe, which may limit the
external validity of our findings. Second, the CTRL subjects were not
fully matched to patients with PPFE with respect to age and smoking
status. In particular, the CTRL cohort was, on average, younger and
included a higher proportion of current or former smokers. Conse-
quently, disease-associated changes may, at least in part, be influenced
by these demographic differences between cohorts. However, age-
related effects on alveolar cell composition reported in a recent scRNA-
seq study include a relative loss of SFTPC-expressing AEC2 cells and a
concomitant increase in ciliated cells (52). In this context, the pro-
nounced reduction in AEC2 frequencies observed in the comparatively
younger PPFE cohorts in our study makes it unlikely that this observa-
tion, among others, is solely driven by sociodemographic differences
between cohorts. Third, we integrated snRNA-seq data generated with
different chemistries (10X Flex and 3’ Prime), which potentially has led
to a loss of biological information due to batch correction.

In summary, this study represents an unprecedented cellular
survey of PPFE, in which ectopic and aberrant cell populations
spatially organize in a unique zonation pattern. We reveal PPFE-
enriched inflammatory fibroblast activation states underlying the
immunofibrotic remodeling that promote elastosis and highlight
aberrant basaloid cells and CTHRCI+ fibrotic fibroblasts as core
constituents of the usual fibrotic niche, driving collagenous fibrotic
remodeling. The PPFE atlas is accompanied by an easily accessible
webtool and provides a molecular rationale for PPFE-targeting and
ILD-overarching niche-specific therapeutic strategies.
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Fig. 9. Niches of remodeling in PPFE. (A) Schematic overview of distinct remodeling-related niches in PPFE exemplified in four zoomed-in ROIs. (B) Inflammatory fibro-
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sical and nonclassical monocytes; BC, B cells; PC, plasma cells; Try, T follicular helper cells as Tgy; vasc., vasculature. Created in BioRender. Schupp,

biorender.com/br8cghé.

MATERIALS AND METHODS

Experimental design

The aim of this binational, cross-sectional snRNA-seq study was to
characterize the single-cell landscape of PPFE and to dissect cellular
circuits linked to the specific histopathological pattern of AFE. There-
fore, we enrolled 40 patients with PPFE, 23 from Germany (PPFE-GER)
and 17 from France (PPFE-FR), who had undergone lung transplan-
tation. Lung tissue from downsizing lungs and peripheral tumor resec-
tions (n = 7) together with nine controls published previously by our
group (GSE284081) served as control (CTRL; total n = 16). Our IPF
snRNA-seq data [n = 9; GSE286182 (19)] served as disease compara-
tor. Diagnosis of PPFE was established in concordance with current

Ruwisch et al., Sci. Adv. 12, eaeb5967 (2026) 8 May 2026

guidelines on multidisciplinary team discussions (1). CT pattern fulfill-

ing the criteria of “definite” or “consistent with” PPFE were considered

eligible for the study. Samples from patients that had undergone re-
transplantation due to RAS were excluded. Tissue samples from in-
cluded patients were evaluated by histological stains (EvG or orcein
staining; n = 40) and micro-CT imaging (n = 10). Samples were selected
for further analysis in this study if AFE was present. One formalin-fixed

paraffin-embedded (FFPE) block per patient was selected for further

processing. Written informed consent was obtained from all subjects.

The study was approved by the local ethics committee of the Hannover

Medical School of Hannover, Germany (ethic vote #11032_BO_K_2023),
APHP, Bichat Hospital (Comite de Protection des Personnes Ile de
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France 1, no. 0811760) and Marie Lannelongue Hospital (Ministeére
de ’Enseignement Supérieur de la Recherche et de I'Innovation,
AC-2020-4284).

Validation experiments were performed using multiplex IF and
ISH on serially sectioned FFPE specimens. For linking the single-cell
resolved transcriptome with cellular ultrastructure, we performed
correlative ultrastructural analysis (CUA). Analysis of vascular PPFE
hallmark lesions was complemented with micro-CT and HiP-CT for
providing 3D context. Blinding or randomization was not performed
in this study.

Single-nucleus RNA sequencing

For snRNA-seq, nuclei were isolated from three 50-pm-thick FFPE
sectionsofeachselectedblock. Following4’,6-diamidino-2-phenylindole
(DAPI) sorting, nuclei were further processed in accordance with the
10X fixed RNA profiling kit (User Guide, CG000527, Rev B, Chromi-
um Fixed RNA Profiling Reagent Kits for Multiplexed Samples), speci-
fying a target recovery of 128,000 nuclei per 16 samples, which were
then loaded on the 10X Chromium Chip (Chromium Next GEM Chip
Q). Following quality control of the resultant libraries, sequencing was
performed on an Illumina NovaSeq platform (28 base pairs for Readl,
90 base pairs for Read2, and 10 base pairs for Index5 and Index7). Re-
sultant sequencing data were subjected to the Cell Ranger pipeline
(v7.1.0), and reads were mapped to the reference genome (GENCODE
v32/Ensembl 98, “GRCh38-2020-A”). The count matrices were further
analyzed using the Seurat pipeline (R package Seurat v4.3.0.1) in R
(v4.2.1, The R Foundation), following the developer’s recommenda-
tions for scRNA-seq data processing and dataset integration.

In brief, low-quality filtering was conducted in an iterative adap-
tive manner per sample, following normalization, scaling, dimension-
ality reduction, and plotting of lineage marker genes to control for
information loss while filtering. Minimum read counts were set to
100, whereas minimum feature counts were set 100 as well. Nuclei
exceeding minimum >15% mitochondrial reads were filtered out be-
fore downstream analysis. Following normalization, a scale factor of
10,000 unique molecular identifiers (UMIs) per cell downstream inte-
gration was performed on sample level for the 23 German PPFE,
17 French PPFE, and 16 German CTRL datasets. For integration, we
used Seurat’s reciprocal principal components analysis (RPCA) inte-
gration algorithm. Prior, Seurats FindVariableGenes() (default set-
tings with nFeatures = 2000) function was used for feature reduction.
Following scaling, clustering was performed with the Louvain algo-
rithm and cell type annotation was carried out on the basis of identi-
fication of canonical marker gene expression collapsed to subject level
that were matched to cell type annotations of published resources
(13,19, 27, 28, 38, 53, 54).

A snRNA-seq dataset from nine patients with IPF sampled at three
distinct lung regions each (GSE286182) (19) was integrated with the
PPFE and CTRL data to serve as disease control. Being mapped to a
distinct reference genome (GENCODE _release37_GRCh38.p13), gene
names were translated into their corresponding gene names from re-
lease version 32 under usage of the biomaRt suite and the respec-
tive gene annotation databases from ensembl (https://ensembl.org/
index.html?redirect=no; last accessed 11 November 2024). Only
features available in the 10X Flex assay were used for further downstream
data analysis. Following further data preprocessing as indicated above,
IPF snRNA-seq data were integrated sample-wise with PPFE and CTRL
samples running Seurat’s RPCA-based reference-based integration con-
sidering samples derived from the main cohort as a reference to avoid
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major batch effect due to distinct sets of features and chemistry. Samples
per patient were pooled before statistical cell frequency analysis. Follow-
ing integration, downstream dimensionality reduction, graphical
embedding, clustering, and cell type annotation were performed
as described above.

Details on quality control, cell type annotation, and downstream in
silico analyses are provided in the Supplementary Materials (table S3).

Immunohistochemistry

IHC was conducted to evaluate the functionality and accuracy of pri-
mary antibodies (table S1). A standard deparaffinization and rehydration
procedure for FFPE tissue was carried out (2x 5 min xylene, 2x 3 min
100% ethanol, 1x 3 min 95% ethanol, 1x 1 min 70% ethanol, 1x 1 min
50% ethanol, and 1x 5 min distilled water), followed by heat-induced an-
tigen retrieval. Tissue slides were heated for 20 min at 98°C in a 1X Tris-
based Antigen Unmasking Solution (Vector Laboratories, USA), which
was diluted 1:100 with distilled water. After allowing the specimens to
cool for 20 min, they were washed in 1x phosphate-buftered saline (PBS)
for 5 min. Following placement of a hydrophobic barrier (Roth-Liquid
Barrier Marker), specimens were incubated for 10 min in BLOXALL En-
dogenous Peroxidase and Alkaline Phosphatase Blocking Solution (Vec-
tor Laboratories, USA). Tissue slides were then washed for 5 min in 1x
PBS and blocked for 20 min using a 2.5% Normal Horse Serum Blocking
Solution (Vector Laboratories, USA). Each specimen was incubated for
30 min with a primary antibody at room temperature. Following an ad-
ditional washing step, each specimen was incubated for 30 min with a
corresponding secondary antibody (anti-mouse, anti-rabbit, or anti-goat
ImmPRESS reagent, conjugated with horseradish peroxidase, Vector
Laboratories, USA) at room temperature. The slides were washed again
for 5 min in 1x PBS and then incubated for 6 to 10 min in the InmPACT
DAB Substrate Kit, Peroxidase (HRP) (Vector Laboratories, USA). The
incubation time varied due to individual reaction times. After one final
wash for 5 min in 1x PBS, specimens were counterstained in Hematoxy-
lin Solution Gill no. 1 (Sigma-Aldrich, USA) for 3 min and then washed
for 15 min in tap water. Subsequently, a standard dehydration in ethanol/
xylene was performed (1x 15 s 50% ethanol, 1x 15 s 70% ethanol, 1x
1 min 95% ethanol, 2x 1 min 100% ethanol, and 2x 3 min xylene). Tissue
slides were mounted with VectaMount permanent mounting solution
(Vector Laboratories, USA), and coverslips were placed on top. Stained
slides were digitized and analyzed using a ZEISS Axioscan 7 and the ZEN
3.5 (blue edition) software.

IF staining

A standard deparafhinization and rehydration of FFPE tissue was car-
ried out (2x 5 min xylene, 2x 3 min 100% ethanol, 1x 3 min 95%
ethanol, 1x 1 min 70% ethanol, 1x 1 min 50% ethanol, and 1x 5 min
distilled water), followed by heat-induced antigen retrieval. For this,
FFPE tissue slides were heated for 20 min at 98°C in 1Xx Tris-based
Antigen Unmasking Solution (Vector Laboratories, USA), which was
diluted 1:100 with distilled water. Afterward, specimens were cooled
for 20 min in 1x PBS at room temperature. A stock solution of 0.9995x
PBS and 0.05% Tween 20 was prepared to create 2.5% normal serum
(donkey/goat/horse) corresponding to the species of the secondary
antibodies. All primary and secondary antibodies were diluted in the
appropriate 2.5% normal serum and stored at room temperature un-
der aluminum foil until required. Once the slides cooled, they were
circled with a Roth-Liquid Barrier Marker and placed in a wet cham-
ber used for storing slides during all subsequent incubation steps.
Specimens were incubated for 20 min with 2.5% normal serum. Each
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specimen was then incubated for 60 min with the prepared solution
of 2.5% normal serum and primary antibody/antibodies at room tem-
perature. Slides were washed for 2x 3 min in PBS containing 0.05%
Tween 20. Specimens were subsequently incubated for 60 min with
the prepared solution of 2.5% normal serum and secondary antibody/
antibodies under aluminum foil at room temperature. The slides were
washed in staining vessels covered with aluminum foil for 2x 3 min in
PBS containing 0.05% Tween 20. Specimens were incubated for 60 min
with the prepared solution of 2.5% normal serum and fluorochrome-
conjugated antibody/antibodies under aluminum foil at room tem-
perature. Slides were washed in staining vessels covered with aluminum
foil for 2x 3 min in PBS containing 0.05% Tween 20. The Vector
TrueView Autofluorescence Quenching Kit (Biozol, VEC-SP-8400-15)
was used according to the manufacturer’s instructions before washing
slides in staining vessels covered with aluminum foil for 5 min in PBS
containing 0.05% Tween 20. Last, slides were mounted using the
VECTASHIELD Vibrance with DAPI Antifade Mounting Medium
(Vector Laboratories/Biozol, VEC-H-1800), and coverslips were
placed on top. Stained slides were digitized and analyzed using a
ZEISS Axioscan 7 and the ZEN 3.5 (blue edition) software. The slides
were stored in the dark at 4°C.

Primary and secondary antibodies

All primary antibodies were prevalidated through repeated testing
on appropriate tissue types using both IHC and IF to ensure spe-
cific and robust staining. The primary antibodies used for IF and
EvG-IHC staining of PPFE and CTRL samples are listed in table S1.
Secondary antibodies for IF were similarly preevaluated in combi-
nation with well-characterized primary antibodies to confirm con-
sistent performance.

RNAISH

RNA ISH was conducted in adherence to the “RNAscope Multi-
plex Fluorescent Reagent Kit v2 User Manual” (UM 323100/Rev B;
effective date: 10 November 2022) from ACDBio on FFPE lung
explant tissue. Two to three target probes were multiplexed during
the assay in combination with conventional DAPI staining pro-
vided by the kit. The probes used are detailed in table S2. Post-
staining, slides were preserved at 4°C in a dark environment until
scanning. Digitalization and analysis of the stained slides were car-
ried out using a ZEISS Axioscan 7 combined with ZEN 3.5 (blue
edition) software.

Orcein and EvG staining

FFPE tissue sections underwent standard deparaffinization and re-
hydration (1:30 min in xylene, followed by 1:30 min each in 100, 90,
and 70% ethanol). Subsequently, German sections were incubated
for 10 min in resorcinol-fuchsin solution according to Weigert, fol-
lowed by differentiation in 100% ethanol (2 X 0:30 min). Iron hema-
toxylin staining (Weigert’s method) was performed for 10 min, and
sections were blued in tap water for 5 min. Slides were then counter-
stained in Van Gieson’s solution (picrofuchsin) for 15 s. Meanwhile,
French samples were stained with orcein according to the manufac-
turer’s instructions. Dehydration was carried out sequentially (0:05 min
in 70% ethanol, 1:30 min in 90% ethanol, 2 X 1:30 min in 100%
ethanol, and 1:30 min in xylene). Stained sections were digitized us-
ing a ZEISS Axioscan 7 and analyzed with ZEN 3.5 (blue edition)
software. Slides were stored at room temperature.
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HiP-CT imaging

HiP-CT imaging was performed on the formalin-inflated lung lobe
[n =1 (20)] as described before (55). Virtual tissue cores were
scanned within the intact inflated, formalin-fixed lung tissue. Raw
images were processed with the neuroglancer pipeline (https://
neuroglancer-docs.web.app/index.html). Pulmonary vein segmenta-
tion was performed on the zoomed HiP-CT data using an in-house
adopted nnU-Net framework. This framework has been trained on
HiP-CT and micro-CT images at different resolutions, enabling it to
handle diverse input data types. The resulting segmentation from the
framework has been manually revised and corrected by a lung radi-
ologist with >15 years of experience. To enhance visual clarity, the
3D visualization shows the main vessel structures from the high-
lighted region and was created in 3D Slicer 3.8.1.

Micro-CT imaging

PPFE specimens were contrast enhanced using either tungsten phos-
phoric acid (48 hours) or osmium tetroxide (12 hours). In brief, the
samples were first washed six times for 15 min each in cacodylate buf-
fer. Postfixation was carried out by incubating the samples in 1% os-
mium tetroxide for 4 hours on a rotator. Following fixation, the
samples were rinsed twice for 15 min in cacodylate buffer. This was
followed by eight washes of 10 min each in distilled water. The sam-
ples were then incubated overnight in 1% uranyl acetate. On the next
day, they were washed 12 times for 10 min in cacodylate buffer. Dehy-
dration was performed in a graded acetone series, consisting of four
steps of 30 min each in 70% acetone, followed by four steps of 30 min
each in 90% acetone, and, last, six steps of 30 min each in 100% dry
acetone. Contrasted formalin-fixed PPFE tissue specimen or native
FFPE blocks were subsequently scanned with a Phoenix Nanotom M
micro-CT system (Waygate Technologies). Imaging was performed at
a voxel resolution of 8.46 pm using an x-ray tube voltage of 60 kV and
a current of 110 pA. Micrographs were captured with an average dy-
namic range of >2000 gray levels to ensure optimal contrast. Raw data
underwent preprocessing, including region of interest (ROI) selection
and inline median filtering, before 3D volume reconstruction using
VGSTUDIO 2022 (64-bit, Volume Graphics).

Correlative ultrastructure analysis

CUA was carried out as recently described (56). In brief, the osmium
tetroxide—contrasted OCT embedded tissue specimen was sectioned
on a cryostat (Leica, Wetzlar, German) in 50-pum-thick sections. Sec-
tions were subsequently fixed overnight with 1.5% paraformaldehyde
and 1.5% glutaraldehyde in 0.15 M Hepes buffer (pH 7.35). After-
ward, sections were postfixed in 1% uranyl acetate (Serva, Heidelberg,
Germany) overnight and in 1% osmium tetroxide (EMS, Hatfield,
PA) for 2 hours, followed by a washing step and dehydration in ace-
tone and, last, embedding in Epon (Serva, Heidelberg, Germany).
Ultrathin sections were imaged using a transmission electron micro-
scope (model 364, Morgagni 268, FEI, Eindhoven, The Netherlands).
Final correlation of TEM images and light microscopy images was
performed manually. Single obtained electron microscopy images
were manually stitched together for improved parenchymal context.

Image processing

Qualitative image analysis and processing of histological sections
were carried out using ZEN (blue edition) software (ZEISS). For all
IF and RNA ISH images, the “background subtraction” function was
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applied using default parameters. White and black point values were
manually adjusted for each channel. No additional image processing
techniques were used. Multipanel figure assembly was performed
using Adobe Illustrator 2024.

Cell segmentation and semiautomated cell quantification
For quantitative image analysis, IF or ISH scans were loaded into
QuPath (0.5.1) (57). Cell segmentation was carried out on the basis
of DAPI stains using the StarDist extension (58) following the
recommended QuPath workflow referred to in the Docs (https://
qupath.readthedocs.io/en/stable/). For StarDist-based cell segmen-
tation, percentile normalization was applied using the 1st and 99th
percentiles. A probability threshold of 0.5 was set for object detec-
tion. The analysis was conducted at a resolution of 0.5 pm per pixel.
Detected nuclei were expanded by 5 pm to approximate whole-cell
boundaries, with cell expansion constrained to 40% of the nuclear
size to avoid overestimation. Shape descriptors and intensity mea-
surements were calculated across all cellular compartments. Pre-
diction probabilities were included as an additional measurement
parameter. Segmented cell masks were subsequently used for manu-
al defining channel-wise training data for the QuPath inbuilt artifi-
cial neural network (ANN) classifier. Approximately 30 to 50 cells
per channel per slide were manually annotated as signal positive or
negative (e.g., SFRP2+ versus SFRP2—) and used as a training data-
set for the ANN classifier. Next, ANN was used for automated annota-
tion of segmented cells as being positive or negative. Channel-related
ANN-based classifications of cells were carefully reviewed. Following
application of the trained classifier to the corresponding whole-slide
scan, the assigned feature classes per cell per channel were exported as
CellxFeature class matrices to .txt files. Zones of interest (i.e., subpleu-
ral fibrosis zone, elastofibrosis zone, immunofibrotic zone, and usual
fibrotic niche) were manually segmented and annotated on the same
slide in agreement with two board-certified pathologists with exten-
sive experience in histopathological diagnostics of ILDs. Area size was
exported to R, and cell densities per surface unit (pmz) were calcu-
lated. For evaluation of the regional enrichment of CXCL12, 10 to
12 ROIs per slide (n = 5) adjacent to or not adjacent to TLSs were
subsampled. Median channel intensities per cell were normalized and
scaled to allow across slide comparison. For statistical enrichment
analysis, an upper quantile cutoff of 0.75 was defined, followed by
n =10,000 permutations. Remodeled and unremodeled parenchymal
surface fractions of PPFE samples were likewise manually annotated
on serially sectioned EvG or orcein-stained slides matched to the used
50-pm slides used for nuclei isolation.

Web tool
The interactive dataset explorer of the integrated PPFE atlas dataset
was assembled with the R package ShinyCell (59).

Statistical analysis

Statistical analyses of cell frequencies and spatial cell type densities
were performed with the Kruskal-Wallis test. Post hoc intergroup analy-
sis was conducted with the Wilcoxon rank sum test applying Bonferroni
correction for multiple testing on the cell type and cohort level. Pearson
correlation was used for assessing the relationship between the fraction
of cells per lineage and the fraction of remodeled parenchyma per sam-
ple. Pearson and Spearman metrics were used to assess correlations
between the TLS extent and the area of segmented remodeling
zones. Statistical methods used throughout the snRNA-seq analysis
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pipeline are specified in the respective section of the methods. P
values < 0.05 were considered statistically significant. Significance
levels are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001. All statistical analyses were computed in R (v.
4.2.1, The R Foundation).
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