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Fibroblasts are key potentiators of chronic disease pathophysiology. Despite their estab-
lished roles in promoting pathological inflammation and tissue remodeling, activated
myofibroblasts are generally characterized as a single, homogeneous cell population,
obscuring critical functional distinctions. Defining the cell states, their molecular reg-
ulators, and restricted markers is critical to developing effective therapies for the treat-
ment of fibrosis. Here, using a human lung stromal cell atlas of idiopathic pulmonary
fibrosis, we identify two myofibroblast transcriptional states associated with distinct
predicted biological function, regulation, and cell surface marker expression. We identify
fibroblast-specific TGFb signaling as the key regulator of the mechanistic switch from
a wound healing-associated and proliferative to a profibrotic myofibroblast. Further,
we elucidate conserved TGFb-dependent and suppressed gene expression programs
that define these states. Our findings reveal that LRRCI5 is highly restricted to myofi-
broblasts that primarily express an extracellular matrix-remodeling gene program and
illuminate that this key cell state can differentiate in the absence of an obligate inflamma-
tory precursor intermediate. Last, we apply machine learning using a human single-cell
foundation model to demonstrate broad applicability of the biology described herein
to human chronic disease.
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Fibrosis, a chronic pathological scarring process carried out by stromal and immune cells,
accounts for approximately 30% of natural deaths worldwide (1). Idiopathic pulmonary
fibrosis (IPF) is one of over 200 parenchymal pulmonary disorders, termed interstitial
lung diseases (ILDs), in which fibrosis is a frequent end stage condition. IPF is chronic,
progressive, and driven by the accumulation of pathologic extracellular matrix (ECM),
which leads to reduced lung compliance and gas exchange, and eventual loss of organ
function. The pathology of IPF is characterized by progressive replacement of the lung
parenchyma with patchy, sharply demarcated peripheral rings of mature fibrosis, which
are marginated by distinctive areas of active fibroplasia, forming the hallmark histologic
change, termed fibroblastic foci (2). IPF is an incurable disease despite three therapeutics
currently approved for treatment, Pirfenidone and Nintedanib, which have unclear mech-
anism(s) of action, and the recently FDA-approved PDE4B inhibitor, Nerandomilast.
Critically, these medications are not universally effective and there is a strong need for
novel therapies that slow the progression of disease and/or restore lung function for patients
with this debilitating disease (3, 4).

Fibrosis is orchestrated by activated fibroblasts, called myofibroblasts, that produce the
scar tissue responsible for organ dysfunction. Myofibroblasts contribute to disease-associated
tissue remodeling via production and modification of ECM and physical tissue contraction
(5). Although treatment options for patients with IPF are limited, approved and nascent
therapies largely target the activation and profibrotic activity of fibroblasts, demonstrating
the key role these cells play in lung fibrosis pathophysiology (3). A better understanding
of the transcriptional states, regulatory signaling pathways, and unique cellular markers
of myofibroblasts is key to developing improved therapies for IPF patients.

Recent efforts to characterize the fibroblast lineage using single-cell RNA sequencing
(scRNA-seq) and cell atlasing approaches across species, tissues and pathologies have vastly
improved our understanding of the broad organization of fibroblast transcriptional states
in health and disease. Several such studies have identified shared transcriptional states of
pathogenic fibroblasts present in a variety of diseases including ILDs, inflammatory bowel
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Significance

This study defines the
transcriptional heterogeneity of
lung myofibroblasts, revealing
two key cell states associated
with either inflammation or
extracellular matrix (ECM)
production. We identify LRRC15
as a restricted marker of the ECM
production phenotype and
mechanistically prove that
transforming growth factor-beta
(TGFb) signaling in Cdh11+
fibroblasts is required for its
differentiation.

Author contributions: J.AS., H.D.B., M.B.B., JAV.H,
and SJ.T. designed research; J.AS., C.D.D., M.T,, C.C,
A. Arlantico, B.H., D.K,, A. Altieri, S.H., RAR, G.T., MAA,
M.S.W., S.D., Z.M., and P.J.W. performed research; G.H.
and M.A. contributed new reagents/analytic tools; J.A.S.,
F.w. C.D.D., HS.B., M.T,, C.C, AM., B.H.,, RZ, DK, A.
Altieri, S.H., AN, T.C,, SW.H.,, CG, TK, G.H., HCB,,
S.U, 0.S,,).Z, AS,, and J.AV.H. analyzed data; and J.A.S.,
M.B.B., J.A.V.H., and S.).T. wrote the paper.

Reviewers: B.H., St. Michael's Hospital; and Z.Z., Peking
University.

Competing interest statement: J.A.S., FW., C.D.D., H.S.B.,
M.T., C.C., AM., A. Arlantico, B.H., R.Z., D.K,, H.D.B., TK,
G.H, H.CB., RAR, S.U, GT, 0S., MSWw, S.D, J.Z,
AS., ZM., JAV.H, and SJ.T. are/were employees of
Genentech, Inc. SJ.T. was an employee of Genentech
when the main work and revisions were carried out. S.J.T.
is currently an employee of Amgen. The other authors
declare no conflicts of interest.

Copyright © 2026 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons  Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

1JA.S,, F.W., and C.D.D. contributed equally to this work.

2To whom correspondence may be addressed. Email:
shyerj@gene.com, vandej27@gene.com, or shannon.
turley@gmail.com.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2536550123/-/DCSupplemental.

Published May 20, 2026.

https://doi.org/10.1073/pnas.2536550123 1 of 12


https://orcid.org/0000-0002-7674-2612
https://orcid.org/0000-0001-6130-3118
https://orcid.org/0000-0002-3108-6164
https://orcid.org/0000-0002-1474-310X
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:shyerj@gene.com
mailto:vandej27@gene.com
mailto:shannon.turley@gmail.com
mailto:shannon.turley@gmail.com
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2536550123/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2536550123/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2536550123&domain=pdf&date_stamp=2026-5-19

20f12

disease (IBD), arthritis, and cancer with varying degrees of heter-
ogeneity and expression of marker genes including CTHRC1,
COLI11A1, POSTN, ACTA2, and LRRCI15 (6-8). Although
these cell state markers associated with the myofibroblast pheno-
type have been validated across several studies, a characterization
of their expression in relation to granular and functionally relevant
myofibroblast activation states is lacking. Such an understanding
is critical to developing novel targeted therapeutics that will have
broad application in inflammatory disease.

The identification of cellular markers that faithfully associate
with biological phenotypes is critical for establishing a consensus
regarding activated fibroblast cell states. Indeed, a critical challenge
for the field of fibroblast research is a lack of a universal nomen-
clature and subcharacterization of cell states. Collagen triple helix
repeat containing 1 (CTHRCI) is a myofibroblast marker that
has been used to identify activated myofibroblasts in the lung
during fibrosis in mice and humans (9-11). On the other hand,
leucine-rich repeat containing 15 (LRRC15) has been used to
delineate myofibroblasts across tumor settings (8, 12, 13). Despite
possible shared myofibroblast transcriptional cell states, coexpres-
sion of CTHRC1 and LRRC15 in injury and fibrosis has not been
explored.

In this study, we sought to define the gene expression states,
molecular regulators and restricted markers of fibrosis- and
inflammation-associated fibroblasts. We find that myofibroblasts
in human IPF exhibit two primary gene expression programs asso-
ciated with wound healing and ECM remodeling. We define
LRRCI15 as a restricted marker of fibroplasia-associated gene
expression and fibroblastic foci in human IPE Using a mouse
model of fibrotic lung disease, we characterize the developmental
pathways and differentiation signals of these conserved gene
expression programs. In vitro and in vivo studies using genetic
mouse models define fibroblast TGFb signaling in Cdh11-expressing
fibroblasts as the key rheostat in regulating two transcriptional
states of myofibroblasts associated with inflammation and wound
healing or ECM modification. These findings have important
implications for therapies currently in clinical development for the
treatment of fibrotic lung disease. Last, we use a newly developed
single-cell foundation model assembled from 412 scRNA-seq stud-
ies, 23.4 M cells, and 30 human tissues to search for cells similar
to LRRC15+ myofibroblasts and found a transcriptionally similar
phenotype in a variety of inflammatory, fibrotic, and malignant
pathologies.

Results

Single-Cell Atlas of Human IPF Fibroblasts Identifies Two Disease-
Associated Myofibroblast Gene Expression Programs. To define
[PF-associated gene expression in fibroblasts, we assembled a
scRNA-seq fibroblast atlas from 76 IPF patients and 75 normal
donor lungs (Fig. 1A4) (10, 14-19). Graph-based clustering and
manual annotation revealed 11 subsets of fibroblasts in normal
donor and IPF lungs (Fig. 1 A and B and SI Appendix, Fig. S14).
These cell clusters are distributed across disease status, patients and
data sources, and generally align with those described in previous
studies that profiled human IPF fibroblasts using scRNA-seq,
including subsets of adventitial fibroblasts (P/16+, CD34+; C5
and C3), lipofibroblasts (PLIN1+, IL6+; C4), alveolar fibroblasts
(NPNT+, TCF21+; Cl and C2), and myofibroblasts (POSTN+,
CTHRC1+; C6 and C7) (8] Appendix, Fig. S1 B—H) (10, 14, 15).
Distinct from many previous studies, we annotated two clusters of
myofibroblasts, characterized based on their enriched expression
of genes associated with extracellular matrix production, cross-
linking, and contractility and lack of expression of SMC lineage
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defining genes: Myofib-1 (C7) and Myofib-2 (C6) (51 Appendix,
Fig. S11). These two myofibroblast populations are distinguished
by differential expression of key genes including ADAMI12 and
GJB2 (SI Appendix, Fig. S1)).

We performed neighborhood-based analysis using a suite of
Milo-methods and estimated both differential abundance (DA)
and differential expression (DE) on a fine-grained, neighborhood
level (20). Leveraging neighborhood assignment within fibroblast
lineages, we approximated individual normal donor- and IPF-cell
states and relied on the DA of those neighborhoods as a proxy
for disease progression. Through this lens, we find that myofi-
broblasts exhibit the greatest association with IPE, with Myofib-1
capturing the predicted most differentiated fibroblast state along
the DA axis (Fig. 1C). These results are suggestive of a differen-
tiation trajectory toward the Myofib-1 state during IPF progres-
sion. We further corroborated these findings using pseudotime
analyses, which reveal a predicted cell lineage ending at Myofib-1
that originates from alveolar fibroblasts and traverses through
activated alveolar fibroblasts and Myofib-2 (87 Appendix, Fig. S1
Kand ).

We next identified coregulated gene expression programs in the
normal and IPF lung through a cluster-agnostic topic modeling
approach using consensus non-negative matrix factorization
(cNME). This analysis identified 18 gene expression modules rep-
resenting fibroblast cell identity and cell activity programs
(SI Appendix, Fig. S2A4). The topics identified represent gene
expression programs associated with adventitial (H4, H5 and Ho),
alveolar (H1 and H12), and lipofibroblast (H11) cell identity as
well as IPF enriched activity programs associated with proliferative
(H17), activated alveolar fibroblast (H7) and myofibroblast (H2
and H15) cell activity (S Appendix, Fig. S2B). Myofibroblast cell
activity Topics H2 and H15 were selected for further analysis
based on their upregulation in disease and distinct patterns of
expression across the IPF fibroblast lineage (Fig. 1 D and E). Topic
H2- and H15-associated gene expression was reciprocally enriched
in Myofib-2 and Myofib-1, respectively (Fig. 1 D and E and
SI Appendix, Fig. S2B). These data suggested that Topics H2 and
H15 represent distinct, coregulated myofibroblast gene expression
activation states in IPF fibroblasts. Gene ontology analysis of the
top 25 genes, with genes ranked by cNMF spectra score, in Topic
H2 highlighted categories associated with wound healing (ANXA1,
ANXA2, TNFRSFI2A, TIMPI, CAVI, HIFIA, SERPINEI),
maintenance of location/trafficking (7HY1, TMSB4X, CAV1,
ANXAIL CALM?2, TMSB10), and regulation of apoptosis (LMNA,
TNFRSFI2A, CAVI, HIFIA, CTSC, SERPINEI) (Fig. 1F).
Distinctly, gene ontologies significantly enriched for the top 25
genes in Topic H15 were exclusively associated with extracellular
matrix organization (COLIAI, COLIA2, COL3A1, COL5AI,
COL5A2, POSTN, TGFBI, FAR MMPI14) (Fig. 1F). Pathway
analysis using the Pathway Responsive Genes for Activity Inference
(PROGENY) tool identified distinct potential upstream regulators
of myofibroblast associated Topics H2 and H15. Topic H2 was
enriched for growth factor signaling pathways, including EGFR
and VEGE as well as signaling through PI3K (Fig. 1G). In con-
trast, Topic H15 showed strong enrichment for TGFb and WNT
pathway activation (Fig. 1G). Additionally, we assessed the rela-
tionship between DA of cell states and median DE of the top 50
genes in topics H2 and H15. While we observe that overall pat-
terns for H2 and H15 are similar, and both topics contain genes
that are generally upregulated at later stages of disease (Fig. 1H),
we note that topic H15 is specifically restricted to the predicted
more differentiated disease cell states (defined as neighborhoods
with high positive DA log fold-change), while genes from topic
H2 appear to be more systematically upregulated across the
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Human Lung Fibroblast Atlas
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Fig. 1. Novel single-cell atlas of human IPF fibroblasts identifies disease-associated myofibroblast gene expression programs. (A) UMAP representation of
mesenchymal clusters (color and number) from combined normal and IPF lung tissue scRNA-seq. (B) Dotplot of selected marker genes defining mesenchymal
clusters (y-axis, dot color and number) in (A) showing the percent of cells within a cluster expressing each gene (dot size) and average normalized expression
(dot color scale). (C) Left, UMAP representation of Milo neighborhoods (points; size represents the number of cells in each neighborhood) and estimation of
neighborhood differential abundance (color scale, log, fold-change; white is nonsignificant). Right, Differential abundance of Milo neighborhoods (x-axis, log
scale; color scale) across cell types (y-axis) with neighborhood cell type determined by the most common cell type within a neighborhood. UMAP of mean gene
spectra score across all mesenchymal cells (color scale) with barcharts of individual spectra scores (x-axis) for the top 15 genes (y-axis) for (D) Topic H2 and (E)
Topic H15. (F) Top 3 Gene Ontology terms significantly enriched for the top 100 genes in Topic H2 (Top) and Topic H15 (Bottom). (G) Pathway enrichment scores
(color scale) for PROGENy pathways (y-axis) across selected topics (x-axis). (H) Median log, fold-change from differential expression testing (y-axis) for the top
50 genes in topics H15 (purple) and H2 (green) vs. median log, fold-change from differential abundance testing (x-axis) across Milo neighborhoods. (/) Left, cells
expressing any level of LRRC15 transcript (blue) across all cells (gray); Right, the percentage of cells expressing transcript within each mesenchymal cluster (y-
axis). (/) Representative immunohistochemistry staining for LRRC15 with /nset H&E in the (Left) FF, (Middle) mature scar tissue and (Right) a lymphoid aggregate

from human IPF lung tissue.

LRRC15 Marks Myofibroblasts in the IPF Fibroblastic Focus

manifold. These data suggest an IPF progression association with
both Topic H15-expressing myofibroblasts and TGFf-dependent
gene programs. Together, these data demonstrate that myofibro-
blasts exhibiting distinctly regulated gene programs are present in
the diseased IPF lung.

PNAS 2026 Vol.123 No.21 2536550123

(FF). Leucine-rich repeat containing protein 15 (LRRCI15),
a transmembrane protein with documented expression in
myofibroblastic ~ cancer-associated fibroblasts, was highly
enriched for expression in Myofib-1 cells and exhibited a high
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spectra score for Topic H15 (Fig. 1/ and SI Appendix, Fig. S2C).
Immunohistochemistry (IHC) analysis of LRRCI15 in the
human IPF and normal donor lung identified LRRC15 protein
expression as highly restricted to fibroblastic foci (FF), the
hallmark pathological lesion in IPF, as compared to inflamed
regions and fully formed scar tissue in IPF lungs, as well as
normal alveolar tissue from non-IPF donor lungs (Fig. 1/ and
SI Appendix, Fig. S2D). Strikingly, all annotated FF analyzed
exhibited LRRCI15 expression associated with spindle-shaped
cells and LRRC15 was not detected outside of the FE These
data indicate that LRRC15 marks a spatially restricted subset of
fibrosis-associated fibroblasts in IPF.

To determine the spatial regulation of LRRC15+ myofibroblast
gene expression, we relied on data published by Eyres etal.,
wherein the authors isolated regions of interest in normal and IPF
lung tissue for spatial transcriptomic sequencing (20). A 96 gene
signature derived to be specific to LRRCI5+ Myofib-1 was
enriched in IPF FF compared to diseased or healthy blood vessels,
alveolar septae, or immune infiltrate regions (AS, BV, DAS, 1I)
(SI Appendix, Fig. S2E), consistent with the localization of
LRRC15 protein and further evidencing a clear histopathological
niche for LRRC15+ myofibroblasts.

LRRC15+ Myofibroblasts Emerge in Response to Bleomycin-
Induced Mouse Lung Injury. Elucidating the dynamics of LRRC15
expression in human patients presents a significant challenge,
primarily due to poor access to early disease tissue sampling.
Therefore, we examined LRRCI15 expression in an established
preclinical mouse model of lung fibrosis. Intratracheal delivery of
bleomycin through passive inhalation leads to interstitial fibrosis
preceded by a transient inflammatory response (21). This model
elicited fibrosis that peaked by day 24 and was accompanied
by an increase in fibrotic gene expression in whole lung lysates
from bleomycin-treated animals compared to those that received
saline (S/ Appendix, Fig. S3 A-C). To enrich for live fibroblasts
in flow cytometry and fluorescence activated cell sorting (FACS)
following bleomycin administration, we use surface expression of
the transmembrane glycoprotein podoplanin (PDPN), a marker
of activated fibroblasts in tumors and other inflammatory and
fibrotic settings, in epithelial and immune lineage negative cells
(11, 21, 22). To characterize LRRC15 protein expression dynamics,
we profiled digested single-cells from the lungs of mice at days 7,
14, and 24 following bleomycin delivery. Cell surface LRRC15
expression was detected by flow cytometry exclusively on PDPN
expressing stromal cells at the fibrosis-associated timepoints day
14 and 24 and was absent in saline treated control lungs (Fig. 2
A and B and SI Appendix, Fig. S3 D and E). High dimension
cytometry by time of flight (CyTOF) analysis confirmed the
restricted expression of LRRCI15 to fibrotic-timepoint associated
PDPN-expressing cells (S Appendix, Fig. S3 F and G). In situ
analysis by immunofluorescence microscopy of lung tissue at
day 24 post-bleomycin delivery confirmed the expression of
LRRC15 on spindle shaped cells in regions of fibrotic remodeling
as determined by positive trichrome staining in serial sections
(SI Appendix, Fig. S3H). Suggestive of profibrotic function, the
number of LRRC15-expressing cells per milligram of tissue in
the lung 24 d following bleomycin injury correlated with total
hydroxyproline (OHP), a measurement of collagen fiber deposition,
and the histological fibrosis severity score (SI Appendix, Fig. S31
and Fig. 2C). Together, these data demonstrate that LRRC15-
expressing fibroblasts emerge in mice in response to profibrotic
injury in nonmalignant settings and correlate with tissue fibrosis,
mirroring findings presented here from human IPE

https://doi.org/10.1073/pnas.2536550123

scRNA-seq Identifies Conserved Transcriptional States of
LRRC15+ Myofibroblasts. To define the transcriptional state of
LRRC15-expressing stromal cells and their precursors following
alveolar injury in mice, we performed scRNA-seq of viable
PDPN+ cells from steady-state lungs and lungs at days 7, 14,
and 24 following intratracheal delivery of bleomycin. To ensure
adequate representation of LRRC15-expressing cells, we included
a separate condition of FACS sorted LRRC15-expressing cells
at day 24 postinjury (SI Appendix, Fig. S44). We identified 16
clusters of stromal cells in the steady-state and injured mouse lung
(Fig. 2 D and E). The cell clusters we identified generally align
with those described in previous studies that profiled mouse lung
stroma using scRNA-seq (9, 10, 21, 22) (Fig. 2E and SI Appendix,
Fig. S4B). As in the human analysis, myofibroblasts are defined
based on their enriched expression of ECM, contractility, and
cross-linking genes and lack of SMC lineage defining genes
(SI Appendix, Fig. S4C).

Injury-associated cell subsets segregated based on the timepoint
analyzed (Fig. 2 Fand G). At day 7, the early inflammatory time-
point, emergent cell states derived from alveolar (C13, C16) and
adventitial (C06) cells expressed previously described genes associ-
ated with tissue damage and inflammation, including serum amy-
loid A3 (Saa3) and lipocalin 2 (Lcn2), and interferon related genes
suchasinterferon regulatory factor 7 (/rf7) and interferon-stimulated
gene 15 (Isgl5) (S Appendix, Fig. S4 D and E) (9). Although
inflammatory gene induction was largely conserved between the
alveolar and adventitial derived subsets, some genes, including
CXC motif chemokine ligand 13 (Cxc/13), showed lineage specific
expression in adventitial derived cells (S7 Appendix, Fig. S4F).
Therefore, transcriptionally distinct subsets of lung fibroblasts
induce shared and lineage-specific inflammatory gene programs
early following alveolar injury.

At fibrosis-associated timepoints day 14 and 24, distinct cell
states emerge with retained adventitial (C6), smooth-muscle like
(C7), and alveolar (C5, C9, C10, and C3) phenotypes (Fig. 2 F
and G). Collagen triple helix repeat containing 1 (Cthrcl), a broad
marker of profibrotic fibroblasts in this model, was expressed by
cells descendant of all three lineages, with the greatest proportion
of the cells derived from alveolar fibroblasts (SIAppendix,
Fig. S4G). These data are in agreement with previous reports pre-
dicting a multilineage fibroblast response to induced alveolar
injury, with the majority of myofibroblasts derived from alveolar
fibroblasts (9, 22).

Consistent with surface protein detection by flow cytometry
and human data from IPF patients, Lrrc15 mRNA was measured
only in injured conditions and was enriched at fibrosis-associated
timepoints day 14 and day 24 (SI Appendix, Fig. S4 H and I).
Lrrcl5 expression was enriched in the Myofib-2 cluster (C3)
with expression also detected in Myofib-1 (C10) as well as
injury-associated peribronchiolar (C4), SMC-like (C7 and
C12), and proliferative (C11) cells (S Appendix, Fig. S4)).
Notably, Lrrc15 expression was not detected in emergent cells
descendant of adventitial cells (C6) or in nonmyofibroblast
populations of activated alveolar fibroblasts (C5, C9). These
data support a model wherein LRRC15 expression in the bleo-
mycin lung fibrosis model is restricted to alveolar fibroblast- and
SMC- derived myofibroblasts.

To determine if the gene expression programs we identified in
human IPF were conserved and could be mechanistically investi-
gated using this model, we again performed cNME This analysis
identified 17 gene expression modules representing cell identity
and cell activity programs (S Appendix, Fig. S5A). The top repre-
sented 13 topics described the relevant biological phenotypes
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Fig. 2. Single-cell RNAseq identifies transcriptional states of LRRC15+ myofibroblasts and gene expression programs induced in injury-associated stromal
cell populations in mice. (A) Representative flow cytometry plots and (B) quantification of the number of LRRC15+ cells per mg of tissue (n = 2-8 per group).
(C) Correlation of the number of LRRC15+ cells per mg of tissue with histological fibrosis severity score (data from two experiments combined; n = 24). (D)
UMAP representation of mesenchymal clusters (color and number) from control and bleomycin treated mouse lung scRNA-seq, composed of isolated PDPN+
cells from days 0 (control), 7, 14, and 24 and isolated LRRC15+ cells from day 24 following bleomycin treatment. (E) Dotplot of selected marker genes defining
mesenchymal clusters (y-axis, dot color and number) in (D) showing the percent of cells within a cluster expressing each gene (dot size) and average normalized
expression (dot color scale). (F) UMAP representation of cells and clusters in (C) separated by time point and isolation marker. (G) Row scaled heatmap showing
the percentage of cells (color scale) within each cluster (x-axis) across time points (y-axis). (H) Heatmap of gene signature score for the top 50 genes of each
transcriptional topic by time point. (/) (Top) UMAP of gene signature score across all mesenchymal cells (points, color scale) overlaid with density contours
(lines) for Topic M8 (Left) and Topic M3 (Right). (Bottom) Gene spectra scores (color scale) for the top 25 genes in Topic M8 (Top), Topic M3 (Bottom). (/) Pathway
enrichment scores (color scale) for PROGENy pathways (x-axis) across selected topics (y-axis). (K) Transcription factor (x-axis) target gene set enrichment scores
(color scale) for selected topics (y-axis). Data in (B) and (C) are representative of two independent experiments and are mean + SD. Statistics were calculated
using two-tailed, unpaired Student’s t test. The solid line in (C) represents simple linear regression of all data points.

present in the dataset (Fig. 2H and SI Appendix, Fig. S5 Band C).

To assess conservation, we constructed a mappmg between human

and mouse topics by calcul

ating the Jaccard index, a measure of

set overlap, across the top 100 gene orthologs for all topic pairs.
These analyses determined that the LRRC15-associated Topic H15
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was most similar to mouse Topic M3, while Topic H2 was most
closely related to Topic M8 (S Appendix, Fig. S5D). Collectively,
our analysis reveals shared myofibroblast cell states in mouse and
human where M3/H15 (dominant LRRC15-expressing cells) and
MB8/H2 share high transcriptional similarity.
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Additionally, gene ontology, upstream regulator and transcrip-
tion factor prediction analyses revealed conserved biologies asso-
ciated with Topics M8 and M3. Topic M8- and M3-associated
gene expression was enriched in myofibroblasts at early day 14
and late day 24 fibrotic timepoints, respectively (Fig. 2 A and
D). Gene ontology analysis of the top genes in topic M8 high-
lighted categories associated with wound healing (Anxal, Anxa2,
Actgl, Hbegf, Timp1), cell growth (Inhba, Hbegf, Tnc, Sfn, Enol),
and leukocyte cell adhesion (lrga5, Msn, Lgalsl, Anxal, Actb)
(SI Appendix, Fig. S5E). Gene ontology analysis of the top genes
in topic M3 highlighted categories associated with extracellular
matrix modification (Coll, Col5, Col8, Coll1, Coll2) and canon-
ical Wnt signaling (Cthrcl, Dkk2, Fzdl, Nkd2, Greml)
(ST Appendix, Fig. S5F). Collectively, these data highlight the
temporally regulated functions of myofibroblasts in response to
injury, coordinating immune system activation and wound clo-
sure early in response to damage before switching to tissue repair
and resolution programs.

Reciprocal enrichment of topics M3 and M8 was suggestive of
distinct signaling pathways regulating and potentially cross-repressing
these two gene programs. The PROGENYy pathway activity infer-
ence tool identified potential upstream regulators of injury-induced
topics (Fig. 2/). Topic M8 enriched for signaling networks associated
with inflammation, including TNFa and MAPK signaling, hypoxia,
and proliferation-associated category p53, consistent with a role for
this gene program in inflammation and wound healing. Consistent
with our human analyses, the top predicted regulators of topic
M3-associated genes were TGFb and Wnt (Fig. 2/). Transcription
factor activity inference analysis provided consistent results. Topic
MS8 enriched for transcription factors associated with inflammatory
signaling, including AP-1 family member Fosb and TNFa signaling
regulator Prrx1, and proliferation, including master regulators of
proliferation Myc and Pura (Fig. 2K). Top genes in topic M3 were
predicted to be regulated by TGFb-associated transcription factors
Smad3 and Smad4 as well as the Wnt-inducible transcription factors
Twistl and Twist2 (Fig. 2K). Twistl, though not Twist2, mRNA
was specifically enriched in the topic M3-expressing Myofib-2 clus-
ter, further implicating its potential role in regulating gene expres-
sion in fibrosis-associated myofibroblasts (S/ Appendix, Fig. S6 A
and B).

To further characterize the differentiation of LRRC15+ myofi-
broblasts following lung injury, we performed trajectory inference
analysis. As the alveolar fibroblast lineage is the primary source of
injury-derived inflammatory and fibrogenic cells in the bleomycin
lung injury model (9), we focused our analysis on only this subset
of our data. Graph-based clustering of alveolar lineage cells pro-
duced 6 clusters consistent with our previous analyses (S/ Appendix,
Fig. S7 A and B). Slingshot cell lineage and pseudotime inference
analyses identified three lineage trajectories all descendant from
alveolar fibroblasts, two of which corresponded to myofibroblast
differentiation trajectories (lineages 2 and 3; SI Appendix, Fig. S7
C-F) (23). Lineage 2, which more highly corresponded to cell
states present at day 14, indicated a differendiation trajectory
through the Spp 7+ inflammatory and Myofib-2 states. Analysis of
significantly differentially expressed genes across lineage 2 that
overlap with the previously described gene expression programs
indicated a cell state transition from Topic M2- to M8- to
M3-associated gene expression (SI Appendix, Fig. S7G). This lin-
eage favored a model wherein at early fibrotic timepoints myofi-
broblast differentiation progresses through an inflammatory
intermediate state, in line with those described in several recently
published reports in different contexts (9, 23, 24). In contrast,
lineage 3, which corresponded to cell states enriched at day 24
post—bleomycin injury, was defined by variable genes overlapping

https://doi.org/10.1073/pnas.2536550123

with Topic M3 gene expression, suggesting that differentiation of
LRRC15-expressing myofibroblasts may occur at late fibrotic time-
points without an obligate inflammatory precursor (S Appendix,

Fig. S7 Fand G).

TGFbR2 Signaling in Cdh11-Expressing Fibroblasts Is Required
for Lung Fibrosis Following Injury. To demonstrate a functional
role of TGFbR2 signaling in regulating the myofibroblast gene
expression programs we identified, we generated a novel genetically
modified mouse model to delete the receptor in a relevant
responsive fibroblast lineage. Cadherin-11 (CDH11), a critical
cell-adhesion protein, is highly expressed in normal alveolar and
fibrosis-associated activated fibroblasts in both humans and mice
(81 Appendix, Fig. S8 A and B). Protein staining confirms broad
expression in human IPF across histopathological niches including
fibroblastic foci, tissue containing lymphoid aggregates and fully
formed scar tissue (S Appendix, Fig. S8C). Previous studies have
documented a role for CDHI11 protein in regulating fibrosis
and inflammation in various contexts, including malignancy,
rheumartoid arthritis, and fibrosis of the heart, liver, and lung
(25-30). In lung fibrosis, CDH11 expressed on fibroblasts and
macrophages promotes attachment of these cells and sustains
TGFb-mediated profibrotic niches (31).

We hypothesized that CDH11-expressing alveolar and early
activated fibroblasts are the precursors to profibrogenic myofibro-
blasts and require TGFbR2 signaling to upregulate the ECM gene
program we identified and drive fibrosis. To test this hypothesis,
we generated a Cdh11"““*72 mouse by inserting a tamoxifen-
dependent IresCreERT2 cassette at the 3’ end of the stop codon
of Cdh11. We crossed this strain to the Rosa26™""" to irreversibly
mark Cdhl11-expressing cells and their progeny with yellow fluo-
rescent protein (YFP) following tamoxifen administration. Daily
intraperitoneal injection of tamoxifen for 5 d in steady-state mice
resulted in active cre recombinase activity in stromal cells in var-
ious tissues, including the lung, pancreas, bone, skin, liver, and
heart; the highest proportion of YFP-expressing stroma was
detected in the lung (S Appendix, Fig. S8D). YFP was detected
in approximately 60% of steady-state lung fibroblasts (ST Appendix,
Fig. S8E). Specifically, YFP expression was highest in PDPN+
fibroblasts that are negative for both Ly6C and SCA-1, a popula-
tion that is largely composed of alveolar and other lung-specialized
fibroblasts (SI Appendix, Fig. S8F) (6). scRNA-seq of YEP-positive
and -negative lung stromal cells revealed that this mouse model
exhibits cre activity in alveolar fibroblasts and lung-specialized
adventitial fibroblasts, with minimal activity in less specialized
fibroblasts (Adventitial-1), peribronchial cells, SMCs, or pericytes
(SI Appendix, Fig. S8 G and H).

To first confirm that Cdh11-expressing lung fibroblasts are a
major precursor to profibrogenic myofibroblasts in the bleomycin
model, we performed a lineage tracing study to track prelabeled
YEP fibroblasts in the lung after injury. At day 24 post—bleomycin
injury, approximately 60% of LRRC15-expressing myofibroblasts
in the fibrotic lung were YFP+ and thus descendent from Cdh11-
expressing steady state cells (SI Appendix, Fig. S81). As Cdh11 is
expressed in alveolar fibroblasts, this result is in agreement with
previous reports in the bleomycin model (9). Notably, in this
mouse model, no endothelial, immune, or epithelial lineage cells
become labeled as YFP+ following bleomycin injury (ST Appendix,
Fig. S8/). As previous studies have identified CDHI11-positive
immune and epithelial cells in mouse lungs, it is important to note
that this may be a feature of the genetic mouse model and tamox-
ifen regimen used (26, 31).

We next examined whether sustained signaling through TGFbR2
in Cdh1 I-expressing alveolar fibroblasts and activated fibroblasts was
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required for myofibroblast activation and subsequent fibrosis after
bleomycin lung injury usinga Cah1 1™ Ty 2™ Rosa26-""
mouse model. To assay the activation of LRRC15-expressing myofi-
broblasts, we performed flow cytometry analysis on cells isolated
from the lungs of these mice on day 24 post—bleomycin dosing.
Strikingly, there was an almost complete loss of LRRC15-expressing
cells across the whole lung (Fig. 34). Concurrent with this global
loss of LRRC15+ myofibroblasts, overall tissue fibrosis was com-
pletely abolished in” CAh11"™ 2 gy mice compared to
Cdh11"™FR 2 T2 control mice, with no observed accumu-
lation of collagen by trichrome staining (Fig. 3B). Blinded pathologic
scoring of fibrosis confirmed this significant reduction in fibrosis,
with lungs from Cdh1 1™ Taflhr2™ mice scoring similar to
healthy Jung and significantly lower than lungs from
Cdp117CER 2Tgfbr2w " ice (Fig. 3C). Furthermore, qPCR of
whole lung lysate showed a significant reduction in expression of the
fibrosis-associated ECM gene Co/3a1 (Fig. 3D). Given the role of
the immune system in driving inflammation and fibrosis after injury,
we assayed the immune cell composition by flow cytometry.

Alongside the reduction in myofibroblast numbers and deposition
of fibrotic ECM, macrophages and CD4+ T cells were also signifi-
cantly reduced in the lungs of Cdh11 ['“C”ERTZTgferq/ " mice (Fig. 3
Eand F). Reciprocally, neutrophils and monocytes were significantly
increased in the lung parenchyma of Cdh11"*““ 2 g2 mice
(Fig.3 G and H). Suikingly, sorted fibroblasts from
Cdp 11" T mice exhibited a marked reduction in
chemokine signaling, suggesting that TGFb signaling in fibroblasts
may directly regulate immune cell recruitment into the fibrotic lung
(Fig. 31). These data demonstrate that TGFb signaling in alveolar
fibroblasts and activated fibroblasts plays an essential role in regu-
lating both inflammation and fibrosis after injury.

TGFb Signaling Is Required for LRRC15-Associated ECM Gene
Expression. Our in silico analyses implicate TGFb signaling and
synergy with other master regulators of inflammation, wound
healing, and development as dominant regulators of injury
responsive fibroblast gene expression and LRRC15+ myofibroblast
development. Our experiments in Cdh1 1" T2 mice,
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Fig. 3. TGFbR2 signaling in Cdh17-expressing fibroblasts is required for LRRC15+ myofibroblast differentiation and lung fibrosis and following injury. (A) Left,
representative flow cytometry plots and Right, quantification of the number of LRRC15+ cells per mg of tissue (n = 14 per group). (B) Representative Mason’s
Trichrome staining of lung sections and (C) quantification of histological fibrosis severity score. (D) qPCR quantification of Co/3a7 in whole lung tissue lysate.
Flow cytometry quantification of the proportion of (£) F4/80+ macrophages, (F) CD4+ T cells, (G) Neutrophils and (H) Monocytes of live CD45+ cells in digested
lung tissue. (/) Heatmap of expression of mouse chemokine genes from bulk-RNA sequencing of whole lung tissue lysate. (J) Left, UMAP representation of 12,244
single PDPN+YFP+ stromal cells and right, relative average expression of indicated marker genes across clusters. (K) UMAP as in (J) split by genotype for the flox
allele at the Tgfbr2 locus. (L) UMAP as in (J) colored by topic expression and (M) violin plot of topic expression split by genotype for the flox allele at the Tgfbr2
locus for (Top) Topic M3 and (Bottom) Topic M8. Data in (A) and (C-H) are representative of two independent experiments and are mean + SD. Statistics in (4) and

(C-H) were calculated using two-tailed, unpaired Student'’s ¢ test.
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combined with previous reports using alternative mouse models,
have demonstrated a role for TGFb signaling in myofibroblast
differentiation and tissue fibrosis following lung injury (9, 32-34).
However, these studies and experiments were unable to distinguish
TGFb receptor mediated effects from those due to cell-extrinsic
tissue damage that persists and alterations to tissue level mechanics
due to the absence of myofibroblast-mediated repair in conditional
knockout mice. For example, a recently published report found
that conditionally deleting 7gf672 in alveolar fibroblasts prior
to bleomycin injury led to decreased fibrosis but concurrent
increases in tissue inflammation and animal mortality (9). To
isolate the fibroblast-specific transcriptomic effects of TGFb
rece tor signaling in fibroblasts following injury, we used a

R T 2 Rosa 26" mouse model to conditionally
delete the receptor and lineage trace cre activity in only a small
fraction of injury responsive lung fibroblasts. This strategy allowed
us to define the specific gene expression programs dependent
on and repressed by TGFb receptor mediated signaling in the
context of a progressing fibrotic response. Notably in these
experiments, we utilize this mouse model as a tool to manipulate
and capture a small proportion of responsive fibroblasts to analyze
transcriptomic effects of Tgfbr2 signaling in fibroblasts, not to
examine the lineage relationship underpinning myofibroblast
development, and do not make any conclusions regarding the
lineage relationship of the cells.

Daily intraperitoneal injection of tamoxifen for 5 d resulted in
active cre recombinase activity in, on average, only 25% of lung
fibroblasts (ST Appendix, Fig. S9A). A proportion of all subsets of
lung fibroblasts (from 20 to 40%), delineated based on expression
of previously defined markers Ly6C and SCA-1, were marked by
YFP expression (SI Appendix, Fig. S9B) (6). TGFbR2 depletion
using this strategy does not alter overall tissue fibrosis at day 24
following bleomycin-induced injury, due to the small percentage
of alveolar fibroblasts that express the cre-driving gene Dpr.

To assay the requirement for TGFbR2 signaling for
LRRC15-expressing fibroblasts, we performed flow cytometry anal-
ysison cellsisolated from thelungs of Dpr™* "> TgferﬁZ *Rosa26 1"
mice 24 d after intratracheal delivery of bleomycin. LRRC15
expression and the number of LRRC15-expressi ng cells was com-
pletely dlmlmshed in YFP+ cells from Dpi~ % Tgferﬂ " mice
compared to Dpt CreERT2 Tgfbr. 2" controls (S7 Appendix, Fig. S90).
These data warranted a more comprehensive analysis of the tran-
scriptional phenotype of these cells.

To address this, we performed scRNA-seq on FACS sorted
YFP- exgressmg cells at day 24 Ig{ost—bleomycm injury from
Dpt R Tg]‘br and  Dpt 2 Tgflr2"™  mice.  After
graph -based clustering, 10 groups of cells were identified, each
representative of cells from multiple animals (Fig. 3/ and
SI Appendix, Fig. SID). Cell clusters were grouped based on
marker gene expression as alveolar fibroblast, adventitial fibroblast,
or SMC derived (SI Appendix, Fig. S9E). The presence of multiple
lineages in the dataset is consistent with our previous characteri-
zation of the Dpt AER2 1 ouse model (ST Appendlx, Flg S9B).
Strlkmgly, the transcrlptlonalstates of cells from Dp# CreERT2 Tefb 2
and Dpt "™ Tgfbr2"™ mice were completely distinct in the
UMAP space, identifying TGFbR2 signaling as a key master reg-
ulator of stromal cell identity in the injured and fibrotic lung
(Fig. 3K). In line with flow cytometry studies, Lrrc/5 mRNA
expression is completely diminished in the YEP+ cells from the
Dp fOreERT2 Tefb ZHI? condition (87 Appendix, Fig. SOF). Other
estabhshed markers of myofibroblast identity, including Crhrel,
Acta2, Collal, and Postn were also significantly decreased in this
condition (SI Appendix, Fig. S9G).

https://doi.org/10.1073/pnas.2536550123

These results led us to investigate the role of TGFbR2 signaling
in regulating the injury and fibrosis gene expression programs we
identified (Fig. 2). Topic M3 gene e Cpressmn was completely dimin-
ished in YFP+ fibroblasts from Dp# 1eERT2 Tgﬂzr f mice compared
to controls, demonstrating that fibroblast-specific TGFbR2 signa-
ling is required for expression of Topic M3 genes in vivo (Fig. 3 L
and M). In contrast, Topic M8 gene expression was more highly
expressed, and a greater pr oportlon of the cells were annotated as
proliferating in Dpz CreE zTgfbr mice compared to controls,
indicating that TGFbR2 signaling is required to diminish inflam-
matory and proliferative gene programs at late fibrotic timepoints

(Fig. 3 L and M and SI Appendix, Fig. S9 H and 1).

TGFb Signaling Is Sufficient for LRRC15 and Topic H15 Gene
Expression in Human Lung Fibroblasts. To determine if TGFb
signaling is sufficient to induce LRRC15 and the associated
myofibroblast H15 gene expression program in human cells, we
employed human in vitro culture systems. TGFb1 stimulation of
normal human lung fibroblasts (NHLFs) resulted in a marked
increase in LRRCI5 mRNA and LRRCI5 surface protein
expression (Fig. 4 A and B). In human precision cut lung slices
(huPCLS), which better approximate the lung microenvironment
in which fibroblasts reside, TGFb1 stimulation alone was sufficient
to induce LRRC15 and all but one of the top 15 genes in human
myofibroblast topic H15 (Fig. 4C). These data collectively
demonstrate the translatability of our findings in mouse models
and the critical function of TGFb to promote disease associated
gene expression in the absence of other signals.

LRRC15+ Myofibroblasts Feature in Multiple Fibrotic and
Malignant Diseases. Given the association of LRRCI5+
myofibroblasts with IPE, shown here, and previous work showing
an association with pancreatic ductal adenocarcinoma (PDAC)
and other malignancies (12, 13, 35), we sought to determine
the extent to which this cellular program can be observed across
different human tissue and disease contexts. To perform this
investigation, we used the SCimilarity package and accompanying
vl.l human model, which provided algorithms to retrieve
similar cells to a query cell profile across a corpus of 23.4 M cells
spanning 412 public sc/snRNA-seq studies (36). We constructed
a consensus cellular profile from the centroid of all LRRCI5+ cells
(=1 UMI) in cluster Myofib-1 from our human fibroblast atlas
and searched across all cells within a maximum distance of 0.5
that were classified as either fibroblasts or myofibroblasts in the
SCimilarity corpus, selecting the top approximately 1% of cells
(SCimilarity score 215) as similar to our LRRCI5+ myofibroblasts
query from a total of ~2.1 M cells across 2,429 samples and 280
studies (S Appendix, Fig. S10A). We then classified the abundance
of similar cells as a percentage of the total number of fibroblast
lineage cells in a study or sample, restricted to studies with 250 or
samples with =50 total fibroblast lineage cells, respectively.

Cells similar to LRRCI5+ myofibroblasts were enriched in
fibrotic diseases and malignancies across multiple tissues, includ-
ing lung, skin, pancreas, intestine, adipose tissue, and female
reproductive organs (Fig. 4D and S/ Appendix, Fig. S10B). In
particular, we saw a high mean percentage of cells similar to
LRRCI5+ myofibroblasts compared to healthy samples (0.5%) in
i) the fibrotic diseases of IPF and other ILDs (16.1%), scleroderma
(systemic sclerosis, SSc) (22.6%), hidradenitis suppurativa
(10.2%), nonalcoholic fatty liver disease (NAFLD) (8.0%), lym-
phangioleiomyomatosis (LAM) (0.9%), and eczema (atopic der-
matitis) (0.6%), and ii) cancer (8.1%) including PDAC, ovarian
serous carcinoma, hepatocellular carcinoma, and intestinal
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Fig. 4. TGFb promotes LRRC15+ myofibroblast gene expression found in fibrotic diseases and malignancies across tissues. (A) Relative expression of LRRC15
in DMSO and TGFb1 stimulated NHLFs. (B) Representative flow cytometry (Left) and quantified cell surface protein expression (Right) for DMSO and TGFb1
stimulated NHLF. (C) Expression of LRRC75 and top 15 genes of H15 in DMSO and TGFb1 stimulated human precision cut lung slices (huPCLS). (D) Percentage of
cells within each sample (x-axis) similar to LRRC75+ myofibroblasts across diseases (y-axis, Left) and tissues (point color) sorted by mean percentage of similar
cells across samples (color scale, Right). Restricted to samples with =50 fibroblast lineage cells and diseases with >0 similar cells. (E and F) Immunohistochemistry
staining for LRRC15 with /nset H&E in (E) scleroderma skin and (F) Crohn’s Disease intestine.

adenocarcinoma (Fig. 4D). These results suggest that convergent
transcriptional programs associated with LRRC15+ myofibro-
blasts are activated in malignant and nonmalignant disease settings
and that the findings herein may be applicable beyond IPE

Last, to determine if the SCimilarity results are indicative of
LRRCI15 protein expression in nonmalignant disease tissue niches
outside of the lung, we evaluated LRRC15 expression by IHC in
samples derived from patients with Crohn’s Disease (CD) and
Scleroderma (SSc), two indications predicted to harbor cells sim-
ilar to LRRC15-expressing myofibroblasts in IPE In SSc, a chronic
autoimmune disorder characterized by progressive fibrosis of the
skin and internal organs, LRRC15 protein expression was detected
in spindle shaped cells embedded within thickened bundles of
dermal collagen (Fig. 4E). In donor-derived samples of Crohn’s
ileitis, a form of inflammatory bowel disease in which fibrostenosis
presents a severe complication, LRRC15 protein localized to areas
of active fibrosis adjacent to mucosal ulceration and mural fistulae
(Fig. 4F). Notably, LRRC15 protein is not detected in areas of
mature fibrosis, suggesting that its expression is restricted to foci
of active fibroplasia, similar to the restricted spatial distribution
in human IPF lung tissue.

Discussion

Here, we identify LRRC15 as a cellular marker of FF-associated
myofibroblasts in IPF. To elucidate the heterogeneity, gene expres-
sion networks, and regulatory determinants of profibrotic lung
myofibroblasts, we extensively profiled fibroblasts, including
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LRRC15-expressing myofibroblasts, in a human IPF fibroblast
scRNA-seq atlas and a mouse model of injury-induced lung fibro-
sis. We identified two novel conserved myofibroblast expression
programs that are enriched for genes associated with either wound
healing and inflammation or extracellular matrix production and
modification. We predict that inflammatory IL-1b and TNFa,
growth factor signaling, and profibrotic TGFb and Wnt signaling
pathways are upstream regulators of these two phenotypes using
in silico, in vitro, and in vivo approaches. We mechanistically
demonstrate that fibroblast TGFb signaling is a required regulator
of the cell-state transition from a proliferative and inflammation
associated to an ECM producing myofibroblast. Last, using a
recently developed single-cell foundation model, we queried a
pan-tissue and -disease cellular space using IPF LRRC15+ myofi-
broblasts and found similar cell states across human fibrotic and
malignant conditions, suggesting the potential for broad applica-
bility of the findings herein.

Previous studies have demonstrated the central role TGFb
plays in wound healing, fibrosis, and the differentiation of myofi-
broblasts in a variety of contexts including lung fibrosis (37, 38).
Using a lineage-tracing conditional knockout model of 7gfbr2,
we demonstrated here the requirement for fibroblast-specific
TGFb signaling for LRRCI15-myofibroblast differentiation.
Novel lineage-specific genetic mouse model tools based on
Cdh11 validated our hypothesis, revealing the absolute mecha-
nistic requirement for TGFbR2 signaling in alveolar and acti-
vated fibroblasts following fibrosis-inducing injury. Critically,
these studies also identified a role for TGFb signaling in directly
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suppressing wound-healing and immune-interacting gene pro-
grams, and conditional knockout of the 7gbfr2 in CDHI11-
expressing fibroblasts resulted in alterations in the immune com-
position of injured lung tissue. These results raise critical ques-
tions regarding the therapeutic effects of inhibiting profibrotic
signaling pathways in human disease, where the relative contri-
bution of inflammation and ECM remodeling to pathophysiol-
ogy is incompletely understood. A marker such as LRRC15,
which is tightly associated with a functional gene program, may
provide a framework to study this question using genetic models
in future preclinical studies.

TGFb signaling is a critical pleiotropic regulator of inflamma-
tion (39). In immune cells, TGFb signaling promotes regulatory
and tissue-regenerative phenotypes often desirable to reduce
pathological inflammation in chronic disease. In stromal cells,
TGFb signaling promotes wound-healing gene programs that,
when chronically activated, lead to pathological fibrosis and loss
of organ function (40). This trade-off between pathological
inflammation and fibrosis is a subject that warrants further inves-
tigation and may be a primary barrier to the success of TGFb
targeted therapeutics, which have had little success despite prom-
ising preclinical data.

The identification of unified cellular markers that associate
with pathogenic cellular programs is highly desired. Such iden-
tifiers enable research through the application of genetically
engineered mouse models and have potential therapeutic utility.
Several markers have been identified for emergent myofibroblasts
in perturbed tissue conditions, including LRRC15, CTHRCI,
aSMA, POSTN, and FAP and several recent reports have iden-
tified two or more myofibroblast subtypes across perturbed tissue
contexts in the lung, skin, liver, kidney, and heart (6, 8, 41-43).
Although these markers overlap in some contexts, considerable
differences in expression patterns exist that warrant granular
characterization. Myofibroblast subsets may derive from separate
precursors, occupy different tissue niches or represent distinct
phenotypes and biological functions along a differentiation tra-
jectory. For example, in our mouse studies we note a previously
undescribed SMC-derived population of LRRC15-positive cells,
a finding that warrants further investigation in mouse models
and human data. Our findings highlight that LRRC15 is a highly
restricted marker of fibrosis-associated myofibroblasts found in
pathological niches across human diseases. Importantly, we find
that the core transcriptional program of LRRC15+ myofibro-
blasts can be activated in human tissue organoids in the absence
of an intermediate cell state. This is in contrast to other markers,
including CTHRC, that we find upregulated either earlier in
the differentiation trajectory or in emergent wound responsive
fibroblasts that differentiate through an inflammatory interme-
diate (9). This observation may inform strategies that aim to cure
fibrosis by focusing on limiting inflammation. Moreover, this
insight may be essential in understanding whether fibrosis is
reversible.

Limitations of the Study

There are several important limitations to this study. The scarce
availability of IPF patient tissue prior to end stage disease renders
studying myofibroblast subcategorization and development with
high confidence quite challenging. To address this, we employed
a mouse model of human disease with serial sampling and in silico
disease progression modeling approaches. Understanding the
mechanisms that underlie early, progressive and treatment-
resistant disease will be critical to developing novel therapies for
IPE We also make use of several computational analyses, including
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Milo-DA/DE and Slingshot trajectory, to make predictions
regarding the putative progressive nature of the differentiation
states we identify. It is important to note that these predictions
require experimental validation using appropriate lineage tracing
tools, such as an Lr7c15.CreERT2 mouse model. In addition,
while the SCimilarity tool spans a large number of public sc/
snRNA-seq datasets across the entire human body, it is not exhaus-
tive of all diseases and can only reveal insights regarding published
studies included in the corpus on the date of model training.
Nevertheless, these results demonstrate that a similar cellular pro-
gram to LRRC15+ myofibroblasts is present in diverse disease
states and tissues, implying potential therapeutic relevance in
multiple fibrotic and malignant indications.

Materials and Methods

Methods.

Mice. All mouse experiments were performed under protocols approved by the
Institutional Animal Care and Use Committee of Genentech, Inc or the Animal
Care Committee at The Centre for Phenogenomics, Toronto, ON.

Dpt"““*" mice (6) were designed, generated, and bred at Genentech. Wild-
type C57/B6J(000664), Tgfbr2.flox (012603), and Rosa26.LSLYFP (006148) mice
were obtained from The Jackson Laboratory. For bleomycin studies, age-matched
males (15 to 25 wk old at start of study) were used for all studies. Mice were
maintained under specific pathogen-free conditions using the guidelines of the
USNIH.

Mouse tissue digestion and cell isolation and flow cytometry. Mouse |ung
cells were isolated from total lung tissue or selected lobes as previously described
(Buechler, Immunity, 2019.) Briefly, lung tissue was manually minced using
scissors and incubated in enzyme-containing digestion media (RPMI + 2% FBS
with 100 mg/mL Dispase (Life Tech., Cat #17105041), 700 mg/mL collagenase P
(Roche, Cat#11249002001)and 50 mg/mLDNase | (Roche, Cat# 10104159001)
forthree incubation periods of 12 min at 37 °C. Between each incubation period,
the tissue was agitated by pipetting the sample repeatedly and the cell containing
supernatant removed, filtered (70 uM), placed on ice, and replaced with fresh
digestion media. After digestion, samples were incubated with ACK lysis buffer
for 2 min to remove red blood cells prior to downstream applications.
Bleomycin histopathology. For PITI bleomycin characterization, formalin fixed
whole lung or lung lobes were processed in a Tissue Tek VIP 6 tissue pro-
cessor (Sakura Finetek, USA), paraffin-embedded, 4 um-thick sections were
collected onto charged slides (Assure, Epic Scientific, USA) and stained with
hematoxylin & eosin or Masson's trichrome in a Tissue Tek Prisma autostainer
(Sakura Finetek, USA). Slides were scanned at 20x using an Olympus VS120
slide scanner equipped with a Hamamatsu ORCA-R2 C10600 digital camera
(Evident, Japan).

All slides were randomly numbered in a blinded fashion and scored by an

anatomical pathologist, using the modified Ashcroft scale (44). Briefly, the lungs
were inspected microscopically with a 20x objective, following a raster-like pat-
tern throughout the sections. Foci with predominant trachea or bronchial mucosa
were excluded. Each 20 focus was graded, summarized, and then divided by
the total number of fields to obtain a fibrotic index for the lung.
LRRC15 Immunohistochemistry and Immunofluorescence. LRRC15 protein
was detected by immunohistochemistry in formalin-fixed, paraffin embedded
tissue using standard Thermo Scientific Autostainer protocols. Briefly, 4-um
sections were subject to antigen retrieval (Target retrieval) and incubated with
a primary anti-Lrrc15 antibody (Abcam clone EPR8188; Cat # ab150376), fol-
lowed by a secondary antibody (biotinylated anti-rabbit 1gG) and a tertiary
reagent (ABC-peroxidase elite), then visualized with DAB detection. Images
were acquired from scanned slides using the Nanozoomer S360 automated
digital slide scanning platform equipped with 20x (NA 0.75) Nikon lens
(Hamamatsu Photonics).

LRRC15 protein was detected by immunofluorescence in agarose inflated (1%
in PBS) lung tissue. Tissue was fixed in 4% PFAin PBS at room temperature for 3
to 4 h.Tissue was then incubated overnight sequentially in 20% and 30% sucrose
in PBS at 4C. Tissue was embedded in optimal cutting temperature medium
and frozen for cryosectioning. Slides were stained using the Epridia Sequenza
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Capillary staining system. Briefly, slides were incubated with primary anti-LRRC15
antibody (M25, 10 ng/mL) overnight at 4C and secondary antibody (Goat anti-
human Alexa 488 Cat # A11013, 1:1,000 dilution) for 1 h at RT. Slides were
imaged on an Olympus BX61 Epifluorescence Microscope.

In vitro human fibroblast and PCLS cell culture and sample preparation.
NHLFs from multiple donors (Lonza) or human precision cut lung slices (huPCLS;
Institute for In Vitro Sciences) were cultured in 10% FBS DMEM. For cytokine and
small molecule treatment, cells were treated with TGFb-1 (5 ng/mL, R&D Cat #
7666-MB-005/CF)for 72 h prior to flow cytometry staining or RNAisolation using
the Qiagen RNeasy Mini Kit (Cat # 74104).

In vitro huPCLS RNA-seq analysis. Normalized counts per million (CPM) values
were computed as a measure of gene expression using the method in the DESeq2
v1.40.2 R package (45, 46). Pairwise differential expression analysis between
treatment conditions was performed using the limma+voom method provided
by the limma v3.56.1 R package (47).

Human lung sample collection. Research participants donating human lung
samples presented in this study were recruited from patients undergoing sur-
gical lung resection at University of California San Francisco (UCSF)-affiliated
medical centers including San Francisco Veterans Affairs (VA) Health Care System
(SFVAHCS) and Zuckerberg San Francisco General Hospital Medical Center. The
procurement of human lung tissue specimens used in this study was conducted in
accordance with the Declaration of Helsinki. The UCSF Institutional Review Board
(IRB)and the SFVAHCS Committee on Research and Development approved the
study protocols. Written IRB-approved informed consent and Health Insurance
Portability and Accountability Act were obtained from all study participants. Study
participants received a compensation of up to $100 if they completed all study
procedures, which included completing respiratory questionnaires, undergoing
pulmonary function testing, donating a blood sample, and donating part of their
surgically resected lung tissue, which was performed as part of their clinical care.
The compensation amount was deemed appropriate by IRB to avoid undue influ-
ence on participation.
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