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Macrophage to myofi-
broblast transition
Myofibroblast

Spatial transcriptomics

Immunostaining showed strong co-expression of CD68, CD206, and «-SMA in foamy
macrophages within and surrounding bronchioles in BO samples, with minimal expres-
sion in controls, suggesting MMT involvement. In BO, spatial transcriptomics revealed
upregulation of macrophage- and TGF-g signaling genes, with distinct stage- and region-

specific gene expression patterns. Unsupervised clustering revealed a shift from inflam-
mation to fibrosis. These findings indicate that MMT contributes to fibrosis in BO. Gene
expression shifts from inflammation to fibrosis as the disease advances, underscoring the

importance of early intervention.

© 2025 The Author(s). Published by Elsevier Inc. on behalf of the American Society for
Transplantation and Cellular Therapy. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

INTRODUCTION

Bronchiolitis obliterans (BO), a severe compli-
cation following hematopoietic stem cell trans-
plantation (HSCT), is one of the primary
pulmonary manifestations of chronic graft-ver-
sus-host disease (GVHD) [1,2]. BO is characterized
by distinctive pathological findings, including
edema and fibrosis of the bronchial walls [3,4].
The pathogenesis of BO is complex and incom-
pletely understood [4,5] but involves a com-
bination of inflammation, fibrosis, and airway
remodeling [6,7]. The limited availability of biopsy
samples, compounded by patchy distribution of
BO lesions [8] and restricted access to explanted
lungs from lung transplantation hinder molecular
investigations of BO after HSCT.

A previous study identified macrophages
within the bronchioles of human BO samples and
BO model mice samples after HSCT [3,9,10],
a finding we also observed demonstrating the
presence of donor-derived macrophages in the
bronchioles [4]. Within a single lung specimen,
bronchioles at different anatomical sites exhibited
varying degrees of disease progression, revealing
both spatial and temporal heterogeneity in the
fibrotic process, as reported in a histopathological
study [8].

In BO following lung transplantation, which
exhibits pathological similarities with HSCT-asso-
ciated BO, macrophage-to-myofibroblast transi-
tion (MMT) has been implicated in the fibrotic
process [11]. MMT has been widely documented
in conditions such as pulmonary and renal fibrosis
[12—14], where macrophages recruited to sites
of tissue injury undergo a phenotypic shift from
pro-inflammatory M1 to pro-fibrotic M2. These
M2 macrophages subsequently differentiate into
a-smooth muscle actin («-SMA)-positive myofi-
broblasts, ultimately driving fibrosis. MMT-driven
fibrosis leads to excessive production of collagen
and extracellular matrix (ECM), resulting in
tissue stiffening and functional impairment. This

phenotypic shift in macrophages from the M1 to
M2 subtype, along with fibrosis progression, has
been demonstrated in our previous studies on BO
following HSCT [4]. Macrophages and TGF-g8 are
known to play central roles in the fibrotic process
of BO after HSCT [15]. In addition, a recent study
using organoid models of BO reported a decrease
in ITGB3, a marker associated with myofibroblast
inhibition, suggesting that myofibroblasts may
contribute to disease pathogenesis [16]. However,
the relationship between myofibroblasts and
macrophages in BO following HSCT remains
unexplored.

Therefore, we aimed to investigate whether
MMT contributes to the fibrotic progression of
bronchiolitis obliterans following HSCT by using
spatial transcriptomics.

MATERIALS AND METHODS
Patient Samples

This study was approved by the institutional review
board of Okayama University (1805-003). Patient samples
were obtained from cases of refractory BO following HSCT,
where lung transplantation was performed as a treatment
for patients aged > 16 years between 2002 and 2022 at
Okayama University Hospital, with a confirmed pathologi-
cal diagnosis of BO.

Explanted lungs obtained at the time of lung transplan-
tation were used as samples. They were from 3 patients
who had acute lymphoblastic leukemia as their primary
disease and developed BO 1 to 2 years after HSCT (Table 1).
Uninvolved tissue from pneumonectomy specimens per-
formed for lung cancer was used as controls (n = 2). All
lung biopsy tissue samples were collected from the Depart-
ment of General Thoracic Surgery and Organ Transplant
Center at Okayama University Hospital. Clinical data for
each patient were extracted from their medical records.
Paraffin-embedded lung tissue specimens excised during
the procedure were selected for analysis. In addition, com-
mercially available normal lung specimens (VitroVivo Bio-
tech, Rockville, MD, and Bio-Techne, Minneapolis, MN)
were used as controls for immunohistochemical validation.
To validate our transcriptomic findings, publicly available
GeoMx DSP data (GSE255174) were processed with Geo-
mxTools following the same pipeline used for our dataset.
After quality control and normalization, both datasets
were merged and batch effects were corrected.
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Table 1
Characteristics of the 3 Patients With BO and 2 Patients With Lung Cancer As Controls.
Patient no. 1 2 3 4 5
Sex F F M F F
Primary disease ALL ALL ALL Lung Cancer Lung Cancer
Comorbidities None None None Basedow disease | Hypertension,
Dyslipidemia,
Type 2 diabetes
mellitus
Smoke Never Never Never Past smoker; Never
15 cigarettes/day
for15y
Age at primary disease onset,y | 13 19 16 59 84
Age at HSCT, y 18 20 18 N/R N/R
Age at BO onset, y 19 22 19 N/R N/R
Age at lung surgery 21 24 23 59 84
Histological stage Middle Early-Middle Middle-Late Control Control
Donor type MMUD MMSD MUR N/R N/R
Graft source BM PB BM N/R N/R
Preoperative % predicted FEV, 28.1 534 40.9 100.9 113.5
Preoperative 66.3 16.6 44.8 88.5 91.8
FEV,/VC
Postoperative % 113.1 (14 mo), | 111.0 (6 mo), 112.8 (3 mo), | N/R N/R
predicted FEV, 102.6 (18 mo), | 111.0(12 mo), | 106.6 (6 mo)
(3-y follow-up) 98.6 (26 mo) 110.3 (36 mo)

ALL, acute lymphoblastic leukemia; MMUD, mismatched unrelated donor; MMSD, mismatched sibling donor; MUD, matched

unrelated donor; N/R, not relevant.

Histopathological Evaluation

BO lesions were classified based on our previously
established staging system [4] utilizing hematoxylin-eosin,
Masson trichrome (MTS), and Elastica van Gleson (EVG)
staining on formalin-fixed paraffin-embedded (FFPE) sam-
ples. This classification defines 3 pathological stages of BO
progression:

« Early-stage: Characterized by the presence of foamy
macrophages within the bronchial lumen, indicating an
initial inflammatory response.

Middle-stage: Defined by ulceration of the bronchial
wall, macrophage infiltration into the bronchial epithe-
lium, and the onset of sparse fibrosis, reflecting progres-
sive tissue damage.

Late-stage: Marked by bronchial lumen obstruction due
to macrophage accumulation, with or without dense
fibrosis, and substantial narrowing of the airways, indi-
cating advanced fibrosis and remodeling.

To classify macrophages, CD68 (CD68 (KP1) Alexa Fluor
647, sc-20060AF647) was used as a pan-macrophage
marker, and CD206 (Alexa Fluor 488 anti-human CD206
(MMR) Antibody, Cat# 32113) as an M2 marker with DAPI.
Myofibroblast cells were detected using confocal laser
scanning microscopy (LSM780, Carl—Zeiss) with monoclo-
nal antibodies targeting macrophage markers and «-SMA
(Alexa Fluor 594 Anti-alpha smooth muscle Actin Antibody
[1A4], ab202368).

This approach enabled the detailed characterization of
macrophage polarization and the identification of MMT
cells within the lesions [14]. Co-staining with «-SMA,

CD68, CD206, and DAPI was performed, and MMT cells
were identified based on the co-expression of «-SMA with
CD68 and CD206. Separate images were generated for each
marker and their co-expression with «-SMA. Quantifica-
tion of macrophage marker-positive cells and co-expres-
sion with «-SMA was performed using Image], with cell
counts recorded for each field of view. An unpaired Stu-
dent’s t-test was used to compare the BO and control
groups.

Spatial Transcriptomics Data Generation

We analyzed lung specimens from 3 patients who
developed BO following HSCT and subsequently under-
went lung transplantation. Healthy lung peribronchiolar
regions from 2 patients with cancer served as controls.
Transcriptional profiling was conducted using the Nano-
String GeoMx Human Whole Transcriptome Atlas, analyz-
ing 18,815 genes.

For fluorescence immunostaining to determine regions
of interest (ROI), we used Syto13, PanCK, and CD45 from
the NanoString GeoMx Solid Tumor Kit, along with CD68
(Santa Cruz, sc-20060) for staining. The lesions were
reviewed and confirmed by multiple hematologists and
pathologists. ROIs were selected to include foamy macro-
phages luminal and extraluminal the bronchioles, bronchi-
olar walls, alveoli, and vascular walls. Each ROI was at least
40,000 xm> or had a diameter of 200 to 400 xm and
included approximately 200 nuclei. RNA extraction from
all specimens was performed following Nanostring’s proto-
col (https://nanostring.com/products/geomx-digital-spa
tial-profiler/geomx-rna-assays/geomx-whole-transcrip
tome-atlas/).
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To ensure data quality, we applied several gene filtering
steps (Supplementary Figure S1). First, the gene detection
rate across samples was calculated, and genes with a
detection rate below 1% were excluded from further analy-
sis. Subsequently, each gene was evaluated for its detection
frequency within individual segments, retaining only those
detected in at least 10% of the segments. Finally, after these
filtering criteria were applied, 10,651 genes were selected
for downstream analyses. Profiling was performed on 94
ROIs across all samples.

Statistical Analysis

All analyses were performed using R software version
4.3.2 (https://cran.r-project.org) and GraphPad Prism ver-
sion 9.5.1. P-values were calculated using 2-sided tests,
with a threshold of .05 considered statistically significant.

RESULTS
Triple Co-Expression of CD68, CD206, and «SMA
First, FFPE blocks from 3 BO-diagnosed cases
and 2 patients with lung cancer were stained with
HE, MTS, and EVG and re-evaluated by a hematol-
ogist, thoracic surgeon, and pathologist to confirm
the absence of lung cancer in the selected sam-
ples, validate the diagnosis, and assess disease
stages of BO. A representative image of BO is
shown in Figure 1A. Scattered fibrous structures
are observed within the bronchiolar lumen, which
is filled and obstructed by numerous foamy mac-
rophages. As indicated by the arrowhead, focal
thinning of the bronchiolar wall is present, with
foamy macrophages found extraluminal the

Control 8

BO [

bronchiole, consistent with the middle phase of
BO. Subsequently, we assessed the extent of co-
expression of CD68, CD206, and «-SMA, character-
istic markers of MMT cells, in foamy macrophages
within the bronchioles (Figure 1B). The region
outlined with a dashed circle represents a typical
area of the co-expression of «SMA, CD68, and
CD206 in BO samples. In contrast, minimal to no
co-expression was observed in control samples.
Quantitative analysis across the entire sample set
revealed a clear trend toward increased triple-
positive cells in BO samples compared to controls
(Figure 1C). A similar trend was also observed in
commercially available normal Iung specimens
used as independent controls (Supplementary
Figure S2A-B). This pattern highlights the involve-
ment of MMT cells in regions of active fibrosis in
BO.

Spatial Transcriptomics Reveals Gene Differences
Between BO and Control Samples

Linear mixed model analysis identified signifi-
cant differential gene expression between the BO
and control groups in the bronchiolar regions.
Volcano plot analysis demonstrated significantly
upregulated genes in the BO group compared to
the control group (Figure 2A)

Notable genes included ITGB2 and IRF8, which
have crucial roles in TGF-g8 signaling and MMT.
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Figure 1. Pathological evidence for macrophage and myofibroblast interaction in bronchiolitis obliterans. (A) Representative
pathological features of middle-phase BO in Patient 3, shown using hematoxylin and eosin (HE), Elastica van Gieson (EVG),
Masson’s trichrome (MTS) staining, and a diagram, presented sequentially from left to right. HE staining highlights general tis-
sue morphology, EVG staining identifies elastic fibers, and MTS staining visualizes collagen deposition. The diagram illustrates
representative histological structures in the middle phase of BO. Arrowheads indicate areas where the bronchiolar wall is
destroyed, allowing foamy macrophages to spill into the extraluminal space. Scale bars = 250 xm. (B) Representative confocal
microscopy images from Patient 2 (BO) and 4 (Control) showing CD68" macrophages (blue), a-smooth muscle actin (a-SMA)*
myofibroblasts (red), CD206" macrophages (green), and nuclei (white). A representative area exhibiting co-expression of
a-SMA, CD68, and CD206 in BO samples is highlighted by the dashed circle. Scale bars = 50 xm. (C) Comparison of single-posi-
tive cells for CD68, CD206, and alpha-smooth muscle actin, as well as co-expressing cells (BO: n = 4 lesions from 3 cases; Con-

trol: n = 2).
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Figure 2. Comprehensive genetic analysis of bronchiolitis obliterans compared to control. (A) Volcano plot of differentially
expressed genes in the bronchiolitis obliterans (BO) group. The x-axis represents the log2 fold change, while the y-axis shows
the -log10 P-value. Genes with P < .05 are plotted as circles, while genes with P > .05 are displayed as squares. Significantly
upregulated genes in the BO group are highlighted based on an FDR threshold of < 0.05. Specifically, genes with FDR < 0.001
are shown in red, FDR < 0.05 in blue, and FDR > 0.05 in gray. The dashed line indicates the P-value threshold of —log10 = 1.3
(equivalent to P = .05). For clarity, genes with FDR < 0.05 or highly significant P-values (—log10 > 5) are labeled. (B) Gene
Ontology (GO) enrichment analysis of significantly differentially expressed genes. Dot plot visualizing enriched biological pro-
cesses identified in differentially expressed genes between the bronchiolitis obliterans and control groups. The x-axis repre-
sents the gene ratio (the proportion of significant genes associated with each term), while the y-axis lists enriched GO terms.
Dot size reflects the number of genes associated with each term, and color intensity indicates statistical significance (—log10
adjusted P-value). (C) Bar plots depict the expression of representative macrophage-to-myofibroblast transition (MMT)-asso-
ciated genes, including CD68, MRC1, ACTA2, and TGFB1, across the BO and control groups. Gene expression was analyzed
using normalized data. Individual data points are displayed alongside mean =+ standard error (SE) values. Error bars represent
SE, and individual sample values are plotted to illustrate variability. Statistical significance was determined using t-tests for
each gene. *P < .05, ***P < .001. BO, bronchiolitis obliterans; FDR, false discovery rate; GSEA, SE; standard error, MMT; macro-
phage-to-myofibroblast transition

ITGB2, a B2-integrin subunit, is involved in ECM modulates cytoskeletal dynamics and contributes
interactions and immune cell adhesion, mediating to fibrosis through the MEK/ERK, PI3K/AKT, and
macrophage activation and tissue remodeling ROCK2 pathways [21]. Individual analyses of these
[17]. IRF8, a transcription factor essential for mye- genes are presented in Supplementary Figure S3A.
loid lineage differentiation, regulates macrophage GO enrichment analysis highlighted biological
polarization and has been implicated in fibrosis processes such as phagocytosis, positive regula-
through its interaction with TGF-g signaling path- tion of leukocyte activation, and cell activation,
ways [18]. In addition, CXCR4, involved in BTK indicating a close association with immune
and JAK1/2 signaling, regulates immune cell traf- cells, particularly macrophages, which obstruct
ficking and inflammatory responses [19]. CD163, bronchioles in BO (Figure 2B). Processes such as
a macrophage-specific scavenger receptor, is regulation of cell-cell adhesion and post-Golgi
linked to CSF1R signaling and plays a role in anti- vesicle-mediated transport were also enriched,

inflammatory macrophage activation [20]. RHOA suggesting potential roles in ECM remodeling
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and fibroblast activation. Further examination of
genes related to MMT showed significantly ele-
vated expression of CD68 and TGF-g in the BO
group, while MRC, the gene encoding CD206,
showed a trend toward increased expression
(Figure 2C). These findings collectively suggest
that macrophage activation and MMT processes
may contribute to the pathogenesis of BO. We
compared our findings with the healthy lung sam-
ples from GSE255175 dataset and obtained con-
sistent results. In the differential expression
analysis, numerous genes exhibited concordant
expression prominently in the BO group, with
immune-related pathways being activated, and
consistent expression patterns of CD68, MRCI1,
ACTA2, and TGFB1 were observed (Supplemen-
tary Figure S3B-D).

Stage-Specific and Spatial Expression Patterns of
MMT-Related Markers in BO

Subsequently, we analyzed the changes in
foamy macrophages across different histological
stages of BO [4]. Consistent with the previous
report [4], CD68 expression in foamy macro-
phages significantly decreased as the disease pro-
gressed (Figure 3A). A similar trend was observed
for TGFB1. However, the expression of MRC1, the
gene encoding CD206, and ACTA2, the gene
encoding «SMA, were highest in bronchiolar
extraluminal lesions during the middle phase. We
further examined the correlation between CD68
and TGFB1 expression and found a strong positive
correlation, with a Pearson’s correlation coeffi-
cient of 0.79 (P < .001) and an R? value of 0.62
(Figure 3B). MRC1 and ACTA2 exhibited the high-
est levels in the middle phase compared to other
disease stages. Histologically, this phase is charac-
terized by the presence of foamy macrophages
both luminal and extraluminal to the bronchioles.
Given this distribution, we hypothesized that the
expression of MMT-related markers might exhibit
spatial specificity and analyzed differences
between the luminal and extraluminal sides of
the bronchioles (Figure 3C). The results showed
that all MMT-related markers were more highly
expressed on the extraluminal sides, suggesting a
spatial distinction in marker expression between
these regions.

Spatial Transcriptomics Identifies the Changes in
Disease Stage Within the Foamy Macrophages in
the Bronchioles

To further investigate the spatial differences
in gene expression observed in the middle
phase from a broader perspective, we performed

an unsupervised clustering analysis focusing on
MMT-related gene sets across all disease phases,
incorporating spatial information (luminal/
extraluminal) (Figure 4A). This analysis revealed
distinct gene expression patterns between
extraluminal and luminal bronchiolar lesions
during the middle phase. Analysis of cell-type
proportions using SpatialDecon, an R package
implementing a deconvolution algorithm to
estimate the relative abundance of cell types in
spatial transcriptomics data, further demon-
strated that macrophage distribution segregated
into two distinct patterns at corresponding
lesion sites (Figure 4B). We divided the samples
into 2 phases based on these patterns. Linear
mixed model analysis identified representative
genes for each phase (Figure 4C). The earlier
phase was characterized by the upregulation of
TGF-pB related genes, including ITGB1 [22]. LRP1,
which modulates TGF-8 signaling and ECM
remodeling, is downregulated in fibrosis, exac-
erbating pro-fibrotic responses [23] PECAMI,
essential for macrophage migration, facilitates
leukocyte infiltration into inflamed bronchioles
[24]. Other inflammatory markers included
RACK1 (BTK, MEK/ERK signaling) [25], HLA-B
and HLA-DPA1 (JAK1/2 signaling) [26], ITGB1
(PIBK/AKT signaling) [27], which collectively
drive immune activation, adhesion, and cyto-
skeletal remodeling, potentially facilitating the
transition from inflammation to fibrosis. Supple-
mentary Figure S4 provides individual analyses
of these genes. Finally, we performed Reactome
pathway enrichment analysis across all path-
ways for the 2 phases. Notably, pathways indic-
ative of TGF-g activation were prominently
enriched during the earlier phase, during which
MMT-related signaling pathways were also
highlighted (Figure 4D). This is concordant with
lung fibrosis biology in which early TGF-g acti-
vation, coupled with a macrophage M1—M2
shift, heralds subsequent fibrotic remodeling
[28]. These findings support the characterization
of the early to middle-extraluminal stage as the
“inflammatory phase” and the middle-luminal
to late stage as the “fibrotic phase” based on
genomic profiling and pathological features.
Subsequently, we individually evaluated repre-
sentative genes associated with MMT (CD68,
MRC1, ACTA2, and TGFB1) (Figure 4E). These
results suggest a dynamic shift from inflamma-
tion to fibrosis within foamy macrophage-rich
regions of the bronchioles, with distinct gene
expression and pathway profiles characterizing
each disease phase.
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Figure 3. Gene expression patterns associated with macrophage-to-myofibroblast transition in bronchiolitis obliterans (A)
Expression of selected representative genes (CD68, TGFB1, ACTA2, and MRC1) associated with macrophage-to-myofibroblast
transition (MMT) across 3 histological stages (early, middle, and late). Data are presented as mean =+ standard error of normal-
ized expression values. Individual data points are shown with jitter for visualization. (B) The scatter plot illustrates the rela-
tionship between the expression of CD68 (x-axis) and TGFB1 (y-axis) in the left graph and MRC1 (x-axis) and ACTA2 (y-axis)
in the right graph. Pearson’s correlation coefficient is 0.79 for CD68-TGFB1 and 0.59 for MRC1-ACTA2, with both P-values <
.001. The red line represents the linear regression fit for CD68-TGFB1 (y = 0.067x + 9.072, R? = 0.620) and MRC1-ACTA2
(y = 1.280x — 1.916, R? = 0.347). (C) Expression of selected representative genes (CD68, TGFB1, ACTA2, and MRC1) associated
with macrophage-to-myofibroblast transition (MMT) was compared across different locations within the bronchioles,
specifically between the luminal and extraluminal sides. The analysis focused on samples at the middle histological stage.

*P < .05, **P < .01.
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Figure 4. Transcriptional and spatial characterization of macrophage-to-myofibroblast transition (MMT) in bronchiolitis
obliterans. (A) Unsupervised clustering analysis was performed to investigate gene expression patterns related to macro-
phage-to-myofibroblast transition (MMT). This analysis identified distinct clusters corresponding to different disease stages
and lesion locations, highlighting transcriptional shifts from the inflammatory phase (early to middle extraluminal stage) to
the fibrotic phase (middle luminal to late stage). (B) SpatialDecon analysis. The heatmap illustrates the results of the SpatialDe-
con analysis performed on normalized foamy macrophage data. Rows represent gene expression values, and columns repre-
sent individual samples sorted by disease stage, anatomical location, and patient ID. The color intensity indicates the log-
transformed gene expression scores (log1p), highlighting relative differences across samples. Annotation bars at the top of the
heatmap indicate the clinical attributes of each sample, including disease stage, anatomical location, and patient ID. Color cod-
ing for annotations was generated using unique hues for each category level. (C) Volcano plot of differentially expressed genes
in inflammatory and fibrotic phases. The x-axis represents the log2 fold change, while the y-axis shows the —log10 P-value.
Genes with P < .05 are plotted as circles, while genes with P > .05 are displayed as squares. Significantly upregulated genes in
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DISCUSSION

In this study, we employed a comprehensive
approach combining immunofluorescence stain-
ing and spatial transcriptomics to investigate
cases of BO following HSCT. Immunofluorescence
staining demonstrated a notable triple co-expres-
sion of CD68, CD206, and «-SMA in BO tissues,
suggesting the involvement of MMT. Myofibro-
blasts can originate from various sources [14],
including  epithelial-mesenchymal transition
(EMT) [29], endothelial-mesenchymal transition
[30], proliferation of resident fibroblasts or
pericytes [31], and MMT [14], but our findings
highlight MMT as a key contributor to BO patho-
genesis, demonstrating its contribution for the
first time in this context. Spatial transcriptomics
analysis marked transcriptional shifts between
the inflammatory (middle-extraluminal region)
and fibrotic (middle-luminal to late region)
phases. Notably, M2 macrophages and «-SMA
show peak expression in extraluminal lesions
during the middle stage, together with other
MMT-related markers, followed by a subsequent
decline as fibrosis progresses. These findings col-
lectively indicate that the pathogenesis of BO
involves macrophage polarization toward an M2
phenotype, followed by differentiation into myo-
fibroblasts, ultimately leading to fibrosis.

The TGF-g1/Smad3 signaling axis plays a cen-
tral role in driving MMT [32] and therapeutic
strategies targeting this pathway, such as Smad3
inhibition or blockade of upstream mediators,
have shown efficacy in preclinical models [33,34].
Consistently, the antifibrotic agent pirfenidone
attenuated macrophage-derived TGF-g produc-
tion and ameliorated fibrosis in murine chronic
GVHD, supporting the therapeutic potential of tar-
geting TGF-g-driven pathways [10]. In addition,
Src inhibition suppresses MMT and attenuates
fibrosis [35], while mineralocorticoid receptor
antagonists like eplerenone have demonstrated
similar effects in vivo [36]. In cancer settings,

targeting transcription factors such as Runx1 may
also prevent MMT-derived CAF formation and
tumor progression [37]. These insights highlight
MMT as a potential therapeutic target in fibrotic
and tumor microenvironments.

In the context of MMT, pathways upstream of
the TGF-g1/Smad3 signaling axis are also being
investigated as potential therapeutic targets.
Recent preclinical studies in murine models of
bronchiolitis obliterans have demonstrated that
inhibition of BTK or CSF1R exerts antifibrotic and
immunomodulatory effects, improving pulmo-
nary function through suppression of macrophage
activation and immune-mediated tissue injury
[38,39]. Targeting downstream signaling path-
ways such as MEK/ERK and PI3K/AKT has been
shown to prevent bronchiolitis development, sup-
press perivascular inflammation, attenuate fibro-
sis, and stabilize pulmonary function in similar
murine models [40] Furthermore, clinical studies
have reported that JAK1/2 or ROCK2 inhibitors
were effective in bronchiolitis obliterans when
administered at mild or early stages but showed
limited efficacy in advanced disease [5,41,42],
likely because foam macrophages undergo irre-
versible pathological and molecular changes with
pathological stage progression.

The molecules that are already being explored
as therapeutic targets—including JAK1, STATS3,
MAPK1, PIK3IP1, CSF1R, and TGFB1—were highly
expressed during the inflammatory phase in this
study and showed a tendency to decrease as the
pathological stage progressed. This suggests that
the efficacy of inhibitors targeting these molecules
may diminish in advanced stages. In human
BO research analyses are often based on lung
transplant specimens obtained from clinically
advanced cases, as early-stage BO samples are
rarely accessible in clinical practice [43]. Never-
theless, given the likelihood that clinical severity
correlates with histopathological progression,
as observed in other fibrotic diseases [44,45],

the BO group are highlighted based on an FDR threshold of < 0.05. Specifically, genes with FDR < 0.05 are shown in blue, and
FDR > 0.05 in gray. The dashed line indicates the P-value threshold of —log10 = 1.3 (equivalent to P = .05). For clarity, genes
with FDR < 0.05 or highly significant P-values (—log10 > 5) are labeled. (D) Enriched Reactome pathways in the inflammatory
phase compared with the fibrotic phase. Genes more highly expressed in the inflammatory phase (logfC < 0, FDR < 0.10)
were subjected to Reactome pathway enrichment analysis (P < .05). Pathways related to TGF-g, Wnt, or Notch signaling,
which are implicated in MMT pathogenesis, are highlighted. Only pathways enriched in the inflammatory phase relative to
the fibrotic phase are shown. The x-axis indicates the gene ratio (proportion of input genes mapped to each pathway), while
the dot color represents the adjusted P-value. Dot size corresponds to the number of overlapping genes within each pathway.
(E) Bar plots depict the levels of representative macrophage-to-myofibroblast transition (MMT)-associated genes, including
CD68, MRC1, ACTA2, and TGFB1, across the inflammatory and fibrotic phases. Gene expression was analyzed using normalized
data, with individual data points displayed alongside mean =+ standard error (SE) values. Error bars represent SE, and individ-
ual sample values are plotted to illustrate variability. Statistical significance was determined using t-tests for each gene.
*P < 0.05, *** P < 0.001. ACTA2, Actin Alpha 2; MMT, Macrophage to myofibroblast transition; MRC1, Mannose Receptor
C-type 1
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therapeutic intervention targeting these inflam-
mation-associated molecules at an early clinical
stage—when inflammatory lesions are relatively
predominant over fibrotic ones—appears most
effective.

In addition to the importance of early interven-
tion, future therapeutic strategies must account for
the complexity of the fibrotic pathways. The inhibi-
tors discussed above each target a single point
within the cascade leading to fibrosis, including
MMT, and alternative compensatory pathways may
therefore limit therapeutic efficacy in BO. Although
combination therapies such as pirfenidone with nin-
tedanib in idiopathic pulmonary fibrosis [46] and
ruxolitinib with belumosudil in severe chronic
GVHD [47] have shown acceptable safety and mod-
est efficacy, their benefits remain limited, under-
scoring the need for further investigation.

This study has some limitations. The analysis was
restricted to 3 cases of lung transplantation with BO
pathology from a single institution, raising concerns
about selection bias and generalizability. Future
studies should incorporate larger cohorts and lever-
age advanced spatial genomic technologies to vali-
date these findings. Notably, these results do not
clarify whether MMT is the dominant mechanism in
HSCT-associated BO. As observed in lung transplant-
associated BO, fibrosis through alternative pathways
such as EMT may also contribute to the disease pro-
cess [11,29]. Experimental studies using murine BO
or organoid models to investigate TGF-B-centered
pathways involved in MMT and EMT, including BTK,
JAK1/2, MEK/ERK, PI3K/AKT, and ROCK2, could fur-
ther elucidate their roles in the pathogenesis of BO.

In conclusion, this study demonstrates the
transition of BO pathology from inflammation to
fibrosis, with macrophage polarization and MMT
playing central roles. Our findings provide a
detailed molecular framework for the progression
of BO, highlighting potential therapeutic targets
in macrophage activity and tissue remodeling
pathways. These insights suggest a need for stage-
specific interventions to improve BO outcomes.
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