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Bronchiolitis obliterans syndrome (BOS) is a progressive, fatal obstructive lung disease that occurs
following lung transplant, where it is termed chronic lung allograft dysfunction BOS (CLAD-BOS),

or as the primary manifestation of pulmonary chronic graft versus host disease (cGVHD-BOS)
following allogeneic hematopoietic stem cell transplant. Disease pathogenesis is poorly understood;
however, chronic alloreactivity is common to both conditions, suggesting a shared pathophysiology.
We performed single-cell RNA-Seq (scRNA-Seq) on explanted human lungs from 4 patients with
CLAD-BOS, 3 patients with cGVHD-BOS, and 3 deceased controls to identify cell types, genes, and
pathways enriched in BOS to better understand disease mechanisms. In both forms of BOS, we
found an expanded population of CD8" tissue resident memory T cells (TRM), which was distinct

to BOS compared with other chronic lung diseases. In addition, BOS samples expressed genes and
pathways associated with macrophage chemotaxis and proliferation, including in nonimmune

cell populations. We also identified dysfunctional stromal cells in BOS, characterized by pro- and
antifibrotic gene programs. These data suggest substantial cellular and molecular overlap between
CLAD- and cGVHD-BOS and, therefore, common pathways for possible therapeutic intervention.

Introduction
Bronchiolitis obliterans syndrome (BOS) is an obstructive lung disease in which fibrotic obliteration of the
small airways leads to progressive respiratory failure. BOS occurs as a complication of lung transplant,
where it is termed chronic lung allograft dysfunction BOS (CLAD-BOS), or as the primary manifestation
of pulmonary chronic graft versus host disease (cGVHD-BOS) following allogeneic hematopoietic stem
cell transplant (ASCT). CLAD-BOS occurs in 50% of surviving lung transplant recipients at 5 years and is
the leading cause of late lung allograft failure (1). In patients undergoing ASCT, 5%-10% develop cGVHD-
BOS, and prognosis is poor, with only half of patients surviving 5 years after ASCT (2). At best, current
treatments produce modest improvement in airway obstruction for a minority of patients, predominantly
with early-stage disease (3, 4). Fibrosis or pathologic airway remodeling is not currently thought to be
reversible (4-7). Patients with late-stage disease have few treatment options other than lung transplantation.
Data from human peripheral blood and BAL samples implicate the innate immune response in CLAD-
BOS pathogenesis (8—10). Adaptive cellular immunity and antibody responses are also involved, and acute
rejection and donor-specific antibodies increase CLAD-BOS risk (11-15). Airway remodeling may be driven
by aberrant wound healing and tissue fibrosis, mediated by TGF-$ and activated, dysfunctional fibroblasts
(1, 16, 17). Although no single murine model fully replicates all clinical features of human cGVHD, cur-
rent models inform much of our current understanding of cGVHD-BOS pathogenesis (18). For example,
Th17-dependent, CSF1R-expressing macrophages in pulmonary tissues are pathogenic, and CSFIR block-
ade abrogates BOS development (19). Allo-antibody production in mice is also associated with fibrogenesis
(20), and Th17 cells are necessary for the development of cGVHD-BOS in murine models (21).
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Despite these findings, the pathogenesis of CLAD- and cGVHD-BOS remains poorly understood. This
knowledge gap is likely attributable to a paucity of animal models and limited data from primary human
tissue. Murine models of BOS (19) are limited by species difference between mice and humans, particularly
by the absence of respiratory bronchioles (RB) in murine lungs, which are the anatomic site of disease in
human BOS. Available in-human analyses focus on changes in peripheral blood (22) or bronchoalveolar
lavage (BAL) fluid (23, 24). However, unlike tissue, BAL samples cannot capture parenchymal/interstitial
cell populations or provide spatial resolution. A recent study addressed these limitations through single-cell
RNA-Seq (scRNA-Seq) of explanted lung tissue from patients with CLAD-BOS (25).

To interrogate relationships between tissue-resident immune and nonimmune cells within the lung
parenchyma, we performed scRNA-Seq of lungs from patients with CLAD- or cGVHD-BOS. We identify
and characterize a subset of CD8"* T cells with a tissue resident memory (TRM) phenotype in the lungs of
patients with BOS that are specific to this lung disease. We confirm TRM expansion in BOS using multi-
plex immunofluorescence (mIF) and illuminate their spatial distribution around remnant airways and in
densely fibrotic lung parenchyma. Our data also highlight the role of macrophage chemotaxis and prolifer-
ation in BOS pathogenesis. We also identify stromal cells in BOS with pro- and antifibrotic gene expression
profiles. Identification of these TRM, macrophage, and stromal signatures in 4 patients with CLAD-BOS
and 3 patients with cGVHD-BOS but not in healthy controls suggests a common pathogenesis and poten-
tially, shared avenues for therapeutic intervention.

Results

Cell clustering and identification in CLAD-BOS. To interrogate the cellular environment of CLAD-BOS, we
performed scRNA-Seq on enriched immune (CD45%) and nonimmune (CD45") fractions from distal lung
explants from patients undergoing second lung transplantation with CLAD-BOS (n = 4) compared with nor-
mal age- and sex-matched controls (NC) (z = 3) (Figure 1A and Supplemental Table 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/jci.insight.176596DS1). After quality control
filtering, we identified 40,067 CD45" cells (22,248 in CLAD-BOS and 17,819 in NC) and 30,027 CD45" cells
(19,862 in CLAD-BOS and 10,165 in NC). Using reference mapping (26, 27), we identified 17 distinct cell
types in the CD45* fraction (Figure 1B) and 26 in the CD45" fraction (Figure 1C). With some exceptions in
rare cell populations, most cells had high confidence annotations defined as prediction scores > 0.75 (Sup-
plemental Figure 1, A and B). We validated these reference-based cell type predictions using canonical mark-
er genes (Figure 1, D and E, and Supplemental Figure 1, C and D). CD45* and CD45~ UMAP projections
(Figure 1, F and G) and cell type fractions (Figure 1, H and I), stratified by condition, suggest expansion
of alveolar macrophages (aMac), CD8" T cells, stromal and endothelial cell subtypes, and contraction of
epithelial cell populations in CLAD-BOS. Thus, compared with NC, CLAD-BOS lungs had a more robust
cytotoxic T cell and aMac infiltrate and evidence of expanded stromal and endothelial cell subsets.

TRM T cells are identified in CLAD-BOS. We observed that 49% of CD8* T cells in patients with CLAD-
BOS expressed the TRM marker ITGAE (encoding CD103) compared with 16% in NC, suggesting that
TRM were heavily enriched in CLAD-BOS (Figure 2A and Supplemental Figure 2A). Differential gene
expression analysis of CD8* T cells demonstrated upregulation of the TRM markers ITGAE, CD69, and
ITGAI (encoding CD49a) in CLAD-BOS (Figure 2B and Supplemental Table 2) (28, 29). Upregulated genes
also included VIM (30, 31), EZR (30, 31), CD44 (32), CRTAM (33), and ANXAI (31), which encode adhe-
sion, cytoskeletal, and scaffolding proteins shown to facilitate TRM tissue retention (Figure 2B). RGSI,
which prevents TRM tissue egress and lymph node homing, and the TRM-associated chemokine CXCL13
and chemokine receptor CXCR6 were also enriched in CD8* T cells in patients with CLAD-BOS (Figure
2B) (30, 33-36). IL7R, which is frequently identified in TRM (36, 37) and promotes T cell survival and per-
sistence in tissues (38, 39), was also highly expressed (Figure 2B). Likewise, the TRM-associated transcrip-
tion factors PRDM1 (encoding BLIMP-1) and ZNF683 (encoding Hobit) were upregulated (Figure 2B) (40).
Lastly, TRM rely on fatty acid metabolism, facilitated by the gene FABP5 and its upstream regulator, PPARG,
to survive and persist in nutrient-deficient barrier sites (41), and these genes were enriched in CD8* T cells in
patients with CLAD-BOS (Figure 2B).

Genes associated with T cell exhaustion (TEx) and those encoding effector function proteins are frequent-
ly coexpressed in TRM (30, 33, 35, 36, 42—-45). Indeed, CD8* T cells in patients with CLAD-BOS mirrored
this archetypal TRM transcriptional signature. Multiple inhibitory receptors (IR) and transcription factors
associated with TEx (46-48) were upregulated in CD8* T cells in patients with CLAD-BOS (Figure 2B).
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AF1, type 1alveolar fibroblasts; AF2, type 2 alveolar fibroblasts; ASMC, airway smooth muscle cells; AT1 type 1, alveolar epithelial cells; AT2, type 2 alveolar
epithelial cells; Cap1, type 1 capillary cells; Cap2, type 2 capillary cells; LEC, lymphatic endothelial cells; PNEC, pulmonary neuroendocrine cells; RAS,
respiratory airway secretory cells; SCMF, secondary crest myofibroblasts; SMG_Basal/Duct, submucosal gland basal/duct cells; SVEC, systemic venous
endothelial cells; VEC, venous endothelial cells; VSMC, venous smooth muscle cells.

DUSP4, which is implicated in T cell senescence (49); SNX9, a newly described mediator of TEx (50); and T
cell-suppressive genes, including LGALS1, LGALS3, and PELII, were also upregulated (51, 52).

IR upregulation in CLAD-BOS CD8" subsets was concomitant with that of effector protein genes
GZMB, GZMH, IFNG, and GNLY (Figure 2B), which have functional roles in CD8" T cell cytotoxicity.
In addition, we found evidence for T cell activating programs in CLAD-BOS. Costimulatory molecule
genes associated with T cell activation including CD226 (53), TNFRSF9 (encoding 4-1BB) (54), and CRTAM
(which may also promote TRM tissue adhesion and retention) (33, 55) were highly expressed in CD8" T
cells in patients with CLAD-BOS (Figure 2B).

We next performed differential gene expression on the subset of ITGAE" cells to explore if the patterns
of upregulation in CLAD-BOS CD8* T cells were driven by a larger quantity of TRM in CLAD-BOS or by
qualitative differences in TRM between conditions. ITGAE" cytotoxic T cells in patients with CLAD-BOS had
higher expression of genes associated with TEx, effector function, and T cell stimulation and activation com-
pared with those in NC (Supplemental Figure 2B and Supplemental Table 3). These findings indicate qualita-
tive and not just quantitative differences in CD8" TRM cells in patients with CLAD-BOS compared with NC.

We reclustered CLAD-BOS CD8" T cells to explore coexpression of tissue residency markers with
TEX, effector, and T cell activating/costimulatory genes (Figure 2C). This revealed a consistent concentra-
tion of the TRM genes ITGAE, ZNF683, ITGAI, and CXCR6 in clusters 0, 2, and 3 (TRM clusters) (Figure
2D). TRM clusters expressed genes encoding IR (Figure 3A), T cell costimulatory molecules (Figure 3B),
and effector function proteins (Figure 3B). Density plots for these genes of interest support their coexpres-
sion within individual cells (Supplemental Figure 3, A-G).

Non-TRM clusters 6, 1, 5, and 4 (Figure 2C) were consistent with circulating, terminally differentiat-
ed effector memory T cells (T-TEM). These clusters expressed genes encoding T-TEM surface molecules
(56, 57), proteins promoting tissue egress and lymph node homing (33), effector function proteins like
granzyme B and perforin, and transcription factors associated with terminal differentiation including T-bet
(TBX21) and ZEB2 (56, 57) (Supplemental Figure 2C).

In contrast to CLAD-BOS, reclustering of NC (Supplemental Figure 4A) did not reveal distinct TRM
clusters (Supplemental Figure 4B). While cluster 2 expressed ITGAE and ITGAI, IR expression was low
in this cluster (Supplemental Figure 4C). T cell costimulatory and effector function genes were weakly
expressed in cluster 2 (Supplemental Figure 4D). Most clusters (clusters 0, 1, 3, and 5) in NC were con-
sistent with circulating T-TEM with a similar phenotype to that identified in CLAD-BOS (Supplemental
Figure 4E). Taken together, this suggests that CD8* T cells in patients with CLAD-BOS include a discrete
population of TRM bearing both IR, effector and costimulatory genes that are not identified in NC.

We further explored coexpression of T cell activating and suppressing molecules in cell-cell/ligand-re-
ceptor interaction modeling. T cell immunoreceptor with immunoglobulin and ITIM domain (7/GIT) and
CD226 inhibit and activate T cells, respectively, are frequently coexpressed on the same cell, and they com-
pete for binding of human poliovirus receptor CD155(PVR) and CD112 (Nectin-2) on antigen presenting
cells (58). TIGIT has been previously identified in TRM (42, 43, 59, 60), but data on CD226 coexpression
is sparse. We observed possible signaling from CD8* and CD4* T cells expressing TIGIT to epithelial,
endothelial, stromal, and macrophage subsets via PVR and Nectin-2 (Figure 3C and Supplemental Figure
5A) in CLAD-BOS. Possible CD226 signaling from CD8* T cells occurred exclusively in CLAD-BOS and
mirrored the pattern of TIGIT signaling (Supplemental Figure 5, B and C). This possible concurrent TIGIT
and CD226 signaling in CLAD-BOS suggests a dynamic balance between immune regulation and activa-
tion, which is frequently described in the physiology of TRM responses (30, 33, 35, 36, 42-45).

Cytotoxic T cells in patients with CLAD-BOS are recipient derived. Since donor antigen is expected to elicit
an alloreactive immune response from recipient T cells in chronic rejection, we hypothesized that CD8*
T cells in patients with CLAD-BOS would primarily be of recipient origin. We used the differences in
human leukocyte antigen (HLA) haplotype between donor and recipient to determine recipient or donor
origin. As all CD45" cells are of donor origin, type 2 alveolar epithelial cells (AT2) were typed as a control
to confirm the accuracy of HLA predictions (Supplemental Table 4, A—-D). Supporting our hypothesis, the
HLA type of lung-derived CD8* T cells matched that of the recipient (Supplemental Table 4, A-D). Next,
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we leveraged Y and X chromosome-associated gene expression in a male patient with CLAD-BOS who
received lungs from a female donor to assign T cells a recipient or donor origin. As a control, we evaluated
CD45 cells from the 4 CLAD-BOS lung donors and 3 NC for expression of XIST and RPS4Y1 as genes
defining female and male origin, respectively (Supplemental Figure 6, A and B). As expected, the majority
of lung-derived CD8* T cells in the male recipient of a female lung graft were of male origin (Figure 3D),
and results were similar for the ITGAE" subset (Supplemental Figure 6C). In summary, CD8* T cells in
patients with CLAD-BOS were primarily of recipient origin.
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Macrophage migration, adhesion, and proliferation are enriched in CLAD-BOS. Chemokines and adhesion
proteins facilitate leukocyte migration to target organs in cGVHD and CLAD-BOS (24, 61). Multiple
genes encoding chemokines and adhesion proteins were upregulated in aMac, interstitial perivascular
macrophages (iMac), and monocyte-derived macrophages (mMac) in CLAD-BOS (Figure 4A; Supple-
mental Figure 7, A and B; and Supplemental Tables 5-7). Once in tissues, macrophage proliferation and
differentiation in murine models of pulmonary cGVHD is mediated by CSF1-dependent CSF1R-ex-
pressing macrophages (19), and we observed upregulation of CSF!/ in aMac in CLAD-BOS (Figure
4A). Gene ontology terms for adhesion, macrophage migration/chemotaxis, and cytokine response
were overrepresented in aMac (Figure 4B), again supporting a possible role for macrophage influx and
function in BOS pathophysiology. Like CD8* T cells, aMac were primarily recipient derived in patients
with CLAD-BOS (Supplemental Table 4, A-D, and Supplemental Figure 7C).

In addition to immune cells, distal airway epithelial and stromal cells produce chemokines in inflam-
matory lung disease (62, 63), and we hypothesized that this would be true in CLAD-BOS. The monocyte/
macrophage chemoattractant CCL2 was among the most upregulated genes across CD45" cell populations
in CLAD-BOS compared with NCs (Supplemental Figure 7D). AT2 and respiratory airway secretory cells
(RAS) were enriched for the chemokines CXCL8 (Figure 4C) and CXCL1 (Supplemental Figure 7E),
which promote immune cell migration (64) and angiogenesis (65). Likewise, gene ontology terms related
to adhesion, chemotaxis, and chemokine response were upregulated in AT2 and RAS cells (Supplemen-
tal Figure 7, F and G). Taken together, this supports the putative role of nonimmune cells in facilitating
immune cell homing in CLAD-BOS.

We next explored possible interactions promoting macrophage entry into distal lung parenchyma. We
identified stronger interactions between (a) aMac and mMac expressing ITGB2 and ICAMI and ICAM?2 on
endothelial cells (66) (Supplemental Figure 8, A—C) and (b) aMac and mMac expressing ADGRES5 (encod-
ing CD97) with CD55 expressing epithelial, stromal, and endothelial cells (67, 68) (Supplemental Figure 8,
D-G) in CLAD-BOS compared with NC. Possible interactions promoting macrophage proliferation and
differentiation were also enriched in CLAD-BOS. Signaling from CSFI on endothelial cells to CSFIR on
macrophage subsets was unique to CLAD-BOS (Figure 4D, Supplemental Figure 8, H-J). In summary,
CLAD-BOS was enriched for genes, pathways, and possible cell-cell/ligand-receptor interactions, promot-
ing macrophage recruitment to and proliferation within target lung tissue guided by epithelial, endothelial,
and stromal parenchymal populations.

Fibrosis and wound healing pathways are enriched in CLAD-BOS lungs. CLAD-BOS is defined histopatho-
logically by fibrotic obliteration of RB, and tissue fibrosis is thought to be driven by stromal cells including
fibroblasts and pericytes (69-71). We therefore modeled possible communications to and from stromal
cells in patients with CLAD-BOS. Type 1 (AF1) and type 2 alveolar fibroblasts (AF2) and pericytes pro-
vided the strongest outgoing signaling in CLAD-BOS (Supplemental Figure 9A). Outgoing and incoming
signaling strengths from AF1, AF2, and pericytes were also greater in CLAD-BOS compared with NCs
(Figure 5A). Thus, stromal cells in patients with CLAD-BOS may serve as a hub for intercellular signal-
ing, implicating them in disease pathogenesis.

A possible increase in profibrotic signaling was observed in CLAD-BOS. T cells and macrophages
expressing TGFBI, a critical regulator of fibrosis, had stronger signaling to AF2 in CLAD-BOS, and sig-
naling to AF1 only occurred in CLAD-BOS (Figure 5B and Supplemental Figure 9B). Systemic venous
endothelial cells (SVEC) expressing osteopontin (SPPI) communicated with CD44 expressing T cells and
macrophages, and these signals were identified exclusively in CLAD-BOS (Figure 5C and Supplemental
Figure 9C). Osteopontin is a predictive serum biomarker for cGVHD development and has roles in fibro-
blast proliferation, angiogenesis, and leukocyte adhesion (72, 73).

Unexpectedly, we also observed that CLAD-BOS was enriched for potential antifibrotic intercellular
communications. HGF, via binding of MET, may attenuate fibrogenesis by promoting fibroblast apopto-
sis and endothelial and epithelial cell proliferation and survival (74, 75). Signaling from AF1-expressing
HGF with MET on epithelial and endothelial subsets was stronger in CLAD-BOS than NC, and pericyte
signaling only occurred in CLAD-BOS (Supplemental Figure 9, D-F). Supporting these observations,
pathways involved in wound healing, tissue and extracellular matrix remodeling, response to fibrosis-as-
sociated cytokines and growth factors, and collagen organization and metabolism were enriched in AF1
in CLAD-BOS compared with NC (Supplemental Figure 9G).
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Figure 4. CLAD-BOS is enriched for genes, pathways, and cell-cell interactions promoting macrophage migration, adhesion, and proliferation. (A)
Volcano plot illustrating differential expression of genes encoding (a) damage-associated molecular patterns (DAMPs), (b) colony stimulating factor,
(c) chemokines, and (d) leukocyte adhesion proteins in alveolar macrophages in CLAD-BOS compared with NC lungs. Differences in gene expression
were quantified using log, fold change, and statistically significant differences were identified using the Wilcoxon rank sum test and a Bonfer-
roni-corrected P < 0.05. (B) Dot plot with enrichment of gene ontology (GO) terms related to migration, adhesion, and cytokine response in alveolar
macrophages in CLAD-BOS compared with NC. P values for normalized enrichment score (NES) were calculated using permutation testing and adjust-
ed for multiple comparisons using the Benjamini-Hochberg method. (C) Feature plot illustrating CXCL8 expression in CD45" cell subsets in CLAD-BOS
compared with NC. (D) Circle plot illustrating putative CSF7 signaling from endothelial (CAP1, CAP2, AEC, VEC) and stromal cells (AF2) to macrophage
subsets in CLAD-BOS versus NC. All interactions depicted are statistically significant using a 1-sided permutation test with significance threshold of

P < 0.05, and thicker lines indicate stronger interactions.

Reflecting cell-cell interaction modeling and pathway analysis, gene expression profiles in CLAD-
BOS stromal cells were enriched for both pro- and antifibrotic programs. For AF1 and pericytes (Fig-
ure 5D, Supplemental Figure 9H, and Supplemental Tables 8 and 9), CLAD-BOS lungs were enriched
for genes implicated in the pathogenesis of fibrotic lung disease, including those encoding collagens,
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Volcano plot illustrating differentially expressed pro- and antifibrotic genes for AF1in CLAD-BOS compared with NC. Differences in gene expression were
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value < 0.05. (E) Feature plot of FAP expression in CD45" cell subsets in CLAD-BOS versus NC. (F) Violin plot showing FAP expression by CD45" cell type,
stratified by condition. ***P < 0.001 by Wilcoxon rank sum test, Bonferroni-corrected.

matricellular proteins (POSTN, TNC, SPARC) (76-78), protease inhibitors (SERPINEI1, TIMPI) (79, 80),
hyaluronic acid synthetases (HAS2) (81), insulin-like growth factor binding proteins (/GFBP7) (82), phos-
phodiesterases (PDE4D) (83), proteoglycans (LUM, VCAN) (84, 85), and the TGF-f induced transcription
factor EGRI (86).
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FAP is a serine protease expressed primarily in fibroblasts in disease and healing wounds, but not in
healthy tissues (87). FAP was upregulated in AF1 in CLAD-BOS, and expression was low in CD45 cells
irrespective of condition (Figure 5, D-F). Surprisingly, even in these samples from patients with end-stage
fibrosis, these profibrotic programs were counterbalanced by genes such as MMPI19 and PTGS2 in AF1
(Figure 5D and Supplemental Table 8) and THY!, NR4A1, and IGFBP4 in pericytes (Supplemental Fig-
ure 9H and Supplemental Table 9), which may attenuate fibrogenesis in fibrotic lung disease (88-91). In
summary, both cell-cell interactions and stromal cell gene expression profiles were enriched for potentially
fibrogenic and antifibrotic programs in CLAD-BOS.

The cGVHD-BOS transcriptome shares features with that of CLAD-BOS. CLAD- and cGVHD-BOS share a
common clinical and histopathologic phenotype and develop in the setting of allo-reactivity. Therefore, we
predicted cGVHD-BOS would also be enriched for TRM and genes and pathways promoting macrophage
chemotaxis and proliferation and tissue fibrosis, suggesting a shared pathogenesis with CLAD-BOS. We
similarly compared samples from patients undergoing lung transplantation for cGVHD-BOS (n = 3) with
normal age- and sex-matched controls (NC) (n = 3) (Figure 1A and Supplemental Table 1).

cGVHD-BOS demonstrated marked expansion of CD4* and CD8" T cells (Supplemental Figure 10, A
and B) and, like CLAD-BOS, larger stromal and endothelial cell and smaller epithelial cell fractions com-
pared with NC (Supplemental Figure 10, C and D). As in CLAD-BOS, CD8* T cells from cGVHD-BOS
were enriched for TRM markers and genes associated with TEx, effector function, and T cell activation
(Figure 6A and Supplemental Table 10). TRM were expanded in cGVHD-BOS, where a larger fraction of
CD8* T cells expressed ITGAE (37%) compared with NC (16%). Mirroring CLAD-BOS, on reclustering
of CD8" T cells, TRM clusters (clusters 0, 4, and 2) had the highest expression of TEx (Figure 6B), effec-
tor function (Figure 6C), and T cell stimulation/activation genes (Figure 6C). Since all 3 patients with
¢GVHD-BOS received HLA-matched transplants, we could not employ HLA typing to resolve donor from
recipient. However, 2 male patients with cGVHD-BOS underwent sex-mismatched transplants, and most
lung-derived CD8* T cells were of donor (female) origin in both cases (Supplemental Figure 10E).

To investigate the role of TRM in BOS compared with other lung diseases, we calculated TRM signa-
ture scores using genes identified by Kumar and colleagues as enriched in human lung TRM (Supplemental
Table 11) (33) for CLAD- and cGVHD-BOS, NC, and 5 chronic lung diseases from the PENN-CHOP
Lung Biology Institute Human Lung Tissue Bank. CD8" T cells from CLAD- and cGVHD-BOS had high-
er TRM signature scores compared with other diseases in our databank and NC (Figure 6D). The signature
score was also elevated in COPD, consistent with previous reports linking TRM to its pathogenesis (92,
93). Of interest, TRM scores were higher in CLAD- and cGVHD-BOS than in idiopathic BOS (Figure
6D), which occurs spontaneously in native lungs in the absence of an alloreactive immune response. This
suggests that, compared with other lung disease, TRM are enriched in CLAD- and cGVHD-BOS and may
be implicated in their pathogenesis.

As observed in CLAD-BOS, aMac in cGVHD-BOS had upregulation of genes encoding chemokines,
adhesion molecules, and colony stimulating factors and receptors compared with NC (Figure 6E). Reflect-
ing differential gene expression analysis, gene set enrichment analysis (GSEA) demonstrated enrichment of
pathways promoting cell-cell adhesion, chemotaxis, and cytokine response in aMac (Supplemental Figure
10F). Expanding on our findings from CLAD-BOS, where aMac were primarily recipient derived, aMac in
c¢GVHD-BOS were mostly donor derived (Supplemental Figure 10G). As in CLAD-BOS, genes implicated
in fibrosis were counterbalanced by potentially antifibrotic genes in AF1 in cGVHD-BOS (Supplemental
Figure 10H and Supplemental Table 12). Likewise, FAP expression was highest in AF1 and secondary crest
myofibroblasts (SCMF) in cGVHD-BOS (Figure 6F).

TEx, chemokine, and matricellular protein gene expression differ in CLAD- and cGVHD-BOS. Next, we com-
pared CLAD-BOS directly to cGVHD-BOS. aMac were expanded in CLAD-BOS, and CD8" and CD4* T
cells were more abundant in cGVHD-BOS (Supplemental Figure 11A). For CD45- cells, there were more
endothelial cells in patients with CLAD-BOS and more epithelial cells in cGVHD-BOS (Supplemental
Figure 11B). Although TEx genes were upregulated in TRM in both conditions compared with NC, several
were more highly expressed in CLAD-BOS CDS8'ITGAE" T cells than in cGVHD-BOS (Supplemental
Figure 11C and Supplemental Table 13). Except for increased expression of GNLY in CLAD-BOS TRM,
there were no significant differences in T cell costimulatory or effector function gene expression. The aMac
chemokine repertoires differed in CLAD- and cGVHD-BOS (Supplemental Figure 11D and Supplemental
Table 14). Genes and pathways associated with response to TNF-a and IFN-y signaling were upregulated
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Figure 6. The chronic graft versus host disease BOS (cGVHD-BOS) transcriptome shares features with CLAD-BOS. (A) Volcano plot illustrating upregu-
lation of genes for canonical TRM markers, effector function proteins, costimulatory molecules, inhibitory receptors, and transcription factors associated
with T cell exhaustion (TEx) in CD8* T cells from cGVHD-BOS compared with NC. Differences in gene expression were quantified using log, fold change, and
statistically significant differences were identified using the Wilcoxon rank sum test and a Bonferroni-corrected P < 0.05 (B) Violin plots for cluster-based
expression of canonical TRM markers and TEx genes in CD8* T cells in cGVHD-BOS with TRM clusters highlighted in green. (C) Dot plot with scaled expres-
sion of effector function protein and T cell costimulatory molecule genes by cluster in CD8* T cells in cGVHD-BOS, with TRM clusters outlined in green. (D)
Violin plot with TRM signature scores for CLAD- and cGVHD-BOS, NC, and 5 chronic lung diseases from the PENN-CHOP Lung Biology Institute Human
Lung Tissue Bank. COPD, chronic obstructive pulmonary disease; HPS, Hermansky-Pudlak Syndrome; LAM, lymphangioleiomyomatosis; PVOD, pulmonary
veno-occlusive disease. (E) Volcano plot illustrating differential expression of genes encoding damage-associated molecular patterns (DAMPs), colony
stimulating factors, chemokines, and leukocyte adhesion proteins in alveolar macrophages in cGVHD-BOS compared with NC. (F) Violin plot showing FAP
expression by CD45 cell type, stratified by condition. ***P < 0.001 by Wilcoxon rank sum test, Bonferroni-corrected.

in aMac in cGVHD-BOS compared with CLAD-BOS (Supplemental Figure 11, D and E). Lastly, genes
for matricellular proteins (POST, SPARC) were upregulated in CLAD-BOS, and collagen encoding gene
expression differed by condition (Supplemental Figure 11F and Supplemental Table 15). Taken together,
direct comparison of CLAD- and cGVHD-BOS lungs revealed enrichment of TEx genes in CLAD-BOS
TRM and differences in chemokine, collagen, and matricellular protein gene repertoire.

mlIF confirms a TRM phenotype with heterogenous spatial distribution in BOS Iungs. We performed mIF on
lung tissues for a subset of patients from the scRNA-Seq analysis with CLAD- (n = 2) and cGVHD-BOS
(n = 1) compared with NC (n» = 3). Representative H&E images from serial sections are provided for
BOS lungs (Figure 7, E and F, and Supplemental Figure 12, B and D) and NC (Supplemental Figure 13,
C, D, and F). Reflecting our findings from scRNA-Seq, CD8*CD103* T cells were expanded in patients
with BOS compared with NC (mean 118 cells/mm? versus 12 cells/mm?, P = 0.01) (Figure 7A) as were
CD8*CD103* T cells expressing granzyme B (mean 27 cells/mm? versus 1 cell/mm?, P = 0.02) (Figure 7B).

Of interest, while TRM were expanded in BOS lungs, their location varied across samples. In 1 patient
with CLAD-BOS, TRM were primarily clustered in and around terminal bronchioles with fibrotic change
(Figure 7, C and E, and Supplemental Figure 12, A and B). TRM were also visualized in scarred alveolar
septa in the patient with cGVHD-BOS (Supplemental Figure 12, C and D) and in densely fibrotic paren-
chyma bearing little resemblance to normal lung tissue in a patient with CLAD-BOS (Figure 7, D and F).
In contrast, there was a paucity of TRM in normal lung terminal bronchioles (Supplemental Figure 13,
A-D) and alveolar septa (Supplemental Figure 13, E and F).

In addition, TRM phenotype varied across BOS samples. TIGIT was primarily expressed in TRM from
the patient with CLAD-BOS with advanced fibrosis (Figure 7, D, F and G). Mirroring our transcriptional
findings, this included a TRM subset coexpressing TIGIT and granzyme B (Figure 7G). These observations
highlight that BOS is characterized by profound ongoing inflammation, driven in part by an infiltrate of TRM.

Discussion

BOS after either lung or hematopoietic stem cell transplantation has a dismal prognosis with limited treat-
ment options. An improved understanding of disease pathogenesis in human lung is necessary to identi-
fy targets for the development of new therapies. Using lung explants, we performed deep transcriptomic
phenotyping of patient-derived samples to elucidate genes, pathways, and intercellular communications
implicated in BOS pathogenesis. Although limited, our analysis revealed striking similarities in the cellular
and molecular pathogenesis of CLAD- and cGVHD-BOS, which were notably distinct from other forms
of chronic lung disease.

Despite a heavily fibrotic milieu with destruction of the normal lung architecture, we found evidence of
a persistent inflammatory infiltrate in patients with end-stage CLAD- and cGVHD-BOS. This included a
TRM population that was overrepresented in both CLAD- and cGVHD-BOS with a unique transcriptomic
signature compared with other lung diseases across a large database and NC.

Using mIF microscopy, we validated these findings at the protein level, while highlighting heterogene-
ity of TRM phenotype and tissue localization across BOS samples. Previous studies describe localization
of TRM to small airways in healthy lung grafts after transplant (94). Similarly, TRM were distributed along
fibrotic alveoli and bronchi in CLAD- and cGVHD-BOS. However, TRM were also highly concentrated in
densely fibrotic regions lacking normal airway structures.

In health, TRM persist following cognate antigen recognition to provide the first line of defense against
microbes and malignancy (95, 96). However, TRM can be deleterious and are implicated in the patho-
genesis of autoimmune disease (97, 98), transplant rejection (94, 99), and acute GVHD (44). Our data in
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Figure 7. Multiplex immunofluorescence (mIF) imaging confirms expansion of TRM in BOS lungs with heterogenous spatial distribution. (A and B)
Quantification of CD8*CD103* and CD8*CD103*GZMB* cells by sample for BOS (n = 3) versus NC (n = 3). Cell segmentation and marker quantification were
performed on the entire 9 x 9 mm section using Visiopharm Oncotopix Discovery software. To normalize for differences in tissue quantity per section, abso-
lute cell counts were divided by tissue area (mm?) calculated in QuPath. CB, CLAD-BOS; GB, cGVHD-BOS. Statistical comparison of means was performed
using the student’s 1-tailed unpaired t test. *P < 0.05. (C) mIF images at 20x power illustrating infiltration of a terminal bronchiole by CD8*CD103* T cells

in a patient with CLAD-BOS. (D) mIF images at 20x power for a different CLAD-BOS patient with advanced fibrosis illustrating. From left to right: tissue
expression of CD8, CD103, GZMB, and TIGIT with and without DAPI nuclear staining; CD8; TIGIT; CD103; and granzyme b and CD103. (E and F) H&E sections
annotated with locations of mIF images from C and D, respectively. (G) Fraction of CD8*CD103" cells that are negative for TIGIT and granzyme B (DN), positive
for both (DP), and expressing either marker alone in the same patient with CLAD-BOS from D. Scale bars: 100 uM (C), 50 uM (D), 1000 uM (E and F).

CLAD-BOS build on previous findings implicating cytotoxic TRM in rejection of solid organ transplant
(45, 94, 99-101). In human intestinal and kidney grafts with chronic rejection, TRM expressed TNF-a,
IFN-y, granzyme B, and IL-2 and were potently cytotoxic on ex vivo stimulation (99, 102), as were TRM
from a murine model of renal graft rejection despite high PD-1 expression (45). Although our study lacks
functional validation, it is possible that TRM in BOS, as in other forms of chronic rejection, are persistently
cytotoxic to host tissues despite chronic stimulation by alloantigen and consequent IR expression.

Highlighting the role of alloreactive recipient—derived TRM in pathogenesis, the risk of chronic rejec-
tion is higher in intestinal (102), lung (94), and renal grafts (99) with higher recipient-derived TRM. With
some exceptions, TRM become primarily recipient derived by 12 months following lung transplant, and the
recipient TRM fraction increases with time (94). Consistent with these observations, TRM were recipient
derived in our CLAD-BOS data, where the median time between first and second lung transplant was 65
months (Supplemental Table 1). We expand these findings to cGVHD-BOS, where most TRM were derived
from the hematopoietic stem cell donor. It is possible that expansion of bone marrow—derived, pathogenic
TRM in BOS lung grafts is driven by response to allo-antigen. However, a limitation of our study is the
absence of lung tissue from posttransplant recipients who did not have CLAD- or cGVHD-BOS.

The identification of pathogenic TRM in CLAD- and cGVHD-BOS could have therapeutic implica-
tions, since TRM may be resistant to standard immunosuppressive agents. In a mouse model of chronic
rejection, cyclosporine failed to prevent the formation of TRM in kidney grafts (45), and TRM persist in
bronchoalveolar lavage fluid of patients with acute rejection despite treatment with high-dose corticoste-
roids (103). In clinical practice, standard immunosuppression is ineffective in patients with advanced BOS
(4), and based on our results, we speculate that this could be due to the inherent resistance of TRM to these
therapies. This highlights the need for TRM-specific/targeted therapies for solid organ transplant rejection
and pulmonary cGVHD.

In keeping with findings from CLAD-BOS and murine models of cGVHD, our data support the role of
innate immunity in disease pathogenesis (1, 19). Both CLAD- and cGVHD-BOS lungs were enriched for
genes associated with macrophage chemotaxis, adhesion, and proliferation. Direct comparison of CLAD-
and cGVHD-BOS pathways showed enrichment of IFN-y and TNF-a signaling in aMac in cGVHD-BOS.
Of note, the TNF-a inhibitor etanercept has efficacy in steroid refractory cGVHD based on small, sin-
gle-center studies (104, 105). Consistent with previous studies (106-108), aMac in CLAD-BOS were pri-
marily recipient derived, and we expand these findings to cGVHD-BOS, where aMac were mostly donor
derived. Taken together, in both CLAD- and cGVHD-BOS, aMac are replaced over time by bone marrow—
derived macrophages.

Of interest, both immune and nonimmune cell subsets contributed to a chemokine-rich inflammatory
milieu. We expand on similar findings in COPD by identifying AT2 and RAS cells as the principal sources
of CXCL8 and CXCL1 secretion in CLAD-BOS (62). CSF1/CSF1R signaling is critical to macrophage
proliferation and fibrogenesis in murine models of cGVHD-BOS (19), and in humans, the CSF1R inhibitor
axatilimab recently received regulatory approval for steroid refractory cGVHD (109). Our data confirm
enrichment of this pathway in humans with both CLAD- and cGVHD-BOS and provide preliminary ratio-
nale for extending this therapeutic intervention to CLAD-BOS.

Cell-cell/ligand-receptor interaction modeling predicted robust crosstalk between stromal cells and dys-
regulated macrophage and T cell subsets in CLAD- and cGVHD-BOS. Interestingly, these immune-stromal
intercellular communications were characterized by both pro- and antifibrotic programs. These findings
raise the future prospect to intervene therapeutically in the dynamic balance of pro- and antifibrotic forces
in CLAD- and cGVHD-BOS.

FAP is a serine protease that is expressed in fibroblasts and is associated with pathophysiologic tissue
remodeling, including in inflammatory and fibrotic diseases and tumor stroma (87, 110). Consistent with
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this precedent, we demonstrate that FAP expression is enriched in CLAD- and cGVHD-BOS stromal cells.
Leveraging this specificity, preclinical investigations have identified FAP as a target for chimeric antigen
receptor (CAR) T cell therapy and antigen-directed drug delivery in malignant and fibrotic disease (87, 111,
112). Our findings may provide an initial rationale for investigating the role of FAP-targeted therapies in
CLAD- and cGVHD-BOS.

In this study, we describe the breadth of immune, epithelial, and stromal dysfunction in lung explants
from 4 patients with end-stage CLAD-BOS and 3 with cGVHD-BOS. While acknowledging the limitations
of our primarily descriptive approach to pathogenesis, we present this work as a hypothesis-generating
study for future deeper analysis and validation. We are particularly intrigued by (a) the potential role of
TRM in BOS pathogenesis and rationale for TRM specific therapies; (b) preliminary rationale for CSF1R
inhibition in CLAD-BOS; (c) a possible compensatory antifibrotic response in BOS, providing preliminary
justification for therapies shifting the balance from a pro- to antifibrotic milieu; and (d) similar transcrip-
tomes in CLAD- and cGVHD-BOS, suggesting a shared pathogenesis and, potentially, common therapeu-
tic targets. Overall, this study provides insight into the pathogenesis of this devastating disease and opens
multiple avenues of investigation for improving the standard of care for patients with BOS.

Methods
Sex as a biological variable. All patients with BOS were male, since there were no lung explants available from
female patients in this small dataset. Sex was not considered as a biological variable.

Tissue preparation and scRNA-Seq. Lungs were surgically removed at the time of bilateral orthotopic lung
transplant among patients who had previously undergone lung transplant or ASCT and whose primary
indication for transplant was BOS, confirmed radiographically and physiologically. NC lung was derived
from unused human lung donors and was procured at the time of organ donation and confirmed by patho-
logical review (113, 114). Samples were prepared and CD45* and CD45" cells were isolated as previously
described (113, 114). The 10X Genomics Chromium Controller platform with Chromium Next GEM Sin-
gle Cell 3’ Reagent Kits v3.1 was used to assemble 3’ gene expression libraries. Sequencing was performed
on an Illumina Novaseq 6000 instrument.

ScRNA-Seq data analysis. Transcripts were mapped to the GRCh38 human reference genome, and fea-
ture-barcode matrices were generated using Cell Ranger count v7.0.1 from 10X Genomics. All further
downstream data analysis was performed in R v4.2.1 unless otherwise indicated. The SoupX package
v1.6.2 was used to estimate and remove contaminating ambient RNA (115). Contamination fractions were
approximated for each sample by estimating the expression of complement genes C1QA and C1QB in non-
expressing cells. Doublets were removed using the DoubletFinder package v2.0.3 (116).

Quality control filtering, normalization, data integration and batch correction, principal component
analysis, clustering, and uniform manifold approximation and projection (UMAP) were performed sepa-
rately for the CD45* and CD45 cells using the Seurat package v4.3. Quality filtering parameters included
> 500 transcripts per cell, > 250 genes per cell, log,, genes per unique molecular identifier > 0.80, mitochon-
drial percentage < 20%, and genes expressed in > 10 cells.

Normalization was performed using SC transform for UMAP visualizations (117); log transformed
counts were used for differential gene expression, pathway, and cell-cell/ligand receptor interaction anal-
yses. SC transform normalized samples were integrated using canonical correlation analysis. The clustree
package was used to identify optimal cluster resolutions for UMAP visualizations (118). Reference-based
cell type annotation of CD45" and CD45- cells was performed with Azimuth, using the Human Lung Cell
Atlas and LungMAP Cell Cards reference data sets, respectively (26, 27, 119). The following cell types were
excluded from downstream analysis due to small sample size: CCL3* aMac, migratory DCs, plasma cells,
plasmacytoid DCs, airway smooth muscle cells, goblet cells, ionocytes, mesothelial cells, pulmonary neu-
roendocrine cells, submucosal gland cells, tuft cells, proliferating T cells, and proliferating macrophages.

Volcano plots and feature plots illustrating differential expression were designed using the Enhanced-
Volcano v1.14.0 (120) and scCustomize v1.1.1 packages (121), respectively. UMAP coexpression density
plots were created using the Nebulosa v1.6.0 package (122). Cell sex and HLA type were determined using
the speckle package v0.0.3 (123) and command line-based arcasHLA v(0.6.0 package, respectively (124).
Clinically obtained, ground truth HLA types using serologic nomenclature were compared with predicted
HLA types in molecular nomenclature generated by arcasHLA for CD8* T cells, aMac, and AT2. For
donor lungs, only HLA types for A, B, and DR alleles were available. In 1 patient, all CD45" cells were
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typed, and for a second patient all CD45- cells were typed, as there were insufficient alignments for full
HLA typing in CD8" T cells and AT2 alone, respectively.

The TRM gene signature from Kumar and colleagues (33) included 226 genes upregulated in human
lung TRM compared with non-TRM with log, fold change = 1 and FDR < 0.05. Scores were calculated
using the AddModuleScore function in Seurat for CLAD- and cGVHD-BOS, NC, and 5 chronic lung
diseases from the PENN-CHOP Lung Biology Institute Human Lung Tissue Bank. GSEA was performed
in the clusterProfiler package v4.7.1 using the molecular signatures database (MSigDB) C5 gene ontology
gene sets (125, 126).

Cell-cell/ligand-receptor interactions between cells were evaluated with the CellChat package v1.6.1
(127). All cell populations were downsampled to 300 cells. Interaction strength was calculated as a function
of ligand-receptor pair expression while accounting for expression of costimulatory and coinhibitory recep-
tors and extracellular agonists and antagonists. Outgoing signal was defined as expression of the ligand for
a given ligand-receptor pair, and incoming signal was defined as expression of the corresponding receptor.

mlF processing and analysis. Tissue was cut from the distal lung as described above, washed 2—-5 times
in PBS, and placed in 4% paraformaldehyde overnight. Tissue was washed in PBS, dehydrated to 100%
alcohol over 12-24 hours, and embedded in paraffin, and blocks were sectioned to 9 X 9 mm and 6 pm
thickness for mIF slides. All mIF was performed using the Lunaphore COMET platform. The COMET
system was prepared per manufacturer guidelines, and slides were warmed at 60°C for 1 hour followed by
deparaffinization with CitriSolv (Decon Labs) (3 washes X 10 minutes), 100% ethanol (2 washes X 3 min-
utes), 95% ethanol (2 washes x 3 minutes), and milliQ water (2 washes X 3 minutes). Antigen retrieval was
performed in a pressure cooker device for 15 minutes using pH 9.5 Borg Decloaker RTU (Biocare Medical)
and 3% hydrogen peroxide incubation. Blocking solution consisting of 10% donkey serum, MSB, and 0.5%
Tween20 (Thermo Fisher Scientific) was administered for 1 hour at room temperature. A maximum of 4
slides was loaded on the COMET platform for each run.

Staining was done per manufacturer protocol, and nucleic acid stain Hoechst 33342 trihydrochloride
trihydrate (10 mg/mL, Invitrogen) was used. Elution and staining were done at 37°C. Imaging was per-
formed using TRITC and Cy5 channels, with DAPI visualized at an exposure time of 80 ms. Detailed
information on the antibodies employed and COMET platform parameters are provided in Supplemental
Table 16.

The Lunaphore COMET platform acquires mIF images at a native 20X optical magnification and pixel
size of 0.28 mm for a maximum slide dimension of 9 X 9 mm. TRITC and Cy5 background subtraction
were performed on all mIF images in COMET Viewer software. Quantitative analysis of marker expres-
sion was performed in Visiopharm Oncotopix Discovery software v2024.07.1. To identify and quantify
cell types of interest, entire 9 X 9 mm mlIF slides were analyzed using the Cell Detection, Al application,
which employs a proprietary deep learning method to segment and quantify cells. The Phenoplex Guided
Workflow was employed to establish manual thresholds for marker positivity, aided by quality control
instruments like scatter plots to inspect marker coexpression at single cell resolution and to ultimately
quantify marker expression at the single cell level. Tissue area (mm?) for the entire 9 X 9 mm slide was
calculated using QuPath (128). To normalize between samples in tissue quantity per slide, total cell number
was divided by tissue area. Quantitative data were exported for further analysis in R v4.2.1, and dot plots
were generated using the ggplot2 package v3.4.1.

Statistics. Differences in gene expression between conditions were quantified using log, fold change,
and statistical significance calculated with the Seurat FindMarkers function using the Wilcoxon Rank Sum
Test. Statistical significance for DEG was defined as a Bonferroni-corrected P < 0.05. Statistically signif-
icant interactions between cell groups were identified using a 1-sided permutation test with significance
threshold of P < 0.05. For GSEA in clusterProfiler, P values for normalized enrichment scores were cal-
culated using permutation testing as previously described (129) and corrected for multiple comparisons
using the Benjamini-Hochberg method. Differences in mean cell quantity/mm? between conditions were
assessed using the Student’s 1-tailed unpaired ¢ test, with a significance threshold of P < 0.05.

Study approval. NC used in this study were from deidentified, nonused lungs donated for organ trans-
plantation through the Prospective Registry of Outcomes in Patients Electing Lung Transplantation (PRO-
PEL), approved by the Penn IRB. Informed consent was provided by next of kin or health care proxy in
accordance with NIH and institutional procedures. BOS tissue was obtained from participants enrolled in
PROPEL at Penn. This study was approved by the Penn IRB, and written informed consent was obtained
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from all patients with BOS prior to enrollment. All patient-identifying information was removed prior to
use. While this does not meet current NIH definition for human research, the reported experiments fol-
lowed all guidelines, regulations, and institutional procedures required for human research.

Data availability. Raw and filtered count data for 10X Genomics single-cell experiments are deposited in
the Gene Expression Omnibus (GEO) (accession no. GSE290834) and FASTQ files in the LungMap data-
base of Genotypes and Phenotypes (dbGaP). Values for all main text and Supplemental figures depicting
quantitative data can be found in the accompanying Supporting Data Values file.

Author contributions

PWM, MCB, and SG designed the study and analyzed data. PWM performed all bioinformatic analysis.
ANL performed tissue preparation and scRNA-Seq of BOS and NC samples and manual mIF antibody
testing. BCR performed manual mIF antibody testing and all COMET experiments. MS and JDP provid-
ed bioinformatic support. ARP, YY, SZ, all performed histological sample preparation, H&E imaging,
and processing for mIF sample imaging. JDC, JMD, and EC all contributed to patient enrollment, study
design, and tissue acquisition. All authors reviewed and edited the final manuscript.

Acknowledgments

PWM is a postdoctoral research trainee supported by the National Heart Lung and Blood Institute-funded
University of Pennsylvania Clinical Hematology T32 Research Training Program (HL-07439), the American
Society of Clinical Oncology 2024 Young Investigator Award, and the University of Pennsylvania Abramson
Cancer Center Paul Calabresi Career Development Award for Clinical Oncology K12 (CA076931). MCB is
supported by HL 163398 and the Burroughs Wellcome Fund. SG is supported by the Leukemia and Lympho-
ma Society Blood Cancer Discovery and 2P01CA214278-06A1. EC is supported by HL155821.

Address correspondence to: Maria C. Basil, Smilow Center for Translational Research, Room 11-112, 3400
Civic Center Blvd., Building 421, Philadelphia, Pennsylvania 19104, USA. Email: maria.basil@pennmed-
icine.upenn.edu. Or to: Saar Gill MD, Smilow Center for Translational Research, Rm 8-101, 3400 Civic
Center Boulevard Blg. 421, Philadelphia, Pennsylvania 19104, USA. Phone: 650.213.6249; Email: Saar.
Gill@pennmedicine.upenn.edu.

JMD’s present address is: GlaxoSmithKline 1250 S Collegeville Rd., Collegeville, Pennsylvania 19426-
0989, USA.

—_

. Royer PJ, et al. Chronic lung allograft dysfunction: a systematic review of mechanisms. Transplantation. 2016;100(9):1803-1814.
. Ditschkowski M, et al. Bronchiolitis obliterans after allogeneic hematopoietic SCT: further insight--new perspectives? Bone Mar-
row Transplant. 2013;48(9):1224-1229.
Williams KM, et al. Fluticasone, azithromycin, and montelukast treatment for new-onset bronchiolitis obliterans syndrome after
hematopoietic cell transplantation. Biol Blood Marrow Transplant. 2016;22(4):710-716.
4. DeFilipp Z, et al. Clinical response to belumosudil in bronchiolitis obliterans syndrome: a combined analysis from 2 prospective
trials. Blood Adv. 2022;6(24):6263-6270.
. Vos R, et al. Long-term azithromycin therapy for bronchiolitis obliterans syndrome: divide and conquer? J Heart Lung Trans-
plant. 2010;29(12):1358-1368.
. Meyer KC, et al. An international ISHLT/ATS/ERS clinical practice guideline: diagnosis and management of bronchiolitis
obliterans syndrome. Eur Respir J. 2014;44(6):1479-1503.
. Matthaiou EI, et al. The safety and tolerability of pirfenidone for bronchiolitis obliterans syndrome after hematopoietic cell
transplant (STOP-BOS) trial. Bone Marrow Transplant. 2022;57(8):1319-1326.
8. Kastelijn EA, et al. Polymorphisms in innate immunity genes associated with development of bronchiolitis obliterans after lung
transplantation. J Heart Lung Transplant. 2010;29(6):665-671.
. Devouassoux G, et al. Alveolar neutrophilia is a predictor for the bronchiolitis obliterans syndrome, and increases with degree
of severity. Transpl Immunol. 2002;10(4):303-310.
10. Riise GC, et al. Bronchiolitis obliterans syndrome in lung transplant recipients is associated with increased neutrophil activity
and decreased antioxidant status in the lung. Eur Respir J. 1998;12(1):82-88.
11. Morrell MR, et al. De novo donor-specific HLA antibodies are associated with early and high-grade bronchiolitis obliterans syn-
drome and death after lung transplantation. J Heart Lung Transplant. 2014;33(12):1288-1294.
12. Safavi S, et al. De novo donor HLA-specific antibodies predict development of bronchiolitis obliterans syndrome after lung
transplantation. J Heart Lung Transplant. 2014;33(12):1273-1281.
13. Hopkins PM, et al. Association of minimal rejection in lung transplant recipients with obliterative bronchiolitis. Am J Respir Crit
Care Med. 2004;170(9):1022-1026.

N

w

w

(=)}

~

Nel

JCl Insight 2025;10(10):e176596 https://doi.org/10.1172/jci.insight.176596 17



2

(=}

2

—_

22.

23.

24.

25.

26.
27.

28.

29.

30.

3

—

32.
33.

34.

35.
36.

3

~

38.

39.

40.

4

—_

42.

4

w

44.

45.

4

N

4

3

48.

49.

RESEARCH ARTICLE

. Chalermskulrat W, et al. Human leukocyte antigen mismatches predispose to the severity of bronchiolitis obliterans syndrome

after lung transplantation. Chest. 2003;123(6):1825-1831.

. Reznik SI, et al. Indirect allorecognition of mismatched donor HLA class II peptides in lung transplant recipients with bronchiolitis

obliterans syndrome. Am J Transplant. 2001;1(3):228-235.

. Morgan DL, et al. Gene expression in obliterative bronchiolitis-like lesions in 2,3-pentanedione-exposed rats. PLoS One.

2015;10(2):e0118459.

.El-Gamel A, et al. Transforming growth factor beta (TGF-beta) and obliterative bronchiolitis following pulmonary transplanta-

tion. J Heart Lung Transplant. 1999;18(9):828-837.

. Schroeder MA, DiPersio JF. Mouse models of graft-versus-host disease: advances and limitations. Dis Model Mech.

2011;4(3):318-333.

. Alexander KA, et al. CSF-1-dependant donor-derived macrophages mediate chronic graft-versus-host disease. J Clin Invest.

2014;124(10):4266-4280.

. Srinivasan M, et al. Donor B-cell alloantibody deposition and germinal center formation are required for the development of

murine chronic GVHD and bronchiolitis obliterans. Blood. 2012;119(6):1570-1580.

. Forcade E, et al. An activated Th17-prone T cell subset involved in chronic graft-versus-host disease sensitive to pharmacologi-

cal inhibition. JCI Insight. 2017;2(12):€9211.

Hodge G, et al. Bronchiolitis obliterans syndrome is associated with absence of suppression of peripheral blood Th1 proinflam-
matory cytokines. Transplantation. 2009;88(2):211-218.

Suga M, et al. Clinical significance of MCP-1 levels in BALF and serum in patients with interstitial lung diseases. Eur Respir J.
1999;14(2):376-382.

Belperio JA, et al. Critical role for the chemokine MCP-1/CCR2 in the pathogenesis of bronchiolitis obliterans syndrome. J
Clin Invest. 2001;108(4):547-556.

Khatri A, et al. JAK-STAT activation contributes to cytotoxic T cell-mediated basal cell death in human chronic lung allograft
dysfunction. JCI Insight. 2023;8(6):e167082.

Guo M, et al. Guided construction of single cell reference for human and mouse lung. Nat Commun. 2023;14(1):4566.
Travaglini KJ, et al. A molecular cell atlas of the human lung from single-cell RNA sequencing. Nature.
2020;587(7835):619-625.

Szabo PA, et al. Location, location, location: tissue resident memory T cells in mice and humans. Sci Immunol.
2019;4(34):eaas9673.

Cheuk S, et al. CD49a expression defines tissue-resident CD8* T cells poised for cytotoxic function in human skin. Immunity.
2017;46(2):287-300.

Poon MML, et al. Tissue adaptation and clonal segregation of human memory T cells in barrier sites. Nat Immunol.
2023;24(2):309-319.

. Szabo PA, et al. Single-cell transcriptomics of human T cells reveals tissue and activation signatures in health and disease.

Nat Commun. 2019;10(1):4706.

Yenyuwadee S, et al. The evolving role of tissue-resident memory T cells in infections and cancer. Sci Adv. 2022;8(33):eabo5871.
Kumar BV, et al. Human tissue-resident memory T cells are defined by core transcriptional and functional signatures in lym-
phoid and mucosal sites. Cell Rep. 2017;20(12):2921-2934.

Gibbons DL, et al. Cutting Edge: regulator of G protein signaling-1 selectively regulates gut T cell trafficking and colitic poten-
tial. J Immunol. 2011;187(5):2067-2071.

Mami-Chouaib F, et al. Resident memory T cells, critical components in tumor immunology. J Immunother Cancer. 2018;6(1):87.
Jung IY, et al. Tissue-resident memory CAR T cells with stem-like characteristics display enhanced efficacy against solid and
liquid tumors. Cell Rep Med. 2023;4(6):101053.

. FitzPatrick MEB, et al. Human intestinal tissue-resident memory T cells comprise transcriptionally and functionally distinct

subsets. Cell Rep. 2021;34(3):108661.

Belarif L, et al. IL-7 receptor blockade blunts antigen-specific memory T cell responses and chronic inflammation in primates.
Nat Commun. 2018;9(1):4483.

Adachi T, et al. Hair follicle-derived IL-7 and IL-15 mediate skin-resident memory T cell homeostasis and lymphoma. Nat Med.
2015;21(11):1272-1279.

Mackay LK, et al. Hobit and Blimp1 instruct a universal transcriptional program of tissue residency in lymphocytes. Science.
2016;352(6284):459-463.

.Pan'Y, et al. Survival of tissue-resident memory T cells requires exogenous lipid uptake and metabolism. Nature.

2017;543(7644):252-256.
Ganesan AP, et al. Tissue-resident memory features are linked to the magnitude of cytotoxic T cell responses in human lung
cancer. Nat Immunol. 2017;18(8):940-950.

. Savas P, et al. Single-cell profiling of breast cancer T cells reveals a tissue-resident memory subset associated with improved

prognosis. Nat Med. 2018;24(7):986-993.

Tkachev V, et al. Spatiotemporal single-cell profiling reveals that invasive and tissue-resident memory donor CD8* T cells drive
gastrointestinal acute graft-versus-host disease. Sci Trans! Med. 2021;13(576):eabc0227.

Abou-Daya KI, et al. Resident memory T cells form during persistent antigen exposure leading to allograft rejection. Sci
Immunol. 2021;6(57):eabc8122.

. Brownlie RJ, et al. Deletion of PTPN22 improves effector and memory CD8+ T cell responses to tumors. JCI Insight.

2019;5(16):e127847.

. Alfei F, et al. TOX reinforces the phenotype and longevity of exhausted T cells in chronic viral infection. Nature.

2019;571(7764):265-269.

Zhang X, et al. Depletion of BATF in CAR-T cells enhances antitumor activity by inducing resistance against exhaustion and
formation of central memory cells. Cancer Cell. 2022;40(11):1407-1422.

Bignon A, et al. DUSP4-mediated accelerated T-cell senescence in idiopathic CD4 lymphopenia. Blood. 2015;125(16):2507-2518.

JCl Insight 2025;10(10):e176596 https://doi.org/10.1172/jci.insight.176596 18



RESEARCH ARTICLE

50. Trefny MP, et al. Deletion of SNX9 alleviates CD8 T cell exhaustion for effective cellular cancer immunotherapy. Nat Commun.

5

—

52.

53.

54.

55.

56.

57.

58.

59.

6

(=}

6

—

62.

63.

64.
65.

6

[

67.

68.

69.

7
7

- o

72.

73.

74.
75.

76.

7
7

o 3

7
8
8

— O \O

8

N

83.

84.

8

4

2023;14(1):86.

. Cagnoni AJ, et al. Galectin-1 fosters an immunosuppressive microenvironment in colorectal cancer by reprogramming CD8*

regulatory T cells. Proc Natl Acad Sci U S A. 2021;118(21):€2102950118.

Chang M, et al. The ubiquitin ligase Pelil negatively regulates T cell activation and prevents autoimmunity. Nat Immunol.

2011;12(10):1002-1009.

Gilfillan S, et al. DNAM-1 promotes activation of cytotoxic lymphocytes by nonprofessional antigen-presenting cells and

tumors. J Exp Med. 2008;205(13):2965-2973.

Vinay DS, Kwon BS. Role of 4-1BB in immune responses. Semin Immunol. 1998;10(6):481-489.

Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat Rev Immunol. 2013;13(4):227-242.

Renkema KR, et al. KLRG1* memory CD8 T cells combine properties of short-lived effectors and long-lived memory. J Immu-

nol. 2020;205(4):1059-1069.

Milner JJ, et al. Delineation of a molecularly distinct terminally differentiated memory CD8 T cell population. Proc Natl Acad

Sci US A. 2020;117(41):25667-25678.

Chiang EY, Mellman I. TIGIT-CD226-PVR axis: advancing immune checkpoint blockade for cancer immunotherapy. J Immu-

nother Cancer. 2022;10(4):e004711.

Pearce H, et al. Tissue-resident memory T cells in pancreatic ductal adenocarcinoma coexpress PD-1 and TIGIT and functional

inhibition is reversible by dual antibody blockade. Cancer Immunol Res. 2023;11(4):435-449.

. Kitakaze M, et al. Cancer-specific tissue-resident memory T-cells express ZNF683 in colorectal cancer. Br J Cancer.
2023;128(10):1828-1837.

.Bos S, et al. Immune processes in the pathogenesis of chronic lung allograft dysfunction: identifying the missing pieces of the

puzzle. Eur Respir Rev. 2022;31(165):220060.

‘Watanabe N, et al. Anomalous epithelial variations and ectopic inflammatory response in chronic obstructive pulmonary dis-

ease. Am J Respir Cell Mol Biol. 2022;67(6):708-719.

Mercer PF, et al. Pulmonary epithelium is a prominent source of proteinase-activated receptor-1-inducible CCL2 in pulmonary

fibrosis. Am J Respir Crit Care Med. 2009;179(5):414-425.

Sokol CL, Luster AD. The chemokine system in innate immunity. Cold Spring Harb Perspect Biol. 2015;7(5):a016303.

Bernardini G, et al. Analysis of the role of chemokines in angiogenesis. J Immunol Methods. 2003;273(1-2):83-101.

. Marlin SD, Springer TA. Purified intercellular adhesion molecule-1 (ICAM-1) is a ligand for lymphocyte function-associated

antigen 1 (LFA-1). Cell. 1987;51(5):813-819.

Visser L, et al. Expression of the EGF-TM7 receptor CD97 and its ligand CD55 (DAF) in multiple sclerosis. J Neuroimmunol.

2002;132(1-2):156-163.

Hamann J, et al. Expression of the activation antigen CD97 and its ligand CD55 in rheumatoid synovial tissue. Arthritis Rheum.
1999;42(4):650-658.

Hung C, et al. Role of lung pericytes and resident fibroblasts in the pathogenesis of pulmonary fibrosis. Am J Respir Crit Care

Med. 2013;188(7):820-830.

. Manabe I, et al. Gene expression in fibroblasts and fibrosis: involvement in cardiac hypertrophy. Circ Res. 2002;91(12):1103-1113.

.Kida Y, Duffield JS. Pivotal role of pericytes in kidney fibrosis. Clin Exp Pharmacol Physiol. 2011;38(7):467-473.

Pardo A, et al. Up-regulation and profibrotic role of osteopontin in human idiopathic pulmonary fibrosis. PLoS Med.

2005;2(9):€251.

Logan BR, et al. Validated graft-specific biomarkers identify patients at risk for chronic graft-versus-host disease and death.

J Clin Invest. 2023;133(15):e168575.

Crestani B, et al. Hepatocyte growth factor and lung fibrosis. Proc Am Thorac Soc. 2012;9(3):158-163.

Mizuno S, et al. HGF reduces advancing lung fibrosis in mice: a potential role for MMP-dependent myofibroblast apoptosis.

FASEB J. 2005;19(6):580-582.

Naik PK, et al. Periostin promotes fibrosis and predicts progression in patients with idiopathic pulmonary fibrosis. Am J Physiol

Lung Cell Mol Physiol. 2012;303(12):L1046-L1056.

. Bhattacharyya S, et al. Tenascin-C drives persistence of organ fibrosis. Nat Commun. 2016;7:11703.

. Strandjord TP, et al. Collagen accumulation is decreased in SPARC-null mice with bleomycin-induced pulmonary fibrosis. Am J
Physiol. 1999;277(3):L628-L635.

. Ghosh AK, Vaughan DE. PAI-1 in tissue fibrosis. J Cell Physiol. 2012;227(2):493-507.

. Grunwald B, et al. Recognizing the molecular multifunctionality and interactome of TIMP-1. Trends Cell Biol. 2019;29(1):6-19.

.LiY, et al. Severe lung fibrosis requires an invasive fibroblast phenotype regulated by hyaluronan and CD44. J Exp Med.
2011;208(7):1459-1471.

.Hsu E, et al. Lung tissues in patients with systemic sclerosis have gene expression patterns unique to pulmonary fibrosis and

pulmonary hypertension. Arthritis Rheum. 2011;63(3):783-794.

Sisson TH, et al. Phosphodiesterase 4 inhibition reduces lung fibrosis following targeted type II alveolar epithelial cell injury.

Physiol Rep. 2018;6(12):e13753.

Pilling D, et al. TNF-o-stimulated fibroblasts secrete lumican to promote fibrocyte differentiation. Proc Natl Acad Sci U S A.

2015;112(38):11929-11934.

Andersson-Sjoland A, et al. Fibroblast phenotypes and their activity are changed in the wound healing process after lung trans-

plantation. J Heart Lung Transplant. 2011;30(8):945-954.

86. Bhattacharyya S, et al. Early growth response transcription factors: key mediators of fibrosis and novel targets for anti-fibrotic

8

~

88.

therapy. Matrix Biol. 2011;30(4):235-242.
. Hettiarachchi SU, et al. Targeted inhibition of PI3 kinase/mTOR specifically in fibrotic lung fibroblasts suppresses pulmonary
fibrosis in experimental models. Sci Transl Med. 2020;12(567):eaay3724.
Pardo A, et al. Role of matrix metalloproteinases in the pathogenesis of idiopathic pulmonary fibrosis. Respir Res. 2016;17:23.

89. Tan C, et al. Soluble Thy-1 reverses lung fibrosis via its integrin-binding motif. JCI Insight. 2019;4(21):e131152.

JCl Insight 2025;10(10):e176596 https://doi.org/10.1172/jci.insight.176596 19



JCl Insight 2025;10(10):e176596 h

RESEARCH ARTICLE

90. Palumbo-Zerr K, et al. Orphan nuclear receptor NR4A1 regulates transforming growth factor-p signaling and fibrosis. Nat Med.
2015;21(2):150-158.
.Su 'Y, et al. Insulin-like growth factor binding protein-4 exerts antifibrotic activity by reducing levels of connective tissue growth
factor and the C-X-C chemokine receptor 4. FASEB Bioadv. 2019;1(3):167-179.

92. Wang C, et al. Dysregulated lung stroma drives emphysema exacerbation by potentiating resident lymphocytes to suppress an
epithelial stem cell reservoir. Immunity. 2023;56(3):576-591.

93. Villasenor-Altamirano AB, et al. Activation of CD8* T cells in chronic obstructive pulmonary disease lung. Am J Respir Crit Care
Med. 2023;208(11):1177-1195.

94. Snyder ME, et al. Generation and persistence of human tissue-resident memory T cells in lung transplantation. Sci Immunol.
2019;4(33):eaav5581.

95. Schenkel JM, Masopust D. Tissue-resident memory T cells. Immunity. 2014;41(6):886-897.

96. Masopust D, Soerens AG. Tissue-resident T cells and other resident leukocytes. Annu Rev Immunol. 2019;37:521-546.

97. Kimura K, et al. Resident memory-like CD8* T cells are involved in chronic inflammatory and neurodegenerative diseases in
the CNS. Neurol Neuroimmunol Neuroinflamm. 2024;11(1):e200172.

98. Zundler S, et al. Hobit- and Blimp-1-driven CD4" tissue-resident memory T cells control chronic intestinal inflammation. Nat
Immunol. 2019;20(3):288-300.

99. de Leur K, et al. Characterization of donor and recipient CD8+ tissue-resident memory T cells in transplant nephrectomies. Sci
Rep. 2019;9(1):5984.

100. Liu Z, et al. Reprogramming alveolar macrophage responses to TGF-f reveals CCR2+ monocyte activity that promotes bron-
chiolitis obliterans syndrome. J Clin Invest. 2022;132(19):e159229.

101.Beura LK, et al. Implications of resident memory T cells for transplantation. Am J Transplant. 2017;17(5):1167-1175.

102. Bartolome-Casado R, et al. Resident memory CD8 T cells persist for years in human small intestine. J Exp Med.
2019;216(10):2412-2426.

103. Snyder ME, et al. Modulation of tissue resident memory T cells by glucocorticoids after acute cellular rejection in lung trans-
plantation. J Exp Med. 2022;219(4):¢20212059.

104. Chiang KY, et al. Recombinant human tumor necrosis factor receptor fusion protein as complementary treatment for chronic
graft-versus-host disease. Transplantation. 2002;73(4):665-667.

105.Busca A, et al. Recombinant human soluble tumor necrosis factor receptor fusion protein as treatment for steroid refractory

9

—_

graft-versus-host disease following allogeneic hematopoietic stem cell transplantation. Am J Hematol. 2007;82(1):45-52.

106. Moshkelgosha S, et al. Interferon-stimulated and metallothionein-expressing macrophages are associated with acute and chron-
ic allograft dysfunction after lung transplantation. J Heart Lung Transplant. 2022;41(11):1556-1569.

107.Byrne AJ, et al. Dynamics of human monocytes and airway macrophages during healthy aging and after transplant. J Exp Med.
2020;217(3):€20191236.

108. Snyder ME, et al. Rate of recipient-derived alveolar macrophage development and major histocompatibility complex cross-dec-
oration after lung transplantation in humans. Am J Transplant. 2022;22(2):574-587.

109.Kitko CL, et al. Axatilimab for chronic Graft-Versus-Host disease after failure of at least two prior systemic therapies: results of
a phase I/1I study. J Clin Oncol. 2023;41(10):1864-1875.

110.Jacob M, et al. Fibroblast activation protein in remodeling tissues. Curr Mol Med. 2012;12(10):1220-1243.

111. Hiltbrunner S, et al. Local delivery of CAR T cells targeting fibroblast activation protein is safe in patients with pleural meso-
thelioma: first report of FAPME, a phase I clinical trial. Ann Oncol. 2021;32(1):120-121.

112. Aghajanian H, et al. Targeting cardiac fibrosis with engineered T cells. Nature. 2019;573(7774):430-433.

113. Basil MC, et al. Human distal airways contain a multipotent secretory cell that can regenerate alveoli. Nature.
2022;604(7904):120-126.

114. Zacharias W1J, et al. Regeneration of the lung alveolus by an evolutionarily conserved epithelial progenitor. Nature.
2018;555(7695):251-255.

115. Young MD, Behjati S. SoupX removes ambient RNA contamination from droplet-based single-cell RNA sequencing data.
Gigascience. 2020;9(12):giaal51.

116. McGinnis CS, et al. DoubletFinder: doublet detection in single-cell RNA sequencing data using artificial nearest neighbors. Cell
Syst. 2019;8(4):329-337.

117. Hafemeister C, Satija R. Normalization and variance stabilization of single-cell RNA-Seq data using regularized negative bino-
mial regression. Genome Biol. 2019;20(1):296.

118. Zappia L, Oshlack A. Clustering trees: a visualization for evaluating clusterings at multiple resolutions. Gigascience.
2018;7(7):giy083.

119.Hao Y, et al. Integrated analysis of multimodal single-cell data. Cell. 2021;184(13):3573-3587.

120. Blighe K, et al. EnhancedVolcano: publication-ready volcano plots with enhanced colouring and labeling. https://bioconduc-
tor.org/packages/devel/bioc/vignettes/EnhancedVolcano/inst/doc/EnhancedVolcano.html. Accessed April 11, 2025.

121. Marsh S, et al. scCustomize: Custom Visualizations & Functions for Streamlined Analyses of Single Cell Sequencing. https://
rdrr.io/cran/scCustomize/. Accessed April 11, 2025.

122. Alquicira-Hernandez J, Powell JE. Nebulosa recovers single-cell gene expression signals by kernel density estimation. Bio-
informatics. 2021;37(16):2485-2487.

123.Phipson B, et al. propeller: testing for differences in cell type proportions in single cell data. Bioinformatics. 2022;38(20):4720-4726.

124. Orenbuch R, et al. arcasHLA: high-resolution HLA typing from RNAseq. Bioinformatics. 2020;36(1):33-40.

125.Yu G, et al. clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS. 2012;16(5):284-287.

126.Liberzon A, et al. Molecular signatures database (MSigDB) 3.0. Bioinformatics. 2011;27(12):1739-1740.

127.Jin S, et al. Inference and analysis of cell-cell communication using CellChat. Nat Commun. 2021;12(1):1088.

128. Bankhead P, et al. QuPath: open source software for digital pathology image analysis. Sci Rep. 2017;7(1):16878.

129. Subramanian A, et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci U S A. 2005;102(43):15545-15550.

ttps://doi.org/10.1172/jci.insight.176596 20



	Graphical abstract

