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Abstract

Lung function peaks in young adulthood and declines with age. Studies suggest that this trajectory may be modifiable, poten-
tially enhancing lung health and resilience to prevent or delay the onset of chronic lung disease. Although significant progress
has been made in identifying the lung stem/progenitor cell populations involved in lung repair and homeostasis, their regula-
tion and potential for manipulation to promote respiratory health and resilience remain elusive. To explore these issues, the
NHLBI organized a virtual workshop on November 7-8, 2024, that aimed to cover the current scientific landscape; address
critical research gaps; and identify challenges, opportunities, and key research questions related to chronic lung disease, with
a focus on lung stem/progenitor resilience and its applications in the early diagnosis, prevention, and treatment of chronic
lung diseases. This report summarizes the scientific presentations, discussions, and recommendations from the workshop.
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Chronic lung diseases, such as chronic obstructive pulmonary dis-
ease (COPD) and idiopathic pulmonary fibrosis (IPF), impose sig-
nificant global health challenges. The prevalence of these diseases
is alarmingly high worldwide, with millions of individuals
affected.’” Factors such as aging, genetic predisposition, and
environmental exposures including smoking, air pollution, and
occupational hazards represent high risk factors for chronic lung
disease. Despite recent advances in our understanding of the
pathogenesis of chronic lung disease, there is currently no treat-
ment available to reverse the course of the disease. Efforts to
focus on prevention and early diagnosis to slow progression are
therefore emerging as effective and proactive strategies.

Lung stem/progenitor cells promote lung repair and regenera-
tion by differentiating into various lung cell types, thereby repair-
ing damaged tissue and promoting tissue resilience. Advances in
experimental methods have led to the identification of multiple
epithelial cell populations with stem cell capabilities in the lung,
some of which expand in response to lung injury and in diseased
lungs.® However, the precise role of these cells in maintaining res-
piratory health and their potential as early diagnostic and/or ther-
apeutic approach to enhance respiratory health and resilience
remain underexplored.

The NHLBI of the NIH convened a virtual workshop, titled
Progenitor Resilience and the Early Onset of Chronic Lung
Diseases, on November 7-8,2024. The goal of the workshop was to
bring together pulmonary medicine researchers, stem/progenitor
cell biologists, and technology developers to understand the cur-
rent state of the science and to identify critical research gaps,
challenges, opportunities, and key research questions related to
resilience in chronic lung disease. Special emphasis was placed
on lung progenitor cell resilience and its role in the early diagno-
sis, prevention, and treatment of chronic lung diseases. In addi-
tion, this workshop sought to foster collaboration across basic
science, clinical research, and industry in the focus area. This
report highlights the scientific presentations, discussions, and
future research opportunities identified during the workshop.

Respiratory health and resilience

Human lung development continues after birth, reaching a peak
in functionality in young adulthood. The peak lung function varies
among individuals based on factors such as sex, height, race,
genetics, and prenatal and early life exposures. With aging, lung
function gradually declines, and some individuals may develop
chronic lung disease (Figure 1). Some people experience an accel-
erated decline in lung function, making them more susceptible to
chronic lung disease.* Conversely, some experience a slow decline
in lung function, even after respiratory infections, demonstrating
resilience against disease development. The rate of decline is
known to be associated with factors such as smoking, air pollu-
tion, obesity, genetic predisposition, and environmental expo-
sures. Studies suggest that the rate of decline may be modifiable
to prevent and/or delay the onset of chronic lung disease.”®

The NHLBI has emphasized the importance of primary preven-
tion of chronic lung disease by promoting respiratory health.’
Respiratory health should be viewed as a continuum rather than a
simple dichotomy of being disease-free. One proposed approach
categorizes the status of respiratory health into ideal health,

Figure 1 A conceptual model of respiratory health and lung resilience.
The human lung continues to develop after birth and reaches its
maximum capacity in early adulthood, although this peak varies among
individuals. As people age, lung function gradually declines, and both
genetic predisposition and environmental exposures influence the rate of
this decline. A more rapid decline in lung function may increase
susceptibility to disease, while a slower decline or the ability to return to
baseline lung function after injury indicates lung resilience. Future
research should prioritize understanding the mechanisms that control
these lung function trajectories, with the goal of mitigating the “normal”
age-related decline (primary prevention) and slowing disease progres-
sion (secondary prevention) by promoting respiratory health (blue
arrows).

impaired health, and disease.’*!! Studies show that individuals
with impaired respiratory health (lower limit of normal or with
respiratory symptoms) are more likely to develop chronic lung
disease than those with ideal respiratory health, even after adjust-
ing for risk factors such as smoking and age.'?** These findings
support the concept of respiratory health as a continuum and val-
idate approaches to target those with impaired respiratory health
and mitigate their decline in lung function by promoting respira-
tory health.

Unlike the cardiovascular research field, the respiratory com-
munity lacks a cholesterol-like biomarker that is central to the
causal pathway of disease pathogenesis and thus capable of
predicting prognosis, monitoring disease progression, and
measuring treatment efficacy. Pulmonary stem/progenitor
cells, by definition, have regenerative potential (eg, capacity for
self-renewal and differentiation) to repair injured airways and
alveolar-capillary respiratory units and thus play an essential
role in respiratory health and resilience. Research efforts to date
have focused on the identification of pulmonary stem/progeni-
tor cells and their presence/expansion in the context of
end-stage disease lungs. However, to understand the mechanis-
tic factors contributing to lung health and resilience, it is critical
to understand how these stem/progenitor cells are regulated to
maintain lung homeostasis and achieve successful repair after
injury. This knowledge could pave the way for the discovery of
progenitor-based biomarkers that can predict the early onset of
chronic lung disease and assess treatment response and ulti-
mately the discovery of new therapies to reverse disease course.
During the workshop, discussants focused on the current under-
standing of lung stem/progenitor cells, new technologies to
study progenitor cell behavior, ongoing efforts to identify bio-
markers, therapeutic strategies, and lessons learned from other
organ systems.
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Pulmonary progenitor/stem cells in
respiratory health and chronic
lung disease

Recent advances in experimental technology have enabled the
identification of several previously undescribed epithelial cell
types, some of which exhibit stem cell properties (eg, self-renewal
and differentiation). Comprehensive in vivo and in vitro studies
have confirmed that alveolar epithelial type Il (AT2) cells are par-
tially committed stem cells that can self-renew and differentiate
into alveolar epithelial type I (AT1) cells, which play a critical role
in gas exchange.’®'” While several pathways have been proposed
to regulate AT2 stem cell behavior during lung homeostasis and
postinjury repair,’®* their potential as therapeutic targets for
improving patient outcomes remains uncertain.

During AT2-to-AT1 cell differentiation, an intermediate transi-
tional epithelial cell type emerges.”** Although rare in adult
homeostasis, this intermediate cell type expands during repair
after injury and in diseased lungs such as pulmonary fibrosis.*
Multiple pathways including oxidative phosphorylation, unfolded
protein response, transforming growth factor (TGF)-f signaling,
p53 pathway, cell adhesion/tight junction, and cellular senes-
cence were enriched in the transitional cell state.?* The biologi-
cal cues that drive the expansion of these transitional cells, as well
as their functional roles in tissue repair and disease progression,
remain areas of active investigation. Notably, ablation of AT2 cells
did notinduce the transitional cell state,?” whereas ablation of AT1
cells alone was sufficient to induce the transitional cell state.”®
Furthermore, accumulation of transitional epithelial cells can trig-
ger alveolar transitional fibroblasts, leading to fibrosis.?®*
Conversely, loss of transitional alveolar epithelial cells or fibro-
blasts resulted in tissue simplification.?® This suggests that com-
mon repair mechanisms followinginjury could underlie conditions
like emphysema and fibrosis, representing 2 extremes of the same
response to damage.

Arecent study revealed the role of the mitochondrial-integrated
stress response in controlling AT2 stem cell fate.** Mitochondrial
dysfunction, specifically the loss of mitochondrial electron trans-
port chain (ETC) complex I in the lung epithelium during develop-
ment, leads to the postnatal expansion of transitional epithelial
cells, resulting in postnatal death of the animals from respiratory
failure. Independent of ATP synthesis, a high NADH/NAD*ratio due
to loss of ETC complex | function leads to a pathologically high
and persistent activation of the integrated stress response (ISR).
This prevents the intermediate transitional cells from differentiat-
ing into AT1 cells. Notably, inhibiting the ISR facilitates the differ-
entiation of transitional cells into AT1 cells, even when ETC
complex | function is absent.*® Aligning with these findings, stud-
ies have shown that the ISR inhibitor ameliorates fibrosis in vari-
ous animal models of pulmonary fibrosis.**> The ISR is a
conserved signaling pathway that helps cells and organisms
adapt to various environmental stresses.** Each of 4 kinases—HRI
(heme-regulatedinhibitor),PKR (double-stranded RNA-dependent
protein kinase), PERK (PKR-like ER kinase), and GCN2 (general
amino acid control nonderepressible 2)—senses various stresses,
leading to the phosphorylation of the eukaryotic translation initi-
ation factor elF2 to activate the ISR. Traditionally, ISR activation
has been viewed as a mechanism to maintain or restore

physiological homeostasis in a cell, with unresolved stress ulti-
mately triggering apoptosis to eliminate damaged cells. This
study reveals a previously unrecognized link between mitochon-
drial NAD*regeneration capacity, AT2 stem cell fate, and the ISR,
providing a novel concept—that the way stem/progenitor cells
respond to stress can alter their stem cell capabilities—and offer-
ing new opportunities for prevention and therapy.

The discussion also centered around the distal airway progeni-
tor cells, unique in the human lung. While absent in mice, humans
have the terminal and respiratory bronchioles (TRBs) before tran-
sitioninginto alveolar duct, which have been implicated in chronic
lung disease.** Recently, 2 independent groups identified previ-
ously undescribed cell types in the human distal respiratory air-
ways: respiratory airway secretory cells, TRB-specific alveolar
type-0 (ATO) cells, and TRB secretory cells (TRB-SCs).>"¢
Respiratory airway secretory cells—as defined by Basil and
colleagues®*—encompass the TRB-SC population described by
Murthy and colleagues,* as well as more proximal SCGB3A2*/
SCGB1Al*secretory cells, whereas SCGB3A2'/SFTPC'ATO cells
represent a distinct population normally restricted to respiratory
bronchiole-adjacent alveolar septae. These cell types, identified
in human, nonhuman primate, and ferret lungs, exhibit stem cell
capacities and may differentiate into AT2, AT1, or TRB-SCs. These
findings are consistent with Habermann etal.,” who observed an
expansion of SCGB3A2*cells co-expressing AT2 or AT1 markers in
human pulmonary fibrosis. Alterations in these cell populations
have also been observed in airway-diseased lungs, including
COPD.*** Future research should focus on understanding the role
of these progenitor cell populations in respiratory pathophysiol-
ogy and their potential to promote lung resilience.

Additionally, in human proximal airway, a novel airway cell type
known as hillock basal stem cells was recently identified,” as
plastic airway stem cells that are resistant to physical freezing,
viral infection, and exposure to irritants. The function of hillocks
in human airway diseases remain elusive yet. Future studies may
further characterize the function of hillocks cells and their contri-
bution to airway resilience in various injury models.

Overall, significant progress has been made in defining progen-
itor cell states and subsets. Future research should focus on eluci-
dating the molecular mechanisms that control these newly
discovered lung stem/progenitor cells and how they influence
lung health and resilience or disease susceptibility.

Emerging technologies and model
systems to study progenitor cells
and resilience

Recent advances in technology and model systems have signifi-
cantly deepened our understanding of progenitor cells and their
roles in tissue resilience. The discussion highlighted cutting-edge
tools that enable precise in vivo cell fate mapping and the devel-
opment of human-specific models, offering new opportunities for
therapeutic discovery.

One of the technologies enabling the marked advancement of
stem cell biology is in vivo lineage tracing, which allows us to track
the stem cell differentiation and the origin of differentiated cells in
living animals. In the past, we could only label 1 cell type with a
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single marker gene and follow its proliferation and differentiation
in vivo. Recently, however, a dual reporter system has been devel-
oped to label the expression of 2 genes simultaneously. This sys-
tem enables us to label multiple cell types at the same time or to
precisely label a specific cell type co-expressing 2 different marker
genes, such as bronchioalveolar stem cells (BASCs).** This sys-
tem confirmed the in vivo contribution of club cells and BASCs to
alveolar repair after severe lung injury and that AT1 cells do not
differentiate into AT2 cells in vivo during homeostasis or repair
after bleomycin injury and lung growth postpneumonectomy
in mice.*”®

The discussion also emphasized the value of nonrodent mam-
mal models to study lung disease and resilience. Although animal
studies in rodents have provided important biological insights
into the pathophysiology of lung disease and health, anatomical
and cellular differences between human and rodent airway struc-
ture* pose challenges in the study of certain human lung dis-
eases. For example, due to species-specific differences in
conducting airways, cystic fibrosis transmembrane conductance
regulator (CFTR) knockout mice do not develop phenotypes simi-
lar to those seen in CF patients,* whereas CFTR knockout induces
the human CF phenotypes in pigs*®*” and ferrets,** making them
more suitable for disease modeling. As noted above, the mouse
lung, unlike the human lung, lacks the respiratory bronchioles,
which limits the application of the mouse study findings to human
lung diseases, including COPD and IPF, which are known to be
associated with abnormalities in the respiratory bronchioles.
Ferrets, however, possess respiratory bronchioles and exhibit
clinical features of human COPD. A recent study also reports that
unlike in mice, bleomycin injury in ferrets induces nonresolving
fibrosis and transcriptional changes in the epithelium similar to
those seen in human IPF.°*% In addition, several transgenic ferret
models are being developed to enable in vivo cell fate mapping.*
Transgenic ferrets are ideal models to study human lung disease,
with enhanced translatability for future therapies.

Recent progress of 3D organoid systems has emerged as val-
uable preclinical in vitro models, in particular with organoids
derived from patients’ lung cells or patient-derived induced
pluripotent stem cells (iPSC) to study lung disease biology. For
example, the patients’ somatic cells-derived iPSC system car-
ries individual patient-specific genetic information with nonin-
vasive renewable supply of cells and is easily amenable to gene
editing. Such iPSC-derived organoids maintain the genetics
from donors during complex disease modeling, offering a
broadly applicable platform for studying progenitor cell biol-
ogy. Several protocols have been developed to differentiate
human iPSCs into airway epithelial cells**** or AT2 cells.*>*® An
iPSC-based airway culture system includes common and rare
airway cell types, including pulmonary ionocytes, that mimic
theion transport defects of cystic fibrosis, providing a platform
for pathogen studies, drug screening, and understanding of CF
pathology.** Other examples include human iPSC-derived AT2
(iAT2) cell cultures to model chronic lung disease in vitro,
incorporating genetic susceptibility and environmental expo-
sure. Transcriptomically similar to human primary AT2s, iAT2s
can recapitulate functional features of the patient of origin.*
When cultured at an air-liquid interface with exposure to ciga-
rette smoke, iAT2s can model emphysema in vitro.”” CRISPR
interference of genes associated with COPD by genome-wide
association studies in iAT2s elucidated the biological function

of the desmosomal component gene DSP (desmoplakin) in AT2
cells.™®

The limitation of 3D culture systems is that iPSC-derived or
primary lung epithelial cells may not achieve full maturation or
differentiation in the in vitro 3D culture system as in native in
vivo lung tissue and that it lacks complex lung microenviron-
ment including extracellular matrix, mechanical properties,
and interaction with other cell types such as immune and vas-
cular components. To overcome this at least partially, a human
iPSC-derived vascularized lung organoid system was devel-
oped® by co-differentiating mesoderm and endoderm lineages
from iPSC into vascularized lung organoids consisting of mes-
enchyme, endothelium, and lung epithelial progenitors.
Vascularized lung organoids showed 3D architecture similar to
in vivo mouse lungs at E12.5 and cell-type composition similar
to human fetal lungs. Furthermore, vascularized lung organoids
using iPSC from alveolar capillary dysplasia (ACD) patients with
FOXF1 mutations showed abnormal capillary differentiation,
which is the key phenotype of ACD patients.* This system can
provide a better understanding of epithelial-endothelial inter-
actions than the traditional organoid culture system. Recently,
a computational method to study cell-cell interaction was
developed that can be applied to single-cell RNA sequencing
atlas or spatial transcriptomic data.®® These innovations align
with the recent NIH’s initiative to prioritize human-based
research and promote new approach methods.

Efforts to identify progenitor
cell-based biomarkers on causal
pathways

Identification of biomarkers is critical for early diagnosis and bet-
ter prognosis of chronic lung diseases. In particular, biomarkers
that lie on causal pathways can provide crucial insight into how
chronic lung diseases develop and progress: detecting early signs
of disease onset, predicting disease course and treatment
response, and monitoring disease progression and treatment
response. The development of these biomarkers requires a deep
understanding of the underlying biological mechanisms, rigorous
validation, and standardization to ensure reliability across
diverse populations. We are beginning to understand the molec-
ular and metabolic signaling pathways that control lung stem/
progenitor cell behavior during lung homeostasis and repair
upon injury, including the ISR, Wnt/B-catenin, p53, fibroblast
growth factor (FGF), epidermal Growth Factor (EGF), transform-
ing growth factor (TGF)-B, YAP/TAZ, cell division cycle 42 (Cdc42),
bone morphogenetic protein (BMP), and Notch.*®'® As our under-
standing of how lung stem/progenitor cells are regulated
advances, it is important to focus our efforts on identifying lung
stem/progenitor-based biomarkers on causal pathways, comple-
mented with omics-based screening approaches, that can pre-
dict lung health and resilience against the development of
chronic lung disease.

Notably, a study has reported that airway epithelial progenitor
cells obtained from patients with COPD through endobronchial
biopsies exhibit reduced colony-forming efficiency as compared
to those without COPD, and the colony-forming efficiency corre-
lates with lung function.®* Ongoing cross-sectional and
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longitudinal studies are investigating airway progenitor basal cell
dysfunction in young smokers prior to COPD onset as a potential
biomarker, with emphasis on altered bioenergetics and mito-
chondrial metabolism.

Omics-based methodologies such as genomics, proteomics,
metabolomics, and transcriptomics offer powerful tools for bio-
marker discovery, allowing unbiased screening approaches. For
example, approaches integrating advanced single-cell genomics
and proteomics have identified protein markers in bronchoalveo-
lar lavage fluid and plasma that correlate with lung function and
disease progression in patients with pulmonary fibrosis.®
Nonetheless, a recognized limitation of omics data is its descrip-
tive nature with limited causal inference into functional pheno-
types. To address this issue, perturb-seq has been applied in
various cellular models, which combines CRISPR-based genetic
screening with single-cell RNA sequencing to profile the effects of
genetic perturbations on genome-wide gene expression.®** In
this approach, perturbations such as drugs or genetic modifica-
tions are applied to the cell or tissue platform (eg, precision-cut
lung slices or 3D organoid culture systems), followed by single-cell
genomic analyses. Using this strategy, disease trajectories can be
mapped in the human lung, and cell states can be correlated to
disease stages or lung health. Longitudinal cohort studies that col-
lect tissue samples with detailed clinical data throughout life or at
least during disease progression are vital, especially to include
healthy normal state and early stage disease, thereby reducing
the bias associated with end-stage lung tissue data in the develop-
ment of biomarkers to predict lung health and resilience.

Therapeutic approaches

Cell-based therapies, particularly those using mesenchymal
stromal cells (MSCs), have been explored for a range of inflam-
matory conditions including acute respiratory distress syn-
drome (ARDS) and COPD. Typically, MSCs are harvested from
bone marrow or adipose tissue and then expanded in culture.
They are usually administered intravenously, where they first
pass through the pulmonary capillary bed. These cells do not
engraft and are cleared within a few days. They are thought to
exert immunosuppressive effects through interactions with
immune cells. Although MSC-based cell therapies have shown
promising results in preclinical models of acute lung injury,
they have yielded mixed results in clinical trials in patients with
ARDS with or without COVID-19.° Notably, a recent post hoc
analysis of a phase Il trial in COPD patients suggested that MSCs
might improve lung function in individuals with baseline
C-reactive protein levels greater than 4mg/L.°® Future trials
should clarify the optimal cell source, manufacturing methods,
dosage, route of administration, and appropriate inflammatory
profiles of target patient populations. In addition to MSC thera-
pies, emerging strategies such as extracellular vesicle delivery
and mitochondrial transfer are being investigated, while efforts
to achieve successful engraftment using iPSC-derived epithelial
stem cells continue.

Recent insights into lung stem cell regulation are paving the
way for innovative therapeutic strategies in preclinical models
of lung disease. In particular, research has shown that zinc
metabolism is critical for AT2 cell renewal in a sirtuin 1 (SIRT1)-
dependent mechanism.®” Expression of the zinc transporter
gene, SLC39A8 (ZIP8), was decreased in IPF lungs compared to

healthy lungs. Loss of SIc39a8 was associated with impaired
renewal capacity of AT2s and worse fibrosis after bleomycin
injury in mice. Zinc-deficient diet exacerbates lung fibrosis, and
zinc supplementation reduced fibrosis in bleomycin-induced
lung injury models in mice and improved the renewal capacity
of AT2 cells via SIRT1.5" Interestingly, the expression of NAD*syn-
thesis enzymes, a central tricarboxylic acid (TCA) cycle metabo-
lite and a key substrate for maintaining the deacetylation
activity of SIRT1, was downregulated in AT2 cells from IPF
patients, and supplementation with NAD*precursors, nicotina-
mide mononucleotide (NMN), or nicotinamide riboside
enhanced AT2 cell proliferation in vitro.®” Consistent with these
findings, NMN supplementation improved postnatal alveolar
epithelial differentiation and prevented postnatal lethality par-
tially in mice with epithelial-specific mitochondrial ETC com-
plex | deficiency.®

Recently, a group has suggested that pathogenic stem cells may
play a role in chronic lung disease. Single-cell suspensions of lung
explant tissue were plated onto irradiated 3T3-J2 murine embry-
onic fibroblasts for cloning. While control lungs yield predomi-
nantly a single clonal population, explant lungs from patients
with chronic lung diseases, including COPD,*® IPF,* and CF,”
exhibited multiple clonal populations. These diseased lung clonal
libraries drove neutrophilic inflammation when xenografted into
immunodeficient mice. Questions remain about their biological
role in the development of chronic lung disease and how they are
regulated.

Lessons learned from other
organ systems

Recent advances in stem/progenitor cell biology in other organ
systems have provided valuable insights that can be applied to
the field of lung biology, offering promising avenues for therapeu-
tic strategies and a better understanding of lung diseases.

The ISR has emerged as an attractive therapeutic target for neuro-
degenerative diseases. One relevant approach involves the use of
the ISR inhibitor (ISRIB), a small molecule that weakly inhibits the
ISR by enhancing elF2B activity.” Integrated stress response activa-
tion reduces global protein translation but paradoxically increases
the translation of specific mRNAs of transcription factors such as
ATF4, ATF5, CHOP, and GADD34, both of which are improved by
ISRIB. Integrated stress response inhibitor has shown efficacy in pre-
clinical models of a variety of neurodegenerative diseases as well as
normal aging.”™ Its benefits are now being evaluated in a clinical
trial in patients with amyotrophic lateral sclerosis (ALS), one of the
most common adult-onset motor neuron diseases (NCT04948645).
In iPSC models of ALS in which the disease-associated mutation in
vesicle-associated membrane protein-associated protein B (VAPB)
P56S was introduced by CRISPR, the mutation caused reduced neu-
ronal firing, mitochondrial dysfunction, and activation of the ISR.
Integrated stress response inhibitor improved neuronal firing in
iPSC-derived neurons carrying the VAPB P56S mutation.® Notably,
ISRIB has also shown efficacy in various mouse models of pulmo-
nary fibrosis®*? and promoted alveolar epithelial cell differentia-
tion, rescuing postnatal mortality in mice with epithelial
mitochondrial complex | deficiency.®

Spatial metabolomics, matrix-assisted laser desorption ioniza-
tion mass spectrometry imaging (MALDI-MSI), has recently
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Table 1 Key knowledge gaps in respiratory health and resilience research.

« Absence of standardized, quantitative metrics to define and measure respiratory health and resilience

+ Incomplete understanding of stem/progenitor cell populations across all structural cell lineages, including epithelial, endothelial,
mesenchymal, and immune compartments

+ Limited mechanistic insight into how lung stem/progenitor cells are regulated and contribute to respiratory health and resilience

+ Technical limitations in experimental models to recapitulate complex human lung biology

« Lack of validated biomarker panels that reflect respiratory health and resilience

+ Few identified therapeutic targets directly linked to pathways governing stem/progenitor cell resilience

Table 2 Recommendations for advancing respiratory health and resilience research.

Shifting the Research Paradigm: From a focus on disease progression to understanding the underlying mechanisms of respiratory
health and resilience

+ Standardize metrics to define and measure progenitor cell resilience and lung health.

+ Leverage existing longitudinal studies or design new ones that follow healthy individuals or patients with early stage disease,
archiving tissue samples over time.

+ Advance computational modeling to integrate multimodal datasets, enabling a comprehensive understanding of lung function
across the lifespan.

+ Increase public awareness and education about the importance of lung health resilience and preventive strategies.

Elucidating the Biological Mechanisms Behind Lung Stem/Progenitor Cell Behavior: To identify targets that promote respiratory
health and resilience

+ Determine the biological roles of the discretely defined stem/progenitor cell populations in lung health and resilience and link
them to functional outcomes related to injury, infection, and repair.

+ Investigate the role of cellular metabolism and epigenetic changes in lung stem/progenitor cell resilience.

+ Determine the role of cell-cell interactions in maintaining lung progenitor resilience including epithelial-immune,
epithelial-endothelial, and epithelial-mesenchymal interactions.

+ Understand and dissect the novel function of genetic factors associated with chronic obstructive pulmonary disease and
pulmonary fibrosis in human cellular, tissue, and organoid models, as well as animal models.

+ Investigate how the interaction of genetic and environmental factors and genetic interactions among polygenic factors for chronic
lung diseases affect the resilience of progenitor cells.

+ Address gaps in our understanding of the long-term effects of environmental exposures and nutrition/lifestyle on lung progenitor
cells and lung resilience.

New Technologies and Model Systems

+ Leverage advanced organoid models and induced pluripotent stem cells technologies for disease modeling and therapeutic
development, particularly targeting genetic susceptibility factors identified in human population studies.

+ Develop imaging techniques to visualize progenitor cell dynamics and resilience in vivo.

+ Use artificial intelligence and machine learning to analyze complex datasets to gain deeper insight into progenitor cell behavior.

+ Recognize the limitations of experimental models that don’t fully recapitulate human lung pathobiology and validate findings in
primary human tissues or other animal models that better recapitulate human lung disease.

+ Develop experimental models that better recapitulate human lung physiology and pathobiology.

Discovery of Novel Biomarkers Reflecting Causal Mechanisms

+ Develop comprehensive biomarker panels that connect lung progenitor cell function to respiratory health and disease risk.

+ Continue efforts to identify biomarkers that can be measured peripherally (eg, blood, nasal swab), without access to lung tissue,
that reflect the status of lung progenitor cells and are associated with lung function and disease risk.

Therapeutic Strategies

+ Pursue the development of pharmacological agents or biologics that specifically target the pathways that regulate progenitor cells
to enhance lung resilience.

Leveraging Multidisciplinary Insights

+ Encourage interdisciplinary collaborations to enrich research on the mechanisms of lung disease and resilience.

+ Strengthen partnerships across basic science, clinical research, and industry for a comprehensive approach to lung health and
disease prevention.

Leverage Existing Resources

+ Encourage research community to use existing cohort studies and datasets (eg, NHLBI-funded Lung Health Cohort, SOURCE study)
to understand lung resilience and disease onset.

+ Encourage research community to use available resources (eg, NHLBI-funded Molecular Atlas of Lung Development Program
(LungMAP), Center for Regenerative Medicine (CReM) of Boston University) to understand functionality of progenitor cells in lung
resilience.
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emerged as a powerful tool, particularly in cancer research, by
providing spatial information of metabolites in fresh frozen tis-
sues at a resolution of 10-50 um.®* Combined with isotope tracing,
MALDI-MSI can evaluate the activity of metabolic pathways and
quantitatively assess the contribution of nutrients in different tis-
sue regions. For example, using MALDI-MSI with **C in vivo meta-
bolic flux analysis, it was shown that free fatty acids are the major
contributors of TCA cycle carbon in the renal medulla, whereas
glutamine and citrate are more utilized in the renal cortex.®! Given
the increasing evidence that mitochondrial metabolism is critical
for lung stem/progenitor cell function, the application of spatial
metabolomics may provide unique insights into the metabolic
heterogeneity within lung tissues.

In the field of gastrointestinal biology research, nerves have
been reported to control tissue repair in the gut through cytokine
signaling and interaction with immune cells®»* and to regulate
cancer growth.®® The mammalian respiratory system also
involves the nervous system. For example, the vagus nerve inner-
vates the trachea and bronchi®®®" and contributes to immune
function and allergen-induced airway hyperreactivity, in part
through rare neuroendocrine cells in the lung, suggesting its bio-
logical role in lung health and diseases such as asthma.®*** In
addition, a recent study reported that sympathetic neurons pro-
mote the growth of small cell lung cancer.’* As in the gastrointesti-
nal system, whether neurons and neuroendocrine cells play a role
in lung stem/progenitor cell behavior and potentially contribute
to disease progression remains an open question that warrants
further investigation.

Conclusions

The workshop concluded with strategic discussions on shifting
the research paradigm from studying disease development and
progression to uncovering the mechanisms that maintain respira-
tory health and resilience. This includes establishing standardized
metrics of lung health and resilience and understanding the
genetic and environmental factors, along with the metabolic and
cellular signaling pathways that control lung stem/progenitor cell
behavior. Such insights will aid in discovering biomarkers linked
to causal mechanisms and identifying therapeutic targets to
enhance respiratory health and resilience. Key knowledge gaps
and corresponding recommendations are listed in Tables 1 and 2.
This will be achieved through continued efforts to foster interdis-
ciplinary collaborations; integrate knowledge from diverse fields
such as computational biology, environmental science, immunol-
ogy, and regenerative medicine; and leverage existing resources.
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