
 

 

 University of Groningen

Stem Cells, Cell Therapies, and Bioengineering in Lung Biology and Disease 2021
Ikonomou, Laertis; Magnusson, Mattias; Dries, Ruben; Herzog, Erica L; Hynds, Robert;
Borok, Zea; Park, Jin-Ah; Skolasinski, Steven; Burgess, Janette K; Turner, Leigh
Published in:
American Journal of Physiology - Lung Cellular and Molecular Physiology

DOI:
10.1152/ajplung.00113.2022

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Ikonomou, L., Magnusson, M., Dries, R., Herzog, E. L., Hynds, R., Borok, Z., Park, J-A., Skolasinski, S.,
Burgess, J. K., Turner, L., Mojarad, S. M., Mahoney, J. E., Lynch, T., Lehmann, M., Thannickal, V. J.,
Hook, J. L., Vaughan, A. E., Hoffman, E. T., Weiss, D. J., & Ryan, A. L. (2022). Stem Cells, Cell Therapies,
and Bioengineering in Lung Biology and Disease 2021. American Journal of Physiology - Lung Cellular and
Molecular Physiology, 323(3), L341-L354. https://doi.org/10.1152/ajplung.00113.2022

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 20-11-2022

https://doi.org/10.1152/ajplung.00113.2022
https://research.rug.nl/en/publications/166f79bd-a2f9-4710-a35c-2e22816baa08
https://doi.org/10.1152/ajplung.00113.2022
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Deconstructing Organs: Single-Cell Analyses, Decellularized Organs, Organoids, and Organ-on-
a-Chip Models
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Abstract

The 9th biennial conference titled “Stem Cells, Cell Therapies, and Bioengineering in Lung Biology and Diseases” was hosted
virtually, due to the ongoing COVID-19 pandemic, in collaboration with the University of Vermont Larner College of Medicine, the
National Heart, Lung, and Blood Institute, the Alpha-1 Foundation, the Cystic Fibrosis Foundation, and the International Society
for Cell & Gene Therapy. The event was held from July 12th through 15th, 2021 with a pre-conference workshop held on July
9th. As in previous years, the objectives remained to review and discuss the status of active research areas involving stem cells
(SCs), cellular therapeutics, and bioengineering as they relate to the human lung. Topics included 1) technological advancements
in the in situ analysis of lung tissues, 2) new insights into stem cell signaling and plasticity in lung remodeling and regeneration,
3) the impact of extracellular matrix in stem cell regulation and airway engineering in lung regeneration, 4) differentiating and
delivering stem cell therapeutics to the lung, 5) regeneration in response to viral infection, and 6) ethical development of cell-
based treatments for lung diseases. This selection of topics represents some of the most dynamic and current research areas in
lung biology. The virtual workshop included active discussion on state-of-the-art methods relating to the core features of the
2021 conference, including in situ proteomics, lung-on-chip, induced pluripotent stem cell (iPSC)-airway differentiation, and light
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sheet microscopy. The conference concluded with an open discussion to suggest funding priorities and recommendations for
future research directions in basic and translational lung biology.

bioengineering; differentiation; extracellular matrix; lung regeneration; pluripotent stem cells

INTRODUCTION

The 9th biennial conference followed in the footsteps of
the previous eight conferences providing an active and cur-
rent discussion of recent advances in the field of lung stem
cells (SCs), cellular therapies, and bioengineering. For 2021,
Dr. Amy L. Ryan [University of Southern California (USC),
currently at the University of Iowa] took over as Chair sup-
ported by Vice-Chair Dr. Laertis Ikonomou (University at
Buffalo) and Emeritus Chairs Dr. Daniel Weiss (University of
Vermont) and Dr. Darcy Wagner (Lund University). The
application of new and emerging technologies to advance
basic and translational lung biology remained a core theme
across the scientific sessions that all centered around futher-
ing our understanding of the cellular, molecular, and biome-
chanical regulation of lung regeneration. The scientific
sessions and discussion centered around core issues
hampering progress in lung regeneration. These issues
included 1) identification and function of lung stem cell
populations; 2) understanding how different niche fac-
tors regulate lung stem cells in the context of regenera-
tion and lung function; 3) developing more complex,
tissue level models of the lung to understand regulation
by mechanical factors such as stretch and compression;
and 4) delivery and functional engraftment of cells into
the regenerating lung.

Building on prior conferences, the regulation of airway
stem cells by their immediate micorenvironment includ-
ing interactions with immune cells and extracellular ma-
trix (ECM) was heavily discussed. Such interactions were
also put in the context of airway regeneration where ECM
biomechanics, aging, and viral infection were all exam-
ined in the setting of driving innovation in regenerative
strategies for acute and chronic lung diseases. New single-
cell omics technologies are being developed at an unprece-
dented pace. This is especially true within the emerging
field of spatial omics (1–3), which allows for the analysis of
single cells within the intact tissue. This new type of infor-
mation is crucial for a deeper understanding of the effects
of spatial organization and cell-cell and cell-matrix cross
talk on gene expression. Not surprisingly, spatial transcrip-
tomics was voted as the “method of the year 2020,” byNature
Methods (4). Challenges in the in vitro expansion of airway
epithelial cells was a theme transcending many talks as the
pursuit of functional tissue regeneration remains a long-term
goal for many laboratories studying human lung diseases. As
our understanding of cellular heterogeneity expands, we are
becoming increasingly aware of the role of cell-cell and cell-
matrix interactions or cross talk between epithelial cells and
resident or circulating immune cells or mesenchymal cells
play in determining fate decisions and functional changes in
the lungs. To make continuing progress toward the develop-
ment of safe and efficacious cellular therapeutics, compre-
hensive understanding of these processes will be critical to

determine the long-term consequences of cellular therapy
from endogenous or exogenous cellular sources.

Due to the ongoing COVID-19 pandemic, the popular
“hands-on” pre-conference workshop was converted to an
interactive online format. Workshops comprised of pre-
recorded training were made available to all attendees one
week before a live question-and-answer session on the pre-
conference workshop day. This format, while missing some
of the features of the pre-pandemic in-person format, did
allow for increased time to be dedicated to each session and
attendees could participate in all sessions rather than select-
ing three sessions as in previous years. The workshop fea-
tured previous core trainings including decellularization of
whole lungs, preparation of precision cut lung slices, and ex
vivo culture techniques. In addition, new sessions on
induced pluripotent stem cells (iPSCs), light sheet micros-
copy, in situ proteomics, and lung-on-chip reviewed some of
the latest technological advances impacting the field of lung
diseases and airway regeneration.

The 2021 conference concluded with a highly interactive
question and discussion session addressing key themes from
the conference. This report summarizes the topics featured
throughout the conference, highlighting key areas for contin-
ued innovation and funding to enable the field to sucessfully
advance. The full pre-conference and conference program
are available from Figshare at https://doi.org/10.6084/m9.
figshare.19406570.

SESSION I: TECHNOLOGICAL ADVANCES
FOR IN SITU ANALYSIS OF TISSUES

By further extending their newly developed microfluidic-
based spatial omics technology, DBiT-seq (Deterministic
Barcode in Tissue) (5), Dr. Yang Liu (Yale University), revealed
that their platform can now be used on formalin-fixed, paraf-
fin-embedded tissues (FFPE) with the capacity to detect as
many as 300 proteins at once. DBiT-seq technology extends
beyond gene expression and can include spatial epigenetics
using both ChIP-seq (chromatin immunoprecipitation) and
ATAC-seq (assay for transposase-accessible chromatin) chem-
istry. Importantly, DBiT-seq is a user friendly and affordable
spatial multi-OMICS platform that will likely become widely
used in the study of lung biology.

Single-cell heterogeneity can potentially be explained by
transcriptional bursts caused by the diverse activation
kinetics of various transcription factors (TFs) (6). Similar
mechanisms have been shown to play a key role in drug re-
sistance in cancer (7); though the underlying mechanisms
are not yet well understood. Using live-cell particle imaging,
Dr. Timothee Lionnet (New York University Langone
Medical Center) has developed methods to measure variabil-
ity in real-time gene expression using microscopy. They
found that TFs exhibit a wide range of functional variability,
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and that the bursting kinetics are independent of how long
the TF binds to chromatin and instead dependent on tran-
scription initiation and chromatin remodeling. This system
provides a toolbox that can be particularly useful for devel-
oping synthetic activators to reprogram cells.

In addition to transcriptional regulation, lung cells such
as alveolar epithelial type 1 (AT1) cells undergo major mor-
phological changes during development (8). Studying
morphogenesis in vivo is particularly challenging with flat
cells such as AT1 cells. Graduate student, Vera Hutchison
(MD Anderson Cancer Center) has developed new reporter
mice in which it is possible to detect six different subcellu-
lar structures within a single cell. Using this model, she
revealed that AT1 cells display prominent lysosomes and
remarkable mitochondrial distribution in vivo. Continued
evolution of this technology will likely enhance our ability
to study lung cell biology in vivo.

Taken together, these novel technologies have the promise
to substantially improve our understanding of the regulatory
mechanisms during lung homeostasis and diseases. These
technologies are, however, still in their infancy and several
challenges remain. For example, the resolution of spatial
proteomics needs improving to be able to capture the whole
proteome at a single-cell level. In addition, understanding
how the noncoding genome contributes to transcriptional reg-
ulation is not addressed. Finally, the generation of huge data
sets (from both omics and imaging) reveal the importance of
developing affordable data storage and computing power solu-
tions. Acknowledging these challenges, we anticipate that the
development of novel,more precise, and efficient technologies
for evaluting single-cell biology will continue to accelerate.

SESSION II: THERAPEUTIC
IMMUNOMODULATION OF THE LUNG

Pulmonary applications of cell-based therapies have
expanded to encompass immunomodulation by a widening
range of cell types. For example, as shown by Dr. Ke Cheng
(NC State University and UNC-Chapel Hill), administration
by inhalation of cells isolated from lung spheroids, prepared
from surgical and bronchoscopic lung biopsies (9, 10), stimu-
lates alveolar regeneration in a bleomycin model of pulmo-
nary fibrosis (9). The exosome and nonexosome components
of the secretome from these cells recapitulate these findings
via mechanisms involving canonical transforming growth
factor-b1 (TGF-b1) signaling and monocyte chemotractant
protein 1 (MCP-1) expression (11). Furthermore, cell-mimick-
ing nanodecoys, engineered to neutralize SARS-CoV-2
(severe acute respiratory syndrome coronavirus 2), mitigate
viral replication and inflammatory lung injury in nonhuman
primate models of COVID-19 (coronovirus disease 2019) (12).
Identification of exosome cargo and additional study of
nanodecoys are exciting areas for future investigation.

Treatment of pulmonary alveolar proteinosis (PAP) by pulmo-
nary macrophage transfer (PMT) has been achieved in mouse
models (13). Dr. Bruce Trapnell (University of Cincinnati) has
demonstrated that transfer of GM-CSF gene-corrected macro-
phages derived from autologous iPSCs (14) or hematopoietic
stem cells (HSCs) (13) improves both pulmonary and systemic
manifestations of disease and elucidates the critical role of GM-

CSF in the feedback regulation of the alveolar macrophage pop-
ulation size. Gene-corrected PMT is, therefore, a durable and ef-
ficacious therapy that can be achievedwithoutmyeloablation or
immunosuppression and clinical trials are scheduled to start
soon. New areas of study related to this work include the impor-
tance of macrophage quorum sensing, relative contributions of
interstitial versus alveolar macrophages, and PMT’s therapeutic
potential in other conditions.

The critical role of macrophages in lung homeostasis neces-
sitates the need for well-defined phenotypic metrics. Dr.
Patrick Hume and colleagues (National Jewish Health) aug-
ment the classic methods of macrophage surface marker
expression, transcriptome, and function by quantifying loca-
tion. Using design-based stereology, a systematic approach
employing three-dimensional (3-D) reconstruction of ran-
domly selected regions of the right upper lobe of lungs
obtained fromhumanswho had died of nonpulmonary causes,
identified CD206þCD43þ interstitial macrophages located pri-
marily in the alveolar septa, compared with airways and peri-
vascular spaces, and also exceeded quantities of alveolar
macrophages (15). The lungs of smokers without clinically no-
table lung disease contained a significant increase in intersti-
tial, but not alveolar, macrophages (15). These findings open
numerous new areas of exploration including evaluating the
feasibility of thismethod, generalizability across all lung zones,
relationship to prior studies that yielded qualitative and quan-
titative differences, and of course alterations in disease.

Tissue sampling limitations may be circumvented by
isolating the epithelial lining fluid viamini-bronchoalveolar la-
vage (BAL). Dr. Katherine Wick and colleagues (University of
California, San Francisco) performed secondary analysis of the
“Human Mesenchymal Stromal Cells For Acute Respiratory
Distress Syndrome” (START) trial (ClinicalTrials.gov Identifier:
NCT02097641), a Phase 2a safety study in which patients with
acute respiratory distress syndrome (ARDS) were randomized
to receive peripheral infusion of mesenchymal stromal cells
(MSCs) or vehicle (16). This work found that mini-BAL meas-
urements, but not plasma measurements of total protein for
epithelial barrier function, angiotensin 2 (ANG2) levels for en-
dothelial function, and interleukin-6 (IL-6) or tumor necrosis
factor receptor 1 (TNFR-1) for inflammation were attenuated
by MSC infusion. ANG2 concentrations were independently
associated with fewer days alive without the need formechani-
cal ventilation whereas receptor for advanced glycation end
products (RAGE) was independently associated with radio-
graphic measures of pulmonary edema (17). Although addi-
tional work is needed to validate the outcome predictive
properties of these mediators, mini-BAL appears to be
safe, feasible, and potentially superior to commonly used
surrogates in the peripheral blood.

SESSION III: NEW INSIGHTS INTO CELLULAR
PLASTICITY IN THE LUNG

The lineage relationships between epithelial cell types
within the lung of both mice and humans are being revealed
in ever more detail. During homeostasis, the tracheal, bron-
chiolar, and alveolar stem cell compartments are maintained
by local progenitor cell populations (18). Basal cells give rise to
mucosecretory and multiciliated populations, as well as
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less frequent cell types such as pulmonary neuroendocrine
cells (PNEC) and ionocytes in the cartilaginous airways. Club
cells can give rise to both mucosecretory and multiciliated
lineages in the bronchiolar epithelium, whereas alveolar epi-
thelial type II (AT2) cells produce AT1 cells in the alveolus. In
recent years, we have begun to appreciate that these cell fate
trajectories are more flexible during regenerative responses.
Bronchioalveolar stem cells (BASC) are found at bronchioal-
veolar duct junctions (19) and can give rise to bronchiolar or
alveolar lineages in vivo (20), whereas club cells have the
capacity to give rise to basal cells after severe basal cell deple-
tion (21). AT1 cells are also capable of contributing to alveolar
regeneration during neonatal injury in mice (22), although
adult AT1 cells do not retain this same functionality (22), sug-
gesting that age is an important factor in lung plasticity.

Dr. Carla Kim (Boston Children’s Hospital) presented data
on two studies in which they have used organoid models to
study lung disease. To evaluate the early stages of lung cancer
initiation, the team has combined mouse models of onco-
genicKras G12D and loss of Trp53with organoid culturemod-
els (23, 24). After isolation from Kras G12D mice, AT2 cells
were infected with adeno-Cre and plated in organoid culture
conditions. Histological analyses show tumor morphology
coincident with enlarged, pleomorphic nuclei and simultane-
ous deletion of Trp53 induces indicators of aggressive tumor
behavior, such as giant multinucleated cells, consistent with
data from mouse models (25, 26). Tumor organoids formed
lung tumors in vivo following transplantation. RNA sequenc-
ing (RNAseq) and immunofluorescence analyses showed a loss
of AT2 cell markers, such as lysozyme 2 (Lyz2) and surfactant
protein C (Sftpc), and gain of developmental markers, such as
SRY-box transcription factor 9 (Sox9) and high mobility group
A2 (Hmga2), following induction of Kras. These data were con-
firmed in single-cell RNAseq (scRNAseq), where substantial
differences between control and Kras G12D-activated AT2 cells
were observed. Data from human patients and iPSCs are con-
sistent with the loss of AT2 cell-associated genes being an early
event followingKRASmutation in lung adenocarcinoma.

Transplantation models are an important tool to study the
potential of stem cells within an in vivo environment. To
investigate the potential of lung organoids to engraft and
regenerate the airways in the bleomycin model of lung injury,
Dr. Kim demonstrated that Sca1-negative, AT2 cell-derived
organoids were administered and found to engraft and express
AT2 markers over two weeks posttransplantation. scRNAseq
showed that transplanted cells could be identified that have
transcriptional profiles similar to those of both native AT2 cells
and primed AT2 cells, whereas functional analyses suggests
that cell transplantation partially ameliorated fibrosis. The
transplanted cells retain organoid-formation capacity and pro-
liferate to a similar extent after secondary bleomycin injury.
Sca1þ multipotent organoids also generated both alveolar and
airway lineages in vivo. Further development of these lung
injury transplantation models will provide new insights into
lung regeneration and provide a model to study human and/
or geneticallymodified stem cells.

Claudins are structural components and regulators of tight
junctions, and thus play a key role in epithelial permeability.
Dr. Zea Borok (University of California, San Diego) presented
data addressing the role of claudin-18 (Cldn18) in lung
regeneration and cancer. CLDN18 is expressed in alveolar

epithelial cells and is required for normal tight junction
structure and function. Cldn18�/� mice had no overt respi-
ratory phenotype, but displayed increased lung solute
permeability, increased fluid clearance, and actin cyto-
skeleton changes (27). Surprisingly, Cldn18�/� mice were
protected from pathological changes associated with bleomy-
cin lung injury, such as increased BAL protein, decreased
compliance, and lung fibrosis. Furthermore, Cldn18�/� mice
display organ enlargement, including an approximately six-
fold increase in parenchymal volume and increased cellular-
ity as a result of increased AT2 cell proliferation in the lung
(28). Mechanistically, CLDN18 interacts with yes associated
protein (YAP) and large tumor suppressor kinase 1 (LATS)
family proteins and the loss of CLDN18 leads to increased nu-
clear localization of p-YAP. Multiple possible mechanisms,
including the hypotheses that CLDN18might spatially coordi-
nate YAP-LATS interactions at tight junctions or that cytos-
keletal changes cause Rho-induced YAP activation, require
further interrogation. Interestingly, Cldn18�/� mice have a
high incidence of lung adenocarcinoma in old age (29) and
overexpression of Cldn18 suppresses xenograft tumor growth
in vivo, suggesting a role in lung tumorigenesis. In this case,
Cldn18 overexpression inhibits insulin growth factor 1 (IGF-1)
and YAP/TAZ signaling to reduce p-AKT signaling and sup-
presses tumor progression (29). Impressive progress in the use
of both in vitro and in vivo models to interrogate the molecu-
lar basis of lung cellular plasticity was highlighted in this ses-
sion. We were also reminded of the challenges relating to
differences betweenmouse and human lung biology, protocol
differences between investigators, and the difficulty of pre-
conditioning for cell engraftment in a translational setting.

SESSION IV: STEM CELL SIGNALING IN
LUNG REMODELING

The complex interactions between stem cells and the
niches in which they reside in both normal and diseased
lung are increasingly being elucidated as are the cell sig-
naling pathways involved in matrix effects on stem cell ho-
meostasis. This includes growing understanding of basal
airway epithelial cells and their potential role in malignant
transformation. Dr. Tien Peng (University of California, San
Francisco) presented data underlying a core hypothesis that
metaplasia represents abnormal repair. This can result in de-
velopment of fibrosis and/or malignant transformation with
appearance of aberrant ectopic basal cells. Mouse model data
suggest a role of glioma associated protein (Gli1)-mediated
hedgehog signaling resulting in bone morphogenic protein
(BMP) antagonism and metaplastic basal cell differentia-
tion. Restoration of BMP signaling attenuates metaplastic
changes and demonstrates both mechanistic pathways and
means by which interventions may be made. However, the
comparative normal and aberrant differentiation pathways
between mouse and human lineages are still being eluci-
dated, particularly with respect to differentiation of AT2s to
AT1s and the roles of the surrounding niche environment.

There is also further growing appreciation of the complex-
ity of AT2s and intermediate transitional states during AT2
to AT1 cell differentiation, both as part of normal repair after
injury or aberrant repair that leads to pathologic states notably
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fibrosis. Dr. Jonathan Kropski (Vanderbilt University) reviewed
scRNAseq approaches utilized by a growing number of groups
to characterize growing appreciation of epithelial cell and also
fibroblast diversity in fibrotic lungs. These approaches have
also been recently utilized to characterize aberrant epithelial
cell repair pathways in SARS-CoV-2-infected lungs and have
identified some striking similarities, as well as differences com-
pared with epithelial repair pathways in idiopathic pulmonary
fibrosis (IPF) lungs. Using a repetitive bleomycin injury model
in mice, respective complementary roles in repair were identi-
fied for cytokeratin 5 (Krt5)þ basal airway epithelial, Krt19þ
transitional, and Scgb1a1þ progenitor cells. Sophisticated
mRNA splicing trajectory methodologies provide further
insight in the respective roles of different cell types in distinct
injury and repair circumstances.

In addition to evolving cell andmolecular biological analyt-
ical techniques, advances in imaging approaches have contin-
ued to evolve and to provide novel information on lung
progenitor cell behaviors. Hani Alsafadi, graduate student in
the Lung Bioengineering and Regeneration Laboratory at
Lund University, presented data on the power of light sheet
fluorescence microscopy to delineate and isolate different
progenitor populations. Coupled with advanced approaches
to perfusion-based whole lung immunolabeling, this results
in improved quality of staining and allows for high-resolution
imaging. There are multiple potential applications of this and
other evolving labeling and imaging approaches.

SESSION V AND VI: CAREERS IN STEM
CELLS, CELL THERAPIES, AND LUNG
BIOENGINEERING

Two sessions focused on career development were held
including a keynote talk on the pursuit of translational bio-
medical science in academia by Dr. Gordana Vunjak-
Novakovic (Columbia University), with a panel discussion
focused on women and diversity and concurrent panel dis-
cussion sessions on finding a position/starting your own lab-
oratory and funding and financial management of a
laboratory. Further details on these sessions are available at
https://doi.org/10.6084/m9.figshare.19406570.

SESSION VII: MATRIX BIOMECHANICS AND
STEM CELL DYNAMICS IN LUNG HEALTH
AND DISEASE

During embryonic development and in maintenance of
lung homeostasis, epithelial and mesenchymal interactions
are critical (30, 31), with interactions being sequential or recip-
rocal depending on the context. Under disease conditions,
communication between the epithelium and the surrounding
mesenchyme could determine pathologic processes. In ses-
sion VII, focus was on advancing knowledge in understanding
cellular mechanisms of dysregulated lung epithelial cells in
IPF and emerging therapeutic approaches, including stem
cell-based therapies and engineered lung transplantation.

In diffuse parenchymal diseases, including IPF, one of the
central pathologic features is dysfunction of lung epithelial
cells, including AT2 cells. Dr. Michael Beers (University of
Pennsylvania) discussed the cellular mechanisms by which

AT2 cells undergo pathologic transitions toward fibrotic epi-
thelial endophenotypes. As both progenitor cells and biologi-
cal regulators, homeostatic functions of AT2 cells are
maintained by elegant cellular quality control (QC) such as
ubiquitin-proteasome system, unfolded protein response
(UPR), macroautophagy, mitophagy, telomere maintenance,
andmetabolism, in response to various internal and external
insults (32). However, sustained dysfunctions of these QC
components cause the acquisition of cellular endopheno-
types that contribute to the production of fibrotic mediators
and aberrant repair, as observed in IPF. Understanding
mechanisms of the disrupted QC in aberrant cellular endo-
types of AT2 cells can reveal new targets and therapeutic
strategies for developing treatments for IPF.

In patients with IPF, an emerging therapeutic option is a
replacement of the impaired lung with an engineered lung
(33, 34). To engineer lungs, which could safely replace termi-
nally diseased lungs, a comprehensive understanding of epi-
thelial and mesenchyme interactions is required. The group
led by Dr. Sarah Gilpin (United Therapeutics) uses an ultra-
high-resolution 3-D bioprinting technology to assemble organ
scaffolds, which serve as a platform. Subsequently, the quality
of these platforms can be determined by evaluating the cellu-
larization processes, including attachment of the imple-
mented epithelial cells to the scaffold, proliferation and
differentiation of the epithelial cells, with eventual emergence
of lung-like phenotype and functions. In functional studies at
the early stage, the engineeredmini lobes exhibit the capacity
of gas exchange, which is one of the most critical functions of
the lung. Beyond this promising progress, further studies will
be required for recapitulating the homeostasis and normal
injury responses in the engineered lung.

One of the potential therapeutic options for IPF that have
long been considered is a cell-based therapy using lung resident
MSCs (L-MSCs). However, the multifaceted roles of L-MSCs in
multiple biological processes also raise safety concerns (35, 36).
The concerns about the use of MSCs are mostly due to a
lack of mechanistic understanding of L-MSCs in IPF. To
advance our knowledge about the physiological functions
of L-MSCs, Dr. Aina Martin-Medina (Balearic Islands Health
Research Institute) discussed the role of L-MSCs in the altera-
tion of the lung microenvironment. In L-MSCs isolated from
patients with IPF, mitochondrial morphology and functions are
dysregulated. In L-MSCs cultured from donors with both non-
IPF and IPF, transforming growth factor beta (TGF-b1) induces
expression of profibrotic mediators, plasminogen activator in-
hibitor 1 (PAI-1) and collagen type 1 alpha 1 (COL1A1). The
degree of increased expression of bothmediators was greater in
L-MSCs from non-IPF, suggesting that PAI-1 and COL1A1 in
L-MSC frompatients with IPFwere already elevated at baseline.

In summarizing session VII, cellular dysfunction resulting
from the disruption of cellular QC mechanisms in IPF and
the potential therapeutic options for IPF, including L-MSCs
and engineered lungs were all discussed.

SESSION VIII: ENGINEERING MODELS OF
LUNG DISEASE AND REGENERATION

An essential requirement for understanding lung diseases
and developing therapies to treat them is an effective
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biological model. The traditional method of growing single
layers of homogeneous cells on plastic culture dishes, while
yielding valuable information to date, is now recognized for
its limitations. Consequently, substantial research is cur-
rently focused on developing more complex models for
informing the development and treatment of lung disease.
These alternatives were explored in the Dame Julia Polak
Memorial Bioengineering session, “Engineering Models of
Lung Disease and Regeneration”.

In diseases such as IPF and pulmonary hypertension (PH),
the fibrotic changes stiffen the lung matrix, which in turn
induces fibrosis in neighboring tissue resulting in spread of
the pathologic phenotype. To better understand the temporal
development of this process, Dr. ChelseaMagin and colleagues
(University of Colorado) developed a system utilizing decellu-
larized pulmonary extracellular matrix (DECM) within which
the initial soft scaffold can be selectively stiffened in both a
spatially and temporally specific manner by incorporating
photo-crosslinkable compounds. They found that epithelial
cells developed a fibrotic phenotype (expressing increased
alpha smooth muscle actin (a SMA) and COL1A1) when the
matrix is stiffened. This DECM culture system can be pro-
duced from healthy or diseased lung ECM potentially provid-
ing a tool for understanding the interplay between stiffness
and biochemical composition in the development of fibrosis.

In addition to cell-matrix interactions, cell-cell interac-
tions are also important when modeling in vivo systems.
Neonatal hyperoxia is well known to induce bronchopulmo-
nary dysplasia (BPD) and it is presumed that AT2 cells are
central to this process. To explore BPD progression ex vivo,
Dr. Jennifer Sucre and colleagues (Vanderbilt University
Medical Center) developed a 3-D organotypic culture system
where growing AT2 cells in a complex collagen/Matrigel ma-
trix in contact with fibroblasts created an environment that
supported their longitudinal study. Studying the effects of
hyperoxia on AT2 cells over time revealed increased b-cate-
nin and WNT5a signaling, which mirrors elevated WNT5a
signaling in lung tissue from infants with BPD, and led to the
discovery that a WNT5a inhibitor abrogates some of the
effects of hyperoxia in precision cut lung slices.

Dr. Janna Nawroth and colleagues (Ryan Laboratory,
University of Southern California) used a lung-on-a-chip sys-
tem with an endothelialized vascular compartment contain-
ing flowing media separated by a membrane from an
epithelialized airway compartment that can be cyclically
stretched. They demonstrated the utility of the system for
drug development by showing reduced neutrophil transmi-
gration from the vascular compartment into the airway com-
partment, in the context of an asthma model, following
treatment with an agent that blocks neutrophil chemotaxis.
Lung-on-chip also facilitates investigation of the influence of
the mechanical microenvironment on cell development. The
airway matrix can be exposed to airflow relevant shear
stresses, accompanied by cyclical strain associated with
breathing. Cells differentiated on the lung-on-chip develop a
phenotype more reflective of small airways when compared
with traditional transwell cultures.

The potential importance of innovative cell culture tech-
niques was further highlighted in Dr. Chandani Sen and col-
leagues (University of California, Los Angeles) investigations
in small cell lung cancer (SCLC), a malignancy with a

particularly high relapse rate. Three-dimensional alveolar
organoids were formed using cell-coated degradable beads,
with subsequent dissipation leaving an alveolar-like struc-
ture. Compared with two-dimensional (2-D) culture, the 3-D
tumor organoid cultures were closer to native tumors in histo-
logic appearance and neuroendocrine hormone expression,
while recapitulating cancer relapse after chemotherapy. The
scalability of this system elevates its promise as a tool for
high-throughput drug screening during new drug develop-
ment or to aid in selecting patient-specific therapies using
allogenic tumor organoids.

SESSION IX: DIRECT-TO-CONSUMER CELL-
BASED INTERVENTIONS FOR RESPIRATORY
DISEASES: STRATAGEMS AND
COUNTERMEASURES

Acknowledging the promise of stem cell research and re-
generative medicine, thousands of clinics take advantage of
individuals with serious health problems by advertising cell-
based interventions that have not been approved by regula-
tory bodies, do not fall within the current standard of care,
and are not backed by convincing evidence of safety and effi-
cacy (37). Whether advertising to patients suffering from re-
spiratory diseases or other health problems, such clinics use
various persuasive techniques, including patient anecdotes
and testimonials by celebrities, to make unproven cell-based
products appear safe, effective, and cutting-edge. Sales
pitches emphasize narratives of individual empowerment
and medical freedom and sometimes contest the role of
patient safety and consumer protection regulatory bodies.
Some businesses process tissues and cells onsite, whereas
other businesses order their cell product from cord blood
banks, biobanks, and other suppliers. A growing body of case
reports document serious injuries in patients who have been
administered unlicensed and unproven stem cell products
(38). Clients of such businesses have also suffered significant
financial losses with no improvement in health status.
Beyond these individual harms, there have also been collec-
tive harms, as when patients seek care at clinics that do not
conduct research in a careful and systematic manner, under-
report adverse events, fail to make meaningful contributions
to translational science, and draw individuals away from
participating in credible clinical trials.

Responding to the proliferation of such clinics, scientific
societies such as the International Society for Cell & Gene
Therapy (ISCT), the International Society for Stem Cell
Research (ISSCR), Stem Cells Australia, and Canada’s Stem
Cell Network have issued guidance to combat misinforma-
tion and disinformation and help patients identify mislead-
ing advertising claims and distinguish evidence-based cell
therapies from unproven cell-based interventions. Businesses
offering unproven cell products for lung diseases have pro-
liferated in recent years despite the absence of strong safety
and efficacy data for their advertised interventions (39).
Respiratory societies, such as the American Thoracic Society
and the American Lung Association, and lung patient founda-
tions, such as the Pulmonary Fibrosis Foundation, the Alpha-
1 Foundation, and the COPD Foundation have taken a strong
stance against such interventions and have issued patient
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guides, advisories, and guidelines (40). For example, both the
Alpha-1 Foundation (https://www.alpha1.org/Buyer-beware-
Alphas-urged-to-avoid-companies-advertising-unproven-stem-
cell-treatments-that-can-cost-you-a-fortune) and the Pulmonary
Fibrosis Foundation have issued statements urging patients to
avoid being victimized by clinics selling unproven stem cell
interventions (https://www.pulmonaryfibrosis.org/researchers-
healthcare-providers/clinical-resources/position-statements/
stem-cell-cell-based-therapies-for-pulmonary-fibrosis). Some
academic medical centers have offered regenerative medicine
consultation services to help patients distinguish between evi-
dence-based stem cell therapies and unproven interventions
and make informed decisions (41). Regulatory bodies have also
grappledwith the spread of clinics selling unproven products on
a direct-to-consumer basis. For example, in the United States,
the Food and Drug Administration has recently pursued perma-
nent injunctions against two businesses and issued warning let-
ters and untitled letters to clinics and some of their suppliers.
The Food and Drug Administration provides a brief overview of
the efforts it has made to protect patients from clinics selling
unlicensed stem cell interventions (https://www.fda.gov/news-
events/press-announcements/statement-stem-cell-clinic-
permanent-injunction-and-fdas-ongoing-efforts-protect-
patients-risks). The US Federal Trade Commission, state
medical boards, and state attorney general offices have also
responded to clinicians who have sold stem cell products out-
side the professional standard of care or have used deceptive
sales tactics to influence patients (42).

Rather than pursuing risky and often costly unproven
stem cell interventions, some patients can obtain access to
investigational stem cell products by participating in peer-
reviewed regulated clinical trials. Most countries also have
expanded access or compassionate access programs that
enable seriously ill persons to obtain access to investiga-
tional cell-based products on a nontrial basis (43, 44).
“Right-to-try” legislation has emerged in the United States
as an alternative to expanded access; however, this route
has less oversight, fewer protections, and offers no assur-
ance that patients will receive the desired investigational
products (45).

Featuring presenters Drs. Laertis Ikonomou (University
at Buffalo), Patricia Zettler (Ohio State University), and
Zubin Master (Mayo Clinic), and co-moderators Drs. Sarah
Mojarad (University of Southern California) and Leigh Turner
(University of California, Irvine), Session IX provided an over-
view of the direct-to-consumer marketplace for unproven
and unlicensed cell-based interventions for respiratory
diseases and other illnesses. It also examined stratagems
employed regularly by direct-to-consumer businesses and
countermeasures for grappling with this troubling and
problematic global marketplace. Although the commercial
sale of such products shows no signs of abating, there are
some encouraging signs of more robust responses by regula-
tory bodies and efforts to address loopholes, gaps, and areas
of ambiguity and confusion in existing regulatory structures.
The FDA in particular has helped promote public under-
standing by explaining the role it plays in supporting the de-
velopment of safe and efficacious stem cell therapies while
alerting patients and consumers to risks associated with the
sale and administration of products unsupported by con-
vincing evidence of safety and efficacy (see, e.g., https://

www.fda.gov/news-events/fda-voices/advancing-development-
safe-and-effective-regenerative-medicine-products and
https://www.fda.gov/vaccines-blood-biologics/consumers-
biologics/important-patient-and-consumer-information-about-
regenerative-medicine-therapies).

SESSION XI: DIFFERENTIATING AND
DELIVERING STEM CELL THERAPEUTICS TO
THE LUNG

There are at present no available therapies to halt and
then repair the progressive damage that develops with
many chronic respiratory diseases. Regenerative therapies
for the lung aim to repair or replace damaged tissue
through delivery of either therapeutic agents or exogenous
stem cells that facilitate lung regeneration. Stem cell (SC)-
based therapies hold promise for restoring pulmonary
function, but approaches must consider region-specific
factors in the lung affecting cell differentiation, function,
and signaling. Recent research investigating conditional
blastocyst complementation has demonstrated how pluri-
potent SCs can generate whole functional lobes (46). In
these experiments, transgenic mouse lines that are geneti-
cally engineered to disrupt core lung development were
combined with functionally sufficient pluripotent cells to
generate viable chimeric embryos. In these animals, SCs
developed a functional pulmonary system due to an avail-
able niche and genetic selective pressures.

Session presenter Dr. Vlad Kalinichenko (Cincinnati
Children’s Hospital Medical Center) showed that in Nkx2-1
gene-deleted mouse embryos, which otherwise lack pulmo-
nary tissues entirely, functionally wild-type mouse embry-
onic stem cells (ESCs) generated pulmonary airways, alveoli,
vasculature, and stroma (47). In addition, mouse ESCs that
are implanted into a wild-type rat blastocyst can also
robustly contribute to pulmonary tissues, such as pulmonary
endothelium, and other organs (12), and these interspecies
chimeras are a provocative platform for sourcing well-differ-
entiated pulmonary SCs or tissues. Dr. Kalinichenko pointed
out that while interspecies chimeras offer an imaginative
approach for future regenerative medicines, the possibility
of off-target integration into organs such as the brain or
reproductive organs must be eliminated before this technol-
ogy can be translated to clinical applications with pluripo-
tent human cells. However, interspecies chimeras could, one
day, be an efficient, ethical source for human pulmonary
cells.

Additional future therapies may interact with endoge-
nous cells and their microenvironment to restore pulmo-
nary function and reverse disease pathology. Dr. Jae-Won
Shin (University of Illinois at Chicago) presented recent
studies from his laboratory demonstrating that therapeu-
tic MSCs may enhance pulmonary regeneration through
paracrine immunomodulation and showed that priming
MSCs with chemomechanical factors such as tumor necro-
sis factor alpha (TNF-a) enhanced monocyte trafficking
(48). Furthermore, TNF-a gel-coated MSCs accelerated the
resolution of fibrosis in bleomycin-injured mouse lungs
(49). These results offer a compelling argument for future
combination therapies involving cell-based therapies that
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may help reverse fibrotic remodeling as they help restore
functional pulmonary tissues.

The pulmonary extracellular matrix (ECM) is another key
factor influencing regenerative potential. Dr. Denis B€ol€ukbas�
(Lund University) is stripping back the lungs to their basic
ECM components to investigate how the matrix influences
pulmonary regeneration. Dr. B€ol€ukbas� explained how future
therapies for emphysema may include the delivery of a suit-
able matrix composed of novel cytocompatible hybrid
hydrogels of alginate and decellularized ECM (50). One focus
for future experiments in this area is the use of exogenous
AT2s asmicrocarriers of this ECMmaterial.

Much progress has been made in recent years to under-
stand and direct the differentiation and delivery of SCs to
the lung. Although further research is needed to advance
prospective regenerative medicines for wide-spread use to
treat respiratory diseases, there is a clear urgency to drive
innovation. Novel regenerative SC therapies offer hope to-
ward reversing established pathologic changes and restoring
lung function.

SESSION XII: LUNG AGING

As evidenced by the ongoing COVID-19 pandemic, the
aged population is at increased risk for developing acute and
chronic lung diseases. Understanding how organismal and
specifically lung aging of different cellular and noncellular
components contribute to the development of lung diseases
will lead to novel therapeutic approaches.

Several cellular aging hallmarks such as cellular senes-
cence have been described in the lungs of human subjects
with IPF (51, 52). Work from Dr. Mauricio Rojas (Ohio State
University) showed that naturally or prematurely aged mice
[deficient of a DNA repair enzyme (Ercc1�/�)] develop
enhanced lung injury or pulmonary fibrosis when exposed to
different stimuli such as bleomycin, Herpes virus, or lipo-
polysaccharide (LPS) (53–55). Parabiosis experiments dem-
onstrated that soluble factors from wild-type mice protected
Ercc1�/� mice from lung injury. MSCs from old or Ercc1�/�

mice failed to convey this protection (53, 54). The defect
seems to be associated with senescence of bone-marrow
derived MSCs. Notably, MSCs from patients with IPF showed
signs of cellular senescence (56). Importantly, IPF MSCs
increase bleomycin-induced fibrosis and paracrine senes-
cence. Induced apoptosis and clearance of senescent fibro-
blasts accelerates the resolution of fibrosis in aged mice (57).
Senescent cells can be removed by immune cells, however if
this mechanism is impaired, senescent cells accumulate. In
IPF, natural killer (NK) and natural killer T (NK-T) cells that
can potentially clear senescent cells are significantly reduced,
especially in the lower lobes of the lung and show drastically
altered gene expression profiles in scRNAseq studies (58). In
addition, conditioned medium from IPF fibroblasts impairs
the cytotoxicity of NK cells and depletion of NK cells leads to
persistence of senescent cells in the lung along with an
increase in fibrosis in the bleomycin animal model.

Aging also affects vascular endothelial cells (ECs) as pre-
sented by Dr. Giovanni Ligresti (Boston University). In con-
trast to young mice, bleomycin induces nonresolving
fibrosis in old mice (57, 59, 60). The aged mice show a vascu-
lar phenotype as evidenced by vascular rarefaction (61).

Transcriptomic profiling revealed a loss of EC identity in
aged mice following bleomycin injury. Multiomic sequenc-
ing demonstrated widespread reduction of chromatin acces-
sibility in aged mouse ECs (62). Vascular repair genes are
activated in young but not old ECs upon injury. Many of the
vascular repair genes that are differentially regulated are
predicted to be under the control of the TF ETS related gene
(ERG). Loss of ERG in ECs leads to lung inflammation and
pulmonary vascular leak under homeostasis and to persis-
tent fibrosis upon bleomycin challenge. Single-cell sequenc-
ing revealed ERG as a putative TF involved in general
capillary cell (gCAP) homeostasis that is reduced in aging.
Single-cell sequence datasets showed a decrease in gCAPs in
IPF lungs, which was verified by FACS analysis.

Dr. Renata Jurkowska (Cardiff University) studies epige-
netic mechanisms that regulate cellular differentiation in
the lung and explores development of novel therapeutic
targets for respiratory diseases. Her laboratory has devel-
oped a workflow for cell type-resolved transcriptional and
epigenetic profiling from cryopreserved human lungs (63).
This workflow was used to identify differentially methyl-
ated regions (DMRs) associated with chronic obstructive
pulmonary disease (COPD) in primary human lung fibro-
blasts of patients with mild and severe COPD as compared
with no COPD donors. Importantly, many of the identified
changes were detected in patients with mild COPD, sug-
gesting that epigenetic reprogramming is an early event in
COPD pathogenesis. DMRs are enriched in promoters and
enhancers, facilitating the discovery of novel master regula-
tor genes of COPD development and/or progression. High
throughput knockdown screens confirmed the important
role of many of the hits. Notably, several hits showed a dif-
ferential response in diseased versus donor cells. Looking
ahead, the engineering of epigenetic domains for stable gene
regulation will be a promising tool to correct disease-specific
epigenetic reprogramming.

In summary, defining cell-specific cellular aging pheno-
types across the disease spectrum is a promising approach to
enhance our understanding of lung diseases. Characterizing
epigenetic and upstream regulators of the cross talk between
resident structural cells and recruited immune cells will
hopefully provide the basis for the development of novel
diagnostic, prognostic, and therapeutic approaches.

SESSION XIII: REGENERATION IN RESPONSE
TO VIRAL INFECTION

The COVID-19 pandemic has highlighted the need to
understand how the lung responds to and recovers from
injury (64, 65). Viral pneumonia is a major cause of severe
lung injury manifesting as ARDS (66–68), a common disease
with high mortality and no specific therapy (65, 69, 70).
Better understanding of lung injury and repair mechanisms
might yield new therapeutic approaches that reduce lung
injury or promote repair (71). Session XIII highlighted excit-
ing new research toward these goals.

Progress toward enhancing alveolar repair and regenera-
tion has been hampered by insufficient model systems for
studying human alveolar epithelial cell disease pathogenesis
and generating alveolar epithelial cells for cell-based therapy
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(18, 72). Dr. Darrell Kotton (Boston University) presented
new findings addressing these issues using human AT2-like
cells derived from directed differentiation of human iPSCs
(73). This population, called iAT2s, demonstrates key fea-
tures of mature AT2 cells including surfactant production
(73, 74). Dr. Kotton’s group found iAT2s are susceptible to
SARS-CoV-2 infection, upon which they upregulate proin-
flammatory and antiviral gene expression (74). Surprisingly,
the cathepsin B/L inhibitor E-64d, which blocks SARS-CoV-2
infection in nonalveolar epithelial cell lines, lacks efficacy in
iAT2s (74), reinforcing the importance of using relevant cell
models for drug screening. Finally, Kotton and colleagues
demonstrated syngeneic transplantation of murine iPSC-
derived lung epithelial progenitor cells into bleomycin-
injured lungs of immunocompetent mice led to apparent
engraftment of the cells into lung alveoli, as evident by mor-
phology, protein expression, and gene expression similar to
endogenous AT1 cells. Group discussion emphasized the im-
portance of addressing ongoing challenges for the field,
including demonstrating function of transplanted cells in
the lung and determining lung conditioning regimens that
promote transplanted cell engraftment.

Administration of MSCs represents another approach to
cell-based therapy for ARDS (75). Most agree that MSCs do
not represent stem cells with tissue reconstitution capability,
but rather serve as a source of pro-repair mediators upon
delivery to damaged tissues (76). In this session, data were

presented on an industry sponsored trial of bone marrow-
derived MSCs, a standardized MSC product in patients with
COVID-19-associated ARDS. Data were promising with clini-
cal improvement, particularly in patients aged younger than
65. The therapeutic use of MSCs and their derived products
is moving toward clinical utility; however, it is clear that bar-
riers still remain in achieving significant clinical efficacy.

Chronic lung diseases confer increased risk of severe
COVID-19 (77–80), but mechanisms are unclear. Dr. Ben
Calvert (University of Southern California) proposed the risk
associated with cystic fibrosis (80) and some asthma sub-
groups (78) relates to the presence of chronic airway neutro-
philia. Dr. Calvert found neutrophils associated with lung
epithelial damage in fixed lung tissue from patients with
COVID-19, suggesting neutrophils play a role in COVID-19
pathogenesis. Presence of neutrophils in culture with airway
epithelium increased epithelial secretion of proinflamma-
tory cytokines in response SARS-CoV-2, and airway epi-
thelium exposed to neutrophils or cytokines had loss of
transepithelial resistance and increased SARS-CoV-2 replica-
tion. Taking these findings together, Calvert and colleagues
conclude that neutrophils augmented the airway epithelial
proinflammatory response to SARS-CoV-2 and suggest that
neutrophil-epithelial interactions promote viral replication
and virus-induced airway epithelial barrier loss. Reports by
others (81) support Dr. Calvert’s findings by demonstrating
lung epithelial cells from patients with chronic lung diseases

Table 1. Conference summary, recommendations, and focus areas

Basic Science: Analysis and Visualization of Endogenous Lung Stem Cells
Continue progress in applying a systems-level approach to discover interactions through mining of single-cell omics data to identify fundamental
cell signaling pathways and networks in homeostasis and disease.

Identify cell surface markers that characterize lung cell populations for use in visualization and sorting techniques to identify functional subpopula-
tions with potential for use in regenerative approaches.

Establish techniques for light-sheet microscopy, including live imaging and imaging in human tissue. The limited number of techniques that can be
used to image lung regeneration at high-spatiotemporal resolution was reiterated throughout the workshop. Current techniques are limited by
difficulties in penetrating thick tissue samples, long imaging acquisition times, and phototoxicity

Basic Science: Induced Pluripotent Stem Cells and Disease Modeling
Refine and functionally validate protocols to derive lung cells from pluripotent stem cells (iPSCs and ESCs). Critical comparisons to primary lung
cells.

Continue to develop high-throughput cellular models from pluripotent sources for screening of novel therapeutics.
Comprehensively evaluate the effect of environmental influences, including mechanical forces, extracellular matrix, inflammation, and infection on
development of lung tissue from stem and progenitor cells.

Basic Science: Understanding of the Impact of Stem Cell: Niche Interactions
Continue to elucidate how endogenous lung stem/progenitor cells are regulated in normal development and during tissue homeostasis.
Analyse epigenetic modulation of lung stem cells and how cellular microenvironments change this.
Understand how autologous iPSC-derived lung lineages will behave in the diseased/aged microenvironment in vivo.

Basic Science: Bioengineering and the Lung
Continue to explore lung tissue bioengineering approaches such as artificial matrices, 3-D culture systems (e.g., extracellular matrix environments
for organoid culture), 3-D bioprinting and other novel approaches for generating lung ex vivo and in vivo from stem cells, including systems that
facilitate vascular development

Evaluate effect of environmental influences, including oxygen tension, and mechanical forces, including stretch and compression pressure, on de-
velopment of lung tissue from stem and progenitor cells.

Define the consensus endpoints for functional evaluation and validation of engineered lung tissue.
Translational Science: Cell Therapy—Delivery of Stem Cells to the Lung

Invest in developing larger animal models, such as the ferret and the pig, that have lung structure and function more akin to that of humans, as pre-
clinical models to evaluate cellular therapy.

Integrate lung stem cell science into multidisciplinary teams (e.g., with clinical, surgical, regulatory, informatics input, etc.).
Act as a community to prevent the proliferation of dubious therapies based on “stem cell” branding while supporting the development of evi-
dence-based stem cell interventions.

Many of the recommendations from our previous conferences remain valid with priorities for research focus and funding (82). The cur-
rent table comprises new recommendations arising specifically from the 2021 conference. 3-D, three-dimensional; ESCs, embryonic stem
cells; iPSCs, induced pluripotent stem cells; MIT, Massachusettes Institute of Technology; PCLS, precision cut lung slices; RFA, request
for applications.
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have unique expression of genes related to viral replication
and immunity. Clearly, the role of chronic neutrophilia in
COVID-19 pathogenesis warrants further study.

SETTING PRIORITIES AND
RECOMMENDATIONS REGARDING FUNDING
FUTURE RESEARCH

The broad field of lung regenerative medicine continues to
evolve at an accelerating pace. The NIH, nonprofit respiratory
disease foundations, and other sources of scientific and fund-
ing support remain positive and will be important for contin-
ued development. As in past conference reports, a series of
scientific and funding recommendations coming out of dis-
cussions at the conference and post-conference surveys are
presented in Table 1. These recommendations continue to
evolve and reflect a growing interest in application of bioen-
gineering approaches and technologies, including recent
advances in imaging technologies, to the study of lung biology
and diseases. Continuing a new feature initiated during the
2019 conference, a series of survey questions was conducted in
the final session addressing key theme areas of the conference
including advances in biotechnology and bioengineering, cells
utilized in different regenerative approaches, cell-based thera-
pies, and use of 3-D model systems. An audience response

system using individual voting remotes was used for immedi-
ate anonymous responses from participants of the conference
(https://doi.org/10.6084/m9.figshare.19406570) to guide dis-
cussion and crafting of the overall recommendations.

In brief, the survey indicated large and increasing numbers
of individuals and research groups utilizing technologies such
as scRNAseq and live imaging as well as keen interest in other
cutting-edge technologies such as light sheet imaging (Fig.
1A). Not surprisingly, lack of access or limited resources to use
more advanced technologies remains a limiting factor.
Robust discussion was held about greater access to core facili-
ties or centers with advanced technologies and how to best
fund a wider range of potential users. Sixty-seven percent of
respondents indicated that they are currently investigating
cell-based therapies, 56% in basic/translational research and
11% in clinical investigation (Fig. 1B). As in the 2019 survey,
the majority, 49%, are investigating endogenous progenitor
cells with 18% investigating inMSCs, 16% investigating extrac-
ellular vesicles (EVs), and 18% investigating a range of other
cells including iPSCs and endothelial progenitor cells (EPCs).
The survey also highlighted the support for a broad range of
approaches (Fig. 1C). Notably 97% of respondents indicated
current or future planned activities with organoid culture
approaches but only 31% and 28% of respondents indicated
activity or interest in either hydrogel or lung-on-a-chip
approaches (Fig. 1D). Other survey questions and responses
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Figure 1. Summarized survey data for the open discussion of conference content. A: use of advanced technologies such as single-cell RNAseq
(scRNAseq) and live imaging. B: investigating cell-based therapies. C: types of cells being used in cell-based therapy research. D: use of three-dimen-
sional models in research. EVs, extracellular vesicles; MSC, mesenchymal stromal cell.
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including incorporation of bioethics training are available at
https://doi.org/10.6084/m9.figshare.19406570.

CONCLUSIONS

Since the last conference in 2019, substantial advances in
the development of new technologies, increasing utilization
of scRNAseq data, and the further development of more
physiologically relevent 3-D cellularmodels have driven con-
siderable progress in the field moving closer to the develop-
ment of potential therapeutic strategies for lung repair after
injury or in end-stage lung disease. Despite these develop-
ments, there are still considerable deficits in our understand-
ing of how transcriptomic changes in different endogenous
and derived stem and progenitor cell populations correlate
to function at the tissue and organ level, how to describe the
stem cell niche, and how changes in this niche lead to func-
tional alterations in these cells. The pursuit of understanding
the function of human lung across the spectrum from a sub-
cellular to organ-level to improve success of therapeutic
translation of our findings will be increasingly dependent on
collaborative and interdisciplinary research teams. This con-
ference continues to bring together leaders across such mul-
tidisciplinary areas of active research from basic biologists,
bioengineers, and bioinformaticians to ethicists, business
leaders, and policy makers and retains a focus on the promo-
tion of innovation among junior scientists across the world.
The recommendations in Table 1 compiled from active dis-
cussion throughout the conference should provide a plat-
form for stimulating active new research that will progress
the field toward its goals for restoration of a functional lung
in patients living with acute and chronic lung disease.

ACKNOWLEDGMENTS

The authors thank the Alpha-1 Foundation, the Cystic Fibrosis
Foundation, the International Society for Cell & Gene Therapy
(ISCT), and the University of Vermont Larner College of Medicine
as well as ACell, Stem Cell Technologies and United Therapeutics.
Graphical abstract reprinted with permission (copyright University
of Vermont).

GRANTS

This work was supported by National Heart, Lung, and Blood
Institute Grants R13HL149436 and R13HL160043-01.

DISCLOSURES

A.L.R. and D.J.W. received funding from National Heart, Lung,
and Blood Institute R13 Conference Grant to prepare the confer-
ence. R.E.H. is a Wellcome Trust Sir Henry Wellcome Fellow
(WT209199/Z/17/Z). None of the other authors have any conflicts
of interest, financial or otherwise, to disclose.

AUTHOR CONTRIBUTIONS

L.I., M.M., R.D., E.L.H., R.E.H., Z.B., J.-A.P., S.S., J.K.B., L.T., S.M.M.,
J.E.M., T.L., M.L., V.J.T., J.L.H., A.E.V., E.T.H., D.J.W., and A.L.R. drafted
manuscript; L.I., M.M., R.D., E.L.H., R.E.H., Z.B., J.-A.P., S.S., J.K.B., L.T.,
S.M.M., J.E.M., T.L., M.L., V.J.T., J.L.H., A.E.V., E.T.H., D.J.W., and
A.L.R., edited and revised manuscript; L.I., M.M., R.D., E.L.H.,
R.E.H., Z.B., J.-A.P., S.S., J.K.B., L.T., S.M.M., J.E.M., T.L., M.L.,

V.J.T., J.L.H., A.E.V., E.T.H., D.J.W., and A.L.R. approved final
version of manuscript.

REFERENCES

1. Chen A, Liao S, Cheng M, Ma K, Wu L, Lai Y, et al. Spatiotemporal
transcriptomic atlas of mouse organogenesis using DNA nanoball-
patterned arrays. Cell 185: 1777–1792.e21, 2022. doi:10.1016/j.
cell.2022.04.003.

2. Cho CS, Xi J, Si Y, Park SR,Hsu JE, KimM, Jun G, Kang HM, Lee JH.
Microscopic examination of spatial transcriptome using Seq-Scope.
Cell 184: 3559–3572.e22, 2021. doi:10.1016/j.cell.2021.05.010.

3. Fu X, Sun L, Chen JY, Dong R, Lin Y, Palmiter RD, Lin S, Gu L.
Continuous polony gels for tissue mapping with high resolution and
RNA capture efficiency (Preprint). bioRxiv, 2021. doi:10.1101/2021.03.
17.435795.

4. Nature Methods. Method of the year 2020: spatially resolved
transcriptomics. Nat Methods 18: 1, 2021. doi:10.1038/s41592-020-
01042-x.

5. Liu Y, Yang M, Deng Y, Su G, Enninful A, Guo CC, Tebaldi T, Zhang
D, Kim D, Bai Z, Norris E, Pan A, Li J, Xiao Y, Halene S, Fan R. High-
spatial-resolution multi-omics sequencing via deterministic barcoding
in tissue.Cell 183: 1665–1681.e18, 2020. doi:10.1016/j.cell.2020.10.026.

6. Lu F, Lionnet T. Transcription factor dynamics. Cold Spring Harb
Perspect Biol 13: a040949, 2021. doi:10.1101/cshperspect.a040949.

7. Shaffer SM, Dunagin MC, Torborg SR, Torre EA, Emert B, Krepler
C, Beqiri M, Sproesser K, Brafford PA, Xiao M, Eggan E,
Anastopoulos IN, Vargas-Garcia CA, Singh A, Nathanson KL,
Herlyn M, Raj A. Rare cell variability and drug-induced reprogram-
ming as a mode of cancer drug resistance. Nature 546: 431–435,
2017. doi:10.1038/nature22794.

8. Yang J, Hernandez BJ, Martinez Alanis D, Narvaez del Pilar O,
Vila-Ellis L, Akiyama H, Evans SE, Ostrin EJ, Chen J. The develop-
ment and plasticity of alveolar type 1 cells. Development 143: 54–65,
2016. doi:10.1242/dev.130005.

9. Henry E, Cores J, Hensley MT, Anthony S, Vandergriff A, de
Andrade JB, Allen T, Caranasos TG, Lobo LJ, Cheng K. Adult lung
spheroid cells contain progenitor cells and mediate regeneration in
rodents with bleomycin-induced pulmonary fibrosis. Stem Cells
Transl Med 4: 1265–1274, 2015. doi:10.5966/sctm.2015-0062.

10. Dinh PC, Cores J, Hensley MT, Vandergriff AC, Tang J, Allen TA,
Caranasos TG,Adler KB, Lobo LJ,Cheng K.Derivation of therapeutic
lung spheroid cells from minimally invasive transbronchial pulmonary
biopsies. Respir Res 18: 132, 2017. doi:10.1186/s12931-017-0611-0.

11. Cores J, Dinh PC, Hensley T, Adler KB, Lobo LJ, Cheng K. A pre-
investigational new drug study of lung spheroid cell therapy for
treating pulmonary fibrosis. Stem Cells Transl Med 9: 786–798,
2020. doi:10.1002/sctm.19-0167.

12. Wang G, Wen B, Ren X, Li E, Zhang Y, Guo M, Xu Y, Whitsett JA,
Kalin TV, Kalinichenko VV. Generation of pulmonary endothelial
progenitor cells for cell-based therapy using interspecies mouse-rat
chimeras. Am J Respir Crit Care Med 204: 326–338, 2021.
doi:10.1164/rccm.202003-0758OC.

13. Suzuki T, Arumugam P, Sakagami T, Lachmann N, Chalk C,
Sallese A, Abe S, Trapnell C, Carey B, Moritz T, Malik P, Lutzko C,
Wood RE, Trapnell BC. Pulmonary macrophage transplantation
therapy.Nature 514: 450–454, 2014. doi:10.1038/nature13807.

14. Mucci A, Lopez-Rodriguez E, Hetzel M, Liu S, Suzuki T, Happle C,
Ackermann M, Kempf H, Hillje R, Kunkiel J, Janosz E, Brennig S,
Glage S, Bankstahl JP, Dettmer S, Rodt T, Gohring G, Trapnell B,
Hansen G, Trapnell C, Knudsen L, Lachmann N, Moritz T. iPSC-
derived macrophages effectively treat pulmonary alveolar proteino-
sis in Csf2rb-deficient mice. Stem Cell Rep 11: 696–710, 2018.
doi:10.1016/j.stemcr.2018.07.006.

15. Hume PS, Gibbings SL, Jakubzick CV, Tuder RM, Curran-Everett
D,Henson PM, Smith BJ, Janssen WJ. Localization of macrophages
in the human lung via design-based stereology. Am J Respir Crit
Care Med 201: 1209–1217, 2020. doi:10.1164/rccm.201911-2105OC.

16. Matthay MA, Calfee CS, Zhuo H, Thompson BT, Wilson JG, Levitt
JE, Rogers AJ, Gotts JE, Wiener-Kronish JP, Bajwa EK, Donahoe
MP, McVerry BJ, Ortiz LA, Exline M, Christman JW, Abbott J,
Delucchi KL, Caballero L, McMillan M, McKenna DH, Liu KD.
Treatment with allogeneic mesenchymal stromal cells for moderate

STEM CELLS AND BIOENGINEERING IN LUNG BIOLOGY

AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00113.2022 � www.ajplung.org L351
Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.141.181) on November 9, 2022.



to severe acute respiratory distress syndrome (START study): a rand-
omised phase 2a safety trial. Lancet Respir Med 7: 154–162, 2019.
doi:10.1016/S2213-2600(18)30418-1.

17. Wick KD, Leligdowicz A, Zhuo H, Ware LB, Matthay MA.
Mesenchymal stromal cells reduce evidence of lung injury in
patients with ARDS. JCI Insight 6: e148983, 2021. doi:10.1172/jci.
insight.148983.

18. Basil MC, Katzen J, Engler AE, Guo M, Herriges MJ, Kathiriya JJ,
Windmueller R, Ysasi AB, Zacharias WJ, Chapman HA, Kotton DN,
Rock JR, Snoeck HW, Vunjak-Novakovic G, Whitsett JA, Morrisey
EE. The cellular and physiological basis for lung repair and regener-
ation: past, present, and future. Cell Stem Cell 26: 482–502, 2020.
doi:10.1016/j.stem.2020.03.009.

19. Kim CF, Jackson EL, Woolfenden AE, Lawrence S, Babar I, Vogel
S, Crowley D, Bronson RT, Jacks T. Identification of bronchioalveo-
lar stem cells in normal lung and lung cancer. Cell 121: 823–835,
2005. doi:10.1016/j.cell.2005.03.032.

20. Liu Q, Liu K, Cui G, Huang X, Yao S, Guo W, Qin Z, Li Y, Yang R, Pu
W, Zhang L, He L, Zhao H, Yu W, Tang M, Tian X, Cai D, Nie Y, Hu
S, Ren T, Qiao Z, Huang H, Zeng YA, Jing N, Peng G, Ji H, Zhou B.
Lung regeneration by multipotent stem cells residing at the bron-
chioalveolar-duct junction. Nat Genet 51: 728–738, 2019 [Erratum in
Nat Genet 51: 766, 2019]. doi:10.1038/s41588-019-0346-6.

21. Tata PR, Mou H, Pardo-Saganta A, Zhao R, Prabhu M, Law BM,
Vinarsky V, Cho JL, Breton S, Sahay A, Medoff BD, Rajagopal J.
Dedifferentiation of committed epithelial cells into stem cells in vivo.
Nature 503: 218–223, 2013. doi:10.1038/nature12777.

22. Penkala IJ, Liberti DC, Pankin J, Sivakumar A, Kremp MM,
Jayachandran S, Katzen J, Leach JP, Windmueller R, Stolz K,
Morley MP, Babu A, Zhou S, Frank DB, Morrisey EE. Age-depend-
ent alveolar epithelial plasticity orchestrates lung homeostasis and
regeneration. Cell Stem Cell 28: 1775–1789.e5, 2021. doi:10.1016/j.
stem.2021.04.026.

23. Lee JH, Bhang DH, Beede A, Huang TL, Stripp BR, Bloch KD,
Wagers AJ, Tseng YH, Ryeom S, Kim CF. Lung stem cell differen-
tiation in mice directed by endothelial cells via a BMP4-NFATc1-
thrombospondin-1 axis. Cell 156: 440–455, 2014. doi:10.1016/j.cell.
2013.12.039.

24. Dost AFM, Moye AL, Vedaie M, Tran LM, Fung E, Heinze D,
Villacorta-Martin C, Huang J, Hekman R, Kwan JH, Blum BC, Louie
SM, Rowbotham SP, Sainz de Aja J, Piper ME, Bhetariya PJ,
Bronson RT, Emili A, Mostoslavsky G, Fishbein GA, Wallace WD,
Krysan K, Dubinett SM, Yanagawa J, Kotton DN, Kim CF.
Organoids model transcriptional hallmarks of oncogenic KRAS acti-
vation in lung epithelial progenitor cells. Cell Stem Cell 27: 663–678.
e8, 2020. doi:10.1016/j.stem.2020.07.022.

25. Jackson EL, Willis N, Mercer K, Bronson RT, Crowley D, Montoya
R, Jacks T, Tuveson DA. Analysis of lung tumor initiation and pro-
gression using conditional expression of oncogenic K-ras. Genes
Dev 15: 3243–3248, 2001. doi:10.1101/gad.943001.

26. Jackson EL, Olive KP, Tuveson DA, Bronson R, Crowley D, Brown
M, Jacks T. The differential effects of mutant p53 alleles on
advanced murine lung cancer. Cancer Res 65: 10280–10288, 2005.
doi:10.1158/0008-5472.CAN-05-2193.

27. Li G, Flodby P, Luo J, Kage H, Sipos A, Gao D, Ji Y, Beard LL,
Marconett CN, DeMaio L, Kim YH, Kim KJ, Laird-Offringa IA,
Minoo P, Liebler JM, Zhou B, Crandall ED, Borok Z. Knockout mice
reveal key roles for claudin 18 in alveolar barrier properties and fluid
homeostasis. Am J Respir Cell Mol Biol 51: 210–222, 2014.
doi:10.1165/rcmb.2013-0353OC.

28. Zhou B, Flodby P, Luo J, Castillo DR, Liu Y, Yu FX, McConnell A,
Varghese B, Li G, Chimge NO, Sunohara M, Koss MN, Elatre W,
Conti P, Liebler JM, Yang C, Marconett CN, Laird-Offringa IA,
Minoo P, Guan K, Stripp BR, Crandall ED, Borok Z. Claudin-18-
mediated YAP activity regulates lung stem and progenitor cell ho-
meostasis and tumorigenesis. J Clin Invest 128: 970–984, 2018.
doi:10.1172/JCI90429.

29. Luo J, Chimge NO, Zhou B, Flodby P, Castaldi A, Firth AL, Liu Y,
Wang H, Yang C, Marconett CN, Crandall ED, Offringa IA, Frenkel
B, Borok Z. CLDN18.1 attenuates malignancy and related signaling
pathways of lung adenocarcinoma in vivo and in vitro. Int J Cancer
143: 3169–3180, 2018. doi:10.1002/ijc.31734.

30. Kiyokawa H, Morimoto M. Molecular crosstalk in tracheal develop-
ment and its recurrence in adult tissue regeneration. Dev Dyn 250:
1552–1567, 2021. doi:10.1002/dvdy.345.

31. Hewlett JC, Kropski JA, Blackwell TS. Idiopathic pulmonary fibrosis:
epithelial-mesenchymal interactions and emerging therapeutic targets.
Matrix Biol 71–72: 112–127, 2018. doi:10.1016/j.matbio.2018.03.021.

32. Katzen J, Beers MF. Contributions of alveolar epithelial cell quality
control to pulmonary fibrosis. J Clin Invest 130: 5088–5099, 2020.
doi:10.1172/JCI139519.

33. De Santis MM, Bolukbas DA, Lindstedt S,Wagner DE. How to build
a lung: latest advances and emerging themes in lung bioengineer-
ing. Eur Respir J 52: 1601355, 2018. doi:10.1183/13993003.01355-
2016.

34. Wang K, Man K, Liu J, Liu Y, Chen Q, Zhou Y, Yang Y.
Microphysiological systems: design, fabrication, and applications.
ACS Biomater Sci Eng 6: 3231–3257, 2020. doi:10.1021/
acsbiomaterials.9b01667.

35. Toonkel RL, Hare JM, Matthay MA, Glassberg MK. Mesenchymal
stem cells and idiopathic pulmonary fibrosis. Potential for clinical
testing. Am J Respir Crit Care Med 188: 133–140, 2013. doi:10.1164/
rccm.201207-1204PP.

36. Samarelli AV, Tonelli R, Heijink I, Martin Medina A, Marchioni A,
Bruzzi G, Castaniere I, Andrisani D, Gozzi F, Manicardi L, Moretti
A, Cerri S, Fantini R, Tabbi L, Nani C, Mastrolia I, Weiss DJ,
Dominici M, Clini E. Dissecting the role of mesenchymal stem cells
in idiopathic pulmonary fibrosis: cause or solution. Front Pharmacol
12: 692551, 2021. doi:10.3389/fphar.2021.692551.

37. Turner L. The American stem cell sell in 2021: U.S. businesses sell-
ing unlicensed and unproven stem cell interventions. Cell Stem Cell
28: 1891–1895, 2021. doi:10.1016/j.stem.2021.10.008.

38. Bauer G, Elsallab M, Abou-El-Enein M. Concise review: a compre-
hensive analysis of reported adverse events in patients receiving
unproven stem cell-based interventions. Stem Cells Transl Med 7:
676–685, 2018. doi:10.1002/sctm.17-0282.

39. Ikonomou L, Freishtat RJ, Wagner DE, Panoskaltsis-Mortari A,
Weiss DJ. The global emergence of unregulated stem cell treatments
for respiratory diseases. Professional societies need to act. Ann Am
Thorac Soc 13: 1205–1207, 2016. doi:10.1513/AnnalsATS.201604-
277ED.

40. Ikonomou L, Panoskaltsis-Mortari A, Wagner DE, Freishtat RJ,
Weiss DJ; American Thoracic Society Respiratory Cell and
Molecular Biology Assembly Stem Cell Working Group. Unproven
stem cell treatments for lung disease-an emerging public health
problem. Am J Respir Crit Care Med 195: P13–P14, 2017. doi:10.1164/
rccm.1957P13.

41. Smith C, Martin-Lillie C, Higano JD, Turner L, Phu S, Arthurs J,
Nelson TJ, Shapiro S, Master Z. Challenging misinformation and
engaging patients: characterizing a regenerative medicine consult
service. Regen Med 15: 1427–1440, 2020. doi:10.2217/rme-2020-
0018.

42. Turner L, Munsie M, Levine AD, Ikonomou L. Ethical issues and
public communication in the development of cell-based treatments
for COVID-19: lessons from the pandemic. Stem Cell Reports 16:
2567–2576, 2021. doi:10.1016/j.stemcr.2021.09.005.

43. Jung E, Zettler PJ, Kesselheim AS. Prevalence of publicly available
expanded access policies. Clin Pharmacol Ther 104: 1016–1021,
2018. doi:10.1002/cpt.996.

44. Zettler PJ. Compassionate use of experimental therapies: who
should decide? EMBO Mol Med 7: 1248–1250, 2015. doi:10.15252/
emmm.201505262.

45. Snyder J, Bateman-House A, Turner L. Is right to try being tried?
Using crowdfunding data to better understand usage of nontrial pre-
approval access pathways. Regen Med 15: 1979–1985, 2020.
doi:10.2217/rme-2020-0043.

46. Ikonomou L. The coming-of-age of lung generation by blastocyst
complementation. Am J Respir Crit Care Med 203: 408–410, 2021.
doi:10.1164/rccm.202009-3548ED.

47. Wen B, Li E, Ustiyan V,Wang G, Guo M, Na CL, Kalin GT, Galvan V,
Xu Y, Weaver TE, Kalin TV, Whitsett JA, Kalinichenko VV. In vivo
generation of lung and thyroid tissues from embryonic stem cells
using blastocyst complementation. Am J Respir Crit Care Med 203:
471–483, 2021. doi:10.1164/rccm.201909-1836OC.

48. Wong SW, Lenzini S, Cooper MH,Mooney DJ, Shin JW. Soft extrac-
ellular matrix enhances inflammatory activation of mesenchymal

STEM CELLS AND BIOENGINEERING IN LUNG BIOLOGY

L352 AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00113.2022 � www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.141.181) on November 9, 2022.



stromal cells to induce monocyte production and trafficking. Sci Adv
6: eaaw0158, 2020. doi:10.1126/sciadv.aaw0158.

49. Wong SW, Tamatam CR, Cho IS, Toth PT, Bargi R, Belvitch P, Lee
JC, Rehman J, Reddy SP, Shin JW. Inhibition of aberrant tissue
remodelling by mesenchymal stromal cells singly coated with soft
gels presenting defined chemomechanical cues. Nat Biomed Eng 6:
54–66, 2022. doi:10.1038/s41551-021-00740-x.

50. B€ol€ukbas DA, De Santis MM, Alsafadi HN, Doryab A, Wagner DE.
The preparation of decellularized mouse lung matrix scaffolds for
analysis of lung regenerative cell potential. In: Mouse Cell Culture:
Methods and Protocols, edited by Bertoncello I. New York: Springer,
2019, p. 275–295.

51. Lehmann M, Korfei M, Mutze K, Klee S, Skronska-Wasek W,
Alsafadi HN, Ota C, Costa R, Schiller HB, Lindner M, Wagner DE,
G€unther A, K€onigshoff M. Senolytic drugs target alveolar epithelial
cell function and attenuate experimental lung fibrosis ex vivo. Eur
Respir J 50: 1602367, 2017. doi:10.1183/13993003.02367-2016.

52. Reyfman PA, Walter JM, Joshi N, Anekalla KR, McQuattie-
Pimentel AC, Chiu S, et al. Single-cell transcriptomic analysis of
human lung provides insights into the pathobiology of pulmonary fi-
brosis. Am J Respir Crit Care Med 199: 1517–1536, 2019. doi:10.1164/
rccm.201712-2410OC.

53. Bustos ML, Huleihel L, Kapetanaki MG, Lino-Cardenas CL, Mroz L,
Ellis BM, McVerry BJ, Richards TJ, Kaminski N, Cerdenes N, Mora
AL, Rojas M. Agingmesenchymal stem cells fail to protect because of
impaired migration and antiinflammatory response. Am J Respir Crit
Care Med 189: 787–798, 2014. doi:10.1164/rccm.201306-1043OC.

54. Bustos ML, Bueno M, Robison A, Sciurba J,Mroz L, Niedernhofer L,
Mora AL, Kaminski N, Rojas M. Defective DNA repair on the ercc1-/
mice causes accelerated aging and increased susceptibility to lung
injury and fibrosis. Am J Respir Crit Care Med 203: A5283, 2012.
doi:10.1164/ajrccm-conference.2012.185.1_MeetingAbstracts.A5283.

55. Torres-González E, Bueno M, Tanaka A, Krug LT, Cheng DS,
Polosukhin VV, Sorescu D, Lawson WE, Blackwell TS, Rojas M,
Mora AL. Role of endoplasmic reticulum stress in age-related sus-
ceptibility to lung fibrosis. Am J Respir Cell Mol Biol 46: 748–756,
2012. doi:10.1165/rcmb.2011-0224OC.

56. Cárdenes N, Álvarez D, Sellar�es J, Peng Y, Corey C, Wecht S,
Nouraie SM, Shanker S, Sembrat J, Bueno M, Shiva S, Mora AL,
Rojas M. Senescence of bone marrow-derived mesenchymal stem
cells from patients with idiopathic pulmonary fibrosis. Stem Cell Res
Ther 9: 257, 2018. doi:10.1186/s13287-018-0970-6.

57. Hecker L, Logsdon NJ, Kurundkar D, Kurundkar A, Bernard K,
Hock T,Meldrum E, Sanders YY, Thannickal VJ. Reversal of persis-
tent fibrosis in aging by targeting Nox4-Nrf2 redox imbalance. Sci
Transl Med 6: 231ra247, 2014. doi:10.1126/scitranslmed.3008182.

58. Cruz T, Jia M, Sembrat J, Tabib T, Agostino N, Bruno TC, Vignali D,
Sanchez P, Lafyatis R,Mora AL, Benos P, Rojas M. Reduce propor-
tion and activity of NK cells in the lung of idiopathic pulmonary fibro-
sis patients. Am J Respir Crit Care Med 204: 608–610, 2021.
doi:10.1164/rccm.202012-4418LE.

59. Qu J, Yang SZ, Zhu Y, Guo T, Thannickal VJ, Zhou Y. Targeting
mechanosensitive MDM4 promotes lung fibrosis resolution in aged
mice. J Exp Med 218: e20202033, 2021. doi:10.1084/jem.20202033.

60. Kato K, Logsdon NJ, Shin YJ, Palumbo S, Knox A, Irish JD,
Rounseville SP, Rummel SR, Mohamed M, Ahmad K, Trinh JM,
Kurundkar D, Knox KS, Thannickal VJ, Hecker L. Impaired myofi-
broblast dedifferentiation contributes to nonresolving fibrosis in
aging. Am J Respir Cell Mol Biol 62: 633–644, 2020. doi:10.1165/
rcmb.2019-0092OC.

61. Caporarello N,Meridew JA, Aravamudhan A, Jones DL, Austin SA,
Pham TX, Haak AJ, Moo Choi K, Tan Q, Haresi A, Huang SK,
Katusic ZS, Tschumperlin DJ, Ligresti G. Vascular dysfunction in
aged mice contributes to persistent lung fibrosis. Aging Cell 19:
e13196, 2020. doi:10.1111/acel.13196.

62. Caporarello N, Pham T, Lee J, Guan J, Meridew J, Jones D,
Marden G, Yamashita T, Nicosia R, Trojanowska M. Dysfunctional
ERG signaling drives pulmonary vascular aging and progressive fi-
brosis. Am J Respir Crit Care Med 203: A1142, 2021. doi:10.1164/
ajrccm-conference.2021.203.1_MeetingAbstracts.A1142.

63. Llamazares-Prada M, Espinet E, Mijošek V, Schwartz U, Lutsik P,
Tamas R, Richter M, Behrendt A, Pohl ST, Benz NP, Muley T,
Warth A, Heußel CP, Winter H, Landry JJM, Herth FJF, Mertens
TCJ, Karmouty-Quintana H, Koch I, Benes V, Korbel JO, Waszak

SM, Trumpp A, Wyatt DM, Stahl HF, Plass C, Jurkowska RZ.
Versatile workflow for cell type-resolved transcriptional and epigenetic
profiles from cryopreserved human lung. JCI Insight 6: e140443, 2021.
doi:10.1172/jci.insight.140443.

64. Matthay MA, Leligdowicz A, Liu KD. Biological mechanisms of
COVID-19 acute respiratory distress syndrome. Am J Respir Crit
Care Med 202: 1489–1491, 2020. doi:10.1164/rccm.202009-3629ED.

65. Matthay MA, Zemans RL, Zimmerman GA, Arabi YM, Beitler JR,
Mercat A, Herridge M, Randolph AG, Calfee CS. Acute respiratory
distress syndrome. Nat Rev Dis Primers 5: 18, 2019. doi:10.1038/
s41572-019-0069-0.

66. Shah RD, Wunderink RG. Viral pneumonia and acute respiratory
distress syndrome. Clin Chest Med 38: 113–125, 2017. doi:10.1016/j.
ccm.2016.11.013.

67. Ortiz JR, Neuzil KM, Rue TC, Zhou H, Shay DK, Cheng PY, Cooke
CR, Goss CH. Population-based incidence estimates of influenza-
associated respiratory failure hospitalizations, 2003 to 2009. Am J
Respir Crit Care Med 188: 710–715, 2013. doi:10.1164/rccm.201212-
2341OC.

68. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, Wang B, Xiang H,
Cheng Z, Xiong Y, Zhao Y, Li Y,Wang X, Peng Z. Clinical character-
istics of 138 hospitalized patients with 2019 novel coronavirus-
infected pneumonia in Wuhan, China. JAMA 323: 1061–1069, 2020.
doi:10.1001/jama.2020.1585.

69. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A,
Gattinoni L, van Haren F, Larsson A, McAuley DF, Ranieri M,
Rubenfeld G, Thompson BT, Wrigge H, Slutsky AS, Pesenti A;
LUNG SAFE Investigators, ESICM Trials Group. Epidemiology, pat-
terns of care, and mortality for patients with acute respiratory dis-
tress syndrome in intensive care units in 50 countries. JAMA 315:
788–800, 2016. doi:10.1001/jama.2016.0291.

70. Rubenfeld GD, Caldwell E, Peabody E,Weaver J,Martin DP,Neff M,
Stern EJ, Hudson LD. Incidence and outcomes of acute lung injury. N
Engl J Med 353: 1685–1693, 2005. doi:10.1056/NEJMoa050333.

71. Hendrickson CM, Matthay MA. Viral pathogens and acute lung
injury: investigations inspired by the SARS epidemic and the 2009
H1N1 influenza pandemic. Semin Respir Crit Care Med 34: 475–486,
2013. doi:10.1055/s-0033-1351122.

72. Jacob A, Morley M, Hawkins F, McCauley KB, Jean JC, Heins H,
Na CL,Weaver TE, Vedaie M, Hurley K, Hinds A, Russo SJ, Kook S,
Zacharias W, Ochs M, Traber K, Quinton LJ, Crane A, Davis BR,
White FV, Wambach J, Whitsett JA, Cole FS, Morrisey EE,
Guttentag SH, Beers MF, Kotton DN. Differentiation of human pluri-
potent stem cells into functional lung alveolar epithelial cells. Cell
Stem Cell 21: 472–488.e10, 2017. doi:10.1016/j.stem.2017.08.014.

73. Hurley K, Ding J, Villacorta-Martin C, Herriges MJ, Jacob A,
Vedaie M, Alysandratos KD, Sun YL, Lin C, Werder RB, Huang J,
Wilson AA, Mithal A, Mostoslavsky G, Oglesby I, Caballero IS,
Guttentag SH, Ahangari F, Kaminski N, Rodriguez-Fraticelli A,
Camargo F, Bar-Joseph Z, Kotton DN. Reconstructed single-cell
fate trajectories define lineage plasticity windows during differentia-
tion of human PSC-derived distal lung progenitors. Cell Stem Cell
26: 593–608.e8, 2020. doi:10.1016/j.stem.2019.12.009.

74. Huang J, Hume AJ, Abo KM, Werder RB, Villacorta-Martin C,
Alysandratos KD, Beermann ML, Simone-Roach C, Lindstrom-
Vautrin J, Olejnik J, Suder EL, Bullitt E, Hinds A, Sharma A,
Bosmann M, Wang R, Hawkins F, Burks EJ, Saeed M, Wilson AA,
Muhlberger E, Kotton DN. SARS-CoV-2 infection of pluripotent
stem cell-derived human lung alveolar type 2 cells elicits a rapid epi-
thelial-intrinsic inflammatory response. Cell Stem Cell 27: 962–973.
e7, 2020. doi:10.1016/j.stem.2020.09.013.

75. Lee JW, Gupta N, Serikov V, Matthay MA. Potential application of
mesenchymal stem cells in acute lung injury. Expert Opin Biol Ther
9: 1259–1270, 2009. doi:10.1517/14712590903213651.

76. Walter J, Ware LB, Matthay MA. Mesenchymal stem cells: mecha-
nisms of potential therapeutic benefit in ARDS and sepsis. Lancet
Respir Med 2: 1016–1026, 2014. doi:10.1016/S2213-2600(14)70217-6.

77. Aveyard P, Gao M, Lindson N, Hartmann-Boyce J, Watkinson P,
Young D, Coupland CAC, Tan PS, Clift AK, Harrison D, Gould DW,
Pavord ID, Hippisley-Cox J. Association between pre-existing respi-
ratory disease and its treatment, and severe COVID-19: a population
cohort study. Lancet Respir Med 9: 909–923, 2021. doi:10.1016/
S2213-2600(21)00095-3.

STEM CELLS AND BIOENGINEERING IN LUNG BIOLOGY

AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00113.2022 � www.ajplung.org L353
Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.141.181) on November 9, 2022.



78. Zhu Z, Hasegawa K, Ma B, Fujiogi M, Camargo CA Jr, Liang L.
Association of asthma and its genetic predisposition with the risk of
severe COVID-19. J Allergy Clin Immunol 146: 327–329.e4, 2020.
doi:10.1016/j.jaci.2020.06.001.

79. Lee SC, Son KJ, Han CH, Park SC, Jung JY. Impact of COPD on
COVID-19 prognosis: a nationwide population-based study in South
Korea. Sci Rep 11: 3735, 2021. doi:10.1038/s41598-021-83226-9.

80. Naehrlich L, Orenti A, Dunlevy F, Kasmi I, Harutyunyan S, Pfleger
A, et al. Incidence of SARS-CoV-2 in people with cystic fibrosis in
Europe between February and June 2020. J Cyst Fibros 20: 566–
577, 2021. doi:10.1016/j.jcf.2021.03.017.

81. Bui LT, Winters NI, Chung MI, Joseph C, Gutierrez AJ, Habermann
AC, Adams TS, Schupp JC, Poli S, Peter LM, Taylor CJ, Blackburn

JB, Richmond BW, Nicholson AG, Rassl D, Wallace WA, Rosas IO,
Jenkins RG, Kaminski N, Kropski JA, Banovich NE; Human Cell
Atlas Lung Biological Network. Chronic lung diseases are associ-
ated with gene expression programs favoring SARS-CoV-2 entry
and severity. Nat Commun 12: 4314, 2021. doi:10.1038/s41467-
021-24467-0.

82. Wagner DE, Ikonomou L, Gilpin SE, Magin CM, Cruz F, Greaney A,
Magnusson M, Chen YW, Davis B, Vanuytsel K, Rolandsson Enes
S, Krasnodembskaya A, Lehmann M, Westergren-Thorsson G,
Stegmayr J, Alsafadi HN, Hoffman ET, Weiss DJ, Ryan AL. Stem
Cells, Cell Therapies, and Bioengineering in Lung Biology and
Disease 2019. ERJ Open Res 6: 00123–2020, 2020. doi:10.1183/
23120541.00123-2020.

STEM CELLS AND BIOENGINEERING IN LUNG BIOLOGY

L354 AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00113.2022 � www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.141.181) on November 9, 2022.


