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Advances in tissue engineering continue at a rapid pace and have provided novel
methodologies and insights into normal cell and tissue homeostasis, disease
pathogenesis, and new potential therapeutic strategies. The evolution of new
techniques has particularly invigorated the field and span a range from novel
organ and organoid technologies to increasingly sophisticated imaging
modalities. This is particularly relevant for the field of lung biology and diseases
as many lung diseases, including chronic obstructive pulmonary disease (COPD) and
idiopathic fibrosis (IPF), among others, remain incurable with significant morbidity
and mortality. Advances in lung regenerative medicine and engineering also offer
new potential avenues for critical illnesses such as the acute respiratory distress
syndrome (ARDS) which also continue to have significant morbidity and mortality. In
this review, an overview of lung regenerativemedicinewith focus on current status of
both structural and functional repair will be presented. This will serve as a platform for
surveying innovative models and techniques for study, highlighting the need and
timeliness for these approaches.
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Overview of lung regenerative medicine

As lung diseases and critical illnesses have diverse pathophysiologies and manifestations,
multiple potential regenerative medicine-based therapeutic approaches are being investigated.
For functional repair, ARDS and sepsis/septic shock offer paradigms for disease entities marked
by acute high intensity inflammation and associated injuries. A range of pharmacologic agents
including monoclonal antibodies, corticosteroids, non-steroidal anti-inflammatory agents have
only modestly improved morbidity and mortality if at all and current strategies are primarily
focused on supportive care (Matthay et al., 2019a). Acknowledging that some ARDS survivors
develop long term fibrotic changes, focus for new therapeutics is on novel approaches that can
counter inflammation. This includes consideration for patients with respiratory failure and
ARDS in the setting of SARS CoV2 infection.

Cell-based therapies: Functional repair

One new promising approach centers on cell-based therapies, predominantly utilizing
mesenchymal stromal cells (MSCs) (Walter et al., 2014). MSCs are multipotent progenitor cells
with the potential to secrete a spectrum of biologic mediators, such as anti-inflammatory
cytokines, angiogenic factors, anti-bacterial peptides, and extracellular vesicles (EVs) (reviewed
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in 3). Originally isolated from bone marrow, MSCs can be isolated
from a wide range of tissues including adipose, placental, cord blood,
and from the lung itself (Walter et al., 2014). The general approach is
to isolate MSCs from the source tissue and expand in culture for
subsequent investigation and potential therapeutic effects. Following
systemic administration, MSCs primarily lodge in the pulmonary
capillary system, through as yet poorly understood interactions
with the endothelium. They do not engraft and are cleared by a
range of host immune mechanisms over 1–2 days, although available
data suggests that they may persist for up to 3–4 days in the setting of
lung inflammation (Allers et al., 2004; Armitage et al., 2018). MSCs
express a range of danger and molecular pathogen cell surface
receptors, including the Toll-Like receptors and a growing body of
literature demonstrates that while in the pulmonary capillary bed, the
MSCs respond to specific inflammatory environments by releasing
different portfolios of mediators (Romieu-Mourez et al., 2009;
Waterman et al., 2010; Kusuma et al., 2017; Abreu et al., 2019;
Islam et al., 2019; Enes et al., 2021; Galipeau et al., 2021). The
MSCs also constitutively express low levels of cell surface antigens
such as human leukocyte antigens (HLA) DR and co-stimulatory
molecules such as CD40 (Galipeau and Sensébé, 2018). This has
allowed a range of investigations in which allogeneic MSCs have
been administered by systemic (intravenous) administration in a wide
range of disease models and clinical investigations. However, HLA and
co-stimulatory molecules can be upregulated in response to
inflammatory signals, notably interferon gamma (IFNγ) (Krampera
et al., 2006; Polchert et al., 2008). Accordingly increasing evidence
suggests that host responses to the allogeneic MSCs, including MSCs
undergoing apoptotic or necrotic changes following administration,
may be driving potential therapeutic effects (Galleu et al., 2017; Weiss
et al., 2019).

There have been a large number of investigations of both
systemic and direct airway administration of MSCs in a wide
range of pre-clinical models of lung diseases and critical illnesses.
These have been predominantly in rodents but also include large
animal models such as sheep and also in explanted human lungs
(Ikonomou et al., 2022; Ting et al., 2022). In virtually every case,
MSC administration has ameliorated acute, and in some cases
chronic, inflammation and injury in models of acute endotoxin
and bacterial lung injury, allergic airways inflammation/asthma,
bronchopulmonary dysplasia (BPD), COPD, pulmonary
hypertension, and sepsis/septic shock (Ikonomou et al., 2022;
Ting et al., 2022). The data is less clear for chronic diseases such
as pulmonary fibrosis, in part as the available pre-clinical models, for
example bleomycin administration in rodents, do not fully replicate
human disease. MSC administration during the acute inflammatory
phase resulting shortly after bleomycin administration is decreased
with subsequent decrease in resulting fibrosis, however, it is less clear
as to whether MSCs have benefit in models of established fibrosis.
The mechanisms by which the MSCs act in each of these models are
not yet fully elucidated and available evidence suggests different
mechanisms in the different disease models, consonant with growing
appreciation that MSCs will behave differently in varying injuries.
Pre-conditioning MSCs, for example by exposure to hypoxia or to
different mixtures of cytokines can alter subsequent MSC actions
consonant with the observations that MSC behaviors are dictated by
the inflammatory environment they encounter (Romieu-Mourez
et al., 2009; Waterman et al., 2010; Kusuma et al., 2017; Abreu
et al., 2019; Islam et al., 2019; Enes et al., 2021; Galipeau et al., 2021).

Further, a growing experience demonstrates that EVs derived from
MSCs can mimic many of the beneficial effects of the MSCs
themselves (Zhu et al., 2014; Cruz et al., 2015a; Mahida et al.,
2020). The mechanisms by which the EVs act are still being
elucidated and postulated mechanisms include actions of
miRNAs, proteins such as anti-inflammatory cytokines,
mitochondria, and lipids contained in the EVs (Abreu et al., 2021).

Nonetheless, these pre-clinical data have provided a platform for a
growing number of clinical investigations of MSCs and also MSC-
derived EVs in a range of pulmonary diseases and critical illnesses
including but not limited to ARDS, asthma, BPD, COPD, IPF, and
others [reviewed in (Matthay et al., 2019b; Ting et al., 2022)]. This
includes a large number of clinical investigations of MSCs in patients
with SARS-CoV2 (COVID-19)-relatedd ARDS in the setting of the
COVID-19 pandemic (Dilogo et al., 2021; Lanzoni et al., 2021; Monsel
et al., 2022). The majority of these investigations for which published
data is available have been phase 1 safety trials and have uniformly
demonstrated no acute infusional toxicities and no attributable
subsequent serious adverse events. A smaller but growing number
of phase 2 efficacy trials have demonstrated efficacy in some cases but
not in others. Themost extensive experience to date is in investigations
of systemic MSC administration in patients with either non-COVID
or COVID19-related ARDS with recent meta-analyses of COVID-19
related-ARDS demonstrating significant benefits of MSC
administration (Khoury et al., 2020; Qu et al., 2020; Zhu et al.,
2021; Kirkham et al., 2022; Lu et al., 2022). Intensive deliberation
about the varying outcomes in these trials has highlighted ongoing
issues with investigations of MSC administration not just in patients
with respiratory diseases or critical illnesses but in a wider range of
conditions. These include lack of concordance or clear guidelines as to
which source of MSCs may be most effective in any given indication,
dose and dosing strategy, and whether freshly thawed (from frozen
stocks) or continuously cultured MSCs may be more effective
(Francois et al., 2012; Cruz et al., 2015b). These considerations also
include growing appreciation that the patient phenotype is critically
important in identifying patients more likely to respond to MSCs
administration (Matthay et al., 2020). This is in the setting of growing
appreciation of different inflammatory phenotypes for patients with
ARDS, COPD, and other conditions. For example, a recent trial of
systemic administration of bone marrow-derived MSCs in patients
with COVID19-related ARDS and respiratory failure requiring
mechanical ventilation demonstrated no benefit in survival or other
ICU outcome measures across the entire study population (Bowdish
et al., 2022). However, a pre-specified subgroup analysis demonstrated
significant and substantial improvement in mortality in patients under
age 65 (Ting et al., 2022). In a parallel example, systemic
administration of allogeneic bone marrow-derived MSCs in COPD
patients did result in improvements on lung function (Weiss et al.,
2013) but a post-hoc subgroup analysis, in which patients were
stratified by entry levels of a circulating inflammatory mediator,
C-reactive protein, associated with worse overall clinical outcomes,
demonstrated statistically significant and clinically meaningful
improvements in lung functions in treated patients compared to
controls (Weiss et al., 2021). In a third example, the presence of
Aspergillus in bronchoalveolar lavage samples from cystic fibrosis (CF)
patients resulted in rapid MSC death, through actions of fungal
gliotoxin on mitochondrial function (Abreu et al., 2020). As such,
in the setting of a recent proof of concept safety trial of systemic bone
marrow-derivedMSC administration in CF patients, arguably patients
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with known Aspergillus lung infections, not uncommon in CF, should
be excluded from subsequent efficacy investigations.

These observations and experience to date highlight both the
promise and challenges of MSC-based cell therapies in lung
regenerative medicine. This includes the still as yet unclear roles of
endogenous lung MSCs in normal homeostasis and disease
pathophysiology (Matthay et al., 2020; Bowdish et al., 2022; Kruk
et al., 2021a; Kruk et al., 2021b). Further, MSCs are not the only cells
being utilized in this context. Endothelial progenitor cells (EPCs)
derived from both bone marrow as well as circulating sources have
demonstrated efficacy in pre-clinical models of pulmonary
hypertension and are currently under clinical investigation in
pulmonary hypertension patients (Nagaya et al., 2003; Zhao et al.,
2005; Foster et al., 2014; Suen et al., 2016). These are based on
paracrine actions of the EPCs in part to stimulate angiogenesis and
also include data on EPCs genetically engineered to produce
angiogenic growth factors. The same considerations with respect to
MSC therapeutics, source of origin, dose, dosing, etc, apply to EPCs
and any other cell type being utilized for paracrine functional effects.

Cell-based therapies: Structural repair

A landmark paper was published in 2002 in which bone marrow-
derived cells appeared to structurally engraft as airway epithelial cells
(Krause et al., 2001). This stimulated large-scale investigations of
utilizing cell engraftment to repair damaged lung epithelium, notably
in the context of cystic fibrosis. However, it was subsequently
determined that technical and other errors provided misleading
results and that engraftment of bone marrow-derived cells as
structural lung cells was a rare occurrence of unlikely physiologic
or clinical significance (Krause et al., 2001; Loi et al., 2006; Kotton
et al., 2005).

However, the concept of engraftment has been re-invigorated with
increasing appreciation of the different populations of endogenous lung
progenitor cells, both in the airway and alveolar epithelium, as well as
advances in deriving lung epithelial cells from induced pluripotent-
derived cells (iPSCs). Increasing data demonstrates that these cells can
structurally and potentially functional engraft in pre-clinical models. One
important caveat for these studies to date is that injury to the airway or
alveolar epithelium is a predicate for engraftment. One simplistic
explanation is that the damage provides “room” and allows the
engrafting cells to integrate into previously intact cell monolayers.
How this might translate into clinical practice is unclear at present but
this is an exciting area of research.

Lung support and assist devices: Functional
repair

Regenerative medicine and engineering also incorporates
developing devices that can augment or replace failing organs. This
is well evidenced by examples of hemodialysis for chronic renal failure
and left ventricular assist devices for heart failure. Such devices can
also be utilized as bridges until organ transplantation or to improve
quality of life in patients who do not qualify for organ transplants.

This is an area of necessary growth in respiratory medicine.
Mechanical ventilators and other non-invasive ventilation
approaches are powerful and well-established tools. However, for

intractable respiratory failure, there are limited options. Extra-
corporeal membrane oxygenation (ECMO) is an established tool
for use in both neonatal and adult patients with intractable
respiratory failure and has had increasing utilization in adult
patients, particularly in the setting of the COVID-19 pandemic.
However, ECMO is a complex approach requiring specialized
centers and highly trained support personnel and is currently
limited to relatively few tertiary care centers. Further ECMO can
be complicated by clotting and bleeding in the circuitry as well as by
infection. ECMO is also limited to short term use in intensive care
settings; there are no current available device options for long term use
in ambulatory patients on lung transplant waiting lists or who will not
qualify for transplantation (Johnson et al., 2022).

There are several devices undergoing development and
investigation by both academic and commercial entities (Syed
et al., 2021). This includes a novel respiratory assist device based
on decellularized bird lungs (Wrenn et al., 2018). However, there is
much room for innovation and advancement.

Ex Vivo generation of gas exchange tissues:
Structural and functional repair

While lung transplantation is available and increasingly successful
for patients with end-stage lung diseases, there remains a significant
shortage of suitable donor organs. Lung transplantation is also
complicated by still unacceptably high rates of both acute and
chronic rejection. Accordingly, extensive effort has taken place over
the past approximate 15 years to develop functional gas exchange
tissue that can be implanted to replace defective lungs. This has led to
development of a number of novel technical approaches that will be
overviewed here.

Lung de- and recellularization

Organ de- and recellularization has been widely investigated in a
number of different tissues as a means to develop functional tissue ex vivo
(Crapo et al., 2011). The overall goal is to utilize the native 3-dimensional
(3D) extracellular matrix (ECM) as a scaffold for re-populating with
organ-specific cells to develop functional organs and tissues. A variety of
approaches are utilized to remove native cells and cellular debris including
chemical, for example ionic and non-ionic detergents, and physical, for
example multiple freeze thaws (reviewed in 51). With respect to lung,
several seminal papers were published in 2010, based on an original report
in 1986, that detailed detergent-based decellularization of rodent lungs
and subsequent initial attempts at recellularization and implantation into
rodent models (Lwebuga-Mukasa et al., 1986; Ott et al., 2010; Petersen
et al., 2010; Price et al., 2010). Another report from that time investigated
multiple freeze thaws as a model for decellularization (Cortiella et al.,
2010). These proof-of concept studies provided a platform for a large
number of subsequent studies through which significant progress has
been made including ability to engraft multiple cell types and maintain
viability for up to several weeks (Daly et al., 2012; Wallis et al., 2012;
Bonenfant et al., 2013; Sokocevic et al., 2013;Wagner et al., 2014a;Wagner
et al., 2014b).

However, significant challenges remain including the ability to
fully repopulate and cover the entire ECM surface area and the
question of having the proper cells in the proper location,
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i.e., alveolar in alveoli, airway in airways, etc. Significant parallel issues
have been developing sources of cells to use in re-population strategies
with increasing focus on utilizing lung endogenous progenitor cells
and/or IPSC-derived cells as stem or progenitor populations with the
goal of having these expand to large numbers and appropriately
differentiate. One particular potential advantage of using lung
progenitor or iPSC-derived cells is that they can be obtained from
the eventual transplant recipient thus resulting in autologous tissue for
use in transplantation. The working hypothesis here is that immune
epitopes on the ECM that could potentially trigger rejection will either
be removed during the decellularization process or covered by the
seeded autologous cells. While an attractive hypothesis, direct studies
addressing this have yet to be performed.

Efforts towards optimizing recellularization further depend in
large part on environmental cues such as ECM composition and
stiffness (Melo et al., 2014). Mechanical forces, i.e., cyclic mechanical
stretch (“breathing”) for directing differentiation into airway or
alveolar cells, or shear forces (vascular blood flow) for directing
differentiation into pulmonary vascular endothelial cells, are
increasingly being incorporated into re-population schemes. The
development of novel bioreactor technology has also progressed
enabling incorporation of mechanical forces but significant
challenges remain in keeping the re-populating tissues alive for the
weeks-months that may be required for full recellularization.
Although the primary goal of functional ex vivo lung tissue is to
provide gas exchange, immune regulatory actions of the lungs are also
important functions. However, re-populating decellularized scaffolds
with immune and inflammatory cells, such as macrophages, in
addition to epithelial, vascular endothelial, and stromal cells,
remains less well explored.

Thus, despite significant progress, a truly functional ex vivo organ
capable of gas exchange as well as other immune regulating functions
of the lung has not yet been developed. Further, even if this becomes
technically achievable, there may still be not enough donor human
lungs available to provide decellualrized scaffolds for use. Currently
lungs are predominantly from those donor lungs that do not reach
standards for use in transplantation or alternatively from autopsy.
This has led to investigation of xenogeneic sources, primarily from pig
lungs, as potential scaffolds for re-population with human lung cells
(Platz et al., 2016; Gasek et al., 2021). As discussed previously, other
postulated uses of other sources of lungs for decellularization include
using decellularized bird lungs repopulated with human lung cells as
artificial gas exchange (Wrenn et al., 2018). Further, even though there
remains significant room for innovation and improvement in lung de-
and recellularization approaches, decellularized organs have proven to
be valuable experimental tools to study diseased ECM and cell-ECM
interactions. For example, decellularized lungs from patients with
COPD or IPF have provided significant insight into disease
pathogenesis and the role of the ECM and disordered cell-matrix
interactions in disease processes (Booth et al., 2012; Wagner et al.,
2014b; Ahrman et al., 2018; Hoffman et al., 2023).

Organoid and hydrogel approaches:
Structural and functional repair

Three-dimensional cultures of cells in a supporting matrix has
been an exploding field over the past few years. In contrast to standard
two-dimensional (2D) tissue culture, 3D culturing proves a platform

for 3D tissue formation and growth, in many cases resulting in
miniature versions of the target organ or tissue (Saldin et al., 2017;
Giobbe et al., 2019). These organoid culture approaches have provided
a wealth of new information and studies including those for primary
lung, lung progenitor cell, and iPSC-derived lung cells (Pouliot et al.,
2016; De Hilster et al., 2020; Petrou et al., 2020; Pouliot et al., 2020;
Nizamoglu et al., 2022; Marhuenda et al., 2022b; Saleh et al., 2022).
These have also offered more sophisticated technologies with which to
study interactions between different cell types co-seeded into the
matrices as well as the influence of the 3D environmental niche as
the 3D matrices can be produced with tunable stiffness and can also
undergo cyclic mechanical strain (Pouliot et al., 2016; De Hilster et al.,
2020; Petrou et al., 2020; Pouliot et al., 2020; Nizamoglu et al., 2022;
Marhuenda et al., 2022b; Saleh et al., 2022).

Organoid culture approaches also offer a powerful opportunity to
study the influence of the surrounding ECM composition on cell
behaviors. However, to date, most organoid culture work, including
those utilizing lung cells, have primarily utilized Matrigel™, a non-
relevant ECM derived from cancerous mouse tissue typically utilized
for stem and cancer cell proliferation, and thus, an insufficient ECM to
replicate the in situ human lung environment (Petrou et al., 2020).
However, recent studies have highlighted the potential role of
physiologically relevant ECM on type 2 alveolar epithelial cells
(AT2) differentiation (Alysandratos et al., 2022; Nizamoglu et al.,
2022; Sucre et al., 2022). As such, several groups have recently been
decellularized lungs for hydrogel formation and cell culture (Hughes
et al., 2010; Pouliot et al., 2016; De Hilster et al., 2020; Petrou et al.,
2020; Pouliot et al., 2020; Uhl et al., 2020; Alysandratos et al., 2022;
Nizamoglu et al., 2022; Marhuenda et al., 2022b; Saleh et al., 2022;
Sucre et al., 2022). Used in place of Matrigel™, the hydrogels are a
unique culture model that provide a native and thus more relevant
matrix. The lung-derived hydrogels can be produced not just from the
entire lung but from airway, vascular, and alveolar-enriched regions
obtained by dissection of decellularized lungs (Hoffman et al., 2023),
this providing an opportunity to investigate regional differences in
cell-matrix interactions. Further, hydrogels can be produced from
decellularized diseased lungs providing additional novel model
investigative systems (Petrou et al., 2020; Uhl et al., 2020; Saleh
et al., 2022; Hoffman et al., 2023). These are powerful investigative
tools that will provide novel information that in part can be utilized to
improve recellularization schemes for decellularized lungs.

3D bioprinting: Structural repair

3D bioprinting has an increasingly important role in replacing
damaged or diseased structural tissues with successful clinical
applications in fields such as orthopedics and cosmetic repair. With
respect to respiratory tissues, 3D-bioprinted tracheas and large
airways have a growing potential clinical role (Ke et al., 2019;
Mahfouzia et al., 2021; Park et al., 2021; Huo et al., 2022).
However, there are a number of challenges including choice of
matrix material to be used in the bioprinting process as well as
effective vascularization and epithelialization of the bioprinted
structure (Galliger et al., 2019; De Santis et al., 2021; Falcones
et al., 2021). For use in congenital tracheal or airway defects,
another consideration is whether the 3D-bioprinted structure will
grow as the neonatal or infant recipient grows. While there is good
progress to date, challenges in 3D bioprinting tissues that might
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participate in gas exchange result from several considerations mostly
relating to the complex anatomic and physiologic lung structure-
function relationship (Berg et al., 2021; Kang et al., 2021). Increasing
sophistication of 3D bioprinting approaches, for example including
use of techniques such as freeform reversible embedding of suspended
hydrogels (FRESH) and incorporation of stereolithography along with
advances in printer programming have allowed for ever more fine
resolution of distal airways and potentially alveolar structures on a
nano and micrometer scale (Sun et al., 2021). An exciting proof of
concept study demonstrated that a 3D bioprinted vascular network on
a micron scale, produced utilizing stereolithography and a light
sensitive hydrogel that allowed for cell embedding could function
in gas exchange (Grigoryan et al., 2019).

Other considerations include the bioink utilized in the printing
process (Galliger et al., 2019; De Santis et al., 2021; Falcones et al.,
2021). Will it mimic the native ECM composition, stiffness, and
deformability (stretchability)? Of necessity, these will need to be
varied during the bioprinting process in order to mimic the native
lung structure. Similarly, the cells incorporated into the bioprinting
process will need to be appropriately located in the relevant
anatomic compartment and region. Alternative approaches
include seeding cells into pre-printed scaffolds but the same
challenges arise as for re-populating decellularized whole lung
scaffolds. Can the distal bioprinted lung be effectively ventilated
and undergo according cyclic mechanical strain? These are all
substantial bioengineering challenges and there as yet no
effective 3D-printed lungs. One alternative approach is to 3D-
bioprint matrices that can be utilized in lung assist devices for gas
exchange (Kang et al., 2021). These could be utilized for example in
devices such as ECMO and obviate the need to fully mimic the lung
anatomy.

Other investigative tools to study structural
and functional repair

A number of powerful tools have developed and are still in
evolution. While not geared towards eventual direct in vivo use,
these have provided platforms that underlie other attempts at
structural and functional repair.

Lung-on-a-Chip

Organ-on-a-chip model systems have developed for a number
of organs and tissues. The first descriptions of lung-on-a-chip
models highlights the general approach: cells are grown on
either one or both sides of a biomimetic semi-permeable
membrane in a small enclosed chamber. A general approach is
to have epithelial cells on one side and vascular endothelial cells on
the other (Huh et al., 2010; Huh et al., 2013). Microfluidic
chambers on both compartments allow for gas and/or fluid flow
and the biomimetic membranes can also undergo cyclic mechanical
stretch (Zamprogno et al., 2021). Further innovative approaches
have included incorporating lung stem and progenitor cells as well
as primary lung epithelial and endothelial cells cultured on the
membranes (Nawroth et al., 2019). These are powerful systems
with which to study cell behaviors, cell-cell interactions, cell-matrix
interactions, and the effects of environmental, such as tobacco

smoke exposure, and physical forces on cell behaviors (Huh et al.,
2012; Benam et al., 2016; Nawroth et al., 2020; Plebani et al., 2020;
Bai et al., 2022). These, along with organoid model systems, are also
powerful tools for evaluating drug effects and also for evaluating
inflammatory and immune responses as both immune cells as well
as infectious agents can be added to the culture systems (Huh et al.,
2012; Benam et al., 2016; Nawroth et al., 2020; Plebani et al., 2020;
Bai et al., 2022; Marhuenda et al., 2022a).

Precision cut lung slices (PCLS)

Culturing thin sections of lung tissue has been an approach used
for many years, primarily to assess actions of pharmacologic agents on
airway smooth muscle contraction and relaxation [reviewed in
(Alsafadi et al., 2020)]. However, one longstanding problem has
been the viability of the cultures as cells, particularly those in more
central and less well perfused regions of the cultures die within
relatively short time periods. Another issue has been uniformity of
the tissue slices. However, recent improvements in techniques for both
producing and maintaining uniform slices have led to increased utility
of this methodology for studying a range of biologic processes (Bailey
et al., 2020; Stegmayr et al., 2021; Stegmayr and Wagner, 2021;
Rosmark et al., 2022). As with lung-on-a-chip technologies, PCLS
approaches offer strong models for studying cell behaviors,
particularly in response to pharmacologic interventions or as short-
term disease models. Continued improvements in technologies are
necessary and desirable to further increase the utility of these
approaches.

Imaging and analytical techniques

Powerful advances in imaging and visualization techniques
have provided further insights into processes involved in lung
repair and regeneration [reviewed in (Ikonomou et al., 2020;
Ikonomou et al., 2022)]. This includes both new techniques for
cell and tissue labeling including multicolor multicomponent
labeling of single cells that allows for detailed dynamic
monitoring of cell behaviors in situ utilizing conventional
fluoresence or confocal microscopy [reviewed in (Ikonomou
et al., 2020; Ikonomou et al., 2022)]. In parallel a range of
sophisticated imaging modalities have developed which allow for
greater spatial and cellular resolution. One example of a relatively
simple yet effective technique is termed inflation ie, infusion of
fluorescently labelled antibodies in tissues of intact organs
(Alsafadi et al., 2022). As indicated by the title, a continuous
inflation-based infusion of antibodies provides opportunity to
study 3-dimensional distribution of the cells or proteins of
interest as compared to traditional immunostaining of mounted
histologic sections.

Light sheet fluorescence microscopy is a technique that utilizes a
plane of light to optically section and view tissues with subcellular
resolution, essentially functioning as a non-destructive microtome
[reviewed in (Santi, 2011)]. As tissues are exposed to only a thin plane
of light, photobleaching and phototoxicity is minimized compared to
other imaging modalities. Other techniques including live cell single
particle imaging and multimodal imaging are also powerful tools
(Ikonomou et al., 2020; Ikonomou et al., 2022).
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In parallel with imaging, increasing advances in “omics”
technologies, including in situ genomics and proteomics, along
with advances in machine learning, single cell RNA sequencing
and development of multi-omics atlases including gene and protein
lung maps, are all tools that will help advance lung regenerative
medicine and engineering (Pothen et al., 2016; Jorba et al., 2019;
Marklein et al., 2019; Andreu et al., 2021).

Summary

Techniques and approaches developed to study lung
regenerative medicine and engineering offer promise to both
better understand normal homeostasis and disease
pathophysiologies as well as to devise new therapeutics.
However, there remain multiple challenges and thus
opportunities for up-and-coming lung biologists, biomedical
engineers, and pulmonary and critical care physicians. The
dictum that “today’s science fiction is tomorrow’s science” is
particularly appropriate in this rapidly moving field.
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