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Introduction

End-stage lung disease, namely chronic obstructive 
pulmonary diseases (COPD), represent the fourth leading 
cause of death worldwide (1). The increasing rates of 
tobacco smoking and exposure to air pollutants will further 
raise the number of COPD patients thus creating an urgent 
need for new therapeutic strategies.

Extracorporeal membrane oxygenation (ECMO) 
and mechanical ventilation can be temporarily used in 
this scenario as a bridge to lung transplantation that 
remains the only definitive treatment, but the need for 
immunosuppression and the donor organ shortage are 
major limits for a larger clinical impact (2).

Regenerative medicine, tissue engineering and stem 
cell technologies integrating the fields of engineering and 
biology may provide new treatment strategies for end organ 
failure, thereby obviating the problems of organ shortage, 

long-term immunosuppression and chronic rejection.

Lung stem cell biology

The lung has a considerable reparative capacity, when 
needed, in response to selective injuries and stimuli. The 
most likely hypotheses to explain this are that the lung could 
react to stress by activating stem cell populations or by re-
entering the cell cycle to repopulate damaged cells. Basal 
cells can function as tissue-specific stem cells of the airway 
epithelium in the proximal airway, while in the distal airway 
the bronchiolar epithelium is quiescent until damage occurs, 
when a subset of secretory cells, named variant club cells, 
show proliferation potential in response to injury. Type II 
alveolar epithelial cells are considered the ideal candidates 
for progenitor cells of the adult lung alveolus and some of 
them can proliferate, self-renew and form alveolar type I 
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epithelial cells. At the transition from the bronchiolar to the 
alveolar region of the distal airway lies the bronchoalveolar 
duct junction where some variant club cells have airway 
epithelial regenerative potential after induced lung damage. 
These variant cells are known as bronchoalveolar stem cells 
although their existence in vivo has been contested (3).

Lung mimicking devices

Three-dimensional (3D) cell-cultures are the best models 
to reproduce the basic functions of lung physiology, 
overcoming many limits of 2D cell-culture systems that 
fail to reconstitute the in vivo cellular environment (4). Air-
liquid interface cultures are obtained by culturing patients’ 
airway epithelial cells to model pathologic conditions like 
cystic fibrosis, asthma and tobacco-induced airway cell 
damage, thereby shedding more light on the underlying 
pathophysiology (5). 

Organoids represent the evolution of 3D cell-culture 
models, relying on the properties of stem cells to 
differentiate into different specialized cell types and 
to self-organize into a 3D model with organ or tissue-
specific properties and functions (6). Although pulmonary 
organoids deriving from one single stem cell have not yet 
been described, several studies have reported the creation 
of lung organoids from human pluripotent stem cells, 
primary respiratory cells and cell lines (7). The recent 
evolution of bioengineering led to the creation of “organs-
on-a-chip”, i.e., bioengineered devices reproducing 
tissue and organ properties and activities in a controlled  
environment (8). First described by Huh et al., the “lung-
on-a-chip” model reproduced the vascular-alveolar model 
by utilizing pulmonary epithelial cells exposed to air gases 
on one side and lung vascular endothelial cells exposed to 
flowing culture medium on the other side of a permeable 
synthetic membrane (9). These devices will probably be 
used in the near future as respiratory assist systems or 
oxygenators.

Tissue engineering is an interdisciplinary field applying 
the principles of engineering and biology to restore, repair 
or regenerate the functions of tissues and organs (10). It is 
based on the source and type of cells, type of scaffold, and 
composition of the extracellular matrix. In the complex 
field of airway and lung regeneration, several cases of 
tracheal bioengineering have been reported (11-14), but the 
attractive concept of bioengineered tracheal replacements 
has not yielded a definitive and reliable solution (15).

Basic principles for artificial lung development

The pivotal role in the process of artificial lung development 
is played by the synthetic interface through which gas 
exchange between blood and air takes place. This surface is 
made by the alveolar and vessel walls and has a total area of 
around 100 m2 in normal adult human lung (16). A sort of 
already existing artificial lung is the ECMO, a mechanical 
device routinely used since the 1950s for respiratory support 
during cardiac surgery and critical care. Gas exchange is 
accomplished by the ECMO via a bundle of porous hollow 
fibers that nowadays can be extremely thin, thus effectively 
mimicking the human alveolar membrane (17). However, 
the polymers used in the fibers are thrombogenic, thus 
limiting ECMO activity to short-term clinical settings, but 
still with clot formation on the fiber surface (18).

Coating the ECMO membrane with human epithelial 
and endothelial cells could further mimic the native 
pulmonary vasculature. By antagonizing the ECMO’s 
thrombogenic effects this could lead to miniaturized wearable 
ECMO devices, thus potentially resulting in a bioartificial  
lung (19-22).

Lung tissue engineering

The final goal of lung tissue engineering is to recreate the 
whole spectrum of specialized lung tissues and thereby 
provide physiologic functions through bioengineered 
conducting airways, vasculature and gas exchange tissue (2). 
One of the most challenging tasks in lung bioengineering is 
reproduction of the extracellular matrix, whose proteins are 
necessary for host-derived defense and graft homeostasis. 
Synthetic scaffolds provide gas exchange but lack 
extracellular matrix proteins and hence do not offer all the 
elements required for successful replacement of pulmonary 
function.

Another major problem to solve is the need to generate 
increasingly compact vascular flow networks capable of 
physiologic blood flow and gas exchange, thus recreating 
the lung’s architectural hierarchy (2). One way to overcome 
these limits is human donor lung decellularization, 
providing exactly the complex hierarchical structure of 
vascular and airway lung architecture. Unfortunately, 
even this option presents several drawbacks: in case of 
incomplete recellularization, extracellular matrix proteins 
will be exposed and may initiate pathological reparative 
responses in vivo; disruption of the extracellular matrix 
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during decellularization may result in scaffold degradation; 
lastly, as each decellularization process requires pre-existing 
native human lung, this approach does not solve the human 
donor shortage, thus making the use of xenogeneic scaffolds 
unavoidable (23).

Lung scaffolds and cell type

Decellularized pig lung represents the best model of 
xenogeneic scaffold as decellularized porcine tissue is 
already widely used in daily clinical practice for heart 
valves and vascular stents. However, to avoid the risk of 
zoonotic transmission and xenogeneic immunologic adverse 
reactions, pig lung needs extensive decellularization and 
rigorous testing of the donor beforehand (18).

Artificial scaffolds should be non-immunogenic, 
biocompatible, non-toxic, chemically stable and well 
tolerated by the host after implantation in order to avoid 
adverse reactions. Synthetic hydrogels such as polyethylene 
glycol (PEG) and polyvinyl alcohol (PVA) or synthetic 
elastomers such as poly glycerol sebacate (PGS) could 
be the ideal candidates to reproduce the complex lung 
architecture (24-26).

The most important cell families for artificial lung 
development are epithelial cells to line the airway lumen 
and endothelial cells to line the pulmonary vessels. To fully 
reproduce lung functions, several other types of cells are 
needed like alveolar macrophages, smooth muscle cells 
and others. As the lung has its own resident stem cells 
providing self-renewal in response to injury (27,28), a 
possible approach to scaffold recellularization could be to 
stimulate the recipient’s own repair mechanisms to home 
these cells with their correct spatial orientation within 
the decellularized or synthetic scaffold. Conversely, direct 
reseeding of the scaffold could be proposed by autologous 
stem cells, adult mesenchymal stromal cells being one of the 
best candidates for this purpose (13,29,30).

Conclusions

Lung transplantation remains the definitive curative 
treatment for end-stage lung disease, but future applications 
of tissue bioengineering could overcome the donor organ 
shortage and the need for immunosuppression. Although 
experimental transplantation of bioartificial lung developed 
by perfusing decellularized or synthetic scaffolds has been 
shown to provide gas exchange in vivo over a prolonged 
period, it should be clearly acknowledged that its clinical 

application is still far from reality. As an alternative to 
artificial lungs, the lung stem cell pathway and plasticity 
may be targeted by novel compounds to stimulate their 
contribution to lung regeneration. 
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