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Biomaterials have been used for a long time in the field of medicine. Since the success
of “tissue engineering” pioneered by Langer and Vacanti in 1993, tissue engineering
studies have advanced from simple tissue generation to whole organ generation with
three-dimensional reconstruction. Decellularized scaffolds have been widely used in
the field of reconstructive surgery because the tissues used to generate decellularized
scaffolds can be easily harvested from animals or humans. When a patient’s own
cells can be seeded onto decellularized biomaterials, theoretically this will create
immunocompatible organs generated from allo- or xeno-organs. The most important
aspect of lung tissue engineering is that the delicate three-dimensional structure
of the organ is maintained during the tissue engineering process. Therefore, organ
decellularization has special advantages for lung tissue engineering where it is essential
to maintain the extremely thin basement membrane in the alveoli. Since 2010, there have
been many methodological developments in the decellularization and recellularization
of lung scaffolds, which includes improvements in the decellularization protocols and
the selection and preparation of seeding cells. However, early transplanted engineered
lungs terminated in organ failure in a short period. Immature vasculature reconstruction
is considered to be the main cause of engineered organ failure. Immature vasculature
causes thrombus formation in the engineered lung. Successful reconstruction of a
mature vasculature network would be a major breakthrough in achieving success in
lung engineering. In order to regenerate the mature vasculature network, we need
to remodel the vascular niche, especially the microvasculature, in the organ scaffold.
This review highlights the reconstruction of the vascular niche in a decellularized lung
scaffold. Because the vascular niche consists of endothelial cells (ECs), pericytes,
extracellular matrix (ECM), and the epithelial–endothelial interface, all of which might
affect the vascular tight junction (TJ), we discuss ECM composition and reconstruction,
the contribution of ECs and perivascular cells, the air–blood barrier (ABB) function,
and the effects of physiological factors during the lung microvasculature repair and
engineering process. The goal of the present review is to confirm the possibility of
success in lung microvascular engineering in whole organ engineering and explore the
future direction of the current methodology.

Keywords: lung microvascular niche, tissue engineering, lung regeneration, decellularization, recellularization

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 1 February 2020 | Volume 8 | Article 105

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2020.00105
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbioe.2020.00105
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2020.00105&domain=pdf&date_stamp=2020-02-21
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00105/full
http://loop.frontiersin.org/people/636381/overview
http://loop.frontiersin.org/people/779558/overview
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00105 February 20, 2020 Time: 20:13 # 2

Tsuchiya et al. Lung Microvascular Niche Engineering

INTRODUCTION

Biomaterials have been used for a long time in the field of
medicine. Since the success of “tissue engineering” pioneered
by Langer and Vacanti (1993), tissue engineering studies
have advanced from simple tissue generation to whole organ
generation with three-dimensional reconstruction. In 2010,
investigators in two institutions virtually simultaneously reported
the transplantation of a whole organ engineered rat lung (Ott
et al., 2010; Petersen et al., 2010). The decellularized rat lung
was recellularized by epithelial cells (EpCs) from trachea and
endothelial cells (ECs) from pulmonary vessels. The engineered
lung was orthotopically transplanted after left lung lobectomy.
However, the transplanted engineered lung lost function in a
short period. The histology of the failed transplanted lung showed
microcapillary thrombus and red blood cell infiltration in the
alveolar space (Ott et al., 2010; Petersen et al., 2010). From
published studies, it appears that the most crucial problem
for whole organ engineering has been the difficulty in the
remodeling of a complete vascular network (Stabler et al., 2015).
The incompletely remodeled vasculature immediately causes
thrombosis in the capillaries and leakage in the alveoli. Further,
insufficient blood supply prevents survival of the attached cells in
the engineered organs.

In order to reconstruct a complete vascular network, we
need to understand the vascular niche composition, which
encompasses the ensemble of multi-dimensional relations (i.e.,
physical, biochemical, and mechanical) between cells and
their environment (Soberon and Nakamura, 2009). The lung
vascular niche includes not only vascular endothelium and the
embedded scaffolds, but also surrounding alveolar epithelium.
Importantly, the characteristics and fate of vascular ECs are
affected by the attached scaffolds’ architecture and mechanical
properties. Scaffolds should sustain embedded EC growth
and differentiation, and lead to complete maturation of the
vasculature through the delivery of suitable biochemical signals
and physiological mechanical stimuli, mediated and translated
by the extracellular matrix (ECM) to the ECs. In addition,
adjacent or neighboring cells such as alveolar EpCs also affect
the property and fate of the ECs. Therefore, the microvascular
niche is site specifically established since the surrounding
architecture including scaffold and attached cells are extremely
different between organs.

As yet, successful reconstruction of lung microvasculature
has not been achieved. However, the generation of
microvasculature/capillaries is essential for successful lung
organ engineering. Therefore, this review focuses on lung
microvascular niche reconstruction in whole lung organ
engineering. In this review, we cover the following topics: (I)
advancements in lung microvascular niche reconstruction. Next,
we move to several topics of whole lung organ engineering
including (II) the contribution of ECs and perivascular cells, (III)
ECM composition and reconstruction, (IV) reconstruction of
the air–blood barrier (ABB) function with the role of surfactant
protein, (V) the effects of physiological factors during the
lung microvascular repair and engineering process, and (VI)
evaluating passage functionality of engineered microvasculature.

And lastly (VII), in regard of the topics above, we discuss current
outstanding questions and prospects, and look at future strategies
for lung microvasculature reconstruction. The goal of the present
review is to assess the possibility of success in lung microvascular
engineering in whole organ engineering and explore future
directions of the current methodology.

ADVANCEMENTS IN LUNG
MICROVASCULAR NICHE
RECONSTRUCTION

The knowledge needed for achieving lung microvascular niche
reconstruction has been furthered by a variety of studies and
research. However, we do not yet know the whole process
for achieving successful lung reconstruction. For descriptive
purposes, we sort some topics from earlier simplified steps to
more complex steps.

Understanding Lung Microvascular
Niche Damage and the Repair Process in
Lung Disease
The pulmonary vasculature has specific characteristics of thin
walls and easy expandability with high compliance. The
pulmonary arterial vascular tree bifurcates from the large
diameter pulmonary artery into segmental and subsegmental
branches. The branches change to arterioles which terminate in
an extensive network of capillaries enrobing the distal alveoli
(Stevens, 2011; Stabler et al., 2015). Human large pulmonary
arteries consist of elastic laminae, which are separated by
smooth muscle and collagen fibers into three distinct layers of
tunica intima, tunica media, and tunica adventitia. Medium-
sized muscular pulmonary arteries possess a smaller tunica
media positioned between internal and external elastic laminae
(Horsfield, 1978). Pulmonary arterioles lack the well-defined
muscular layer along the proximal–distal axis but still maintain a
multi-layer morphology of endothelial and smooth muscle cells.
Generally, arterioles function to regulate blood flow volume to
the capillaries. Depending on the tissue requirement, the arteriole
can expand or collapse and thus control the blood flow. Distal
lung capillaries that enrobe the alveoli are comprised of only a
single monolayer of flattened ECs supported by pericytes and/or
fibroblasts. Capillaries wrap the alveolar internal wall like a
sheet and exchange nutrition, ions, hormones, and many other
substrates between the blood and interstitial fluid surrounding
the cells. Crucially, the gas exchange is performed by distal
lung capillaries. Pulmonary venules gather the blood from the
capillaries and transport it to the pulmonary veins which flow
into the left atrium, providing oxygenated blood to the heart.

According to the site-specific differences of the vasculature
network, the vascular endothelium of the lung has some
degree of innate functional heterogeneity and vascular niche-
specific plasticity (Stevens, 2011). For example, vascular
site-specific differences in fluid permeability exist between
the larger vasculature and the microvasculature (Parker and
Yoshikawa, 2015). Interestingly, lung microvascular ECs
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(LMVECs) differ from the macrovascular ECs. Microvascular
ECs express glycoproteins that are preferentially recognized by
Griffonia simplicifolia I lectin which binds to galactose, whereas
macrovascular ECs preferentially recognize Helix pomatia
lectin which binds to α-N-acetylgalactosamine (King et al.,
2004). Moreover, LMVECs lack Weibel-Palade bodies, which
are ultrastructural hallmarks of other subtypes of ECs, such as
pulmonary arteries and arterioles (Ochoa et al., 2010).

The study of lung damage and repair in diseased lungs has
given us many strategies for performing lung microvascular niche
engineering because the transplanted engineered lungs are all
damaged to some extent and have a very similar pathology to
diseased lung (Figure 1) (Doi et al., 2017). A representative
lung disease is acute respiratory distress syndrome (ARDS),
which is a clinical life-threatening syndrome characterized by
an acute onset. Many factors including high oxygen, toxins,
and some drugs trigger the disease. Stimulated neutrophils
and macrophages in the damaged lung increase the level of
cytokines and release mediators including oxygen free radicals,
proteases, leukotrienes, and prostaglandins, which damage the
endothelium, trigger coagulation, destroy barrier function, and
increase vascular permeability. Finally, ARDS results in diffuse
alveolar damage (DAD), a pathologically specific condition.
Microscopically, there is capillary congestion with thrombi,
interstitial and intravascular edema and hemorrhage, necrosis
of alveolar EpCs, and collection of neutrophils in capillaries.
The alveolar ducts are dilated and alveoli tend to collapse
with a secondary impairment of surfactant synthesis. Hyaline
membranes, lining the alveolar wall and alveolar ducts, consist of
protein-rich edema fluid with remnants of necrotic EpCs. In this
situation, both tight junctions (TJs) and adherens junctions (AJs),
which play critical roles in maintaining the endothelial barrier
function, are disrupted (Luan et al., 2018).

The study of the mechanism of ARDS and the pathology of
DAD directly deepens our knowledge of the functioning of the
lung niche. Further, the treatment strategy for ARDS, such as
respiratory care with non-invasive ventilation or drug therapy
using glucocorticoids (Meduri et al., 2016), gives us possible
strategies for the reconstruction of the lung niche including the
lung microvasculature.

Establishment of an in vitro Model to
Study the Alveolar Wall Barrier Function
and Lung Vascular Niche
To comprehensively understand the lung vascular niche,
researchers have created facsimiles of the lung vascular niche
in the laboratory. Studies using in vitro systems are important
for helping us to understand normal physiology and the
effects of added factors including simplified damage. One
approach to measure the integrity of the lung vascular niche is
the transepithelial/transendothelial electrical resistance (TEER)
measurement in a Transwell R© assay. This method measures the
integrity of TJ dynamics in cell culture models of endothelial
and epithelial monolayers (Figure 1) (Neuhaus et al., 2012;
Srinivasan et al., 2015; Luan et al., 2018; Yuan et al., 2019). TEER
measurements have been used to assess the integrity in such

systems as the blood–brain barrier (BBB), gastrointestinal (GI)
tract, and pulmonary alveolar septa. In such models, researchers
have also studied the immunohistochemical expression of TJ
proteins as a measurement of the lung alveolar barrier function.
The TJ proteins are composed of transmembrane proteins
including occludin, claudin, and ZO-1. In addition, AJ proteins,
composed of VE-cadherin and beta-catenin, have also been
analyzed. Importantly, a simplified in vitro system can clearly
show the effects of added factors to key physiological conditions,
which gives us hints for successful lung engineering. For example,
the Epac-selective cAMP analog 8CPT-2Me-cAMP increased the
TEER of iPSC-derived endothelial colony forming cells (ECFCs)
(Yuan et al., 2019). Thus, such Epac-agonists might improve
epithelial barrier functions during lung organ engineering.

Another approach is the engineering of small lung models that
can mimic lung disease conditions and can be used, for instance,
to test drugs. Lung-on-a-chip or tiny plastic lungs are biomimetic
microsystems which imitate the partial structure of the lungs
(Figure 1) (Huh et al., 2010). Lung-on-a-chip was accomplished
by micro-fabricating a microfluidic system containing two closely
apposed microchannels separated by a thin (10 mm), porous,
flexible membrane made of polydimethylsiloxane (PDMS) (Huh
et al., 2010). This bioinspired micro-device reconstructs the
functional alveolar-capillary interface and reproduces complex
integrated organ-level responses to bacteria and inflammatory
cytokines introduced into the alveolar space. The models
provide low-cost alternatives to animal and clinical studies
for drug screening and toxicology applications. Organs on-
chips also provide the advantage of enabling the study of cells
under physiologically relevant fluid flow conditions that are
known to induce mechanotransduction effects on certain cell
types (Atencia and Beebe, 2005). The most developed small
lung mimetic is a vascularized alveolar model engineered in
biocompatible hydrogels. Grigoryan et al. (2019) engineered a
multi-vascular network enrobing a 1 cm size air sac with tidal
ventilation and showed oxygenation of red blood cells through
the vascular network.

These engineered systems represent a simplified lung
microvascular niche correlation with EpCs in several
physiological situations. Further structural development
will be necessary to replace the respiratory function of the lung.

Lung Microvascular Niche
Reconstruction in Bioengineered Lung
In contrast to the idea of engineering in vitro lung mimics
(second step), whole lung organ engineering trials arose from the
idea of modifying from natural biomaterials. The approach is a
cell replacement method using recellularization of decellularized
organ scaffolds (Tsuchiya et al., 2014b). Currently, a variety
of natural scaffolds are available for clinical usage such as
arterial grafts, heart valves, urinary tract reconstitution, skin
reconstruction, dura mater grafts following intracranial surgery,
and orthopedic applications. Such methods have been successful
in eliminating intact cells (i.e., decellularize) and degrading
nucleic acid remnants to less than 200 base pairs with less than
50 ng of dsDNA per 1 mg dry weight of the ECM scaffold

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 3 February 2020 | Volume 8 | Article 105

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00105 February 20, 2020 Time: 20:13 # 4

Tsuchiya et al. Lung Microvascular Niche Engineering

FIGURE 1 | Advancements in lung microvascular niche reconstruction. The lung microvascular niche has been studied in the pathologies of lung disease and animal
experimental models. Lung capillary mimics including Transwell R© and lung-on-a-chip have been developed by researchers for understanding and simulating the lung
microvascular niche. The cell replacement technique for whole lung organ engineering consequently needs to establish a microvascular niche in the natural scaffold.
Suitable combination and numbers of cells with ideal mechanical stress will be necessary for whole lung organ engineering, which will be evaluated by microvascular
passage, microvascular leakage, and gas exchange ability. ARDS, acute respiratory distress syndrome; TEER, trans-epithelial electrical resistance.

(Gilbert et al., 2006; Crapo et al., 2011; Gilpin and Wagner, 2018).
The novel strategy is to reseed the acellular scaffold with a cocktail
of appropriate tissue specific cells that can generate functional
tissues or organs which have a natural anatomy and which can be
orthotopically implanted as is. Accordingly, decellularized whole
organ scaffolds preserve the strict organ structure resulting in
an acellular and non-antigenic matrix. Thus, theoretically, if the
acellular scaffold is reseeded by own cells, immunosuppression
following transplantation of the engineered tissue or organ will
not be necessary (Gilbert et al., 2006).

The decellularization and recellularization method for
providing whole organs for transplantation has significant
advantages in whole lung organ engineering. Lung is a dynamic
organ with enduring continuous structural change during the
act of breathing. Thus, the elasticity and continuity of the air
way, which extends from the trachea to the alveoli, must be
preserved for efficient respiratory function. In other words, the
lung has a specific characteristic in which the lung’s function
depends on the organ architecture of the organ itself. Therefore,
the engineered lung organ needs the natural branched structure
of the native lung in order to provide organ function. In this
respect, the cell replacement-based engineering technique is
superior to other methodologies. Further, another complicating

issue of lung organ engineering is in mimicking the ultrafine
structure of the alveoli. Histologically, the human lung consists
of 100 billion small balloon-like, extremely thin alveoli sacs
(200–500 µm) surrounded by pulmonary capillaries. In healthy
human lungs, the average diameter of the alveolar capillary is
8 µm and the alveolar wall thickness is less than 1 µm with a
0.2 µm basement membrane. It is quite difficult to regenerate
such a microarchitecture using current technology. Given such a
complex organ architecture, lung organ engineering has higher
hurdles to overcome than engineering other organs such as liver
or pancreas, in which a cell package or organoid can provide
partial exocrine functions.

Published studies suggest that the mechanics of the lung
microvasculature is maintained following decellularization
(Nagao et al., 2013; Tsuchiya et al., 2016) as well as the vessels
ability to withstand the majority of the cardiopulmonary output
in vivo (Song and Ott, 2011). However, functional mature lung
microvasculature fabrication has not yet been achieved. Thus,
reconstruction of the lung microvascular niche on natural
acellular organ scaffolds is the prerequisite for successful whole
lung engineering. Given that real microvascular passage has
not been achieved in the decellularization and recellularization
methods for lung and other organ engineering, complete
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microvascular niche reconstruction will be the breakthrough
methodology needed in order to make functional whole organ
engineering possible.

THE CONTRIBUTIONS OF
ENDOTHELIAL CELLS AND
PERIVASCULAR SUPPORTING CELLS
FOR LUNG MICROVASCULAR NICHE
RECONSTRUCTION

Endothelial cells are the main cellular component of the
vasculature which separates blood from underling tissues. The
role of ECs in the vasculature is more complex than a mere
structural role or for simply delivering oxygen and nutrients. ECs
modulate the coagulation of blood, regulate the transportation
of inflammatory cells, and provide a barrier function (Carmeliet
and Jain, 2011; Ghesquière et al., 2014). In addition, the barrier
function is strengthened by endothelial supporting cells of
pericytes for capillaries and smooth muscle cells for larger vessels.
The supporting cells wrap ECs and tighten their adherent and
TJs. 3D gel culture studies revealed that the combination of
ECs and supporting cells could establish mature vasculature
formation in vitro (Merfeld-Clauss et al., 2014; Rohringer et al.,
2014). Both ECs and the supporting cells produce angiocrine
factor, providing inhibitory and stimulatory tissue-specific signals
for stem cell renewal (Nolan et al., 2013). Therefore, both ECs
and supporting cells are important for reconstruction of the
microvascular niche (Carmeliet and Jain, 2011).

Physiological analysis of a decellularized lung scaffold revealed
that almost all the perfused flow leaked through the alveolar-
capillary membrane and only a residual flow left the vascular
circuit through the pulmonary vein (da palma et al., 2015).
Results show that suitable reseeding with ECs and supporting
cells is necessary for preventing fluid leaking from the alveolar-
capillary membrane in vasculature reconstruction and functional
organ engineering.

Endothelialization of Decellularized
Microvascular Bed
In the reendothelialization process, ECs attach to the internal
lumen of decellularized vascular beds and re-establish the
microvascular niche. Following decellularization, a variety
of cell populations have been used to reendothelialize the
pulmonary vasculature.

Endothelial cells derived from different organs possess
significant differences in their genome wide expression levels and
also transcriptomes (Nolan et al., 2013). Therefore, theoretically,
organ-specific on-site cells might be the most promising
cell source for lung microvascular generation. Accordingly,
LMVECs have been used for recellularization in rat models
(Table 1 and Supplementary Table S1). Niklason’s group
have seeded rat LMVEC (RLMVEC) with pulmonary EpCs
onto decellularized lung (Petersen et al., 2010; Calle et al.,
2016). Human umbilical vein ECs (HUVECs), a non-invasive
source of human ECs, also have been used for whole lung

engineering (Ott et al., 2010; Gilpin et al., 2014). However,
HUVEC had lower levels of proliferation and a higher
level of apoptosis compared to LMVECs. In addition, most
recellularized HUVECs were located within vessels 11–25 mm
in diameter, while LMVECs were most abundant in micro-
vessels of 10 µm or less, which may reflect an organ-specific
or vessel segment-specific advantage of LMVECs (Scarritt
et al., 2018). Accordingly, seeding with three types of cells
including pulmonary artery ECs (PAECs) and pulmonary vein
ECs (PVECs) with LMVECs into the scaffold influenced the
phenotype of the three cells resulting in excellent reseeding
morphology, indicating that combination seeding with site-
specific cells is ideal (Scarritt et al., 2018).

Among the immature progenitor and/or stem cells,
endothelial progenitor cells (EPCs) isolated from peripheral
blood or umbilical cord blood might be a potential source of
autologous cells that can be easily harvested (Asahara et al.,
1997; Murga et al., 2004). Recent evidence indicates that
EPCs contribute to vessel growth both in the embryo and in
damaged adult tissues (Carmeliet, 2003). Blood-derived EPCs
have already been used in several studies to endothelialize
synthetic vascular grafts. In an in vivo canine carotid model,
implanted EPCs localized on the decellularized vascular bed
showed features of a mature EC phenotype 30 days after
administration (Rambøl et al., 2018). Liver and pancreas trials
also indicate positive results using blood-derived EPCs in organ
engineering (Zhou et al., 2016). However, human umbilical cord
derived EPCs did not survive in decellularized lung scaffolds
compared to HUVECs, suggesting that additional research
will be necessary for future application of cells to the scaffold
(Ren et al., 2015b).

For generating ECs from stem cells, Cortiella’s group showed
that mouse embryonic stem cells (ESCs) differentiated into CD31
positive cells on pulmonary ECM (Cortiella et al., 2010; Nichols
et al., 2017). More recently, induced pluripotent stem cells
(iPSCs) have been broadly investigated as a promising cell source
for ECs (Ren et al., 2015a). iPSC-derived ECs outperformed
HUVECs, which are so far considered the gold standard in
EC research. Thus, the usage of iPSCs for lung vascular
engineering has begun in some institutions. Ott’s group applied
human iPSC derived ECs to rat and human lung scaffolds and
established perfusable vascular lumens (Ren et al., 2015a). Using
a FITC-dextran assay, Niklason’s group showed recellularization
by iPSC-derived ECFCs and cAMP enhancement improved
endothelial barrier function of engineered rat lung (Yuan et al.,
2019). While promising, the clinical use of ECs derived from
iPSC is still subject to concerns regarding the tumorigenic
potential of pluripotent cells and their limited clinical use
(Cossu et al., 2018).

The seeding method itself might affect cell attachment, cell
viability, and growth kinetics. For the rat lung scaffold, HUVECs
in gravity-flow seeded tissues spread across the vascular matrix,
relining the walls of small and large vessels leading to a high
recellularization and morphology score. On the other hand,
perfusion seeding caused leakage of some cells into the airspace,
possibly because of the rupture of vessels during the perfusion
process (Scarritt et al., 2018).
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TABLE 1 | Summary of organ engineering using decellularized lung scaffolds.

Spacies of the
scaffold

Detergents Cell sources for seeding Seeding route Instilled cell number Culture period

Mouse 8 mM CHAPS Mouse fibroblast A9 cells Direct seeding 3500 cells/m2–1.0 × 106 1–14 days

0.1% Triton X-100, 0.1% SDS Mouse C10 epithelial cells Airway (Trachea) 1.0 × 106–8.0 × 106 1–28 days

0.1% Triton X-100, 2% SDC Mouse fetal lung cells

Mouse bone marrow-derived
mesenchymal stem cells

Mouse embryonic stem cells

Rat 0.1% SDS A549 cells Direct seeding 2000 cells/m2–2.0 × 106 1–28 days

1% SDS Mouse alveolar type II cells Airway 0.6 × 106–1.5 × 108 3–21 days

8 mM CHAPS Mouse embryonic stem cells Vascular

0.1% Triton X-100, 0.1% SDS Rat primary pulmonary
endothelial cells

0.1% Triton X-100, 0.01% SDS Rat primary epithelial cells

0.5% Triton X-100 Rat neonatal lung cells

0.5% Triton X-100, 0.01% SDC Rat lung distal epithelial cells

0.5% Triton X-100, 0.05% SDC Rat lung microvascular
endothelial cells

0.5% Triton X-100, 0.1% SDC Rat adipose tissue-derived
stem/stromal cells

1% Triton X-100, 2% SDC Human umbilical cord
endothelial cells

0.15 M NaOH Human iPSC-derived
endothelial cells

Potassium laurate Human iPSC-derived epithelial
progenitor cells

Pig 0.5% SDS Pig lung distal epithelial cell Airway 0.5 × 106–1.0 × 109 3–28 days

1% SDS Pig bone marrow-derived
mesenchymal stem cells

Vascular

2% SDS Human umbilical cord
endothelial cells

8 mM CHAPS Human small airway epihtelial
cells

0.1% Triton X-100, 2% SDC Human epithelial progenitor
cells

0.5% Triton X-100, 0.01% SDC

0.5% Triton X-100, 0.05% SDC

0.5% Triton X-100, 0.1% SDC

1%Triton X-100, 0.1% SDS

Human 0.1%SDS Rat alveolar type II cells Direct seeding 2.5 × 104–4.0 × 106 1–12 days

0.5% SDS Human primary alveolar type II
cells

Airway 1.0 × 106–5.0 × 107 1–30 days

1% SDS Human primary pulmonary
endothelial cells

Vascular

1.8 mM SDS Human primary pulmonary
epithelial cells

8 mM CHAPS Human fetal lung cells

3% Tween 20, 4% SDC Human lung fibroblast

0.1% Triton X-100, 2% SDS Human bronchial epithelial cells

0.1% Triton X-100, 2% SDC Human small airway epithelial
cells

1% Triton X-100 Human vascular endothelial
cells (CBF12 positive cells)

3% Triton X-100 Human bone marrow-derived
mesenchymal stromal cells

Human adipose tissue-derived
mesenchymal stromal cells

(Continued)
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TABLE 1 | Continued

Spacies of the
scaffold

Detergents Cell sources for seeding Seeding route Instilled cell number Culture period

Human iPSC-derived alveolar
type II cells

Human iPSC-derived
endothelial cells

Human iPSC-derived epithelial
progenitor cells

Rhesus monkey 0.01% Triton X-100, 0.1% SDS Rhesus bone marrow-derived
mesenchymal stromal cells

Direct seeding 1.0 × 105 8 days

Rhesus macaque 0.1% Triton X-100, 2% SDC Rhesus adipose tissue-derived
mesenchymal stromal cells

Airway (Bronchioles) 1.5 × 106 7 days

Human embryonic stem cells

SDC, sodium deoxycholate. SDS, sodium dodecyl sulfate. CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate. iPSC, induced pulripotent stem cell.

Perivascular Supporting Cells of
Pericytes and Vascular SMCs
Although ECs are the main component of the vasculature, ECs
supporting cells, pericytes for microvessels, and vascular smooth
muscle cells (vSMCs) for larger vessels are also key regulators
of angiogenesis and vascular maturation (Carmeliet and Jain,
2011; Neff et al., 2011). For the microvascular including lung
capillaries, pericytes share the basal membrane with ECs, and are
connected by tight, gap, and adherent junctions. A single pericyte
can be connected with several ECs by cell protrusions that wrap
around them (Gerhardt and Betsholtz, 2003). Because pericytes
can suppress endothelial growth, migration, and microvessel
stabilization, pericyte involvement also directly correlates with
capillary resistance in vivo (Bergers and Song, 2005; Von Tell
et al., 2006). Therefore, several studies have focused on the
pericyte effect in lung microvascular engineering (Ren et al.,
2015a; Doi et al., 2017).

There is a lack of scientific consensus on characterization
and standardization in isolation protocols (Ferland-McCollough
et al., 2017), but mesenchymal stem/stromal cells (MSCs) have
been used as one of the most widely investigated sources from
which to derive pericyte and vSMCs. Among the MSCs, adipose
derived mesenchymal stem cells (ASCs) might be a suitable cell
source because of their ease in harvesting (Pellegata et al., 2018).
ASCs can differentiate into a mature smooth muscle phenotype
under the right biochemical and biomechanical conditions
(Harris et al., 2011; Merfeld-Clauss et al., 2014; Rohringer et al.,
2014). The principal factor involved in differentiating ASCs
seems to be transforming growth factor-beta 1 (TGF-β1) (Von
Tell et al., 2006). Human vSMCs derived from ASCs were seeded
onto a small-caliber vascular graft. The resulting vessel wall
developed a dense and well-organized structure similar to that of
physiological vessels.

For the re-endothelization of the rat decellularized scaffold,
Ott’s group introduced the concept of seeding both the
endothelial and the perivascular compartments by seeding
through both arterial and venous routes (Ren et al., 2015a).
They co-seeded either HUVECs and human MSCs (hMSCs), or
iPSC-derived ECs and pericytes, and achieved a 75% endothelial
coverage with a good barrier function. Re-endothelialized lungs

were orthotopically transplanted into rats for 3 days, in an in vivo
experiment limited to determining the presence of cells and the
perfusability of the HUVECs-hMSC seeded grafts (Ren et al.,
2015a). Doi et al. (2017) exploited the concept of regenerating
the vessel mural compartment by using RLMVECs and rat ASCs
which differentiated into pericytes. In the study, cell tracking of
the ASCs using quantum dots (QDs655) revealed that QDs655-
labeled ASCs expressed pericyte markers of NG2 or PDGFR-β
in the ECs co-cultured lung scaffold. They found that pre-seeded
ASCs stabilized the EC monolayer in nascent pulmonary vessels,
thereby contributing to EC survival in the regenerated lungs.
Accordingly, the CD31 positive EC coverage rate was almost
90%. The ASC-mediated stabilization of the ECs clearly reduced
vascular permeability and suppressed alveolar hemorrhage in
an orthotopic transplant model for up to 3 h. Interestingly, in
a preliminary study (Doi et al., 2017), ASCs were shown to
migrate to interstitial regions of the alveolar wall while pre-
seeded ECs attached to the vascular scaffold and suppressed
the migration and recellularization efficacy of ASCs. Although
a detailed mechanism has not yet been determined, it seems
that particular cells can detect their appropriate location on the
scaffold possibly by recognizing distributed adhesion proteins
or the composition of the ECM. Moreover, the recellularization
strategy itself will affect the arrangement and survival of the
attaching cells. For the porcine reendothelialization model, the
EC coverage rate reached almost 50% at the lung hilum and
20% at periphery regions without ECs supporting cells (Zhou
H. et al., 2018). Pre-seeding of the scaffold with pericyte/vSMCs
might improve the attachment and survival of ECs even in
larger animal models.

ECM COMPOSITION AND
RECONSTRUCTION

ECM Composition of the Lung
Vasculature
Vasculature ECs are embedded in the lung organ scaffold,
which consists of ECM composed of collagen, enzymes, and
glycoproteins. The lung ECM not only provides vital physical
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support or a scaffold for resident cells of the lung and contributes
to its mechanical properties including prevention of vessels from
collapsing, but the ECM is also essential for the biophysical
and biochemical signaling of lung cells (Zhou Y. et al., 2018).
Therefore, the ECM is critical for all aspects of vascular biology
(Thottappillil and Nair, 2015).

In the lung matrix, collagens constitute 15–20% of the
dry weight of the lung (Pierce and Hocott, 1960; Burgess
and Weckmann, 2012) and many collagen subtypes are found
(Thottappillil and Nair, 2015). Fibrillar collagen I and III
provide structural integrity (Vandenberg et al., 2000; West,
2013). Collagen IV is the most abundant non-fibrillar network-
forming collagen in the lung, which constitutes part of the
very thin basement membrane separating capillaries and the
alveolar epithelium. This provides stability and tensile strength
to the alveoli and the pulmonary capillaries (West and Mathieu-
Costello, 2002). Laminins are the primary determinant of
basement membrane assembly and other basement membrane
components such as collagen IV variants, basement membrane,
heparin sulfate proteoglycans, nitrogen compounds, and collagen
XVII (Davis and Senger, 2005). Because the basement membrane
is fundamental for cell attachment, preservation of natural
collagen IV and laminin during the decellularization process
might be the most crucial step for not only tissue engineering
but also whole lung engineering (Figure 2). There are several
other important ECM components. Elastin is secreted mainly
by interstitial fibroblasts (West and Mathieu-Costello, 2002) and
represents 3–7% of the dry weight of the human lung (McGowan,
1992). Elastin primarily contributes to airway recoil, patency,
and parenchymal tethering (Reddel et al., 2012) and also to the
elasticity of the pulmonary vascular beds (Yen and Sobin, 2017).
Fibronectin is a regulatory multidomain glycoprotein that binds
simultaneously to several integrins, which mediate the adhesion
of cells, and non-integrin receptors, collagen, and proteoglycans
(Roman, 1997). Glycosaminoglycans (GAGs) are unbranched
polysaccharide chains composed of repeating disaccharide units.
Specific GAGs and proteoglycans play important roles in EC
migration and adhesion (Wight et al., 1992).

In the lung microvascular niche, ECM proteins also provide
a significant role in a coordinated manner. In quiescent
microvessels, pericytes and ECs are embedded in the same
basement membrane of collagen IV, laminin, and other
components which encase these cells. An interstitial matrix of
collagen I and elastin between vascular cells further provides
visco-elasticity and strength to the vessel wall (Carmeliet, 2003).
In addition, a provisional matrix of fibronectin, fibrin, and
other components provides a support scaffold, guiding ECs
to their targets.

Change of Decellularization Protocol
Including Detergents
Current lung decellularization procedures have been recognized
as causing damage to the ECM thereby altering the capillary
function of the engineered lung (Wallis et al., 2012; O’Neill
et al., 2013). In order to reduce ECM damage during the
decellularization procedure, researchers have improved their

protocols including the detergents used for decellularization
(Table 1). For the rat lung decellularization, Niklason’s
group first used zwitterionic detergents such as 8 mM 3-
[(3-cholamidopropyl) dimethylammonio]-1-pro-panesulfonate
(CHAPS) solution and then moved to stepwise concentrations
of ionic/non-ionic detergent sodium deoxycholate (SDC)/Triton
X-100 (Petersen et al., 2010; Calle et al., 2016; Ghaedi et al.,
2018). Ott’s group has used the denaturing anionic detergent
0.1% sodium dodecyl sulfate (SDS)/0.1% Triton X-100 (Ott et al.,
2010; Gilpin et al., 2014, 2017). Bunnell’s group used 2% SDC/1%
Triton X-100 (Scarritt et al., 2013, 2018). Recently, Niklason’s
group proposed an advanced protein extraction method using
known quantities of proteotypic 13C-labeled peptides to quantify
matrix proteins in decellularized lung tissues. In the study,
SDC/Triton X-100-based decellularization resulted in a near-
native retention of the ECM (Calle et al., 2016). Furthermore,
the preservation of the ECM may be more important than the
removal of residual cells and proteins (Tsuchiya et al., 2014a).
Therefore, the SDC/Triton X-100 protocol seems to have the least
damaging effect on collagens, elastins, and laminins in both the
vascular and airway compartments (Wallis et al., 2012; Stabler
et al., 2015; Calle et al., 2016).

Further efforts to improve chemical decellularization showed
that NaOH-PBS results in similar structural ECM preservation
compared to detergent-based procedures (Sengyoku et al., 2018).
Additionally, sulfobetaine-10 (Nagao et al., 2013) and sodium
lauryl ester sulfate (Kawasaki et al., 2015) seem to overcome the
harmful effects of detergents, such as SDS, on the decellularized
vascular ECM. Obata et al. (2019) analyzed the ability of the
natural soap potassium laurate, generated from a natural fatty
acid, and mainly used for the production of soaps, shampoos,
and cosmetics, to act as a detergent for lung bioengineering.
The results indicated that potassium laurate has the advantages
of safety and efficacy including ECM preservation, survival
of the seeded cells, and lower immunoreactivity for organ
bioengineering (Obata et al., 2019).

Change of Decellularization Procedure
In the native human lung, the pulmonary capillary pressure
is very low, varying from 6 to 8 mmHg. Thus, high pressure
perfusion decellularization in the pulmonary vasculature induces
significantly increased stress conditions, causing perforation of
the fragile capillaries (West, 2013). Therefore, the detergent
application methods have been refined. Monitoring/controlling
perfusion via the pulmonary artery resulted in improved
maintenance of the pulmonary vascular ECM (da palma et al.,
2015). The decellularization route was also changed. In most
organs (e.g., heart, kidney, liver), the only available route is
through the circulatory bed of the organ. The lung, however,
has an additional possible route for decellularization since the
detergents can also be infused through the trachea. In fact,
both routes (trachea and pulmonary artery) alone or combined
have been used to effectively decellularize lungs (Price et al.,
2010; Maghsoudlou et al., 2013; Tsuchiya et al., 2016; Wang
et al., 2016). By using an intermittent intra-tracheal flow
of detergent for decellularization, the same combination of
SDC/Triton X-100 yielded an acellular scaffold in a shorter time
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FIGURE 2 | ECM decomposition and reconstruction after recellularization. Lung ECMs consist of collagens, elastin, fibronectin, laminin, proteoglycans, and other
constitutive proteins. After lung decellularization, a certain level of ECM damage occurs during decellularization. However, after recellularization, seeded cells secrete
own ECM proteins which will change the ECM composition and finally affect lung functions including microvasculature permeability. ECM, extracellular matrix.

with an improved preservation of pulmonary micro-architecture
(Maghsoudlou et al., 2013). In addition, administrating detergent
via the trachea using a bioreactor, which is a ventilation-based
decellularization system with negative pressure and positive
end-expiratory pressure, results in a uniform decellularized
scaffold. In this system, the negative pressure in the bioreactor
opens the peripheral airway and spreads the detergents to
the rest of the lung (Tsuchiya et al., 2016). Improvements
in the decellularization protocols including the use of better
decellularization solutions and procedures now appear to
be successful in maintaining vascular scaffold preservation
for vascular beds.

Matrix Reconstruction
Approximately 2–10% of the collagen in an adult human lung
is renewed every day (Townsley, 2012; Calle et al., 2014). That
indicates that a certain level of ECM damage might be repaired
by the re-seeded cells. It has been shown that implanted cells,
such as ECs, pericytes, MSCs, etc., which were used to engineer
the pulmonary vasculature, repaired/rebuilt the adjacent ECM
(Davis and Senger, 2005; Zhou Y. et al., 2018). One study showed
that an increase in collagen synthesis and elastin synthesis began
within 4 h when mechanical tension was applied to explants of
rings of a rat pulmonary artery (Tozzi et al., 1989). This occurs in
human disease. Mitral stenosis causes pulmonary hypertension,
which induces thickening of the basement membrane and ECM
of the pulmonary capillaries (West, 2013). Accordingly, following

implantation of tissue-engineered vascular grafts re-populated
with murine MSCs in an inferior vena cava interposition
model, the seeded cells produced collagen I, III, and IV, elastin,
fibrillin, and GAGs over a 4-week period. In our preliminary
rat study, GAG levels partially recovered following reseeding
with RLMVECs and adipogenic stem/stromal cells (ASCs) after
7 days of recellularization. Further, the GAG levels generated by
ASCs were clearly higher than those produced by RLMVEC cells
alone. This indicates that re-seeded cells can regenerate the ECM;
the characteristics and amount of replaced ECM might depend
on the species and the type of cells used for re-cellularization
(Hashimoto et al., 2019).

It is also well known that ECM degradation easily occurs
during the tissue or organ engineering process. Matrix turnover
involves both extracellular proteolysis and cell-mediated uptake
of cleaved matrix fragments (McKleroy et al., 2013). Various
proteolytic enzymes, such as the matrix metalloproteinases
(MMPs), and their endogenous inhibitors, tissue inhibitors of
metalloproteinases (TIMPs), are involved in re-modeling the
ECM during development and in ECM homeostasis. The fetal
lung is characterized by a greater proteolytic profile (higher
MMP-2 and less TIMP-3 expression), while the adult lung
is more anti-proteolytic (less MMP-2 and greater TIMP-3)
(Zhou Y. et al., 2018). Our previous study demonstrated that
an RLMVEC pulse ASC-recellularized engineered lung has
7016 times higher MMP-2 mRNA expression than RLMVEC
alone re-cellularized engineered lung, suggesting that ASCs
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have strong tissue remodeling efficacy (Doi et al., 2017).
Consistently, Ott’s group applies a two-phase culture method
for rat lung re-cellularization (Ren et al., 2015a). They
use angiogenic medium containing phobol-12-myristate-13-
acetate at the beginning of the culture and subsequently
use stabilization medium for the prevention of vascular
re-modeling. Given the evidence of matrix reconstruction,
it is apparent that careful selection of seeding cells and
their incubation time will be necessary for whole lung
engineering because unsuitable matrix reconstruction will
cause microvasculature architecture destruction and result in
capillary obstruction.

RECONSTRUCTION OF THE AIR–BLOOD
BARRIER (ABB) FUNCTION

Alveolar septa, which are 1 µm or thinner, consist of capillary
endothelium and alveolar epithelium with their underlying
basement membranes. In addition, the interstitial space of ECM
and surfactant protein covering the alveolar inner lumen are
also important components of the alveolar septa (Figure 3). The
alveolar septa not only perform the essential function of the lung
which is to exchange oxygen from the inhaled air and carbon
dioxide from venous blood, but the alveolar septa also function
as a strong ABB. The ABB consists of the lung endothelial
barrier and the alveolar epithelial barrier (AEB). The ABB shields
the lung from harmful external elements, like inhaled toxins,
particles, or microorganisms. The ABB also strictly regulates
permeability and material transfer between blood and tissue.
Because the ABB maintains vascular permeability (Bhattacharya
and Matthay, 2013), dysfunction or hypo-constitution of the
ABB easily causes plasma component leakage into the stroma or
alveolar space, which induces lung edema resulting in respiratory
failure. For successful whole lung engineering, the reconstruction
of an intact and functioning ABB will be crucial for preserving
respiratory function.

The Lung Endothelial Barrier
The vascular endothelium is the first barrier in the ABB, which is
called the “lung endothelial barrier” (Bhattacharya and Matthay,
2013). In the normal state, vascular permeability is kept low
in tissues. When inflammation occurs, vascular permeability
increases as a biological defense mechanism and leakage of
plasma components and immune cell migration are induced
(Figure 3). Material transfer across the vascular wall occurs via
the transcellular pathway and paracellular pathway (Komarova
and Malik, 2013). The transcellular pathway is regulated by
Caveolae-dependent endocytosis and the paracellular pathway is
regulated by cell–cell adhesion of ECs, which consists of AJs and
TJs (Dejana, 2004).

In quiescent vessels, vascular endothelial cadherin (VE-
cadherin) in AJs and claudins, as well as occludin and JAM-1
in TJs, provide mechanical strength and tightness and establish
a permeability barrier (Dejana, 2004). These molecules serve
not only as gate keepers, but they also transmit essential
signals for endothelial survival, cell growth inhibition, and

other functions (Carmeliet et al., 1999). Among the junction
proteins, the AJ constitutive main adhesion factor of VE-
cadherin plays an important role (Dejana, 2004). Vascular
endothelial growth factor (VEGF) increases vascular permeability
by destroying the adhesion of VE-cadherin. Weakening or loss of
cadherin interactions at AJs accounts for the essential molecular
defects underlying endothelial barrier failure (Bhattacharya and
Matthay, 2013). On the other hand, Angiopoietin-1 (Ang1),
lipid mediator sphingosine-1-phosphate (S1P), the intracellular
second messenger of cyclic AMP, and the cAMP activating
substrates are known to reduce vascular permeability by
strengthening the adhesion of VE-cadherin (Fukuhara et al.,
2004). ECs also express neural cadherin (N-cadherin) at the basal
membrane side, which mediates binding to pericytes or other
mesenchymal cells.

The successful re-establishment of barrier function with
adequate cell–cell junctions in recellularized lung microvascular
has not yet been achieved. Niklason’s group has focused on
the endothelial barrier function using HUVECs and iPSC-
derived ECFCs along with endothelial barrier enhancing
chemicals (Yuan et al., 2019). Among the added chemicals,
Epac-selective cAMP administration induced VE-cadherin and
zona occludens-1 (ZO-1) expression at the cell membrane
and increased TEER values to the level of HUVECs during
in vitro culture. Further, they confirmed the barrier function
of engineered rat lung microvasculature using a FITC-dextran
assay and found improved vascular function in the engineered
rat lung (Yuan et al., 2019). The results indicate that the
appropriate chemicals can induce TJ formation and enhance
ABB function in an engineered lung. However, in this study,
the TEER level achieved in the in vitro culture was at most
10 �cm2, which is not sufficient for a fully functional lung
(Luan et al., 2018).

In an engineered rat lung transplantation model (Doi et al.,
2017), co-seeding of RLMVEC and ASCs prevented alveolar
hemorrhage after transplantation, which indicates that the
endothelial barrier can be re-established in the engineered lung
using ASCs. Gene expression profiling in the engineered lung
revealed significantly changed gene expression of components
of the angiogenesis-related ANG/TIE signaling system when
ASCs are added. The ANG-1 gene, which is expressed by mural
cells and stimulates mural coverage and basement membrane
deposition with promoting vessel tightness (Carmeliet and
Jain, 2011), was strongly upregulated. In contrast, Tie1 and
Tie2/Tek, which are essential for EC proliferation, migration, and
survival during angiogenesis, were downregulated. This implies
that ASCs potentially promote the maturation and quiescence
of reconstructed lung microvessels rather than the induction
of angiogenesis.

Bunnell’s group confirmed the barrier function by bovine
albumin conjugated Evans blue dye extravasation and found that
leakage was similar between native rat lung and engineered rat
lung with sequential seeding of MVECs, PA-ECs, and then PV-
ECs (Scarritt et al., 2018). Combination seeding of these cells
led to positive VE-cadherin staining, indicating the formation
of TJs between ECs. However, leakage was observed in the
distal portions of the re-endothelialized tissue suggesting that
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FIGURE 3 | Engineering of lung microvascular niche in the decellularized scaffold. Current engineered microvascular niches consist of incomplete epithelialization
and endothelialization which causes vascular leakage, edema, platelet aggregation, and coagulation. Future engineered microvascular niches will achieve a strong
ABB without vascular leakage and passable capillaries without coagulation by administrating surfactant, biologically active molecules, mechanical stresses, and/or
suitable coating. ECM, extracellular matrix; ABB, alveolar-blood barrier.

recellularization of the alveoli is necessary to completely restore
barrier function of the capillary–alveolar network.

The Alveolar Epithelial Barrier
The alveolar epithelium also has a barrier function (Bhattacharya
and Matthay, 2013). Lung epithelium consists of 40 or more
different resident cell types (Franks et al., 2008). But the normal
AEB is composed of alveolar epithelial type I (AT1) cells and
alveolar epithelial type II (AT2) cells (Crandall et al., 2001). The
main cause of fluid leakage is the space between the cells and
disruption of the TJ between ATI and AT II cells, which directly
influence permeability of lung vasculature.

A trans-epithelial electrical resistance (TEER) measurement
study revealed that TEER values of primary cultures of rat type
II pulmonary EpCs have been cited as high as 2000 �cm2,
which indicates enough AEB function. On the other hand,
in a pulmonary EpC model for drug metabolism, the TEER
measurement of adenocarcinoma originated A549 cells was 300–
700 �cm2 (Foster et al., 1998). An immortalized human ATI cell
line (TT1) does not appear to develop tight intercellular junctions
(Kuehn et al., 2016). Human alveolar epithelial lentivirus
immortalized (hAELVi) cells maintain the capacity to form tight
intercellular junctions, with high TEER values (>1000 �cm2)
(Kuehn et al., 2016). These results suggest that the AEB function
deeply correlates with cell source.

From the lung ex vivo vascular permeability studies, ensuring
the function of the vessel barrier by alveolar epithelium is
extremely important for controlling fluid leakage from capillaries
to the alveolar space, because the epithelial barrier takes over
the endothelial barrier function (Parker and Yoshikawa, 2015;
Ren et al., 2015a; Scarritt et al., 2018; Yuan et al., 2019).
Theoretically, the best AEB function will be re-established in
decellularized organ scaffolds by administrating natural cell types
and in sufficient cell numbers. In order to achieve this goal,
Niklason’s and Ott’s groups harvested and used dissociated whole
lung cells from the donor lung in a rat model (Table 1) (Ott et al.,
2010; Petersen et al., 2010). Cortiella’s group cultured autologous
cells harvested from a resected own left lung and seeded an
acellular pig lung for pig bioengineered lung transplantation
(Nichols et al., 2018). However, for humans, it is impossible to
harvest whole own lung cells from biopsies. Other candidates
for epithelialization of alveoli are immature stem/progenitor
cells including ECs, iPS cells, KRT5 + TP63 + basal epithelial
stem cells, focusing on the differentiation potential for lung
EpCs (Gilpin et al., 2016). Niklason’s group developed iPS
derived ATII cells and showed that exposing induced ATII
cells to the Wnt/β-catenin inhibitor (IWR-1) changed the iPSC-
ATII-like phenotype to a predominantly ATI-like phenotype.
Acellular rat or human lung scaffolds were seeded with the
cells and the cells displayed markers of differentiated pulmonary
epithelium. The minimal cell type combination and the best
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administration and timing of re-seeding cells should be explored
along with the goal of obtaining a mature AEB with tough
alveolar junctions and TJs.

Alveolar Surfactant Protein
Alveolar surfactant protein covers the internal lumen of the
alveolar space and also has a significant effect on maintaining
normal lung fluid balance within the ABB. Surfactant deficiency
increases alveolar surface tension and causes negative pressure
surrounding pulmonary capillaries that could promote fluid
filtration leading to pulmonary edema (Raj, 1987). In infant
respiratory distress syndrome, a deficiency of pulmonary
surfactant results in an increased capillary transmural pressure
and causes capillary bleeding. In this condition, the capillary
pressure itself is not raised but the pressure in the interstitium
around the capillaries is reduced because of the rise in surface
tension of the alveolar lining layer (Roman, 1997). Despite the
importance of the lung fluid balance within the ABB, there is no
information about the impact of alveolar surfactant protein on
the ABB in bioengineered lung transplantation.

THE EFFECTS OF PHYSIOLOGICAL
FACTORS DURING THE LUNG
MICROVASCULAR REPAIR AND
ENGINEERING PROCESS

It has been shown that physiological factors affect the lung
microvascular repair and engineering process. Respiratory
movement of the diaphragm and auxiliary breathing muscles
continuously repeat inflation and deflation of the lung. Thus, the
lung is considered a dynamic organ. Cyclical strain during the
breathing motion and the pulsatile nature of blood flow exposes
blood vessels to mechanical stress (Gray and Stroka, 2017). Two
main forces of mechanical stress on the lung vasculature are
the frictional force from blood flow (i.e., shear stress) that is
parallel to the vessel wall, and the transmural force from blood
pressure (i.e., cyclic stretch) that stretches the vessel wall (Lindsey
et al., 2014; Baeyens et al., 2016). The endothelium converts these
mechanical stresses to biochemical signals that regulate gene
expression and cell behavior, including proliferation, migration,
remodeling, permeability, and apoptosis. There is evidence that
mechanical stress on the lung relates to the lung microvasculature
maintenance, repair, and engineering process. In addition,
oxygen tension is known to affect the differentiation of the cells
(Garreta et al., 2014), which might be another important factor
for lung repair and the engineering process.

Shear Stress and Cyclic Stretch on the
Lung Vasculature
Under physiological range shear stress, endothelia elongate and
align in the direction of flow, and redistribute junctional proteins
(Gray and Stroka, 2017). The ability of cells to sense the
direction and strength of shear stress has been suggested to occur
via specialized mechanisms and pathways, involving membrane
receptors such as integrins, VEGF-2, receptor tyrosine kinases

(RTKs), VE-cadherin, PECAM-1, and ion channels (Chen et al.,
2002; Orr et al., 2006; Baeyens et al., 2016; Gray and Stroka,
2017). Physiological range shear stress on ECs (10–20 dynes/cm2)
(Sakariassen et al., 2015) also stabilizes blood vessels (Nigro et al.,
2010; Zhou et al., 2014) and has been associated with barrier
enhancement, suggesting that shear stress is important in normal
barrier maintenance (Birukov et al., 2002). In addition, shear
stress reduces EC turnover through inhibition of cell proliferation
and suppression of apoptosis via activation of p53 and the PI3K-
Akt survival pathway, and nitric oxide production.

Cyclic stretch is another important mechanical force. Cyclic
stretch is produced by pulsatile distention of the arterial wall, or
by tidal breathing. Blood pressure is the major determinant of
vessel cyclic stretch. Similar to shear stress, cyclic stretch induces
reorientation of the endothelium, but transverse to the direction
of strain (Birukova et al., 2006; Birukov et al., 2015). Cultured
ECs stretched at 5% cyclic stretch for 2 h activate Ras-related
C3 botulinum toxin substrate 1 (Rac) signaling and induces
redistribution of actin and cortactin (an actin-binding protein)
toward the cell periphery (Birukova et al., 2004; Birukov et al.,
2019). In addition, cyclic stretch in 12 h of normothermic ex vivo
lung perfusion (EVLP) also significantly influences pulmonary
vascular resistance and vascular integrity (Cypel et al., 2008).

Application of Mechanical Stress for
Lung Microvascular Engineering
Usage of mechanical stress in lung vascular engineering is
of particular interest since cells in the lung are subjected to
breathing-induced cyclic stretch in combination with shear
stress from blood flow within the lung alveoli (Gray and
Stroka, 2017). The effects of mechanical stress on cell behavior
have been investigated by application of biomimetic on-
chip and microfluidic platforms (Dongeun et al., 2012). In
opposition to traditional in vitro cell culture, these microfluidic
devices (MFDs) provide the opportunity to integrate multiple
mechanical stresses (e.g., shear stress, substrate stiffness) with
in situ quantification capabilities. They can be used to
recapitulate the in vivo mechanical setting and systematically
vary microenvironmental conditions, using minimal resources,
for improved mechanobiological studies of the endothelium
(Gray and Stroka, 2017).

The effects of mechanical stress on EC behavior have
been investigated by integrating stretch capabilities into MFDs
(Simmons et al., 2013; Mahler et al., 2014; Jufri et al.,
2015; Mina et al., 2017; Russo et al., 2018). For instance,
Zheng et al. (2012) created a microfluidic flow-stretch chip
to study shear stress (26 dyn/cm2), cyclic stretch (5%, 1 Hz),
and the combined effects on ECs HUVEC cultured on the
chip showed enhanced cell adhesion and spreading on an
artificial surface in all conditions relative to static controls.
Dongeun et al. (2012) created a biomimetic microsystem “lung
on a chip” that reconstitutes the functional alveolar-capillary
interface of the human lung, incorporating cyclic stretching
and fluid shear stress. This system was used to test the
effect of cyclic mechanical stress on the transport of silica
nanoparticles. This study also revealed that mechanical stress
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enhances epithelial and endothelial uptake of nanoparticles and
stimulates their transport into the underlying microvascular
channel (Marturano-Kruik et al., 2018). Stucki et al. (2015)
showed that the functionality of the alveolar barrier could be
restored by co-culturing epithelial and ECs that form tight
monolayers on each side of a thin, porous and stretchable
membrane in the lung-on-a-chip system. They also showed that
cyclic stretch significantly affects the permeability properties of
EpC layers in that system (Stucki et al., 2015). Grigoryan et al.
(2019) created a 1 cm size vascularized alveolar model that
achieved oxygenation of red blood cells in the vascular network
with tidal ventilation in the air sac. This model could provide
a means of determining the effect of mechanical stress on the
vascular network.

According to studies using MFDs or organs on a chip, the
two types of mechanical stimuli of pulsatile fluid pumping
shear stress and breathing cyclic stretch will be analyzed to
determine the seeded cells’ response and establish their functions
in the bioengineered lung model, since stress fiber alignment was
weakly induced by shear stress, but strongly organized parallel to
flow with the addition of cyclic stretch, suggesting a synergistic
effect (Gray and Stroka, 2017). Although a variety of bioreactors
have been developed to subject the cells to combinations of
mechanical stress, none have succeeded in determining the effects
of mechanical stress on the seeded cells or their established
function such as that of the ABB during ex vivo whole lung
engineering (Panoskaltsis-Mortari, 2015).

Oxygen Tension for Lung Cell
Differentiation and Lung Microvascular
Engineering
Typically, lung regeneration studies have been carried out
at the normal atmospheric oxygen level of 20% in air
culture chambers. However, O2 levels in the in vivo cell
microenvironment, depending on the tissue, are much lower.
For example, O2 is about 13% in the arterial endothelium
and 2–5% in cells of healthy tissues. Campillo et al. (2016)
fabricated a novel chip approach, in which cells cultured
on top of thin PDMS membranes can be subjected to fast
changes in oxygen concentration. Intermittent hypoxia applied
to the chip inhibits the degradation of hypoxia-inducible
factor 1α (HIF-1α) and promotes HIF-1 activation in rat
bone marrow derived MSCs (Campillo et al., 2016). The same
system might affect the remodeling of the lung vasculature via
the Akt/mTOR/HIF-1α signaling pathway (Liu et al., 2019).
Interestingly, using an oxygen concentration of 5% compared to
20% oxygen, significantly upregulates Nkx2.1 and Foxa2, which
are endodermal and early lung EpC markers in ESCs and iPSCs.
Further, hypoxic priming of mouse ESCs highly increased HIF-
1 mediated VEGF, and efficiently differentiated mouse ESCs to
ECs without the need of adding exogenous growth factors (Lee
et al., 2012). Accordingly, low oxygen tension might exert a
significant positive effect on lung cell differentiation and lung
microvascular niche reconstruction especially for ESCs or iPSCs
derived progenitor cell repopulation on acellular lung scaffolds
(Garreta et al., 2014).

EVALUATING PASSAGE FUNCTIONALITY
OF ENGINEERED MICROVASCULATURE

The success of lung microvascular niche engineering will be
evaluated by measuring the passage and leakage of suitable sizes
of particles through re-endothelialized lung alveolar capillaries.
In a rat model, Ott’s group has shown that 0.2 µm microsphere
particles passed through an iPSCs derived peripheral regenerated
vascular network 3 days after the engineered lung transplantation
(Ren et al., 2015a). Sengyoku et al. (2018) has shown that 0.25 µm
artificial red blood cells successfully passed thorough HUVEC re-
endothelialized rat lung capillaries in the bioreactor. Therefore,
it has been demonstrated that at least 0.2–0.25 µm microsphere
particles can pass through re-endothelialized lung with rat size
microcapillaries.

However, detailed analysis of dual seeding of cells into the
arteries and veins showed that HUVECs did not pass through
the rat decellularized rat lung capillaries presumably because of
size restriction (Carmeliet et al., 1999). For the evaluation of
vascular leakage, Tsuchiya et al. (2016) used human red blood
cells to analyze the integrity of decellularized rat microcapillaries.
Bunnell’s group used BSA-dye for analysis of extravasation
from engineered vasculature and evaluated the most mature
vasculature after the rat lung recellularization (Scarritt et al.,
2018). In evaluating a human size engineered vascular bed, Ott’s
group recently reported recellularization of human cells on a pig
lung scaffold (Zhou H. et al., 2018). By repopulating a pig acellular
lung with HUVECs, they generated a pulmonary vasculature
with mature endothelial lining and sufficient anti-thrombotic
function to enable preservation of physiological blood flow and
maintained the recipient’s pulmonary circulation and respiratory
function during a 1-h observation. However, there is no direct
evidence regarding passage and leakage using micro-particles or
dye analysis possibly because of technical difficulties.

FUTURE STRATEGIES FOR LUNG
MICROVASCULATURE
RECONSTRUCTION: OUTSTANDING
QUESTIONS AND PROSPECTS

One of the goals of lung organ engineering is to generate
functional capillaries with a healthy microvascular niche,
which will preserve blood passage through capillaries and also
reconstitute the natural barrier properties of both the vasculature
and the airway compartments. To achieve the goal of lung organ
engineering, there are two different strategies available at present.
One is to simulate infant lung development in a 3D-culture
system in a bioreactor over a relatively long period. This strategy
would mimic embryonic development using immature cells to
engineer a mature organ. During the process, many trophic or
growth factors will be necessary for long-term ex vivo culture
in order to induce organ maturation. The drawback of this
strategy is that a variety of cytokines are produced by co-cultured
cells, which cannot be identified or precisely controlled. Further,
a long-term culture will rearrange the ECM by cell-secreting
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proteins such as matrix metalloproteases (MMPs) and that might
harm lung conformation including that of the vascular niche.
This strategy also needs long-term infection control. Therefore,
the approach for long-term complete monitoring of the culture
with the perfect simulation of a stepwise embryonic environment
in the bioreactor is underway (Engler et al., 2018).

The other potential strategy is to engineer lungs in a short
period (i.e., several weeks to months) using mature cells.
This strategy arose from a more conventional engineering
approach which aims to fabricate lung from several biomaterial
components. Immature cells or dividing cells induce ECM matrix
reconstruction and microstructure alteration. Thus, a quiescent
vasculature condition should be maintained after the reseeding
of the cells. Therefore, short-term culture of mature cells has
the advantage that it avoids ECM destruction and preserves a
more natural alveolar architecture (Carmeliet and Jain, 2011).
However, until now, reseeded ECs have only been able to achieve
at most 75–90% coverage of the ECM in a rat model (Ren et al.,
2015a; Sengyoku et al., 2018), 20–50% in a porcine model (Zhou
H. et al., 2018), and 75% in a human model (Ren et al., 2015a).
Unfortunately, blood coagulation and thrombus will occur in the
remaining uncovered vascular bed. In addition, we do not know
if natural TJ can be established from iPS or ESCs derived ECs.
These limitations have led us to conclude that the establishment
of complete re-endothelialized vasculature is quite difficult to
achieve by recellularization only.

The answer to successful reseeding might be to coat the
vascular ECM prior to or post cell seeding. Jensen et al. (2012)
attempted to compensate for the loss of or damage to ECM/BM
proteins by precoating the decellularized scaffolds with defined
adhesion promoting proteins, such as collagen I or Matrigel
(Price et al., 2010; Lecht et al., 2014). Wagner’s group used
calcium alginate as an artificial pleura to prevent different cell
types including EpCs, lung fibroblasts, and pulmonary vascular
ECs to leak out of decellularized tissue during seeding due
to the loss of pleura upon dissection (Wagner et al., 2014).
Mahara et al. (2015) used a novel hetero-bifunctional peptide
composed of a collagen-binding region with the integrin a4b1

ligand, REDV. Peptide-coated small-caliber long-bypass grafts
measuring 20–30 cm in length and having a 2-mm inner
diameter showed excellent patency in a minipig femoral–femoral
crossover bypass model (Mahara et al., 2015). Interestingly,
they did not re-endothelialize the graft before implantation.
Circulating EPCs might attach on the grafted long-bypass and
play a major role in the rapid intima formation in the bypass
(Mahara et al., 2015). For rat liver organ engineering, REDV fused
elastin-like peptide increased the attachment of ECs, and also
spreading, proliferation and peptide conjugation dramatically
reduced platelet adhesion (Devalliere et al., 2018). Although the
success of coating trials has not yet been proven for microvascular
engineering, there is a potential for generating functional
bioengineered lung microvessels by preserving patency and
preventing leakage (Figure 3).

Many controversial issues remain, which must be confronted
for the future success of whole lung engineering. Anastomosis of
bronchial circulation and the lymphatic system currently have
not been achieved in animal studies. In addition, bronchial

circulation has not been achieved in rodents, which limits
the ability to study the vascular bed in current models of
decellularized rodent lungs (Stabler et al., 2015). It is well
known that bronchial arteries supply oxygenated blood to the
lung bronchus while the connective tissue of alveolar septa and
lymphatic vessels move out extra fluid from connective tissue by
negative osmotic pressure, which keeps the alveolar space dry.
However, anastomosis of these vessels is technically impossible.
Given that the blood flow of the bronchial artery accounts for
only 1–2% of total cardiac output in humans (Hall, 2016) and
that anastomosis has not been performed in the clinical lung
transplantation, lymphatic anastomosis might be unnecessary.

Recellularization using own cells on a decellularized
scaffold might lead to clinical transplantation without
immunosuppressant. The main targets of the acute or chronic
rejections are vascular ECs and the sensitized immunocompetent
cells attacking ECs of the vasculature. Thus, if own cells can be
used for reendothelialization, theoretically, the immunoreaction
will be dramatically reduced and any rejection will be easily
controlled. However, the preparation of enough own cells
might be difficult because ECs, particularly microvascular ECs,
constitute approximately 100 billion cells in a human lung or
500× 106 cells in a rat lung (Stone et al., 1992; Calle et al., 2014).
Because we have not achieved real success in engineered lung
transplantation even in rodent models, immunoreaction in the
engineered microvascular niche is still unknown.

Another approach to providing lungs for transplantation into
humans is to use lung scaffolds from other species. The idea of
using organ transplantation across species is problematic because
of the differences in anatomic location and size of lungs between
species. Further, tissue trimming might be needed when too
large xenogeneic lungs are used for transplantation. For example,
the porcine right lung has a specific tracheal bronchus with
a cranial lobe (Nakakuki, 1994), which would be sacrificed in
a right lung transplantation if tissue trimming was necessary.
The shape of the lung including vascular routes is also different
between the species. Therefore, animal transplantation studies
focusing on transplanting pig lungs into primate recipients
would be necessary to establish optimal surgical techniques
(Tsuchiya et al., 2014b).

Synthetic approaches for bioengineering lung vasculature
structures are currently underway. The latest report documents
the formation of a 1 cm size vascularized alveolar sac with tidal
ventilation (Grigoryan et al., 2019). The final goal of such a model
is to make a fully functional respiratory structure. However,
the final shape of the model will presumably be similar in
structure to the native lung, which has billions of small sacs and
surrounding capillaries. In addition, the functional bioengineered
lung will ultimately be placed in the thoracic cavity and will
need to be anastomosed to bronchial and pulmonary circulation.
Otherwise, the engineered lung will not be able to interact with
surrounding organs such as the heart, respiratory muscles, and
vocal cord. If the future bioengineered lung is made from a
scaffold, a decellularized animal scaffold seems at this time to
be superior to a synthetic scaffold in regard of natural structure.
If an advanced synthetic scaffold does become achievable in the
future, the methods of organ engineering using decellularized
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scaffolds as outlined in this review will be applicable to future
synthetic strategies.

In 2018, Cortiella’s group reported an interesting
transplantation model within species of bioengineered pig
lungs (Nichols et al., 2018). Cultured autologous cells were
harvested from a resected own left lung 1 month before
transplantation and they were used to recellularize an acellular
pig lung scaffold. During 30 days of bioreactor culture, they
induced systemic vessel development by adding autologous
primary lung cells, primary lung derived vascular cells, primary
tracheal–bronchial cells, MSCs with its supernatant, M2
macrophages with its supernatant, and microparticle (MP)
delivery of VEGF with hydrogel delivery of platelet-rich plasma
(PRP), fibroblast growth factor 2 (FGF2), and keratinocyte
growth factor (KGF). After the lung bioengineering, they
anastomosed the main bronchus of an engineered lung to the
recipient’s main bronchus. However, they did not anastomose the
pulmonary artery. As a result, the engineered lung established
collateral vascularization as early as 2 weeks after transplant,
and partial alveolar formation was observed in the atelectatic
lung. There was no indication of transplant rejection. This
result indicates that airway function might be achieved by
using a mixed population of primary lung cells and several
trophic factors. However, the most important point of this
study is that they did not anastomose the pulmonary artery
of the transplanted bioengineered lung. From the first report
of the bioengineered lung transplantation models (Ott et al.,
2010; Petersen et al., 2010), anastomosed vessels immediately
caused vascular obstruction and organ failure. Therefore,
anastomosis of the pulmonary artery might be avoided in this
pig bioengineered lung transplantation study. For vascular
engineering, full endothelialization with complete intercellular
barrier function is required to prevent coagulation activation.
Those facts indicate that establishment of functional vascular
circulation is the fundamental task to be achieved for successful
whole organ engineering.

CONCLUSION

Regenerative medicine started from cell-based therapies and
today some types of cells are now available in clinical use. The
clinical trials of the second generation of tissue-based therapies

have also started. Currently, tissue engineering methods have
now moved to organoid studies. However, de novo whole organ
engineering is not realistic because it will take decades in order
to generate a usable organ size. In addition, fabrication of whole
organs from artificial materials is still in early stages and will be
expensive (Grigoryan et al., 2019).

The cell replacement method using an organ scaffold is the
current accepted strategy for making organs and it seems to
be more realistic for generating usable organs. The method of
recellularization of a lung scaffold should take only a week
and if complete recellularization can be achieved, would mean
the method is easier, faster, and cheaper than other strategies.
The most difficult hurdle in bioengineering a lung is in
regenerating the microvascular niche with capillary passage and
reestablishment of the ABB without leakage. The establishment
of the microvascular niche in the engineered organ is the main
obstacle that needs to be addressed for a breakthrough in whole
organ engineering including lung regeneration.

AUTHOR CONTRIBUTIONS

All authors contributed to writing the manuscript.

FUNDING

The study was supported by Grants-in-Aid for Scientific
Research from the Japan Society for the Promotion of Science
(No. 19H03747).

ACKNOWLEDGMENTS

The authors are deeply grateful to Mary Durbin for critical
reading of the article and insightful comments and suggestions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2020.00105/full#supplementary-material

REFERENCES
Asahara, T., Murohara, T., Sullivan, A., Silver, M., van der Zee, R., Li, T., et al.

(1997). Isolation of putative progenitor endothelial cells for angiogenesis.
Science 275, 964–966. doi: 10.1126/science.275.5302.964

Atencia, J., and Beebe, D. J. (2005). Controlled microfluidic interfaces. Nature 437,
648–655. doi: 10.1038/nature04163

Baeyens, N., Yun, S., Schwartz, M. A., Baeyens, N., Bandyopadhyay, C., Coon,
B. G., et al. (2016). Endothelial fluid shear stress sensing in vascular health
and disease find the latest version?: endothelial fluid shear stress sensing in
vascular health and disease. J. Clin. Invest. 126, 821–828. doi: 10.1172/JCI83083.
evolved

Bergers, G., and Song, S. (2005). The role of pericytes in blood-vessel formation
and maintenance. Neuro. Oncol. 7, 452–464. doi: 10.1215/s115285170500
0232

Bhattacharya, J., and Matthay, M. A. (2013). Regulation and repair of the alveolar-
capillary barrier in acute lung injury. Annu. Rev. Physiol. 75, 593–615. doi:
10.1146/annurev-physiol-030212-183756

Birukov, K. G., Birukova, A. A., Dudek, S. M., Verin, A. D., Crow, M. T., Zhan,
X., et al. (2002). Shear stress-mediated cytoskeletal remodeling and cortactin
translocation in pulmonary endothelial cells. Am. J. Respir. Cell Mol. Biol. 26,
453–464. doi: 10.1165/ajrcmb.26.4.4725

Birukov, K. G., Jacobson, J. R., Flores, A. A., Ye, S. Q., Birukova, A. A., Verin,
A. D., et al. (2015). Magnitude-dependent regulation of pulmonary endothelial
cell barrier function by cyclic stretch. Am. J. Physiol. Cell. Mol. Physiol. 285,
L785–L797. doi: 10.1152/ajplung.00336.2002

Birukov, K. G., Jacobson, J. R., Flores, A. A., Ye, S. Q., Birukova, A. A., Verin, A. D.,
et al. (2019). Magnitude-dependent regulation of pulmonary endothelial cell
barrier function by cyclic stretch. Am. J. Physiol. Lung. Cell Mol. Physiol. 21224,
785–797.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 15 February 2020 | Volume 8 | Article 105

https://www.frontiersin.org/articles/10.3389/fbioe.2020.00105/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00105/full#supplementary-material
https://doi.org/10.1126/science.275.5302.964
https://doi.org/10.1038/nature04163
https://doi.org/10.1172/JCI83083.evolved
https://doi.org/10.1172/JCI83083.evolved
https://doi.org/10.1215/s1152851705000232
https://doi.org/10.1215/s1152851705000232
https://doi.org/10.1146/annurev-physiol-030212-183756
https://doi.org/10.1146/annurev-physiol-030212-183756
https://doi.org/10.1165/ajrcmb.26.4.4725
https://doi.org/10.1152/ajplung.00336.2002
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00105 February 20, 2020 Time: 20:13 # 16

Tsuchiya et al. Lung Microvascular Niche Engineering

Birukova, A. A., Chatchavalvanich, S., Rios, A., Kawkitinarong, K., Garcia, J. G. N.,
and Birukov, K. G. (2006). Differential regulation of pulmonary endothelial
monolayer integrity by varying degrees of cyclic stretch. Am. J. Pathol. 168,
1749–1761. doi: 10.2353/ajpath.2006.050431

Birukova, A. A., Smurova, K., Birukov, K. G., Kaibuchi, K., Garcia, J. G. N., and
Verin, A. D. (2004). Role of Rho GTPases in thrombin-induced lung vascular
endothelial cells barrier dysfunction. Microvasc. Res. 67, 64–77. doi: 10.1016/j.
mvr.2003.09.007

Burgess, J. K., and Weckmann, M. (2012). Matrikines and the lungs. Pharmacol.
Ther. 134, 317–337. doi: 10.1016/j.pharmthera.2012.02.002

Calle, E. A., Ghaedi, M., Sundaram, S., Sivarapatna, A., Tseng, M. K., and Niklason,
L. E. (2014). Strategies for whole lung tissue engineering. IEEE Trans. Biomed
Eng. 61, 1482–1496. doi: 10.1109/TBME.2014.2314261.Strategies

Calle, E. A., Hill, R. C., Leiby, K. L., Le, A. V., Gard, A. L., Madri, J. A., et al. (2016).
Targeted proteomics effectively quantifies differences between native lung and
detergent-decellularized lung extracellular matrices. Acta Biomater. 46, 91–100.
doi: 10.1016/j.actbio.2016.09.043

Campillo, N., Jorba, I., Schaedel, L., Casals, B., and Gozal, D. (2016). A novel chip
for cyclic stretch and intermittent hypoxia cell exposures mimicking obstructive
sleep apnea. Front. Physiol. 7:19. doi: 10.3389/fphys.2016.00319

Carmeliet, P. (2003). Angiogenesis in health and disease?: therapeutic
opportunities. Nat. Med. 09, 653–660. doi: 10.1038/nm0603-653

Carmeliet, P., and Jain, R. K. (2011). Molecular mechanisms and clinical
applications of angiogenesis. Nature 473, 298–307. doi: 10.1038/nature
10144

Carmeliet, P., Lampugnani, M.-G., Moons, L., Breviario, F., Compernolle, V.,
Oise Bono, F., et al. (1999). Targeted deficiency or cytosolic truncation of the
VE-cadherin gene in Mice Impairs VEGF-mediated endothelial survival and
angiogenesis. Cell 98, 147–157. doi: 10.1016/s0092-8674(00)81010-7

Chen, K.-D., Li, Y.-S., Kim, M., Li, S., Yuan, S., Chien, S., et al. (2002).
Mechanotransduction in response to shear stress. J. Biol. Chem. 274, 18393–
18400. doi: 10.1074/jbc.274.26.18393

Cortiella, J., Niles, J., Cantu, A., Brettler, A., Pham, A., Vargas, G., et al. (2010).
Influence of acellular natural lung matrix on murine embryonic stem cell
differentiation and tissue formation. Tissue Eng. Part A 16, 2565–2580. doi:
10.1089/ten.tea.2009.0730

Cossu, G., Birchall, M., Brown, T., De Coppi, P., Culme-Seymour, E., Gibbon, S.,
et al. (2018). Lancet Commission: stem cells and regenerative medicine. Lancet
391, 883–910.

Crandall, E. D., Matthay, M. A., and Garfinkel, S. (2001). Alveolar epithelial
transport: basic science to clinical medicine. Am. J. Respir. Crit. Care Med. 163,
1021–1029. doi: 10.1164/ajrccm.163.4.2006116

Crapo, P. M., Gilbert, T. W., and Badylak, S. F. (2011). An overview of tissue
and whole organ decellularization processes. Biomaterials 32, 3233–3243. doi:
10.1016/j.biomaterials.2011.01.057

Cypel, M., Yeung, J. C., Hirayama, S., Rubacha, M., Fischer, S., Anraku, M., et al.
(2008). Technique for prolonged normothermic ex vivo lung perfusion. J. Hear.
Lung Transplant. 27, 1319–1325. doi: 10.1016/j.healun.2008.09.003

da palma, R. K., Campillo, N., Oliveira, L. V. F., Navajas, D., Uriarte, J. J., and Farré,
R. (2015). Pressure- and flow-controlled media perfusion differently modify
vascular mechanics in lung decellularization. J. Mech. Behav. Biomed. Mater.
49, 69–79. doi: 10.1016/j.jmbbm.2015.04.024

Davis, G. E., and Senger, D. R. (2005). Endothelial extracellular matrix. Circ. Res.
97, 1093–1107. doi: 10.1161/01.res.0000191547.64391.e3

Dejana, E. (2004). Endothelial cell-cell junctions: happy together. Nat. Rev. Mol.
Cell Biol. 5, 261–270. doi: 10.1038/nrm1357

Devalliere, J., Chen, Y., Dooley, K., Yarmush, M. L., and Uygun, B. E. (2018).
Improving functional re-endothelialization of acellular liver scaffold using
REDV cell-binding domain. Acta Biomater. 78, 151–164. doi: 10.1016/j.actbio.
2018.07.046

Doi, R., Tsuchiya, T., Mitsutake, N., Nishimura, S., Matsuu-Matsuyama, M.,
Nakazawa, Y., et al. (2017). Transplantation of bioengineered rat lungs
recellularized with endothelial and adipose-derived stromal cells. Sci. Rep. 7,
1–15. doi: 10.1038/s41598-017-09115-2

Dongeun, H., Leslie, D. C., Matthews, B. D., Fraser, J. P., Jurek, S., and Hamilton,
G. A. (2012). A human disease model of drug toxicity–induced pulmonary
edema in a lung-on-a-Chip microdevice. Sci Transl Med. 7:159.

Engler, A. J., Le, A. V., Baevova, P., and Niklason, L. E. (2018). Controlled gas
exchange in whole lung bioreactors. J. Tissue Eng. Regen. Med. 12, e119–e129.
doi: 10.1002/term.2408

Ferland-McCollough, D., Slater, S., Richard, J., Reni, C., and Mangialardi, G.
(2017). Pericytes, an overlooked player in vascular pathobiology. Pharmacol.
Ther. 171, 30–42. doi: 10.1016/j.pharmthera.2016.11.008

Foster, K. A., Oster, C. G., Mayer, M. M., Avery, M. L., and Audus, K. L. (1998).
Characterization of the A549 cell line as a type II pulmonary epithelial cell
model for drug metabolism. Exp. Cell Res. 243, 359–366. doi: 10.1006/excr.1998.
4172

Franks, T. J., Colby, T. V., Travis, W. D., Tuder, R. M., Reynolds, H. Y., Brody,
A. R., et al. (2008). Resident cellular components of the human lung: current
knowledge and goals for research on cell phenotyping and function. Proc. Am.
Thorac. Soc. 5, 763–766. doi: 10.1513/pats.200803-025hr

Fukuhara, S., Sakurai, A., Sano, H., Yamagishi, A., Somekawa, S., Takakura, N., et al.
(2004). Cyclic AMP potentiates vascular endothelial cadherin-mediated cell-cell
contact to enhance endothelial barrier function through an epac-rap1 signaling
pathway. Mol. Cell. Biol. 25, 136–146. doi: 10.1128/mcb.25.1.136-146.2005

Garreta, E., Melo, E., and Navajas, D. (2014). Low oxygen tension enhances
the generation of lung progenitor cells from mouse embryonic and induced
pluripotent stem cells. Physiol. Rep. 2, 1–14. doi: 10.14814/phy2.12075

Gerhardt, H., and Betsholtz, C. (2003). Endothelial-pericyte interactions in
angiogenesis. Cell Tissue Res. 314, 15–23. doi: 10.1007/s00441-003-0745-x

Ghaedi, M., Le, A. V., Hatachi, G., Beloiartsev, A., Rocco, K., Sivarapatna, A., et al.
(2018). Bioengineered lungs generated from human iPSCs-derived epithelial
cells on native extracellular matrix. J. Tissue Eng. Regen. Med. 12, e1623–e1635.
doi: 10.1002/term.2589

Ghesquière, B., Wong, B. W., Kuchnio, A., and Carmeliet, P. (2014). Metabolism
of stromal and immune cells in health and disease. Nature 511, 167–176. doi:
10.1038/nature13312

Gilbert, T. W., Sellaro, T. L., and Badylak, S. F. (2006). Decellularization of tissues
and organs. Biomaterials 27, 3675–3683. doi: 10.1016/j.biomaterials.2006.02.
014

Gilpin, S. E., Charest, J. M., Ren, X., Tapias, L. F., Wu, T., Evangelista-Leite, D., et al.
(2016). Regenerative potential of human airway stem cells in lung epithelial
engineering. Biomaterials 108, 111–119. doi: 10.1016/j.biomaterials.2016.
08.055

Gilpin, S. E., Guyette, J. P., Gonzalez, G., Ren, X., Asara, J. M., Mathisen, D. J., et al.
(2014). Perfusion decellularization of human and porcine lungs: bringing the
matrix to clinical scale. J. Hear. Lung Transplant. 33, 298–308. doi: 10.1016/j.
healun.2013.10.030

Gilpin, S. E., Li, Q., Evangelista-Leite, D., Ren, X., Reinhardt, D. P., Frey, B. L.,
et al. (2017). Fibrillin-2 and Tenascin-C bridge the age gap in lung epithelial
regeneration. Biomaterials 140, 212–219. doi: 10.1016/j.biomaterials.2017.06.
027

Gilpin, S. E., and Wagner, D. E. (2018). Acellular human lung scaffolds to model
lung disease and tissue regeneration. Eur. Respir. Rev. 27:180021. doi: 10.1183/
16000617.0021-2018

Gray, K. M., and Stroka, K. M. (2017). Vascular endothelial cell mechanosensing:
new insights gained from biomimetic microfluidic models. Semin. Cell Dev.
Biol. 71, 106–117. doi: 10.1016/j.semcdb.2017.06.002

Grigoryan, B., Paulsen, S. J., Corbett, D. C., Sazer, D. W., Fortin, C. L., Zaita, A. J.,
et al. (2019). Multivascular networks and functional intravascular topologies
within biocompatible hydrogels. Science 464, 458–464. doi: 10.1126/science.
aav9750

Hall, J. E. (2016). Guyton and Hall Textbook of Medical Physiology, 13th Edn.
Philadelphia: W.B. Saunders.

Harris, L. J., Abdollahi, H., Zhang, P., McIlhenny, S., Tulenko, T. N., and
DiMuzio, P. J. (2011). Differentiation of adult stem cells into smooth muscle for
vascular tissue engineering. J. Surg. Res. 168, 306–314. doi: 10.1016/j.jss.2009.
08.001

Hashimoto, Y., Tsuchiya, T., Doi, R., Matsumoto, K., Higami, Y., Kobayashi, E.,
et al. (2019). ). Alteration of the extracellular matrix and alpha-gal antigens in
the rat lung scaffold reseeded using human vascular and adipogenic stromal
cells. J. Tissue Eng. Regen. Med.

Horsfield, K. (1978). Morphometry of the small pulmonary arteries in man. Circ.
Res. 42, 593–597. doi: 10.1161/01.RES.42.5.593

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 16 February 2020 | Volume 8 | Article 105

https://doi.org/10.2353/ajpath.2006.050431
https://doi.org/10.1016/j.mvr.2003.09.007
https://doi.org/10.1016/j.mvr.2003.09.007
https://doi.org/10.1016/j.pharmthera.2012.02.002
https://doi.org/10.1109/TBME.2014.2314261.Strategies
https://doi.org/10.1016/j.actbio.2016.09.043
https://doi.org/10.3389/fphys.2016.00319
https://doi.org/10.1038/nm0603-653
https://doi.org/10.1038/nature10144
https://doi.org/10.1038/nature10144
https://doi.org/10.1016/s0092-8674(00)81010-7
https://doi.org/10.1074/jbc.274.26.18393
https://doi.org/10.1089/ten.tea.2009.0730
https://doi.org/10.1089/ten.tea.2009.0730
https://doi.org/10.1164/ajrccm.163.4.2006116
https://doi.org/10.1016/j.biomaterials.2011.01.057
https://doi.org/10.1016/j.biomaterials.2011.01.057
https://doi.org/10.1016/j.healun.2008.09.003
https://doi.org/10.1016/j.jmbbm.2015.04.024
https://doi.org/10.1161/01.res.0000191547.64391.e3
https://doi.org/10.1038/nrm1357
https://doi.org/10.1016/j.actbio.2018.07.046
https://doi.org/10.1016/j.actbio.2018.07.046
https://doi.org/10.1038/s41598-017-09115-2
https://doi.org/10.1002/term.2408
https://doi.org/10.1016/j.pharmthera.2016.11.008
https://doi.org/10.1006/excr.1998.4172
https://doi.org/10.1006/excr.1998.4172
https://doi.org/10.1513/pats.200803-025hr
https://doi.org/10.1128/mcb.25.1.136-146.2005
https://doi.org/10.14814/phy2.12075
https://doi.org/10.1007/s00441-003-0745-x
https://doi.org/10.1002/term.2589
https://doi.org/10.1038/nature13312
https://doi.org/10.1038/nature13312
https://doi.org/10.1016/j.biomaterials.2006.02.014
https://doi.org/10.1016/j.biomaterials.2006.02.014
https://doi.org/10.1016/j.biomaterials.2016.08.055
https://doi.org/10.1016/j.biomaterials.2016.08.055
https://doi.org/10.1016/j.healun.2013.10.030
https://doi.org/10.1016/j.healun.2013.10.030
https://doi.org/10.1016/j.biomaterials.2017.06.027
https://doi.org/10.1016/j.biomaterials.2017.06.027
https://doi.org/10.1183/16000617.0021-2018
https://doi.org/10.1183/16000617.0021-2018
https://doi.org/10.1016/j.semcdb.2017.06.002
https://doi.org/10.1126/science.aav9750
https://doi.org/10.1126/science.aav9750
https://doi.org/10.1016/j.jss.2009.08.001
https://doi.org/10.1016/j.jss.2009.08.001
https://doi.org/10.1161/01.RES.42.5.593
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00105 February 20, 2020 Time: 20:13 # 17

Tsuchiya et al. Lung Microvascular Niche Engineering

Huh, D., Matthews, B. D., Mammoto, A., Montoya-Zavala, M., Hsin, H. Y., and
Ingber, D. E. (2010). Reconstituting organ-level lung functions on a chip.
Science 328, 1662–1668. doi: 10.1126/science.1188302

Jensen, T., Roszell, B., Zang, F., Girard, E., Matson, A., Thrall, R., et al.
(2012). A rapid lung de-cellularization protocol supports embryonic stem cell
differentiation in vitro and following implantation. Tissue Eng. Part C Methods
18, 632–646. doi: 10.1089/ten.tec.2011.0584

Jufri, N. F., Mohamedali, A., Avolio, A., and Baker, M. S. (2015). Mechanical
stretch?: physiological and pathological implications for human vascular
endothelial cells. Vasc. Cell 7:8. doi: 10.1186/s13221-015-0033-z

Kawasaki, T., Kirita, Y., Kami, D., Kitani, T., Ozaki, C., Itakura, Y., et al. (2015).
Novel detergent for whole organ tissue engineering. J. Biomed. Mater. Res. Part
A 103, 3364–3373. doi: 10.1002/jbm.a.35474

King, J., Hamil, T., Creighton, J., Wu, S., Bhat, P., McDonald, F., et al. (2004).
Structural and functional characteristics of lung macro- and microvascular
endothelial cell phenotypes. Microvasc. Res. 67, 139–151. doi: 10.1016/j.mvr.
2003.11.006

Komarova, Y., and Malik, A. B. (2013). Regulation of endothelial permeability
via paracellular and transcellular transport pathways. Annu. Rev. Physiol. 72,
463–493. doi: 10.1146/annurev-physiol-021909-135833

Kuehn, A., Kletting, S., de Souza Carvalho-Wodarz, C., Repnik, U., and Griffiths,
G. (2016). Human alveolar epithelial cells expressing tight junctions to model
the air-blood barrier. ALTEX 33, 251–260.

Langer, R., and Vacanti, J. (1993). Tissue engineering. Science 260,
920–926.

Lecht, S., Stabler, C. T., Rylander, A. L., Chiaverelli, R., Schulman, E. S.,
Marcinkiewicz, C., et al. (2014). Enhanced reseeding of decellularized rodent
lungs with mouse embryonic stem cells. Biomaterials 35, 3252–3262. doi: 10.
1016/j.biomaterials.2013.12.093

Lee, S. W., Jeong, H. K., Lee, J. Y., Yang, J., Lee, E. J., Kim, S. Y., et al. (2012).
Hypoxic priming of mESCs accelerates vascular-lineage differentiation through
HIF1-mediated inverse regulation of Oct4 and VEGF. EMBO Mol. Med. 4,
924–938. doi: 10.1002/emmm.201101107

Lindsey, S. E., Butcher, J. T., and Yalcin, H. C. (2014). Mechanical regulation
of cardiac development. Front. Physiol. 5:318. doi: 10.3389/fphys.2014.
00318

Liu, P., Gu, Y., Luo, J., Ye, P., Zheng, Y., Yu, W., et al. (2019). Inhibition of Src
activation reverses pulmonary vascular remodeling in experimental pulmonary
arterial hypertension via Akt/mTOR/HIF-1<alpha> signaling pathway. Exp.
Cell Res. 380, 36–46. doi: 10.1016/j.yexcr.2019.02.022

Luan, Z., Hu, B., Wu, L., Jin, S., Ma, X., Zhang, J., et al. (2018). Unfractionated
heparin alleviates human lung endothelial barrier dysfunction induced
by high mobility group box 1 through regulation of P38-GSK3β-snail
signaling pathway. Cell. Physiol. Biochem. 46, 1907–1918. doi: 10.1159/00048
9375

Maghsoudlou, P., Georgiades, F., Tyraskis, A., Totonelli, G., Loukogeorgakis, S. P.,
Orlando, G., et al. (2013). Preservation of micro-architecture and angiogenic
potential in a pulmonary acellular matrix obtained using intermittent intra-
tracheal flow of detergent enzymatic treatment. Biomaterials 34, 6638–6648.
doi: 10.1016/j.biomaterials.2013.05.015

Mahara, A., Somekawa, S., Kobayashi, N., Hirano, Y., Kimura, Y., Fujisato,
T., et al. (2015). Tissue-engineered acellular small diameter long-bypass
grafts withneointima-inducing activity. Biomaterials 58, 54–62. doi: 10.1016/j.
biomaterials.2015.04.031

Mahler, G. J., Frendl, C. M., Cao, Q., and Butcher, J. T. (2014). Effects of shear
stress pattern and magnitude on mesenchymal transformation and invasion of
aortic valve endothelial cells. Biotechnol. Bioeng. 111, 2326–2337. doi: 10.1002/
bit.25291

Marturano-Kruik, A., Nava, M. M., Yeager, K., Chramiec, A., Hao, L., Robinson, S.,
et al. (2018). Human bone perivascular niche-on-a-chip for studying metastatic
colonization. Proc. Natl. Acad. Sci. U.S.A. 115, 1256–1261. doi: 10.1073/pnas.
1714282115

McGowan, S. E. (1992). Extracellular matrix and the regulation of lung
development and repair. FASEB J. 6, 2895–2904. doi: 10.1096/fasebj.6.11.
1644255

McKleroy, W., Lee, T.-H., and Atabai, K. (2013). Always cleave up your mess:
targeting collagen degradation to treat tissue fibrosis. Am. J. Physiol. Cell. Mol.
Physiol. 304, L709–L721. doi: 10.1152/ajplung.00418.2012

Meduri, G. U., Bridges, L., Shih, M. C., Marik, P. E., Siemieniuk, R. A. C.,
and Kocak, M. (2016). Prolonged glucocorticoid treatment is associated
with improved ARDS outcomes: analysis of individual patients’ data
from four randomized trials and trial-level meta-analysis of the updated
literature. Intensive Care Med. 42, 829–840. doi: 10.1007/s00134-015-
4095-4

Merfeld-Clauss, S., Lupov, I. P., Lu, H., Feng, D., Compton-Craig, P., March, K. L.,
et al. (2014). Adipose stromal cells differentiate along a smooth muscle lineage
pathway upon endothelial cell contact via induction of activin A. Circ. Res. 115,
800–809. doi: 10.1161/CIRCRESAHA.115.304026

Mina, S. G., Huang, P., Murray, B. T., and Mahler, G. J. (2017). The role
of shear stress and altered tissue properties on endothelial to mesenchymal
transformation and tumor-endothelial cell interaction. Biomicrofluidics 11,
1–20. doi: 10.1063/1.4991738

Murga, M., Yao, L., and Tosato, G. (2004). Derivation of endothelial cells from
CD34- umbilical cord blood. Stem. Cells 22, 385–395. doi: 10.1634/stemcells.
22-3-385

Nagao, R. J., Ouyang, Y., Keller, R., Lee, C., Suggs, L. J., and Schmidt, C. E. (2013).
Preservation of capillary-beds in rat lung tissue using optimized chemical
decellularization. J. Mater. Chem. B. 1, 4801–4808. doi: 10.1039/C3TB20640H.
Preservation

Nakakuki, S. (1994). Broncheal tree, lobular division and blood vessel
og the pig lung. J. Vet. Med. Sci. 56, 685–689. doi: 10.1292/jvms.
56.685

Neff, L. P., Tillman, B. W., Yazdani, S. K., MacHingal, M. A., Yoo, J. J., Soker, S., et al.
(2011). Vascular smooth muscle enhances functionality of tissue-engineered
blood vessels in vivo. J. Vasc. Surg. 53, 426–434. doi: 10.1016/j.jvs.2010.
07.054

Neuhaus, W., Samwer, F., Kunzmann, S., Muellenbach, R. M., Wirth, M., Speer,
C. P., et al. (2012). Lung endothelial cells strengthen, but brain endothelial cells
weaken barrier properties of a human alveolar epithelium cell culture model.
Differentiation 84, 294–304. doi: 10.1016/j.diff.2012.08.006

Nichols, J. E., La Francesca, S., Niles, J. A., Vega, S. P., Argueta, L. B., Frank,
L., et al. (2018). Production and transplantation of bioengineered lung into a
large-animal model. Sci. Transl. Med. 10, eaao3926. doi: 10.1126/scitranslmed.
aao3926

Nichols, J. E., La Francesca, S., Vega, S. P., Niles, J. A., Argueta, L. B., Riddle,
M., et al. (2017). Giving new life to old lungs: methods to produce and assess
whole human paediatric bioengineered lungs. J. Tissue Eng. Regen. Med. 11,
2136–2152. doi: 10.1002/term.2113

Nigro, P., Abe, J., and Berk, B. C. (2010). Flow shear stress and atherosclerosis: a
matter of site specificity. Antioxid. Redox Signal. 15, 1405–1414. doi: 10.1089/
ars.2010.3679

Nolan, D. J., Ginsberg, M., Israely, E., Palikuqi, B., Poulos, M. G., James, D., et al.
(2013). Molecular signatures of tissue-specific microvascular endothelial cell
heterogeneity in organ maintenance and regeneration. Dev. Cell 26, 204–219.
doi: 10.1016/j.devcel.2013.06.017

Obata, T., Tsuchiya, T., Akita, S., Kawahara, T., Matsumoto, K., Miyazaki, T., et al.
(2019). Utilization of natural detergent potassium laurate for decellularization
in lung bioengineering. Tissue Eng. Part C Methods 25, 459–471. doi: 10.1089/
ten.TEC.2019.0016

Ochoa, C. D., Wu, S., and Stevens, T. (2010). New developments in lung
endothelial heterogeneity: von willebrand factor, p-selectin, and the weibel-
palade body. Semin Thromb Hemost. 36, 301–308. doi: 10.2217/FON.09.6.
Dendritic

O’Neill, J. D., Anfang, R., Anandappa, A., Costa, J., Javidfar, J., Wobma, H. M.,
et al. (2013). Decellularization of human and porcine lung tissues for pulmonary
tissue engineering. Ann. Thorac. Surg 96, 1046–1055. doi: 10.1016/j.athoracsur.
2013.04.022 discussion 1055-6.

Orr, A. W., Helmke, B. P., Blackman, B. R., and Schwartz, M. A. (2006).
Mechanisms of mechanotransduction. Dev. Cell 10, 11–20. doi: 10.1016/j.
devcel.2005.12.006

Ott, H. C., Clippinger, B., Conrad, C., Schuetz, C., Pomerantseva, I., Ikonomou, L.,
et al. (2010). Regeneration and orthotopic transplantation of a bioartificial lung.
Nat. Med. 16, 927–933. doi: 10.1038/nm.2193

Panoskaltsis-Mortari, A. (2015). Bioreactor development for lung tissue
engineering angela. Curr Transpl. Rep. 2, 90–97. doi: 10.1007/s40472-
014-0048-z.Bioreactor

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 17 February 2020 | Volume 8 | Article 105

https://doi.org/10.1126/science.1188302
https://doi.org/10.1089/ten.tec.2011.0584
https://doi.org/10.1186/s13221-015-0033-z
https://doi.org/10.1002/jbm.a.35474
https://doi.org/10.1016/j.mvr.2003.11.006
https://doi.org/10.1016/j.mvr.2003.11.006
https://doi.org/10.1146/annurev-physiol-021909-135833
https://doi.org/10.1016/j.biomaterials.2013.12.093
https://doi.org/10.1016/j.biomaterials.2013.12.093
https://doi.org/10.1002/emmm.201101107
https://doi.org/10.3389/fphys.2014.00318
https://doi.org/10.3389/fphys.2014.00318
https://doi.org/10.1016/j.yexcr.2019.02.022
https://doi.org/10.1159/000489375
https://doi.org/10.1159/000489375
https://doi.org/10.1016/j.biomaterials.2013.05.015
https://doi.org/10.1016/j.biomaterials.2015.04.031
https://doi.org/10.1016/j.biomaterials.2015.04.031
https://doi.org/10.1002/bit.25291
https://doi.org/10.1002/bit.25291
https://doi.org/10.1073/pnas.1714282115
https://doi.org/10.1073/pnas.1714282115
https://doi.org/10.1096/fasebj.6.11.1644255
https://doi.org/10.1096/fasebj.6.11.1644255
https://doi.org/10.1152/ajplung.00418.2012
https://doi.org/10.1007/s00134-015-4095-4
https://doi.org/10.1007/s00134-015-4095-4
https://doi.org/10.1161/CIRCRESAHA.115.304026
https://doi.org/10.1063/1.4991738
https://doi.org/10.1634/stemcells.22-3-385
https://doi.org/10.1634/stemcells.22-3-385
https://doi.org/10.1039/C3TB20640H.Preservation
https://doi.org/10.1039/C3TB20640H.Preservation
https://doi.org/10.1292/jvms.56.685
https://doi.org/10.1292/jvms.56.685
https://doi.org/10.1016/j.jvs.2010.07.054
https://doi.org/10.1016/j.jvs.2010.07.054
https://doi.org/10.1016/j.diff.2012.08.006
https://doi.org/10.1126/scitranslmed.aao3926
https://doi.org/10.1126/scitranslmed.aao3926
https://doi.org/10.1002/term.2113
https://doi.org/10.1089/ars.2010.3679
https://doi.org/10.1089/ars.2010.3679
https://doi.org/10.1016/j.devcel.2013.06.017
https://doi.org/10.1089/ten.TEC.2019.0016
https://doi.org/10.1089/ten.TEC.2019.0016
https://doi.org/10.2217/FON.09.6.Dendritic
https://doi.org/10.2217/FON.09.6.Dendritic
https://doi.org/10.1016/j.athoracsur.2013.04.022
https://doi.org/10.1016/j.athoracsur.2013.04.022
https://doi.org/10.1016/j.devcel.2005.12.006
https://doi.org/10.1016/j.devcel.2005.12.006
https://doi.org/10.1038/nm.2193
https://doi.org/10.1007/s40472-014-0048-z.Bioreactor
https://doi.org/10.1007/s40472-014-0048-z.Bioreactor
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00105 February 20, 2020 Time: 20:13 # 18

Tsuchiya et al. Lung Microvascular Niche Engineering

Parker, J. C., and Yoshikawa, S. (2015). Vascular segmental permeabilities at high
peak inflation pressure in isolated rat lungs. Am. J. Physiol. Cell. Mol. Physiol.
283, L1203–L1209. doi: 10.1152/ajplung.00488.2001

Pellegata, A. F., Tedeschi, A. M., Coppi, P., and De. (2018). Whole organ tissue
vascularization?: engineering the tree to develop the fruits. Front Bioeng
Biotechnol 6:56. doi: 10.3389/fbioe.2018.00056

Petersen, T. H., Calle, E. E. A., Zhao, L., Lee, E. E. J., Gui, L., and Raredon, M. B. M.
(2010). Tissue-engineered lungs for in vivo implantation. Science 329, 538–541.
doi: 10.1126/science.1189345

Pierce, J. A., and Hocott, J. B. (1960). Studies on the collagen and elastin
content of the human lung. J. Clin. Invest. 39, 8–14. doi: 10.1172/JCI10
4030

Price, A. P., England, K. A., Matson, A. M., Blazar, B. R., and Panoskaltsis-
Mortari, A. (2010). Development of a decellularized lung bioreactor system for
bioengineering the lung: the matrix reloaded. Tissue Eng. Part A 16, 2581–2591.
doi: 10.1089/ten.tea.2009.0659

Raj, J. U. (1987). Alveolar liquid pressure measured by micropuncture in isolated
lungs of mature and immature fetal rabbits. J. Clin. Invest. 79, 1579–1588.
doi: 10.1172/JCI112992

Rambøl, M. H., Hisdal, J., Sundhagen, J. O., Brinchmann, J. E., and Rosales, A.
(2018). Recellularization of decellularized venous grafts using peripheral blood:
a critical evaluation. EBioMedicine 32, 215–222. doi: 10.1016/j.ebiom.2018.05.
012

Reddel, C. J., Weiss, A. S., and Burgess, J. K. (2012). Elastin in asthma. Pulm.
Pharmacol. Ther. 25, 144–153. doi: 10.1016/j.pupt.2012.02.001

Ren, X., Moser, P. T., Gilpin, S. E., Okamoto, T., Wu, T., Tapias, L. F., et al. (2015a).
Engineering pulmonary vasculature in decellularized rat and human lungs. Nat.
Biotechnol. 33, 1097–1102. doi: 10.1038/nbt.3354

Ren, X., Tapias, L. F., Jank, B. J., Mathisen, D. J., Lanuti, M., and Ott, H. C.
(2015b). Exvivo non-invasive assessment of cell viability and proliferation in
bio-engineered whole organ constructs. Biomaterials 52, 103–112. doi: 10.1016/
j.biomaterials.2015.01.061

Rohringer, S., Hofbauer, P., Schneider, K. H., Husa, A. M., Feichtinger, G.,
Peterbauer-Scherb, A., et al. (2014). Mechanisms of vasculogenesis in 3D
fibrin matrices mediated by the interaction of adipose-derived stem cells
and endothelial cells. Angiogenesis 17, 921–933. doi: 10.1007/s10456-014-
9439-0

Roman, J. (1997). Fibronectin and fibronectin receptors in lung development. Exp
Lung Res. 23, 147–159. doi: 10.3109/01902149709074027

Russo, T. A., Stoll, D., Nader, H. B., and Dreyfuss, J. L. (2018). Mechanical stretch
implications for vascular endothelial cells: altered extracellular matrix synthesis
and remodeling in pathological conditions. Life Sci. 213, 214–225. doi: 10.1016/
j.lfs.2018.10.030

Sakariassen, K. S., Orning, L., and Turitto, V. T. (2015). The impact of blood shear
rate on arterial thrombus formation. Future Sci . 1, FSO30.

Scarritt, M. E., Bonvillain, R. W., Burkett, B. J., Wang, G., Glotser, E. Y., Zhang, Q.,
et al. (2013). Hypertensive rat lungs retain hallmarks of vascular disease upon
decellularization but support the growth of mesenchymal stem cells. Tissue Eng.
Part A 20, 1426–1443. doi: 10.1089/ten.tea.2013.0438

Scarritt, M. E., Pashos, N. C., Motherwell, J. M., Eagle, Z. R., Burkett, B. J., Gregory,
A. N., et al. (2018). Re-endothelialization of rat lung scaffolds through passive,
gravity-driven seeding of segment-specific pulmonary endothelial cells. J. Tissue
Eng. Regen. Med. 12, e786–e806. doi: 10.1002/term.2382

Sengyoku, H., Tsuchiya, T., Obata, T., Doi, R., Hashimoto, Y., Ishii, M.,
et al. (2018). Sodium hydroxide based non-detergent decellularizing solution
for rat lung. Organogenesis 6278, 1–13. doi: 10.1080/15476278.2018.146
2432

Simmons, C. S., Ribeiro, A. J. S., and Pruitt, B. L. (2013). Formation of
composite polyacrylamide and silicone substrates for independent control of
stiffness and strain. Lab Chip 21, 646–649. doi: 10.1016/j.pestbp.2011.02.012.
Investigations

Soberon, J., and Nakamura, M. (2009). Niches and distributional areas: concepts,
methods, and assumptions. Proc. Natl. Acad. Sci. U.S.A. 106, 19644–19650.
doi: 10.1073/pnas.0901637106

Song, J. J., and Ott, H. C. (2011). Organ engineering based on decellularized
matrix scaffolds. Trends Mol. Med. 17, 424–432. doi: 10.1016/j.molmed.2011.
03.005

Srinivasan, B., Kolli, A. R., Esch, M. B., Abaci, H. E., Shuler, M. L., and Hickman,
J. J. (2015). TEER measurement techniques for in vitro barrier model systems.
J. Lab. Autom. 20, 107–126. doi: 10.1177/2211068214561025

Stabler, C. T., Lecht, S., Mondrinos, M. J., Goulart, E., Lazarovici, P., and Lelkes,
P. I. (2015). Revascularization of decellularized lung scaffolds: principles and
progress. Am. J. Physiol. Lung Cell. Mol. Physiol. 309, L1273–L1285. doi: 10.
1152/ajplung.00237.2015

Stevens, T. (2011). Functional and molecular heterogeneity of pulmonary
endothelial cells. Proc. Am. Thorac. Soc. 8, 453–457. doi: 10.1513/pats.201101-
004mw

Stone, K. C., Mercer, R. R., Freeman, B. A., Chang, L.-Y., James, D., and Crapo.
(1992). Distribution of lung cell numbers and volumes between alveolar and
nonalveolar tissue. Am. Rev. Respir. Dis. 146, 454–456. doi: 10.1164/ajrccm/146.
2.454

Stucki, A. O., Stucki, J. D., Hall, S. R. R., Felder, M., Mermoud, Y., Schmid, R. A.,
et al. (2015). A lung-on-a-chip array with an integrated bio-inspired respiration
mechanism. Lab Chip 15, 1302–1310. doi: 10.1039/c4lc01252f

Thottappillil, N., and Nair, P. D. (2015). Vascular Health and Risk Management
Dovepress Scaffolds in vascular regeneration: current status. Vasc. Health Risk
Manag. 11, 79–91. doi: 10.2147/VHRM.S50536

Townsley, M. I. (2012). Structure and composition of pulmonary arteries,
capillaries and veins. Compr Physiol 2, 675–709. doi: 10.1002/cphy.c100081.
Structure

Tozzi, C. A., Poiani, G. J., Harangozo, A. M., Boyd, C. D., and Riley, D. J. (1989).
Pressure-induced connective tissue synthesis in pulmonary artery segments is
dependent on intact endothelium. J. Clin. Invest. 84, 1005–1012. doi: 10.1172/
JCI114221

Tsuchiya, T., Balestrini, J. L., Mendez, J., Calle, E. A., Zhao, L., Niklason, L. E.,
et al. (2014a). Influence of pH on extracellular matrix preservation during lung
decellularization. Tissue Eng. Part C Methods. 20, 1028–1036. doi: 10.1089/ten.
tec.2013.0492

Tsuchiya, T., Mendez, J., Calle, E. A., Hatachi, G., Doi, R., Zhao, L., et al. (2016).
Ventilation-based decellularization system of the lung. Biores. Open Access 5,
118–126. doi: 10.1089/biores.2016.0012

Tsuchiya, T., Sivarapatna, A., Rocco, K., Nanashima, A., Nagayasu, T., and
Niklason, L. E. (2014b). Future prospects for tissue engineered lung
transplantation: decellularization and recellularization-based whole lung
regeneration. Organogenesis 10, 37–41. doi: 10.4161/org.27846

Vandenberg, P., Ries, A., Luckenbill-edds, L., Mann, K., and Künn, K. (2000).
Characterization of a type IV collagen major cell binding site with affinity to
the α1/β1 and the α2/β1 integrins. J. Cell Biol. 113, 1475–1483. doi: 10.1083/jcb.
113.6.1475

Von Tell, D., Armulik, A., and Betsholtz, C. (2006). Pericytes and vascular stability.
Exp. Cell Res. 312, 623–629. doi: 10.1016/j.yexcr.2005.10.019

Wagner, D. E., Bonenfant, N. R., Sokocevic, D., DeSarno, M. J., Borg, Z. D., Parsons,
C. S., et al. (2014). Three-dimensional scaffolds of acellular human and porcine
lungs for high throughput studies of lung disease and regeneration. Biomaterials
35, 2664–2679. doi: 10.1016/j.biomaterials.2013.11.078

Wallis, J. M., Borg, Z. D., Daly, A. B., Deng, B., Ballif, B. A., Allen, G. B.,
et al. (2012). Comparative assessment of detergent-based protocols for mouse
lung de-cellularization and re-cellularization. Tissue Eng. Part C Methods 18,
420–432. doi: 10.1089/ten.tec.2011.0567

Wang, Z., Wang, Z., Yu, Q., Xi, H., Weng, J., Du, X., et al. (2016). Comparative
study of two perfusion routes with different flow in decellularization to harvest
an optimal pulmonary scaffold for recellularization. J. Biomed. Mater. Res. - Part
A 104, 2567–2575. doi: 10.1002/jbm.a.35794

West, J. B. (2013). Fragility of pulmonary capillaries. J. Appl. Physiol. 115, 1–15.
doi: 10.1152/japplphysiol.00229.2013

West, J. B., and Mathieu-Costello, O. (2002). Structure. Strength, failure, and
remodeling of the pulmonary blood-gas barrier. Annu. Rev. Physiol. 61, 543–
572. doi: 10.1146/annurev.physiol.61.1.543

Wight, T. N., Kinsella, M. G., and Qwarnström, E. E. (1992). The role of
proteoglycans in cell adhesion, migration and proliferation. Curr. Opin. Cell
Biol. 4, 793–801. doi: 10.1016/0955-0674(92)90102-I

Yen, R. T., and Sobin, S. S. (2017). Elasticity of arterioles and venules in
postmortem human lungs. J. Appl. Physiol. 64, 611–619. doi: 10.1152/jappl.
1988.64.2.611

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 18 February 2020 | Volume 8 | Article 105

https://doi.org/10.1152/ajplung.00488.2001
https://doi.org/10.3389/fbioe.2018.00056
https://doi.org/10.1126/science.1189345
https://doi.org/10.1172/JCI104030
https://doi.org/10.1172/JCI104030
https://doi.org/10.1089/ten.tea.2009.0659
https://doi.org/10.1172/JCI112992
https://doi.org/10.1016/j.ebiom.2018.05.012
https://doi.org/10.1016/j.ebiom.2018.05.012
https://doi.org/10.1016/j.pupt.2012.02.001
https://doi.org/10.1038/nbt.3354
https://doi.org/10.1016/j.biomaterials.2015.01.061
https://doi.org/10.1016/j.biomaterials.2015.01.061
https://doi.org/10.1007/s10456-014-9439-0
https://doi.org/10.1007/s10456-014-9439-0
https://doi.org/10.3109/01902149709074027
https://doi.org/10.1016/j.lfs.2018.10.030
https://doi.org/10.1016/j.lfs.2018.10.030
https://doi.org/10.1089/ten.tea.2013.0438
https://doi.org/10.1002/term.2382
https://doi.org/10.1080/15476278.2018.1462432
https://doi.org/10.1080/15476278.2018.1462432
https://doi.org/10.1016/j.pestbp.2011.02.012.Investigations
https://doi.org/10.1016/j.pestbp.2011.02.012.Investigations
https://doi.org/10.1073/pnas.0901637106
https://doi.org/10.1016/j.molmed.2011.03.005
https://doi.org/10.1016/j.molmed.2011.03.005
https://doi.org/10.1177/2211068214561025
https://doi.org/10.1152/ajplung.00237.2015
https://doi.org/10.1152/ajplung.00237.2015
https://doi.org/10.1513/pats.201101-004mw
https://doi.org/10.1513/pats.201101-004mw
https://doi.org/10.1164/ajrccm/146.2.454
https://doi.org/10.1164/ajrccm/146.2.454
https://doi.org/10.1039/c4lc01252f
https://doi.org/10.2147/VHRM.S50536
https://doi.org/10.1002/cphy.c100081.Structure
https://doi.org/10.1002/cphy.c100081.Structure
https://doi.org/10.1172/JCI114221
https://doi.org/10.1172/JCI114221
https://doi.org/10.1089/ten.tec.2013.0492
https://doi.org/10.1089/ten.tec.2013.0492
https://doi.org/10.1089/biores.2016.0012
https://doi.org/10.4161/org.27846
https://doi.org/10.1083/jcb.113.6.1475
https://doi.org/10.1083/jcb.113.6.1475
https://doi.org/10.1016/j.yexcr.2005.10.019
https://doi.org/10.1016/j.biomaterials.2013.11.078
https://doi.org/10.1089/ten.tec.2011.0567
https://doi.org/10.1002/jbm.a.35794
https://doi.org/10.1152/japplphysiol.00229.2013
https://doi.org/10.1146/annurev.physiol.61.1.543
https://doi.org/10.1016/0955-0674(92)90102-I
https://doi.org/10.1152/jappl.1988.64.2.611
https://doi.org/10.1152/jappl.1988.64.2.611
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00105 February 20, 2020 Time: 20:13 # 19

Tsuchiya et al. Lung Microvascular Niche Engineering

Yuan, Y., Engler, A. J., Raredon, M. S., Le, A., Baevova, P., Yoder, M. C., et al.
(2019). Epac agonist improves barrier function in iPSC-derived endothelial
colony forming cells for whole organ tissue engineering. Biomaterials 200,
25–34. doi: 10.1016/j.biomaterials.2019.02.005

Zheng, W., Jiang, B., Wang, D., Zhang, W., Wang, Z., and Jiang, X. (2012). A
microfluidic flow-stretch chip for investigating blood vessel biomechanics. Lab
Chip 12, 3441–3450. doi: 10.1039/c2lc40173h

Zhou, H., Kitano, K., Ren, ÃX., Taufiek, Ã, Rajab, K., Wu, ÃM., et al. (2018).
Bioengineering human lung grafts on porcine matrix. Ann. Surg. 267, 590–598.
doi: 10.1097/SLA.0000000000002129

Zhou, Y., Horowitz, J. C., Naba, A., Ambalavanan, N., Ding, B., Engler, A. J.,
et al. (2018). Extracellular matrix in lung development, homeostasis and disease.
Matrix Biol. 73, 77–104. doi: 10.1016/j.matbio.2018.03.005

Zhou, J., Li, Y. S., and Chien, S. (2014). Shear stress-initiated signaling and
its regulation of endothelial function. Arterioscler. Thromb. Vasc. Biol. 34,
2191–2198. doi: 10.1161/ATVBAHA.114.303422

Zhou, P., Huang, Y., Guo, Y., Wang, L., Ling, C., Guo, Q., et al. (2016).
Decellularization and recellularization of rat livers with hepatocytes and
endothelial progenitor cells. Artif. Organs 40, E25–E38. doi: 10.1111/aor.
12645

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Tsuchiya, Doi, Obata, Hatachi and Nagayasu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 19 February 2020 | Volume 8 | Article 105

https://doi.org/10.1016/j.biomaterials.2019.02.005
https://doi.org/10.1039/c2lc40173h
https://doi.org/10.1097/SLA.0000000000002129
https://doi.org/10.1016/j.matbio.2018.03.005
https://doi.org/10.1161/ATVBAHA.114.303422
https://doi.org/10.1111/aor.12645
https://doi.org/10.1111/aor.12645
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Lung Microvascular Niche, Repair, and Engineering
	Introduction
	Advancements in Lung Microvascular Niche Reconstruction
	Understanding Lung Microvascular Niche Damage and the Repair Process in Lung Disease
	Establishment of an in vitro Model to Study the Alveolar Wall Barrier Function and Lung Vascular Niche
	Lung Microvascular Niche Reconstruction in Bioengineered Lung

	The Contributions of Endothelial Cells and Perivascular Supporting Cells for Lung Microvascular Niche Reconstruction
	Endothelialization of Decellularized Microvascular Bed
	Perivascular Supporting Cells of Pericytes and Vascular SMCs

	Ecm Composition and Reconstruction
	ECM Composition of the Lung Vasculature
	Change of Decellularization Protocol Including Detergents
	Change of Decellularization Procedure
	Matrix Reconstruction

	Reconstruction of the Air–Blood Barrier (Abb) Function
	The Lung Endothelial Barrier
	The Alveolar Epithelial Barrier
	Alveolar Surfactant Protein

	The Effects of Physiological Factors During the Lung Microvascular Repair and Engineering Process
	Shear Stress and Cyclic Stretch on the Lung Vasculature
	Application of Mechanical Stress for Lung Microvascular Engineering
	Oxygen Tension for Lung Cell Differentiation and Lung Microvascular Engineering

	Evaluating Passage Functionality of Engineered Microvasculature
	Future Strategies for Lung Microvasculature Reconstruction: Outstanding Questions and Prospects
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


