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ABSTRACT

Pulmonary disease is a worldwide public health problem that reduces the quality of life and increases the need for hospital admissions as well
as the risk for premature death for those affected. For many patients, lung transplantation is the only chance for survival. Unfortunately, there
is a significant shortage of lungs for transplantation and since the lung is the most likely organ to be damaged during procurement many lungs
deemed unacceptable for transplantation are simply discarded. Rather than discarding these lungs they can be used to produce three-
dimensional acellular (AC) natural lung scaffolds for the generation of engineered lung tissue. AC scaffolds are lungs whose original cells have
been destroyed by exposure to detergents and physical methods of removing cells and cell debris. This creates a lung scaffold from the
skeleton of the lungs themselves. The scaffolds are then used to support adult, stem or progenitor cells which can be grown into functional
lung tissue. Recent studies show that engineered lung tissues are capable of surviving after in vivo transplantation and support limited
gas exchange. In the future engineered lung tissue has the potential to be used in clinical applications to replace lung functions lost
following injury or disease. This manuscript discusses recent advances in development and use of AC scaffolds to support engineering of lung
tissues. J. Cell. Biochem. 113: 2185-2192, 2012. © 2012 Wiley Periodicals, Inc.
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LUNG

F or end-stage lung disease the only therapeutic option is often
lung transplantation [Studer et al.,, 2004; McCurry et al.,
2009]. In the United States, although the time spent on lung
transplantation wait lists has declined the waiting time to
transplantation for most patients is still long [McCurry et al.,
2009]. At this time there continues to be a significant shortage of
donated lungs and because of this many patients die before
receiving a transplant. Although the standards set for determining
the fitness of lungs for transplantation are appropriate they often
result in the rejection of the majority of procured organs [US Organ
and Transplantation Network, 2009; Medeiros et al., 2012; Zych et
al., 2012]. This is because the lung is the most likely organ to be
compromised during the process of organ donation and retrieval.
The retrieval process often results in poor lung function which can
be a cause of donor organ rejection. This has led to an innovative
solution to offset the shortage of donor lungs. Development of lung
perfusion techniques which recondition donor lungs not initially
meeting standards for transplantation can increase the pool of
acceptable organs [US Organ and Transplantation Network, 2009;
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Medeiros et al., 2012; Zych et al., 2012]. Work continues in this area
to optimize organ retrieval procedures and to develop better
methods for maintenance of donor lungs after procurement, thereby
enhancing their viability. Although better procedures will increase
the pool of lungs we will still experience a shortage of available
organs for transplantation. For those lungs that do not meet the US
organ procurement standards there is still one remaining option.
Rather than discarding damaged lungs they can be used to produce
acellular (AC) natural lung scaffolds for generation of engineered
lungs or tissue. Although not a viable treatment option at this time it
is possible that in the future tissue engineering may present an
innovative solution to the organ shortage problem. The driving force
behind the development of the field of tissue engineering in general
has been the lack of appropriate tissues or organs to meet current
transplantation needs. Tissue engineering for regenerative medicine
purposes is the reconstruction of tissue equivalents to replace
physiologic functions of tissues lost due to disease or injury. Some
progress has been made in the engineering of organs such as urinary
bladder [Atala, 2011] and trachea [Macchiarini et al., 2008; Bader
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and Macchiarini, 2010] for clinical applications. Engineering of
complex organs has not yet been realized and progress towards
engineering tissue such as liver, pancreas, kidney, heart, or small
intestine have been reviewed elsewhere [Bernstein, 2011]. There has
been significant work in the development of AC scaffolds for use in
tissue engineering of organs other than the lung [Gilbert et al., 2006;
Badylak et al., 2009, 2011]. Recently, some progress has been made
in both development of AC scaffolds [Cortiella et al., 2010; Ott et al.,
2010; Petersen et al., 2010; Price et al., 2010] and engineering of
lung tissue for evaluation in animal models [Ott et al., 2010; Petersen
et al.,, 2012; Song et al., 2011].

Of critical importance in the selection of any scaffold for
development of lung tissue are the strength and elasticity of the
scaffold as well as the adsorption kinetics or capacity for cellular
remodeling [Nichols and Cortiella, 2008]. The scaffold should allow
the normal physiologic functions of the lung in terms of gas
exchange to continue unimpeded. Lung scaffold design should also
consider the geometry of the lung and the capability of the scaffold
material to support both cell movement throughout the scaffold and
movement of nutrients into the tissues while allowing waste
removal from tissues. Until the recent development of AC lung we
have not had a scaffold that met these requirements. The main
requirement for any scaffold used in regenerative medicine practices
is biocompatibility of the material and this is especially true with
regards to the lung. Use of materials that do not possess degradation
profiles similar to that of normal lung ECM or that produce
immunogenic intermediates can induce inflammation and result in
development of fibrosis.

Both natural and synthetic polymers have been used in the past to
support engineering of small pieces of lung tissue. Use of materials
other than AC lung scaffold, to engineer lung tissue has been
reviewed previously by the authors and will not be discussed at
length [Nichols and Cortiella, 2008; Nichols et al., 2011]. In brief,
degradable synthetic matrices that have been used to engineer lung

Fig. 1.

tissue include polyglycolic acid (PGA) [Cortiella et al., 2006] and
PGA combined with pluronic F-poly-lactic-co-glycolic acid (PLGA)
or poly-l-lactic-acid (PLLA) [Mondrinos et al., 2006]. Natural
materials include development of scaffolding formed from collagen
[Chen et al., 2005], and Gelfoam [Andrade et al., 2007]. While each
of these materials was shown to be adequate for the development of
small amounts of lung tissue none met the specific needs of the lung
in terms of capacity for biodegradability, elasticity, strength, shape
and pore size, and subsequent tissue development was not notable.
For development of lung tissue, the scaffolding must remain long
enough to provide the framework necessary to support cell
attachment, cell growth and tissue development without impeding
the elasticity or altering the elastic recoil of the engineered tissue or
adjacent normal lung tissue. A biomaterial not as elastic as normal
lung tissue may cause a restrictive condition similar to the disease
process caused by scar tissue formation seen in idiopathic
pulmonary fibrosis (IPF) or sarcoidosis patients [Nichols et al.,
2011]. Implantation of a mixture of autologous ovine somatic lung
progenitor cells (SLPCs) on a PGA/pluoronic F-127 (PGA/PF-127)
scaffold into a large animal model (sheep; Fig. 1A) produced a fleshy
tissue piece (Fig. 1B). The tissue fragment was well vascularized but
showed little lung epithelial cell development and no obvious
development of lung morphology due, the authors felt, to the
inadequacy of the matrix used (Fig. 1C) [Cortiella et al., 2006].
Although the sheet of PGA/PF-127 did not support good lung tissue
development, use of a small piece of PGA/PF-127 seeded with SLPCs
and placed into a wedge resection site supported limited
development of lung tissue at the site [Cortiella et al., 2006].
Similar results were shown with fetal lung cell (FLC)/Gelfoam
constructs implanted into the lung parenchyma where there was
some development of alveolar-like structures but little evidence of
development of alveolar caplillary junctions or even areas of close
connection between the epithelial cells and the endothelial cells
comprising the blood vessels formed in the scaffold [Andrade et al.,
2007]. The inadequacy of most commercial, natural, and synthetic
scaffold materials to meet the specific and exacting needs of lung
caused a number of investigators to consider using AC natural lung
as a scaffold for the development of engineered lung.

Vascularization

Results of PGA/cell construct implantation. A: Surgery showing placement of the PGA/PF-127 SLPC seeded construct into the thoracic cavity at the pneumonectomy

site. The tissue construct was attached to the right main stem bronchus. B: Flesh tissue growth harvested after 3 months. C: Sections of the tissue in (B) stained with hematoxylin
and eosin showing vascularization of the tissue and presence of fibroblasts. 400x Magnification [adapted from Cortiella et al., 2006]. [Color figure can be seen in the online

version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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AC natural scaffolds are composed of the extracellular matrix (ECM)
secreted by the resident cells of the tissue or organ from which they
are produced. As a result, these organ-specific scaffolds already
possess the correct anatomical, chemical, and morphological
structure of the natural tissue and have been shown to facilitate
the constructive remodeling of many different organs in both
preclinical animal studies and human clinical applications [Badylak
et al., 2009]. The composition and structure of AC scaffolds and
organ ECM depends on the origin of the tissue and the physiologic
functions provided by the tissue [Dunsmore, 2008]. Separate from its
biological requirements, the biophysical cues originating from ECM
microstructure and mechanical properties have been shown to be a
major influence on the growth and differentiation of cells and
regulation of cell behavior [Pizzo et al., 2005]. It has been suggested
that organ-specific ECM structure and mechanics may actually
guide tissue patterning [Ingber, 2003; Engler et al., 2007]. ECM can
also provide influences that are polar opposites of these positive
biophysical cues in support of tissue development. It is important
to remember that ECM remodeling, particularly of collagen and
elastic fibers, may in fact interfere with respiratory mechanics [Suki
et al., 2005; Ancides et al., 2011; Phillips et al., 2011].

We know that the fundamental physical properties of the lung and
its functions are influenced by the composition of the ECM and that
ECM proteins play an important role in influencing lung strength,
flexibility, and elasticity. The structure of the lung is largely
determined by the connective tissue network of the ECM and the
organization of the nonlinear mechanical properties which lead to
the complex mechanical behavior of the lung [Suki et al., 2005]. The
interstitium of the lung parenchyma is composed primarily of
collagen I, IIl and elastin and the primary function of these
components is to form the mechanical scaffold that maintains the
structure of the lung during the process of ventilation. Processes that
remove cells from the lung may alter the ECM composition and
affect the physical characteristics of the scaffold material.
Development of ideal procedures for production of decellularized
lung must allow for retention of key ECM components which
support lung functions while facilitating removal of cell debris and
nucleic acids. Effective decellularization procedures are dictated by
factors such as tissue density, tissue organization, or organ structure
[Crapo et al., 2011]. This is of particular importance for the lung
since tissue density and structure vary considerably among main
stem bronchi, bronchioles, and distal lung. A variety of methods
exist which have been used to produce AC scaffolds from many
tissues or organs [Gilbert et al., 2006; Badylak et al., 2011; Crapo et
al., 2011], but none of these processes are lung specific and do not
take into account the complexity of lung structure. Techniques used
for tissue and whole organ decellularization have been reviewed,
including descriptions of solvents, detergents, physical agents, and
enzymes [Crapo et al., 2011]. Currently, there are only a few

TABLE 1. Comparison of Current Protocols for Lung Decellularization, ECM Components Evaluated, Cell Source Used for Recellularization and Cell Responses
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GAGs, glycosamineoglycans; mESC, murine embryonic stem cells; AEC, alveolar epithelial cells; FLC, fetal lung cells; MSC, mesenchymal stem cells; proSPC, pro-surfactant protein C; pSPB; prosurfactant protein B;

CCSP, Clara cell secretory protein; TTF-1, thyroid transcription factor-1; AEC, alveolar epithelial cells.
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protocols specific for decellularization of the lung and these are
presented in Table I. These protocols differ in the detergent used, the
physical conditions for decellularization, and the length of time of
the process and subsequently in the ECM composition of the AC
scaffold produced. Detergents used for the decellularization of lung
include Triton X-100, Sodium dodecyl sulfate and 3-[(3-cholami-
dopropyl)dimethylammonio]-1-propanesulfonate (CHAPS; Table I).
Triton X-100 (C,,H,,0(C,H,0),) is a nonionic surfactant which has a
hydrophilic polyethylene oxide group and a hydrocarbon lipophilic
or hydrophobic group. Sodium dodecyl sulfate (SDS), is an organic
compound with the formula CH;(CH,),,;0S05Na). It is an anionic
surfactant used in many cleaning and hygiene products. Sodium
deoxycholate (deoxycholic acid) is a water soluble, bile acid, ionic
detergent generally used in methods for protein isolation or as a
component of many cell lysis buffers (e.g., RIPA buffer). CHAPS is a
zwitterionic detergent used in the laboratory to solubilize biological
macromolecules such as proteins or as a non-denaturing solvent in
some procedures for protein purification. Comparisons of matrix
composition after decelluarization of rat or mouse lungs has
indicated that variations in the ECM composition may occur
depending on the detergent used (Table I). All of the detergents listed
in Table I removed the cellular components of the lungs completely.
The basement membrane is composed of collagen type IV, Laminin,
and proteoglycans. It is important to remember that collagen IV,
laminin, and proteoglycans are part of the basement membrane
which epithelial cell integrins attach to. The interstitial matrix is
composed of fibrilar collagens types I, II, and VII as well as
elastin, proteoglycans, and hyaluron. Use of Chaps or Triton
X-100 combined with sodium deoxycholate in the decellularization
process allowed for retention of varying amounts of basement
membrane components such as collagen IV, laminin, and
proteoglycans, as well as components of the interstitial matrix
collagen 1 and elastin. SDS use resulted in removal of most
basement membrane components but left interstitial matrix
components collagen I and elastin. Infusion of tissues with

detergent, using perfusion systems (Table I) or bioreactor methods
(Fig. 2A) produced AC whole trachea with attached lung scaffolds
(Fig. 2B; Table I). Processing times varied greatly for these
methods based on the choice of detergent used.

Regardless of the method used in Table I to produce AC scaffolds,
the cell source, or the composition of the remaining ECM, selected
cells were capable of attaching to the lung scaffolds and depending
on the cell source used, differentiated and exhibited some expression
of lung-specific protein markers. Although ECM is influenced by the
decellularization process growth of cells on the AC scaffold
immediately results in modifications to the composition of the
ECM. Although the SDS decellularization method used by Cortiella
et al. [2010] did not allow for retention of components of the
basement membrane, murine embryonic stem cells (mESCs) had no
problem attaching to the AC scaffold, differentiating or developing
into rudimentary tissues [Cortiella et al., 2010]. From the moment of
cell attachment to the scaffold, the mESCs immediately initiated
remodeling of the ECM resulting in production of basement
membrane components lost during the process of decellularization
including collagen IV and laminin.

One of the first descriptions using a preparation of human AC lung to
support cell adherence describes using a strip of AC alveolar matrix
seeded with rat type II alveolar epithelial cells (AEC) to examine the
influence of ECM on cell attachment and morphology. The AC
scaffold described contained Collagen I, II, IV, and V as well as
laminin and fibronectin [Lwebuga-Mukasa et al., 1986]. Rat type II
AEC seeded on the human AC lung scaffold took on some of the
morphological characteristics of type I AECs such as loss of lamellar
bodies and cytoplasmic flattening. Similar results were described
when rat type II AECs were cultured on strips of AC human amniotic
membrane [Lwebuga-Mukasa et al., 1984]. From 1986 until 2010

Fig. 2.

Example of bioreactor system for decellularization. A: Picture of the bioreactor system used to produce acellular lung scaffold. Fresh 1% SDS was continually pumped

through the chamber. B: Acellular whole rat trachea and lung scaffold after full decellularizarion [Photographs by Kenneth D. Frohne]. [Color figure can be seen in the online

version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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there was no progress in the development of AC lung scaffolds for
the engineering of lung tissue. This changed in 2010 when four
research groups published their findings related to the development
of engineered lung using whole trachea-lung mouse or rat AC
scaffolds [Cortiella et al., 2010; Ott et al., 2010; Petersen et al., 2010;
Price et al., 2010]. In these studies, whole AC trachea-lung scaffolds
were implanted with mouse [Price et al., 2010] or rat FLCs [Ott et al.,
2010; Petersen et al., 2010] or with mESCs [Cortiella et al., 2010]
(Table I). All groups reported good cell attachment, survival of cells
and limited differentiation of cells into lung-specific cell pheno-
types. All groups also reported that the recelluarization was not
complete and that there were areas of the the lung scaffolds that did
not contain cells. Recently, whole rat AC lung scaffold has also been
shown to support attachment of murine bone marrow-derived
mesenchymal stromal cells (MSCs) or C10 mouse lung epithelial
cells following intratracheal inoculation [Daly et al., 2012b].
Although the MSCs were cultured in small airways growth media
(SAGM) the MSCs predominately expressed genes consistent with a
mesenchymal or osteoblast phenotype and no airway genes or
vascular genes were expressed.

Use of whole AC trachea-lungs to engineer tissue makes the process
of transplantation into animal models easier since the lungs: (i) have
the same dimensions as natural lung so they fit properly into the
thoracic cavity, (ii) support the functions of the lung in a way similar
to normal lung, and (iii) possess the appropriate anatomical
structures (trachea or bronchus) that allow it to be sutured in place in
order to facilitate orthotopic transplantation. Engineered lung
produced on AC scaffolds has been transplanted into animal models
although graft recipient survival was limited in these early studies
[Petersen et al., 2010; Ott et al., 2010; Song et al., 2011]. For the first
of these studies, orthotopic implantation of an engineered left
lung, derived from FLCs cultured on whole AC rat lung matrix for up
to 8 days was done orthotopically following a left thoracotomy and
a left-sided pneumonectomy [Petersen et al., 2010] (Fig. 3A-C).
When implanted into rats for short time intervals, 45-120 min, the

"Engineered”
Iung\l

Heart

Native lung

engineered lungs were shown to participate in gas exchange
although there was some bleeding into the airways (Fig. 3C). A
second group also engineered lung using rat FLCs cultured on AC rat
scaffold for 5 days. The engineered lung was also transplanted
orthotopically following a left-sided pneumonectomy [Ott et al.,
2010]. After transplantation into the rat the constructs were perfused
by the recipient’s circulation and the engineered lung provided gas
exchange in vivo for up to 6 h following extubation. In these initial
experiments, graft function in vivo was limited to a few hours due to
development of pulmonary edema in the engineered lung. Later
studies by the same group used engineered lungs derived from AC
rat scaffolds seeded with human umbilical vein endothelial cells
(HUVECS) and rat FLCs cultured for 7-10 days [Song et al., 2011].
For these experiments, engineered lungs were transplanted into
recipient athymic rats following a pneumonectomy. Athymic rats
receiving a pneumonectomy with no transplant, or rats receiving
transplantation of cadaveric lungs from Sprague-Dawley rats were
used as controls. Cadaveric lungs were shown to have slightly higher
compliance levels than engineered lungs on postoperative day 7.
Oxygenation levels for both engineered and cadaveric recipients
was seen to be higher than for pneumonectomized animals up to day
7 but gradually declined in rats receiving an engineered lung
between 7 and 14 days. Compliance and gas exchange of the
engineered lung in this study gradually declined after 7 days due to
progressive graft consolidation and inflammation. Engineered
lung grafts but not cadaveric grafts also induced the formation
of a thick fibrous scar surrounding the graft, causing restriction of
graft expansion. This scarring was potentially due to a residual
natural killer (NK) cell response in the athymic recipient [Song et al.,
2011].

We are just beginning to understand the influence of lung ECM on
the differentiation of stem or progenitor cells and of subsequent
tissue formation. Studies to examine this role have been limited
although the field of tensegrity-based mechano-sensing has long
suggested that (i) regional variation of ECM remodeling that occurs

Fig. 3. Implantation of engineered lungs into rats. A: Tissue engineered rat left lung was implanted into Fisher 344 rat recipient and photographed ~30 min later. B: X-ray
image of rat showing the implanted engineered left lung (white arrow) and the right native lung. C: H&E stain of explanted lung. Red blood cells perfusing the septa are evident,
and some red cells are present in the airspaces. Scale bar 50 um [Reproduced with permission of the author and the publisher, Petersen et al., 2010]. [Color figure can be seen in

the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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during embryogenesis leads to local differentials in ECM structure
and mechanics, (ii) changes in matrix compliance (e.g., increased
stiffness when the thinned basement membrane is stretched) alters
mechanical force balance across membrane receptors that mediate
cell-ECM adhesion, and (iii) altering the level of forces that are
transmitted to the internal cytoskeleton will produce cell distortion
and change intracellular biochemistry, thereby switching cells
between growth, differentiation, and apoptosis [Ingber, 2008].
In the lung, the regional variability that occurs in ECM in both
composition and stiffness as one progresses from the trachea to the
bronchi and bronchioles and then to distal lung is extensive.
Changes in ECM structure and composition should influence cell
adhesion and provide critical cues that orchestrate tissue formation
and cell function. One of the first reports regarding the influence of
ECM on ESC differentiation into lung epithelial and endothelial
lineages examined the efficiency of differentiation after allowing
mESCs to attach to individual components of ECM. In these studies
ECM proteins collagen I, laminin and fibronectin, were shown to
induce production of type II AEC from mESC cultured in 2D or 3D
[Lin et al., 2010]. Efficiency of differentiation of mESCs into lung
lineage phenotypes was measured by expression of SPC-eGFP in
cells using microscopy and PCR. Production of surfactant proteins C
and A and aquaporin-5 were enhanced by the presence of laminin.
Similar results were found when culturing mESCs on whole AC rat
lung scaffold [Cortiella et al., 2010]. Efficiency of differentiation was
measured here by evaluation of CD31, cytokeratin-18, and pro-
surfactant protein C expression was shown to be increased by mESCs
cultured on AC lung compared to commercially available matrices
Gelfoam, collagen I, or Matrigel. Production of organized lung tissue
as well as significant production of surfactant proteins A and C were
only seen for mESCs cultured on AC lung and not on any of the other
matrices used [Cortiella et al., 2010]. Other reports also support the
concept that organ-specific stroma or ECM may even be required for
proper site-specific differentiation and organization of lung tissues
[Shamis et al., 2011]. A comparison between liver- and lung-derived
AC scaffolds indicated that liver-derived scaffolds maintained the
differentiation state of primary hepatocytes while lung-derived
scaffolds allowed for both induction of lung lineage and
maintenance of site-specific development of AE type II cells
[Shamis et al., 2011].

The clinical application and success of decellularized trachea
suggests that AC scaffolds may retain adequate strength to support
both physiologic and anatomic functions of the trachea [Macchiar-
ini et al., 2008; Bader and Macchiarini, 2010]. This may or may not
be true for the lung. There are some limitations that must be
considered before use of decellularized natural AC scaffold for
development of lung tissues for clinical applications. We must
consider the effects of the decellularization process on the
mechanical integrity of the lung ECM prior to and after engineering
of lung tissue. As we have mentioned previously AC ECM may be
weakened, damaged, or degraded during the decellularization

process. Quantitative evaluation of the composition of lung
scaffolds suggests that there are great variations in AC ECM related
to specific detergents used [Petersen et al., 2011]. Comparisons of AC
lung scaffold produced using CHAPS or SDS suggests that there is a
decrease in levels of collagen I, elastin content, and mechanical
properties in SDS generated scaffolds [Petersen et al., 2012]. We do
not know if the alteration in ECM composition will be detrimental to
the production of tissues for the purpose of transplantation. What we
know is that increased ECM production leading to deposition of
collagen types I and IIl in fibrotic lungs results in lower lung
compliance during assessment of pulmonary function tests (PFTs)
[Cavalcante et al., 2005; Suki et al., 2005; Dunsmore, 2008; Suki and
Bates, 2011). Compliance levels are an important indicator of lung
elasticity and in disease states correlate well with collagen
composition of the lung ECM. Some groups reported lower
compliance values for AC compared to normal lung in vitro [Ott
et al., 2010; Petersen et al.,, 2011; Price et al.,, 2010] and after
transplantation [Song and Ott, 2011].

Our understanding of the link between lung tissue structure and
function is incomplete due to the complexity of the problem and
may not be easily understood or evaluated properly without
examination of the ensemble behavior of all constituents of the lung
which includes cells and ECM [Suki and Bates, 2011]. Culturing of
selected cells on the AC lung scaffold will result in immediate
changes to the ECM. Modifications to and remodeling of the ECM
begins the moment cells attach. We may need to carefully examine
the modifications made by cells to the AC ECM in order to determine
what components of the ECM are truly critical to development of
functional engineered tissues. For example, although SDS treatment
removed basement membrane components during the process of
decellularization mESCs began to produce laminin and collagen IV
relatively quickly following attachment and replaced the missing
ECM components [Cortiella et al., 2010]. A recent comparative
analysis of whole decellularized mouse lungs produced using Triton
X-100/sodium deoxycholate, SDS, or CHAPs also showed that
although there were differences in gelatinase activation and protein
composition of the AC scaffold, binding, and initial growth
following intratracheal inoculation with MSCs or C10 cells was
similar [Wallis et al., 2011].

Another important consideration related to the host response to
natural AC lung scaffolds is the immunogenicity of the material.
Although cells and cell debris have been removed from the scaffold
along with the human leukocyte antigens expressed on the surface
of cells which are responsible for graft rejection this does not mean
that the scaffolds are no longer immunogenic. The host immune
response to transplanted tissues or organs is an important
determinant of graft function and survival. Natural scaffolds may
induce immunogenic responses and invoke immunological reac-
tions leading to inflammation and thereby causing graft rejection. A
hallmark of tissue injury is increased turnover of ECM proteins.
Failure to remove ECM degradation products from the site of tissue
injury or tissue remodeling can result in the induction of
inflammation in the host. Hyaluronan is an important component
of the lung interstitium and functions to help maintain the structural
integrity of the lung. This protein also plays a major role in cell
signaling following lung injury. Fragments of hyaluronan have
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been shown to trigger toll-like receptor (TLR) 2- and 4-dependent
inflammation activation pathways resulting in initiation of
inflammatory responses [Jiang et al., 2005]. The immune response
to AC scaffolds has not been studied extensively and we need to
develop a better understanding of the host response to the AC
scaffold alone [Keane et al., 2012]. Investigation of the immuno-
modulatory effects of natural ECM scaffolds has recently indicated
that tissue source, decellularization method, and chemical cross-
linking modifications of scaffolds can affect the presence of
damage-associated molecular patterns (DAMPS) within the biologic
scaffold. Presence of these DAMPS has correlated with differences in
cell proliferation, cell death, secretion of proinflammatory chemo-
kines, and upregulation of TLR-4 proinflammatory molecules and
may influence remodeling of the ECM and associated [Daly et al.,
2012a].

Before discarded human lungs can be used for clinical applications
there are some issues that must be addressed. Policies need to be
developed related to tissue procurement for development of AC
scaffolds from discarded lungs. Production standards, processing
and sterilization methods, evaluation of the product and handling
requirements prior to and after production of the AC scaffold must
be established. We will need to evaluate the influence of the
manufacturing process on ECM composition and immunogenicity
and determine what components of the AC scaffold ECM are critical
for tissue engineering. Poorly manufactured lung scaffolds may also
lead to an induction of immune responses in recipients, alter the
process of tissue remodeling and affect the functional outcome of
the engineered lung. Natural materials may also harbor bacteria or
viruses if adequate steps have not been taken to ensure the
cleanliness of the materials produced. Good manufacturing
practices (GMP) such as training and certification of personnel
and design of clean room technologies in order to guarantee
the safety and quality of the AC scaffold as a product will also
need to be developed. Sizing and long-term storage concerns need to
be addressed as does the impact of potential complications related
to the variability of the product due to donor diversity. While
xenografts are regulated as medical devices, most allograft tissue is
classified as a Human Cell & Tissue/Product (HCT/P) by the FDA
and not as a medical device. The FDA does not require a specific
sterilization technique or Sterility Assurance Level (SAL) for
allografts [Jacobsen and Easter, 2008]. Similar practices will
have to be developed for the cell source to be used to engineer
lung tissue for transplantation. Twenty-one CFR Part 1271, became
effective on April 4, 2001 for human tissues intended for
transplantation that are regulated under section 361 of the PHS
Act and 21 CFR Part 1270 [Food and Drugs, 2001 at www.fda.gov/
CBER/tissue/tisreg.htm]. This is a comprehensive plan for regulating
human cells, tissues and cellular and tissue-based products that
would include establishment of registration and product listing,
donor suitability requirements, good tissue practice regulations, and
other requirements.

Now that we have identified an appropriate scaffold that meets the
needs of the lung, one of the remaining hurdles to development of
engineered lung for clinical applications is the selection of an
appropriate cell source. Another key hurdle that has limited the
advances in the engineering of a transplantable lung is our inability
to produce a fully functional and appropriately vascularized lung.
We have managed to grow small pieces of distal lung or trachea but
have not been able to effectively reproduce the critical functions of
gas exchange in the engineered tissues due to the lack of appropriate
tissue vacularization. In regards to production of engineered tissues
we also need to improve alveolar barrier function and increase
production of surfactant proteins. Maturation of cells needs to be
enhanced to promote development of type I AEC as well as cilliary
function in the engineered tissues. In the future, we hope that
discarded lungs not meeting the standards for transplantation will
be used to generate AC scaffolds for the production of engineered
lung tissue for clinical applications.

ACKNOWLEDGMENTS

We thank Kenneth Frohne of the Galveston National Laboratory,
University of Texas Medical Branch, for photographs used in this
manuscript.

REFERENCES

Ancides AM, Olivo CR, Prado CM, Kagohara KH, Pinto Tda S, Moriya HT,
Mauad T, Martins Mde A, Lopes FD. 2011. Respiratory mechanics do not
always mirror pulmonary histological changes in emphysema. Clinics 66(10):
1797-1803.

Andrade CF, Wong AP, Waddell TK, Keshavjee S, Liu M. 2007. Cell-based
tissue engineering for lung regeneration. Am J Physiol Lung Cell Mol Physiol
292:L510-L518.

Atala A. 2011. Hollow organ engineering. In: Bernstein HS, editor. Tissue
engineering in regenerative medicine. New York: Humana Press. pp 273-295.
Bader A, Macchiarini P. 2010. Moving towards in situ tracheal regeneration:
The bionic tissue engineered transplantation approach. J Cell Mol Med
14(7):1877-1889.

Badylak SF, Freytes DO, Gilbert TW. 2009. Extracellular matrix as a biologi-
cal scaffold material: Structure and function. Acta Biomater 5:1-13.

Badylak SF, Taylor D, Uygun K. 2011. Whole-organ tissue engineering:
Decellularization and recellularization of three-dimensional matrix scaf-
folds. Annu Rev Biomed Eng 13:27-53.

Bernstein HS, editor. 2011. Tissue engineering in regenerative medicine. New
York: Humana Press.

Cavalcante FSA, Ito S, Brewer K, Sakai H, Alencar AM, Almeida MP, Andrade
JS, Jr., Majumdar A, Ingenito EP, Suki B. 2005. Mechanical interactions
between collagen and proteoglycans: Implications for the stability of lung
tissue. J Appl Physiol 98:672-679.

Chen P, Marsilio E, Goldstein RH, Yannas IV, Spector M. 2005. Formation of
lung alveolar-like structures in collagen-glycosaminoglycan scaffolds in
vitro. Tissue Eng 11:1436-1448.

Cortiella JC, Nichols JE, Kojima K, Bonassar LJ, Dargon P, Roy AK, Vacant
MP, Niles JA, Vacanti CA. 2006. Tissue-engineered lung: An in vivo and in
vitro comparison of polyglycolic acid and Pluronic F-127 hydrogel/somatic

JOURNAL OF CELLULAR BIOCHEMISTRY

2191

ACELLULAR LUNG SCAFFOLDS IN TISSUE ENGINEERING



lung progenitor cell constructs to support tissue growth. Tissue Eng 12(5):
1213-1225.

Cortiella J, Niles J, Cantu A, Brettler A, Pham A, Vargas G, Winston S, Wang
J, Walls S, Nichols JE. 2010. Influence of acellular natural lung matrix on
murine embryonic stem cell differentiation and tissue formation. Tissue Eng
Part A 16(8):2565-2580.

Crapo PM, Gilbert TW, Badylak SF. 2011. An overview of tissue and whole
organ decellularization processes. Biomaterials 32:3233-3243.

Daly KA, Liu S, Agrawal V, Brown BN, Johnson SA, Medberry CJ, Badylak SF.
2012a. Damage associated molecular patterns within xenogeneic biologic
scaffolds and their effects on host remodeling. Biomaterials 33:91-101.

Daly AB, Wallis JM, Borg ZD, Bonvillain RW, Deng B, Ballif BA, Jaworski
DM, Allen GB, Weiss DJ. 2012b. Initial binding and recellularization of
decellularized mouse lung scaffolds with bone marrow-derived mesenchy-
mal stromal cells. Tissue Eng Part A 18(1-2):1-16.

Dunsmore SE. 2008. Treatment of COPD: A matrix perspective. Int J Chron
Obstruct Pulmon Dis 3(1):113-122.

Engler AJ, Sweeney HL, Disher DE, Schwarzbauer JE. 2007. Extracellular
matrix elasticity directs stem cell differentiation. J Musculoskelet Neuronal
Interact 7:335.

Food and Drugs. 21 CFR 1271. 2001. www.fda.gov/CBER/tissue/tisreg.htm

Gilbert TW, Sellaro TL, Badylak SF. 2006. Decellularization of tissues and
organs. Biomaterials 27:3675-3683.

Ingber DE. 2003. Tensegrity II. How structural networks influence cellular
information processing networks. J Cell Sci 116:1397-1408.

Ingber DE. 2008. Tensegrity-based mechanosensing from macro to micro.
Prog Biophys Mol Biol 97(2-3):163-179.

Jacobsen G, Easter D. 2008. Allograft vs. xenograft. Practical considerations
for biologic scaffolds. University of California San Diego School of
Medicine CME home study activity. http://cme.ucsd.edu/biologicscaffolds/
AllograftvsXenograftMonograph.pdf

Jiang D, Liang J, Fan J, Yu S, Chen S, Luo Y, Prestwich GD, Mascarenhas MM,
Garg HG, Quinn DA, Homer RJ, Goldstein DR, Bucala R, Lee PJ, Medzhitov R,
Noble PW. 2005. Regulation of lung injury and repair by toll-like receptors
and hyaluronan. Nat Med 11(11):1173-1179.

Keane TJ, Londono R, Turner NJ, Badylak SF. 2012. Consequences of
ineffective decellularization of biologic scaffolds on the host response.
Biomaterials 33(6):1771-1781.

Lin YM, Zhang A, Rippon HJ, Bismarck A, Bishop AE. 2010. Tissue engi-
neering of lung: The effect of extracellular matrix on the differentiation of
embryonic stem cells to pneumocytes. Tissue Eng Part A 16(5):1515-1526.

Lwebuga-Mukasa JS, Thulin G, Madri JA, Barrett C, Warshaw JB. 1984. An
acellular amnionic membrane model for in vitro culture of type II pneumo-
cytes: The roll of the basement membrane in cell morphology and function. J
Cell Physiol 121:215-225.

Lwebuga-Mukasa JS, Ingbar DH, Madri JA. 1986. Repopulation of a human
alveolar matrix by adult rat type Il pneumocytes in vitro: A novel system for
type II pneumocyte culture. Exp Cell Res 162:423-435.

Macchiarini P, Jungebluth P, Go T, Asnaghi MA, Rees LE, Cogan TA, Dodson
A, Martorell J, Bellini S, Parnigotto PP, Dickinson SC, Hollander AP, Mantero
S, Conconi MT, Birchall MA. 2008. Clinical transplantation of a tissue-
engineered airway. Lancet 372(9655):2023-2030.

McCurry KR, Shearon TH, Edwards LB, Chan KM, Sweet SC, Valapour M,
Yusen R, Murray S. 2009. Lung transplantation in the United States, 1998-
2007. Am J Transplant 9(Part 2):942-958.

Medeiros IL, Pégo-Fernandes PM, Mariani AW, Fernandes FG, do Vale
Unterpertinger F, Canzian M, Jatene FB. 2012. Histologic and functional
evaluation of lungs reconditioned by ex vivo lung perfusion. J Heart Lung
Transplant 31(3):305-309.

Mondrinos MJ, Koutzaki S, Jiwanmall E, Li M, Dechadarevian JP, Lelkes PI,
Finck CM. 2006. Engineering three-dimensional pulmonary tissue con-
structs. Tissue Eng 12:717-728.

Nichols JE, Cortiella J. 2008. Engineering of a complex organ: Progress
toward development of a tissue-engineered lung. Proc Am Thorac Soc 5:723-
730.

Nichols JE, Niles JA, Cortiella J. 2011. Engineering complex synthetic organs.
In: Bernstein HS, editor. Tissue engineering in regenerative medicine. New
York: Humana Press. pp 297-313.

Ott HC, Clippinger B, Conrad C, Schuetz C, Pomerantseva I, Ikonomou L,
Kotton D, Vacanti JP. 2010. Regeneration and orthotopic transplantation of a
bioartificial lung. Nat Med 16(8):927-933.

Petersen TH, Calle EA, Zhao L, Lee EJ, Gui L, Raredon MB, Gavrilov K, Yi T,
Zhuang ZW, Breuer C, Herzog E, Niklason LE. 2010. Tissue-engineered lungs
for in vivo implantation. Science 329:538-541.

Petersen TH, Calle EA, Niklason LE. 2011. Strategies for lung regeneration.
Mater Today 14(5):196-201.

Petersen TH, Calle EA, Colehour MB, Niklason LE. 2012. Matrix composition
and mechanics of decellularized lung scaffolds. Cells Tissues Organs
195:222-231.

Phillips JE, Peng R, Burns L, Harris P, Garrido R, Tyagi G, Fine JS, Stevenson
CS. 2011. Bleomycin induced lung fibrosis increases work of breathing in the
mouse. Pulm Pharmacol Ther [Epub ahead of print].

Pizzo AM, Kokini K, Vaughn LC, Waisner BZ, Voytik-Harbin SL. 2005.
Extracellular matrix (ECM) microstructural composition regulates local
cell-ECM biomechanics and fundamental fibroblast behavior: A multidi-
mensional perspective. J Appl Physiol 98:1909-1921.

Price AP, England KA, Matson AM, Blazar BR, Panoskaltsis-Mortari A.
2010. Development of a decellularized lung bioreactor system for bioengi-
neering the lung: The matrix reloaded. Tissue Eng Part A 16(8):2581-
2591.

Shamis Y, Hasson E, Soroker A, Bassat E, Shimoni Y, Ziv T, Sionov RV,
Mitrani E. 2011. Organ-specific scaffolds for in vitro expansion, differentia-
tion, and organization of primary lung cells. Tissue Eng Part C 17(8):861-
870.

Song JJ, Ott HC. 2011. Organ engineering based on decellularized matrix
scaffolds. Trends Mol Med 17(8):424-432.

Song JJ, Kim SS, Liu Z, Madsen JC, Mathisen DJ, Vacanti JP, Ott HC. 2011.
Enhanced in vivo function of bioartificial lungs in rats. Ann Thorac Surg
92(3):998-1005; discussion 1005-1006.

Studer SM, Levy RD, McNeil K, Orens JB. 2004. Lung transplant outcomes: A
review of survival, graft function, physiology, health-related quality of life
and cost-effectiveness. Eur Respir J 24:674-685.

Suki B, Bates JHT. 2011. Lung tissue mechanics as an emergent phenomenon.
J Appl physiol 110:1111-1118.

Suki B, Ito S, Stamenovi¢ D, Lutchen KR, Ingenito EP. 2005. Biomechanics of
the lung parenchyma: Critical roles of collagen and mechanical forces. J Appl
Physiol 98:1892-1899.

U.S. Organ Transplantation Network and the Scientific Registry of Transplant
Recipients. 2009. OPTN/SRTR annual report. http://optn.transplant.hrsa.gov/
ar2009/

Wallis JM, Borg ZD, Daly AB, Deng B, Ballif B, Allen GB, Jaworski DM, Weiss
D. 2011. Comparative assessment of detergent-based protocols for mouse
lung de-cellularization and re-cellularization. Tissue Eng Part C Methods
[Epub ahead of print].

Zych B, Popov AF, Stavri G, Bashford A, Bahrami T, Amrani M, De Robertis F,
Carby M, Marczin N, Simon AR, Redmond KC. 2012. Early outcomes of
bilateral sequential single lung transplantation after ex-vivo lung evaluation
and reconditioning. J Heart Lung Transplant 31(3):274-281.

2192

ACELLULAR LUNG SCAFFOLDS IN TISSUE ENGINEERING

JOURNAL OF CELLULAR BIOCHEMISTRY



