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Acellular Lung Scaffolds in Lung

Bioengineering

Darcy E. Wagner, Franziska E. Uhl, and Daniel J. Weiss

Introduction

Chronic lung diseases such as chronic obstructive pulmonary disease (COPD) and

idiopathic pulmonary fibrosis (IPF) are significantly increasing in prevalence and

are predicted to be an increased major worldwide healthcare burden [1, 2]. There

are currently no cures for these diseases and end-stage disease is associated with

high mortality. While newly approved pharmaceutical interventions, such as

Pirfenidone for IPF, have generated some excitement, it remains to be seen how

effective these will be on a larger scale, and for what proportion of patients these

treatments are suitable. For most patients, the only available treatment option at

end-stage disease remains lung transplantation. However, there are not enough

donor lungs to meet current transplantation needs and there are further complica-

tions associated with lung transplantation. Transplantation recipients require life-

long immunosuppression and the 5-year survival after lung transplantation remains

approximately 50 % [1, 2]. Alternative options are therefore desperately needed for

this patient population.

One active and promising area of research is the generation of pulmonary tissue

using ex vivo methods. The basic concept is that a scaffold of either biologic or

artificial origin could be seeded with an appropriate cell source to regenerate

functional lung tissue for subsequent transplantation (Fig. 18.1). While both of

these techniques are still in their relatively early stages, one of their purported

benefits is that either biologic or synthetic scaffolds could be recellularized with

autologous cells, thus minimizing the immunological complications which
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typically accompany lung transplantation. While this approach is not yet feasible in

lungs, similar approaches have already been used clinically in simpler tissues

including trachea, skin, and bone [3, 4]. Lung tissue, however, is a considerably

more structurally complex organ and consists of a variety of cell types which must

be functionally recapitulated in vivo. Due to these intrinsic differences in complex-

ity between tissues, progress has significantly lagged behind the advances made in

other organs. Synthetic scaffolds made from biocompatible or natural polymers are

one potential option. A number of different materials and manufacturing technol-

ogies have already been evaluated for lung and will be discussed in more detail in

this chapter.

An exciting new and active area of research involves the use of acellular lung

scaffolds derived from cadaveric or failed transplant lungs. Acellular tissue is

generated by removing cells from the native organ while preserving the 3D

macroarchitecture and the majority of the extracellular matrix (ECM) proteins

[5–17]. Whole organ decellularization as a platform for organ regeneration was

first described in the heart in 2008 [15] and beginning in 2010, several groups

described similar techniques in lung [18–23]. The use of acellular lungs has since

expanded beyond their usage in regenerative medicine and has become an incred-

ibly powerful in vitro tool for studying cell–ECM interactions or the impact of

diseased matrix on cellular behavior [24–29].

This chapter discusses the status of current areas of research investigating

ex vivo regeneration of lung tissue, and includes a discussion of concepts learned

from the literature on ex vivo tissue culture and organ preservation.

Fig. 18.1 Schematic of ex vivo organ engineering. Autologous cells are obtained by a biopsy

from the eventual transplant recipient and expanded in ex vivo culture. A scaffold, either synthetic

or an acellular lung, is manufactured and repopulated ex vivo by the usage of a bioreactor to create

a functional tissue suitable for re-implantation
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Engineering a Scaffold

Designing and Manufacturing a Bioartificial Scaffold

Proposed bioartificial scaffolds for lung engineering have been manufactured by

various techniques and from a variety of different materials. An overview of the

current approaches is given in Table 18.1. In general two different methods of

scaffold generation can be distinguished: additive (layer-by-layer or unit-by-unit

generation) and subtractive methods (generation by removing material to form the

final scaffold). Additive techniques benefit from the possibility to generate scaf-

folds with interconnecting pores. Depending on the resolution needed, however,

these techniques may lead to long fabrication times. Examples for additive tech-

niques are rapid prototyping and 3D bioprinting [30]. Subtractive methods such as

porogen forming techniques and sphere-templating have also shown promising

initial results [31, 32] but are more limited regarding scaffold design. There are

various other methods to produce scaffolds for tissue engineering purposes like

solvent casting, particulate leaching, melt molding, or freeze drying. Synthetic

materials used thus far are polymers like polyglycolic acid (PGA), poly-lactic-co-

glycolic acid (PLGA), poly-L-lactic-acid (PLLA), polyurethane (PU), and polyvi-

nyl (PV) in order to match the mechanical properties of lung tissue. Hydrogels

made of collagen I, gelatin, Matrigel, alginate, fibrinogen–fibronectin–vitronectin

combinations or PGA combined with Pluronic F-127 have been used as scaffolds as

well [33, 34]. Further, synthetic scaffolds can be loaded with growth factors, ECM

components (e.g., collagen or whole lung extracts) or peptide sequences known to

facilitate cell attachment (e.g., RGD) [35].

The lung has a highly complex structure with varying structural composition and

mechanical properties which are still unable to be completely recapitulated using

synthetic approaches. While scaffolds fabricated via foaming techniques are struc-

turally similar to peripheral lung tissue (especially the alveoli), they lack a vascular

system and innervations. It is also difficult to tune the various mechanical properties

needed throughout the lung for proper breathing motions. Additionally, the chal-

lenge of scaffold recellularization to create a fully functional organ has not yet been

achieved. Thus, the use of the current methods exclusively may not solve the issue

of whole lung replacement, but there are many areas for improvement which can

still be explored.

Acellular Scaffolds

Synthetic scaffolds could one day be accurately and precisely manufactured for the

macro- and microarchitecture required for ex vivo lung bioengineering. However,

the instructional cues which are needed on the scaffold for critical events such as

initial cell attachment, potential cell-specific attachment cues, and differentiation
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cues are not known. Furthermore, if these criteria were known, the lung scaffold

would likely also need to be engineered with a material and manufacturing process

selection which matched the mechanical and gas diffusion properties of native lung.

This makes the engineering of a completely synthetic scaffold daunting. While

synthetic materials could be engineered to include specific integrin binding sites to

enhance cell adhesion (e.g., Arg-Gly-Asp (RGD) binding sites), it remains

unknown what specific integrin binding sites need to be included and in what

spatial arrangement they need to be. On the other hand, acellular scaffolds retain

many of the native integrin binding sites in their correct spatial arrangement, and

decellularization processes preserve the general organ architecture and ECM com-

position. Lung ECM has also long been known to provide instructional cues during

prenatal development, postnatal tissue regeneration, remodeling responses follow-

ing injury, and general tissue homeostasis [36–40]. Similarly, acellular scaffolds

have been shown to have biologically inductive clues [21, 22, 27, 41, 42]. While

hybrid materials, consisting of synthetic and acellular matrix components, are also

an attractive possibility, these concepts are in their infancy. Hybrid materials could

be utilized to enhance cell adhesion and biological activity while taking advantage

of the ability to more precisely manufacture scaffolds or scaffold components with

synthetic materials [21, 34, 35, 43, 44]. Differences between acellular and synthetic

scaffold approaches are summarized in Table 18.2. Owing to the current advantages

of acellular scaffolds, we will focus our discussion in the remainder of this chapter

on their manufacture, assessment, and usage.

Decellularization

Methods of Decellularization

The derivation of a cell-free ECM is not a new concept. Lwebuga-Mukasa and

colleagues first described the generation of acellular lung scaffolds in 1986 for the

study of rat type II alveolar epithelial (AEII) cell behavior on a native basement

membrane [45]. This technique was heavily explored in simple tissues in the 1990s

and early 2000s [46–49] and has made strides into the clinic. Acellular biologic

scaffolds have been created from a variety of different simple tissues, including

skin, esophagus, and trachea [4]. Decellularization was first applied to complex

tissues using whole organ perfusion decellularization in heart in 2008 [15]. Begin-

ning in 2010, several groups described similar techniques in lung [18–23] and since

this time, the field has grown rapidly.

The basic goal of any decellularization technique is to remove the endogenous

cell population while retaining the macroarchitecture of the organ or the tissue,

along with the ECM composition (Fig. 18.2). Maintenance of mechanical tissue

properties is also thought to be critical in evaluating decellularization protocols. A

variety of methods have been described to decellularize tissue. Most commonly, a
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series or combination of detergents, solvents, acids/bases, and hypotonic or hyper-

tonic solutions are used to remove the majority of cellular components. Alternative

methods include physical methods such as freeze/thaw cycles and/or biological

agents such as enzymatic treatment [48]. Methods of decellularization are compre-

hensively reviewed elsewhere [50]. In general, most protocols last from 1 to 7 days.

There are a variety of published reports on techniques for decellularizing

mouse, rat, porcine nonhuman primate and human lungs (Tables 18.3 and 18.4).

In the lung, maintenance of both large and small airways and vessels is critical, in

addition to the more delicate structures such as alveolar, capillary, and lymphatic

systems which can be damaged through the use of excessive pressure during

decellularization [51]. Perfusion decellularization has been most commonly uti-

lized for whole lung decellularization, but there have also been reports of excising

segments or slices from native lung and decellularizing these smaller segments [28,

29, 52, 53]. Detergents are the most commonly utilized decellularization agents

used in perfusion based lung decellularization. There are several studies which have

directly compared differences between these methods, and endpoint comparisons

included assessment of proteomic composition, the mechanical properties of the

final acellular scaffold, and recellularization efficacy [23, 41, 52]. The most com-

monly utilized detergents for lung are either the ionic detergents sodium

deoxycholate (SDC) and sodium dodecyl sulfate (SDS), which are often used in

Table 18.2 Comparison of biologic vs. synthetic scaffold approach for ex vivo bioengineering

Biologic (acellular)

scaffold Synthetic scaffold Potential hybrid design

Differentiation

and engraftment

cues

+ Retains native

integrin binding

sites

� Lacks specific

integrin binding

sites (must be

engineered into

scaffolds)

+ Could be engineered

with specific ECM

components or

engineered integrin

sites

Immunogenicity + Antigen

removal during

decellularization

+/� Unknown/vari-

able depending

on material

+/� Unknown/variable

depending on the arti-

ficial matrix material

chosen

Manufacturability + Native architec-

ture largely

retained

� Complex archi-

tecture possible

� Complex architecture

possible

� Large variability

between donor

scaffolds

+ Precise control

possible (i.e.,

repeatability)

+ More ability than

acellular to be con-

trolled, but ECM

incorporation intro-

duces a degree of

variability

Long-term

storage

� Degradation

with long-term

storage

+ Improved storage

stability

+/� Improved storage

stability, but would

likely loose biologic

activity under long-

term storage
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combination with the nonionic detergent Triton X-100 [18, 22–27, 29, 41, 54–

58]. Zwitterionic detergents such as 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS) have also been used [19, 52, 59, 60], but some reports

demonstrate that these may be more damaging than ionic or nonionic detergents

due to their efficiency in denaturing proteins [48]. Many protocols also incorporate

additional rinses and incubations for the purpose of removing organic components

which are difficult to remove with the other detergents. The most commonly

utilized additional steps are the use of hypertonic solution for lysis of cells (e.g.,

1 M NaCl), or DNase/RNase to clear residual DNA and RNA. While both vascular-

only perfusion and a combination of vascular and airway perfusion have produced

acellular scaffolds capable of supporting recellularization, there is no consensus on

the best route of administration and removal of decellularization agents.

Fig. 18.2 Overview of the decellularization and recellularization process. Representative images

of native and decellularized lungs from mice and humans (upper panel) demonstrating loss of

pigmentation following decellularization, whereby the lungs become translucent white in color.

H&E staining reveals complete cellular removal and gross maintenance of histological architec-

ture. Histological analysis following recellularization with murine alveolar epithelial cells (C10)

(left) and human bronchial epithelial cells (HBE) (right) into acellular mouse and human lung

slices. Cells can be seen to have attached to the acellular lungs after 1 day of slice culture
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How differences in protocols and routes of administration for decellularization

reagents might affect recellularization protocols or potential immunogenicity of

implanted scaffolds is not yet known. There is currently no set of standards for

demonstrating that a protocol has generated an optimal acellular scaffold. However,

Crapo et al. proposed three minimal criteria: (1)<50 ng dsDNA per 1 mg ECM dry

weight; (2)<200 bp DNA fragment length; (3) absence of visible nuclear content in

histological sections by 40,6-diamidino-2-phenylindole (DAPI) or hematoxylin-

eosin (H&E) staining [50]. However, these are generic criteria for all acellular

scaffolds and there are tissue and organ-specific requirements, such as preservation

of mechanical properties that are likely important for lung. Furthermore, differ-

ences in retention of ECM components and mechanics have also been observed [23,

52] and these may be critical criteria in establishing lung-specific guidelines which

must be met with the various protocols utilized in different laboratories.

Table 18.4 Summary of decellularization methods for human and porcine lungs

Ref. Species Decellularization agents Perfusion

parameters

Instillation

route

Days

[19] Human CHAPS, NaCl, and EDTA Constant pressure

(25 mmHg)

Airway and

vasculature

1

[27] Human/

IPF

Triton X-100, SDC, NaCl,

DNase

Unspecified Airway and

vasculature

3

[126] Human/

porcine

SDS, Triton X-100 Constant pressure

(30 cmH2O)

Vascular 4–7

[52] Human/

porcine

(a) SDS; (b) CHAPS;

(c) Tween-20, SDC, peracetic

acid

None—lung seg-

ments and agitation

N/A 1

[44] Human/

porcine

Freeze/thaw; graded SDS

perfusion

Varying flow rates

(100–500 mL/h)

Airway and

vasculature

7

[61] Porcine Triton X-100, SDC, NaCl 12–25 mL/min

(15 mmHg)

Airway and

vasculature

1

[29] Human/

IPF

SDS, Triton X-100, NaCl None—thin lung

slices

N/A 2

[26] Human/

porcine

Triton X-100, SDC, NaCl,

DNase Peracetic Acid

Constant flow rates

(1 L, 2 L, 3 L/min)

Airway and

vasculature

3

[25] Human/

COPD

Triton X-100, SDC, NaCl,

DNase Peracetic Acid

Constant flow rate

2 L/min

Airway and

vasculature

3

[73] Human/

rat

SDS, Triton X-100 Constant pressure

(50 cmH2O)

Vascular 4–7

[41] Human/

porcine/

rat

(a) SDS; (b) SDC; (c) CHAPS Constant pressure

(30 cmH2O)

Vascular 4–7

Abbreviations: CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, COPD
chronic obstructive pulmonary disease, IPF idiopathic pulmonary fibrosis, NaCl sodium chloride,

SDC sodium deoxycholate, SDS sodium dodecyl sulfate

18 Acellular Lung Scaffolds in Lung Bioengineering 321



Scaling Up Decellularization Protocols for the Clinic

Scaling up decellularization protocols from rodent lungs to potential clinical

sources (e.g., large animal xenogeneic sources: e.g., porcine or human scaffolds)

presents a new set of further challenges. In addition to anatomical differences, there

are practical differences in handling organs of this size and it is not a simple matter

of scaling up volumes. While rodent and macaque lungs have been decellularized

by hand, higher pressures and volumes must be utilized for sufficient inflation of

perfusion pathways (e.g., vasculature, airways, etc.) in larger organs. This ensures

that perfused solutions reach distal airspaces and capillary beds and that the ensuing

cellular debris is cleared from the lungs. All of the published protocols to date for

decellularizing whole large animal or human lungs utilize perfusion pumps to

generate acellular scaffolds which can support recellularization [19, 20, 25–27,

41, 44], and a recent report demonstrates a potential automated scheme which

minimizes many of the practical issues [61]. While not a model for clinical

translation, human and porcine lung segments have also been decellularized using

small segments in order to improve high throughput study [28, 29, 52, 53]

(Table 18.4). There are a variety of techniques which have been reported for

assessing the efficacy of the decellularization protocol as well as for characterizing

the remaining scaffold. Most reports characterize scaffolds using histologic, immu-

nofluorescent staining, and DNA detection/quantification (Fig. 18.2). We will next

discuss these endpoint assessments.

Residual Extracellular Matrix and Other Proteins

Owing to the importance of ECM components, retention of key ECM components

is a critical parameter to assess as an endpoint when evaluating potential

decellularization protocols. The precise combination of ECM proteins that must

be retained to preserve the ability of the acellular scaffold to give organotypic cues

for cellular differentiation and functional tissue level assembly remains unknown.

The major structural and functional molecules in the ECM include proteins such as

collagens, elastin, fibronectin, and laminins as well as a variety of glycoproteins

including glycosaminoglycans (GAGs). Collagens are the chief structural compo-

nents of the lung and are responsible for overall mechanical strength while elastin

gives the lung its elastic properties of reversible distension and intrinsic recoil.

GAGs help control macromolecular and cellular movement across the basal lamina

and may also play a role in the mechanical integrity of the lung, although less is

known about their exact role, matrix molecules are generally highly conserved

proteins in eukaryotic organisms and therefore it is generally thought that these

scaffolds will have minimal to no immune response if used in a xenogeneic context.

This may theoretically explain the lack of an adverse immune response seen in

xenotransplantation of other decellularized organs such as skin, trachea, and esoph-

agus [4, 7, 11, 12].
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There are a variety of techniques which have been used to evaluate ECM

components, including histology, immunohistochemistry, western blotting, mass

spectrometry-based proteomics, and component-specific assays such as Sircol

Collagen Assay, Fastin elastase, etc. (Table 18.3). The majority of lung

decellularization techniques result in significant loss of elastin and sulfated GAGs

in all species studied thus far [18–20, 22–24, 54–56]. In head-to-head comparison

studies of lung decellularization protocols, SDS and SDC have been found to retain

more elastin as compared to CHAPS-based protocols [23, 60]. However, despite the

differences in retention of ECM components, inoculated cells appear to behave

similarly in the recellularization/repopulation assays currently used (including

histological and immunofluorescence evaluation). Therefore, it remains unknown

if there is an optimal decellularization protocol, and if so, which is best suited for

translation to the clinic.

A recently emerging trend is the use of mass spectrometry proteomic analysis to

help delineate differences between protein loss and retention in protocols or in

scaffold source [22–26, 41]. This assessment has also been used to aid in the

selection of optimal protocol parameters such as flow rates or pressures [26]. For

example, proteomic analysis can help delineate the impact of changes in protocols

during different steps, decellularization agents, or in decellularization parameters

(e.g., flow rate, pressure, rinse volumes, etc.) by quantifying or semiquantitatively

assessing which choices preferentially retain certain ECM components or mini-

mize/maximize retention of cellular-associated proteins [25–27]. In addition to

detecting ECM composition and residual proteins in acellular scaffolds, it has

been used for distinguishing differences between decellularization methods or

lung origin, including disease states or donor age [23–27, 41, 53, 55]. These

assessments also yield critical information for those studying cell–ECM interac-

tions as it can help delineate differences in the underlying matrix.

One particularly striking and consistent result amongst the various groups

utilizing this analytical approach is the amount and breadth of non-ECM proteins

detected in the scaffold following decellularization. In particular, cytoskeletal

elements and cell-associated proteins appear to be retained in the scaffolds, while

in general, lesser secreted proteins are detected. This suggests that transmembrane

proteins and their associated cytoskeletal elements may remain anchored to the

ECM with currently used decellularization protocols. The impact of these residual

proteins on recellularization, including potential immunogenicity remains

unknown. Furthermore, in the current reports, proteomic assessment has been

limited in scope and generally only the most abundantly expressed proteins are

reported.

Mechanical Assessments of Decellularized Scaffolds

A variety of in vitro assessments have been utilized to assess the mechanical

properties of acellular scaffolds. Investigators have explored both micro-[62, 63]
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and macroscale [22, 23, 44, 64, 65] mechanical measurements of acellular lungs as

well as force tension relationships in linear strips of decellularized lungs [52,

60]. While techniques such as atomic force microscopy (AFM) are useful in

obtaining topographical information and initially assessing mechanical properties

of the scaffolds [27, 62, 63, 65], these results have yet to be correlated to

recellularization or functional performance. Traditional lung mechanics testing of

acellular scaffolds has shown that in the absence of cells and surfactants, acellular

scaffolds are stiffer than their naı̈ve counterparts [22]. Introduction of exogenous

surfactant into the acellular scaffolds can partially restore lung compliance

[22]. This is an important finding and indicates that during recellularization strat-

egies, serial measurements of lung mechanics could be used as a noninvasive and

nondestructive means to assess functionality of the regenerating scaffold. For

example, decreases in elastance could be used as a measurement of de novo
surfactant production. However, as acellular lungs are often leaky following

decellularization, interpreting results in this context can be challenging [44]. The

importance and challenges of measuring mechanical properties in ex vivo bioengi-

neering is discussed in more detail in the review by Suki [66].

Recellularization

Recellularization of Acellular Scaffolds for Bioengineering
New Lung

The lung is a complex organ with a variety of different functions. These include gas

exchange, immune system surveillance, and ciliary clearance of inhaled foreign

objects. In order to accomplish all of these diverse functions, lung tissue utilizes a

variety of different cell types, all of which uniquely contribute to some critical

aspect of lung function [67]. Following a variety of acute injuries, such as infection

or chemical insult, the lung has the capability to repair itself through activation of

endogenous regeneration. The heterogeneous cell population of the lung is

replenished by resident stem or progenitor cells, which differentiate into the various

adult cell types [68]. Once implanted, it is thought that any ex vivo regeneration

strategy must recapitulate these functions, whether it is through a completely

biological strategy (i.e., functioning tissue) or some combined artificial and bio-

logical solution. It is therefore likely that lung tissue grown ex vivo require some

minimal restoration of these subtypes so that it will function once transplanted.

While a variety of cell sources are being investigated for recellularizing acellular

and artificial scaffolds, obtaining sufficient cell numbers with any source remains a

significant open question. The ideal solution is thought to be the usage of an

autologously derived source of cells to minimize post-transplantation immune

complications which are a significant cause of morbidity in transplanted patients.

One potential source is the use of fully differentiated primary adult cells. However,
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these cells may not have sufficient replicative capacity to fully recellularize the

organ, plus, normal repair and regeneration following normal lung injury (e.g.,

illness) may not be possible. Nevertheless, these sorts of repopulation studies may

shed light on recellularization strategies using other cell types. It remains unknown

if multiple cell types could be isolated from the eventual transplant recipient, grown

to sufficient numbers ex vivo and then used in a recellularization approach to

restore functionality. While it has been shown that a strategy such as integrin

blocking can be used to direct initial cell engraftment of a single cell population

[22, 69], scaling this clinically and further adding the complex challenge of

uniquely directing the right cell population to a specific architectural location

would be challenging. Alternatively, autologous endogenous lung progenitor cells

from the various compartments could be utilized (e.g., distal and proximal epithe-

lial progenitor cells, endothelial progenitor cells, etc.) along with stromal cells to

recellularize acellular scaffolds. However, the same challenges of obtaining suffi-

cient cell numbers for an initial seeding strategy and directing cells to their correct

compartment remain. In both instances, it remains unknown if normal cells could be

obtained from a patient with a preexisting lung disease or if isolated diseased cells

could be gene-corrected prior to subsequent recellularization. Recent work indi-

cates that the scaffold may more significantly contribute to phenotype than cell-

origin. Fibrotic scaffolds were found to induce a pro-fibrotic profile, independent of

whether normal or IPF-derived human fibroblasts were used in repopulation assays,

whereas the normal lung scaffold did not induce a pro-fibrotic profile if either cell

type was used [29]. An allogeneic cell source could also be used, but this

re-introduces the potential for immune complications following transplantation.

Furthermore, the identification of bona fide distal airway lung progenitor cells in the
adult human lung remains controversial.

A potentially more appealing autologous approach is the use of induced plurip-

otent stem cells (iPS) which are derived from reprogramming somatic cells to a

stem-cell-like state. While iPS cells avoid the ethical controversies surrounding the

use of embryonic stem cells (ESCs)—stem cells derived from the inner blastocyst

of in vitro fertilized embryos—iPS cells have been shown to retain epigenetic

memory of their tissue origin and have been shown to form teratomas [70]. iPS

cells are typically derived from dermal fibroblasts and thus, differentiating them

into the various lung cell types has been challenging. However, despite this

limitation, recent work has demonstrated that human iPS cells can be differentiated

into cells expressing a distal pulmonary epithelial cell immunophenotype and

seeded into acellular human lung scaffolds [71–73]. These results further encourage

the use of this approach in moving towards the clinic.

Other potential approaches include the use of fetal homogenates or ESCs. As

previously mentioned, ethical concerns remain for either of these approaches, as

well as the potential for teratoma formation with ESCs. While initial studies have

shown that ESCs can engraft in acellular murine lungs [21, 57], seeding into

acellular lungs was not sufficient to induce differentiation. Optimized in vitro

differentiation protocols must be used in conjunction with seeding and repopulation

strategies. Significantly, ESC-derived murine Nkx2-1GFP+ progenitor cells were
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able to recellularize acellular murine lungs and form alveolar structures, while in

contrast, seeding with undifferentiated ESCs resulted in nonspecific cell masses in

distal regions of acellular lungs. Fetal homogenates have the distinct advantage of

containing all the necessary cell populations, and have been shown to have some

capacity for self-assembly. These cells have been successfully used in the current

rodent models of ex vivo regeneration and transplantation. However, in both

instances, ethical concerns remain in obtaining these cells and the need for immu-

nosuppressive drug treatment post-transplantation remains unknown. Tables 18.5

and 18.6 summarize recellularization approaches in animal and human models and

the phenotype adopted by seeded cells.

Implantation of Recellularized Scaffolds

Important proof of concept studies have shown that recellularized scaffolds can be

implanted and participate in gas exchange for short time periods. Decellularized rat

lungs re-endothelialized with human umbilical vein endothelial cells (HUVEC) and

recellularized with fetal rat lung homogenates and A549 epithelial cells were

transplanted into rats that had undergone previous pneumonectomy [18,

19]. While the ex vivo regenerated lungs were shown to contribute to gas exchange

following transplantation, the transplants developed significant pulmonary edema

and/or hemorrhage resulting in respiratory failure after several hours. In a subse-

quent study, survival for 14 days was achieved after implantation but lung function

progressively declined and the histologic appearance of the graft at necropsy

demonstrated significant atelectasis and indications of fibrotic-like alterations

[58]. A third study also confirmed the feasibility of short-term survival (60 min)

following orthotopic transplantation of a rat lung recellularized with iPS cells

[73]. Transplanted grafts were perfused and partial pressure of carbon dioxide in

the blood was maintained within normal limits over the observation period. How-

ever, blood gas measurements were taken from the left pulmonary vein and

represent a mix of blood which had perfused both the left (bioartificial lung) and

the naı̈ve lung, and thus is likely not representative of active gas exchange in the

transplanted lobe. Additionally, occasional alveolar hemorrhage was observed.

Despite these limitations, these studies, nonetheless, provide proof of concept that

acellular lungs can be recellularized, surgically implanted, and might minimally

participate in gas exchange. However, they also demonstrate the significant chal-

lenges that remain in translating towards the clinic. A recellularized acellular lung

needs to meet a number of functional requirements in order to be clinically

transplantable: adequate gas exchange, waste transport, unidirectional mucociliary

clearance, and the ability to maintain physiologic airway pressures and volumes.

Thus far, there has been a compartmentalized approach to the respiratory system,

separating regeneration of the trachea, vasculature, proximal airways, and distal

lung. An animal model which accomplishes restoration of all of these functions has
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not been achieved and it will likely be several years before this can be

accomplished.

Most recellularized artificial scaffolds have been explored in a limited context

and primarily in vitro (Table 18.1). The main research focus up until now has been

on the structural development of candidate scaffold designs and materials for lung

tissue engineering. There have also been studies investigating cell differentiation of

progenitor cells to generate sufficient amounts of cells to repopulate the artificial/

decellularized organ. Implantation of artificial scaffolds has only been performed in

a few cases and was performed either subcutaneously [32] or into the pleural cavity

following pneumonectomy [74]. The distal lung has been the predominant research

focus to date. However, no candidate scaffolds have yet to include considerations

for vascularization and therefore it remains unclear if these scaffolds could be

viable once transplanted. Thus far, there have been no reports of an attempt to

transplant a whole bioartificial lung.

Immunogenicity of Implanted Scaffolds

The a priori assumption for clinical use of decellularized lung scaffolds is that

acellular scaffolds will be nonimmunogenic because the cellular material has been

removed, including cell-associated immunogens, such as Toll-like receptors (TLR)

and enzymes associated with xenogeneic immunogenicity, such as (alpha1,3)

galactose. However, some ECM and other proteins identified in the remaining

decellularized scaffolds are known to be immunogenic [46, 75–77]. This issue

has not yet been adequately studied or resolved. Further, cells inoculated into

decellularized scaffolds secrete ECM and other proteins [22]. Thus, inoculated

cells may considerably remodel the scaffold and generate their own basement

membrane, shielding the denuded basement membrane, which can be

immunogenic [78].

Some of these remaining proteins may also be beneficial with regard to their

ability to induce an immune response. A growing body of literature suggests that

decellularized scaffolds can polarize macrophages to the anti-inflammatory M2

phenotype, which is viewed as a more permissive, regenerative phenotype [4, 7, 46,

79–81]. Further, recent work in lung repair and regeneration has demonstrated the

critical role that the immune system has in orchestrating normal repair and regen-

eration in adult lungs [82]. To date, with the exception of the use of fetal homog-

enates, no recellularization studies have included immune cells. Thus, it is unknown

whether retention of these immunogenic components may actually be beneficial in

a regeneration strategy. However, one study of interest demonstrated that co-culture

of a recellularized acellular lung slice with CD206+ macrophages was found to

increase fibroblast proliferation and prolong survival [28]. While this study was a

model of disease, it demonstrates the critical role that one immune cell population

can have on recellularization in the scaffolds through orchestrating paracrine

signaling.
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Some groups have implanted recellularized artificial scaffolds. Cortiella and

colleagues used PGA and Pluronic F-127 hydrogels and showed that the foreign

body response was reduced by usage of the latter [83]. A Gelfoam sponge

recellularized with fetal lung cells induced no severe local immune response [84]

while a Matrigel plug combined with FGF2-loaded polyvinyl sponge did [85]. This

provides evidence that the scaffold material is in part responsible for triggering the

immune reaction of the recipient, and that usage of natural matrices like collagen I,

fibrinogen–fibronectin–vitronectin, and gelatin seem to be less inflammatory than

PGA or polyvinyl [35, 74, 86].

Environmental Factors in Ex Vivo Lung Regeneration

The majority of published work focuses on decellularization methods, lung origin

(i.e., disease state or age), and cell sources. There have been limited investigations

into the addition or supplementation of exogenous growth factors to scaffolds, and

especially a lack of studies examining the role of environmental cues, such as

mechanical stretch or oxygen control, in generating functional lung tissue. Despite

the presumed importance that factors such as mechanical stimuli and oxygen

tension will have in regeneration schemes, they have remained largely unexplored

in acellular scaffolds. These critical factors are known to play roles in both

embryonic development and post natal repair and regeneration [87–89].

Traditional in vitro cell culture is performed at 20 % oxygen, however, physi-

ologic oxygen levels in individual cells vary depending on the tissue type, tissue

density, and cell/tissue proximity to blood vessels [90]. It has long been known that

hypoxia can mediate angiogenesis and that vascular endothelial growth factor

(VEGF) expression is upregulated in hypoxia [91]. During embryonic develop-

ment, the lung environment is hypoxic (1–5 % oxygen) [90] and lower oxygen

tension levels have been shown to positively influence in vitro differentiation.

Lowering oxygen tension to levels typically encountered by cells in the developing

embryo has been shown to enhance in vitro differentiation of ESC and iPS cells to

Nkx2-1+ lung/thyroid progenitor cells [92]. Further studies of cellular differentia-

tion in acellular scaffolds are needed to clarify the potential role of oxygen tension

in an ex vivo regeneration strategy.

There is also a large and growing body of literature that delineates the impor-

tance of mechanical stimuli on embryonic lung development as well as in normal

and diseased tissue repair and regeneration in vivo and ex vivo [88, 89]. Mechanical

stretch is known to induce upregulation of surfactant protein C (SP-C) mRNA and

protein expression in ATII cells, while shear stress on endothelial cells is critical for

VEGF expression [93]. Several studies have examined the effect of

mechanotransduction on fetal or adult lung cells in vitro; [93–96] but there is no

available information on effects of stretch on development of lung epithelial tissue

from embryonic or adult stem cells or from endogenous lung progenitor cells. We

have observed upregulation of lung epithelial genes in murine bone-marrow-
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derived mesenchymal stem cells seeded into acellular mouse lungs and ventilated

(Wagner et al. unpublished data). In particular, we found that SP-C mRNA was

significantly upregulated at physiologic tidal volumes; a result we also observed in

human ATII cells ventilated in small segments of acellular human lung (Wagner

et al. unpublished data) using an artificial pleural coating on excised acellular

segments, permitting ventilation [97]. While perfusion parameters have not yet

been studied in detail, cultivation of a recellularized human lobe was done under

perfusion conditions [41] and a rotating bioreactor culture was found to have

positive effects on iPS cells differentiating into distal lung epithelial cells [42].

In addition to utilizing a scaffold from a suitable source and using an optimized

decellularization protocol, precise control of the mechanical and gaseous environ-

ment with bioreactor technologies (e.g., stimuli mimicking stretch from breathing

and shear stress induced by blood flow or breathing) will be necessary for a

successful regeneration scheme.

Lessons Learned from Ex Vivo Organ and tissue Culture

Despite rigorous research efforts, it remains challenging to keep normal, healthy

tissue slices and organ explants viable. Most in vitro studies (i.e., lung slices) are

not kept longer than a few days while the difficulties in maintaining adequate tissue

viability for more than a few hours for candidate donor lungs for transplantation is

known to be extremely difficult and is a major limiting factor in maximizing the

number of organs available for transplantation. In both of these research areas,

tissue slices and organs are generally derived from healthy tissue sources, which are

the end goals of an ex vivo strategy. Thus, the challenge of generating functional

lung tissue ex vivo is even more daunting considering the challenges experienced in

these fields.

Despite the fact that it is widely regarded that sophisticated bioreactor technol-

ogies will be needed for ex vivo lung tissue regeneration, there have been limited

reports to date examining the effect of the various parameters which could be

controlled in bioreactors (e.g., oxygen tension, mechanical ventilation, and vascular

perfusion). Additional factors, such as optimal media formulation, have also been

minimally explored in the current literature. However, several studies have strongly

established the groundwork and the necessity of incorporating bioreactor technol-

ogies with ex vivo schemes to maintain or enhance phenotypes. Culture of hATII

cells and hiPS-ATII cells in a rotating bioreactor at air–liquid-interface (ALI) was

found to be beneficial in maintaining the phenotypic expression of distal epithelial

lung cells [42]. In whole lungs or lobes, limited data is available on the viability of

cells following recellularization. A single study demonstrated that human small

airway epithelial cells (SAECs) instilled into a whole acellular human lung lobe

could be maintained for 3 days with constant media perfusion [41]. However, a

major limiting factor in both of these studies is that only short time points were

analyzed and longer ex vivo schemes will likely be necessary for generating
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functional lung tissue [30]. One resource which may be beneficial in guiding the

development of optimal lung bioengineering strategies is the ex vivo organ and

tissue culture literature describing practices and strategies utilized in those fields for

optimizing and maintaining the viability of tissue and organs.

Acellular Lungs as Ex Vivo Models of Disease

In addition to their potential use as scaffolds for tissue engineering, there has been

rapid growth in the use of acellular lungs as ex vivo models which more closely

recapitulate diseased in vivo environments. These experiments provide a new

opportunity for insight into cell–ECM interactions capable of driving disease

phenotypes. Human fibroblasts from normal human lungs seeded onto acellular

scaffolds derived from fibrotic lungs were found to increase their alpha-SMA

expression [27], and the ECM was found to contribute more significantly to IPF

correlated gene expression changes in fibroblasts rather than cell-origin (i.e., from

IPF or normal lungs) [29]. However, many cell-associated proteins, characteristic

of pulmonary fibrosis (e.g., TGF-beta, Ctnnb1, etc.) are retained in decellularized

mouse lungs following bleomycin injury [24]. In addition, ECM-associated pro-

teins and matrikines (ECM derived peptides which are liberated by partial proteol-

ysis of ECM macromolecules) are detectable by proteomic approaches following

decellularization [22, 23, 25–27, 53, 54]. These proteins, in addition to the detected

ECM components, may significantly contribute to the phenotypic changes observed

by several groups in recellularization assays. In particular, observation of acquisi-

tion of a more fibrotic phenotype by normal fibroblasts in acellular human IPF

lungs, may be attributed to these residual proteins, rather than the ECM components

alone [27, 29].

Similarly, in acellular lungs derived from murine models of emphysema and

from human patients with COPD, cells were unable to remain comparably viable as

the same cells seeded into healthy acellular scaffolds [24, 25]. This suggests that

either the matrix is impaired in COPD or that the residual protein composition is

significantly altered as compared to normal acellular lungs. These studies generate

exciting insight into the potential role of the matrix and matrix-associated proteins

in driving disease phenotypes and provide proof of concept for use of acellular

lungs as a novel platform for studying cell–matrix interactions.

A further novel use of acellular scaffolds in disease models has been utilized to

study the role of macrophages in IPF using a Transwell culture setup of thin

acellular lung slices recellularized in the Transwell insert, with macrophage

co-culture [28]. Decellularized mouse lung slices seeded with murine fibroblasts

were co-cultured with CD206+ or CD206� macrophages from day 14 of murine

lungs following bleomycin-induced lung injury (or in the absence of macrophages).

CD206+ macrophages were found to increase fibroblast proliferation and survival in

the lung slices. However, there was no induction of α-SMA expression. Nonethe-

less, this study takes advantage of the ability to selectively study cells and cell
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combinations in isolation using acellular lungs. Similarly, the human fibroblast cell

line MRC5 was seeded onto slices of normal human decellularized lung slices and

stimulated with rhCHI3L1, a prototypic-chitinase-like protein recently shown to be

elevated in human IPF. The addition of rhCHI3L1 induced α-SMA expression in

the MRC5 cells and they adopted a contractile phenotype, as assessed by

histology [28].

In addition to repopulation assays, it has also been suggested that recellularized

acellular scaffolds could also be used for studying infectious diseases [98] and used

as models for cancer development [99]. Thus, studies to date have likely only begun

to demonstrate the utility of acellular tissue as ex vivo models of disease which

more closely recapitulate in vivo microenvironments than traditional in vitro

setups.

Precision Cut Tissue Slices

“Precision cut tissue slices” for ex vivo analysis have been used since the

mid-nineteen eighties, when Smith et al. first reported on liver tissue that was sliced

into 250 μm thin sections with low variation in thickness (<5 %) [100]. Highly

delicate slices (thickness in general 25–300 μm) were fabricated with a device

called a Krumdieck tissue slicer. This device overcame the variations in thickness

previously seen due to manual cutting of tissue with a razorblade. This thickness

also reduced the risk of malnutrition and lack of oxygenation for cells inside the

tissue slice [101, 102]. Tissue slicers (Krumdieck or devices from Alabama

Research and Development or Leica) use a core, drilled from the tissue that is to

be sliced, and generate slices by cutting this core with a knife rotating perpendicular

to the core axis. Another possibility for slice generation is the use of vibratomes

(e.g., Leica, Zeiss), using a vibrating knife, thereby reducing mechanical impact to

the tissue [103]. Several organs have been used to produce tissue slices including

brain, heart, liver, kidney, and lung [102–108].

In general, the stiffness of most organ tissue is itself sufficient for slice gener-

ation. However, as lung tissue requires high elasticity for breathing movements and

high surface area to volume for gas exchange, its density is low compared to other

organs. Therefore, it needs to be filled with a supporting material in order to be

sliced. One commonly used material to infiltrate the lungs is low melting agarose

(used at 37 �C between 1 and 3 % w/v). After allowing the filled lungs to cool and

the agarose to gel, the lung can be sliced. Slices have been used in diverse studies,

some of which are listed in Table 18.7. Typical experimental durations have been

reported in the range of 24–72 h [101, 102]. Using the current techniques, slice

cultures seem to decrease in viability after 72 h and thus there is currently no

possibility of long-term cultivation. Prolongation of this cultivation period would

greatly expand the repertoire of studies which can currently be conducted using this

technique. Some possible avenues of exploration of major interest would be the

study of disease development or tissue regeneration.
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Ex Vivo Maintenance of Explanted Organs for
Transplantation

The shortage of donor organs is a major limiting factor in the treatment options for

end-stage lung disease patients. It is further currently impossible to fully mimic all

the diverse lung functions in a sustainable and practical manner (i.e., portable) with

manmade technical devices. In addition to traditional allogeneic transplantation,

one alternative approach could be to use intact xenogeneic organs to restore the

function of complex organs as has been done with liver and kidney (Butler and

McAnulty refs).

In the lung, progress has been slower. Cypel and colleagues investigated whether

ventilation of explanted lungs for up to 4 h with subsequent inflation to full capacity

and storage in 4 �C Perfadex solution could improve transplantation outcomes

[109]. Although not reaching statistical significance, the incidence of primary

graft dysfunction 72 h after transplantation was lower in the ex vivo perfusion

group (15 %) compared to the control group (30 %, p¼ 0.11). This ex vivo

perfusion at 37 �C (normothermic) and storage at 4 �C has been found to have no

drawbacks on transplantation outcome compared to normal donor lungs and there-

fore seems to be very promising. Still there is no consensus about which solution is

the best to use.

The US Food and Drug Administration (FDA) recently approved the “XVIVO

Perfusion System with STEEN Solution” (XVIVO Perfusion Inc. Englewood,

Colorado, USA) which has been shown to increase the time for evaluation of

the functional suitability of a donor organ for transplantation. Donor lungs are

kept at body temperature while flushing the vasculature up to 4 h with a sterile

solution (STEEN Solution). STEEN solution is a normal oncotic pressure solution

containing human serum albumin, dextran, and a low K+ concentration. This

solution is designed to prevent edema formation, thrombogenesis, and vascular

spasm under normothermic conditions. Lungs remain ventilated during the evalu-

ation period and cells are thus maintained in more physiologic oxygen levels.

Waste products are removed by flushing of the vasculature. With this technique,

a proportion of organs once regarded as nonideal can become suitable for

Table 18.7 Studies applying slice cultivations

Study type Ref.

Pulmonary physiology [108, 128–134]

Pharmacology [128, 135–139]

Pathogenesis [140, 141]

Toxicity [107, 142]

Cellular effects of mechanical stretch [108, 129, 134, 143]

Cytokine release [142]

Viral infection and gene transfer [144, 145]

Viral exacerbations [146, 147]
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transplantation with similar rejection and 12-month survival rates compared to

optimal donor organs.

For basic and translational research efforts, these studies are of major impor-

tance because they elucidate critical parameters, including perfusate content, tem-

perature, and perfusion rates and pressures that need to be controlled and optimized

for long-term cultivation of organs. It is likely that many of these parameters will

also be critical to control in ex vivo organ culture techniques, regardless of whether

it is simply for longer ex vivo culture for basic science or for preservation/mainte-

nance for candidate transplant organs or tissue engineering schemes.

Discussion and Outlook

While the prospect of utilizing acellular lung scaffolds clinically may still seem like

science fiction to many, the progress made in the last few years has rapidly

indicated that this may be a viable option in the not so distant future. The difficulties

encountered in maintaining ex vivo viability of freshly explanted healthy organs

highlight many of the challenges which the ex vivo regeneration field faces, in

addition to those unique to the field. Ex vivo whole organ cultures experience

decreases in viability, selective survival of specific cell types, and loss of pheno-

typic expression over time with current techniques. Many of these same problems

may plague ex vivo bioengineering strategies. Even in very thin tissue slice models

of naı̈ve tissue, where lack of nutrition and oxygenation is theoretically not of major

concern, cells can only maintain their functionality, proliferative capacity, and

viability for short periods of time (up to 72 h). This is exacerbated in cultivating

whole organs, such as lung, where the need for proper control of medium oxygen-

ation, osmolarity, pH, ventilation, and tissue perfusion in three dimensions is

required to keep the tissue viable for long-term cultivation. This likely reflects the

combination of a number of factors at play, whose importance we may not currently

be fully aware of.

Chiefly among these may be media formulation. Currently, media formulations

which have been optimized for two-dimensional (2D) cultivation of homogenous

cell populations are utilized in cultivation of both precision cut tissue slices and

recellularized acellular tissue slices. However, the media composition needed for

whole organ cultivation needs to be optimized for multiple cell types and it remains

unclear if the media formulations which are viewed as optimal in 2D are even

optimal in that setup. Furthermore, stem and progenitor cells should sustain their

capability to differentiate and replenish damaged or absent cell compartments and

using a media which pushes these populations into a differentiated state may not be

desirable. Therefore, the media formulation used should somehow be able to serve

multiple roles simultaneously. To achieve this, different cell types and stem cells

initially seeded into acellular scaffolds in an undifferentiated state may require the

timed sequential addition of different growth factors, nutrients, and amino acids to

regulate signaling pathways involved in cellular proliferation and differentiation.
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Means of surveying and controlling the cultivation conditions and media formula-

tion are needed. The knowledge from bioprocess engineering may help to fill the

knowledge gap in the needs of whole organ cultivation and ex vivo bioengineering

of lung. To date, no study has been conducted addressing the composition of organ-

specific cultivation medium supporting long-term cultivation and cellular mainte-

nance in recellularizing lung scaffolds.

Additionally, currently used cultivation conditions for either ex vivo naı̈ve tissue

or recellularized acellular scaffolds do not even remotely resemble the in vivo

environment. These environments lack proper mechanical (stretch) and environ-

mental stimuli (contact to certain media/air). For example in the lung, it has been

shown that isolated ATII cells in tissue culture lose SP-C expression over time and

transdifferentiate into alveolar epithelial type I (ATI) cells [110, 111]. A similar

decrease in SP-C expression was observed when we cultured naı̈ve murine and

human lung tissue slices for 7 days in submerged culture (Uhl et al. unpublished

data). As it is known that mechanical stimulation induces SP-C expression in ATII

cells [112–114], this suggests, that ventilation of whole organ cultures or stretching

of lung slices may be necessary to retain ATII cells in their progenitor state. On the

other hand, nonphysiologic ventilation may cause alveolar epithelial cell damage.

In a healthy organ the tolerance of cells to mechanical stimuli may be different to

that in disease. Further, we know that the mechanics of the acellular lung are

dramatically different than naı̈ve lung [22], even despite administration of exoge-

nous surfactant. This indicates the importance of maintaining precise control of the

environmental parameters during the whole regenerative scheme.

Reseeding of decellularized matrices has currently been limited to only a few

different cell types and often times in monoculture. Each additional cell type adds

complexity, making interpretation of results utilizing homogenates or multiple cell

types challenging. Usage of stem and progenitor cells (e.g., embryonic stem cells,

mesenchymal stem cells, or iPS cells) is appealing for recellularization strategies

as these cells can potentially differentiate into the multitude of cell types needed in

a specific area of the scaffold. The potential for this approach was demonstrated

with the use of ESC-derived murine Nkx2-1GFP+ in acellular lungs. These cells

repopulated distal airspaces and a subpopulation differentiated into Nkx2-1GFP�

and acquired a morphology characteristic of ATI cells and expressed the pheno-

typic ATI marker podoplanin (T1α) [57]. While encouraging, the necessity of

regenerating the multitude of cell types in the lung remains a challenge.

A clinical translation scheme of recellularization of decellularized organs will

require precise process control. Metrics for assessing successful decellularization

need to be established and a consistent decellularization scheme should be utilized.

During recellularization phases, the initial seeding may be accomplished by attach-

ment followed by migration and/or proliferation. We have observed that during this

initial seeding phase, physiologic ventilation and perfusion are not feasible until

cells have adequately adhered to the scaffold, and in fact, inclusion of these stimuli

may even be detrimental. The initial properties and composition of the organ are not

comparable to the in vivo situation. For example, in decellularized lungs, there is a

lack of surfactant in the alveoli prior to recellularization, and this dramatically
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effects mechanical properties [77]. It has also been shown that there is a loss of

ECM components, such as elastin, following perfusion decellularization using most

protocols [115]. The effect of the loss of these ECM components on initial engraft-

ment and subsequent recellularization and regeneration remain unknown, but may

be critical to the success of a regenerative scheme. The importance of preserving

the native integrin binding sites in recellularization schemes has already been

demonstrated and cells can be directed to certain ECM binding sites through

integrin blocking [22]. It has been shown that fibroblasts seeded into acellular

mouse lungs utilize a ß1-integrin-dependent pathway and thus preservation of

these integrin epitopes seems to be critical. As an accessory technology, a collagen

I and Matrigel solution has been used as a pretreatment to coat the decellularized

lungs via the trachea before cell seeding to enhance engraftment [56]. Alternatively,

cells have also been injected in a hydrogel (Pluronic-F127) for recellularization [21,

44]. Addressing the question of how the matrix should be prepared before inocu-

lation might be an extremely important aspect not yet explored in detail.

There are still major hurdles to overcome for ex vivo engineering. Using state-

of-the-art ex vivo preservation techniques, freshly explanted organs, such as kidney

and liver, can only maintain viability and function for 5 days [116, 117]. Perfusion

at physiologic flow rates is needed in conjunction with the appropriate perfusates

tailored in their chemical composition for lungs. This will also be essential for

ex vivo recellularization strategies using acellular or synthetic scaffolds and unfor-

tunately, these approaches are not yet mature enough for use. As cells first need to

be distributed by migration and likely undergo differentiation inside the matrix,

optimal media composition and environmental stimuli will be crucial for ex vivo

bioengineering strategies. In order to control for and adapt these stimuli to the

regenerating organ during the cultivation period, a range of ancillary technologies

need to be integrated and developed into existing bioreactor technologies (e.g.,

sensors, pumps, and analytic and process control systems). While the road to

translating acellular scaffolds into the clinic is long, steady progress has been

made in this relatively young field and it has a promising future.

References

1. Lopez AD, Shibuya K, Rao C, Mathers CD, Hansell AL, Held LS et al (2006) Chronic

obstructive pulmonary disease: current burden and future projections. Eur Respir J 27

(2):397–412

2. Eisner MD, Anthonisen N, Coultas D, Kuenzli N, Perez-Padilla R, Postma D et al (2010) An

official American Thoracic Society public policy statement: novel risk factors and the global

burden of chronic obstructive pulmonary disease. Am J Respir Crit Care Med 182

(5):693–718

3. Macchiarini P, Jungebluth P, Go T, Asnaghi MA, Rees LE, Cogan TA et al (2008) Clinical

transplantation of a tissue-engineered airway. Lancet 372(9655):2023–2030

4. Keane TJ, Badylak SF (2014) Biomaterials for tissue engineering applications. Semin Pediatr

Surg 23(3):112–118

18 Acellular Lung Scaffolds in Lung Bioengineering 339



5. Badylak SF, Weiss DJ, Caplan A, Macchiarini P (2012) Engineered whole organs and

complex tissues. Lancet 379(9819):943–952

6. Baiguera S, Del Gaudio C, Jaus MO, Polizzi L, Gonfiotti A, Comin CE et al (2012) Long-

term changes to in vitro preserved bioengineered human trachea and their implications for

decellularized tissues. Biomaterials 33(14):3662–3672

7. Fishman JM, De Coppi P, Elliott MJ, Atala A, Birchall MA, Macchiarini P (2011) Airway

tissue engineering. Expert Opin Biol Ther 11(12):1623–1635

8. Haag J, Baiguera S, Jungebluth P, Barale D, Del Gaudio C, Castiglione F et al (2012)

Biomechanical and angiogenic properties of tissue-engineered rat trachea using genipin

cross-linked decellularized tissue. Biomaterials 33(3):780–789

9. Haykal S, Soleas JP, Salna M, Hofer SO, Waddell TK (2012) Evaluation of the structural

integrity and extracellular matrix components of tracheal allografts following cyclical

decellularization techniques: comparison of three protocols. Tissue Eng Part C Methods 18

(8):614–623

10. Hinderer S, Schesny M, Bayrak A, Ibold B, Hampel M, Walles T et al (2012) Engineering of

fibrillar decorin matrices for a tissue-engineered trachea. Biomaterials 33(21):5259–5266

11. Jungebluth P, Bader A, Baiguera S, Moller S, Jaus M, Lim ML et al (2012) The concept of

in vivo airway tissue engineering. Biomaterials 33(17):4319–4326

12. Jungebluth P, Moll G, Baiguera S, Macchiarini P (2012) Tissue-engineered airway: a

regenerative solution. Clin Pharmacol Ther 91(1):81–93

13. Krawiec JT, Vorp DA (2012) Adult stem cell-based tissue engineered blood vessels: a

review. Biomaterials 33(12):3388–3400

14. Orlando G, Baptista P, Birchall M, De Coppi P, Farney A, Guimaraes-Souza NK et al (2011)

Regenerative medicine as applied to solid organ transplantation: current status and future

challenges. Transpl Int 24(3):223–232

15. Ott HC, Matthiesen TS, Goh SK, Black LD, Kren SM, Netoff TI et al (2008) Perfusion-

decellularized matrix: using nature’s platform to engineer a bioartificial heart. Nat Med 14

(2):213–221

16. Totonelli G, Maghsoudlou P, Garriboli M, Riegler J, Orlando G, Burns AJ et al (2012) A rat

decellularized small bowel scaffold that preserves villus-crypt architecture for intestinal

regeneration. Biomaterials 33(12):3401–3410

17. Wertheim JA, Baptista PM, Soto-Gutierrez A (2012) Cellular therapy and bioartificial

approaches to liver replacement. Curr Opin Organ Transplant 17(3):235–240

18. Ott HC, Clippinger B, Conrad C, Schuetz C, Pomerantseva I, Ikonomou L et al (2010)

Regeneration and orthotopic transplantation of a bioartificial lung. Nat Med 16(8):927–933

19. Petersen TH, Calle EA, Zhao L, Lee EJ, Gui L, Raredon MB et al (2010) Tissue-engineered

lungs for in vivo implantation. Science 329(5991):538–541

20. Price AP, England KA, Matson AM, Blazar BR, Panoskaltsis-Mortari A (2010) Development

of a decellularized lung bioreactor system for bioengineering the lung: the matrix reloaded.

Tissue Eng Part A 16(8):2581–2591

21. 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(8):2565–2580

22. Daly AB, Wallis JM, Borg ZD, Bonvillain RW, Deng B, Ballif BA et al (2012) Initial binding

and recellularization of decellularized mouse lung scaffolds with bone marrow-derived

mesenchymal stromal cells. Tissue Eng Part A 18(1–2):1–16

23. Wallis JM, Borg ZD, Daly AB, Deng B, Ballif BA, Allen GB et al (2012) Comparative

assessment of detergent-based protocols for mouse lung de-cellularization and

re-cellularization. Tissue Eng Part C Methods 18(6):420–432

24. Sokocevic D, Bonenfant NR, Wagner DE, Borg ZD, Lathrop MJ, Lam YW et al (2013) The

effect of age and emphysematous and fibrotic injury on the re-cellularization of

de-cellularized lungs. Biomaterials 34(13):3256–3269

340 D.E. Wagner et al.



25. Wagner DE, Bonenfant NR, Parsons CS, Sokocevic D, Brooks EM, Borg ZD et al (2014)

Comparative decellularization and recellularization of normal versus emphysematous human

lungs. Biomaterials 35(10):3281–3297

26. Wagner DE, Bonenfant NR, Sokocevic D, DeSarno MJ, Borg ZD, Parsons CS et al (2014)

Three-dimensional scaffolds of acellular human and porcine lungs for high throughput

studies of lung disease and regeneration. Biomaterials 35(9):2664–2679

27. Booth AJ, Hadley R, Cornett AM, Dreffs AA, Matthes SA, Tsui JL et al (2012) Acellular

normal and fibrotic human lung matrices as a culture system for in vitro investigation. Am J

Respir Crit Care Med 186(9):866–876

28. Zhou Y, Peng H, Sun H, Peng X, Tang C, Gan Y et al (2014) Chitinase 3-like 1 suppresses

injury and promotes fibroproliferative responses in Mammalian lung fibrosis. Sci Transl Med

6(240):240ra76

29. Parker MW, Rossi D, Peterson M, Smith K, Sikstrom K, White ES et al (2014) Fibrotic

extracellular matrix activates a profibrotic positive feedback loop. J Clin Invest 124

(4):1622–1635

30. Murphy SV, Atala A (2014) 3D bioprinting of tissues and organs. Nat Biotechnol 32

(8):773–785

31. Bryant SJ, Cuy JL, Hauch KD, Ratner BD (2007) Photo-patterning of porous hydrogels for

tissue engineering. Biomaterials 28(19):2978–2986

32. Ling TY, Liu YL, Huang YK, Gu SY, Chen HK, Ho CC et al (2014) Differentiation of lung

stem/progenitor cells into alveolar pneumocytes and induction of angiogenesis within a 3D

gelatin—microbubble scaffold. Biomaterials 35(22):5660–5669

33. Dunphy SE, Bratt JA, Akram KM, Forsyth NR, El Haj AJ (2014) Hydrogels for lung tissue

engineering: biomechanical properties of thin collagen-elastin constructs. J Mech Behav

Biomed Mater 38:251–259

34. Fischer SN, Johnson JK, Baran CP, Newland CA, Marsh CB, Lannutti JJ (2011) Organ-

derived coatings on electrospun nanofibers as ex vivo microenvironments. Biomaterials 32

(2):538–546

35. Ingenito EP, Sen E, Tsai LW, Murthy S, Hoffman A (2010) Design and testing of biological

scaffolds for delivering reparative cells to target sites in the lung. J Tissue Eng Regen Med 4

(4):259–272

36. Fernandes H, Mentink A, Bank R, Stoop R, van Blitterswijk C, de Boer J (2010) Endogenous

collagen influences differentiation of human multipotent mesenchymal stromal cells. Tissue

Eng Part A 16(5):1693–1702

37. Lin YM, Zhang A, Rippon HJ, Bismarck A, Bishop AE (2010) Tissue engineering of lung:

the effect of extracellular matrix on the differentiation of embryonic stem cells to

pneumocytes. Tissue Eng Part A 16(5):1515–1526

38. Mariani TJ, Sandefur S, Pierce RA (1997) Elastin in lung development. Exp Lung Res 23

(2):131–145

39. Nguyen NM, Senior RM (2006) Laminin isoforms and lung development: all isoforms are not

equal. Dev Biol 294(2):271–279

40. Rippon HJ, Polak JM, Qin M, Bishop AE (2006) Derivation of distal lung epithelial pro-

genitors from murine embryonic stem cells using a novel three-step differentiation protocol.

Stem Cells 24(5):1389–1398

41. Gilpin SE, Guyette JP, Gonzalez G, Ren X, Asara JM, Mathisen DJ et al (2014) Perfusion

decellularization of human and porcine lungs: bringing the matrix to clinical scale. J Heart

Lung Transplant 33(3):298–308

42. Ghaedi M, Mendez JJ, Bove PF, Sivarapatna A, Raredon MS, Niklason LE (2014) Alveolar

epithelial differentiation of human induced pluripotent stem cells in a rotating bioreactor.

Biomaterials 35(2):699–710

43. Ingenito EP, Tsai L, Murthy S, Tyagi S, Mazan M, Hoffman A (2012) Autologous lung-

derived mesenchymal stem cell transplantation in experimental emphysema. Cell Transplant

21(1):175–189

18 Acellular Lung Scaffolds in Lung Bioengineering 341



44. Nichols JE, Niles J, Riddle M, Vargas G, Schilagard T, Ma L et al (2013) Production and

assessment of decellularized pig and human lung scaffolds. Tissue Eng Part A 19

(17–18):2045–2062

45. Lwebuga-Mukasa JS, Ingbar DH, Madri JA (1986) Repopulation of a human alveolar matrix

by adult rat type II pneumocytes in vitro. A novel system for type II pneumocyte culture. Exp

Cell Res 162(2):423–435

46. Badylak SF, Gilbert TW (2008) Immune response to biologic scaffold materials. Semin

Immunol 20(2):109–116

47. Badylak SF, Taylor D, Uygun K (2011) Whole-organ tissue engineering: decellularization

and recellularization of three-dimensional matrix scaffolds. Annu Rev Biomed Eng 13:27–53

48. Gilbert TW, Sellaro TL, Badylak SF (2006) Decellularization of tissues and organs. Bio-

materials 27(19):3675–3683

49. Wainwright DJ (1995) Use of an acellular allograft dermal matrix (AlloDerm) in the

management of full-thickness burns. Burns 21(4):243–248

50. Crapo PM, Gilbert TW, Badylak SF (2011) An overview of tissue and whole organ

decellularization processes. Biomaterials 32(12):3233–3243

51. Guyette JP, Gilpin SE, Charest JM, Tapias LF, Ren X, Ott HC (2014) Perfusion

decellularization of whole organs. Nat Protoc 9(6):1451–1468

52. O’Neill JD, Anfang R, Anandappa A, Costa J, Javidfar J, Wobma HM et al (2013)

Decellularization of human and porcine lung tissues for pulmonary tissue engineering. Ann

Thorac Surg 96(3):1046–1055, discussion 1055-6

53. Nakayama KH, Lee CC, Batchelder CA, Tarantal AF (2013) Tissue specificity of

decellularized rhesus monkey kidney and lung scaffolds. PLoS One 8(5):e64134

54. Bonenfant NR, Sokocevic D, Wagner DE, Borg ZD, Lathrop MJ, Lam YW et al (2013) The

effects of storage and sterilization on de-cellularized and re-cellularized whole lung. Bio-

materials 34(13):3231–3245

55. Bonvillain RW, Danchuk S, Sullivan DE, Betancourt AM, Semon JA, Eagle ME et al (2012)

A nonhuman primate model of lung regeneration: detergent-mediated decellularization and

initial in vitro recellularization with mesenchymal stem cells. Tissue Eng Part A 18

(23–24):2437–2452

56. 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 follow-

ing implantation. Tissue Eng Part C Methods 18(8):632–646

57. Longmire TA, Ikonomou L, Hawkins F, Christodoulou C, Cao Y, Jean JC et al (2012)

Efficient derivation of purified lung and thyroid progenitors from embryonic stem cells.

Cell Stem Cell 10(4):398–411

58. Song JJ, Kim SS, Liu Z, Madsen JC, Mathisen DJ, Vacanti JP et al (2011) Enhanced in vivo

function of bioartificial lungs in rats. Ann Thorac Surg 92(3):998–1005, discussion 1005-6

59. Petersen TH, Calle EA, Colehour MB, Niklason LE (2011) Matrix composition and mechan-

ics of decellularized lung scaffolds. Cells Tissues Organs 195(3):222–231

60. Petersen TH, Calle EA, Colehour MB, Niklason LE (2012) Matrix composition and mechan-

ics of decellularized lung scaffolds. Cells Tissues Organs 195(3):222–231

61. Price AP, Godin LM, Domek A, Cotter T, D’Cunha J, Taylor DA et al (2015) Automated

decellularization of Intact, human-sized lungs for tissue engineering. Tissue Eng Part C

Methods 21(1):94–103

62. Melo E, Garreta E, Luque T, Cortiella J, Nichols J, Navajas D et al (2014) Effects of the

decellularization method on the local stiffness of acellular lungs. Tissue Eng Part C Methods

20(5):412–422

63. Melo E, Cardenes N, Garreta E, Luque T, Rojas M, Navajas D et al (2014) Inhomogeneity of

local stiffness in the extracellular matrix scaffold of fibrotic mouse lungs. J Mech Behav

Biomed Mater 37:186–195

342 D.E. Wagner et al.



64. Uriarte JJ, Nonaka PN, Campillo N, Palma RK, Melo E, de Oliveira LV et al (2014)

Mechanical properties of acellular mouse lungs after sterilization by gamma irradiation. J

Mech Behav Biomed Mater 40:168–177

65. Nonaka PN, Uriarte JJ, Campillo N, Melo E, Navajas D, Farre R et al (2014) Mechanical

properties of mouse lungs along organ decellularization by sodium dodecyl sulfate. Respir

Physiol Neurobiol 200:1–5

66. Suki B (2014) Assessing the functional mechanical properties of bioengineered organs with

emphasis on the lung. J Cell Physiol 229(9):1134–1140

67. Morrisey EE, Hogan BL (2010) Preparing for the first breath: genetic and cellular mecha-

nisms in lung development. Dev Cell 18(1):8–23

68. Kotton DN, Morrisey EE (2014) Lung regeneration: mechanisms, applications and emerging

stem cell populations. Nat Med 20(8):822–832

69. Sun H, Calle E, Chen X, Mathur A, Zhu Y, Mendez J et al (2014) Fibroblast engraftment in

the decellularized mouse lung occurs via a beta1-integrin-dependent, FAK-dependent path-

way that is mediated by ERK and opposed by AKT. Am J Physiol Lung Cell Mol Physiol 306

(6):L463–L475

70. Miura K, Okada Y, Aoi T, Okada A, Takahashi K, Okita K et al (2009) Variation in the safety

of induced pluripotent stem cell lines. Nat Biotechnol 27(8):743–745

71. Ghaedi M, Calle EA, Mendez JJ, Gard AL, Balestrini J, Booth A et al (2013) Human iPS cell-

derived alveolar epithelium repopulates lung extracellular matrix. J Clin Invest 123

(11):4950–4962

72. Huang SX, Islam MN, O’Neill J, Hu Z, Yang YG, Chen YW et al (2014) Efficient generation

of lung and airway epithelial cells from human pluripotent stem cells. Nat Biotechnol 32

(1):84–91

73. Gilpin SE, Ren X, Okamoto T, Guyette JP, Mou H, Rajagopal J et al (2014) Enhanced lung

epithelial specification of human induced pluripotent stem cells on decellularized lung

matrix. Ann Thorac Surg 98(5):1721–1729

74. Tsunooka N, Hirayama S, Medin JA, Liles WC, Keshavjee S, Waddell TK (2011) A novel

tissue-engineered approach to problems of the postpneumonectomy space. Ann Thorac Surg

91(3):880–886

75. Franz S, Rammelt S, Scharnweber D, Simon JC (2011) Immune responses to implants—a

review of the implications for the design of immunomodulatory biomaterials. Biomaterials 32

(28):6692–6709

76. Shaw AS, Filbert EL (2009) Scaffold proteins and immune-cell signalling. Nat Rev Immunol

9(1):47–56

77. Daly KA, Liu S, Agrawal V, Brown BN, Johnson SA, Medberry CJ et al (2012) Damage

associated molecular patterns within xenogeneic biologic scaffolds and their effects on host

remodeling. Biomaterials 33(1):91–101

78. Iwata T, Philipovskiy A, Fisher AJ, Presson RG Jr, Chiyo M, Lee J et al (2008) Anti-type V

collagen humoral immunity in lung transplant primary graft dysfunction. J Immunol 181

(8):5738–5747

79. Brown BN, Londono R, Tottey S, Zhang L, Kukla KA, Wolf MT et al (2012) Macrophage

phenotype as a predictor of constructive remodeling following the implantation of biologi-

cally derived surgical mesh materials. Acta Biomater 8(3):978–987

80. Brown BN, Ratner BD, Goodman SB, Amar S, Badylak SF (2012) Macrophage polarization:

an opportunity for improved outcomes in biomaterials and regenerative medicine. Biomate-

rials 33(15):3792–3802

81. Brown BN, Valentin JE, Stewart-Akers AM, McCabe GP, Badylak SF (2009) Macrophage

phenotype and remodeling outcomes in response to biologic scaffolds with and without a

cellular component. Biomaterials 30(8):1482–1491

82. Hogan BL, Barkauskas CE, Chapman HA, Epstein JA, Jain R, Hsia CC et al (2014) Repair

and regeneration of the respiratory system: complexity, plasticity, and mechanisms of lung

stem cell function. Cell Stem Cell 15(2):123–138

18 Acellular Lung Scaffolds in Lung Bioengineering 343



83. Cortiella J, Nichols JE, Kojima K, Bonassar LJ, Dargon P, Roy AK et al (2006) Tissue-

engineered lung: an in vivo and in vitro comparison of polyglycolic acid and pluronic F-127

hydrogel/somatic lung progenitor cell constructs to support tissue growth. Tissue Eng 12

(5):1213–1225

84. Andrade CF, Wong AP, Waddell TK, Keshavjee S, Liu M (2007) Cell-based tissue engi-

neering for lung regeneration. Am J Physiol Lung Cell Mol Physiol 292(2):L510–L518

85. Mondrinos MJ, Koutzaki SH, Poblete HM, Crisanti MC, Lelkes PI, Finck CM (2008) In vivo

pulmonary tissue engineering: contribution of donor-derived endothelial cells to construct

vascularization. Tissue Eng Part A 14(3):361–368

86. Vadasz S, Jensen T, Moncada C, Girard E, Zhang F, Blanchette A et al (2014) Second and

third trimester amniotic fluid mesenchymal stem cells can repopulate a de-cellularized lung

scaffold and express lung markers. J Pediatr Surg 49(11):1554–1563

87. Colom A, Galgoczy R, Almendros I, Xaubet A, Farre R, Alcaraz J (2014) Oxygen diffusion

and consumption in extracellular matrix gels: implications for designing three-dimensional

cultures. J Biomed Mater Res A 102(8):2776–2784

88. Ingber DE (2006) Mechanical control of tissue morphogenesis during embryological devel-

opment. Int J Dev Biol 50(2–3):255–266

89. Ingber DE (2006) Cellular mechanotransduction: putting all the pieces together again.

FASEB J 20(7):811–827

90. Simon MC, Keith B (2008) The role of oxygen availability in embryonic development and

stem cell function. Nat Rev Mol Cell Biol 9(4):285–296

91. Shweiki D, Itin A, Soffer D, Keshet E (1992) Vascular endothelial growth factor induced by

hypoxia may mediate hypoxia-initiated angiogenesis. Nature 359(6398):843–845

92. Garreta E, Melo E, Navajas D, Farre R (2014) Low oxygen tension enhances the generation

of lung progenitor cells from mouse embryonic and induced pluripotent stem cells. Physiol

Rep 2(7)

93. Sanchez-Esteban J, Tsai SW, Sang J, Qin J, Torday JS, Rubin LP (1998) Effects of mechan-

ical forces on lung-specific gene expression. Am J Med Sci 316(3):200–204

94. Boudreault F, Tschumperlin DJ (2010) Stretch-induced mitogen-activated protein kinase

activation in lung fibroblasts is independent of receptor tyrosine kinases. Am J Respir Cell

Mol Biol 43(1):64–73

95. Huang Z, Wang Y, Nayak PS, Dammann CE, Sanchez-Esteban J (2012) Stretch-induced fetal

type II cell differentiation is mediated via ErbB1-ErbB4 interactions. J Biol Chem 287

(22):18091–18102

96. Weibel ER (2013) It takes more than cells to make a good lung. Am J Respir Crit Care Med

187(4):342–346

97. Wagner D, Fenn S, Bonenfant N, Marks E, Borg Z, Saunders P et al (2014) Design and

synthesis of an artificial pulmonary pleura for high throughput studies in acellular human

lungs. Cell Mol Bioeng 7(2):184–195

98. Crabbe A, LedesmaMA, Nickerson CA (2014) Mimicking the host and its microenvironment

in vitro for studying mucosal infections by Pseudomonas aeruginosa. Pathog Dis 71(1):1–19

99. Mishra DK, Thrall MJ, Baird BN, Ott HC, Blackmon SH, Kurie JM et al (2012) Human lung

cancer cells grown on acellular rat lung matrix create perfusable tumor nodules. Ann Thorac

Surg 93(4):1075–1081

100. Smith PF, Gandolfi AJ, Krumdieck CL, Putnam CW, Zukoski CF 3rd, Davis WM et al (1985)

Dynamic organ culture of precision liver slices for in vitro toxicology. Life Sci 36

(14):1367–1375

101. Sanderson MJ (2011) Exploring lung physiology in health and disease with lung slices. Pulm

Pharmacol Ther 24(5):452–465

102. Liberati TA, Randle MR, Toth LA (2010) In vitro lung slices: a powerful approach for

assessment of lung pathophysiology. Expert Rev Mol Diagn 10(4):501–508

103. Rice WL, Van Hoek AN, Paunescu TG, Huynh C, Goetze B, Singh B et al (2013) High

resolution helium ion scanning microscopy of the rat kidney. PLoS One 8(3), e57051

344 D.E. Wagner et al.



104. Pilaz LJ, Silver DL (2014) Live imaging of mitosis in the developing mouse embryonic

cortex. J Vis Exp (88)

105. De Kanter R, Olinga P, De Jager MH, Merema MT, Meijer DK, Groothius GM (1999) Organ

slices as an in vitro test system for drug metabolism in human liver, lung and kidney. Toxicol

In Vitro 13(4–5):737–744

106. Martin C, Uhlig S, Ullrich V (1996) Videomicroscopy of methacholine-induced contraction

of individual airways in precision-cut lung slices. Eur Respir J 9(12):2479–2487

107. Parrish AR, Gandolfi AJ, Brendel K (1995) Precision-cut tissue slices: applications in

pharmacology and toxicology. Life Sci 57(21):1887–1901

108. Davidovich N, Chhour P, Margulies SS (2013) Uses of remnant human lung tissue for

mechanical stretch studies. Cell Mol Bioeng 6(2):175–182

109. Cypel M, Yeung JC, Liu M, Anraku M, Chen F, Karolak W et al (2011) Normothermic

ex vivo lung perfusion in clinical lung transplantation. N Engl J Med 364(15):1431–1440

110. Ezzie ME, Crawford M, Cho JH, Orellana R, Zhang S, Gelinas R et al (2012) Gene

expression networks in COPD: microRNA and mRNA regulation. Thorax 67(2):122–131

111. Flozak AS, Lam AP, Russell S, Jain M, Peled ON, Sheppard KA et al (2010) Beta-catenin/T-

cell factor signaling is activated during lung injury and promotes the survival and migration

of alveolar epithelial cells. J Biol Chem 285(5):3157–3167

112. Majumdar A, Arold SP, Bartolak-Suki E, Parameswaran H, Suki B (2012) Jamming dynam-

ics of stretch-induced surfactant release by alveolar type II cells. J Appl Physiol (1985) 112

(5):824–831

113. Dietl P, Liss B, Felder E, Miklavc P, Wirtz H (2010) Lamellar body exocytosis by cell stretch

or purinergic stimulation: possible physiological roles, messengers and mechanisms. Cell

Physiol Biochem 25(1):1–12

114. Douville NJ, Zamankhan P, Tung YC, Li R, Vaughan BL, Tai CF et al (2011) Combination of

fluid and solid mechanical stresses contribute to cell death and detachment in a microfluidic

alveolar model. Lab Chip 11(4):609–619

115. Wagner DE, Bonvillain RW, Jensen T, Girard ED, Bunnell BA, Finck CM et al (2013) Can

stem cells be used to generate new lungs? Ex vivo lung bioengineering with decellularized

whole lung scaffolds. Respirology 18(6):895–911

116. Butler AJ, Rees MA, Wight DG, Casey ND, Alexander G, White DJ et al (2002) Successful

extracorporeal porcine liver perfusion for 72 hr. Transplantation 73(8):1212–1218

117. McAnulty JF, Ploeg RJ, Southard JH, Belzer FO (1989) Successful five-day perfusion

preservation of the canine kidney. Transplantation 47(1):37–41

118. Lin YM, Boccaccini AR, Polak JM, Bishop AE, Maquet V (2006) Biocompatibility of poly-

DL-lactic acid (PDLLA) for lung tissue engineering. J Biomater Appl 21(2):109–118

119. Mondrinos MJ, Koutzaki S, Jiwanmall E, Li M, Dechadarevian JP, Lelkes PI et al (2006)

Engineering three-dimensional pulmonary tissue constructs. Tissue Eng 12(4):717–728

120. Mondrinos MJ, Koutzaki S, Lelkes PI, Finck CM (2007) A tissue-engineered model of fetal

distal lung tissue. Am J Physiol Lung Cell Mol Physiol 293(3):L639–L650

121. Miller C, George S, Niklason L (2010) Developing a tissue-engineered model of the human

bronchiole. J Tissue Eng Regen Med 4(8):619–627

122. Kuttan R, Spall RD, Duhamel RC, Sipes IG, Meezan E, Brendel K (1981) Preparation and

composition of alveolar extracellular matrix and incorporated basement membrane. Lung 159

(6):333–345

123. Shamis Y, Hasson E, Soroker A, Bassat E, Shimoni Y, Ziv T et al (2011) Organ-specific

scaffolds for in vitro expansion, differentiation, and organization of primary lung cells.

Tissue Eng Part C Methods 17(8):861–870

124. Girard ED, Jensen TJ, Vadasz SD, Blanchette AE, Zhang F, Moncada C et al (2013)

Automated procedure for biomimetic de-cellularized lung scaffold supporting alveolar epi-

thelial transdifferentiation. Biomaterials 34(38):10043–10055

18 Acellular Lung Scaffolds in Lung Bioengineering 345



125. Tsuchiya T, Balestrini JL, Mendez J, Calle EA, Zhao L, Niklason LE (2014) Influence of pH

on extracellular matrix preservation during lung decellularization. Tissue Eng Part C

Methods 20(12):1028–1036

126. Gilpin SE, Lung K, de Couto GT, Cypel M, Sato M, Singer LG et al (2013) Bone marrow-

derived progenitor cells in end-stage lung disease patients. BMC Pulm Med 13:48

127. Mendez JJ, Ghaedi M, Steinbacher D, Niklason L (2014) Epithelial cell differentiation of

human mesenchymal stromal cells in decellularized lung scaffolds. Tissue Eng Part A 20

(11–12):1735–1746

128. Morin JP, Baste JM, Gay A, Crochemore C, Corbiere C, Monteil C (2013) Precision cut lung

slices as an efficient tool for in vitro lung physio-pharmacotoxicology studies. Xenobiotica 43

(1):63–72

129. Dassow C, Wiechert L, Martin C, Schumann S, Muller-Newen G, Pack O et al (2010) Biaxial

distension of precision-cut lung slices. J Appl Physiol 108(3):713–721

130. Wright JL, Churg A (2008) Short-term exposure to cigarette smoke induces endothelial

dysfunction in small intrapulmonary arteries: analysis using guinea pig precision cut lung

slices. J Appl Physiol 104(5):1462–1469

131. Schleputz M, Uhlig S, Martin C (2010) Electric field stimulation of precision-cut lung slices.

J Appl Physiol 110(2):545–554

132. Wyatt TA, Sisson JH, Allen-Gipson DS, McCaskill ML, Boten JA, DeVasure JM et al (2012)

Co-exposure to cigarette smoke and alcohol decreases airway epithelial cell cilia beating in a

protein kinase Cepsilon-dependent manner. Am J Pathol 181(2):431–440

133. Schnorbusch K, Lembrechts R, Brouns I, Pintelon I, Timmermans JP, Adriaensen D (2012)

Precision-cut vibratome slices allow functional live cell imaging of the pulmonary

neuroepithelial body microenvironment in fetal mice. Adv Exp Med Biol 758:157–166

134. Davidovich N, Huang J, Margulies SS (2012) Reproducible uniform equibiaxial stretch of

precision-cut lung slices. Am J Physiol Lung Cell Mol Physiol 304(4):L210–L220

135. Moreno L, Perez-Vizcaino F, Harrington L, Faro R, Sturton G, Barnes PJ et al (2006)

Pharmacology of airways and vessels in lung slices in situ: role of endogenous dilator

hormones. Respir Res 7:111

136. Seehase S, Schleputz M, Switalla S, Matz-Rensing K, Kaup FJ, Zoller M et al (2011)

Bronchoconstriction in non-human primates: a species comparison. J Appl Physiol 111

(3):791–798

137. Wohlsen A, Martin C, Vollmer E, Branscheid D, Magnussen H, Becker WM et al (2003) The

early allergic response in small airways of human precision-cut lung slices. Eur Respir J 21

(6):1024–1032

138. Held HD, Martin C, Uhlig S (1999) Characterization of airway and vascular responses in

murine lungs. Br J Pharmacol 126(5):1191–1199

139. Bussek A, Wettwer E, Christ T, Lohmann H, Camelliti P, Ravens U (2009) Tissue slices from

adult mammalian hearts as a model for pharmacological drug testing. Cell Physiol Biochem

24(5–6):527–536

140. Zhou J, Alvarez-Elizondo MB, Botvinick E, George SC (2012) Local small airway epithelial

injury induces global smooth muscle contraction and airway constriction. J Appl Physiol 112

(4):627–637

141. Vaira V, Fedele G, Pyne S, Fasoli E, Zadra G, Bailey D et al (2010) Preclinical model of

organotypic culture for pharmacodynamic profiling of human tumors. Proc Natl Acad Sci U S

A 107(18):8352–8356

142. Henjakovic M, Sewald K, Switalla S, Kaiser D, Muller M, Veres TZ et al (2008) Ex vivo

testing of immune responses in precision-cut lung slices. Toxicol Appl Pharmacol 231

(1):68–76

143. Rausch SM, Haberthur D, Stampanoni M, Schittny JC, Wall WA (2011) Local strain

distribution in real three-dimensional alveolar geometries. Ann Biomed Eng 39

(11):2835–2843

346 D.E. Wagner et al.



144. McBride S, Rannie D, Harrison DJ (2000) Gene transfer to adult human lung tissue ex vivo.

Gene Ther 7(8):675–678

145. Nguyen DT, de Vries RD, Ludlow M, van den Hoogen BG, Lemon K, van Amerongen G

et al (2013) Paramyxovirus infections in ex vivo lung slice cultures of different host species. J

Virol Methods 193(1):159–165

146. Bauer CM, Zavitz CC, Botelho FM, Lambert KN, Brown EG, Mossman KL et al (2010)

Treating viral exacerbations of chronic obstructive pulmonary disease: insights from a mouse

model of cigarette smoke and H1N1 influenza infection. PLoS One 5(10), e13251

147. Marquardt A, Halle S, Seckert CK, Lemmermann NA, Veres TZ, Braun A et al (2011) Single

cell detection of latent cytomegalovirus reactivation in host tissue. J Gen Virol 92

(Pt6):1279–1291

18 Acellular Lung Scaffolds in Lung Bioengineering 347


	Chapter 18: Acellular Lung Scaffolds in Lung Bioengineering
	Introduction
	Engineering a Scaffold
	Designing and Manufacturing a Bioartificial Scaffold
	Acellular Scaffolds

	Decellularization
	Methods of Decellularization
	Scaling Up Decellularization Protocols for the Clinic
	Residual Extracellular Matrix and Other Proteins
	Mechanical Assessments of Decellularized Scaffolds

	Recellularization
	Recellularization of Acellular Scaffolds for Bioengineering New Lung
	Implantation of Recellularized Scaffolds
	Immunogenicity of Implanted Scaffolds
	Environmental Factors in Ex Vivo Lung Regeneration

	Lessons Learned from Ex Vivo Organ and tissue Culture
	Acellular Lungs as Ex Vivo Models of Disease
	Precision Cut Tissue Slices
	Ex Vivo Maintenance of Explanted Organs for Transplantation

	Discussion and Outlook
	References


