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ABSTRACT 

Decellularized lung tissue has been recognized as a potential platform to engineer 

whole lung organs suitable for transplantation or for modeling a variety of lung diseases. 

However many technical hurdles remain before this potential may be fully realized. 

Inability to efficiently re-endothelialize the pulmonary vasculature with a functional 

endothelium appears to be the primary cause of failure of recellularized lung scaffolds in 

early transplant studies. This dissertation research aims to enhance the re-

endothelialization of decellularized rodent lung scaffolds with rat lung microvascular 

endothelial cells. This was achieved by adjusting the posture of the lung to a supine position 

during cell seeding through the pulmonary artery. The supine position allowed for 

significantly more homogeneous seeding and better cell retention in the apex regions of all 

lobes than the traditional upright position, especially in the right upper and left lobes. 

Additionally, the supine position allowed for greater cell retention within large diameter 

vessels (proximal – 100 µm to 5,000 µm) than the upright position, with little to no 

difference in the small diameter distal vessels. Endothelial cell adhesion in the proximal 

regions of the pulmonary vasculature in the decellularized lung was dependent on the 

binding of endothelial cell integrins, specifically α1β1, α2β1 and α5β1 integrins to, 

respectively, collagen type-I, type-IV and fibronectin in the residual ECM. Following in 

vitro maturation of the seeded constructs under perfusion culture, the seeded endothelial 

cells spread along the vascular wall, leading to a partial re-establishment of endothelial 

barrier function as inferred from a custom-designed leakage assay. The results of this 
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dissertation research suggest that attention to cellular distribution within the whole organ 

is of paramount importance for restoring proper vascular function. 
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PREFACE 

My intrigue in bioengineering stemmed from exposure to the artificial heart in 

undergrad. Though I decided to stray away from mechanical medical devices, you will see 

that I did not leave the thoracic cavity. The vasculature seems so imperative for all implants 

to function that I couldn’t get away from it. With the lung being an incredibly complex 

organ, I knew the challenges would be immense, but the rewards would be extraordinary. 

This is just my first stepping-stone, and very modest contribution to the field, towards 

better therapies for lung diseases. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Motivation 

According to the American Center for Disease Control, chronic lower respiratory 

diseases (CLRDs) are currently the third leading cause of all deaths in the United States 

[1]. The progressive nature of CLRD pathophysiology can only be partially controlled 

pharmacologically and inevitably leads to critical loss of gas exchange capacity (i.e., end-

stage organ failure), which is the prime indication for lung transplantation. Unfortunately, 

the number of patients added to the waiting list for lung transplants in the United States has 

consistently exceeded the number of transplants performed annually [2].  The long-term 

survival rate of these transplant recipients at 5 years is 53% and at 10 years 31%, with 

current lung transplantation techniques focusing on bronchial artery revascularization 

(BAR) in order to improve long-term outcomes [3]. Extracorporeal membrane oxygenation 

(ECMO)-based medical devices provide temporary relief in a clinical setting and often 

serve as a bridge to transplantation. However, the long-term use of these medical devices 

is offset by numerous shortcomings, such as thrombogenicity of the blood-contacting 

surfaces, limited gas exchange surface area, and lack of endogenous metabolic and 

fibrinolytic activities [4]. Given the chronic shortage of lungs suitable for transplantation 

[2] and the limitations of current ECMO devices [5], there is an unmet clinical need for 

innovative solutions to lung repair and/or replacement [6], such as tissue engineering a 

whole lung. 
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Recent studies suggest that decellularized non-diseased cadaveric whole lungs, 

otherwise unsuitable for transplantation, or even individual lung lobes, might serve as a 

source for engineering replacement lungs and/or as organotypic scaffolding material [7, 8]. 

“Whole organ engineering”, which entails removal of cellular constituents 

(decellularization) and the subsequent recellularization, i.e., reseeding with the appropriate 

cocktail of tissue-specific cells, has the potential for increasing the number of available 

organs for clinical use, provided the functionality of the recellularized organ can be 

restored [9-13]. During the decellularization process, a combination of reagents, usually 

detergents, is used to ablate the cells of a given organ, leaving behind an endogenous three-

dimensional scaffold composed of insoluble extracellular matrix (ECM) proteins. Amongst 

the unresolved issues of the decellularization process is the incomplete removal of cellular 

components, which leaves behind residual fragments of cytosol, organelles, nuclei and cell 

membranes all of which can be immunogenic [14, 15]. For a recent critical review of 

decellularization and some of the related issues see [16]. There is however a consensus 

among experts that the minimum success for decellularization includes the following 

parameters: no visible nuclei in histological sections, < 50 ng DNA/mg tissue, and no intact 

bands visible in a DNA gel [16]. The feasibility of the decellularization/recellularization 

(D/R) approach, and its’ in vivo applicability, was demonstrated in the initial in vivo studies 

that revealed a limited functionality of tissue-engineered left lung lobes in rodent models 

[17-20]. Following D/R of whole rat lungs, the transplanted bioengineered left lobes were 

able to contribute to pulmonary gas exchange for up to 7 days in vivo. Some of the serious 

complications observed in these studies, such as pulmonary hemorrhage and edema, might 
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have been caused in part by the incomplete recellularization of the vasculature [21] and by 

the immune rejection of the engineered constructs. This suggests the occurrence of a graft-

versus-host response towards reseeded cells and residual ECM components, including 

residual fragments from the cells of the donor tissue. Hence at this stage the D/R approach 

is still far from being useful for chronic support or replacement of a failing lung in an 

animal model or, even less so, clinically. Though the major hurdles of complete pulmonary 

vascular/airway compartment recellularization are of major concern for the a short-term 

(days-weeks) survival of the implanted D/R organs, I anticipate that the long term survival 

(months to years) of the D/R lungs in vivo will require future studies on the use of additional 

surgical techniques, such as BAR, due to their beneficial effect on the survival of 

transplanted intact lungs [3]. As an alternative to their anticipated use in the clinic, D/R 

lungs could also be utilized, already now, to construct improved tissue models in vitro that 

might accelerate pulmonary differentiation of stem cells [22] or the discovery of better 

pharmaceuticals/biologics for lung diseases [23]. 

The partial, time-limited restoration of respiratory functionality in these engineered 

whole organs in vivo may, in addition to the potential causes listed above, also be due to 

damage to the ECM during decellularization, incomplete recellularization of the vascular 

and/or airway compartments, lack of interstitial cells, and absence of autonomic 

innervation of the transplanted bioengineered lung. Innervation of bioengineered organs, 

e.g., the lung, is a very complex process that has yet to be addressed adequately and is 

beyond the scope of this review [24]. 
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The majority of the published work on lung tissue engineering, especially on 

recellularization of the decellularized lung scaffolds, has focused on the airway 

compartment [25]. For recent comprehensive reviews on recellularizing the airways see [6, 

26, 27]. By contrast, D/R of the vascular compartment in combination with in situ 

maturation of the seeded cells and ECM remodeling, cumulatively defined here as 

revascularization, lacks detailed systematic bioengineering studies. To the best of my 

knowledge, there is only one study focusing solely on assessing (via corrosion casting) the 

effect of decellularization on microvascular morphology and integrity [28]. Additionally, 

there is currently only one study that focusses solely on the re-endothelialization of the 

vascular compartment where they show that a bi-directional seeding approach using 

differentiated induced pluripotent stem cells (iPSC), with optimized parameters, would 

lead to partial recovery of the vascular compartment’s barrier function [21]. 

In the introduction of this dissertation the current state of lung decellularization is 

discussed from the vantage point of the vasculature with emphasis on the integrity and 

composition of the vascular ECM and address emerging approaches for lung 

revascularization. Restoration of a functional pulmonary vasculature requires re-

establishing intact, i.e., quiescent and non-thrombogenic endothelial cell monolayers lining 

the entire vascular tree throughout the complex decellularized scaffold [29, 30]. I posit that 

successful bioengineering of functional lungs and their clinical usefulness depends on 

innovative approaches to restoring a functional pulmonary vasculature. 
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1.2 Pulmonary Vascular Organization 

The lung contains two parallel conducting systems, the airway tree and the vascular 

tree [31]. The human pulmonary airway tree is composed of 23 bifurcations, also termed 

“generations”, which represent airways with decreasing length and diameter as they 

progress deeper into the lung terminating in the alveoli, i.e., the basic functional unit of the 

distal lung that provides the gas exchange with the pulmonary vasculature across an 

ultrathin basement membrane (less than 1µm in healthy human lungs) separating alveoli 

and capillaries [31-33]. The human pulmonary arterial vascular tree bifurcates from the 

large diameter pulmonary artery into segmental and sub-segmental branches. The 

bifurcations of the sub-segmental branches vary in both number and location, but terminate 

in an extensive network of capillaries enrobing the distal alveoli. The diameters of the 

vessels decrease stepwise as they extend distally through a network of bifurcations. Thus 

the pulmonary vasculature generates a very large heterogeneous “plumbing system” that 

can be roughly characterized by size (macro vs. micro), location (arterial vs. venous) and 

function [34, 35] (Figure 1). Large elastic pulmonary arteries (i.e., the pulmonary artery 

and its’ primary branches; ca. >5000 µm in diameter) entail multiple concentric elastic 

laminae separated by layers of smooth muscle and collagen fibers, with a proteoglycan 

basement membrane altogether creating three distinct layers (tunica intima, tunica media, 

tunica adventitia). Medium-sized muscular pulmonary arteries (ca. 1000-5000 µm in 

diameter) possess a smaller tunica media positioned between an internal and external 

elastic laminae [36]. Large (ca. >5000 µm in diameter) and medium (ca. 1000-5000 µm in 

diameter) diameter pulmonary veins mainly differ from the large “elastic” and medium 
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“muscular” pulmonary arteries by their thinner elastic laminae and location closer to the 

connective tissue between secondary lobules [37]. Pulmonary arterioles (ca. 25-1000 µm 

in diameter) lack the well-defined muscular layer along the proximal-distal axis, but still 

maintain a multi-layer morphology of endothelial and smooth muscle cells, though less 

distinct than large and medium sized vessels. Distal lung capillaries (< 25µm in diameter) 

that enrobe the alveoli are comprised of only a single monolayer of flattened endothelial 

cells (ECs) supported on the ablumenal side by pericytes and fibroblasts. Pulmonary 

venules are virtually indistinguishable from pulmonary arterioles based on histological 

morphology alone [38], but can be broken down into the post-capillary venule (ca. 5-25 

µm in diameter), the muscular venule (ca. 25 µm in diameter) and the collecting venule 

(ca. 25-1000 µm in diameter) [39] (Figure 1). 
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Figure 1 – Anatomical Definition of Human Pulmonary Vasculature 

The pulmonary vascular tree can be broken down into architecturally distinct segments, in analogy to the 
systemic circulation. This diagram serves as a reference for the dimensions that characterize a certain vessel 
type, and the cell types that naturally occur in such vessels. The term “inside-out” refers to what the layers 
consist of from the inner most region of the lumen to the outer most. 
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The vascular endothelium of the lung has some degree of innate functional 

heterogeneity and vascular niche-specific plasticity [34, 40]. For example, vascular 

segment-specific differences in fluid permeability exist between the pulmonary 

macrovasculature (arterial or venous) and the microvasculature (capillaries) [41]: the 

barrier function of the capillary endothelium in the distal lung is 58-times more restrictive 

than that of the arterial endothelium, and 26-fold higher than that of the venous 

endothelium [41]. Microvascular ECs differ from the macrovascular ECs in terms of 

surface glycosylation: for example, microvascular ECs express glycoproteins that are 

preferentially recognized by Griffonia Simplicifolia I lectin (binds to galactose), whereas 

macrovascular ECs preferentially bind Helix Pomatia lectin (binds to α-N-

acetylgalactosamine) [42]. Moreover, pulmonary capillary ECs lack Weibel-Palade bodies, 

which are ultrastructural hallmarks of other subtypes of endothelial cells, such as 

pulmonary arteries and arterioles [43]. The phenotypic differences of the bronchial 

circulation endothelium to the pulmonary endothelium reflects differences in function, for 

example increased constitutive expression of E-selectin and decreased tight junction 

formation, both of which reflect the natural immune response of the bronchial endothelium 

towards inhaled pathogens [44]. However, the lack of a bronchial circulation in the rodents 

limits the ability to study this vascular bed in the current models of decellularized rodent 

lungs. 

Lymphatic ECs differ from vascular ECs, for instance, by the unique expression of 

lymphatic vessel hyaluronan-1 receptor-1 during development and the transcription factor 

Prox1 in the adult. Lymphatic ECs lack tight barrier function, and exclusively respond to 
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lymphangiogenic factors, e.g., vascular endothelial growth factor-C (VEGF-C) [45]. The 

availability of protocols for the isolation/purification of ECs from different vascular beds 

[46] or the lymphatics [47, 48] will enable their targeted use in bioengineering different 

segments of the pulmonary vascular, the bronchial circulation, or the lymphatic tree. A 

review of the lymphatic endothelium, however, as important as it is for lung function 

during development [49] and in the mature organ, is beyond the scope of this review.  

Successful bioengineering of a revascularized lung will recognize and leverage the 

endogenous endothelial heterogeneity in order to restore vascular functionality in a region-

specific manner. Past approaches to lung revascularization used primary isolates of adult 

macro-micro-vascular ECs [18, 19, 50] or less-well characterized stem cell-derived ECs 

[20], and recently with differentiated iPSC [21], ignoring the need for regional 

heterogeneity across the pulmonary vasculature. I speculate that this issue will be critical 

for successful functional revascularization of decellularized lungs, which will more 

faithfully mimic the complex physiology of the organ. 

 

1.3 Extracellular Matrix Composition Relevant for Lung Vascular Tissue Engineering 

All pulmonary ECs, whether macro or micro-vascular, produce their own 

underlying basement membrane (BM), while the vessels themselves are all embedded in 

or surrounded by a stromal/interstitial extracellular matrix (ECM). The pulmonary vascular 

ECM is comprised of distinct proteins [51] that interact with and regulate the behavior of 

the ECM-resident cells. It modulates vascular cell proliferation, migration, attachment, 

sequesters growth factors, and aids proper physiological vascular functions [52]. Both 
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ECM and BM are heterogeneous in terms of anatomical location-dependent composition 

and ratio of their components [53].  

Amongst the many collagen subtypes found in the lung matrix, collagens type I 

(Col-I), II, III, IV, V and XI are the most abundant [54], constituting 15–20% of the lungs’ 

dry weight [53, 55]. As for the fibrillar collagens, Col-I and III confer tensile strength to 

the alveolar interstitium, the pulmonary blood vessels, the visceral pleura and to the 

connective tissue that surrounds the tracheobronchial tree, while type II and XI determine 

the mechanical strength of the bronchial and tracheal cartilage [53]. The most abundant 

non-fibrillar network-forming collagen in the lung is collagen type-IV (Col-IV), which 

constitutes part of the ultra-thin BM separating capillaries and the alveolar epithelium, and 

provides stability and tensile strength to the blood-gas barrier as well as to the alveoli and 

the pulmonary capillaries [56]. Following decellularization, residual Col-I and Col-IV are 

critical ingredients of engineered lungs, which, once implanted, will require both the tensile 

strength of fibrillar Col-I to withstand the strain of breathing, as well as some of the unique 

cell-binding domains of Col-IV (i.e., the trimeric cyanogen bromide-derived fragment CB3 

[57]) to support epithelial and EC homeostasis.  

Laminins (LNs) are a multi-member family of large structural heterotrimeric 

glycoproteins composed of a combination of α, β and γ chains. Together with collagen type 

IV, LNs play a significant role in the assembly, integrity, architecture and regulation of 

lung vascular BM but also more generally in the modulation of different cellular and 

molecular effects, such as expression of tissue factor [58] and guidance of capillaries into 

pre-existing alveolar clefts [59]. The heterogeneity of LN expression in the lung is mainly 
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attributed to variations in the α-chain. For example laminin isoforms 511 and 521 are 

essential for normal lobar septation in early lung development as well as for normal 

alveolarization and distal epithelial cell differentiation and maturation in late lung 

development [60]. Additional studies are required for more insight into the regional 

distribution of the LN α chains in the lung vascular bed in the native lung and for 

understanding how this distribution pattern is retained after decellularization.  

Elastins (ENs), a family of structural proteins [61], are secreted mainly by 

interstitial fibroblasts and smooth muscle cells [62], and represent 3–7% of the human 

lungs’ dry weight [63]. Tropoelastin is the soluble precursor of the insoluble fibrillar elastin 

in situ [64]. EN is an important protein that impacts lung development predominantly 

during the alveolar stage. EN is found in the conducting airways, vasculature and 

parenchyma of the lung, where it is a primary contributor to airway recoil, patency, and 

parenchymal tethering [65] and also to the elasticity of the arteriole and venule pulmonary 

vascular beds, as characterized by physiological compliance coefficients [66]. EN 

degradation is a key step in the pathogenesis of lung disorders such as COPD [67]. Current 

methods of decellularization lead to significant and indiscriminate loss of EN in the airways 

and vasculature which has a direct impact on the vessels’ ability to recoil following 

distension from blood flow [68].  

Fibronectin (FN) is a regulatory multi-domain glycoprotein which binds 

simultaneously to several integrin and non-integrin receptors, collagen, and proteoglycans 

(PGs) [69]. During embryogenesis FN is deposited around developing airways, 

predominantly at cleft sites, and is critical for guiding branching morphogenesis [69, 70]. 
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In the adult human lung, FN is found around capillaries and associated with the BM of the 

alveolar walls and conducting airways [71, 72]. FN plays a critical role in mediating the 

adhesion of cells to engineered constructs such as decellularized lung scaffolds (DLS) [73], 

and is important for the subsequent stimulation of ECM production by the seeded cells [73, 

74]. The current crude methods to decellularize the lung remove a significant portion of 

FN from the ECM. The remaining FN is either denatured [75], and/or fragmented (as seen 

by western blotting [76]), therefore significantly reducing the adhesive and instructive cues 

attributed to FN within the vasculature.  

Glycosaminoglycans (GAGs) are unbranched polysaccharide chains composed of 

repeating disaccharide units, while proteoglycans (PGs) are composed of mostly anionic 

GAG chains covalently linked to a core protein [77]. Specific GAGs and PGs, such as 

heparan sulfate, play important roles in EC migration [78] and adhesion [79]. Importantly, 

GAGs bind and serve as local reservoirs for heparin binding growth factors, such as basic 

fibroblast growth factor [80, 81], in both embryonic and adult lung. Mice deficient in 

heparan sulfate 6-O-sulfotransferase-1, a key enzyme in the biosynthesis of PGs, reveal 

aberrant lung morphology indicating the crucial role of these ECM constituents in lung 

development and maintenance [82]. With the current techniques for decellularization, 

however, the GAGs are the most widely lost ECM component of the whole lung including 

in the vascular tree [83], which will limit the induction of angiogenesis upon re-

endothelialization [84]. 
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1.4 Extracellular Matrix Composition of the Decellularized Pulmonary Vasculature  

Following decellularization the integrity of the remaining ECM in the DLS varies 

with different decellularization protocols [11]. Table 1 summarizes the few published 

studies, which globally assess the remaining ECM within both the vascular and airway 

compartments. Though separate dedicated studies on the two distinct compartments have 

yet to be performed, I can deduce the effects of decellularization on the vascular 

compartment from current analyses of whole decellularized lungs. Furthermore, 

experience gained from studying D/R of isolated large blood vessels, including pulmonary 

arteries, can add to the knowledge of the residual ECM composition of the 

macrovasculature of the DLS [85]. Comparing the various modes of decellularization, the 

type of detergents used and the method of their application are the two major factors that 

determine the quality and quantity of the residual ECM (Table 1). The effects of detergents 

are classified according to the histology, biochemistry, and biomechanics of the DLS. Each 

of these categories are assessed according to three different ratings (poor, marginal, good), 

operationally defined as:  

 

1. Poor (i.e., – pathological): 

a. morphology that shows significantly altered alveolar size and/or septa 

which surround the vasculature (i.e., as measured by the mean line 

intercept parameter and/or percent parenchymal volume [86]); 

macroscopically the decellularized organ is visually different than the 

normal lung [87];  
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b. ECM composition that shows differential loss (in the range of 60-95%) 

of either Collagens, EN, or GAGs as evaluated by quantitative 

histologic analysis of the vascular walls [68];  

c. the mechanics of the whole decellularized tissue (resistance, elastance, 

and compliance measured by tensile testing or atomic force microscopy 

[88]) is weakened compared to normal lung (e.g., stiffness of normal 

human lung is ~2kPa while that of the DLS is ~1.6kPa [89]); 

2. Marginal (i.e., slightly pathological): 

a. morphology shows significant alterations in either the alveolar size or 

parenchymal volume surrounding the vasculature, but the decellularized 

organ macroscopically resembles the normal lung tissue [74];  

b. histologic analysis shows insignificant loss of collagens but 30-60% 

loss of elastin and/or GAGs [15, 83];  

c. the mechanics of the entire decellularized tissue shows no change in the 

dynamic compliance and static compliance, while the specific 

compliance and other parameters, such as the Young’s modulus or the 

elastance are less than those of normal lung [90];  

3. Good (i.e., physiological): 

a. morphology with similar alveolar size, or parenchymal volume 

surrounding the vasculature, and the decellularized organ resembling 

the normal lung macroscopically [18];  
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b. ECM levels of Collagen I, Collagen IV, EN, LN, FN, and GAGs in the 

DLS similar to those of the intact organ, also within the vascular 

compartment [74];  

c. no significant difference seen in compliance or elastance of the DLS 

compared to native lung [17]. 

 

For example, following perfusion of a pig or human lung with a non-ionic, non-

denaturing detergent, such as Triton X-100 (TX), followed by an anionic detergent, such 

as Sodium Deoxycholate (SDC), the morphology of remaining ECM was marginal, while 

the composition was good, [91]. Unfortunately the mechanics of the DLS were not 

investigated (Row 1, Table 1; [91]). 
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A: 
Intermittent perfusion through the trachea and/or pulmonary artery without record of 
pressure and/or flow rate, B: Continuous perfusion through both the trachea and the 
pulmonary artery at 0.6ml/min without record of pressure, C: Perfusion continuously 
through pulmonary artery at pressure 60mmHg which is three-fold over physiological [92], 
D: Perfusion continuously through pulmonary artery alone at a physiological pressure of 
15-30mmHg, E: Perfusion intermittently through pulmonary artery and trachea at a 
physiological pressure of 15-30mmHg, F: Intermittent perfusion through main lobar 
bronchus or pulmonary artery trunk at 0.5-2L/min (for pig or human lung) without record 
of pressure, G: Immersion in decellularization media at 4-37°C, H: First 0.1% TX (1-2 days), 
then 2% SDC (1-2 days), then 1M NaCl for (1-2 hours), and finally DNase (1-2 hours), I: 
0.1% SDS for 2hrs and 1% TX for 10min-1hr, J: 8mM CHAPS, then 1M NaCl, and finally 
25mM EDTA at pH 8.0-12.0, K: 0.05%-1% SDS for 4-24hrs at 25-37°C, L: 3% Tween-20 
for 2hrs, 4% sodium deoxycholate for 2hrs, M:The integrity of the ECM following 
decellularization is presented on a scale of three semi-quantitative values (morphology, 
ECM composition and mechanics), grading their effect as good, marginal or poor, as 
described in the text, N:The methods of these columns contain no record of flow rate or 
pressure, unless otherwise stated, AA: Suspended in media, instilled by hand with a syringe 
into the airways and vasculature, and finally sectioned, BB: Suspended in media, instilled 
through the airways by gravity perfusion and through the pulmonary artery and pulmonary 
vein by anterograde arterial gravity perfusion, CC: Suspended in media, instilled through 
the airways by gravity, and instilled in the pulmonary artery by peristaltic pump at 
3mL/min, DD: Suspended in 1-2% low melting agarose or 15% pluronic F-127 hydrogel, 
instilled by hand with a syringe into the airways or vasculature, and finally sectioned, EE: 
Suspended in media, instilled through the airways by hand with a syringe, and through the 
vasculature with a peristaltic pump, FF: Suspended in media, and instilled through the 
pulmonary artery by syringe pump, GG: Suspended in media and seeded drop-wise onto 
sections of tissue, HH: Sections of tissue seeded with cells were cultured within a multi-well 
cell culture plate batch-fed with media, II: Whole lung organ cultured in a bioreactor that 
allows for perfusion of media through the pulmonary artery via a peristaltic pump, JJ: 
human primary bronchial epithelial cells, KK: human primary lung fibroblasts, LL: human 
primary bone marrow MSCs, MM: human endothelial colony forming cells, NN: rat primary 
fetal pneumocytes isolated from rats of gestational day 17 to 20, OO: human primary 
umbilical vein ECs, PP: human alveolar basal epithelial adenocarcinoma cell line, QQ: rat 
primary lung microvessel ECs, RR: human iPSCs, SS: human primary alveolar epithelial type 
2 cells, TT: rat primary adipose derived stem cells, UU: rhesus primary bone marrow MSCs, 
VV: human small airway epithelial cells, WW: The efficacy of the recellularization process 
based on cell attachment is presented on a scale of three semi-quantitative values graded 
as good, adequate favoring proximal or distal regions of airways or vasculature, poor or 
indiscriminate, as described in the text. 

 

Table 1 - Summary of Lung D/R Approaches and Their Functional Outcomes 
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Use of TX in combination with SDC preserves the thickness of the natural alveolar 

septa, while zwitterionic detergents, such as 3-[(3-cholamidopropyl) dimethylammonio]-

1-propanesulfonate (CHAPS), or a denaturing anionic detergent, such as sodium dodecyl 

sulfate (SDS), yield septa that are significantly thicker than the natural alveolar basement 

membrane barrier in healthy rodent lungs [76]. As an example of how excessive alveolar 

septa thickness negatively affects gas exchange, in the pathological rodent model of 

bleomycin-induced fibrosis the thickness of the alveolar-capillary interface increases to 

~5µm [93] from less than 1µm in healthy lungs [94], leading to significant reduction in the 

efficacy of gas exchange. This observation suggests that preservation of a thin basement 

membrane layer in the DLS is mandatory for proper function following recellularization. 

Treatment with a combination of TX / SDC generates DLSs with higher elasticity 

than other detergents, allowing for more biomimetic engineered lung scaffolds. However, 

the same combination of TX and SDC consistently depletes ENs and GAGs [83]. 

Comparing the studies listed in Table 1 I conclude that non-denaturing, non-ionic 

detergents (i.e., TX/SDC) have the least damaging effect on collagens, ENs, and LNs, 

while denaturing and zwitterionic detergents (i.e., SDS and CHAPS) deplete these critical 

structural ECM/BM proteins in both the vascular and airway compartments. Recently other 

detergents have been used for lung decellularization, i.e., sulfobetaine-10 (SB-10) [28] and 

sodium lauryl ester sulfate [95], which overcome the detrimental effects of zwitterionic 

detergents, such as SDS, on the decellularized vascular ECM. For example, comparing the 

effects of SB-10 and TX alone or in combination, analysis of decellularized pulmonary 

vasculature via a quantitative corrosion casting method revealed that the least amount of 
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extravasation of the casting solution (i.e., vascular damage) occurred with SB-10 [28]. 

Taken together, decellularization protocols need to be refined and standardized to better 

maintain the integrity of the pulmonary vasculature, in particular that of the delicate 

capillary beds, to decrease the potential for hemorrhage. Given the nature of the detergents 

used to date and the global routes of their administration, removal (at least in part) of 

critical ECM components throughout all lung compartments is unavoidable. Hence, rather 

than / in lieu of optimizing the decellularization techniques, replenishment of essential, 

cell-instructive matricellular ECM components might be an alternative approach for 

countering ECM loss and improving functional recellularization [73].  

The general maintenance of the morphology of the lung vascular ECM network 

following decellularization has been reported, especially for the macrovasculature [17, 50, 

96-99]. As detailed earlier, histological stains such as Verhoeff’s van Gieson (VVG), which 

stains elastic fibers, identify large diameter arteries from large diameter veins and airways 

by the presence of a thick internal elastic lamina in the arteries, and its low abundance in 

the veins and airways [38] (Figure 1). Similarly, arterioles and venules of 25-1000 µm in 

diameter can be distinguished based on the thickness of the sub-endothelial elastic fibers 

[100] (Figure 1). Unlike the vessels with diameter greater than 100 µm, the structure of 

small diameter arterioli and venules is similar and difficult to distinguish without highly-

specific histological techniques [38]. Though proteomic analysis of the whole DLS has 

shown a significant loss of EN [68] following decellularization, histologic analysis focused 

on the vascular compartment suggests that this loss occurs mainly from the airways, pleura 

and parenchyma, but not from the vascular compartment. In rodent [17, 96-98], non-human 
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primate [99], and human [50] DLS, the internal elastic lamina of large diameter arteries is 

maintained. Morphological analysis of the DLS by scanning electron microscopy shows 

persistence of hollow tubular structures resembling macrovasculature and, to a lesser 

extent, also the microvasculature down to the capillary level. Therefore conduits for blood 

perfusion are largely intact morphologically, yet unable to prevent leakage/hemorrhage 

[83]. Transmission electron microscopic studies following lung decellularization reveal 

thin, dense ECM structures resembling the respiratory basement membrane as well as 

cross-sections of collagen fibrils supporting the alveolus, indicating fairly faithful 

preservation of ECM architecture [101]. However,  the physiological impact of changes in 

the precise composition and micromechanical properties of the decellularized scaffolds on 

the functionality of recellularized engineered organs remains poorly understood, and will 

require further mechanistic studies looking at survival, proliferation, differentiation and 

functionality of the cells seeded into the various DLS [101].  Decellularized rodent lungs 

can be perfused throughout the entire pulmonary vascular tree, albeit leakage is observed 

at all levels of the vasculature, as shown with vascular casting visualized with micro-CT 

imaging [19, 97], dye perfusion visualized with real-time imaging (Evan’s blue dye [98] 

or Trypan blue dye [83]), or FITC-Dextran perfusion measured with a fluorescent 

spectrophotometer [21]. Current analysis methods, such as western blotting, high-pressure 

liquid chromatography, and mass spectroscopy do not distinguish between the ECM/BM 

of airways and that of the vascular compartments, but rather provide global assessments of 

the lung ECM protein content and localization. However, novel methods for quantitative 

mass spectroscopy might help in quantifying the effects of different decellularization 
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protocols on the residual proteins [102]. Amongst the possible new approaches to analyzing 

specific compartments individually, correlative fluorescence immunohistochemistry and 

electron microscopy [103] might provide more specific means for differential quantitation 

of ECM protein distribution and ultrastructure/permeability in defined loci, such as the 

basement membranes surrounding the vasculature and the airways, respectively. 

Analysis of the various decellularization methods used (Table 1; [11]) suggests that 

a number of parameters beyond just the use or combination of specific detergents are 

important for maintaining the lung ECM. For example, the distinct effects of the detergent 

application method (i.e., continual vs intermittent perfusion vs. immersion, flow 

rate/pressure, duration of decellularization, etc.) remain to be studied systematically for 

both vascular and airway compartments. Monitoring/controlling perfusion mechanics 

throughout the decellularization process will result in improved maintenance of the 

pulmonary vascular ECM [104]. In the native lung, the pulmonary capillary pressure is 

very low, varying from ~6 mmHg to ~8 mmHg [105]. This pressure can significantly 

increase under harsh and stress conditions (such as perfusion decellularization), causing 

perforation of the fragile respiratory membrane separating alveoli and capillaries [106]. I 

hypothesize that high perfusion pressure through the pulmonary vasculature during 

decellularization will be detrimental to the residual microvasculature ECM especially for 

the thin BM of the respiratory membrane. Preliminary experiments from my laboratory 

indicate that decellularization of whole rodent lungs by controlled low-pressure perfusion 

through trachea and pulmonary artery using non-ionic, non-denaturing and anionic 

detergents, leads to excellent preservation of the histiotypic morphology of the ECM of 
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both the lung parenchyma and in particular the vasculature, on the micro- and nanoscale 

level [107]. 

 

1.5 Lessons to be learned from Decellularizing Peripheral Blood Vessels 

Decellularization of blood vessels is not a new approach. Specifically, I suggest 

that some of methodologies used to decellularize large and small-diameter peripheral blood 

vessels might also be applied for the vascular compartment of whole lungs. In the 

periphery, these methods yielded excellent preservation of ECM in, e.g., bovine femoral 

arteries [108], ovine carotid arteries [109], porcine aortic roots [110], and porcine carotid 

arteries [111]. Tissue engineered vascular grafts made from decellularized peripheral blood 

vessels have the benefit of containing native vascular ECM proteins, but must still 

overcome problems of mechanical strength and immunogenicity [112]. In some of these 

studies, decellularization with either 0.1% SDS, autologous/allogeneic serum (i.e., 

endogenous proteolytic activity from the complement system and endonucleases), or 1% 

TX resulted in differential preservation of ECM components, higher elastic moduli and 

lower compliance of the decellularized vascular grafts compared to native vessels [108-

111]. Preservation and /or ease of restoration of the elastance and compliance of the 

vascular compartment in the lung are integral considerations for future pulmonary 

decellularization protocols.  

As a caveat, leakage of decellularization solutions from the vascular compartment 

through the interstitium into the airway compartment and vice versa will limit the ability 

to apply distinct protocols to the vascular and airway trees. Instead, limiting the 

concentration of detergents in “whole lung decellularization solutions”, while maintaining 
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physiologic perfusion pressures, and/or use of autologous serum, as described with porcine 

carotid arteries [111], may also be beneficial for preserving ECM composition in the 

pulmonary vasculature. Using low concentrations of SDS as the main decellularization 

agent has shown good maintenance of collagens as well as GAGs in decellularized human 

common femoral arteries [113]. In these studies, agitating human common femoral arteries 

in a solution containing 0.1% SDS resulted in loss of only 1.8% of collagen and 10% of 

sulfated PGs [113], as compared to a loss of about 80% of collagen and 90-95% of GAGs 

in decellularized lungs perfused with 0.1% SDS [19, 68]. The walls of these large arteries 

are made of a thick layer of dense cells and copious amounts of ECM, while the majority 

of the lung is composed of very thin single cell sheets and basement membrane, and thus 

lung decellularization may require lower concentrations of detergents (e.g., < 0.1% SDS) 

than what has been used for the decellularization of large vessels. In addition, maintaining 

physiological perfusion pressure will be critical for preserving collagens and EN within the 

pulmonary vascular tree of bioengineered DLS. Future protocols may also consider 

significantly shortening the time of detergent exposure, e.g., using intermittent flow 

regimen [83] in combination with the use of protease inhibitors [113] and/or autologous 

serum [111], in order to decrease the loss of critical matrix components within the 

pulmonary vasculature. 

 

1.6 Recellularizing the Pulmonary Vasculature  

Following decellularization, different cell populations have been used to 

recellularize the pulmonary vasculature, including ECs derived from human umbilical 
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veins [18], rat lung microvessels (RLMVEC) [19, 107], human endothelial colony forming 

cells [50], or induced pluripotent stem cells (iPSCs) [20, 21]. Only the work with 

differentiated iPSCs by Ren et al. [21], and my work with RLMVEC [107], showed partial 

physiological functionality (e.g. generation of a restrictive barrier) after being seeded in 

the DLS. Other than expanding autologous microvascular ECs isolated from human lung 

biopsies [114], pluripotent stem cells (e.g., ESCs or iPSCs) are a viable option as a cell 

source that can be differentiated toward an EC lineage [115]. Patient-specific iPSC-derived 

ECs are regarded as autologous upon re-implantation into the donor, thus avoiding graft 

versus host responses and regulatory complications. However, the ability of these cells to 

adapt to the distinct pulmonary locations remains to be verified. The inclusion of 

supporting cells of the vasculature (e.g., smooth muscle cells, pericytes, fibroblasts) is seen 

as necessary for long-term stability of the re-endothelialized vessels. For example, when 

included in a 3-D microfluidic assay of endothelial tube formation, pericytes are able to 

stabilize the endothelial tubes in vitro by decreasing their diameter, increasing number of 

branches and decreasing permeability [116]. To date there have been no attempts to include 

these supporting cell types in the recellularization of the decellularized pulmonary 

vasculature (other than iPSC-derived pericytes [21]), but such an approach may be 

paramount for long-term viability and functionality of the reconstituted vasculature in the 

DLS. 

The use of several distinct cell types of the vascular wall such as ECs and pericytes 

will likely require sequential seeding, e.g. first of the supporting cell type followed by the 

endothelial cells, or a reliance on ability of the supporting cell type to migrate from the 
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airways to the vascular compartment. As an alternative approach, functional 

recellularization of the pulmonary vasculature might also emulate prior studies by Y. 

Noishiki and his colleagues who demonstrated that a mixed population of vascular cells 

can spontaneously organize in the proper tunica layers in tissue engineered vascular grafts 

when exposed to physiological perfusion conditions [117]. The method of using mixed 

vascular cell population in a DLS will need to be adjusted in accordance with the 

complexity of the decellularized pulmonary vascular tree. In this context, I surmise that 

pluripotent (ESC or iPSC) or multipotent cells (MSC, ASC), either pre-differentiated into 

progenitors of vascular cells, or terminally differentiated into endothelium, etc., might 

serve as the one-stop source of mixed populations of vascular wall cells required for 

reseeding the vascular tree of the DLS. To date, there have been no attempts at 

recellularizing the bronchial circulation or lymphatic tree and therefore will not be 

addressed here. 

Current pre-clinical studies of D/R-based lung organ engineering contain three in 

vitro experimental approaches of increasing complexity (Figure 2; Table 1, Cell Delivery 

Approach).  
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Figure 2 – Pre-Clinical Approaches of Recellularization of the Lung 

1 – The decellularized lung scaffold (DLS) tissue is sectioned, seeded with a homogeneous 
mixture of cells, and cultured in vitro to assess the suitability of the DLS for seeding with 
vascular, airway, and/or somatic cells. Note that the seeded cells attached homogeneously, 
yet indiscriminately, across the section;  
2 – The cells are seeded either in the airway or vascular compartments of the DLS, the 
tissue sectioned and further cultured in vitro to assess reconstitution of the two 
physiological systems. Note that the seeded cells are restricted to their respective 
compartments;  
3 – The cells are seeded into either the airway or vascular compartments of the DLS, and 
the engineered organ is cultured in an ex vivo bioreactor with functional assessment of 
physiologic characteristics;  
4 – The cells are seeded into their appropriate airway or vascular compartments of the DLS, 
the functionality is verified ex-vivo as the functional organ matures. The reseeded organ is 
transplanted, the functionality is assessed in vivo and immune response to the implanted 
organ is monitored. 
 

1. In the first approach (Arrow 1, Figure 2 [89, 118]), the goal is to test the suitability 

of the DLS for seeding with vascular, airway, and/or somatic cells. For this purpose 

the DLS is sectioned transversely, thus exposing all compartments of the lung (i.e., 
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airways, vasculature, lymphatics, pleura, etc.). Thereafter, these sections are then 

seeded randomly with various types of cells including embryonic [119], 

mesenchymal [120], or induced pluripotent stem cells [121] or primary somatic 

cells [89], and cultured in vitro for various periods of time. In all these studies the 

seeded cells indiscriminately attached to the various compartments/regions of the 

DLS slices. This approach is limited to studying interactions of the seeded cells 

with the residual lung ECM and obviously not suitable for organ bioengineering.  

2. In the second approach (Arrow 2, Figure 2; [74]) the goal is to assess directed cell 

attachment to and interactions with individual DLS compartments (i.e., airway vs. 

vascular). For this purpose, mesenchymal stem cells [74], primary somatic cells 

[91], or embryonic stem cells [15] were delivered either via the airway or vascular 

network and left in situ under static conditions in the absence of perfusion for no 

more than 24 hrs. Thereafter the tissue was sectioned and further cultured in vitro 

to assess anatomical reconstitution of the two physiological compartments. The 

whole DLS was seeded via tracheal instillation or vascular perfusion, each driven 

by gravity [121] or by hand [97]. Instillation by gravity allows for control of 

perfusion pressure and flow rate into the lung, while instillation by hand (referred 

in Table 1 as “manually”) lacks such control and therefore could lead to high 

variability in cell distribution throughout the lungs. Using these approaches the 

published studies showed initial restriction of the seeded cells to the vascular or 

airway compartments, respectively, therefore providing a tool for fine-tuning of 

whole lobe recellularization in terms of cell density, perfusion pressure, etc. For 
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example, Scarritt et al. [97], resuspended adipose-derived MSCs in low melting 

agarose, and perfused the mixture throughout the airways or vasculature of single 

lower lobes of non-human primate DLS. Following cell seeding and rapid 

solidification of the agarose, the perfused lungs lobe was sectioned into slices that 

were then cultured for up to 14 days separately in tissue culture plates [97]. This 

study indicated the feasibility of both pulmonary vascular and airway 

recellularization, as the cells were targeted to a specific anatomical compartment. 

As a caveat, the recellularized organs were kept for a short time only before 

sectioning (until the seeded cells attached) and without exposure to the mechanical 

cues of ventilation or vascular perfusion of the whole lung. 

3. In the third approach (Arrow 3, Figure 2; [17, 19]) the goal is to study the 

maturation of recellularized lung constructs in situ in order to generate a more 

suitable, functional engineered organ, which will reconstitute the natural barrier 

properties of both the vasculature and the airway compartments. For this purpose 

the cells are delivered individually into either the airway and/or vascular network, 

and maintained for various periods of time under perfusion through the pulmonary 

artery with or without ventilation through the trachea. Subsequently the 

recellularized organ is then cultured in an ex vivo bioreactor for functional 

assessment of gas exchange, surfactant production, and endothelial barrier function. 

For example, human iPSC derived ECs were seeded into the pulmonary artery of 

decellularized rodent lungs, which were then cultured in an ex vivo perfused 

bioreactor for 10 days. Histological analysis indicated limited EC attachment in the 
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microvasculature [20]. This approach proves the feasibility of generating 

biomimetic cultures of the cells in a three-dimensional environment. Novel 

developments in the field have considered and exploited the physiologic blood flow 

distribution within the lungs, which favor the right upper lobes in vivo [122], in 

order to control endothelial cell delivery within the lobes of the DLS [107]. 

 

Though adhesion and distribution of ECs are not the only factors required for proper 

re-endothelialization of the DLS, it is an important starting point in the field of DLS re-

vascularization, which to-date has not advanced further than this point. In analogy to 

classifying the quality of decellularization, I can operationally define the categories for 

recellularization of the vascular compartment as follows:  

 

1. Good – cells seeded directly into the vasculature showed attachment to both 

macrovasculature as well as microvasculature, with no infiltration into the 

airways or parenchyma;  

2. Adequate favoring distal or proximal regions of the vasculature – cells seeded 

directly into the pulmonary artery favored either the microvasculature (distal) 

or the macrovasculature (proximal), but not simultaneously, with no infiltration 

into the conducting airways or parenchyma;  

3. Poor - cells seeded directly into the pulmonary artery showed infiltration into 

the conducting airways, parenchyma, and macro and micro-vasculature;  
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4. Indiscriminate attachment – cells in homogeneous suspension seeded onto 

sections of tissue showed attachment to conducting airways, parenchyma, and 

macro and micro-vasculature.  

 

Similar categories based on selective distribution and efficacy of cell adhesion 

within the airway compartment, as compared to the vascular, have been detailed in Table 

1. The studies analyzed in Table 1 prove the concept that vascular recellularization of DLS 

is feasible across various methods as assessed by attachment to the macro and 

microvasculature with no migration into the airway compartment. The efficacy of the 

reseeding in terms of the percentage coverage of the decellularized pulmonary vascular 

wall by the seeded cells has not yet been described in any published studies, presumably 

due to the technical difficulties of such an analysis. The closest attempt at doing so came 

from Ren et al. where cellular presence was normalized to surface area of laminin staining 

[21], but was not specific to the vascular compartment alone. Future studies, beyond merely 

tracking the adhesion and localization of the cells in the vascular compartment of the DLS 

will include a time-dependent analysis of the coverage of the vessel walls with seeded cells 

as they spread and migrate using 3-D reconstructions of multi-photon images, as well as 

functional assessment of the recellularized organ, specifically the regeneration and 

intactness of the vascular permeability barrier and the efficacy of gas exchange across the 

respiratory membranes at the capillary/alveolar interface. 
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1.7 Reconstituting the Pulmonary Vasculature ECM 

The decellularization process of the lungs unavoidably damages the ECM to some 

degree [50], and therefore the reconstitution of this damaged ECM is crucial for full 

functionality of the organ. A critical tenet for functional reconstitution of the pulmonary 

vasculature is that the cells used for reseeding the decellularized vascular tree will 

regenerate the damaged ECM of the decellularized lung through their innate capacity to 

produce their own ECM. In other words, the cells, such as endothelial cells, pericytes, 

MSCs, etc., used to reconstitute the pulmonary vasculature are expected to repair/rebuild 

the ECM (i.e., remodeling [123]) in the vascular compartment and further generate 

capillaries (e.g., neovascularization by ECs or MSC-derived EC progenitors, EPCs). This 

has indeed been demonstrated in the peripheral vasculature. For example, following 

implantation of tissue-engineered vascular grafts repopulated with murine MSCs in an 

inferior vena cava interposition model, the seeded cells produced collagen-I, III, and IV, 

elastin, fibrillin and GAGs over a four week period [124]. Similarly, ex vivo studies have 

demonstrated, that following lung decellularization, the residual ECM retains certain 

integrin recognition motifs necessary for cell, adhesion migration and proliferation of 

different cell types (ESCs, fibroblasts)  [73, 125]. Pre-seeding of the DLS with MSCs could 

have multiple beneficial effects, e.g. by providing an adhesive surface for subsequent 

seeding with ECs. Further in-depth studies are required to elucidate the distinct biologic 

mechanism that lead to remodeling/regeneration of the ECM in situ [73, 125], and more 

specifically the effects of surface chemistry of the DLS on vascular endothelial cell 

adhesion, migration, and ECM secretion [126]. 
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Another perspective is to reconstitute/repair the potentially damaged ECM of the 

DLS by exogenous supplementation with defined or cell-derived ECM proteins prior to 

cell seeding. For example, Jensen et al., attempted to compensate for the loss of/damage to 

ECM/BM proteins by pre-coating the decellularized scaffolds with defined adhesion 

promoting proteins, such as Collagen-I or Matrigel [127]. More recently I have shown that 

manipulation of ECM protein epitopes available for cell adhesion will significantly affect 

the cell re-seeding efficacy and the pattern of cell distribution on a macro-scale, which is 

relevant for whole organ bioengineering [73]. For these studies I used as a proof-of-concept 

the secretome of cultured human lung adenocarcinoma-derived A549 cells. This 

secretome, which contains copious amounts of lung-specific ECM proteins especially 

laminin 511, may serve to reconstitute the natural lung niche for promoting growth and 

differentiation of embryonic stem cells [128] or their lung-specific derivatives [129, 130] 

after recellularization. As a next step towards clinical translation, lung ECM functionality 

might be restored by pre-coating the DLS with defined human recombinant proteins, such 

as purified lung-specific laminins typically used for culture of ESCs [131]. Importantly, 

manipulation of ECM protein epitopes available for vascular cell adhesion will depend on 

the integrin repertoire of the cells to be seeded [132]. 

As a cautionary note, recent work has shown that decellularized lungs from 

diseased origins may maintain some of the hallmarks of that disease. For example, Aguado 

et al showed that decellularized lung from a mouse containing metastatic tumors would 

lead to a significant adhesion of tumor cells to that ECM as compared to ECM from healthy 

lungs in vitro, and implicated the presence of myeloperoxidase for this observation; 
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indicating that the tissue derived from a cancer patient may be pro-metastatic if implanted 

[133]. Sun et al showed a connection between decellularized lung ECM from a fibrotic 

mouse model and fibrocyte accumulation; indicating an unescapable fibrotic phenotype 

[134]. Additionally, Scarritt et al showed that decellularized rat lungs from a model of 

pulmonary hypertension maintain the architecture of the diseased lung, though did not 

significantly affect cell viability upon seeding; indicating incompatible mechanics of the 

diseased lung that would stress the recipient’s heart [97]. Lastly, Nichols et al recently 

showed that ECM derived from a smoker’s lungs would impair the viability of a number 

of different cell types grown on top of it [135]. Taken together, it appears the field is 

unearthing knowledge that only healthy donor lungs can be safely used for D/R approaches, 

therefore limiting yet again the supply of donor tissue. 

 

1.8 Partial Functionality of Bioengineered Lung in vivo 

The field of whole lung engineering was propelled to prominence in 2010, when 

several research groups reported nearly simultaneously that recellularized rodent lungs, 

surgically implanted in rats after left lobectomy, were capable of providing limited gas 

exchange and ventilation for 45 minutes [19] to 7 days [18] (Arrow 4, Figure 2; [18]). 

While in itself this is an exciting development, the clinical applicability of D/R engineered 

lungs is still a remote option, given the numerous serious complications associated with 

the current state of this technology. For example, the first studies reported significant 

hemorrhage into the interstitial tissue and the airways as early as 45 minutes post 

implantation. The appearance of red blood cell infiltrates in the airways, as observed in 
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histological sections, indicates a dysfunctional vascular/airway barrier either caused by 

incomplete cell seeding and maturation, or rupture of small vessels due to an inability to 

handle the perfusion pressure of the right ventricle after just 45 minutes post implantation 

[19]. This problem has not been resolved in subsequent studies [20]. Furthermore, 

measuring partial oxygen (pO2) and carbon dioxide (pCO2) pressures, from the pulmonary 

artery as well as the right (control, intact) and left (D/R implant) pulmonary veins after 45 

minutes to 2 hours post implantation, showed that the pO2 of the left pulmonary vein was 

nearly three times less than that of the right lung, and the pCO2 was only half that of the 

right [19]. These results indicated a limited function of the engineered lung with some 

degree of gas exchange between the inhaled air and the circulating blood across the 

respiratory membrane. The data from the longest published surviving rodents receiving 

bioengineered lungs showed that, the implants provided significantly more gas exchange 

than measured in pneumonectomized controls, at least for up to 7 days [18]. However, by 

day 14 the engineered lung had lost its functionality and that from that time point forward 

the sole contributor to the pO2 was the right (intact/control) lung [18]. These studies serve 

an exciting proof-of-principle that, with further significant improvement bioengineering 

whole lungs by D/R may in the future yield functional organs for transplantation. 

Loss of physiological function in the pre-clinical models may have many reasons, 

including (but not limited to) insufficient/inhomogeneous recellularization of airways and 

vasculature leading to malfunction of the alveolar barrier followed by hemorrhage into the 

airways, lack of lymphatic drainage, ventilation trauma, insufficient amount of surfactant 

production, insufficient amount of columnar cells, and/or the dedifferentiation of the 
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seeded cells [19]. As mentioned earlier proper gas exchange requires functional 

regeneration of both sides (vascular and airways) of the air-blood barrier and of the 

respiratory membrane in-between. To date, most if not all published studies have focused 

on recellularization and enhancement of the airway compartment. New studies are required 

to determine whether or not the vascular permeability barrier can be regenerated and 

remains intact at all levels of the vascular tree following recellularization, e.g., by 

measuring electrical resistance or permeability of fluorescent markers of different sizes and 

molecular weights. Published studies suggest that the mechanics of the pulmonary 

microvasculature was maintained following decellularization based on vascular casting of 

the microvessels [28] as well as the vessels ability to withstand the majority of the 

cardiopulmonary output in vivo [18], but further studies are required to elucidate the effect 

of decellularization of the mechanics of the vascular compartment alone [28].  

I surmise that the next critical steps in recellularization of whole lungs will focus 

on improving the effective and complete regeneration of the entire vascular compartment, 

from the three-layered large vessels down to the capillaries. Though the rodents lack 

bronchial circulation and easy access to the lymphatics, I surmise that the reconstitution of 

these compartments will be critical in human studies. The next methodological steps will 

include further optimization of decellularization process, leaving the ECM/BM as intact as 

possible, improvements to procedures for efficient and complete recellularization and 

standardization of the maturation and conditioning of bioengineered lungs ex vivo in 

perfused/ventilated bioreactors.  
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It remains to be determined, whether a recellularized DLS needs to be fully matured 

outside of the body, or whether it can be partially conditioned/matured in a biomimetic 

bioreactor and then implanted and allowed to mature in situ/in vivo? The latter strategy, 

recently proposed for tracheal implants [136], might work for simple tubular structures, 

but needs more detailed studies for a complex organ as a whole lung. Amongst the next 

steps towards clinical translation is also the development of more sophisticated bioreactors 

that more closely mimic the natural environment of the lung, allowing for independent D/R 

of the airway and the vascular compartments and subsequent dynamic ex vivo culture of 

the engineered organ with independent control of physiological fluid flow and ventilation 

parameters [15, 90, 137-140]. 

 

1.9 Hypothesis and Specific Aims of This Study 

The hypothesis of this doctoral dissertation research was that the loss of barrier 

function of the D/R lungs can be recovered through optimized re-endothelialization 

procedures, and that such procedures would result in a functional endothelium. 

Specific Aim #1: The first specific aim was create a decellularized lung scaffold 

and to optimize distribution of the seeded cells evenly throughout the decellularized 

pulmonary vascular tree, by optimization of the engineering parameters, such as anatomical 

position at the time of seeding and duration in culture. 

Specific Aim #2: The second specific aim was to show functionality of the 

endothelium through indications of physiologic barrier function and maintenance of 

inflammatory-response-readiness. If the seeded endothelium is functional then it should 
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serve as a permeability barrier and also show the ability to respond “normally” to 

inflammatory stimuli. These are just two such tests for functionality. 
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CHAPTER 2 

2. MATERIALS AND METHODS 

2.1 Animal Procedures to Isolate Rat Lungs 

All animal protocols were approved by the Institutional Animal Care and Use Committee 
at Temple University, Philadelphia, Pennsylvania (ACUP # 4226). Male Sprague Dawley 
rats weighing 260-280 g, regardless of age, were euthanized with a lethal dose of carbon 
dioxide (~ 5 min exposure). The rat was secured in the supine position on a dissection 
board tilted 60° upward ( 

Figure 3A). The skin of the chest and abdomen was removed ( 

Figure 3B). A midline incision in the abdominal wall ( 

Figure 3C) and a tangential incision down the right side of the abdomen ( 

Figure 3D) exposed the digestive organs. The digestive organs were retracted to the left 
of the animal exposing the abdominal aorta and inferior vena cava (IVC), both covered in 
connective tissue of the retroperitoneum (highlighted by forceps in  

Figure 3E). The perivascular tissue overlying the aorta and IVC was removed 
(highlighted by forceps in  

Figure 3F). The animal was exsanguinated by either transecting the aorta and IVC, or by 
drawing blood from the IVC just below the liver (needle shown in  

Figure 3G). Blood was collected in 15 ml conical centrifuge tubes (Thermo Scientific 
339651; Rochester, NY) containing ACD Blood Anticoagulant Solution [made by 
diluting 44.88 mM Sodium Citrate (Fisher S279; Fair Lawn, NJ), 16.32 mM Citric Acid, 
trisodium salt dehydrate, 99 % (Thermo Scientific 22713-5000; Rochester, NY), 81.59 
mM D-(+)-Glucose (Sigma G7528; St. Louis, MO) in 100 mL distilled deionized water] 
at a 4:1 ratio of blood to anticoagulant solution, and further stored at 4 °C until use. The 
diaphragm was punctured to allow the lungs to recoil away from the chest wall ( 

Figure 3H). A bilateral anterior sternothoracotomy exposed the heart, lungs and thymus ( 

Figure 3I). The thymus was removed, exposing the pulmonary artery and aortic trunk ( 

Figure 3J). A Rainin Rabbit peristaltic pump (Metler Toledo, model number: 54655; 
Columbus, OH) was used to perfuse all solutions. The tubing used for perfusion (Tygon 
3350 SILICONE 1/8x3/16 tubing, Cole Parmer EW-95702-05; Vernon Hills, IL) was 
attached to a nylon male luer integral lock ring to 1/8 ” wide-bore hose barb (Cole Parmer 
EW-45505-33; Vernon Hills, IL) which was attached to an 18Gx1¼ ” SURFLO I.V. 
catheter (Terumo SR*OX1832CA; Somerset, NJ), and was primed with Hanks’ Balanced 
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Salt Solution (HBSS) (Corning 21-023-CV; Manassas, VA) supplemented with 50 mM 
Heparin (LyphoMed N 0469-0033-25; Rosemont, IL) prior to cannulation of the 
pulmonary artery. A locking surgical knot was pre-tied with 4-0 LIGAPAK silk suture 
(ETHICON LA53; Somerville, NJ), wrapping behind the pulmonary artery and aortic 
trunk ( 

Figure 3K). A small incision in the right ventricle ( 

Figure 3L) was made to allow for the primed catheter to enter into the pulmonary artery 
and the locking surgical knot to be fastened ( 

Figure 3M). The left ventricle was incised to serve as a vent from the pulmonary vein ( 

Figure 3N), and the lungs were perfused with the heparinized saline solution for 5 
minutes at a flow rate of 3 ml/min. At this time the custom-made left ventricle catheter 
(Figure 4) could be inserted into the left ventricle ( 

Figure 3O) and secured with silk suture ( 

Figure 3P). As an alternative to using the custom left ventricle catheter, the heart was 
incised transversely to generate a larger opening from the left ventricle, and avoid 
constriction of the ventricular muscles. While perfusing, the trachea was transected 
proximal to the larynx and cannulated with a 16Gx2” SURFLO I.V. catheter (Terumo 
SR*OX1651CA) cut to half an inch in length ( 

Figure 3Q), and secured with a 4-0 LIGAPAK silk suture (ETHICON LA53; Somerville, 
NJ) ( 

Figure 3R). A 5 ml syringe (BD 309646; Franklin Lakes, NJ) affixed with a luer lock 
rubber septum (Saint-Gobain FL-V; Gaithersburg, MD), and primed with 3 ml of air, was 
connected to the trachea catheter ( 

Figure 3S). The lungs were inflated with 3 ml of air by hand ( 

Figure 3T). The descending IVC and esophagus were transected at the level of the 
diaphragm, and the diaphragm manually retracted ( 

Figure 3U). The lungs were separated from the ascending aortic branches, the main aortic 
trunk, esophagus and other connective tissue. The lungs were removed from the chest 
cavity ( 

Figure 3V), and stored in a 50 ml conical centrifuge tube (Thermo Scientific 339653; 

Rochester, NY), with the catheters facing upwards, containing phosphate buffered saline 
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(PBS) (1X PBS w/o Ca&Mg pH7.4, Life Technologies 70011-044; Grand Island, NY) and 

1 % antibiotic/antimicotic solution (Corning 30-004-CI; Manassas, VA) at 4 °C until use. 
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Figure 3 – Dissection and Cannulation of Rat Heart-Lungs 

The dissection and cannulation method was developed in order to access the vasculature 
directly. The lungs can then be ventilated through the trachea catheter, and perfused 
through the pulmonary artery catheter, with exit out of the left ventricle catheter. 

 

 

 

Figure 4 – Custom Catheters for Rat Left Ventricle 

Custom catheters needed to be made for cannulating the left ventricle. Here, a cage made 
of stainless steel wire (insert, derived from given region of interest) was welded onto the 
tip of stainless steel needles. The resulting catheter allowed for the left ventricle to be held 
open for perfusion. 
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2.2 Decellularization 

Prior to decellularization the lungs were photographed laying in the supine position with 
a Canon Rebel XS EOS fitted with an 18-55 mm Canon Zoom Lens EF-S (Canon; 
Melville, NY) to record the quality of the dissected lungs (Figure 7A). The lungs were 
decellularized according to a slightly modified, previously published protocol by Daly et 
al. [98]. The lungs were first washed via the trachea catheter with distilled-deionized 
water (ddH2O), using the same peristaltic pump setup mentioned above, at 3 ml/min until 
the lungs fully inflated with the pulmonary artery capped (Figure 5C). After inflation the 
lungs were allowed to expel the ddH2O by their own elastic recoil (Figure 5D). This 
process was repeated four times via the trachea and five times via the pulmonary artery 
(Figure 6) (from here on referred to as the “water-wash”). The lungs were then filled with 
a solution of 0.1 % TX (EMD chemicals 8603-30; Philadelphia, PA) + 5 % Penicillin 
Streptomycin Solution, 100X (Pen/Strep, Corning 30-002-CI; Manassas, VA) made in 
ddH2O (Figure 7B) through the pulmonary artery while the trachea remained capped. 
Then both the connection to the pulmonary artery and the trachea cap were removed, and 
the lungs incubated at 4 °C for 24 hrs in a 50 mL conical centrifuge tube. On the second 
day the “water-wash” was repeated, and the lungs filled with 2 % SDC (Sigma-Aldrich 
D6750; St. Louis, MO) + 1 % Pen/Strep (Figure 7C) in the same manner as the TX100 
the day before, and incubated at 4 °C for 24 hrs in a 50 mL conical centrifuge tube. On 
the third day the “water-wash” was repeated and the lungs filled with a solution of 1 M 
Sodium Chloride (Fisher S271; Fair Lawn, NJ) + 5 % Pen/Strep in the same manner as 
the detergents before, and incubated at 25 °C for 1 hr in a 50 mL conical centrifuge tube. 
The “water-wash” was repeated again, and the lungs filled with a DNase solution [30 
mg/mL bovine pancreatic DNase (Calbiochem 260913; USA), 1.3 mM MgSO4 (Sigma-
Aldrich M2643; St. Louis, MO), 2 mM CaCl2 (Fisher C70; Fair Lawn, NJ), and 5 % 
Pen/Strep] in the same manner as the detergents before, and incubated at 25 °C for 1 hr in 
a 50 mL conical centrifuge tube. Finally the lungs were washed similar to the “water-
wash”, but this time in PBS containing 1 % Pen/Strep, and stored at 4 °C in a 50 mL 
conical centrifuge tube until use. The resulting decellularized lungs were photographed in 
the same manner as the fresh-native lungs described above (Figure 7D). Some lungs were 
lyophilized in order to measure the dry weight of the remaining ECM for normalization 
purposes in the latter described cell counts. In order to dry the tissue, the lobes were first 
separated (Figure 8) and transferred to individual, pre-weighed 1.5 ml micro-centrifuge 
tubes (Celltreat 229443; Shirley, MA), and frozen at -80 °C. Some lungs were processed 
immediately others were stored at -80°C until further use. For lyophilization the tubes 
were opened, and the tissue freeze-dried with a vacuum concentrator (SC110A 
SpeedVac® Plus, Thermo Scientific; Rochester, NY) connected to a refrigerated vapor 
trap (Thermo Scientific RVT400; Rochester, NY) powered by an oil-free gel pump 
(Thermo Scientific, model RV5 A65313906; Rochester, NY) for at least 24 hrs. The 
resulting dry tissue was weighed thrice within the tube using a precision balance (Metler 
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Toledo, model MS303S; Greifensee, Switzerland). The measurements were taken three 
times for accuracy, and repeated with three independently decellularized lungs. The 
average of the lobe weight of three lungs was used for normalization purposes in later 
analysis (  
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Appendix J – ). 

 

Figure 5 – Inflation and Deflation through the Trachea 

The beginning of the decellularization process is the “water wash”, in which the lungs are 
washed first via the trachea. The depicted pictures come from video documentation of the 
decellularization process. A – Rat lungs with pulmonary artery catheter capped, and trachea 
catheter open, B – Trachea catheter connected to primed perfusion line, C – Rat lungs at 
maximum inflation with water, D – Rat lungs deflated after expelling the water. Note: the 
lungs deflate to a smaller and smaller size throughout the decellularization procedure. 
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Figure 6 – Inflation through the Pulmonary Artery and Deflation through the Trachea 

The beginning of the decellularization process is the “water wash” through the trachea, and 
then through the pulmonary artery. The depicted pictures come from video documentation 
of the decellularization process. A – Rat lungs with pulmonary artery catheter open, and 
trachea catheter capped, B – Pulmonary artery catheter connected to primed perfusion line, 
C – Rat lungs at maximum inflation with water, D – Rat lungs deflated after expelling the 
water. 
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Figure 7 – Appearance of Rat Heart-Lungs through Decellularization Procedure 

The decellularization procedure causes the rat lung to become whitish in color, and softer 
in appearance. These are representative pictures of a highly reproducible process. A – Rat 
lungs immediately after dissection, B – Rat lungs after Triton X-100, C – Rat lungs after 
Sodium Deoxycholate, D – Rat lungs following entire decellularization procedure. Each 
square of the grid is 1 cm2 in area. 
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Figure 8 – Individual Lobes of Rat Lungs 

Each of the rat lung lobes has a distinct morphology that must be paid attention to for 
histological processing. Here, the intact lungs were perfused with buffer to remove the 
majority of blood, and then fixed through inflation fixation. A – Right upper lobe, B – 
Right middle lobe, C – Right lower lobe, D – Accessory lobe, E – Left lobe. 

 

 

2.3 Histology 

2.3.1 Paraffin Sections 

For paraffin wax embedding and sectioning, native, decellularized, and 

recellularized rat lungs were all processed the same. First, the lungs were inflation fixed 

according to protocols developed by Bur et al. 1985 [141]. The lungs were attached to a 10 

mL syringe (BD 309604; Franklin Lakes, NJ) with the plunger removed and held with a 

ring stand (Figure 9). 10 % neutral buffered formalin (Azer Scientific NBF-4-G; 

Morgantown, PA) was instilled by gravity via the syringe attached to the tracheal catheter 

at a pressure no greater than 60 mm H2O (i.e., liquid column height of 6 cm), with the lungs 

in the hanging position for 30 minutes at 25 °C, and then transferred to a tissue sample 

container and stored at 4 °C for 24 hours. The fixed lungs were washed and stored in PBS 

until ready for processing. When ready, the lungs were divided from apex to base into 

pieces roughly 5 mm in thickness with a number 10 disposable safety scalpel (Kai Medical 
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SS-10; Seki, Japan) on a tissue-processing disc (Braintree Scientific TPD L; Braintree, 

MA) (Figure 10). These pieces were placed into histology cassettes (VWR 18000-130; 

Radnor, PA) and processed with a Leica TP 1020 (Leica Biosystems; Buffalo Grove, IL) 

tissue processor. The automated tissue processing schedule was programmed with the 

following stages: two stages of 70 % ethanol [200 proof ethanol (Decon Labs 2805M; King 

of Prussia, PA) diluted in ddH2O] for two hours each, two stages of 90 % ethanol for two 

hours each, two stages of 95 % ethanol for two hours each, two stages of 100 % ethanol 

for two hours each, one brief pass through an empty container, two stages of Xylenes 

(Fisher X3P; Fair Lawn, NJ) for 2 hours each, one brief pass through an empty container, 

and finally two stages of molten (65 °C) Paraplast X-tra Tissue Embedding Medium (Fisher 

23-021-401; Fair Lawn, NJ) for 4 hours each. The pieces of lung lobes were then placed in 

24x24 metal base molds (Leica Biosystems 3803082; Buffalo Grove, IL) with one of their 

transversely cut sides facing the bottom of the mold. The paraffin block was poured using 

a heated paraffin embedding module (Leica Biosystems EG 1150 H; Buffalo Grove, IL) 

and the paraffin blocks allowed to form on a cold-plate (Leica Biosystems EG 1150 C; 

Buffalo Grove, IL) until easily removable from their mold. Paraffin blocks were further 

stored at 25 °C. The blocks were sectioned with a fully automated rotary microtome (Leica 

Biosystems RM2255; Buffalo Grove, IL) fitted with a disposable low-profile microtome 

blade (Thermo Scientific 3052835; Rochester, NY) set to a cutting angle of 4°. Tissue 

sections of 5 µm thickness were transferred to a tissue float bath (Fisher 15-464; Fair Lawn, 

NJ) set to 50 °C, and then collected onto adhesive microscope slides (Tru Scientific 

0360W; Bellingham, WA) once spread flat (The concept of this sectioning can be seen in 
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Figure 11). The slides were dried on a slide warmer (Fisher 12-594; Fair Lawn, NJ) set to 

37 °C for 24 hrs. When ready to apply chemical stains or antibodies the slides were heated 

to 60 °C for 5 minutes and then rehydrated through a gradient of Xylenes and Ethanol: two 

changes of Xylenes, one change of a 1:1 mixture of Xylenes and Ethanol, two changes 100 

% ethanol, and then one change of 95, 90, 80, and 70 % ethanol for five minutes each. The 

slides were stored in ddH2O until ready to stain. 

 

 

 

Figure 9 – Rat Lungs Hanging By the Trachea 
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In order to inflation fix the lungs they must be hung by connection to a 10 ml syringe with 
the plunger removed. Here, intact rat lungs are displayed with a dissection grid in the 
background. Each square of the grid is 1 cm2 in area. 
 

 

 

 

 

Figure 10 – Lobes of Rat Lungs Cut Into Regions for Histological Processing 

The lobes of the rat lung are divided into ~ 5 mm thick regions in order to enhance diffusion 
of dehydration and paraffin solutions. Each lobe is sectioned in a transverse manner from 
apex to base. 
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Figure 11 – Workflow Diagram to Describe the Sequential Processing of the Lung Tissue 
for Histological Analysis. 

The analysis of the re-seeded lungs for distribution studies was based on three 
independently seeded lungs. Each individual lobe was divided into “regions” that were then 
cut into “sections”. The analysis of these sections yields a quantitative assessment of the 
cell distribution throughout the lobes. 
 

2.3.2 Frozen Sections 

For frozen sections, the rat lungs (not fixed with formalin) were fully inflated by 

hand with Tissue-Tek O.C.T. Compound (Sakura Finetek 4583; Torrance, CA), the lobes 

were then separated and embedded in Peel-A-Way Disposable Embedding Molds 

(Polysciences, Inc. 18985; Warrington, PA) filled with O.C.T. and stored at -80 °C for at 

least 1 hr in order to form the block. The O.C.T. blocks were then sectioned using a research 

cryostat (Leica CM3050 S; Buffalo Grove, IL) at a thickness of 10 µm using an EdgeRite, 

high-profile blade (Thermo Scientific 14-070-61; Rochester, NY), collected on adhesive 

microscope slides, and stored at -80 °C until ready to stain. When ready to apply chemical 
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stains or antibodies, the slides were allowed to warm to room temperature for 20 min, and 

then fixed in ice-cold Methanol (Fisher A412-4; Fair Lawn, NJ) for 10 min at -20 °C. The 

slides were washed and stored in PBS until ready to stain. 

 

2.3.3 Hematoxylin & Eosin 

For application of the Hematoxylin and Eosin (H&E) chemical stain, the rehydrated 

slides were placed in Mayer’s Hematoxylin [50 g aluminum potassium phosphate 

dodecahydrate (Alfa Aesar 36288; Ward Hill, MA), 1000 ml ddH2O, 1 g hematoxylin 

(Fisher 345-25; Fair Lawn, NJ), 0.2 g sodium iodate (Alpha Aeser 40135; Ward Hill, MA), 

20 ml glacial acetic acid (Amresco 64-19-7; Solon, OH)] for 4 minutes at 25 °C, washed 

quickly in tap water, passed through 0.3 % acid alcohol [336 ml ethanol, 144 ml ddH2O, 

1.5 ml 12 M hydrochloric acid (Fisher A144; Fair Lawn, NJ)] for 1 second, washed quickly 

with tap water, placed in an Eosin Y solution [1 g Eosin Y (Fisher E-511; Fair Lawn, NJ), 

20 ml ddH2O, 80 ml ethanol] for 2 minutes, and finally dehydrated through two changes 

of tap water, 80, 90, and 100 % ethanol and Xylenes for 1 minute each. Dehydrated slides 

were mounted with Permount (Fisher SP-15; Fair Lawn, NJ) and number 1.5 coverslips 

(VWR 16004-336; Radnor, PA) and imaged with an inverted microscope (Olympus 

FSX100; Waltham MA). 

 

2.3.4 Masson’s Trichrome 

For application of the Masson’s Tichrome (MTC) chemical stain, the rehydrated 

slides were first re-fixed with Bouin’s Solution [75 ml picric acid (Ricca Chemical 5860-
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32; Arlington, TX), 35 ml 37 % Formaldehyde (Fisher BP531; Fair Lawn, NJ), and 5 ml 

glacial acetic acid] for 1 hour at 56 °C. Slides were rinsed in running tap water for 5 

minutes, and placed in Weigert’s Iron Hematoxylin solution [1 g hematoxylin, 100 ml 95 

% ethanol, 4 ml 29 % ferric chloride (MP Biomedicals 223559; Solon, OH), 95 ml ddH2O, 

1 ml 12 M hydrochloric acid] for 10 minutes.. The slides were rinsed in running tap water 

for 10 minutes, briefly washed in ddH2O, and transferred to Biebrich Scarlet-Acid Fuschin 

solution [90 ml 1 % Biebrich scarlet (Amresco 4196-99-0; Solon, OH), 10 ml 1 % acid 

fuschin (Alfa Aesar 3244-88-0; Ward Hill, MA), 1 ml glacial acetic acid] for 10 minutes. 

The slides were washed briefly with ddH2O, and transferred to phosphomolybdic-

phosphotungstic acid solution [25 ml 5 % phosphomolybdic acid (MP Biomedicals 

152556; Solon, OH), 25 ml 5 % phosphotungstic acid (Sigma-Aldrich 79690; St. Louis, 

MO)] for 12 minutes. Subsequently the slides were transferred to Analine Blue solution 

[2.5 g analine blue 8GX (Sigma-Aldrich A5268; St. Louis, MO), 2 ml glacial acetic acid, 

100 ml ddH2O] for 5 minutes. Finally, the slides were rinsed briefly with ddH2O, 

transferred to 1 % glacial acetic acid for 2 minutes, washed, dehydrated, mounted and 

imaged as with the H&E stain detailed above. 

 

2.3.5 Verhoeff’s Van Gieson 

For application of the Verhoeff’s Van Gieson (VVG) chemical stain the rehydrated 

slides were first transferred to a Verhoeff’s Hematoxylin solution [1 g hematoxylin, 20 ml 

ethanol, 8 ml 10 % ferric chloride, 8 ml Lugol’s Iodine (Electron Microscopy Sciences 

26055-05; Hatfield, PA)] for 30 minutes. The slides were washed in tap water, immersed 
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in 2 % Ferric chloride for 25 seconds, washed with tap water and then immersed in 5 % 

sodium thiosulfate anhydrous (Amresco 7772-98-7; Solon, OH) for 1 minute. Finally, the 

slides were washed with tap water, immersed in Van Gieson’s solution [1 ml 1 % acid 

fuschin, 45 ml saturated picric acid] for 5 minutes and then washed, dehydrated, mounted 

and imaged as with the H&E stain detailed above. 

 

2.3.6 DAPI and Phalloidin 

For application of the 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI) 

chemical stain, rehydrated slides were mounted with a mounting medium containing DAPI 

(Vector Laboratories H-1200; Burlingame, CA) in combination with the number 1.5 

coverslips used for the H&E stain, and sealed with nail polish. For application of the AF546 

Phalloidin (Life Technologies A22283; Grand Island, NY) chemical stain the rehydrated 

tissue was exposed to a 1:50 dilution of AF546 Phalloidin for 30 minutes at 25 °C, washed 

three times, and then mounted with the aforementioned Vectashield containing DAPI. The 

mounted slides were imaged with an all-in-one fluorescence inverted microscope 

(Olympus FSX100) using the blue fluorescence channel. 

 

2.4 Immunohistochemistry 

Immunohistochemical labelling protocols varied depending on how the tissue was 

processed, and what antibody was being screened. For the paraffin embedded samples, the 

tissue was first sent through a sodium citrate buffer for antigen retrieval [10 mM Sodium 

Citrate (Fisher BP327-500; Fair Lawn, NJ), 0.05% Tween 20 (Fisher BP337-500; Fair 



56 
 

Lawn, NJ), and pH 6.0] for 18 hrs at 60 °C. The frozen sections did not go through antigen 

retrieval. The slides were washed with PBS, and a hydrophobic border drawn around the 

individual tissue sections, and blocked and permeabilized with PBS containing 3% serum 

[i.e., the serum varied depending on the antibody being screened in order to match the host 

species of the appropriate secondary antibody: in this case, goat serum was used for all 

tissues being probed with Goat anti-Rabbit AF568 (Thermo Fisher A11036)], 1% Triton 

X-100 for 1 hour at 25 °C. Without washing, the tissue was incubated with primary 

antibody [1:100 for Rabbit anti-Laminin (Abcam ab11575), 1:50 for Rabbit anti-Coll-IV 

(Abcam ab6586), 1:25 for ZO-1 (Life Technologies 40-2300)] diluted in PBS containing 

1% serum and 0.1% Triton X-100 for 18 hrs at 4 °C within a StainTrayTM (Simport M920; 

Beloeil, QC, Canada). The slides were washed thrice with PBS, and incubated with the 

secondary antibody Goat anti-Rabbit AF568 (Thermo Fisher A11036) diluted in PBS 

containing 1% serum and 0.1 % Triton X-100 for 2 hrs at 4 °C within a StainTrayTM. Then 

the sections were washed thrice with PBS, and mounted and imaged as was described in 

the above “DAPI and Phalloidin” methods section. 

 

2.5 Western Blot 

2.5.1 Protein Isolation: 

When using normal tissue, blood was washed out prior to protein isolation to minimize 
inclusion of serum proteins. The tissue was freeze-dried in pre-weighed 1.5 ml tubes, and 
then weighed as described above (  
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Appendix J – Dry Weight of Rat Lung Lobes). A Protease Inhibitor (PI) stock 

solution was prepared from Protease Inhibitor Cocktail (Sigma cat# P2714-1BTL) (i.e., the 

lyophilized powder was diluted in 10 ml of ice-cold ddH2O, aliquoted in 1mL volumes in 

1.5 ml tubes, and stored in -20 °C). Lysis Buffer was prepared by diluting the PI stock 

solution 1:10 in one of the following ice-cold RIPA Buffers (i.e., this will result in a 1:100 

working dilution of the original PI powder), and 1 ml per sample was prepared: “RIPA 

Buffer” (Pierce RIPA Buffer, Thermo Scientific Prod# 89900), or “RIPA+Triton Buffer” 

(RIPA Buffer, Teknova cat# R3792). Ice cold Lysis Buffer was added to the dry tissue [the 

ratio of dry tissue to Lysis Buffer is highly dependent on the tissue being used.  In 

preliminary studies I determined empirically that for optimal results 1.5 ml of Lysis Buffer 

had to be added to all five lobes of normal perfused rat lungs (~200 mg dry total weight), 

and 1ml of Lysis Buffer  to all five lobes of decellularized rat lungs and coated-

decellularized rat lungs (~75 mg dry total weight)]. The tissue was homogenized in a 12x75 

mm culture tube on ice using a cleaned1 homogenizer drill (Power Gen 1000, Fisher 

Scientific) on speed #1, and then adjusted to speed #3 for 30 sec while moving the tube up 

and down the full length of the solution. After removing trapped tissue the tissue solution 

was centrifuged for 3 min at 300 g, 4 °C in a swinging bucket rotor with conical buckets 

(Eppendorf A-4-44; Mundelein, IL). The tissue solution was homogenized and centrifuged 

twice more. The homogenizer was cleaned between samples. The tissue was pulse-

                                                
1 While the tube was kept on ice, the homogenizer drill was prepared (“Power Gen 
1000”, Fisher Scientific) by washing the metal tip once with ddH2O for 15 sec set at 
speed #1, then thrice with 70 % reagent alcohol for 15 sec set at speed #1, and finally 
drying the tip with a paper towel. 
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sonicated on ice at 60 Amps with a Vibra-CellTM sonicator (Sonics Materials, Inc. VSX130; 

Newtown, CT) four times, 10 seconds each, with 10 second pauses in between. The 

sonicator was cleaned between samples. The tubes were covered with parafilm, and 

incubated for 30 minutes at 4 °C (i.e., this time and temperature was empirically 

determined) (Appendix K – ). The tissue solution was centrifuged in 1.5 ml centrifuge 

tubes for 10 min, 17,000 g, 4 °C. The supernatant was transferred to a new 1.5 ml tube (this 

is referred to as the soluble fraction), while the pellet remained in the original tube (the 

insoluble fraction), and both were stored at -80 °C for further analysis (e.g., protein 

concentration in the supernatant and hydroxyproline assay of the pellet.). 

To extract the protein from cultured cells in a T-75 flask, the cells were first washed 

twice with room temperature HBSS. Then the cells were lysed with a combination of 1 ml 

of RIPA Buffer (Teknova R3792) and 100 µl of PI for 20 min on ice. The flask was scraped 

with a cell scraper (Grenier Bio One 541070), and the solution transferred to a 1.5 ml tube. 

The solution was centrifuged at 12,000 rpm for 10 min at 4 °C. The supernatant (or soluble 

fraction) was transferred to a new 1.5 ml tube and stored at -80 °C if not ready for 

concentration measurement. 

Protein concentration of the above soluble fractions was determined using a 

standard BCA Assay (Thermo Fisher 23228) (Appendix D – Measurement of Soluble 

Protein Concentration). 
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2.5.2 Gel Electrophoresis 

Sample Buffer was prepared by combining the following: 2 mL of Glycerol (Fisher 

BP229-4), 1 mL of β-Mercaptoethanol (Fisher BP176), 3 mL of 10% SDS (Fisher 

BP2436), 20 uL of 10 N NaOH (Fisher SS255). Sample Buffer was stored at -20 °C and 

protected from light [note: 2X Laemmli Sample Buffer (BIO-RAD cat#161-0737) was 

sometimes used, but was difficult to use for very diluted samples because the samples need 

to be diluted 1:1]. Proteins in the soluble fraction were denatured by adding 20 % of the 

Sample Buffer and then boiled for 5 min at 95 °C. If not run immediately, samples were 

stored at -80 °C. The volume of sample loaded on the gel was a minimum of 20 µl (typically 

18 µg of intact lung or 150 µg of decellularized lung), if necessary completed with 2X 

Laemmli Sample Buffer (BIO-RAD cat#161-0737). The protein MW ladder (Thermo 

26619) was run at the same concentration as the samples. The Running Buffer used to run 

the gel was prepared by diluting the 10X Tris/Glycine/SDS Buffer (BIO-RAD cat#161-

0732) with ddH2O 1:10. The gels used were 4-15% Mini-PROTEAN TGX (BIO-RAD 

cat#456-1084). Following loading of the samples,  the gels were first were run at 50 V for 

17 min to allow the sample to enter the gel evenly, and then at 200 V for 1 hr. Gels were 

stained with Bio-Safe Coomassie G-250 Stain (BIO-RAD cat#161-0786) according to the 

company’s protocol. Briefly, on a belly dancer, the gels were first washed thrice by 5 

minutes with ddH2O, immersed in Coomassie stain for 1 hour, and finally wash thrice by 

1 hour. 
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2.5.3 Gel Transfer: 

The Transfer Buffer was prepared according to the BIO-RAD Trans-Blot SD Semi-

Dry Electrophoretic Transfer Cell Instruction Manual (BIO-RAD 170-3940, pg10): 48 mM 

Tris combined with 39 mM Glycine and 20 % methanol with pH adjusted to pH 9.2. The 

Transfer Buffer was stored at 4 °C and was used only once. Transfer Membranes 

(Immobilon Transfer Membranes; Millipore cat# IPVH09120) were washed for 3-5 min in 

Methanol, and immersed in ice-cold Transfer Buffer with sponges (BIO-RAD 

cat#1703966) that were first washed twice (3-5 min each) in ice-cold Transfer Buffer. The 

semi-dry gel-transfer was carried out at 25 V, 0.35 Amps for 30 min2. The membranes 

were probed with appropriate antibody (aka – western blotting). 

 

2.5.4 Western Blotting: 

The membranes were washed twice with PBS for 5 min each. Then the membranes 

were blocked with fresh PBS + 5 % Blotto, non-fat dry milk (ChemCruz sc-2325; Dallas, 

TX) + 0.1 % Tween-20 for 2 hrs at 25 °C (“Blocking Solution”). The membranes were 

washed once briefly with PBS. Primary antibodies [one of the following: 1:1000 Rabbit 

anti-Laminin (Abcam ab11575), 1:1000 Rabbit anti-Fibronectin (Millipore ab1945), Goat 

anti-β-actin 1:1000 (Santa Cruz sc-1616), 1:1000 Rabbit anti-GFP (Santa Cruz sc-8334), 

1:1000 Rabbit anti-Integrin α-1 (Millipore AB1934), 1:1000 Rabbit anti-Integrin α-2 

(Millipore AB1936), 1:1000 Rabbit anti-Integrin α-3 (Millipore AB1920), 1:1000 Rabbit 

                                                
2 after running, the gels were stained with the Coomassie Blue protocol to check the 
effectiveness of the transfer 



61 
 

anti-Integrin α-6 (Santa Cruz 10730), 1:1000 Rabbit anti-Integrin α-9 (prepared/donated 

by Dr. Cezary Marcinkiewicz), or 1:1000 Rabbit anti-Integrin α-V (Santa Cruz 10719)] 

were diluted in Blocking Solution added to the membrane for 18 hrs at 4 °C on a Speci 

Mix test tube rocker (Thermo, model no. M71015). The antibody solution was saved, 

frozen at -20 °C, and was reused no more than 5 times. The membrane was then washed 

thrice by 5 min with PBS on a rocker at 25 °C. Secondary antibodies [1:10,000 Goat anti-

Rabbit HRP (Cell Signaling 7074S), or 1:10,000 Donkey anti-Goat HRP (Santa Cruz sc-

2020)] were diluted in Blocking Solution and incubated for 1 hr at 25 °C slowly on a rocker. 

The membrane was then washed thrice by 5 min with PBS on a rocker. The protein ladder 

on the membrane was painted with WesternSure® Pen (LI-COR 926-91000) in order to be 

detected by the scanner. The chemiluminescent dye solution (WesternSure® PREMIUM 

Chemiluminescent Substrate; LI-COR part# 926-95010) was prepared by combining 800 

µl of each solution in the kit. The membrane was then placed on the LI-COR C-Digit® 

Scanner and covered with 1.6 ml of chemiluminescent dye solution for 5 min. Reading of 

the membrane was performed with Image Studio Digits Ver 3.1 software under high 

sensitivity (~12 min according to the program). The membrane was stored in PBS at 4 °C 

for no more than 2 weeks. 

 

2.5.5 Stripping and Re-Probing 

In order to not waste material and antibody, some membranes were stripped and re-

probed for a second or third primary antibody. The primary antibody used for the re-

probing was from a different species than that of the first primary antibody probed. The 
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Stripping Buffer was prepared by combining 7.5 g Glycine, 0.5 g SDS, 5 ml Tween-20 and 

450 ml of ddH2O, with the pH adjusted to 2.2. The volume was brought to 500 ml with 

ddH2O, and the solution was stored at 25 °C. In order to strip the membrane, the membrane 

was first incubated in Stripping Buffer for 10 min at 25 °C, placed on a Stovall Belly 

Dancer Shaker (Cole-Parmer EW-51650-00) set to maximum speed. The Stripping Buffer 

was changed once, and the membrane incubated in the same manner as before. Then the 

membrane was washed twice with PBS for 10 min each, and then twice with 1X, TBST 

pH 7.4 for 5 min each. The membranes could were used for Western Blot as described 

above, and were not re-probed more than 3 times. 

 

2.6 Scanning Electron Microscopy 

The lungs were fixed similarly to the process used for paraffin wax embedding (i.e., 

inflation fixation). Here, the fixation solution used was 2.5 % Glutaraldehyde (Fisher 

BP2548-1; Fair Lawn, NJ) with 4 % Formaldehyde made in PBS for 30 min in the hanging 

position at 25 °C and then 18 hrs at 4 °C in a tissue sample container. The fixed lungs were 

transferred to PBS until ready to process. Following fixation the lungs were cut into pieces 

as described above, and dehydrated through an ethanol gradient starting with ddH20 and 

then 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 % ethanol for 20 min each at 25 °C. The tissue 

pieces were dried with a CPD 7501 Critical Point Drying Apparatus (SPI supplies; West 

Chester, PA). The dehydrated samples were and sputter coated with carbon and imaged on 

a Zeiss Supra50VP field emission scanning electron microscope equipped with an Oxford 
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Instruments INCA Energy Dispersive Spectrometer at 5kV with the SE2 detector using a 

30µm final aperture, as previously described [142]. 

 

2.7 Vascular Casting 

For assessing the intactness of the primary branches of the pulmonary vascular tree, 

the lungs were cast with resin (Figure 17). The lungs were either taken as intact following 

perfusion, or decellularized and then immediately cast. Lungs were hung by the trachea 

and inflated with air. A syringe pump was set at the height of the pulmonary artery catheter 

(Figure 12A,B). Casting was then performed with a commercial methyl methacrylate resin 

corrosion casting kit, Red Mercox II (Ladd Research 21245; Williston, VT). First, 0.5 g of 

40 % Dibutyl Phthalate (Ladd 21246A) was weighed into a glass beaker, and immediately 

mixed with 20 mL of Red Mercox II resin (Ladd 21245M). Approximately 3 ml of resin 

was drawn into a 5 ml syringe, bubbles were removed, syringes attached to the pump and 

connected to the pulmonary artery catheter of the hanging lungs. The resin/catalyst mix 

was then perfused into the lungs at a flow rate of 1 ml/min. The lungs were allowed to sit 

statically for 30 min at 25 °C, and transferred to a 45 °C oven for 2 hrs. The lung tissue 

was corroded away from the hardened resin by incubation in 10 N NaOH at 25 °C. 

Corrosion with the concentrated base was conducted within a glass beaker taped to an 

orbital shaker, and allowed to rotate for approximately 10 days, or however long was 

needed to digest away the tissue. Casts were then washed thrice with 500 ml ddH2O, and 

stored at 4 °C. 
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Figure 12 – Decellularized Rat Lungs Positioned In Either the Upright or Supine Position 
for Cell Seeding 

Seeding of decellularized rat lungs in two different anatomical positions allowed for 
comparison of the current, conventional (upright) seeding technique, with my novel and 
highly efficient technique (supine).  
A – Three decellularized lungs held in the upright position during seeding of RLMVEC.   
B – A single decellularized lung held in the upright position following RLMVEC seeding, 
with the pulmonary artery catheter (PAC) and tracheal catheter (TC) highlighted.   
C – Three decellularized lungs held in the supine position during seeding of RLMVEC, 
each within a custom made mold (arrow).   
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D – A single decellularized lung held in the supine position following RLMVEC seeding, 
with the pulmonary artery catheter (PAC) and tracheal catheter (TC) highlighted. 
 

2.8 X-Ray Contrast Agent Perfusion 

For imaging of the vascular system, normal and decellularized rat lungs were 

perfused by hand with an X-Ray contrast agent, “OmnipaqueTM (iohexol) Injection” 

(iodine concentration of 300 mg/ml; GE Healthcare; NDC 0407-1413-68) by hand with a 

1 ml syringe (BD 309659; Franklin Lakes, NJ) at 200 µl increments. After infusing a 200 

µl increment of contrast agent, the lungs were imaged with an IVIS Lumina XR in-vivo 

imaging system (Perkin Elmer Inc.; Waltham, MA) set to X-Ray mode. The IVIS Lumina 

was operated with a voltage setting of 28 and a current of 100. Images were acquired using 

Living Image Software version 4.3.1 (Perkin Elmer Inc.; Waltham, MA). 

 

2.9 Alcian Blue Dye Perfusion 

To visualize the microvasculature of the decellularized rat lungs, a solution of 0.06 

% low viscosity alginic acid sodium salt (Sigma-Aldrich A2158; St. Louis, MO) and 0.1 

% alcian blue 8GX (Sigma-Aldrich A5268; St. Louis, MO) was perfused through the 

pulmonary artery. To start, a 60 ml syringe (BD 309653; Franklin Lakes, NJ) filled with 

PBS, and a 10 ml syringe (BD 309604; Franklin Lakes, NJ) filled with the alcian blue 

solution were connected to a Three-Way Stopcock with Male Luer Lock Adapter (Baxter 

Healthcare Co. K69; Valencia, CA). The valve was connected to a length of tubing (Tygon 

3350 SILICONE 1/8x3/16 tubing, Cole Parmer EW-95702-05; Vernon Hills, IL) fitted 

with a nylon male luer integral lock ring to 1/8" wide-bore hose barb (Cole Parmer EW-
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45505-33; Vernon Hills, IL). In order to remove air bubbles the valve and tubing were first 

primed with the alcian blue solution, and the valve and tubing were primed with PBS by 

hand. The tracheal catheter was capped with a nylon male luer lock plug (Cole Parmer EW-

45505-56; Vernon Hills, IL), and the lung perfused with PBS via the pulmonary artery 

catheter at 3 ml/min to remove any air bubbles using a syringe pump (Chemyx Inc. Model 

Fusion 720; Stafford, TX). the syringe with alcian blue solution was connected to the 

syringe pump and perfused into the lungs via the pulmonary artery catheter at 1 ml/min. 

Images were captured intermittently with a Leica MZ6 stereotactic microscope (Leica 

Biosystems; Buffalo Grove, IL) fitted with a Leica DFC420 digital camera (Leica 

Biosystems; Buffalo Grove, IL). 

 

2.10 RLMVEC culture 

Pooled primary rat lung microvessel endothelial cells (RLMVEC) isolated from 

adult male Sprague Dawley rats (RLMVEC, originally purchased from VEC Technologies, 

Rensselaer, NY) were kindly donated by Dr. Laurie Kilpatrick, Temple University College 

of Medicine, Philadelphia, PA. The endothelial phenotype of the cells had been ascertained 

by the vendor by acetylated-LDL uptake and expression of Von Willebrand factor (vWF). 

The cells were maintained in MCDB-131 (Corning; Manassas, VA) media supplemented 

with 10 % FBS, 1 % Pen/Strep and 1 % L-glutamine (Corning; Manassas, VA). RLMVEC 

were routinely split at a ratio of 1:8 once they reached ~ 80 % confluence. All cells used 

for my studies were of a passage number no greater than 12. 
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2.11 Immunocytochemistry 

RLMVEC were cultured on gelatin-coated plastic 8-well chamber slides (Sigma-

Aldrich; St. Louis, MO) until 48 hrs post confluence, and then fixed with 4 % formaldehyde 

for 20 min at 25 °C.  Cells were permeabilized with 0.1 % Triton X-100 at 25 °C for 15 

min, and then blocked with 10 % goat serum for 1 hr at 25 °C. Primary antibodies - 1:20 

rabbit anit-CD31 (Abcam ab28364, Cambridge, MA), 1:50 rabbit anti-ZO-1 (Life 

Technologies 40-2300, Grand Island, NY) - were applied at 4 °C for 18 hrs. Secondary 

antibody or lectin was then applied - 1:1000 goat anti-rabbit AF568 (Abcam ab175471) in 

1 % goat serum; 1:100 isolectin GS-IB4 (AF568, Thermo Fisher I21412, Waltham, MA) - 

for 1 hr at 25 °C. DAPI was applied (1 µg/ml in 1 % goat serum) for 30 min at 25 °C. Slides 

were mounted with Fluoromount-G (e-Bioscience, San Diego, CA) and imaged as above. 

 

2.12 RT-qPCR 

2.12.1 RNA Isolation 

In order to isolate the RNA from RLMVEC cultured on 0.1% gelatin (Millipore 

ES-006-B) coated 12-well plates (Fisher 353043), the cells were first washed once with 

HBSS in order to remove elements of the culture media. Then 350 µl of Buffer RLT 

(Qiagen 79216) was applied, while the plate was on ice. Each individual well was then 

scraped by hand with a 1000 µl micro-pipette tip for approximately 30 seconds. The cell-

lysate was then either stored at -80 °C in individual 1.5 ml tubes, or transferred to 

Qiashredder cell-lysate homogenizers (Qiagen 79656) in order to immediately start the 

RNA isolation procedure. The cell-lysate was centrifuged in the Qiashredder tubes at 
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12,000 rpm for 2 min in a high-capacity microcentrifuge (Labnet International, Inc. 

Z233M). The homogenized cell lysate was isolated with an RNeasy mini kit according to 

the manufacturer’s instructions (Qiagen 74106). The quality and quantity of RNA was 

measured on a NanoDropTM Lite Spectrophotometer (Thermo Scientific). RNA samples 

were considered acceptable if the A260/280 value was > 1.8, and the concentration was at 

least 1 µg / 20 µl. RNA samples were either stored at -80 °C, or used immediately for 

cDNA synthesis. Quality and quantity of RNA was checked after every freeze/thaw cycle. 

 

2.12.2 cDNA Synthesis 

In order to assess the mRNA expression of a certain gene, the RNA samples isolated 

above were transcribed into complimentary DNA (cDNA) which was then probed with 

PCR primers. A High-Capacity cDNA Reverse Transcription Kit (Thermo 4368814) was 

used to transcribe and amplify the cDNA. Based on the measured concentration of RNA, 

a volume containing 1 µg of RNA was completed with nuclease-free ddH2O (Qiagen 

129114) to a volume of 20 µl. Each 20 µl RNA sample was then thoroughly mixed with 20 

µl of cDNA synthesis cocktail [8.4 µl of ddH2O, 4 µl of 10X RT Buffer, 4 µl of 10X RT 

Random Primers, 1.6 µl of dNTP Mix, and 2 µl of MultiScribe® Reverse Transcriptase]. 

The mixture of RNA and cDNA synthesis cocktail was then heated according to the 

manufacturer’s suggested thermocycler program (10 min at 25 °C, 120 min at 37 °C, 5 min 

at 85 °C, and finally held at 4 °C until ready to use/store) using a MasterCycler EP RealPlex 

4S (Eppendorf). The cDNA samples were stored at -20 °C. 
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2.12.3 RT-qPCR 

Real Time-quantitative Polymerase Chain Reaction (RT-qPCR) analysis of cDNA 

was performed in a MasterCycler EP RealPlex 4S (Eppendorf) with fast thermocycling 

using the following Taqman inventoried primers and probes (Applied Biosystems): 

PECAM (Assay ID: Rn01467262_m1), VCAM (Assay ID: Rn00563627), and ICAM 

(Assay ID: Rn00564227_m1). 3.3 µl of cDNA derived above was combined with 15 µl of 

TaqMan® Fast Universal PCR Master Mix (2X), no AmpErase® UNG (Thermo 

4352042), 10.5 µl of ddH2O and 1.5 µl of a single Taqman primer for triplicate reactions. 

Triplicate reactions were repeated independently at least three times in 96-well real-time 

PCR plates (Eppendorf 951022055) sealed with MicroAmp Optical Adhesive Film 

(Thermo 4311971). The temperature cycling program was provided by the TaqMan® 

Mastermix (i.e., 20 sec at 95 °C, 40 cycles of 1 sec at 95 °C followed by 20 sec at 60 °C 

with readings made at the end of each cycle, 15 sec at 95 °C, 15 sec at 60 °C, 15 sec at 95 

°C and finally held at 4 °C). Gene expression levels were normalized to an endogenous 

gene GAPDH (Assay ID: Rn00000000; processed in the same manner as samples above) 

and relative expression levels or relative quantification (RQ) compared to those of 

untreated RLMVEC were quantified using the comparative Ct method (2-ΔΔCt) [143]. 

 

2.13 RLMVEC seeding in DLS 

Prior to reaching confluence, RLMVEC of passage no greater than 12 were 

harvested with TryplE Express (Thermo 12605028) and resuspended in a cell concentration 

of 1x106 cells/ml in a 10 ml volume of RLMVEC media. The tracheal catheter was capped, 
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and the lungs were positioned for seeding. For the upright position group, the tracheal 

catheter cap was removed and the lungs connected to a 10 ml syringe (BD 309604; Franklin 

Lakes, NJ) situated in a vertical position by a ring stand and tube clamp (Figure 12A,B). 

For the supine position group, the lungs were laid down in a custom built mold (Figure 

12C, arrow), with the tracheal catheter capped, and the pulmonary artery catheter lying on 

top of the lungs (Figure 12C,D). Syringes and tubing connected to the appropriate luer lock 

fitting were primed with HBSS containing calcium and magnesium (Corning 21-023-CV; 

Manassas, VA) warmed to 37 °C in a water bath. The tubing was connected to the 

pulmonary artery catheter, and the lungs perfused at 3 ml/min with a syringe pump. The 

tubing was then disconnected from the syringe containing HBSS, and connected to the 

syringe containing the cell suspension. The cell suspension was delivered into the DLS at 

1 ml/min. Following the cell delivery, the pulmonary artery catheter was capped, and the 

lungs incubated at 37 °C for one hour. The lungs were then washed via the pulmonary 

artery with 60 ml warm HBSS, and fixed as described in the histology methods above. 

 

2.14 Cell Counting Method for Global Cell Distribution 

In order to quantify the distribution of RLMVEC throughout the DLS in two 

distinct anatomical positions the lobes of the recellularized lungs were processed as 

described in the histology methods above. The DAPI stained tissue sections were imaged 

using the stitching modality of the FSX-100 software at 20X magnification. The automated 

stitching grids consisted of a 5x5 rectangle of individual 20X images. In order to image the 

entire cross-section of the lobe, automated stitching grids were taken so as to capture all 
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cells in the lobe, but not to overlap with already acquired images. 20X magnification was 

shown to be necessary for ImageJ to be able to distinguish individual cells (data not shown). 

Images were saved in the .tiff format within the same folder, and a custom ImageJ script 

(Appendix E – Custom ImageJ Cell Counting Script) was used to count the cells in each 

individual image. The tissue sections represent the region within the lobe from which the 

processed tissue piece originated. In order to compare the distribution from lobe to lobe, 

cell counts from all regions of a particular lobe were averaged and normalized to the dry 

weight of the respective lobe. The values from this calculation across three independently 

seeded lungs were graphed comparing anatomical position. 

 

2.15 Assessment of Vessel Size Distribution 

In order quantify the distribution of RLMVEC within various size vessels, the 

DAPI stained tissue sections were imaged with the single-fluorescent-image modality of 

the FSX-100 microscope. The nuclei of the cells were imaged with the blue channel, and 

the autofluorescence of the DLS was imaged with the green channel. Vessel size was 

measured by tracing the perimeter of the vessel, and cell number was counted manually 

with the multi-point tool in ImageJ. Criteria for a vessel border included an observable 

brightness in the green channel, a dark lumen in the green channel, and a continuous border. 

Additionally, only circular to oblong vessel cross-sections were analyzed; longitudinal 

cross-sections were disregarded. The perimeter of the vessel was traced by hand along the 

tunica adventitial layer, and cells were counted that fell within this perimeter. Cell counts 
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were grouped according to vessel perimeter (0-50µm, 50-100µm, 100-500µm, 500-

1000µm, 1000-5000µm), and the counts of all groupings were graphed as averages. 

 

2.16 Perfusion Culture 

In order to assess the RLMVEC’s potential to mature within the DLS, the lungs 

were placed in perfusion culture for up to one week. Following re-seeding and static 

incubation as described above, the lungs were connected to a peristaltic pump (Rainin 

Rabbit Peristaltic Pump, model number: 54655; USA) with tubing primed with warm 

RLMVEC media. The lungs were placed in the supine position within a 100 mm petri dish 

(BD Flacon 353003; Bedford, MA), and 50 ml of media was circulated from the petri dish 

to the pulmonary artery catheter. The lungs were checked daily for contamination, and to 

observe inflation indicative of quality perfusion. Perfusion was continued for either 24 hrs, 

48 hrs or 1 week, at which times the lungs were fixed and processed as described above. 

 

2.17 FITC-Dextran Barrier Function Assay 

Lungs, (intact, decellularized and recellularized) were prepared for perfusion as 

shown in the diagram in Figure 13 and inflated with ~3 ml air through the trachea by hand, 

which was then capped to prevent deflation of the lungs. Subsequently, the lungs were 

perfused through the pulmonary artery with PBS at a flow rate of 1 ml/min. Up to 15 

fractions (approximately 1 ml each) of perfusate were collected sequentially from the left 

ventricle catheter. After the first three fractions of PBS were collected, a bolus (2 ml) of 1 

mg/ml FITC-Dextran (150 kDa) was perfused at 1 ml/min. Upon completion of the bolus 
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injection, PBS perfusion was continued as was the collection of ~ 1 ml fractions. The 

fluorescence in the fractions was quantified using a plate reader (FLX800, Bio-Tek, 

Winooski, VT, λEx=485 nm/ λEm=528 nm), and correlated to a standard curve to calculate 

the concentration of FITC-Dextran in the perfusate. 

 

 

Figure 13 – Diagram of the Flow Setup for Dye Perfusion 
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The custom leakage assay developed here employed a constant perfusion of the 
tissues/constructs with PBS on top of which a bolus injection of 150 kDa FITC-Dextran as 
administered, in order to assess leakage in real time. A three-way luer lock was used to 
allow for quick injection of the bolus of dye without introduction of air bubbles. The 
trachea catheter was kept capped to prevent flow out of the airspace. The flow out of the 
left ventricle was collected as ~ 1 ml fractions. 
 

2.18 Confocal Microscopy 

The lungs used for perfusion culture were processed, and sectioned at a 200µm 

thickness, stained with DAPI and Phalloidin, and mounted with Vectashield. The thick 

tissue sections were then observed with a laser scanning confocal microscope (Olympus 

Fluoview FV1200; Waltham, MA), and images acquired with the Olympus FV10-ASW 

version 4.0b software (Olympus; Waltham, MA). Images were taken at 20X magnification, 

and are presented in a representative fashion. 

 

2.19 Cell Adhesion Assays 

To determine the integrin-dependence of RLMVEC attachment, we employed a 

previously published 2-D adhesion assay, in which the cells adhere to an array of ECM 

proteins or to integrin subunit-specific antibodies immobilized in individual wells of a 96-

well plate [73]. The ECM proteins included: rat tail collagen-I (Becton Dickinson (BD) 

354236; Franklin Lakes, NJ), recombinant human plasma fibronectin (Millipore FC010; 

Billerica, MA), mouse collagen-IV (R&D Systems 3410-010-01; Minneapolis, MN), 

human recombinant laminin-521, (BioLamina; Sundbyberg, Sweden), Vitronectin XF 

(Stem Cell Technologies; Vancouver, BC). The integrin-subunit-specific antibodies (from 

BD) recognized: α5 (Cat# 553350), α1 (Cat# 555001), α2 (Cat# 559987), or β1 (Cat# 
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555003). In order to test the specificity of integrin binding to individual ECM proteins, 

adhesion assays were performed in the presence of select disintegrins, i.e. snake-venom 

derived peptides that serve as antagonists of integrin heterodimers3 with the following 

specificities [144]: VLO4 - α5β1 inhibitor, VP12 - α2β1 inhibitor, Obtustatin - α1β1 

inhibitor, VLO5 - α4β1 inhibitor. The control for disintegrins are the scrambled version of 

the peptide [145], however these controls were not employed here. For these studies, the 

cells were incubated with the various disintegrins, all at working concentration of 50 µg/ml, 

for 10 min prior to seeding onto the immobilized proteins. The same concentration of 

disintegrins was present in the incubation medium during the subsequent adhesion period 

(30 min). 

In order to characterize the ability of the RLMVEC to adhere to the DLS, a slice 

culture method was developed. Here, DLS was sectioned into small pieces (~4 mm3) with 

sterile scalpels, and then kept in the same 96-well plate as used for the 2-D adhesion assay. 

All steps of the adhesion assay were the same. However, prior to lysis, the small pieces of 

tissue were transferred to new wells so as to avoid any signal from non-adherent cells. 

To test the integrin-specificity of EC adhesion in the vascular compartment of the 

DLS, I developed a novel 3-D adhesion assay, in which the whole perfused DLS was 

maintained in the supine position for all manipulations [146]. First the lungs were washed 

with HBSS by perfusion through the PAC at 3 ml/min for 10 min. Non-specific binding 

was then blocked by perfusion of 1 % FBS for 1 hr through the PAC at the same flow rate. 

                                                
3 It is important to note that disintegrins inhibit the functional heterodimer, while most 
monoclonal antibodies target only a particular subunit. Monoclonal antibodies that target 
the heterodimer are extremely rare. 
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RLMVEC (106 cells / ml) were treated with integrin inhibitors (VLO4, VP-12, and 

Obtustatin, all 50 µg/ml) for 10 min prior to seeding and perfused in the continued presence 

of integrin inhibitors into the lung via the PAC at a rate of 1 ml/min for 10 min. The cells 

were subsequently allowed to adhere for 30 min at 37 °C. The re-endothelialized organs 

were then washed through the PAC with 60 ml of HBSS at a flow rate of 3 ml/min and 

immediately fixed for later imaging as described above. 

 

2.20 TNFα Stimulation 

In order to test the functionality of the RLMVEC, a previously described in-vitro 

model of inflammation was deployed [147]. RLMVEC were seeded onto 0.1% gelatin 

coated 12 well plates at a density of 75,000 cells/cm2. The cells were allowed 5 days in 

culture (i.e., in that time, cells reached confluence, and were maintained at 100% 

confluence for ~ 2 days). After 5 days in culture, the cells were stimulated with [10 ng/ml 

Recombinant Human TNFα (PeproTech 300-01A)] for 6 hrs. Following stimulation, the 

cells were either processed for immunocytochemistry, RT-qPCR, or were used for the 

monocyte adhesion assay described below. 

 

2.21 THP-1 Adhesion Assay 

In order to test the specificity and functionality of the expression of adhesion 

molecule expression (e.g., ICAM or VCAM) on the RLMVEC, a previously described cell-

cell adhesion assay was deployed [147]. Human monocytes derived from an adolescent 

with acute monocytic leukemia [THP-1 (ATCC TIB-202)] were maintained as suspension 
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cultures (not exceeding a density of 1x106 cells/ml) in RPMI 1640 supplemented with 10% 

FBS, 1% pen/strep and 0.05 mM 2-mercaptoethanol. THP-1 cells were labeled with 

CellTrackerTM Green CMFDA Dye (Thermo C2925) according to the manufacturer’s 

instructions.  

RLMVEC were stimulated for 6 hrs with TNFα, as described above, Subsequently 

the EC monolayer was first washed once with THP-1 media, and then the CellTracker-

labeled THP-1 were added to the monolayer at a density of 300,000 cells in 0.5 ml for 10 

min. Following this allotted adhesion time, the monolayer was washed with 1 ml THP-1 

media on a rocker (Thermo M71015Q) for 30 seconds. This wash was repeated four times, 

with regular inspection with a phase contrast microscope to confirm removal of not firmly 

adhering THP-1 especially from non-stimulated monolayer. The wells were then fixed and 

washed in the same manner as described for immunocytochemistry, and the green 

fluorescence of the THP-1 was then imaged with the FSX-100 microscope. At least five 

20 X magnification images were taken of each well, and the number of THP-1 cells was 

counted using the built in cell-counting macro of ImageJ. 

The same adhesion assay was also performed in the decellularized lung. Restricting 

flow to only the right upper lobe, the remaining right lobes and left lobe were ligated. 

RLMVEC were seeded as before, allowed to remain in perfusion culture for 48 hrs, and 

then stimulated with TNFα as before (i.e., 6 hrs). Following stimulation, the lungs were 

washed and perfused with labelled THP-1. The cells were allowed 10 min to sit statically 

(i.e., adhesion was empirically determined, data not shown), and then the lungs were 
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thoroughly washed with HBSS. Then the lungs were fixed and processed for histological 

assessment of THP-1 co-localization with RLMVEC. 

 

2.22 Statistics 

All experiments were repeated independently at least three times, with multiple 

measurements for each data point. The results were analyzed statistically using GraphPad 

Prism v6 (GraphPad Software; La Jolla, CA). When evaluating the distribution of cells 

normalized either per milligram of tissue, or per µm vessel perimeter, comparing upright 

vs. supine position of the various lobes, the results were analyzed by two-way ANOVA 

with Turkey’s multiple comparisons test, with α < 0.05 for statistical significance. 

Additionally, total cell numbers from the upright versus supine positions of individual 

lobes were analyzed by multiple t-tests with multiple comparisons corrected by the Sidak-

Bonferroni method, with p < 0.05 for statistical significance. Data are presented as mean 

values ± the standard error of the mean (SEM). Cell adhesion assays were analyzed by one-

way ANOVA with Turkey’s multiple comparison tests.  
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CHAPTER 3 

3. RESULTS 

3.1 Decellularization 

Decellularization of whole rat lungs was carried out essentially according to the protocol 
protocol developed by Girard et al. [148]. As previously described by Price et al. [96], 
decellularization the color of the organ turned from red to opaque/white (Figure 14A&B, 
respectively). Decellularization was also confirmed indirectly by the fact that the dry 
weights of the individual lobes of the lung following decellularization were significantly 
lower than those of their intact counterparts (  
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Appendix J – Dry Weight of Rat Lung Lobes). However, the way in which the intact 
lung is prepared has a significant effect on its resultant dry weight (e.g., perfusion 
through vasculature to remove blood/serum, or lavage of the airways to remove mucous) 
(  
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Appendix J – Dry Weight of Rat Lung Lobes). The success of the 

decellularization procedure was determined by presence/absence of genetic material (e.g., 

dsDNA) through staining with DAPI (Figure 15A&B respectively); the presence/absence 

of cytoplasmic material was demonstrated by western blot for the microfilament β-actin 

(Figure 16). The morphology of the intact and decellularized lungs was assessed by routine 

hematoxylin & eosin staining and showed general maintenance of the tissue’s architecture 

particularly blood vessels, airways and alveoli (Figure 14C&D respectively). The 

histological methods were also validated with intact and decellularized human tissue 

(Appendix B – Decellularized Human Lung). This is reasserted by scanning electron 

microscopy, where the patent blood vessels of intact lungs were identifiable by aligned 

endothelium in the direction of blood flow (region of interest, Figure 14E&G), and 

following decellularization the remaining ECM of the blood vessels showed a similarly 

aligned orientation (region of interest, Figure 14F&H). 
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Figure 14 – Decellularization of Rat Lungs 

The gentle dissection and decellularization process employed here resulted in a matrix that 
highly resembled that of the intact lung.  
A – Native heart-lung complex immediately following dissection (H: heart, TC: tracheal 
catheter, PAC: pulmonary artery catheter, RUL = right upper lobe, RML: right middle lobe, 
RLL: right lower lobe, AL: accessory lobe, LL: left lobe);  
B – Decellularized lung following the completion of the decellularization procedure, for 
details on the decellularization protocol, see text;  
C – Intact lungs were processed for histology immediately following dissection, and 
stained with Hematoxylin & Eosin (A: airway, BV: blood vessel, a: alveolus), scale bar = 
100 µm, original magnification = 20X;  
D – Hematoxylin & Eosin stain of the decellularized lung, insert - DAPI stain of the 
decellularized lung, scale bars as in panel C;  
E – Scanning electron micrograph of native lung, scale bar = 100 µm, original 
magnification = 2,000X;  
F – Scanning electron micrograph of decellularized lung, scale bar as in Panel E.  
G – Scanning electron micrograph of native lung from region of interest in Panel E, scale 
bar = 10 µm, original magnification = 10,000X;  
H – Scanning electron micrograph of decellularized lung from region of interest in Panel 
F, scale bar as in Panel G. 
 

 

 

 

Figure 15 – Removal of DNA Following Decellularization 

Staining for dsDNA reveals the effectiveness of decellularization. A – DAPI stain of intact 
lung shows presence of nuclei (blue), B – Decellularized lung showed no positive staining, 
indicating the complete removal of double- stranded DNA. Scale bars = 100 µm, original 
magnification = 20X. Staining was repeated independently at least three times. 
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Figure 16 – Removal of β-actin Following Decellularization 

Western blot for the intermediate filament β-actin (42 kDa) shows that the majority of 
cytoplasmic related cellular components are removed following decellularization, and by 
increasing the wash time of the scaffold with PBS can further remove the components. The 
lanes of the western blot, including duplicates of independent protein samples, from left to 
right are: 1 - ladder, 2 - intact lung, 3 - intact lung, 4 - decellularized lung, 5 - decellularized 
lung, 6 - decellularized lung with extra PBS wash. The western blot was repeated at least 
twice for accuracy. 

 

3.2 Vascular Perfusion of DLS 

Following decellularization, the primary branches of the pulmonary vasculature 

approximately maintained their inner diameter according to vascular casting, however I 
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was not able to characterize the microvasculature due to leakage of the casting resin (Figure 

17). Perfusion with a commercial X-Ray contrast agent was distributed across all lobes of 

the intact and decellularized lungs (Figure 18A,B right column, inserts). The X-Ray 

contrast agent remained restricted to the vasculature in both intact lungs (Figure 18A right 

column; from ROI of insert) and DLS (Figure 18B right column; from ROI of insert), where 

no contrast agent can be seen prior to perfusion (Figure 18A&B left column)4. Introduced 

via the heart, the contrast agent distributed through all lobes of the intact and decellularized 

organ (inserts of Figure 18A&B respectively) allowing for identification of perfusion 

through small diameter blood vessels down to 0.25 mm in diameter (Figure 18A&B right 

panel, arrows). Perfusion of the DLS with an alcian blue solution mimicking the viscosity 

of blood [3 - 4 centipoise [149]], which also distributed across all lobes of the lung (Figure 

18C, insert), allowed for identification of the intact microvasculature (Figure 18C, from 

ROI of insert). Like with the X-Ray contrast agent, before perfusion no color can be seen 

within the tissue (Figure 18C left column); following alcian blue perfusion the vasculature 

of the DLS was identifiable down to a diameter of 30 µm (Figure 18C right column, arrow). 

 

                                                
4 The panels of Figure 18 represent the region of interest (ROI) depicted in the insert of 
the given panel. 
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Figure 17 – Vascular Casting of Intact and Decellularized Rat Lungs 

Perfusing a resin through the pulmonary artery can lead to casting of the pulmonary 
vasculature. Here, the cast of independent intact lungs (A) is compared to two casts of 
independent DLS (B). 
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Figure 18 – Assessment of Perfusion through Decellularized Pulmonary Vasculature 

The gentle decellularization process employed here resulted in a vascular compartment that 
largely contained flow of solute, but inevitably showed some leakage in the 
microvasculature. A – Left panel: X-Ray image of native lung prior to contrast agent 
perfusion (region of interest shown in insert), Right panel: native lung following perfusion 
of 1 ml of contrast agent shows restriction of solution within vascular compartment (scale 
bars = 5 mm); B – Same representation before and after contrast agent perfusion of 
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decellularized lung shows that solution is largely retained within vascular compartment, 
but shows some leakage in the microvasculature (scale bars = 5 mm); Grey scale: X-Ray 
absorption; min = 0, max = 8.436. Values are x1000. C – Left panel: decellularized lung 
prior to Alcian blue perfusion (region of interest shown in insert), right panel: 
decellularized lung following perfusion of 1ml of Alcian blue solution where alcian blue 
solution can be seen leaking from microvasculature (region of interest shown in insert), 
scale bars = 1 mm.  
 

3.3 Blood Vessel Associated ECM Protein Content in DLS 

Staining intact lungs with Masson’s Trichrome demonstrated the presence of dense 

collagen fibers (Coll with arrow, Figure 19A) in the walls of intact large blood vessels. 

Collagen fibers in the walls of blood vessels, were also present following decellularization, 

but in reduced amounts, as inferred from the reduced intensity and loss of continuity of the 

staining using the exact same histological processing and staining protocol as for intact 

lung (Figure 19B). Intact lungs showed the presence of wavy internal and external elastic 

lamina surrounding the tunica intima and the tunica media respectively (EN with arrows, 

Figure 19C). Similar multiple EN layers were visible following decellularization, but their 

wavy appearance and contiguity were lost (Figure 19D). These observations were also 

made in the decellularized human lung (Appendix B – Decellularized Human Lung). 

Immunostaining for laminins (Figure 20A) and collagen-IV (Figure 20C) showed near 

ubiquitous presence throughout the intact tissue present in very thin basement membrane 

films, while following decellularization the proteins appear ragged and fragmented (Figure 

20B&D respectively). The ragged nature of the ECM was confirmed through western blot 

against laminins and fibronectin (Figure 21). By western blot, laminins and fibronectin 

were present in the intact lung in a tight band, while in the decellularized lung the bands 

were fragmented and represented damage to the ECM (Figure 21). 
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Figure 19 – Visualization of ECM Proteins in the Vascular Wall Before and After 
Decellularization. 

Though considered gentle, due to the maintenance of the morphology of the lung, the 
decellularization process employed here showed that the vascular-specific ECM proteins 
may be damaged though present in the tissue.  
A – Masson’s Trichrome stain of native lung, immediately following dissection (Coll: 
collagens, RBCs: red blood cells, a: alveolus, BV: blood vessel),   
B – Masson’s Trichrome stain of decellularized lung, with staining of collagen (blue) in 
the vessel walls seen as less intense and less contiguous than in the intact lung.  
C – Verhoeff-van Gieson stain of native lung, immediately following dissection (EN: 
elastin),   
D – Verhoeff-van Gieson stain of decellularized lung, with elastin fibers (black) seen as 
more fragmented, with a loss of waviness compared to intact lung.   
All scale bars = 100 µm, and all original magnifications = 40X. 
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Figure 20 – Laminin and Collagen-IV Before and After Decellularization 

Though proteomic analysis will show the presence of certain ECM proteins (e.g., laminin 
and collagen-IV), there is no indication of whether or not they are intact. Here, the 
architecture of laminin in the basement membrane is thin and flat in the intact lung (A), 
and contracted and fragmented (arrow) in the DLS (B). Similarly, collagen-IV in the intact 
lung is found in thin flat sheets (C), and following decellularization is crimped (arrow), but 
not as fragmented as laminin (D). Original magnification = 20X, scale bars = 100 µm. 
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Figure 21 – Laminin and Fibronectin Damaged Following Decellularization 

Further proteomic analysis of the intact and decellularized rat lungs shows that even though 
proteins like laminin (~400kDa) (A) and fibronectin (~270kDa) (B) are present in the 
decellularized lung, they are left fragmented. Two independent intact lungs have bands 
(lanes 2&3) that are relatively similar in compactness to the pure ECM protein control (lane 
6), while two independent decellularized lung samples have a multitude of bands that seem 
to make a smear, in agreement with others’ observations [98] (lanes 4&5).  

A – The lanes of the western blot from left to right represent: 1 - ladder, 2 - intact lung, 3 - 
intact lung, 4 - DLS, 5 - DLS, 6 - human laminin.  

B – The lanes of the western blot from left to right are the same as in A, except for lane 6 
which is human fibronectin. 

 

3.4 RLMVEC Distribution across All Lobes of DLS 

The RLMVEC population used was characterized as CD-31+, Isolectin GS-IB4
+, ZO-1+, 

and VCAMlow (Figure 22A-D respectively) and maintained this phenotype within the 
DLS for up to 1 week (data not shown). After a 10 ml seeding volume was determined to 
be optimal (Appendix G – ), and ventilation to be detrimental (Appendix H – Seeding 
with Air Ventilation), DLS were seeded with RLMVEC in either the upright or supine 
position without ventilation (Figure 12). After allowing the cells to adhere for 1 hr under 
static conditions, the tissue was fixed and the lobes divided into roughly equally thick (~ 
5 mm) horizontal regions. A single 5 µm slice per region, taken consistently ~ 50 µm into 
the region, was used to quantify the number of cells in each section (Figure 2, Figure 11). 
The averages of the cell counts of all regions of each individual lobe (from n = 3 animals) 
were normalized to the average dry weight of those decellularized lobes (  
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Appendix J – Dry Weight of Rat Lung Lobes). In general, the supine seeded lung 

vasculature retained on average more cells than the upright one: however, based on a two-

way ANOVA, only the average of the cells in the supine-RUL was significantly higher 

than that in the upright-RUL by roughly two-fold (n = 3; α < 0.05) (Figure 23). 

Additionally, based on multiple t-tests, the average of the cells in the supine-LL was 

significantly higher than that in the upright-LL by roughly six-fold (n = 3; p < 0.01) (Figure 

23). 

 

 

Figure 22 – RLMVEC Grown to Confluence Maintain Expression of Markers Specific to 
Microvascular Endothelial Cells and Barrier Formation. 

The phenotype of endothelial cells used for re-endothelialization is important to asses, as 
there are known heterogeneities between various vascular segments. Here, I cultured 
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RLMVEC, and after being brought to confluence the cells expressed a phenotype of CD31+ 

(A), Isolectin GS-IB4+ (B), ZO-1+ (C) and VCAM-1– (D). Scale bars of all = 100µm. 

 

 

Figure 23 – Distribution of Endothelial Cells Across the Whole Decellularized Lung 1 Hr 
After Seeding.   
 
The total cell distribution was based on estimates within each lobe (for details see M&M 
and text), and indicates that the supine position allowed for greater and more even 
distribution of endothelial cells seeded through the pulmonary artery. For each individual 
lobe, the average of the cell counts within each region was normalized to the dry weight of 
that lobe (determined from 3 independently seeded lungs). RUL – right upper lobe, RML 
– right middle lobe, RLL – right lower lobe, AL – accessory lobe, LL – left lobe. Graph 
represents mean ± SEM; n ≥ 5 for all. Comparison to supine RUL (2way-ANOVA): * = p 
≤ 0.1, ** = p ≤ 0.01, *** = p ≤ 0.001. Comparison within LL (t-tests; Holm-Sidak, α=5%): 
α = p *: p ≤ 0.001. 
 

 



94 
 

3.5 RLMVEC Distribution within Individual Lobes of DLS 

In addition to comparing cell distribution between lobes, we also quantified cell 

distribution within individual lobes. I found a trend of increased EC numbers in the apex-

regions (i.e., regions 1-3) of all lobes except for the AL when seeding in the supine position 

compared to the upright position (Figure 24A). The most significant difference was found 

in region number 1 of the LL, where seeding in the supine position yielded ten times more 

ECs than the upright (Figure 24E; n = 3, p < 0.02). Interestingly, region 4 of the supine-

RUL, RML and RLL had approximately ten times less cells than that of their corresponding 

regions in the upright-RUL, RML, RLL and AL (Figure 24A-D; n = 3 for all, p < 0.02 for 

all except AL where p = 0.15).  
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Figure 24 – Distribution of Endothelial Cells Across Individual Regions Within The 
Separate Lobes 1 Hr After Seeding. 
 
In general, in the supine position, more endothelial cells were found in the apical regions 
of the lobes, while in the upright position, more endothelial cells were found in the basal 
regions of the lobes.  
A – Distribution of ECs within the 4 regions of the right upper lobe, * – In the supine 
position the fourth region of the RUL contains significantly less cells than in the upright (n 
= 3 for all, comparison within region 4 (t-tests; Holm-Sidak, α=5%): p ≤ 0.1.);   
B – Distribution of ECs within the four lobes of the right middle lobe, * – In the supine 
position the fourth region of the RML contains significantly less cells than in the upright 
(n = 3 for all, comparison within region 4 (t-tests; Holm-Sidak, α=5%): p ≤ 0.01);   
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C – Distribution or ECs within the four regions of the right lower lobe, * – In the supine 
position the fourth region of the RLL contains significantly less cells than the upright (n = 
3, comparison within region 4 (t-tests; Holm-Sidak, α=5%): p ≤ 0.01);   
D – Distribution of ECs within the three lobes of the accessory lobe (n ≥ 2 for all);   
E – Distribution of ECs within the five regions of the left lobe, * - In the supine position 
the second region of the LL contains significantly more cells than the upright (n=3 for all, 
comparison within region 2 (t-tests; Holm-Sidak, α=5%): * = p ≤ 0.1.). 
 

3.6 RLMVEC Distribution According to Vessel Perimeter Range within DLS 

Distribution of RLMVEC across various size vessels was quantified for both the 

upright and the supine seeding methods by counting DAPI stained nuclei in combination 

with imaging the autofluorescence of the perivascular ECM. Cells counts within the 

various size vessels were normalized to the vessel perimeter (Figure 25).  The insert in 

Figure 25 paradigmatically shows a vessel of 410 µm in diameter containing 18 DAPI-

stained cells. Seeding in the supine position allowed for approximately twice the number 

of cells to adhere to the larger vessels ranging from 500-5000 µm than in the upright 

position (Figure 25). 
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Figure 25 – Endothelial Cells Counts Within Vessels of Various Sizes 1 Hr After 
Seeding. 

Seeding endothelial cells in the supine position will allow for greater retention in the 
macrovasculature compared to seeding in the upright position. Insert - Representative 
image of medium-sized vessel used for determining cell counts. This particular vessel has 
a perimeter of 410.02 µm with 18 nuclei counted within. Scale bar = 100 µm, magnification 
= 20X. Results are mean ± SD; n ≥ 3 for all; except Hanging 0-50, n = 1. 
 
 

3.7 Integrin Specific Adhesion of the RLMVEC to Vascular Compartment of DLS 

The integrin profile of the RLMVEC, as characterized in part by western blot, showed 
expression of integrin subunits α3, α6, α9, αV (  
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Appendix I – Partial Integrin Profile of RLMVEC). Additionally, RLMVEC 

adhesion to immobilized monoclonal antibodies against integrins α5, α1, α2 and β1 was ~ 

ten times greater, while to α4 and β3 was not significantly greater than to the control surface 

(n = 6, α = 0.05 for all) (Table 2). Adhesion of RLMVEC to immobilized ECM proteins 

commonly found in the decellularized lung, i.e., fibronectin, collagen-I, collagen-IV and 

laminin was statistically indistinguishable and approximately 16, 13, 18 and 20 times 

greater than to the control surface of FBS-coated tissue culture plastic respectively (Figure 

26; n = 6, α = 0.05 for all). Adhesion to vitronectin was not significantly greater than control 

(Table 2). In the presence of the α5β1-specific inhibitor (VLO4 disintegrin; 50 µg/ml), EC 

adhesion to fibronectin was decreased to the level of control. In the presence of the α1β1 

antagonist obtustatin (50 µg/ml), RLMVEC adhesion to collagen-I decreased by 

approximately 43% and that to collagen-IV by approximately 74 %; By contrast, in the 

presence of a α2β1 inhibitor (VP12 disintegrin; 50 µg/ml), EC adhesion to collagen-I was 

decreased to the level of control, and to collagen-IV by ~ 68 %. When the α1β1 and α2β1 

inhibitors were combined, the adhesion to these two collagens was decreased back to level 

of control (Figure 26). In the presence of theorized inhibitor of laminin-adhesive integrins 

(VLO5) adhesion was not inhibited significantly (Figure 27). 
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Immobilized 
Protein/Antibody/Disintegrin 

Antibody-ECM 
specificity 

% Cells Adhered ± 
SEM 

Control (BSA) n/a 2.77 ± 0.95 
Integrin α1 Coll-I 45.23 ± 4.19 * 
Integrin α2 Coll-IV 39.20 ± 7.18 * 
Integrin α4 Laminin 2.57 ± 0.97 
Integrin α5 Fibronectin 58.62 ± 7.68 * 
Integrin β1 spectrum 48.95 ± 5.82 * 
Integrin β3 spectrum 10.63 ± 1.44 
Vitronectin n/a 12.76 ± 1.62 * 

Table 2 – Adhesion to Various Immobilized ECM Proteins, Integrin Antibodies and 
Disintegrins. 

Additional adhesion assays further characterize the integrin profile of the RLMVEC, and 
elucidate other interactions with ECM components (i.e., vitronectin) (n=6). Note: The 
specificity of integrin heterodimers comes from the alpha subunit, and therefore the beta 
subunits are listed as being specific for a spectrum of ECM proteins. 
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Figure 26 – Two-Dimensional Adhesion Assay of Rat Pulmonary Endothelial Cells to 
Immobilized ECM Proteins. 
 
RLMVEC adhere to fibronectin (FN), collagen type-I (COLL-I) and collagen type-IV 
significantly more than serum coated wells (control), and are insignificant compared to one 
another. RLMVEC adhesion to ECM proteins in the presence of integrin antagonists 
showed that the α1 antagonist leads to a partial inhibition of adhesion to COLL-I and 
COLL-IV; 43 % and 74 % decrease respectively. The α2 antagonist abolished adhesion to 
COLL-I, but partially inhibited adhesion to COLL-IV (68% decrease). The combination of 
the α1 and α2 antagonists abolished adhesion to COLL-I & IV. Data is represented as mean 
± SEM; n ≥ 4 for all; * = one-way ANOVA, α = 0.05. 
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Figure 27 – Inability to Block Adhesion to Laminin 

In the 2-D adhesion assay, RLMVEC were able to adhere significantly to immobilized 
laminin. VLO5 is a putative disintegrin inhibitor of the several redundant laminin integrin 
subunits. The RLMVEC clearly adhered to the immobilized VLO5. However, the 
disintegrin did not inhibit the adhesion to immobilized laminin, and therefore limited 
ability to block adhesion to this basement membrane protein. (n=6 for all) 
 

In the slice culture model the inhibition of RLMVEC adhesion by these disintegrins 

still held true. Though the individual disintegrin inhibitors did not statistically deplete 

adhesion as compared to the control (DLS slice coated with BSA), the combination of all 

three significantly reduced adhesion by approximately 50 % (Figure 28).  
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Figure 28 – Slice Culture Adhesion Assay of RLMVEC. 

In order to assess the role of ECM composition on the RLMVEC’s adhesion, I deployed a 
pseudo-2-D slice culture adhesion assay. Here, the RLMVEC were seeded upon small 
pieces of DLS with/without integrin specific inhibitors. Adhesion did not seem to be 
significantly altered by the inhibition of the alpha-5, 2 or 1 integrins independently, but 
when blocked simultaneously the adhesion dropped by ~ 50 %. Data represents mean ± 
SEM; n = 8 for all; * = one-way ANOVA, α = 0.05. 
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Compared to the normal adhesion of RLMVEC within the whole DLS seeded in 

the supine position (Figure 25), pre-treating the cells with disintegrins that specifically 

antagonize the binding to α5β1, α2β1 and α1β1 integrins, completely prevented RLMVEC 

adhesion to the macrovasculature of the DLS (Figure 29A). Instead, the seeded cells were 

found only within the smallest vessels (capillaries) ranging from 10 - 21.5 µm (average 

13.4 ± 4.6 µm) in diameter (Figure 29B), clogging the lumen of these microvessels. 

 

 

Figure 29 – 3-D Adhesion Assay of RLMVEC 

RLMVEC that were seeded into the DLS in the presence of the disintegrin cocktail were 
unable to adhere to the macrovasculature.  

A – Depiction of RLMVEC clogged within the microvasculature with no apparent 
spreading. Scale bar = 100 µm.  

B – Analysis of the size of vessel in which RLMVEC were found. 

 

 

3.8 Spreading of the Endothelium within DLS 

With more cells present in the proximal vessels of the lobes, the supine position 

was deemed most appropriate for organ culture studies. After one hour in the DLS under 
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static conditions without perfusion, cells were found adhering to the walls of larger vessels, 

but also clogging the lumen of some smaller vessels (Figure 30A). Preliminary studies 

showed that the seeded cells died under static conditions, i.e. if the DLS was not perfused 

for greater than 48 hrs. Therefore, “static controls” were deemed unnecessary (data not 

shown).  Staining for F-actin showed no spreading of the cells attached to the vessel walls 

immediately following seeding (Figure 30A). Following perfusion culture for 24 hrs F-

actin staining showed apparent cell spreading along the vessel wall (Figure 30B). 

Moreover, no RLMVEC aggregates were found in the lumen of the larger vessels. Cell 

spreading was sustained up to 48 hrs of perfusion culture (Figure 30C). Additionally, 

according to a 3-D reconstruction of the re-endothelialized vessels, cytoplasmic 

protrusions could be seen at the distal tips of microvasculature indicating a migratory 

phenotype (Figure 30D). 
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Figure 30 – RLMVEC Within the Vasculature of DLS at Various Points in Perfusion 
Culture. 

Endothelial cells adhere and spread along the vessel wall when seeded under low flow 
conditions and exposed to perfusion with low-levels of shear stress. F-actin is stained in 
red, nuclei are stained in blue and the DLS is autofluorescent in green.   
A – RLMVEC within decellularized lung 1 hr post seeding under static conditions show 
little or no adhesion with a large amount of clogging in the lumen of the vessel;  
B – Following 24 hrs of perfusion culture at 3 ml/min the cells are clearly adhered and 
spread leaving a hollow lumen;  
C – Following 48 hrs of perfusion culture at 3 ml/min this hollow lumen is maintained and 
the degree of spreading is similar to that seen after 24 hrs of perfusion culture. Scale bars 
= 100 µm, original magnification = 20X.  
D – 3-D reconstruction of re-cellularized lungs after 48 hrs of perfusion culture. Arrow 
points to a cytoplasmic protrusion. Scale bar = 100 µm. 
E – Cross-section of 3-D reconstruction. The location of the cross-section came from 
approximately the location of the asterisk *. Scale bar = 100 µm. 
Blue = DAPI, Red = Phalloidin, Green = ECM. 
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3.9 Maturation of RLMVEC within Vascular Compartment of DLS 

After perfusion culture within the whole DLS for 1 week, the functionality of the 

RLMVEC was assessed. In order to measure the barrier function of intact, decellularized, 

and recellularized rat lungs I developed a semi-quantitative FITC-dextran perfusion assay 

based on a previously published permeability assay of RLMVEC grown in 2-D [150]. For 

all lungs the first appearance of FITC-dextran was found in the fourth fraction of the 

perfusate, while the peak concentration was observed in the fifth fraction (Figure 31A). No 

FITC-dextran eluted in either the intact or decellularized lungs after the ninth fraction, and 

in the recellularized lungs after the 12th fraction. The intact lungs had a consistent peak 

concentration of 0.75 ± 0.03 mg/ml FITC-Dextran, while that of the decellularized lungs 

was 0.37 ± 0.004 mg/ml. Following re-endothelialization and culture under flow for 1 

week, the peak concentration increased to 0.71 ± 0.04 mg/ml (Figure 31A), indicating 

maturation of the endothelium and restoration of the permeability barrier function of the 

recellularized vascular compartment equivalent to approximately 95% of the value found 

for intact lung. To confirm that the restoration of the barrier function was due to cell-to-

cell contact of the RLMVEC, the expression of ZO-1 in the cells was assessed (Figure 

31B). The staining shows positive expression of ZO-1 within the cytoplasm of both 

flattened and rounded cells. 
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Figure 31 – Partial Restoration of Vascular Permeability Barrier Following Maturation of 
RLMVEC within DLS. 

A – Lungs, native, decellularized and recellularized, were maintained under perfusion 
culture. Following administration of a 2 ml bolus of 150 kDa FITC-dextran (1 mg/ml), the 
fluorescence of individual 1 ml fractions of the effluent out of the left ventricle was 
measured in a fluorescent plate reader. Decellularization significantly decreases the amount 
of recovered dye in the effluent due to leakage into the parenchyma, while re-
endothelialization essentially restores the barrier function. The concentration of FITC-
Dextran in each fraction was determined from a standard curve of 150 kDa FITC-Dextran.  
Green – native lung, Blue – decellularized lung, Red – recellularized lung. n = 3 for all 
three lung types. mean ± SD; n ≥ 2 for all. Comparing results from fraction 5: Intact to 
Decell: p ≤ 0.001, t-test Holm-Sidak, Decell to Recell: p ≤ 0.01 , t-test Holm-Sidak, Recell 
to Native: ns t-test Holm-Sidak. 

B – The RLMVEC that were in culture for 1 wk. showed expression of ZO-1 (red) within 
the vasculature, in particular among flattened cells (arrows). Original Magnification = 20X, 
scale bar = 50 µm. 
 

To further confirm the functionality of the matured endothelium I chose to assess 

the cells’ ability to respond to inflammatory insult. The capability of the RLMVEC to 

respond to TNFα in a standard 2-D model showed significant increase in the expression of 

the key cell adhesion molecule VCAM-1, involved in monocyte adhesion, at both the 

mRNA and protein level (Appendix F – 2-D Model of Inflammation). By reseeding only 

the right upper lobe of the DLS, stimulating with TNFα, and perfusing THP-1 cells, the 

B 
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adhesion of the THP-1 within the vasculature was accomplished, thereby mimicking 

inflammation in an ex-vivo D/R lung model (Figure 32). THP-1 cells were found within 

vessels of approximately 100 µm in diameter or less, located directly next to unlabeled 

RLMVEC (Figure 32). In Figure 32B, the tissue was “squished” between slide and 

coverslip, and therefore lead to inability to identify hollow lumens such as in Figure 31. 

Additionally, there was an increased number of cells seen within the field of view, but can 

be attributed to the right upper lobe being the only part of the lung to receive cells (Figure 

32A). 

 

 

Figure 32 – Monocyte Adhesion to Re-endothelialized Lung Activated with TNFα. 

The right upper lobe of the DLS (A, arrow) was recellularized with RLMVEC, allowed 48 
hrs to mature under perfusion culture (3 ml/min), activated with TNFα, and then perfused 
with human monocytes (THP-1) labelled with Cell Tracker Green CMFDA. Here, a thick 
piece of tissue (~1 mm) was sandwiched between a slide and coverslip was imaged with 
2-photon confocal microscopy and represented as a maximum intensity projection of the 
z-stack. RLMVEC = magenta, THP-1 = green.  

Magnification = 40X, scale bar = 100µm. 

 

  



109 
 

CHAPTER 4 

4. DISCUSSION 

The main goal of this dissertation was to rationally design and optimize a re-

endothelialization process that would lead from seeded endothelial cells to a functional 

endothelium. The desired design characteristics were: homogeneous cell distribution, 

anchorage of the cells to the vessel walls, and maturation of the endothelium (i.e., 

restoration of barrier function, and response to inflammatory insult). The results suggest 

that a) the distribution of ECs within the vascular compartment of the decellularized lung 

is modulated most significantly by the anatomical position of the organ at the time of cell 

seeding, b) the initial adhesion of the seeded cells is dependent on their integrin repertoire, 

and c) that perfusion culture of the re-endothelialized organ is a critical first step to re-

establishing functionality (e.g., barrier function and response to TNFα) of the engineered 

vasculature. 

 

4.1 Gentle Decellularization Preserves the Pulmonary Vascular Compartment 

Initial attempts at decellularizing both rat and human lung tissue resulted in tissues 

devoid of cells (Appendix B – Decellularized Human Lung), but the protocol used high 

concentrations of detergents over a very long time period due to its reliance on diffusion 

[73, 118, 151]. By switching to perfusion, and in line with previous reports [21, 28, 83], 

my work demonstrates that by following more gentle decellularization protocols, such as 

detergent perfusion [90] the vascular compartment of the DLS remains largely intact, and 

capable of supporting perfusion of the entire organ, although some leakage of perfused 
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proteins through the parenchyma was observed (Figure 18). There is evidence to suggest 

that the removal of residual cellular components could be further improved by additional 

washes, as inferred from the western blot for β-actin in a DLS that was washed for an 

extended period of time with PBS (Figure 16, lane 6). The ECM of the vessel wall was 

partially left in place (Figure 14F), however, similar to prior reports [102], the amounts of 

individual ECM proteins were reduced and some glycoproteins, such as laminin, are 

damaged (Figure 20, arrow). In terms of physical damage to the ECM, recent work by Ren 

et al., utilizing 0.2 and 0.02 µm diameter fluorescent microspheres, indicated that if the 

perfusion pressure does not exceed 20 mmHg, these microspheres (which are ca. 10-100 

times smaller in diameter than a cell) are restricted to the vascular compartment [21]. An 

improved maintenance of the vascular wall structure and function following 

decellularization is likely due to the use of more gentle detergents (TX100 and SDC), 

especially if  employed in an intermittent fashion [83], whereas  continual perfusion with 

harsher detergents,  such as SDS or CHAPS will yield a damaged decellularized vascular 

wall with significant loss of ECM proteins  [152] . 

 
 
4.2 Endothelial Cell Distribution Follows Physiologic Blood Flow 

 Physiologic blood flow within the intact lungs is heterogeneous across the 
individual lobes. In the intact rat lungs, the left lung makes up ~ 40 % of the total lung 
average mass (  
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Appendix J – Dry Weight of Rat Lung Lobes), and receives ~ 44 % of the mean total 

lung blood flow, while the right lung, comprising ~ 60 % of the average lung mass, receives 

~ 56 % of the mean total blood flow when in the supine position [153]. The right upper 

lobe of the intact rat lungs receives the majority of the right pulmonary artery blood flow 

(33 %) compared to the right middle lobe (26 %), right lower lobe (13 %), and accessory 

lobe (28 %) [122]. This finding may explain my observation that the right upper lobe 

receives the majority of the seeded ECs instilled in a supine position (Figure 23). The 

observation of the left lung in the upright position having the least amount of cells could 

likely be due to a change in pulmonary artery catheter position. In the upright position 

(Figure 12, panel A&B), the PAC being oriented horizontally, the tension of the lung may 

yield a crimping of the left pulmonary artery and hence result in fewer cells entering the 

left lobe compared to the right lung. Since the re-seeded lungs in the upright position had 

significantly more cells in the most basal region of their lobes, I suggest that gravity plays 

a role in the fluid distribution in accordance with the three-dimensional branching pattern 

of the pulmonary circulation, and that gravity could have implications for cell seeding in 

conventional bioreactors that keep the lungs hanging by the trachea [17, 19, 96]. Recent 

work delivering differentiated induced pluripotent stem cells into the pulmonary 

vasculature yielded more homogeneous distribution of cells throughout the DLS that was 

held in the supine position [21]. While in my studies of EC seeding in the supine position 

(and in that of Ren et al. [21]) the DLS were not ventilated during the seeding process, I 

hypothesized that cell distribution within the vascular compartment could be further 

enhanced by inclusion of  physiological mechanical stimuli, such as cyclic mechanical 
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stretching in the wake of ventilation. For example, the seeding procedure of Petersen et al. 

included a 1 ml/min wet ventilation and led to partial gas transfer in the transplanted 

recellularized lungs [19]. In my optimization I employed a dry ventilation of approximately 

4 breaths per minute at a positive end expiratory pressure of ~ 40 mmHg while the DLS 

were being seeded with RLMVEC. The cells were not distributed evenly across the various 

vessel sizes, as they were without ventilation (Figure 25), and therefore ventilation was 

eliminated as a parameter for cell seeding. This is likely due to the difference in mechanical 

properties (e.g., compliance and elastance) of the DLS compared to intact lung [19], 

resulting in a more rigid response to ventilation and hence a more turbulent environment 

for cell distribution to occur. Additionally, I did not monitor the pressure at the point of 

infusion of the cells, and I believe that the distribution and viability of the seeded cells 

could be further improved by monitoring this parameter. To this date, no empirical studies 

have been performed to determine the optimal pressure for cells delivery. 

 
 
4.3 Enhanced Initial Adhesion in Supine Position 

When ECs were seeded into the vascular compartment of DLS lying in the supine 

position their ability to adhere to the large vessel walls was significantly enhanced (Figure 

25). I hypothesize that this difference is likely due to the enhanced resident time of the cell 

suspension within the pulmonary macrovasculature due to the interaction of EC’s integrins 

with DLS ECM proteins. In the upright position, the cell suspension delivered through the 

pulmonary artery is not allowed as much time to remain in the macrovasculature as in the 

supine position. I speculate that even though the flow rate during seeding in the two 
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positions is equal (1 ml/min), the force of gravity in the upright position might increase the 

local flow rate and thus impede initial cell adhesion. In other words in an upright DLS the 

seeded cells will tend to ‘fall down’ the larger sized conduits. The resulting re-seeding of 

the DLS was further qualified as “Good” according to my previously published definition 

(See section 1.6, or [152]). 

 

4.4 Endothelial Adhesion to the Decellularized Vasculature Is Mediated via Integrins 

I have previously shown that understanding the integrin profile of the cells used for 

re-seeding is critical for optimizing the seeding procedure and for understanding 

where/how they will adhere to a scaffold [73]. The RLMVEC used in my study express a 

wide array of functional integrins, in particular those that bind FN and collagens (Figure 

26). However, even though FN, laminin and collagens I and IV are present, albeit at 

reduced amounts, following decellularization, they are left fragmented and/or otherwise 

damaged [76], e.g., as inferred from the loss of collagen-I contiguity (Figure 19B), the loss 

of EN’s wavy-structure following decellularization (Figure 19D), the discontinuity of 

laminin (Figure 20B) and the crimping of collagen-IV (Figure 20D). In particular, residual 

FN and laminin have been shown to be largely fragmented in the DLS, as seen by western 

blot analysis of non-human primate decellularized lungs [74]. This raises some doubt 

whether cell adhesion may or may not be mediated by intact integrin binding sites. 

Nevertheless my data demonstrate some functionality of the residual ECM proteins in the 

sub-endothelium. The RLMVEC bound to pure FN specifically by the α5β1 integrin as 

expected [154], and to pure collagen-IV specifically by the integrin α2β1 as expected [155] 
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(Figure 26). However, the adhesion to pure collagen-I did not follow the predicted 

specificity of α1β1-dependent adhesion [156], but rather showed a synergistic dependency 

on the combination of α1β1 and α2β1 (Figure 26). As previously stated, the composition 

of the DLS was assumed to be primarily collagen-I, and any residual FN or collagen-IV 

would be too damaged/fragmented to support cell adhesion. Therefore my hypothesis was 

that by inhibiting the α1β1 integrin I would see a marked decrease in the adhesion to the 

DLS. However, through a slice-culture method for cell-adhesion, I have shown this 

inhibition does not significantly decrease adhesion to the DLS, and neither does the 

inhibition of the α2β1 or α5β1 integrins alone (Figure 28). Rather a combination of all three 

antagonists is necessary for an approximate 50% decrease in adhesion (Figure 28). 

Therefore my initial hypothesis of α1β1 interaction with collagen-I playing the primary 

role in adhesion was disproven. Additionally, the lack of absolute blockage of adhesion in 

the slice culture model indicates that another adhesion redundancy is at play, or the cells 

are getting trapped in the crevices of the cross-sectioned tissue. In order to remove the 

detrimental variable of the “crevices”, I hypothesized that employing the adhesion assay 

specifically within the vascular compartment would show the dependence of the three 

integrins on adhesion. Therefore the same cocktail of integrin antagonists were deployed 

in a 3-D adhesion model (Figure 29). In proof of my hypothesis, adhesion of RLMVEC to 

the decellularized macrovascular wall was completely abolished following exposure to a 

cocktail of the disintegrin antagonists of the α5β1, α1β1 and α2β1 integrins mentioned 

above (50 µg/ml each), and resulted in cells trapped within the microvasculature (Figure 

29). Taken together these data suggest that the residual ECM in the decellularized vascular 
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compartment contains functional fragments of FN, COLL-I and COLL-IV, which is 

expected, given the composition of the ECM of the intact vasculature [157] and that these 

fragments are capable of engaging EC integrins. I speculate that EC adhesion might be 

further enhanced by functionalizing / coating the decellularized vascular wall with intact 

ECM proteins, such as laminin and fibronectin, as I have done before [73], or by 

stimulating the ECs to upregulate the integrins against these proteins, e.g., similar to the 

upregulation of α5β1 on circulating endothelial progenitor cells following Simvastatin 

treatment [158]. 

 
 
4.5 Cell Spreading Along Vascular Wall Is Enhanced By Perfusion Culture 

For successful re-endothelialization, i.e., creation of a functional monolayer of 

endothelium, the cells must not only adhere but also spread along the inner lumen of the 

vessel [159]. This spreading could be accomplished either immediately by delivering an 

over-confluence of cells (aka – “cell sodding”), or gradually, by an under-confluence of 

cells (aka – “cell seeding”) as defined by Stuart K. Williams in 1989 [160]. Though 

previous work utilized the cell sodding technique [21], I chose to allow the cells to spread 

with the cell seeding technique. I hypothesized that spreading of the initially adhered cells 

might be facilitated/accelerated by exposing them to fluid shear stress analogous to the 

spreading and migration of ECs following vessel wall damage [161]. Indeed, recent work 

with endothelial re-seeded DLS showed that the application of increased fluid shear stress 

improved EC viability [23]. In my study, after one hour of static culture following seeding, 

numerous ECs were found within vessels, attached but not spread, and in some cases 
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“clogging” the vessel (Figure 30A). After 24 hrs exposure to low levels of fluid flow (3 

ml/min), cells spread along the vessel walls with little or no cells found clogging the lumen. 

For example, in vessels approximately 50 µm in diameter, in which the wall shear stress is 

approximated at 0.15 dyn/cm2 at a flow rate of 3 ml/min by the Haagen Poisseuille equation 

[162] (Appendix C – Calculation of Vascular Wall Shear Stress), RLMVEC are spread 

along the vessel wall similar to an intact endothelium (Figure 30B). According to Ren et 

al. this low flow rate, and, in turn, the fluid shear stress can be increased up to three-fold 

(i.e., ~ 0.42 dyn/cm2 in a 50µm diameter vessel from Appendix C – Calculation of 

Vascular Wall Shear Stress) without affecting cell viability [23]. Although the flow rates 

used in mine and other’s systems are less than the physiologic levels found in rodents (i.e., 

~ 150 ml/min/kg or 34.5 ml/min in a 0.23 kg rat [163]), the fact that these low shear stresses 

cause flattening and spreading is in line with previous data by Lelkes and Samet, who 

showed that cells respond to low shear stress by aligning with the flow albeit at a slower 

time scale [164]. A gradual increase in perfusion rate could possibly aid in the spreading 

of cells throughout the vascular system [161]. 

 

4.6 Improved Barrier Function Following Re-endothelialization 

The data in Figure 31A clearly indicate that following perfusion culture of the re-

endothelialized lungs for one week, the endothelium regains some of its function as a 

permeability barrier, as inferred from the ability of the reseeded endothelial monolayer to 

restrict the leakage of 150 kDa FITC-Dextran to nearly the same extent as the endothelium 

in intact lungs. I surmise that the formation of enhanced barrier function is related to the 
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capability of RLMVEC’s to express ZO-1 at the boundary between adjacent confluent 

cultured ECs (Figure 22), and also  after 7 days of culture within the DLS (Figure 31B). 

Future studies should include assessment of ZO-1 mRNA expression. Indeed, cultured ECs 

exposed in vitro to > 5 dyn/cm2 shear stress increased their proliferation as well as the 

expression of junctional protein leading to enhanced barrier function of the EC monolayer 

[165]. Additionally in my study, the intact lung showed no leakage out of the parenchyma. 

The decellularized lung showed noticeable leakage from the parenchyma, while the 

recellularized lungs showed significant restoration of the endothelial barrier function. A 

similar approach was recently described, where the perfusate was measured exiting out of 

the pulmonary vein, but also out of the trachea [21]. In these experiments, studying the re-

endothelialized pulmonary vasculature seeded with iPSC-derived ECs, the barrier function 

was recovered to approximately 85% of that of the intact lung [21]. In my model, the peak 

concentration of FITC-dextran in the recellularized vascular compartment was about 95% 

of that in the intact lung. As a caveat, in my model clamping the trachea could have aided 

in retention of the perfusate in the recellularized vasculature. Again, ventilation during the 

perfusion/leakage studies would make this model more physiologically accurate. 

 

4.7 Use of Re-Endothelialized Decellularized Lungs to Model Disease 

The goal of this dissertation research was to enhance the endothelialization of the 

vascular compartment within the bioengineered D/R lung in order to improve outcomes 

following implantation. However, the in vivo use of the bioengineered lungs is not its only 

benefit. A well-engineered organ or tissue analogue has a valuable place as a tool to model 

physiology and disease. My preliminary data indicate that the endothelium may be capable 
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of responding to inflammatory stimuli similar to the in vivo scenario, however this 

observation must be validated in future experiments including proper controls. Prior to this 

work, the functional response of seeded cells to external stimuli was not investigated. 

Recent work has shown that decellularization /recellularization of lungs with pulmonary 

arterial hypertension [97], idiopathic pulmonary fibrosis [89, 166], or COPD [50, 167] 

allows for investigating the role of the diseased ECM. In all of these studies, the ECM from 

diseased lungs either impaired cell viability or drove the cells towards a diseased 

phenotype. Other ways of using the decellularized lung to model disease have been the 

culture of tumor cells within the lungs to study tumor growth, and the effects of various 

pharmacological interventions [168]. 

The endothelial cells used here (RLMVEC) were validated in a standard 2-D model 

of inflammation. Following stimulation with the inflammatory cytokine TNFα the cultured 

cells highly upregulated the expression of VCAM-1, with the caveat that the expression 

was highly dependent on passage number (Appendix F – 2-D Model of Inflammation). 

In general the lower the passage number, the more pronounced the mRNA and protein 

expression of VCAM-1. Therefore, experiments conducted within the decellularized lungs 

used the lowest passage number possible. The enhanced re-endothelialization methods 

developed in this thesis, lead to the creation of an engineered tissue that could mimic some 

key features of the natural pulmonary endothelium. For example, after stimulating with 

TNFα, but not in its absence, perfused monocytes were found bound within the tissue, 

indicating that the endothelium functionally responded to inflammatory insult within my 
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model (Appendix F – 2-D Model of Inflammation). This result should be pursued in 

future studies to develop more mechanistic models of pulmonary inflammation. 
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CHAPTER 5 

5. CONCLUSION AND PERSPECTIVE 

In this thesis I have shown that the initial adhesion and distribution of ECs within 

the pulmonary vascular compartment of the DLS is significantly modulated by the posture 

in which the lungs are positioned during seeding. The difference can be seen at the whole 

organ scale, with considerably more cells residing in the right upper and left lobes, and at 

a vasculature-specific scale with more cells adhering to proximal vasculature in the supine 

position compared to the upright. This initial adhesion is followed by flattening/migration 

and proliferation of the seeded cells as the first steps towards complete re-

endothelialization of the vascular tree, which is accelerated under perfusion culture. Future 

studies should consider inclusion of ventilation during the seeding process, which would 

likely change the peripheral resistance within the vasculature. Multiple infusions through 

the same port and/or concomitant/sequential seeding through the pulmonary artery and 

vein, respectively, could increase the number of adhered cells [21]. The need of 

cumbersome histological counting methods in this dissertation highlights the need for new 

technology for real-time assessment of cellular distribution as a beneficial quality control 

for bioengineered lungs. Future studies will focus on promoting angiogenic sprouting of 

the seeded ECs into the microvasculature and, in particular the alveolar capillary bed, in 

order to support the alveolar epithelium. 

The hemorrhage observed in the past in bioengineered lungs upon orthotopic 

transplantation in rodent models highlights the importance of establishing and maintaining 

an intact barrier between the vascular and airway systems. Bronchial circulation and 
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lymphatic system repopulation as well as seeding the engineered organ (concomitantly or 

sequentially) with other pulmonary cells will be necessary for long-term (months to years) 

viability of the human bioengineered lung, but currently remain unfeasible in rodent 

studies. Focusing on the pulmonary vasculature, some of the key questions include, but are 

not limited to:  

a) What is the quality and quantity of the BM and the ECM of the decellularized 

pulmonary vasculature as a distinct compartment?  

b) Which cells are capable of reconstituting the phenotypically and functionally 

heterogeneous pulmonary vasculature (e.g., ESCs, iPSCs, lung-specific stem/progenitor 

cells, adult endothelial progenitors, terminally differentiated autologous adult endothelial 

cells, or a mixed population)?  

c) How can the phenotypic heterogeneity of the pulmonary vasculature be attained 

or restored, from the microvasculature to macrovasculature?  

d) How can the cells be optimally delivered and distributed to allow for 

homogeneous reseeding and establishment of a functional endothelial monolayer 

throughout the entire pulmonary vascular bed?  

e) How will the supporting cells of the vascular compartment (e.g., SMC and 

pericytes) be delivered to the appropriate niche and made functional?  

f) What kind of ex vivo conditioning in bioreactors will be required to prepare the 

engineered lungs for transplantation, and how will the conditioning promote/sustain 

differentiation of the seeded cells and remodel the ECM, especially the respiratory 

membrane?  
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I chose to work in the rodent model due to its practicality for addressing whole lung 

bioengineering. However, the field is now moving towards large animal models such as 

pig [15, 90, 91, 120, 169-172], or non-human primate [74, 99, 119], and even human tissue 

models [15, 50, 89, 91, 120, 135, 172-174]. This has been covered in a recent review by 

Tsuchiya et al. [6], stressing the ability to use a highly controllable tissue source such as 

pig lungs in order to increase the availability of biomaterial for human sized organs. The 

pig lungs can be efficiently decellularized just as the rodent, however the compliance of 

the porcine matrix becomes higher than that of the native lung [91]. The few studies using 

human lungs show that the tissue can be decellularized, and support cell growth. However, 

the majority of “healthy” human lungs will likely be used for transplantation, leaving only 

the diseased lungs for bioengineering purposes. Some recent studies have suggested that 

the ECM from diseased lungs will retain hallmarks of the disease following 

decellularization [89, 97, 133, 134, 166, 175], and therefore optimization of the pig model 

remains a high priority. 

Given that progress continues to be made in resolving these questions, it is a 

question of when, and not if, whole lung bioengineering can be translated into the clinic as 

a promising life-saving biotechnological solution for a variety of otherwise fatal lung 

pathologies. 
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APPENDICES 

APPENDIX A – ABBREVIATIONS 

CLRD – chronic lower respiratory 
disease  

COPD – chronic obstructive pulmonary 
disease 

BAR – bronchial artery revascularization 

ECMO – extracorporporeal membrane 
oxygenation 

ECM – extracellular matrix 

D/R – decellularization and 
recellularization 

iPSC – induced pluripotent stem cell 

EC – endothelial cell 

VEGF – vascular endothelial growth 
factor 

BM – basement membrane 

Col – collagen 

LN – laminin 

EN – elastin 

FN – fibronectin 

DLS – decellularized lung scaffold 

GAG – glycosaminoglycan 

PG – proteoglycan 

kPa – kilopascal 

TX – Triton X-100 

SDC – sodium deoxycholate 

CHAPS - 3-[(3-cholamidopropyl) 
dimethylammonio]-1-propanesulfonate 

SDS – sodium dodecyl sulfate 

SB-10 – sulfobetaine-10 

VVG – verhoeff’s van gieson 

FITC – fluorescein isothiocyanate 

ESC – embryonic stem cell 

MSC – mesenchymal stem cell 

ASC – adipose derived stem cell 

SMC – smooth muscle cell 

EPC – endothelial progenitor cell 

pO2 – partial pressure of oxygen 

pCO2 – partial pressure of carbon 
dioxide 

ACUP – animal care and use committee 

IVC – inferior vena cava 

HBSS – hanks balanced salt solution 

PBS – phosphate buffered saline 

ddH2O – distilled deionized water 

DNase – deoxyribonuclease 

MgSO4 – magnesium sulfate 

H&E – hematoxylin and eosin 

NaOH – sodium hydroxide 

RLMVEC – rat lung microvessel 
endothelial cells 

DNA – deoxyribonucleic acid 

RNA – ribonucleic acid 
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VCAM – vascular cell adhesion 
molecule 

ICAM – immune cell adhesion molecule 

GAPDH – Glyceraldehyde 3-phosphate 
dehydrogenase 

DAPI – 4',6-diamidino-2-phenylindole 

FBS – fetal bovine serum 

TNFα – tumor necrosis factor alpha 

ANOVA – analysis of variance 

SEM – standard error of the mean, or 
scanning electron microscopy 

CD-31 – platelet cell adhesion molecule 

ZO-1 – zonula occludins one 

RUL – right upper lobe 

RML – right middle lobe 

RLL – right lower lobe 

AL – accessory lobe 

LL – left lobe 
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APPENDIX B – DECELLULARIZED HUMAN LUNG 

 

Preliminary studies of decellularization used a method previously described from my lab 
where the tissue was submerged in TX100 and SDC solutions over the course of 8 days 
[73, 151], which was modified from the first paper to report decellularization of lung tissue 
[118]. Here I used small pieces of decellularized human lung to both validate the 
decellularization procedure as well as the standard histological stains, H&E and EVG. A – 
intact human lung by H&E, B – intact human lung by EVG, C – decellularized human lung 
by H&E, and D – decellularized human lung by EVG. Magnification = 10X for all images. 
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APPENDIX C – CALCULATION OF VASCULAR WALL SHEAR STRESS 

The fluid shear stress acting on the endothelial cells on the walls of various size 

vessels were calculated using the Hagen-Poisseuille equation [162], in conjunction with 

the following assumptions: 

Assumptions: 

1 mPa = 0.01 !"#
$%& 

Inlet diameter (Di) = 2 mm 

Each branch has 10 bifurcations 

Diameter of each bifurcation (D) is half of previous 

8 branches (final diameter = 0.0078 mm) 

Volumetric flow rate (Q) at inlet Qi = 3 %'
%(#

 = 0.05 %'
)*$

 

Volumetric flow rate (Q) = +,
#	/0	1(023$45(/#)

 

Viscosity of cell culture media (µ) = 0.75 mPa · sec 

Wall shear stress equation (i.e., Haagen-Poisseuille equation): 

𝛵7 = 	
32	𝑄	𝜇
𝜋	𝐷?  

For example: 

if D = 2 mm, Τω = 0.4775  !"#
$%& 

if D = 0.25 mm, Τω = 0.2445  !"#
$%& 

if D = 0.03125 mm, Τω = 0.1252  !"#
$%& 
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APPENDIX D – MEASUREMENT OF SOLUBLE PROTEIN CONCENTRATION 

The soluble fraction was kept on ice while preparing the BCA Assay.5 The BCA 

assay consisted of three parts (Thermo Fisher 23228): 1.) BCA Protein Assay Reagent A, 

2.) BCA Protein Assay Reagent B, 3.) Albumin Standard (2 mg/mL) (Thermo 23209) 

(note: the albumin standard comes supplied in glass ampules, and the remaining solution 

can be stored in a 1.5 ml tube at 25 °C). In order to calculate the concentration of protein 

in the soluble fraction, a standard curve was prepared. The following concentrations were 

used: 0.0 mg/ml (blank), 0.065 mg/ml, 0.125 mg/ml, 0.25 mg/ml, 0.5 mg/ml, 1 mg/ml, and 

2 mg/ml. For the 2 mg/ml concentration, the Albumin Standard (2 mg/ml) was used directly 

by adding 30 µl to a 1.5 ml tube. The remaining points followed a linear dilution, each 

made in 1.5 ml tubes stored at 25 °C: 30 µl of Albumin Standard was combined with 30 µl 

of ddH2O for the 1 mg/ml concentration, 30 µl of the 1 mg/ml solution were combined 

with 30 µl of ddH2O for the 0.5 mg/ml concentration, 30 uL of the 0.5 mg/ml solution were 

combined with 30 µl of ddH2O for the 0.25 mg/ml concentration, 30 µl of the 0.25 mg/ml 

solution were combined with 30 µl of ddH2O for the 0.125 mg/ml concentration, and 30 

µl of the 0.125 mg/ml solution were combined with 30 µl of ddH2O for the 0.065 mg/ml 

concentration. Through empirical testing of tissue dilutions, the optimal dilution with the 

BCA Assay of intact, decellularized and coated-decellularized lungs was determined to be 

1:50, 1:20, and 1:20 respectively. To prepare the BCA Assay, one part of Reagent B was 

combined with 50 parts of Reagent A. The protein isolated from cultured cells was typically 

                                                
5 until the soluble protein sample has been denatured you must move quickly to avoid any 
degradation or proteolysis of the sample) 
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diluted 1:20. The standard curve was seeded in duplicate, and the sample/control dilutions 

were seeded in triplicate by adding 10 µl of sample/standard to 100 µl of BSA Assay mix 

in a 96-well plate.  A standard curve was seeded on every plate that was run, as well as 

RIPA buffer alone to serve as the blank. Each plate was mixed for 2 min on a Stovall Belly 

Dancer Shaker (Cole-Parmer EW-51650-00) at max speed, and then incubated for 30 min 

at 60 °C (note: either a water bath covered with aluminum foil, or an oven with a water 

tray was used). The plates were read with a plate reader (Bio-Tek FLX800; Winooski, VT), 

operated with KCjunior software (Bio-Tek, Winooski, VT) with a primary wavelength of 

562 nm. Any R2 value above 0.80 was accepted. The volume needed to pipette 25 µg of 

protein per well was then calculated based on the equation obtained from the standard 

curve. 
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APPENDIX E – CUSTOM IMAGEJ CELL COUNTING SCRIPT 

dir=getDirectory("Choose a Directory"); 
list=getFileList(dir); 
for (entry=0; entry<lengthOf(list); entry++) 
//for (entry=0; entry<1; entry++) 
{open(dir+list[entry]); 
//greyscale 
run("8-bit"); 
//detect roi 
setAutoThreshold("Otsu dark"); 
run("Convert to Mask"); 
run("Make Binary"); 
//separate overlapping cells 
run("Watershed"); 
//count cells 
run("Analyze Particles...", "size=15-3000 circularity=0.1-1.00 show=Nothing include 
summarize display clear"); 
//Get results 
mywindowname="Summary"; 
selectWindow(mywindowname);  
lines = split(getInfo(), "\n");  
headings = split(lines[0], "\t");  
values = split(lines[1], "\t");  
//Print results to output 
a=list[entry]; 
print(a+","+headings[1]+","+values[1]+","+headings[3]+","+values[3]);  
//Close everything 
selectWindow(mywindowname); 
run("Close"); 
close();} 
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APPENDIX F – 2-D MODEL OF INFLAMMATION 

After growing into a monolayer in vitro, RLMVEC were stimulated with the tumor 

necrosis factor alpha (TNFα) in order to confirm their ability to respond to an inflammatory 

insult. The mRNA expression of key cell adhesion molecules VCAM-1 and CD-31 was 

analyzed for a number of passages. An increase in passage number lead to a modest 

increase in basal VCAM-1 mRNA expression in non-stimulated monolayers (data not 

shown). In stimulated monolayers, the upregulation of VCAM-1 mRNA decreased 

dramatically after the second passage, but fluctuated thereafter at a lower level than the 

second passage (Appendix F, Figure A). When a monocyte adhesion assay was employed 

the adhesion of monocytes to the monolayer of RLMVEC peaked at passage 2, and then 

varied with all passages to follow (Appendix F, Figure C). Additionally, the cells were 

tested with two different endothelial growth media (MCDB-131 + 10 % FBS or EGM-

2MV), showing that the expression of VCAM-1, ICAM-1 and PECAM-1 mRNA of the 

TNFα stimulated groups did not vary significantly between the two medias (Appendix F, 

Figure B). The magnitude of expression in Figure  is low, due to the tests being conducted 

with passage 8 and above cells. Therefore, only MCDB-131 + 10 % FBS would be used 

for the adhesion assay in the DLS.  



149 
 

 

Figure A – VCAM-1 Expression Based on Activation and Passage Number. 

The mRNA expression of the inflammation associated cell adhesion molecule VCAM-1 
does not remain constant over time in culture. Here I show that the unstimulated RLMVEC 
do not have a significant variation in their mRNA expression (data not shown), however 
the stimulated cells vary greatly, especially following passage 2. Here all groups were 
normalized to the average of the corresponding unstimulated group, hence all unstimulated 
groups are expressed as 1. Data represents mean ± SEM, n = 3 for each passage number. 

 

 

Figure B – mRNA Expression of ICAM-1 and VCAM-1 Based on Culture Media Used. 

The use of MCDB-131 supplemented with 10 % FBS is not an incredibly specific media 
formulation. EGM-2MV was developed for culture of microvascular endothelial cells 
specifically. However, preliminary work showed that mRNA expression of various cell 
adhesion molecules did not vary significantly between the two culture medium. Data 



150 
 

represents mean ± SEM, n = 3 for all, TNFα stimulated group was normalized to the 
average of the non-stimulated group. 

 

 

Figure C – Increase in Monocyte Adhesion to RLMVEC over Time in Culture. 

Like the variation in mRNA expression of VCAM-1 in the RLMVEC, the protein 
expression of VCAM-1 was determined to vary indirectly by the adhesion of monocytes to 
a monolayer of the endothelium that was either stimulated or not with TNFα. Data 
represents mean ± SEM, n = 3 for all. 
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APPENDIX G – MINIMUM VOLUME REQUIRED FOR CELL SEEDING 

 

When the DLS was perfused with X-Ray contrast reagent I was able to identify filling, of 
at least the macrovasculature, of all lobes with 1-2 ml of solution (Figure 18). Therefore, 
initial experiments to optimize cell seeding volumes using a constant cell number of 10 
million cells started at 1 ml and scaled up. Below 10 ml delivery volume, the whole lung 
was not filled with cells. Smaller volumes only reached a small portion. Increasing the 
volume continually aided even distribution amongst lobes, and a 10 ml cell suspension was 
finally chosen so as to deliver cells to all lobes of the lung (Figure 23). 
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APPENDIX H – SEEDING WITH AIR VENTILATION 

 

Seeding the DLS with 10 million RLMVEC in 10 ml of media while ventilating the lung 
at ~ 4 breaths per minute with a positive end expiratory pressure of ~ 40 mmHg. A – DLS 
before seeding, deflated; B – DLS before seeding, inflated; C – DLS during seeding, 
deflated; D – DLS during seeding, inflated; E – H&E stain of seeded lung, original 
magnification = 20X, scale bar = 100 µm. The images of the cell suspension being 
delivered to the DLS under ventilation show that media enters all of the lobes, with limited 
entrance into the accessory lobe. For seeding under ventilation to be a viable method, the 
seeding volume will likely need to be increased. Upon staining with H&E it became 
apparent that there were far less cells entering into the capillary level of the tissue, and far 
less cells within the very large macrovasculature. Therefore, at the current time, the 
addition of ventilation to the cell delivery is viewed as non-viable. 
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APPENDIX I – PARTIAL INTEGRIN PROFILE OF RLMVEC 

 

In order to understand what integrins the RLMVEC expressed, western blot was performed 
against several subunits with known molecular weights: α1 (131 kDa), α2 (129 kDa), α3 
(117 kDa), α6 (120 kDa), α9 (115 kDa), αV (86 and 116 kDa). The given molecular weights 
were predicted by Abcam, Inc. In each figure the lanes of the western blot from left to right 
are: 1 - ladder, 2 - human laminin 229, 3 - RLMVEC. Nearly all of the antibodies showed 
cross-reactivity with the human laminin, and only α3, 6, 9, and V showed positive staining 
for the integrin subunit. Optimization of the appropriate antibody for these experiments 
must be performed in future studies. 
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APPENDIX J – DRY WEIGHT OF RAT LUNG LOBES 

 

The mass of the lung is significantly decreased following decellularization, however the 
magnitude of loss varies depending on treatment of the intact lung and/or the lobe analyzed. 
INTACT, NOT PEFUSED – intact lung immediately following dissection; INTACT, 
PERFUSED – intact lung that had blood perfused out with heparinized saline; INTACT, 
PERFUSED & LAVAGED – normal lung that had blood removed by perfusion with 
heparinized saline and also had the airways lavaged with saline to remove mucus; 
DECELLULARIZED – decellularized lung immediately following end of procedure. Error 
bars represent standard error of the mean, and * represents significance according to a two-
way ANOVA with multiple comparisons (n ≥ 3; α < 0.05). 
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APPENDIX K – OPTIMIZATION OF RAT LUNG PROTEIN ISOLATION 

 
 

The process for isolating protein from the intact and decellularized lungs was optimized by 
Coomassie blue staining of the resulting 4-15% gels from electrophoresis. The rows are 
labeled by increasing number from left to right.  

A: 1 – ladder, 2 – normal lung without liquid nitrogen, 3 – normal lung with liquid nitrogen, 
4 – normal lung with 18mg of tissue, using RIPA, 5 – normal lung with 18mg of tissue, 
using triton, 6 – normal lung with 18mg of tissue, using 0.9% SDS, 7 – normal lung with 
150mg of tissue, using RIPA, 8 – normal lung with 150mg of tissue, using triton, 9 – normal 
lung with 150mg of tissue, using 0.9% SDS.  

B: 1 – ladder, 2 – NL, RIPA, 4C, 30min, 3 – NL, RIPA-triton, 4C, 30min, 4 – NL, RIPA, 
37C, 30min, 5 – NL, RIPA-triton, 37C, 30min, 6 – NL, RIPA, 4C, 24hrs, 7 – NL, RIPA-
triton, 4C, 24hrs, 8 – NL, RIPA, 37C, 24hrs, 9 – NL, RIPA-triton, 37C, 24hrs.  

C: Same as B, but with decell lung. 
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APPENDIX L – PUBLICATION OF DISSERTATION DATA 

The majority of the introduction of this PhD dissertation was published as a first-

author review in the American Journal of Physiology, Lung, Cell and Molecular 

Physiology under the title “Revascularization of Decellularized Lung Scaffolds: Principles 

and Progress” [152], and also as a first-author review in the British Medical Bulletin under 

the title “Mesenchymal Stem Cells for Therapeutic Applications in Pulmonary Medicine” 

[176]. The initial studies of decellularizing the rat lung, recellularizing the airway 

compartment, and developing the cell adhesion assay was published as a co-authored 

original research article in the Journal of Biomaterials under the title “Enhanced Reseeding 

of Decellularized Rodent Lungs with Mouse Embryonic Stem Cells” [73]. The 

investigation of putative progenitor cells for repopulation the airway compartment was 

published in two separate co-authored original research articles in the Journal of Stem Cells 

and Development under the titles “Heterogeneous Mixed-Lineage Differentiation of 

Mouse Embryonic Stem Cells Induced by Conditioned Media from A549 Cells” [128] and 

“Hypoxia Enhances Differentiation of Mouse Embryonic Stem Cells into Definitive 

Endoderm and Distal Lung Cells” [177]. Decellularization and recellularization of the rat 

lung scaffolds was published in the Journal of Tissue Engineering, Part C under the title 

“Enhanced Re-Endothelialization of Decellularized Rat Lungs” [107]. 

 


