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Abstract

Lung engineering is a promising technology, relying on re-seeding of either human or xenographic 

decellularized matrices with patient-derived pulmonary cells. Little is known about the species-

specificity of decellularization in various models of lung regeneration, or if species dependent cell-

matrix interactions exist within these systems. Therefore decellularized scaffolds were produced 

from rat, pig, primate and human lungs, and assessed by measuring residual DNA, mechanical 

properties, and key matrix proteins (collagen, elastin, glycosaminoglycans). To study intrinsic 

matrix biologic cues, human endothelial cells were seeded onto acellular slices and analyzed for 

markers of cell health and inflammation. Despite similar levels of collagen after decellularization, 

human and primate lungs were stiffer, contained more elastin, and retained fewer 

glycosaminoglycans than pig or rat lung scaffolds. Human endothelial cells seeded onto human 
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and primate lung tissue demonstrated less expression of vascular cell adhesion molecule and 

activation of nuclear factor-κB compared to those seeded onto rodent or porcine tissue. Adhesion 

of endothelial cells was markedly enhanced on human and primate tissues. Our work suggests that 

species-dependent biologic cues intrinsic to lung extracellular matrix could have profound effects 

on attempts at lung regeneration.
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 Introduction

For patients with end-stage lung disease, lung transplantation can be the only definitive 

therapy. However, this procedure is accompanied by high morbidity and mortality, is limited 

by a shortage of suitable donor lungs, and requires life-long immunosuppression (1). Thus, 

many investigators are looking to lung regeneration as a possible solution to these 

limitations. The advent and subsequent improvement of decellularization/recellularization 

protocols has provided a theoretical means for the creation of patient-specific artificial lungs 

that could address the current donor tissue shortage while potentially alleviating the need for 

immunosuppressants (2-5).

In order to develop scaffolds for the construction of bioengineered lungs, donated tissues are 

decellularized using a series of detergents to remove donor DNA and cellular debris. The 

resulting decellularized scaffolds are not simply inert “organ templates;” rather these 

systems impart regulatory signals that actively govern fundamental cellular processes such 

as proliferation and migration (6), induction of metastatic or fibrotic activity (7), response to 

growth factors (8), and also provide information regulating appropriate location of specific 

cell constituents within the matrix (9, 10). These extracellular matrix (ECM) regulatory 

signals are transmitted via biological cues such as ECM composition and organization, 

mechanical cues such as matrix stiffness or stretch, and through architectural features such 

as surface topography (11-13). This “biophysical language” is especially important for cells 

that undergo mechanical loading (e.g., during breathing), reside in interstitial spaces, or are 

being reintroduced into decellularized tissue scaffold for the purposes of organ regeneration 

(14). By providing cells with a suitable scaffold that has retained the appropriate matrix 

signals, it is more likely that cells reseeded into decellularized scaffolds will have a more 

functional outcome.

Xenographic lung tissue from rodent, porcine and primate sources are often considered as a 

model of human tissue, although these systems have innate differences in matrix 

composition and architecture (Supplemental Table 1). Porcine lungs are also regarded as an 

ideal donor source for xenotransplantation, and considerable amounts of financial resources 

have been dedicated to building porcine bioengineered lungs for transplantation into human 

recipients (4, 15-18). Despite recent advancements in eliminating critical xenographic 

cellular contribution(s) to organ failure, the survival of primate recipients of porcine lungs is 

less than 5 days (19-21). Therefore, it is likely that in addition to cellular differences in 
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species, there are other factors in xenographic tissues that could lead to transplantation 

failure. Surprisingly, there are few studie s dedicated to examining how the innate 

differences in animal-derived lung ECM impact human cells. Characterizing the species-

dependent impact of the decellularization process is a necessary step towards understanding 

what models are appropriate for informing the construction of human-derived bioengineered 

lungs. In this work, we first seek to characterize the species-specific responses to 

decellularization in relevant models of lung regeneration. Secondly we determine whether 

human cells exhibit species-dependent cell-matrix interactions within these systems.

 Materials and Methods

 Rat, Pig, Primate, and Human Lung Tissue

Yale University Institutional Animal Care and Use Committee approved all experimental 

work performed on rat, porcine, and primate animals in this study. All animal care complied 

with the Guide for the Care and Use of Laboratory Animals. This study utilized lungs from 

12 old Sprague Dawley rats (3-6 months old); 6 Yorkshire pigs (18-25 kg); 4 African Green 

Vervet monkeys (5-8 years old); and 2 Humans (65-68 years old). All animals (rat, pig and 

primate) were euthanized via intraperitoneal injection of 150 mg/kg sodium pentobarbital 

(Sigma). All lungs were intravenously pretreated with 500 U/kg heparin (Sigma-Aldrich). 

Following euthanasia, the lungs were perfused via the right ventricle with PBS containing 50 

U/mL heparin and 1 mg/mL sodium nitroprusside (Fluka). For rat and primate lungs, 

tracheal and pulmonary artery cannulae were inserted and sutured into place to provide 

access for perfusion and decellularization. For pig lungs, the accessory lobe was dissected 

away and the lobar bronchus and artery were cannulated. The accessory lobe, which is the 

smallest of the seven lobes in the pig lung, makes for a convenient model system for 

decellularization studies due to its size (22-24).

The native human whole lungs were acquired en bloc from brain-dead organ donors during 

transplant organ recovery through a research protocol with Gift of Life Michigan (Ann 

Arbor, MI). The University of Michigan Institutional Review Board has considered these 

approaches exempt from oversight as all subjects are deceased upon lung recovery. Human 

lungs were sent to Yale University within 24hr post-explant. The right middle lobe was 

dissected from the whole lung, and processed immediately.

All donors were prescreened for lung disease prior to tissue procurement, and only non-

smokers were used in this study. After tissue procurement, human lungs were subsequently 

examined for abnormalities (interstitial matrix deposition, inflammation, retention of lung 

architecture) prior to inclusion in this study. All cell experiments were preformed on lung 

tissue slices that were deemed healthy as ascertained by these metrics.

 Decellularization

The decellularization process is described previously, with the addition of a benzonase rinse 

at the end of the decellularization process (24). Briefly, tissues were perfused using a gravity 

feed at approximately 30-40 cm H2O pressure. Infusion of decellularization solutions 

occurred via the vasculature, or via gentle manual flushing of the airway. Immediately 
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following procurement, the airways were inflated with PBS containing antibiotics (10% 

penicillin/streptomycin, 4% amphotericin B, 2% gentamicin). Tissues were mounted within 

a bioreactor for subsequent decellularization steps. A sequence of low concentration 

detergents and endonuclease (benzonase, Sigma) were applied within a physiological pH 

range (pH 7-8) at either 4°C or room temperature. The decellularization protocol concluded 

with a final PBS buffer and benzonase rinse of the lung vasculature and resulted in the 

generation of decellularized extracellular matrix scaffolds.

 Histology and Immunostaining

Randomly sampled areas (n=3-5) from each native and decellularized lung were isolated and 

fixed with 10% neutral buffered formalin (Sigma) for 4 hours at room temperature. Samples 

were then stored overnight in 70% ethanol, embedded in paraffin, and sectioned at 5 μm. 

Tissue slides were stained for hematoxylin and eosin (H&E), Masson's Trichrome staining 

(Trichrome), or Verhoff's Van Gieson (EVG) as described previously (24). For 

immunofluorescence, section were blocked with PBS containing 3% BSA and 0.2% Triton 

X-100 for 45 minutes, and subsequently incubated in primary antibody against PCNA 

(Abcam, ab29, 1:1000) overnight at 4°C. After washing slides with PBS, secondary antibody 

(Alexafluor 555) was used at 1:500 dilution for 45 minutes. The slides were visualized using 

a Leica DMI6000 B fluorescence microscope.

 Collagen assay

Hydroxyproline assays were used to quantify collagen content, as previously described (25). 

Samples were oxidized with chloramine-T, combined with p-dimethylaminobenzaldehyde 

(Mallinckrodt Baker, Phillipsburg, NJ), and absorbance was measured at a wavelength of 

550 nm against a verified hydroxyproline standard curve. The total hydroxyproline was then 

quantified for each sample, and and a 1:12 w/w ratio of hydroxyproline was used to 

calculate the collagen amount. Total collagen content was normalized to dry tissue weight.

 Elastin assay

Elastin was measured by determining the desmosine crosslinks via an ELISA assay as 

described previously (26). Briefly, desmosine crosslinks were measured by first lyophilizing 

the sample, hydrolyzing with 6N HCL for 48 hr, and reconstituting and filtering the tissue 

through a 0.45 um filter. Total elastin was normalized to dry tissue weight.

 Total glycosaminoglycan [GAG] and sulfated GAG assays

Total GAGs (sulfated and unsulfated) were measured using a carbazole assay as previously 

described (27). Tissues were digested in 50 U/mL papain (Sigma) overnight and carbizole 

solution (Sigma) was added. Absorption of the samples were read at 550 nm and run against 

a heparin standard (Sigma). Sulfated GAGs were quantified using the Blyscan GAG assay 

kit according to manufacturer's instructions (Biocolor) (24). Content of total and sulfated 

GAGs were normalized to tissue dry weight.
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 DNA Quantification

DNA was isolated and quantified using a Quant-iT PicoGreen dsDNA assay kit (Invitrogen, 

Eugene, OR), following manufacturer's instructions (28). DNA content was normalized to 

dry tissue weight.

 Transmission Electron Microscopy (TEM)

TEM imaging was performed as we have previously described (29). Fixation was done using 

2% paraformaldehyde and 2.5% glutaraldehyde in 0.2M Sorensen buffer at pH 7.4 for 

30min at room temperature and 1hr at 4°C (24). Following dehydration, samples were 

infiltrated and embedded in Embed-81, polymerized, and sectioned at 70 nm. Sections were 

stained in uranyl acetate and lead citrate. A JEOL-JEM-1400 transmission electron 

microscope was used to view the lung sections.

 Tensile testing

Native and decellularized lung samples were analyzed using an Instron 5848 as described 

previously (24, 30). Briefly, nominal 15 × 2 mm (length × width) strips were obtained the 

distal region of all lung samples (so as not to include major airways and pleura that could 

dominate mechanical analysis). Tissues were then pre-tared to 0.01 N, cyclically 

preconditioned for 3 cycles to 15% strain, and pulled until failure at a strain rate of 1%/sec. 

Tissues were kept hydrated with PBS before and during the mechanical conditioning. Using 

tissue dimensions, engineering stress and strain were calculated from force and distance 

from the slope at the linear regions of the curve. The Young's Modulus (E) for the tissue was 

determined by dividing the engineering stress,σ, by the engineering strain, ε, at low and high 

levels of deformation.

 Western blotting

Lung tissue slices were immunoblotted for total protein analysis as described previously 

(12). Protein concentration was determined from native cell lysates using a bicinchoninic 

acid protein assay (Thermo Fisher Scientific, Lafayette, CO). Lysates were denatured, and 

equal amounts of protein were subjected to SDS-PAGE followed by immunoblotting. Blots 

were probed with rabbit anti-phospho P65 (Cell Signaling 3033, 1:3000), rabbit anti P65 

(Cell Signaling 3034, 1:2000), rabbit anti-VCAM (Abcam ab134047, 1:1000) and mouse 

anti-GAPDH (Abcam ab135247, 1:2000). HRP-conjugated secondary goat anti-mouse and 

goat anti-rabbit antibodies (Invitrogen) were detected by enhanced chemiluminescence 

(SuperSignal™ West Femto, ThermoFisher).

 Cell culture

Human VeraVec cells, a modified umbilical cord endothelial cell line (hVera101, Angiocrine 

Biosciences, New York, USA), were cultured and expanded on tissue culture plastic at 37°C 

and 5% CO2. Cells were cultured in Human Complete EC media, consisting of Medium 199 

(Hyclone) and supplemented with 50μg/ml Endothelial Cell Supplement (Biomedical 

Technologies), fetal bovine serum (Hyclone), 1% antibiotic-antimycotic (Invitrogen), 10mM 

HEPES buffer (Invitrogen), 50μg/ml Heparin (Sigma), and 1% Glutamax (Life 

Technologies) (31).
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 Preparation and Recellularization of Decellularized Lung Slices

Tissue slices were generated from decellularized rat, pig, primate, and human lung tissues 

and were reseeded with human VeraVec cells as described previously (24, 32). Prior use, all 

human tissues were examined for age-based abnormalities including the deposition of 

excessive collagen and architectural integrity. All tissues utilized in cell-seeding experiments 

were deemed free of abnormalities. Decellularized lung tissues were flash-frozen and slices 

were cut into sections 300 μm thick (Leica Microsystems, Buffalo Grove, IL). One million 

VeraVec cells were seeded onto each tissue slice and cultured for three days. A subset of the 

VeraVec seeded rat slices were treated with TNFα (Cell signaling, 8902SC) at a 

concentration of 10 ng/ml for 16 hours as a positive control for inflammation. Following 

culture, cell-seeded slices were fixed, processed, and examined for cell attachment, 

proliferation, and upregulation of inflammatory markers.

 Statistics

Data are presented as the mean and standard deviation, and analyzed with GraphPad for 

Prism (v 6.0). For comparison of multiple groups a one-way ANOVA test with subsequent 

Sidak's multiple comparison test was utilized. A p-value lower than 0.05 was considered 

statistically significant.

 Results

 Characterization of rat, pig, primate and human lungs

Gross visual examination of tissue showed that decellularized lungs retained general pleural 

integrity, lobular definition, and airway tree, similar to our prior studies (Booth et al. 2012). 

Histological analysis of human, primate, pig and rat tissues by H&E images revealed that no 

intact nuclei were visible in the alveolar septae or vasculature after decellularization in any 

of the species (Fig. 1A-C). The presence of collagen and elastin was confirmed in all species 

post-decellularization throughout the entirety of the lung (Fig. 1B, in blue, Fig. 1C in purple, 

and Fig. 2); however, elastin appeared less prevalent in pig tissue (Fig 2). Fibronectin (FN) 

was present in all species, although did appear somewhat depleted in pig tissue (Fig. E1, 

available in the online supplemental). TEM demonstrated that the basement membrane for 

all species remained intact (Fig. 2A-D), with evidence of cell debris retention in parts of all 

tissues (Fig 2A). The pig tissue and rat tissue exhibited some areas with cellular debris (Fig 

2C, D) located on the basement membrane surface.

 Quantitative analyses

Total GAGs, sulfated GAGs (sGAGs), elastin, and collagen in decellularized tissues were 

measured and compared to native levels (Fig. 3A-D, Table E1 and Figure E2 in the online 

supplement). Due to cellular removal, all decellularized ECM concentrations are artificially 

elevated, making comparisons of native and decellularized levels challenging. To address 

this difficulty, matrix components are presented in multiple fashions: graphically in order to 

compare native and decellularized tissues visually (Figure 3), as a fraction of total ECM 

(Supplemental Fig. E2), and in absolute values (Table E1). It should be noted that 

Supplemental Figure E2 is a reflection of the final composition of the tissue; therefore, loss 
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of one particular matrix component (e.g., total GAGs) will artificially increase the final 

percentage of other matrix components. The total mass of each matrix component is also 

reported and compared to native matrix contents (Fig 3, also see Table E2 in the online 

supplement) so matrix components can be examined without the confounding issue of cell 

removal.

Total GAGs in native tissue (Fig. 3A) were highest in rat tissue (Table E1) and lowest in 

human and primate tissue. The final GAG percentage (relative to lung ECM) for native 

human, primate, pig and rat lung were 25%, 20%, 51% and 61% respectively (Fig. E2). In 

decellularized tissue, there was a substantial loss of GAG content in human, primate and rat 

tissue, although due to artificial concentration of tissues the total GAG levels were only 

significant in rat (p < 0.05). Conversely, total GAG content was generally maintained in pig 

tissue (Fig 3A, Table E1). The final GAG percentage in decellularized human, primate, pig 

and rat tissue was 11%, 9%, 26%, and 12% (Fig. E2).

Elastin content was significantly enhanced due to decellularization in rat, primate, and 

human tissues, whereas in pig tissue it was not (Fig 3B). Final elastin fractions in 

decellularized tissues remained at 30%, primate and rat increased to 26 and 18% 

respectively, and pig tissue decreased to 13% (Fig E2). Native human lung tissues had the 

highest initial fraction of elastin (30%, 14%, 15%, 9%, respectively, Fig. E2) and final 

fraction of elastin post decellularization (30%, 26%, 13%, 18%, respectively, Fig. E2). 

Native levels of sGAGs were highest in primate and rat tissues (Fig. 3C, Table E1), yet were 

substantially retained only in decellularized pig and human tissue (Fig. 3C, p < 0.01 and 

Table E2).

Native collagen content was similar in human, pig and rat tissue in terms of quantity (Fig 

3D, Table E1) and fraction of dry weight (45%, 34%, and 30% respectively, Figure E2). Rat 

and pig tissues underwent a concentration of collagen content that was statistically higher 

than native tissues (Fig 3D). In decellularized tissues, there was a concentration in human, 

primate, pig and rat collagen (70%, 61%, 65%, and 59%, respectively, Figs. 3D and E2 B) 

resulting in similar collagen fractions across species.

The decellularization protocol reduced DNA by 90% or greater in all lung tissues (Table 

E2). Reduction of DNA was 99.8% in human lung, 98.3% in primate lung, 93.4% in pig 

lung, 90.0% in rat lung. These data are supported by the complete lack of intact nuclear 

material on H&E (Fig. 1A).

 Mechanical Characterization

Uniaxial tensile testing of native tissue showed differences in mechanical properties from the 

various species in terms of matrix stiffness (modulus), ultimate tensile strength, and the 

strain level at which it fails (strain failure) (Fig. 4). Decellularized tissue did not differ 

statistically from native in any species with regard to modulus or UTS (p > 0.05). In terms of 

strain failure, decellularized human, primate, and rat tissue did not differ statistically from 

native tissue (p > 0.05). Decellularized pig tissue did however have a statistically lower 

strain at failure relative to native conditions (p < 0.01).
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 Endothelial cell culture

Human endothelial cells (ECs) were seeded onto tissue slices at a concentration of 1× 106 

cells/slice for 3 days (Fig. 5). ECs were noted to distribute evenly throughout human and 

primate tissues, heterogeneously throughout rat tissue and sparsely in porcine tissue. After 

three days in culture, ECs proliferated significantly better and were more elongated on 

human tissues than observed on pig and rat tissues (PCNA stain in Fig. 6; proliferation at 

80% vs. 59 and 60% respectively p < 0.001; elongation at 1.92 versus 1.64 and 1.75, 

respectively p < 0.01). All cells on tissues were more elongated than TCP controls (Fig. 6, p 

< 0.01), yet only cells placed onto human or primate tissues proliferated more than cells 

cultured on TCP (Fig. 6, p < 0.01). Immunoblotting for phosphorylated NF-kB relative to 

total NF-kB, and for VCAM, showed that pig tissue led to a significantly higher level of 

inflammatory marker expression in ECs relative to human tissues (Fig. 7). Rat tissues also 

induced a statistically higher level of phosphorylated NF-kB relative to total NF-kB in 

human tissues, but not of VCAM (Fig. 7).

 Discussion

In addition to providing structural support, the ECM is important in regulating attachment 

and phenotypic maintenance of resident cells, and can also dictate healthy remodeling, 

neoplastic behaviors, or fibrotic disease progression in native or engineered organs (33). In 

this study, we sought to characterize the species-specific impact of decellularization on lung 

ECM in human and animal sources, and also to determine whether human cells would be 

differentially impacted by these decellularized systems. Our data show that, despite identical 

decellularization protocols, there is a species-specific response to the procedure that renders 

matrices unequal following decellularization, with differences being noted in retention of 

matrix components, collagen assembly, and mechanical properties. Perhaps more 

importantly with respect to the application of such matrices for human lung regeneration, we 

observed striking differences in endothelial cell responses to the various matrices.

Morphology, ECM composition, and mechanical properties of human, primate, pig and rat 

native lung tissue demonstrated a strong phylogenetic dependency. Specifically, native rat 

and pig lung tissues are more GAG dense, elastin sparse, and weaker than human and 

primate tissues (Fig. 3; Fig 4C, E). It is possible that the differences in native ECM content 

of various species are due, in part, to the whether the animals are quadruped or bipedal, as 

mode of ambulation impacts breathing mechanics (34). The observed species-dependent 

lung properties reported in this work corroborate findings in the literature, including 

differences in alveolar size and septal thickness (35-38); GAG, collagen, and elastin content 

(17, 39); matrix stiffness (40, 41), and alveolar cellular composition (42, 43).

Our results indicate differential matrix conservation with respect to species. The 

consequences of specific protein damage or removal can range from impaired cell 

attachment due the loss of fibronectin, (44), substantial loss of mechanical integrity from 

loss of collagen type I (45), elastin (15) or GAGs (46), or induction of endothelial 

inflammation associated with pulmonary disease (47). Further, the preservation of damaged 

GAGs could render the sequestering of unwanted cellular components.
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Of the species tested herein, decellularized human lung retained an ECM profile most 

closely resembling that of native lung, primate tissue underwent modest changes in matrix 

composition, and pig and rat tissue demonstrated significant ECM loss. The impact of 

decellularization on ECM loss in pig lung was different than that observed in other species, 

resulting in a matrix with the highest percentage of GAG content and lowest percentage of 

elastin content (∼ 30% GAGs, 60% collagen, and 10% elastin). This differential ECM 

retention and loss resulted in a tissue that was markedly different from human decellularized 

tissue in terms of composition, mechanical properties and cell-matrix interactions (Figs 3, 

Fig. 4C, E, and Figs 5-7).

One limitation to our study includes difference in age among our species selected in this 

work. Lung development varies dramatically across species in terms of both cellular and 

tissue components, making age-matching of species difficult and somewhat arbitrary. For 

example, rodents are born with lungs that are at the saccular stage of development and 

completely lack alveoli, yet the bulk of alveolar development is completed pre-puberty (< 2 

months old) (48). Pigs are born with advanced alveolar development that is finalized shortly 

after birth (49), while the alveolar number and lung structure in non-human primates 

changes far into adulthood and continues until ∼ 10 years of age (50, 51). Finally, it there is 

insufficient data in the literature for some of our species to know at what age the ECM has 

matured or is degraded. Although the animals selected in this study were not age matched, 

the tissues utilized in this work come from lungs of animals where the matrix and cellular 

constituents were relatively stable in development and free from age-related lung pathology. 

Furthermore, the age of porcine samples (∼ 3 months) was selected based on the size of 

lungs that could be used as a potential xenographic donor source for human recipients.

Previous studies have indicated that 1) ECM retention after decellularization is higher in 

younger tissues, and 2) de novo matrix production and cell proliferation is increased after 

recellularization using younger rather than older tissues (52, 53). Taken together, these 

previous works predict that in the absence of species-specific cell-matrix interactions, our 

human ECs should perform better on rat and pig (younger) tissues rather than primate and 

human (older) tissues. On the contrary, our cells attach, elongate, proliferate and elicit 

reduced inflammatory behavior when seeded on human and primate tissues relative to rat 

and pig tissues. It is possible that these observations of species preference in ECs would be 

even more profound on younger human and primate tissue sources.

The results from this study provide some of the first insights into the impact that species-

dependent scaffold has on the attachment, elongation, and proliferation of seeded human 

ECs. Nuclear elongation in ECs has been shown to correlate with increases in cell spreading 

and proliferation (54). Interestingly, although ECs elongated when seeded onto all 

decellularized matrix sources (relative to TCP), only cells seeded onto human or primate 

tissues demonstrated increases in proliferation.

The NF-κB pathway of transcription factors is critical to regulating inflammation, 

differentiation, proliferation, and apoptosis (55). Expression of phosphorylated p65 observed 

in human ECs seeded onto decellularized rat and pig matrix is two-fold and four-fold higher, 

respectively, when compared to that observed on human and primate matrix, suggesting 
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increased inflammatory activation. VCAM-1, an endothelial cell membrane glycoprotein 

implicated in leukocyte-endothelial cell interactions in inflammation (56) and downstream 

transcriptional target of NF-κB, is also expressed at three-fold higher levels in cells seeded 

onto pig matrix. These results suggest that species mismatch, most noticeably between pig 

and human, could drive inflammatory behavior in recellularized tissues independent of 

xenogeneic cellular contributions. This inflammatory activation of the endothelium would 

render major consequences for vascular permeability and ultimately implant rejection.

Unlike other species, a considerable amount of research has been dedicated towards using 

pigs as xenogeneic donor sources for lung transplantation into human patients. 

Complications of porcine lung xenografts use include hyperacute rejections mediated by 

anti-Gal antibodies; intravascular and alveolar macrophages that produce inflammatory 

cytokines, amplify procoagulant factors, and phagocytize human blood cells and platelets; 

and human natural killer cells (NK) that infiltrate pig organs and lyse pig endothelial cells 

(20, 21, 57). To mitigate these cell-based rejection limitations, research has focused the use 

of decellularized pig lungs as a potential platform for the construction of engineered lungs 

(4, 15, 17, 24). In this work, we found both the final composition and arrangement of matrix 

to be strikingly different between human and pig lungs. Finally and most importantly, 

human cells seeded onto decellularized pig matrix responded by producing markers of 

inflammation. Inflammatory activation of the endothelium could have major consequences 

regarding vascular permeability and ultimately graft rejection (58).

In order for tissue-engineered lungs to be functional, they would at minimum need to 1) 

provide a barrier to separate blood from air, along with functional alveolar epithelial and 

microvascular endothelial cells; 2) have a hierarchical branching geometry that provides 

high surface area for gas exchange, 3) be sufficiently mechanically robust to allow for 

ventilation and physiological mechanical stresses 4) contain a perfusable microvasculature 

that is resistant to thrombosis, and 5) maintain lung-specific cells: i.e., cells that produce 

surfactant, growth factors, have cilia, etc (59). To date, studies by our group and others have 

demonstrated feasibility of decellularized human, primate, pig and rat tissues in achieving 

some of these features (5, 18, 24, 29, 60-63). In this work, we demonstrated that the 

basement membrane (required to separate the blood supply), and the gross tissue 

architecture needed to provide gas exchange were maintained in each of our decellularized 

species. We also found that each of our species maintain mechanical integrity post 

decellularization, although pig tissues demonstrated a lower strain at failure relative to native 

tissues. Finally, we examined the potential for each of these tissues to maintain human ECs, 

and found that human cells demonstrated preference of human or primate tissues over rat 

and pig tissue with respect to attachment, proliferation, and health. Therefore, order to create 

a healthy, patent vasculature with sufficient endothelial coverage, the donor lung species will 

require some consideration.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Characterization of human, primate, pig and rat decellularized lung matrix
(A) Representative native and decellularized lung tissue, as visualized by hematoxylin and 

eosin (H&E). Sections indicate maintenance of tissue architecture, removal of debris and 

blood, and lack of visible nuclear material. B) Preservation of collagen (blue) is visualized 

using Masson's Trichrome, and C) elastin (blue-black) by Verhoeff-Van Gieson staining. 

Scale bar = 100 μm applies to all panels.
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Figure 2. TEM images of decellularized tissue
Representative transmission electron micrographs of A) human, B) primate, C) pig and D) 

rat decellularized tissue. Irrespective of species, decellularized lungs appeared to lack intact 

cellular bodies and retain basement membranes and characteristic normal architecture. Of 

the species tested, human decellularized tissue demonstrated the greatest homogeneous 

clearing of cellular debris. Collagen content appeared in clusters throughout the entirety of 

the primate lungs, and dispersed more sporadically throughout rat, pig and human tissue. 

Elastin did not appear highly concentrated in porcine tissue. Basement membrane (BM), 

collagen (C), elastin (E), and cellular debris (debris) are indicated with black arrows. Scale 

bar = 1 μm.
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Figure 3. Matrix analyses of rat, porcine, primate and human decellularized lung tissue
Quantification of A) Total GAGs, B) elastin content, C) sGAGs, and D) collagen content of 

native and decellularized indicate the retention or loss of matrix post decellularization. For 

all ECM analysis, 3-5 pieces per lung were utilized and averaged (n=3, 3, 4, and 2 for rat, 

porcine, primate and human native and decellularized tissue). Quantitative values all 

normalized to dry starting tissue weight. * indicates p≤ 0.05, **p≤ 0.01, ***p≤ 0.001, and 

****p≤ 0.0001.
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Fig 4. Mechanical analysis of decellularized matrix
Representative stress strain curves of A) human, B) primate, C) pig, and D) rat native and 

decellularized tissue. B) Modulus, UTS, and Strain at Failure for native and decellularized 

lung tissue. ** indicates significance from native tissue at p ≤ 0.01.
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Fig. 5. Endothelial cell engraftment is species dependent
Human endothelial cells were seeded onto 1 cm2 tissue slices at a concentration of 1×106 

cells/slice for 3 days. Cells homogenously attached in both the primate and human tissue, 

heterogeneously throughout the rat tissue, and sparsely through the pig tissue. Scale bar = 

100 μm applies to all panels.
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Fig. 6. Human endothelial cells demonstrate enhanced proliferation on human and primate 
matrix
Representative IF images of reseeded decellularized human, primate, pig and rat tissue. 

Human endothelial (VeraVec) cells were seeded onto 1 cm2 tissue slices at a concentration 

of 1,000,000 cells/slice for 3 days and stained for DAPI (in blue) PCNA (in red). The 

percentage positive cells (PCNA/DAPI) are noted in the bottom right hand of the images 

(n=4, average of 10 images). All cells on tissue were significantly more elongated than cells 

on TCP, yet only cells on human and primate tissues proliferated more than on TCP. Human 

cells proliferated significantly higher and were more elongated on human and primate tissue 

than on pig and rat tissues. Scale bar = 100 μm applies to all panels. * indicates p≤ 0.05, 

**p≤ 0.01, ***p≤ 0.001, and ****p≤ 0.0001 relative to TCP, # indicates p≤ 0.05 relative to 

human tissues.
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Figure 7. Scaffold species source dictates EC inflammatory response
A) pP65/P65 and B) VCAM/GAPDH presence ECs seeded onto human, primate, rat and pig 

tissue. C) Representative western blots of native ‘N’, decellularized ‘D’ and recellularized 

‘R’ rat, pig, primate and human lung slices immunoblotted for phosphorolated P65 (relative 

to P65) and VCAM/GAPDH (n≥3). * indicates p≤ 0.05, *** indicates p≤ 0.001 relative to 

ECs on human tissue.
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