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There are an insufficient number of lungs available to meet current and future organ transplantation needs. Bioartificial tissue regeneration is

an attractive alternative to classic organ transplantation. This technology utilizes an organ's natural biological extracellular matrix (ECM) as a
scaffold onto which autologous or stem/progenitor cells may be seeded and cultured in such a way that facilitates regeneration of the original
tissue. The natural ECM is isolated by a process called decellularization. Decellularization is accomplished by treating tissues with a series

of detergents, salts, and enzymes to achieve effective removal of cellular material while leaving the ECM intact. Studies conducted utilizing
decellularization and subsequent recellularization of rodent lungs demonstrated marginal success in generating pulmonary-like tissue which is
capable of gas exchange in vivo. While offering essential proof-of-concept, rodent models are not directly translatable to human use. Nonhuman
primates (NHP) offer a more suitable model in which to investigate the use of bioartificial organ production for eventual clinical use.

The protocols for achieving complete decellularization of lungs acquired from the NHP rhesus macaque are presented. The resulting acellular
lungs can be seeded with a variety of cells including mesenchymal stem cells and endothelial cells. The manuscript also describes the
development of a bioreactor system in which cell-seeded macaque lungs can be cultured under conditions of mechanical stretch and strain
provided by negative pressure ventilation as well as pulsatile perfusion through the vasculature; these forces are known to direct differentiation
along pulmonary and endothelial lineages, respectively. Representative results of decellularization and cell seeding are provided.

Video Link

The video component of this article can be found at https://www.jove.com/video/50825/

Introduction

Bioengineering of tissues and organs is an attractive addition to the field of regenerative medicine. The creation of "lab-grown" organs that are
suitable for transplant into patients to replace functionality of diseased organs is highly desirable in order to meet the current and future demand
for transplantation needs. The principles of tissue engineering center around the seeding of desired cell types, or progenitors thereof, into a
scaffold that supports the shape of the engineered tissue while supplying the appropriate growth factors and culture conditions necessary to
mimic developmental or regenerative processes. While synthetic scaffolds have been used for tissue engineering, and the natural extracellular
matrix (ECM) may be the best source of organ-specific scaffolds for this purpose. Whole-organ decellularization is a process which allows the
removal of cells while leaving the chemical and structural aspects of the natlve ECM intact. The resulting acellular matrix scaffold can be used as
a platform onto which regenerative cells can be seeded and cultured in vitro™ 2

Several rodent models of lung decellularization and subsequent recellularization have been developed to study the feasibility of this

technology ®. While offering essential proof-of-concept, rodent models are not directly translatable to human clinical needs. A recent study
pointed out that genomic responses to traumatic injury (and related inflammation) do not correlate well between mice and humans; these findings
raise questions of the validity of using mice as models for such complex biochemical processes in humans’. Nonhuman primate (NHP) models
offer the advantage of closely resembling the biology of humans at the genomic, anatomic, and physiologic levels and allow more flexible
manipulation for greater extrapolation to human use. The rhesus macaque has been used in a variety of preclinical applications and is an
excellent model in which to study tissue engmeerlng ' we recently descnbed the successful decellularization of rhesus macaque (Macacca
mulatta) lungs utilizing a procedure that has minimum impact on the lung ECM™ . Lung decellularization is accomplished by treating the tissue
consecutively with four decellularization solutions composed of detergents, salts, and enzymes with intermittent washing with deionized water
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(dH,0) and PBS. We have optimized this procedure by modifying a protocol originally described by Price et al* A variety of histological and
protein analytical techniques were used to characterize the components of resulting acellular matrices relative to native macaque lungs.

In this report, we demonstrate a detailed protocol for the decellularization of nonhuman primate lungs and the recellularization of the resulting
acellular lung scaffolds in a large-organ bioreactor originally demonstrated by Calle et al.®® in JoVE. By modifying their original protocol to
accommodate the size, ventilation, and perfusion requirements for large-animal lungs, the technology was successfully moved from the

rodent model to the rhesus macaque model. All studies presented in this report were performed in accordance with the Institutional Biosafety
Committee (IBC) policies in place at the Tulane National Primate Research Center. Demonstration of this technique is essential because
identification of anatomical structures and physical manipulation of larger organs is sometimes difficult without visualizing the steps of the
protocol. The studies made possible by these methods provide a basis for essential preclinical studies in decellularized rhesus macaque lungs in
which recellularization with rhesus mesenchymal lineage stem cells and rhesus microvascular endothelial cells can be assessed. Our version of
this bioreactor simulates the developmental environment and applies forces of mechanical stretch and strain in Iarge-animal lungs and allows the
investigation of lung recellularization under conditions known to facilitate pulmonary and endothelial development1 15,

1. Whole-organ Macaque Lung Decellularization

1. Preparation of Solutions

1. Autoclave 10-15 L of deionized water (dH,0) in 1-2 L bottles.

2. Prepare "Triton solution" (0.1% Triton X-100 in dH,0) by mixing 1 ml Triton X-100 in 999 ml of dH,O while stirring on a magnetic stirrer.
Filter the solution through a 0.22 um filter apparatus. Store at room temperature.

3. Prepare "SDC solution" (2% SDC in dH,0) by slowly adding 20 g of sodium deoxycholate (SDC) to ~900 ml dH,0O while stirring. Once
SDC is dissolved transfer the solution to a graduated cylinder and bring the volume to 1 ml with dH,O. Filter the solution through a 0.22
um filter apparatus. Store at room temperature.

4. Prepare "NaCl solution" by adding 58 g of NaCl to ~900 ml of dH,0O and stir until completely dissolved. Add dH,0 to a final volume of 1
L, filter, and store at room temperature.

2. Organ preparation

1. Utmost care must be taken to prevent infectious exposure incidents when working with macaque tissues. Put on the following
personal protective equipment (PPE) before handling nonhuman primate tissues: surgical mask, face shield, surgical gloves,
disposable gown, and a second layer of surgical gloves.

2. Collect intact heart-lung blocs from animal necropsy in PBS containing 50 U/ml heparin to prevent coagulation of external blood.

3. With the lungs lying flat in a dissecting tray, cannulate the pulmonary artery using a female Luer connector with an appropriately sized
barb. Secure the cannula in place with an alcohol-sterilized zip tie.

4. Slip a sterile zip tie around the trachea, insert a 0.250 in female Luer connector into the tracheal opening, and tighten the zip tie around
the barb of the connector to hold the trachea in place around the barb.

5. Remove trapped air from the lungs by instilling PBS containing 30 U/ml heparin and 5 pg/ml sodium nitroprusside (SNP). Allow the
solution to be expelled by natural recoil and repeat instillation twice more. After the third instillation, cap the tracheal Luer cannula with
a Luer plug to hold the solution in the lungs.

6. Cut off the apex of the heart and irrigate the internal ventricles with PBS-heparin-SNP to remove residual blood. Lacerate both atria to
facilitate drainage of the pulmonary circuitry upon perfusion.

7. Submerge the heart-lung bloc in dH,0. Fill a 60 ml syringe with the PBS-heparin-SNP solution. Using forceps, submerge the arterial
cannula so that all air bubbles escape from the vascular opening. Attach the syringe and carefully remove the plunger and allow the
liquid to flow into the vasculature.

8. Remove the plug from the tracheal cannula and allow the fluid in the airway to be expelled by natural recoil. Continue to add PBS-
heparin-SNP solution to the syringe connected to the vascular cannula in order to maintain ~15-20 cm H,O pressure above the artery.
Continue perfusion until as much blood as possible is removed from the pulmonary vasculature.

3. Decellularization

1. Day 1: Submerge the heart-lung bloc in dH,0. Inflate and perfuse the lung with dH,O using 60 ml syringes attached to the submerged
tracheal and arterial cannulae, respectively. Repeat the airway and vascular washes with dH,O 4x more for a total of five rinses.

2. Remove the lungs from water and submerge the bloc in Triton solution. Inflate and perfuse the lungs with Triton solution as before.
Repeat the instillation a second time, and incubate the submerged organs in Triton solution overnight at 4 °C.

3. DAY 2: After overnight incubation, remove the lung bloc from Triton solution, wash externally with dH,O, and then submerge the bloc in
fresh dH,0O. Repeat dH,O washes 5x as in step 1.3.1.

4. Remove the lungs from dH,O0 and submerge in SDC solution. Inflate and perfuse with SDC solution in the same manner as in step
1.3.2. Incubate submerged in SDC solution overnight at 4 °C.

5. DAY 3: Wash the tissue again with dH,O as in 1.3.1.

6. Remove the tissue from dH,O and submerge in NaCl solution. Inflate and perfuse with NaCl solution in the same manner as in step
1.3.2. Incubate submerged in NaCl solution for 1 hr at room temperature.

7. Wash the lungs clean of NaCl solution with dH,O as in step 1.3.1.

8. Prepare fresh "DNase solution" (30 pg/ml DNase, 1.3 mM MgSO,, 2.0 mM CaCl, in dH,0) Bathe the lungs in this solution and instill
into the airway and vasculature as in step 1.3.2. Incubate the lungs in DNase solution for 1 hr at room temperature.

9. Prepare fresh "PBS solution" (1x PBS + 5x antibiotic/antimycotic). Remove the lungs from DNase solution and wash externally with
PBS solution. Submerge the lungs in PBS solution and wash with this solution five times as in step 1.3.1.
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10. Store the lungs in PBS solution in a sealed container overnight at 4 °C. On the next day (DAY 4), wash the lungs in fresh, ice-cold PBS
solution five times as in step 1.3.1 and store in PBS solution in a sterile, sealed container at 4 °C until use.

2. Large-organ Bioreactor

1. Assembly and Tissue Installation

1. Assemble breathing loop and vascular loop structures as well as tracheal and vascular cannulae adapters ahead of time (Figure 1).
With the exception of sterile-packaged air filters and syringe ports, autoclave all bioreactor components.

2. Assemble the bioreactor components under a laminar flow hood according to the schematic in Figure 2. Fill the main chamber with
culture medium that has been equilibrated to the 5% CO, atmosphere of a cell culture incubator immediately prior to use in the
bioreactor.

3. Apply the tracheal and vascular cannulae adapters to the lung cannulae and install the organs in the main bioreactor chamber

by bathing the lungs in the culture medium and attaching the cannulae adapters to the appropriate ports in the modified lid. Once

connected, affix the lid securely and tightly; the chamber will not be opened again for the duration of recellularization.

Fill the tracheal reservoir approximately half-full with culture medium and affix the modified cap.

Apply sterile 0.22 pm syringe filters, Luer plugs, and syringe ports to all chambers as indicated.

Connect the trachea reservoir to the main chamber via the breathing loop apparatus. Attach the breathing loop tubing as indicated.

Aspirate air from the tubing using the syringe ports and a 60 ml syringe fitted with an 18 G needle; move the directionality of the 3-way

stopcocks to direct the flow of liquid into the syringe.

8. Move the sealed, contiguously connected bioreactor chambers with installed organs to a tissue culture incubator to equilibrate
temperature and gas. Ventilate the lungs using a syringe pump attached to the main chamber at ~1 full "breath" every 2 min, and
perfuse the vasculature via the peristaltic pump at approximately 10 mil/min for a total of ~30 min.

No oM

2. Airway seeding

1. Prepare suspensions of cells to be seeded into the airway at the desired cell density (volume will depend on organ size).

2. Inflate the lungs with the cell suspension by gently injecting through the syringe port attached to the three-way stopcock in the
breathing loop.

3. Hold the lungs statically at 37 °C, 5% CO, overnight without airway or vascular perfusion to allow cells to attach to the decellularized
lung matrix.

4. After overnight incubation, reinitiate the standard airway ventilation program, and culture the organs for 3-7 days (or other desired
duration).

3. Vascular seeding

1. Prepare suspensions of endothelial cell cultures as above for airway cell seeding.

2. Transfer the cell suspension to the endothelial-seeding reservoir that contains a small magnetic stir bar.

3. Change the directionality of the flow path from the main chamber to the endothelial seeding reservoir by rotating the valve on the
stopcock positioned in the tubing connecting these two compartments, and seed endothelial cells gradually while gently stirring using
the peristaltic pump.

4. When seeding is complete (i.e. the volume of endothelial cell suspension is depleted in the endothelial seeding reservoir), stop
perfusion and incubate statically for ~4-6 hr. Reinitiate vascular perfusion with main chamber medium at a rate of ~10 ml/min (or
desired pressure if monitored).

5. Culture for 3-7 days with continuous vascular perfusion.

3. Troubleshooting and Alternative Approaches

1. Tracheal cannulation: Sutures can be used in lieu of a zip tie to hold the Luer cannula in place if the trachea is too small. A V4 in female Luer
connection acts as a sufficient cannula for a wide range of trachea diameters.

2. Removing blood by pulmonary artery perfusion: Since tissues are collected from cadaveric animals, microthrombi are common and prevent
some areas of the pulmonary capillary bed from being completely cleared of residual blood. During decellularization, however, these small
vessels become permeable, and the decellularization reagents efficiently lyse and degrade these clots. Predecellularization perfusion should
be performed to clear as much blood as possible, but it is not necessary to remove all traces of blood from the parenchyma.

3. Expulsion of fluids from the lungs: Macaque lungs retain strong natural recoil ex vivo, even when inflated with fluids. During decellularization,
however, cells are lysed and release materials (including DNA) that increase the viscosity of the instilled fluids thereby making them more
difficult to expel. Overnight incubation at 4 °C while submerged in the instilled fluid is usually sufficient to allow the lungs to completely
expel the viscous fluid. Alternatively, allow as much fluid as possible to be expelled from the lungs and then proceed with instillation of the
subsequent solutions; addition of detergents and deionized water washes usually facilitates the removal of the viscous fluids and allows
decellularization to proceed efficiently.

4. Addition of antibiotics to detergent solutions: Antibiotics and antimycotics can be added to deionized water wash solutions as well as
detergent solutions; however, penicillin/streptomycin precipitates in the presence of sodium deoxycholate, and these precipitates may
interfere with the decellularization and washing processes. Moreover, the presence of antibiotics/antimycotics is not necessary during
decellularization as the detergents used at these concentrations are able to lyse and kill microbes. After decellularization, rinsing and storage
with PBS solution (containing 5x penicillin/streptomycin/amphotericin B) is sufficient to prevent most contamination.

5. Removal of air from bioreactor tubing: Air is efficiently aspirated from the bioreactor tubing using a syringe with a needle inserted into the
needle ports in the three-way stopcocks. Alternatively, 1x PBS or culture media can be flushed through the tubing before installing the organs
using a syringe attached in the same manner.
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6. Ventilation and perfusion of lungs during and after recellularization: While the flow rates and times listed in this report were sufficient for cell
attachment as well as airway liquid ventilation and vascular perfusion, these values should be determined empirically by the user. Culture
times can also be adjusted based on the growth rates of the instilled cells.

Representative Results

Results shown below represent separate experiments in which either airway or vascular compartments were seeded with rhesus macaque

bone marrow-derived mesenchymal stem cells or rhesus lung-derived microvascular endothelial cells, respectively, that were isolated and
. . . 16-1

characterized as previously described 618,

Throughout the decellularization process, macaque lungs displayed a progressive whitening culminating in a translucent appearance at the end
of the process; however, the lungs maintained their gross anatomical features and remain largely elastic and able to produce natural recoil after
inflation with liquid (Figures 3A and 3B). At the microscopic level, the histologic ultrastructure remained intact after decellularization; that is,
bronchioles, respiratory bronchioles, alveolar sacs, blood vessels, and capillaries were still distinguishable quite clearly by low-power microscopy
(Figures 3C and 3D). Histological microanatomy, however, demonstrated that while the gross anatomy and ultrastructure of the lung were mildly
disturbed by decellularization, the tissue completely lacked intact cells (Figures 3E and 3F).

Cellular DNA that was released as cells were lysed by the detergents was degraded by DNase treatment and efficiently removed by subsequent
washing steps. DNA was extracted from native and decellularized macaque lung tissues using Qiagen's DNeasy kit. As seen in Figure 4A,
only trace amounts of DNA remained in decellularized tissues; moreover, the trace DNA (concentrated by alcohol precipitation and visualized
in a 0.8% agarose gel) was composed of mostly low molecular weight degraded fragments (Figure 4A, inset). The efficiency of cellular protein
removal was assessed by Western blot analyses of both native and decellularized lung protein lysates using an antibody to 3-actin. Briefly,
equal protein amounts (25 ug) in triplicate for each native and decellularized sample were subjected to PAGE at 200 V for 1 hr. Proteins were
transferred to nitrocellulose using an Invitrogen iBlotter. Blots were probed with a mouse anti-human B-actin primary antibody (IgG,) followed
by a goat anti-mouse IgG-HRP secondary antibody. Equal protein loading was confirmed by staining an identical membrane with Ponceau-S
and performing densitometry to determine total protein stain intensity between native and decellularized samples (not shown). The blot was
developed using ECL chemiluminescent detection reagent (Invitrogen) and imaged using the ImageQuant LAS 4000 system (GE). B-actin was
easily detected in native lung lysates but not in decellularized lung lysates, suggesting that decellularization dramatically depleted cells and
removed cell-associated protein material (Figures 4B).

An example of the assembled bioreactor with organs installed is shown in Figure 5. A cell culture water pan easily held all three chambers and
provided containment in the event that a leak occurred. The latex tubing used as sealing gaskets for the lids of the bioreactor chambers also
functioned to prevent kinks in the tubing by providing added rigidity in areas where the tubing would otherwise fold on itself. The bioreactor, 6-
port syringe pump, and peristaltic pump fit easily into a standard cell culture incubator. The electronic components were powered via a flat-cord
electrical extension that is sandwiched between the inner incubator door and the rubber seal. The incubator was maintained at 37°C, 5% CO,
throughout experiments.

Fourteen days after airway seeding with macaque BMSC (1.0 x 10° cells/ml) and bioreactor culture with ~1 inspiration/expiration cycle every

2 min, the parenchyma of decellularized macaque lungs was effectively recellularized (Figure 6A). BMSCs lined the alveolar septae while
maintaining a clear and open alveolar lumen. Inoculation of cells into the trachea (or bronchioles for single lobes) was an efficient route for
inoculating distal lung tissues as is evident in by the recellularization of alveoli near the pleura at the extremities of the lung. The denuded matrix
of large airways was also recellularized by BMSC using the bioreactor. Figure 6B shows the luminal surface of a mainstem bronchus that was
lined with a monolayer of squamous-like BMSC after 14 days of culture in the bioreactor.

Histological analysis of a decellularized rhesus lung lobe five days after seeding the vasculature with microvascular endothelial cells (8.0 x 10*
cells/ml) and providing constant vascular perfusion with endothelial culture medium at 5 mil/min, revealed cells lining the small vasculature in the
lung parenchyma (Figures 6C and 6D). In some instances, cells appeared to be attached to the matrix via several cellular projections across the
lumen (Figure 6C) while other cross sections of vessels showed cells lining the endothelial surface with clear lumen (Figure 6D).
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Figure 1. Assembly schematic for tracheal and vascular cannulae adapters and breathing loop. Cannulae adapters allow removal of air
from the cannula tubing after the tissues are installed in the bioreactor. A one-way check valve allows medium to be aspirated from the main

chamber as to not produce undue force on the tissue airway or vasculature. Liquid traveling toward the tissue will be diverted into the airway or
vasculature because reverse pressure on the check valve will cause it to close. This same principle produces the main function of the breathing
loop; here, air is removed by aspirating liquid through the one-way valves using a needle and syringe via the in-line injection ports. Click here to

view larger image.
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Figure 2. Assembly schematic for the large-organ bioreactor. The following components constitute the main functionality of the lung
bioreactor: (1) Modified 2 L jar lid; (2) main chamber containing culture media (3) air intake/outlet for negative pressure ventilation; (4) syringe
pump cycles air in and out of main chamber; (5) culture media moves from trachea reservoir into the lung airway when syringe withdraws air
from main chamber; (6) one-way valves allow constant cycling of culture media into and out of lung via a breathing loop — airway cells are
directly injected into the breathing loop to inflate the lung statically for 18 hr before mechanical cyclic ventilation; (7) media enters lung via the
trachea and lung inflates; (8) when syringe pump returns air to the main chamber, lungs deflate and return culture media to the trachea reservoir;
(9) a peristaltic pump moves culture media from the main chamber (10) into the pulmonary artery (11), through the lung vasculature, and back
into the main chamber; (12) to seed the vasculature with endothelial cells, the endothelial seeding reservoir is temporarily connected to the
vascular loop via a 3-way stopcock, the position of the valve is moved so that media containing endothelial cells in the endothelial seeding
reservoir is drawn up (13) through the peristaltic pump into the pulmonary artery (11) and lung vasculature. When endothelial seeding is
complete (volume in the endothelial seeding reservoir is completely transferred to the main chamber through the lung vasculature), the stopcock
is returned to its original position to allow media to be drawn up from the main chamber (10). (14) Injection port for changing main chamber
media; (15) air filter is capped during operation; the cap is removed to allow changing of air inside the main chamber. Click here to view larger
image.
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Figure 3. Decellularization of rhesus macaque lungs. A) Native lungs obtained from necropsy are perfused via the pulmonary artery to
remove excess blood from the pulmonary capillary bed. B) After treatment with Triton X-100, Deoxycholic acid, hypertonic NaCl, and DNase,
the lungs become white and translucent, indicative of decellularization. C) The ultrastructure of the native lung is represented in normal histology
(H&E) by the appearance of bronchioles "B", blood vessels "BV", respiratory bronchioles "RB", capillaries "C", and alveolar sacs "AS". D) Lung
ultrastructure is largely unaffected by decellularization, as all structural components of normal lung histology are visible after decellularization.

E) H&E stain of normal native lung parenchyma shows the lacy appearance of alveoli in a 5 um paraffin section with alveolar epithelial cells

and some remaining red blood cells. F) The parenchyma of decellularized lungs contains alveoli that are intact relative to its native counterpart;
however, these alveoli are completely devoid of cells as noted by the absence of dark-staining nuclei or red blood cells. Insets represent 2X
magnification relative to their respective panels. Reprinted with permission from reference’®. Click here to view larger image.
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Figure 4. DNA and cellular protein is efficiently removed during decellularization. A) DNase treatment removes >90% (p<0.006) of
DNA from the detergent-decellularized tissue. The small amount of remnant DNA that could be collected from the decellularized tissue was
concentrated and run on a 0.8% agarose gel; the result (inset) showed that only low molecular-weight degraded fragments of DNA remained
in the decellularized tissue. MW=molecular weight, N=native, D=decellularized. B) Western blot analysis showed that the representative
cytoplasmic protein B-actin was not detectable in decellularized lung relative to native lung where this protein was abundantly detected.
Reprinted with permission from reference'®. Click here to view larger image.
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Figure 5. Fully assembled lung bioreactor. The bioreactor is assembled in a laminar flow hood to reduce the risk of contamination. A cell
culture incubator water pan holds all bioreactor components and functions to collect spills if a leak occurs. The entire unit can be housed in an
incubator. Levels of media in the various chambers should be determined empirically according to the researcher's needs. Click here to view
larger image.
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Figure 6. Bone marrow-derived mesenchymal stem cells (BMSC) and endothelial cells can be cultured within decellularized lung
scaffolds. A) BMSC attach to the matrix scaffold of decellularized lung parenchyma and can be maintained with mechanical ventilation of
culture media for extended periods; the panel shows a lung two weeks after seeding with BMSC. The cells line the alveolar septae creating the
appearance of native lung. B) The lumenal surfaces of large airways serve as cell-attachment points as well. BMSC cultured for two weeks in
the bioreactor grow along these surfaces and resemble simple squamous epithelium (black arrows). C) Seeding the vascular compartment of
decellularized lungs with microvascular endothelial cells results in the recellularization of small vessels. Endothelial cells can be found attaching
to the vascular basement membrane (yellow arrowheads). In some instances, the cell attachment points span the lumen (C). D) A cross-
sectional view of a small vessel shows endothelial cells attached to the vessel basement membrane while maintaining an open vascular lumen.
Click here to view larger image.

Tissues can be efficiently and effectively decellularized by a number of methods employing physical, chemical, and enzymatic agents12’20.

The challenges of producing 3D biological matrices from large organs include the requirement for large volumes of decellularization solutions,
expensive commercial equipment (i.e. bioreactors), and a dizzying amount of methodological perturbations required to achieve the final tissue-
derived product. Our method provides a straightforward approach that minimizes physical manipulation, reagent volume, and cost. Complete
decellularization and sterilization of rhesus macaque lungs takes only three days; moreover, our decellularized tissues can be stored at 4 °C
for several weeks without contamination or signs of scaffold degradation. We recently reported a detailed characterization of our decellularized
macagque lung scaffolds in which we found that the Triton X-100/Deoxycholic acid method (modified from Price et al.4) efficiently removed cells
while having minimal impact on the lung matrix*®.

Our in-house bioreactor is comprised of parts that are routinely found in biological laboratories. The total estimated cost of consumable or
replaceable components of the bioreactor is <$500. While this bioreactor is a "base-model," it can be fitted with various components to monitor
or improve its function (e.g. pressure, flow, temperature, and pH sensors). From our experience with recellularizing macaque lung scaffolds,

an ideal cell density for initiating in vitro culture of the cell-seeded scaffolds is 1.0 x 10%-1.5 x 10° cells/ml for bone marrow- and adipose-
derived mesenchymal stem cells in the airway compartment. The volume of cell suspensions at this density varies with the size and origin of
the tissue (i.e. for single lobes, smaller volumes suffice; for half or whole lungs, larger volumes and, therefore, more cells are required). Initial
vascular seeding studies with macaque lung microvascular endothelial cells (LMVEC) employed suspensions of 8.0 x 10*1.0 x 10° cells/ml

in varying volumes perfused through single, small decellularized lung lobes. For other cell types that may be used, optimization of cell density
for initiating cultures should be determined empirically. These experiments are ideal for determining cell-matrix interactions and feasibility of
using decellularized scaffolds for engineering pulmonary tissue. For complete recellularization of whole macaque lungs, it is expected that

a substantially large number of cells will be required, and as such, this type of culture will have immense nutrient (media) demand. Further
optimization is required to reach a consensus on the appropriate means by which whole-organ recellularization can be accomplished. We

were able to maintain culture of MSC- and endothelial cell-seeded lung matrices for up to two weeks without sign of contamination or tissue
destruction. Histological analyses confirmed that these cells were able to attach to the decellularized lung matrix and maintain growth in culture.
Additional studies are needed to determine whether the cells upregulate the expression of pulmonary- or endothelial-specific genes during
culture with decellularized matrices in the bioreactor. These methods facilitate an easy and cost-effective way to optimize the recellularization of
acellular, lung-derived, native-organ scaffolds in order to continue testing of laboratory-produced bioartificial lungs via clinically relevant in vivo
models.
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All components of the large-organ bioreactor are autoclavable with the exception of the disposable 0.22 um filters and injection ports which
are commercially available in sterile packaging. The lid of the 2 L main chamber jar is modified by drilling six 0.125-0.25 in holes through which
1/8 in silicone tubing is threaded; 1/8 in inside-diameter rubber tubing is used as an airtight gasket around the silicone tubing where they pass
through the lid of the jar. Corning 500 ml laboratory jars are used for the tracheal and endothelial seeding reservoirs. The caps are similarly
modified to allow tubing to be passed through.

It should be noted that since air is more compressible and expandable than liquid culture media, a larger volume of air is required to be able

to produce enough pressure to move a given volume of liquid media for lung inflation in the bioreactor. After air withdrawal using the syringe
pump, a pause of 15-20 sec allows equilibration of pressure and full inflation of the lungs. When the pump direction is reversed, the same
volume of air is returned to the main chamber at the same rate followed by another pause of 15-20 sec to allow the lungs to fully deflate before
the cycle repeats. For vascular perfusion, the vascular loop is placed within the roller apparatus of a peristaltic pump and clamped in place

for pulsatile perfusion at the desired rate. For macaque, preliminary studies were carried out using flow rates of 5-10 ml/min in single lobes.
Seeding and culture of the airway and vascular compartments can be performed separately for investigating specific roles of various cell types in
regeneration, or both compartments can be seeded and cultured simultaneously toward the goal of producing an intact bioartificial organ.
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