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Cell replacement in human lung bioengineering
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BACKGROUND: As the number of patients with end-stage lung disease continues to rise, there is a growing need to increase the limited number of lungs available for transplantation. Unfortunately, attempts
at engineering functional lung de novo have been unsuccessful, and artificial mechanical devices have
limited utility as a bridge to transplant. This difficulty is largely due to the size and inherent complexity
of the lung; however, recent advances in cell-based therapeutics offer a unique opportunity to enhance
traditional tissue-engineering approaches with targeted site- and cell-specific strategies.
METHODS: Human lungs considered unsuitable for transplantation were procured and supported using
novel cannulation techniques and modified ex-vivo lung perfusion. Targeted lung regions were treated
using intratracheal delivery of decellularization solution. Labeled mesenchymal stem cells or airway
epithelial cells were then delivered into the lung and incubated for up to 6 hours.
RESULTS: Tissue samples were collected at regular time intervals and detailed histologic and immunohistochemical analyses were performed to evaluate the effectiveness of native cell removal and exogenous cell replacement. Regional decellularization resulted in the removal of airway epithelium with
preservation of vascular endothelium and extracellular matrix proteins. After incubation, delivered
cells were retained in the lung and showed homogeneous topographic distribution and flattened cellular
morphology.
CONCLUSIONS: Our findings suggest that targeted cell replacement in extracorporeal organs is feasible
and may ultimately lead to chimeric organs suitable for transplantation or the development of in-situ
interventions to treat or reverse disease, ultimately negating the need for transplantation.
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The growing need for transplantable organs continues to
drive development and expand the capabilities of tissue
engineering and regenerative medicine. The need for a
viable alternative to traditional donor organ utilization is
perhaps most evident in the field of lung transplantation.
For thousands of patients with end-stage lung disease,
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transplantation remains the only option. Despite efforts to
expand the donor organ pool,1−3 the number of lung transplantations performed annually has not risen significantly,
and waitlist mortality continues to rise.4
Recapitulating the complexity of the lung and bioengineering functional tissue capable of gas exchange is challenging. Historically, biomedical engineers have approached this
problem from 2 directions: (i) A bottom-up (or modular)
approach—involving the formation of a bio-inspired microarchitectural unit (e.g., the alveolus), which when scaled can
form complex tissues capable of organ-specific function. The
lung, however, has over 40 distinct cell types,5 and multiple
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tissue types with region-specific composition and function. It
is estimated that 1 cm3 of lung parenchyma contains >170
alveoli.6 Given the size and anatomic complexity of the
human lung, this approach may be best suited for in-vitro
microsystems (e.g., organ-on-a-chip) and have little practical
application in whole-organ bioengineering. (ii) A top-down
approach—involving recellularization strategies using biodegradable, artificial, or decellularized biomimetic scaffolds.
In 2010, whole-organ perfusion-based decellularization was
reported in rodent models.7,8 Although these studies, and subsequent scaled studies using porcine and human lungs,9,10
served as proofs-of-concept that decellularized scaffolds
could support the engraftment of various cell types, transplanted lung constructs failed within hours due to severe pulmonary edema and microemboli within the pulmonary
vasculature. As progress with this approach has been limited,
further study is needed to identify appropriate cell populations and doses capable of regeneration to optimize delivery
strategies and develop more robust bioreactor systems for
whole-organ culture.
Currently, there is considerable interest in investigating
cell-based therapeutics to ameliorate lung injury or treat
disease. Mesenchymal stem cells (MSCs) have been shown
to augment injury recovery through paracrine activity11−13
and mitochondrial transfer,14 and their use is currently
under investigation in a number of human clinical trials. In
addition, investigators have explored the use of pluripotent
cells, which have tremendous potential in treating or reversing the course of lung disease and in bioengineering new
lung tissue. Since the landmark discovery of induced pluripotent stem cells (iPSCs) in 2006 by Yamanaka and colleagues,15 there has been tremendous interest in autologous
cell therapy. Somatic reprogramming and genetic manipulation offers the ability to produce an unlimited supply of
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healthy, patient-specific progenitor cells. In the case of lung
disease, these cells have the potential for use in cell replacement therapy, a process involving the removal of diseased
or damaged cells and subsequent replacement with healthy
progenitors. As seen with hematopoietic cell‒based therapies, even low levels of chimerism can effectively reverse
the disease phenotype.16,17 Similar evidence suggests that a
correction of only 5% to 10% of the airway epithelial cells
in patients with cystic fibrosis may restore normal chloride
secretion.18,19
Herein we assessed the potential for targeted cell
removal and cell replacement therapy using human lungs
unacceptable for transplantation and supported with
ex-vivo lung perfusion (EVLP) (Figure 1A). In addition, to
explore the clinical potential of our approach, we further
characterized unacceptable human lungs and detailed our
EVLP set-up, cannulation techniques, and novel transpleural imaging system for the in-situ visualization of delivered
cells in real time. Our data demonstrate that regional decellularization followed by recellularization using controlled
micro-volume delivery techniques20 in predetermined lung
regions resulted in: (i) selective removal of pulmonary
epithelium; (ii) maintenance of native lung architecture and
retention of essential extracellular matrix components;
and (iii) efficient delivery, topographic distribution, and
attachment of therapeutic cells into targeted lung segments.

Methods
Human lung procurement
To demonstrate the utility of our methods in a clinically relevant
model, we procured human lungs considered unacceptable for
transplant. Lungs were harvested in standard clinical fashion21,22
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Figure 1
Cell replacement in ex-vivo lung bioengineering and envisioned in-situ application. (A) Ex-vivo lung bioengineering and cell
replacement strategy to recover lungs unsuitable for transplantation. (i) Schematic showing human lungs procured and placed on ex-vivo
support enabling regional cell replacement and creation of functionally improved chimeric lungs. (ii) Schematic showing the selective
removal of respiratory epithelium with preservation of native lung and extracellular matrix components followed by therapeutic cell delivery, attachment, and differentiation. (iii) Additional diagnostic and therapeutic interventions enabled by ex-vivo lung perfusion and prolonged extracorporeal support. (B) Envisioned in-situ cell replacement in patients with lung injury or disease. Collection of a patient’s own
cells (1). Somatic reprogramming and genetic modification of patient-derived cells to obtain healthy patient-specific progenitor cells (iPSC)
(2). Delivery of healthy progenitors into targeted lung regions in damaged lungs to treat or reverse the trajectory of disease (3).
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from donors after brain death. The use of human tissue for
research received a waiver from the institutional review board
(IRB) at Columbia University and approval from LiveOnNY
organ donor network.

Characterization of donors with lungs considered
unsuitable for transplantation
A comprehensive review was conducted to identify the literature
published worldwide describing donor characteristics in cases
where lungs were considered unsuitable for transplantation. Analysis only included lungs donated after brain death with no warm
ischemic time and excluded donors with cardiac death. Pooled
data are reported as mean § standard deviation or as number (%).

Lung cannulation
The aortic arch, pericardium, or another large donor vessel was
connected to the left atrial cuff with a running 6-0 Prolene suture
(Ethicon), and a custom 36F crenellated venous drainage cannula
was secured in place with a 2-0 Ti-Cron tie (Covidien). The use
of a “bio-bridge” was adapted from previously described methods
in a porcine model.23 An 18F to 20F pulmonary artery cannula
was secured in place with a purse-string 5-0 Prolene suture, and
the trachea was cannulated with a 7.5-mm cuffed endotracheal
tube (Sheridan).

Ex-vivo lung perfusion
A double-lined organ basin heated with a recirculating warm
saline circuit was placed in the preservation chamber (XVIVO),
equipped with a humidification system and ambient temperature
controls. Lungs were placed in the prone position, and the cannulas were secured. The EVLP technique was based on previously
described methods.24 Thermal images of the lung were captured
using an infrared camera (T430sc; FLIR Systems) EVLP was
conducted for up to 6 hours.

Regional decellularization
Decellularization of target lung regions was achieved by intratracheal delivery of decellularization solution. A mild detergent
solution, previously described,25 containing 8 mmol/liter
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), 0.5 mol/liter NaCl, and 25 mmol/liter ethylene-diamine
tetraacetic acid (EDTA), was introduced bronchoscopically into
targeted bronchopulmonary segments by a custom microcatheter
delivery system. Immediately after withdrawal of the bronchoscope, a 4F to 7F Fogarty occlusion catheter (Edwards Lifesciences) was inflated and left in place to prevent escape of
decellularization fluid from the targeted region. The decellularization solution was allowed to dwell for 1 hour, and was then
replaced with fresh solution for an additional 1 hour before
repeated bronchoalveolar lavage with sterile normal saline.
During airway decellularization, the vascular compartment
remained perfused and in the native condition (i.e., did not
undergo decellularization). To assess the effectiveness of decellularization, lung wedge samples were collected after decellularization and before further intervention, then fixed, embedded,
deparaffinized, and imaged, as previously described.
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Therapeutic cell delivery
Cell delivery was performed using a 3.8-mm flexible bronchoscope
with a 1.2-mm lumen for therapeutic delivery and intervention.
MSCs or airway epithelial cells labeled with carboxyfluoresceinsuccinimidyl ester (CFSE) were delivered locally into targeted
lobes or segments. Subsequent live transpleural imaging of near
infrared-labeled cells was performed using a custom imaging system developed in our lab, consisting of an LED excitation source
(M780L3; Thorlabs), a camera (Zyla 4.2; Andor Technology), and
an objective (Plan N 10 £; Olympus).23 To assess the distribution
and evidence of early engraftment of delivered cells, lung wedge
samples were collected at the conclusion of the experiment, then
fixed, embedded, deparaffinized, and imaged, as previously
described (refer to Supplementary Material available online at
www.jhltonline.org/).

Results
Human lung ex-vivo perfusion
Lungs considered unsuitable for transplantation were procured in standard fashion from donors after brain death
(n = 6). An EVLP platform with integrated circuit elements
was developed and used to provide ex-vivo lungs with
6 hours of normothermic perfusion (Figure 2A and B). The
procedure for cannulation and management of pulmonary
venous drainage is outlined in Figure 3A. A donor vessel
(e.g., aortic arch) or tissue (e.g., pericardium) was used as a
natural bio-bridge to facilitate cannulation of the pulmonary
veins (PVs) (Figure 3B). Next, the pulmonary artery (PA)
and trachea were cannulated (Figure 3A, iii). Target parameters for extracorporeal lung perfusion and ventilation
were: PA pressure, <20 mm Hg; PV pressure, 3 to 5 mm
Hg; flow, 0.2 to 0.4 liter/min, temperature, 36˚ to 38˚C;
respiratory rate, 6 to 8 beats/min; tidal volume, 6 ml/kg;
and fraction of inspired oxygen (FIO2), 40%. Real-time
monitoring and feedback-regulated pressure-limited control
allowed for tight regulation of vascular flow (Figure 2C).
Adjustments in the height differential between the lung and
perfusate reservoir allowed for modulation of hydrostatic
pressure and precise maintenance of the transpulmonary
pressure gradient (Figure 2D).

Donor and lung characteristics
Representative imaging before procurement demonstrated
lobar collapse and consolidation on computed tomography
(CT) scan (Figure 3C, i) and opacities/atelectasis on chest
X-ray (CXR) (Figure 3C, ii). Gross imaging of donor lungs
highlighted lung regions that were not able to be recruited
(i.e., ventilated) during the procurement process (Figure 3C,
iii and iv). Bronchoscopy demonstrated inflammation and
thick copious secretions in the airways (Figure 3C, v and vi),
and periodic acid‒Schiff (PAS) staining of BAL specimens
demonstrated abundant cellular content (Figure 3E). Thermography showed lungs efficiently cooled and placed in the
warm organ basin after flush and cannulation (Figure 3D). At
the start of EVLP, a fluorescent cell viability marker (CSFE)
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Figure 2
Ex-vivo lung perfusion (EVLP) equipment and set-up. (A) Perfusion cart and organ preservation and housing perfusion, ventilation, and imaging equipment for the extracorporeal lung. (B) EVLP circuit diagram with integrated circuit elements. A, airflow probe; H,
heat exchanger; HC, humidified chamber; P, pressure sensor; PA, pulmonary artery; PV, pulmonary vein; Q, flow probe; T, temperature
probe; WB, warm organ basin. Dhreservoir = §45 cm, Dhlung = §32 cm. (C) Flow (liters/min) within PA and PV cannulas of extracorporeal
lung (n = 6). (D) Transpulmonary gradient (TPG), which is the difference between PA and PV pressures (n = 6). All values indicate mean §
standard deviation.

was delivered to the distal lung, where uptake of CFSE
confirmed cell viability (Figure 3F).
To better understand and characterize lungs considered unsuitable for transplantation, a comprehensive
literature review was conducted. Data were combined
from previous reports of brain death donors whose
lungs were unable to be used for transplantation
(Table 1).26−43 Average (mean § SD) donor age was
45.7 § 6.9 years, and 59.8% of the donors were male.
Trauma was the leading cause of brain death (56.8%),
followed by intracerebral hemorrhage (34.2%) and other
causes, such as cardiac arrest with return of spontaneous
circulation (ROSC) or ischemic brain injury (8.9%). Of
those reported, 23.1% of lungs had a significant smoking
history (>20 pack-years), and 6.9% had an underlying
pulmonary disease (e.g., asthma, pulmonary hypertension, emphysema). Lungs, on average, had a partial
pressure of oxygen/fraction of inspired oxygen (PaO2/
FIO2) ratio of 259.18 § 66.92 mm Hg, with abnormal
CXR or suspected pneumonia/infection present in 36.5%
and 26.5% of cases, respectively.

Human lung decellularization
To demonstrate the ability to selectively remove airway
epithelium (Figure 4A), targeted lobes or bronchopulmonary

segments were decellularized by microcatheter delivery of a
decellularization solution (CHAPS).25 Blue dye was added
to allow for bronchoscopic and gross visualization of the
treated area (Figure 4B). Histologic analysis by hematoxylin-and-eosin (H&E) staining demonstrated native lung with
intact respiratory epithelium (Figure 4C, i‒iii) and treated
lung with loss of nuclear staining in distal alveoli and
removal of epithelium in large airways (Figure 4C, iv‒vi;
see also Figure S1A in Supplementary Material online).
Transmission electron microscopy (TEM) showed native
lung covered by type I pneumocyte cell membranes and a
healthy type II pneumocyte (arrow). After decellularization,
TEM revealed the removal of type I pneumocytes and
exposed basement membrane on either side of the blood‒gas
barrier. In Figure 4D (right), a preserved endothelial cell
(star) is shown within a capillary adjacent to an injured type
II cell (arrow) detaching from the basement membrane. Trichrome staining of the lung demonstrated retention of extracellular matrix components, including collagen and elastic
fibers (Figure 4E, i and ii), silver stain demonstrated preservation of reticular fibers (Figure S1B online), and Alcian
blue stain showed retention of sub-mucosal glands and intact
chondrocytes (see Figure S1C online) in decellularized
lung. Immunohistochemical staining similarly demonstrated the retention of basement membrane proteins
collagen IV and laminin in decellularized lung
(Figure 4E, iii−vi). Methods to selectively target small
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Table 1 Characteristics of Donors With Lungs Considered
Unsuitable for Transplantation (n = 756)
Age (years) (n = 432)
Gender (n = 709)
Male
Female
Cause of brain death
(n = 301)
Trauma
Intracerebral hemorrhage
Other
Presence of underlying
lung disease (n = 579)
Smoking history of >20
pack-years (n = 616)
PaO2/FIO2 ratio (mm Hg)
(n = 233)
PaO2 on 100% FIO2
(mm Hg) (n = 49)
Abnormal CXR (edema or
infiltrates) (n = 411)
Suspected PNA or
aspiration (n = 491)
Time on ventilator (hours) (n = 51)
Time from brain death to
procurement (hours) (n = 192)

45.7 § 6.9
424 (59.8%)
285 (40.2%)

171 (56.8%)
103 (34.2%)
27 (8.9%)
40 (6.9%)
142 (23.1%)
259.18 § 66.92
236.17 § 101.26
150 (36.5%)
130 (26.5%)
108.7 § 47.1
36.65 § 14.64

Data are expressed as mean § standard deviation or as number (%)
and were taken from combined analyses from 18 peer-reviewed literature reports. The total number of donors (n) is reported in the left column for each category. CXR, chest X-ray; FIO2, fraction of inspired
oxygen; PaO2, partial pressure of oxygen; PNA, pneumonia.

airway segments are demonstrated on X-ray using a single customized dual-occlusion catheter (Figure 4F, i). In
this approach, the catheter is inserted into the targeted
airway, and the distal balloon is filled to occlusion.
Then the decellularization solution is instilled, and the
proximal balloon is expanded. In addition, the use of
individually steerable micro-occlusion catheters also
allowed for directed therapeutic delivery while isolating
proximal and/or distal areas during decellularization
treatments (Figure 4F, ii), which resulted in the removal
of pseudo-stratified epithelium in targeted airways
(Figure 4F, iii).

Cell delivery and replacement in human lungs
Bronchoscopic cell delivery and the fundamental fluid
mechanical forces acting on cells during deposition along
the airway surface are shown schematically, where the
hydrodynamic behaviors of cells delivered intratracheally
are influenced by the viscous force (FV), gravity (FG), and
lift force (FL) (Figure 5A and B). A simplified force diagram of a spherical particle with diameter d can be applied
to cells given their spherical shape after trypsinization and
resuspension. The buoyant force of the cell is negligible, as
cell density is greater than that of the liquid. As the liquid
plug travels through the airway, suspended cells carried by
the liquid will be deposited onto the airway wall surface.
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Human MSCs cultured in vitro (Figure 5C, i) were labeled
with quantum dots (Figure 5C, ii) or CSFE (Figure 5C, iii),
resuspended, and delivered bronchoscopically to targeted
(non-decellularized) lung regions (Figure 5D). A compact
transpleural imaging system (Figure 5E, i) enabled realtime, non-invasive imaging of delivered cells without the
need for tissue biopsy. Labeled MSCs were visualized
transpleurally immediately after delivery (Figure 5E, ii),
and were found to be widely distributed throughout targeted
regions of the distal lung. Post-procedural analysis of tissue
sections confirmed homogeneous distribution and attachment of MSCs throughout the distal lung (Figure 5F) and
within individual alveoli (Figure 5F, inset). Movement of
delivered cells into the interstitium (see Figure S4A online)
and coexpression with integrin-b1 (see Figure S4B online)
suggested early engraftment.
After decellularization, heterogeneous populations of
pulmonary airway epithelial cells (AECs) were delivered
using microvolume delivery techniques, as previously
described.20,44 In larger proximal airways, a hydrogel comprised of lung extracellular matrix enriched in lung-specific
basement membrane components was delivered before the
AECs to facilitate attachment and counteract the mechanical forces of gravity and ventilation. Post-procedural analysis demonstrated AECs lining larger airways (Figure 5G, i)
and distributed within alveoli in the distal lung (Figure 5G,
ii). Their topographic distribution was confirmed on histologic analysis (see Figure S4C online), and costaining
with collagen IV (Figure 5H; see also Figure S4D online)
demonstrated the retention of a key basement membrane
component after decellularization as well as the importance
of extracellular matrix integrity for the attachment and
integration of newly delivered cells.

Discussion
Worldwide the number of patients with end-stage lung
disease continues to rise,45 and a viable alternative to
traditional transplantation and donor lung utilization is
desperately needed. Cellular therapeutics may play a major
role in solving this problem, and the use of patient-derived
cells circumvents many of the ethical and immunologic
issues related to allogeneic cell‒based therapies.
Over the last decade, there have been significant
advancements in 2 lung-related fields: EVLP and lung bioengineering approaches based on the use of decellularized
scaffolds. Many groups have used the EVLP techniques
and protocols pioneered by Steen and colleagues46 and the
Toronto group24 to support, assess, and recover marginal
quality donor lungs for transplantation.31,47,48 Meanwhile,
the tools and methods for tissue decellularization and
scaffold characterization (e.g., analysis of extracellular
matrix components and biomechanics) have drastically
improved.49,50 However, the de-novo bioengineering of
functional human lungs suitable for transplantation remains
challenging despite advances in these technologies.
To address the challenges of whole-organ bioengineering, we developed an approach to selectively target
and intervene in specific lung regions. Cell replacement
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Figure 3
Donor lung cannulation techniques and donor lung characteristics. (A) (i) Left atrial cuff after removal of the heart allowing
visualization of pulmonary veins (arrow heads). T, trachea; PA, pulmonary artery. (ii) Dissected human aortic arch used for cannulation
and serving as a bio-bridge in the management of pulmomary venous drainage. DA, descending aorta; IA, innominate artery; LSC, left subclavian artery; LCC, left common carotid artery; RCC, right common carotid artery; RSC, right sub-clavian artery. Lung cannulation with
the aortic arch (AA) serving as a bio-bridge and a portion of descending aorta serving as a graft to facilitate the insertion of pulmonary
venous (PV) and arterial (PA) cannulas. Endotracheal tube (ETT) secured within the trachea (iii). (B) Donor tissue options for use as a biobridge. (i) Aortic arch, (ii) abdominal aorta, (iii) pericardium, and (iv) cannulation of lungs using aortic arch or (v) pericardium. (C) Imaging
examples of lungs unsuitable for transplantation before procurement. (i) Computed tomography (CT) scan of chest demonstrating collapse/
consolidation of the right lower lobe and left lower lobe base, and (ii) chest X-ray (CXR) with opacity/atelectasis of the right lower lobe.
(iii, iv) Gross appearance of unsuitable lungs and (v, vi) bronchoscopic view of the airway demonstrating inflammation and removal of a
mucous plug, respectively. (D) Gross appearance (i) and thermography (ii) of human lungs after procurment, cold flush, and placement
within a warm organ basin. (E) Periodic acid‒Schiff (PAS) stain of bronchoalveolar lavage fluid obtained immediately after human lung
procurement. (F) Delivery and uptake of cell viability marker (CFSE) by alveolar cells in the distal lung of unsuitable human donor lungs.

strategies targeting the treatment of only 20% to 25%
may be sufficient to improve lung function and make an
organ suitable for transplantation, or to reverse a specific disease phenotype. This approach addresses many
of the challenges impeding current bioengineering

efforts, including: (i) Scale—the human lung is comprised of roughly 2 £ 1011 pneumocytes51 and 75 £ 109
endothelial cells,52 with over 40 distinct cell phenotypes. Treating smaller lung volumes allows for the use
of fewer cells and the selection of cell types most
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Figure 4
Human lung decellularization, extracellular matrix preservation, and targeted therapeutic approach. (A) Schematic of lung
decellularization demonstrating removal of lung epithelium with preservation of the basement membrane (BM) and extracellular matrix
(ECM). (B) Regional decellularization of the lung (blue dye added for visualization). (i) Bronchoscopic view and (ii) gross appearance after
delivery into the lateral segment of the right middle lobe. (C) Histologic comparison of native and de-epithelialized lung. (i−iii) Hematoxylin-and-eosin (H&E) stain of native lung and (iv−vi) decellularized lung demonstrating removal of lung epithelium (arrows). (D) Transmission electron microscopy (TEM) of native lung demonstrating intact blood‒gas barrier with type II cell (arrow) and decellularized lung
with removal of type I pneumocyte cell membranes, exposure of the basement membrane, detached type II cell (arrow), and intact endothelial cell (star). (E) Retention of ECM components. (i−ii) Trichrome stain showing retention of collagen (blue) and elastic fibers (purple) surrounding airways and vessels (stars) with removal of airway epithelium (arrows). (iii−vi) Collagen IV and laminin immunostaining in
native and decellularized lung. (F) Targeted lung decellularizaiton methods. (i) X-ray imaging showing a double-balloon occlusion catheter
system to treat segments of proximal conducting airways. Treatment area highlighted in blue and marked by arrow. (ii) Dual-catheter use to
occlude 1 lung segment (arrow) while treating or also occluding more distal lung (star). (iii) Histologic analysis of large airway after treatment demonstrating removal of pseudo-stratified columnar epithelium (arrows).

appropriate for targeted delivery locations. In addition,
this addresses the practical challenges related to the
maintenance, expansion, and tumor-forming potential of
pluripotent cells during large-scale production.53 (ii)
Blood gas barrier—most decellularization approaches
are perfusion-based, and therefore necessitate recellularization of both the vascular and airway compartments.
The vascular networks of the lung are among the most
intricate in the human body. The integrity of this interface is vital to proper lung function and constitutes a
major engineering hurdle. Our method of intratracheal
decellularization preserves native lung vasculature
and ensures that delivered cells are supplied with

blood-based nutrients and factors necessary for engraftment and differentiation.54
Our platform enabled delivery, visualization, and attachment of MSCs. Evidence suggests MSCs exert a variety of
immunomodulatory effects and that the use of allogeneic
MSCs is safe. We recognize the limitations of MSCs for recapitulating the normal cellular distribution of cell types within
the lung; however, they serve as an efficient and economical
prototype for other cellular strategies, such iPS or distal basal
cells.55−57 Additional studies are needed to determine optimal
cell doses and delivery route, and whether co-delivery with
other cell types has benefit in the application of bioengineered
constructs. Our regional decellularization technique resulted
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Figure 5
Cell replacement in human lungs. (A) Targeted intratracheal cell delivery and deposition onto airway surfaces. (B) Cell deposition by microvolume liquid plug delivery. Hydrodynamic motion of cells influenced by internal circulatory flow patterns and forces, FL
(lift), FV (viscous), and FG (gravity). (C) Human MSCs (i) cultured in vitro and labeled with (ii) quantum dots (Qdot) or CSFE (iii). (D) Xray image during bronchoscopic delivery (arrow marks distal tip). (E) (i) Transpleural imaging camera used to confirm the (ii) delivery and
distribution of delivered cells. (F) Histologic analysis of delivered MSCs. Global distribution and within a single alveolus (inset). (G) Cell
replacement by targeted delivery of airway epithelial cells (AECs) after decellularization. (H) Collagen IV immunostaining highlighting
retention of a key extracellular matrix component critical for the attachment of cells to the basement membrane. Delivered cells (MSCs and
AECs) demonstrate flattening and morphologic adaptations to surrounding alveoli.

in the selective removal of the airway epithelium while
preserving the pulmonary endothelium and extracellular
matrix (Figure 4; see also Figure S1 online). This approach
resulted in the creation of a lung niche that could support
the attachment of airway epithelial cells in proximal and
distal airspaces (Figure 5; see also Figure S4 online).
Targeted intervention into lobar and sub-segmental regions
as well as segments of proximal conducting airways was
facilitated by the use of custom microcatheters, transpleural
imaging, lung extracellular matrix hydrogel, and balloon
occlusion techniques—representing an integrated systems
approach to tailored lung bioengineering. Aberrancy in
airway epithelium has been linked to pathologic states of
disease,58 and our understanding of disease pathogenesis
and cellular derangement continues to improve. Further
refinements in these techniques and devices will allow for
more localized targeting, and more sophisticated decellularization agents (e.g., toxin-linked or antibody-mediated)
may enable the highly selective removal and subsequent
replacement of specific cell types.

Our study was designed and limited to serve as an initial
proof-of-concept to demonstrate the feasibility of targeted
decellularization and recellularization in extracorporeal
lungs. There are, however, several limitations to the current
study: (i) although techniques and cell interventions were
being refined, investigations into lung function and gas
exchange did not take place, as our EVLP system was based
on acellular perfusate and mechanics was not the focus
of this study; and (ii) cell-level analysis, such as gene
expression and ability to observe differentiation, was not
conducted, given the relatively short duration of time lungs
were maintained on ex-vivo support. Currently, this is a
major limitation in the field and further cell delivery studies
are planned utilizing our cross-circulation platform for
prolonged normothermic support to study cell replacement
therapy over the course of days.
Continued advancement in the field of human lung
bioengineering will require improved physiologic and
biochemical assessment of donor lungs. Currently, there is
no standardized reporting of donor characteristics, and
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the reasons why lungs are not transplantable are often
multifactorial; thus, the true incidence of specific pathology
is difficult to determine. Biochemical markers of alveolar
epithelial barrier dysfunction,59 donor exosome profiles,60
and detailed cytokine analyses61 of donor lungs may
improve donor‒recipient matching, enable better prediction
of outcomes, and help identify lungs most amenable to cell
replacement therapy in the future.
In this investigation we have demonstrated that the
utilization of human lungs unsuitable for transplantation
and supported by EVLP allowed for the development and
refinement of: (i) an integrated lung support platform with
advanced theranostics; (ii) selective removal of native lung
epithelium; (iii) maintenance of extracellular matrix components essential for providing the biophysical and
biochemical cues to therapeutic replacement cells; and (iv)
effective delivery and attachment of therapeutic cells
(MSCs and AECs) into targeted lung regions. These results
suggest that targeted cell replacement in extracorporeal
organs is feasible and may ultimately lead to chimeric
organs suitable for transplantation. Furthermore, as mechanisms for somatic reprogramming and genetic manipulation
of patient-specific cell lines continue to advance, this work
may have profound translational application in patients
during early in-situ interventions to halt or reverse disease
trajectory (Figure 1B), and ultimately preclude the need for
transplantation altogether.
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Additional Methods:
Ex vivo lung perfusion (additional details) – The circuit was primed with preservation solution
(Perfadex) containing heparin 10,000U (Sagnet), cefazolin 500mg (WG Critical Care), albumin
100g, and methyleprednisolone 500mg (APP Pharmaceuticals), de-aired, and connected to the
extracorporeal lung. Initial flow rates were set to 5 – 10% of estimated cardiac output with a target
PA pressure of < 15 mmHg and PV pressure of 3 – 5 mmHg. The circuit and lungs were allowed
to acclimate to ambient temperature and slowly warmed to 37°C over ten minutes. Ventilation
was initiated within the first 10 minutes of perfusion with the following initial settings: volume
control mode, respiratory rate 6 – 8 bpm, tidal volume (TV) 6 – 8 mL/kg, positive end-expiratory
pressure (PEEP) 5cm H2O, and FiO2 40% (Oxylog 3000 plus; Dräger). Atelectatic lung regions
were recruited by increasing TV, PEEP (up to 10 cm H2O), and by performing inspiratory hold
maneuvers (up to 25 cm H2O).
Immunohistochemical staining – Sample collection was conducted using a surgical stapler with
medium/thick reloads. Specimens were immediately fixed in cold phosphate-buffered 4%
paraformaldehyde for 48–72h, embedded in paraffin, and sectioned at 3–5 µm thickness. Lung
sections were de-paraffinized, subjected to boiling citrate buffer (pH 6.0) for antigen retrieval, and
blocked with 10% normal goat serum in PBS for 2 hours at room temperature. Primary antibodies
were added and incubated for 12 hours at 4°C, or 4 hours at room temperature. Secondary
antibodies were diluted 1:200 and incubated for 1 hour at room temperature for all stains. Sections
were mounted in Vectashield Mounting Medium with DAPI (Vector Laboratories), coverslipped,
and imaged with an Olympus FSX100 microscope or Olympus BX61VS virtual slide microscope.
Additional sections were stained for silver reticulin, Alcian blue (pH 2), and trichrome by the
histology service Department of Molecular Pathology at Columbia University.
Transmission electron microscopy – Lung samples were fixed with 2.5% glutaraldehyde in 0.1M
Sorenson’s buffer (pH 7.2). Samples were then post-fixed with 1% OsO4 in Sorenson’s buffer for
1 hour. After dehydration, tissues were embedded in Lx-112 (Ladd Research Industries). Thin
sections were cut on the PT-XL ultramicrotome at 60 nm thickness. Sections were stained with
uranyl acetate and lead citrate and examined under a JEOL JEM-1200 EXII electron microscope.
Images were captured with an ORCA-HR digital camera (Hamamatsu) and recorded with AMT
Image Capture Engine.
Delivery of human mesenchymal stem cells – Isolation and culture of mesenchymal stem cells
followed protocols previously published by our group(1, 2). In brief, adipose derived MSCs were
obtained from human lipoaspirates (fully de-identified commercially available samples; LaCell).
MSCs were tested to confirm trilineage differentiation and found to express MSC surface markers,
according to established protocols(3). Extensive proteomic and metabolomic analyses and
description of cell behavior of the cell population used in this study has previously been
reported(1). Cells were cultured and expanded up to passage 3 before use. At the time of the
experiment, cells were trypsinized, counted with the Countess Automated Cell Counter
(Invitrogen), and re-suspended in PBS at a final concentration of 2.0 × 107 cells/mL for labeling
with CSFE (Abcam) or carboxyl Qdot solution (Invitrogen) according to the manufacturers’
instructions. Cells were delivered at the start of EVLP to provide up to 6 hours incubation time
within the lung. Delivery was carried out in multiple 500 µm volumes, with periods of ventilation in
between(4), total volume of delivery varied from 1–10 mL (proportional to the size of targeted lung
tissue).
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Delivery of human airway epithelial cells – Following decellularization, shake tests of BAL fluids
were conducted to confirm the removal of residual detergent before the introduction of cells. In
this study, commercially available cryopreserved human small airway epithelial cells (Lonza) were
utilized. These cells are obtained from distal lung regions (bronchioles up to 1mm) of normal
human lung. Methods for cell collection and isolation have been previously described(5, 6), as
well as analysis of cell composition and gene expression(7, 8). This cell population is capable of
mucin production, cilia formation, and the development of high transepithelial electrical resistance
(an indirect measure of formation of tight junctions)(9). Cultured cells were passaged by
trypsinization, labeled with CFSE according to the manufacturer’s instructions, and re-suspended
at a concentration of 5 – 10 × 106 cells/mL. Cells were delivered at the conclusion of
decellularization, providing 4 hours incubation time within the lung. Cells were delivered in
hydrogel (East River Bio.) – a lung-specific extracellular matrix hydrogel to facilitate cell
attachment and engraftment in proximal airways. Delivery was carried out in multiple 500 µm
volumes, with periods of ventilation in between(4), total volume of delivery varied from 1–10 mL
(proportional to the size of targeted lung tissue). To assess the distribution and attachment of
delivered cells, lung wedge samples were collected at the conclusion of the experiment, fixed,
embedded, de-paraffinized, and imaged, as previously described.
Thermography – Thermal images of donor lungs were captured following lung procurement, flush
and selected time points throughout the EVLP procedure using a T430sc infrared camera (FLIR)
and ResearchIR v. 4.40.6 software (FLIR).

Supplementary Text:
EVLP Strategy
Our group previously demonstrated prolonged extracorporeal support of lungs beyond 36 hours
utilizing a cross-circulation platform with flow rates of 5-10% of cardiac output. With this approach
we demonstrated the maintenance of lung function along with cell viability(10). It is our practice
and working hypothesis that protective ventilation in combination with a reduced flow rate is
protective during EVLP (and provides sufficient support to maintain cellular viability and function),
and that the gradual ramp-up to 40% of cardiac output can be safely implemented prior to
transplantation. Further work is needed to validate this approach and elucidate its potential
benefits and pitfalls.
Decellularization technique
We previously reported methods and results of single lung airway de-epithelialization (i.e., airway
decellularization) utilizing EVLP in a rat model. Decellularization of the airways resulted in the
reduction of DNA by 23.4%(11). Given the composition of rat lungs (43% endothelium, 32%
interstitial, 22% epithelial)(12), the treatment effect was largely confined to the epithelium. This
technique has also been used in a swine model with lungs on cross-circulation. Deepithelialization resulted in the removal of pulmonary epithelium, preservation of underlying
vasculature and ECM, and had no adverse effects on overall lung function or stability/safety of
the host(10).
Here we describe decellularization of human lungs on EVLP, targeting the epithelium within
specified and localized lung regions. Comprehensive histologic analysis of decellularized lung
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regions demonstrated retention of lung structure, underlying pulmonary endothelium, and the
retention of key extracellular matrix components (Fig. 4, Sup. Fig. 1).
Cell delivery and attachment
In vitro MSCs display a fibroblast-like morphology (Sup. Fig. 2A,B). When preparing cells for
delivery they are subjected to trypsinization, after which cells are placed in suspension. Following
this process, cells display a distinctly round morphology (Sup. Fig. 2C). To observe the
appearance and behavior of non-viable cells delivered into the lungs a series of control
experiments were carried out. MSCs were treated with benzoanse (an endonuclease) and
delivered and allowed to incubate in the lung utilizing the same methodology and under the same
conditions as previously described. Following sample collection, fixation, sectioning, and staining,
very few cells were observed and retained within the lung. Cells that did remain were observed
as unattached single cells (Sup. Fig. 3A, i) or as cellular aggregates (Supplementary Figure 3a,
ii). These non-viable, unattached cells maintain a rounded morphology.
MSCs and AECs delivered into targeted regions of human lungs on EVLP demonstrated several
key morphologic changes that support the conclusion that cells attached and integrated with their
environment. MSCs and AECs are seen throughout targeted lung segments, and in high
concentrations. Cells demonstrate flattening and morphological adaptations (Fig 5; Sup. Fig. 4)
which were not observed in control experiments (Sup. Fig. 3). Col IV staining highlights the
retention of a key extracellular component, and its close approximation to cells attached. Cells
located within the interstitium (Supplementary Figure 4A), and Integrin- β1 staining
(Supplementary Figure 4B) provide further supporting evidence of cell viability, function, and
engraftment.
In an attempt to further characterize delivered cells, transmission electron microscopy (TEM) was
iteratively attempted on regions of recellularized epithelium, however, technical challenges limited
the success of these efforts. The extremely small sample size (~ 1 mm) required for TEM
sectioning and imaging constrained the areas of analysis and prohibited extensive assessment
of recellularized lung regions. Furthermore, identification via TEM of exogenous cells (e.g.,
epithelial or mesenchymal stem cells delivered into the lungs) is immensely difficult given the
relatively small number of delivered cells compared to the vast number of endogenous cells. As
a result, our group developed a transpleural microscopic imaging system with fluorescence
capabilities to microscopically visualize and analyze delivered cells across much larger regions
of the lung. Lastly, TEM lacks the ability to easily label/stain and verify native versus exogenous
(i.e., delivered) cells. For these reasons, TEM following cell delivery was not included in the
analyses of this paper. The further refinement and development of advanced imaging modalities
will undoubtable contribute to our understanding of cell delivery into the lung.
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Supplementary Figure 1 | Human lung decellularization. Histologic comparison of native and decellularized lung. (A)
H&E of native and decellularized lung demonstrating removal of airway epithelium (arrows). (B) Silver stain of native and
decellularized conductive airways (i-ii) and native and decellularized distal alveoli (iii-iv) showing preservation of reticular
fibers following decellularization and removal of airway epithelium (arrows). Blood vessel indicated by asterisk. (C) Alcian
blue stain of native and decellularized lung demonstrating removal of airway epithelium (arrows) and retention of
submucosal glands and intact chondrocytes in airway cartilage (inset) following decellularization. (D) Transmission
electron microscopy (TEM) of decellularized lung. Arrows indicate fragments of damaged epithelium. Capillary indicated
by asterisk. BM, basement membrane; EN, endothelium; INT, interstitium.
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Supplementary Figure 2 | MSCs in culture and suspension. (A) Brightfield image of MSCs in culture, demonstrating
fibroblast-like morphology. (B) Fluorescence image of MSCs cultured on coverslips (Grace Bio-labs), labeled with Qdot,
and stained with DAPI. (C) MSCs labeled with Qdot and stained with DAPI shown following trypsinization and suspension.
Cells display a distinctly round morphology.
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Supplementary Figure 3 | MSC delivery control. (A) Control MSCs treated
with benzonase (an endonuclease), labeled with CSFE, and delivered into the
lung. (i) Non-viable cells maintain a rounded morphology (similar to cells in
suspension) and are observed unattached and floating in alveoli. Lack of DAPI
staining observed in cells treated with benzonase (arrows). (ii) Aggregated
cluster of cells observed in the lung. Cells fail to attach or migrate following
delivery.
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Supplementary Figure 4 | Cell attachment and integration following delivery. (A) Fluorescence imaging with brightfield
overlay of delivered MSCs into human lungs; cells demonstrate morphologic changes adapting to alveolar geography with
evidence of migration into the interstitium (arrows). (B) MSCs delivered into human lungs, co-localized with integrin β-1 . (C)
AECs delivered into human lungs, location of delivery and relation to alveolar architecture. Alveoli marked by dotted white lines.
(D) Collagen IV immunostaining highlighting retention of a key extracellular matrix and direct proximity to attached exogenously
delivered AECs.

