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ABSTRACT

The catastrophic global effects of the SARS-CoV-2 pandemic highlight the need to develop novel therapeutics strategies to prevent and treat viral infections of the
respiratory tract. To enable this work, we need scalable, affordable, and physiologically relevant models of the human lung, the primary organ involved in the
pathogenesis of COVID-19. To date, most COVID-19 in vitro models rely on platforms such as cell lines and organoids. While 2D and 3D models have provided
important insights, human distal lung models that can model epithelial viral uptake have yet to be established. We hypothesized that by leveraging techniques of
whole organ engineering and directed differentiation of induced pluripotent stem cells (iPSC) we could model human distal lung epithelium, examine viral infection
at the tissue level in real time, and establish a platform for COVID-19 related research ex vivo. In the present study, we used type 2 alveolar epithelial cells (AT2)
derived from human iPSCs to repopulate whole rat lung acellular scaffolds and maintained them in extended biomimetic organ culture for 30 days to induce the
maturation of distal lung epithelium. We observed emergence of a mixed type 1 and type 2 alveolar epithelial phenotype during tissue formation. When exposing our
system to a pseudotyped lentivirus containing the spike of wildtype SARS-CoV-2 and the more virulent D614G, we observed progression of the infection in real time.
We then found that the protease inhibitor Camostat Mesyalte significantly reduced viral transfection in distal lung epithelium. In summary, our data show that a
mature human distal lung epithelium can serve as a novel moderate throughput research platform to examine viral infection and to evaluate novel therapeutics ex
vivo.
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1. Introduction
SARS-CoV-2, the coronavirus that causes COVID-19, has claimed the

lives of 5.9 million people worldwide while infecting more than 400
million patients. The necessary development time of vaccines and the

emergence of SARS-CoV-2 variants highlight the significant lag and
limited adaptability of the vaccine approach and the need for novel
therapeutics. Among all causes of mortality, acute respiratory failure
(ARF) with diffuse alveolar damage was found in most patients [1, 2]. To
investigate how to intervene in this disease process and to inhibit
various steps of the SARS-CoV-2 lifecycle, we need a universally avail-
able, affordable, scalable, and yet physiologically relevant platform
simulating the human respiratory tract. Recently, several groups re-
ported the application of human lung cells [3, 4], organoids [5-8], and
organ-on-a-chip microfluidic systems [9-13] for the study of
SARS-CoV-2 infection and induced immune responses. However, the
discrepancies between these platforms and native human lung make it
hard to recapitulate the pathophysiological behavior of SARS-CoV-2
virus during infection. SARS-CoV-2 employs Angiotensin-converting
Enzyme-2 (ACE2) as a receptor for cellular entry [3], the expression of
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which is abundantly distributed throughout the human lung epithelium
[14], including alveolar type 1 (AT1) and 2 (AT2) cells and small airway
epithelial cells [15]. In native lungs, AT1 cells are essential for gas ex-
change and barrier formation, while AT2 cells secrete surfactant to
support fluid balance and also function as the progenitor population for
AT1 cells to maintain tissue homeostasis [16]. Autopsies have shown
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that both cell types are depleted in the context of SARS-CoV-2 infection,
and that there is evidence of trans-differentiation and attempted
epithelial repair between those cell types [17]. Human lung epithelial
cells that exhibit AT2 cell identity can be generated from iPSCs and
expand as alveolar epithelial spheres in Matrigel [18, 19]. However, the
in vitro formation of human distal lung epithelium mimicking mature gas
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Fig. 1. Recellularization and extended organ culture of EMLs. a. Inmunofluorescent images of alveolar spheres show the expression of lung epithelial marker
protein Nkx2.1 and CDH1, AT2 marker protein ProSPC and SPB. Scale bar = 10 pm. b. Rat lung decellularization chamber and bioreactor for extended organ culture.
Black arrows point at pulmonary artery (PA) cannulas, white arrow points at trachea cannula. ¢. Schematic of the biomimetic culture system show the bioreactor
design and roller pump layout. d. & e. Overview of scaffold seeding, culture, medium change and sample collection strategies. The order for lung biopsies are shown
in Supplementary Table 1. f. Representative H&E images show the structure of cross-sections of engineered rat lungs after 6, 12, 18, 24, and 30 days of extended
organ culture. Scale bar = 200 pm. g. Representative H&E images showing the structure of fetal human lungs at week 12, 15, 18, 26, 34, and neonatal stages. Scale
bar = 200 pm. h. Morphometric analysis showing average alveolar number of EMLs at organ culture day 30 and fetal/neonatal human lungs per 700 pm x 252 pm
fields (n = 3 individual lungs for each stage). i. Comparison of average alveolar size of EMLs at organ culture day 30 and fetal/neonatal human lung (n = 3 individual
lungs for each stage). The increase of alveolar number and the decrease of average alveolar area from pseudoglandular to canalicular stages indicated the expansion
of distal airways, while the decrease of alveolar number and increase of average alveolar size from canalicular to saccular stage correlated well with the onset of
liquid and/or air ventilation during development [57].
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exchange tissue containing both AT1 and AT2 cells has not been
accomplished to date.

By following existing differentiation protocols with modifications,
we generated alveolar spheres from human iPSCs and seeded single
alveolar epithelial cells (AECs) onto acellular whole rat lung matrixes,
then successfully engineered human distal lung epithelium through
extended biomimetic organ culture (extended organ culture). Analysis
of the regenerated tissue confirmed extensive re-epithelialization with
architecture and morphology like that seen in early-stage lung devel-
opment. Gene expression analysis showed the presence of AT2 and AT1
phenotypes on engineered lungs.

Our engineered miniature lungs (EML) can be used as a compre-
hensive SARS-CoV-2 infection and pathogenesis model. However,
infecting these engineered organs with the replication competent virus
requires access to a biosafety level 3 laboratory. Due to this limitation,
we used a Spike protein pseudotyped, single round lentiviral vector to
infect our EML. This virus is unable to recapitulate the entire lifecycle of
SARS-CoV-2. However, many of the current therapeutic agents
(including monoclonal antibodies and neutralizing antibodies stimu-
lated by the vaccines) target the entry step. Therefore, EML infected with
Spike pseudotyped virion can be used to examine the entry step of SARS-
CoV-2 and evaluate various therapeutic agents that target this critical
step of the viral lifecycle. Using this system we confirmed that the viral
entry to distal epithelial tissue is ACE2 dependent. We further compared
the entry efficiency of the D614G variant of SARS-CoV-2 compared to
the original Wuhan strain and examined the ability of two protease in-
hibitors to block the infection of the engineered epithelium. The present
dataset shows that EMLs can bridge the gap from iPSC derived distal
lung cells and organoids to more mature distal lung epithelium and
provide a physiologically relevant model for the study of the SARS-CoV-
2 viral pathobiology and the evaluation of therapeutic interventions.

2. Results

2.1. Characterization of human lung epithelium in engineered miniature
lungs

Purified alveolar epithelial cells derived from BU3-NGST cells were
embedded in Matrigel drops for expansion. The expression of the
epithelial cell marker E-Cadherin (E-Cad, CDH1), the lung progenitor
marker NKX2.1, and the AT2 cell markers Pro-SPC and surfactant pro-
tein B (SPB) were confirmed by immunofluorescent staining (Fig. 1a),
indicating that AECs generated from human iPSCs indeed exhibited
features of AT2 cell identity in vitro. In preparation for cell seeding,
acellular rat lungs were cannulated via trachea and pulmonary artery
(PA), enabling cell seeding via airway and constant media perfusion via
the pulmonary vasculature (Fig. 1b&c). Rat lungs were each seeded with
20 million AECs and were maintained in extended organ culture for 30
days (Fig. 1d&e). One lobe of each regenerated lung was removed every
6 days for analysis (Supplementary Table 1). We observed increasing
epithelial coverage over the culture duration, suggesting continuous
proliferation of AECs on scaffolds (Fig. 1f, Supplementary Fig.1a). His-
tologic analysis of the engineered lung at later stages of culture, such as
24 and 30 days, revealed an increasingly organized distal lung epithe-
lium (Fig. 1f). To better understand the level of maturity and to match
engineered lungs with human developmental stages, we obtained fetal
and neonatal human lungs from pseudoglandular, canalicular and
saccular stages. We observed comparable morphology of engineered
lungs at culture day 30 to late canalicular to early saccular stage human
lung tissue (Fig. 1g), showing the formation of distal airway and the
completion of branching morphogenesis [20, 21]. Histologic analysis of
fetal/neonatal rat lung supported a similar conclusion (Supplementary
Fig.1b). We then calculated the average area and number of alveoli in
fetal/neonatal human lungs and engineered lung at 30 days of extended
organ culture. Via morphometric analysis, we observed that alveolar
size in engineered lungs gradually increased over the culture duration,
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ultimately reaching metrics comparable to fetal/neonatal human lung at
late canalicular to early saccular stages (Fig. 1 h&i). Immunofluorescent
staining of engineered lungs showed the persistent expression of Nkx2.1,
CDH1, ProSPC, and SPB throughout organ culture (Fig. 2a&b).
Compared to in vitro cultured AECs, engineered lung tissue showed a
higher expression of CDH1 throughout the culture duration, and initially
equivalent levels of Nkx2.1, which decreased towards to end of culture
(Fig. 2c). The expression of ProSPC was slightly lower in engineered
tissue, while SPB was comparable to AECs. As a point of reference, we
analyzed expression of Nkx2.1, CDH1, ProSPC, and SPB in fetal/neo-
natal lungs at different developmental stages (Fig. 2d&e). The observed
gene expression pattern of developing alveoli further indicated that re-
generated lungs resemble canalicular stage human lungs to a certain
extent.

2.2. Engraftment and proliferation dynamics of AECs in engineered
miniature lungs

After an initial engraftment period, we observed stable AEC prolif-
eration over the culture duration with an increase of Ki67 expression
from day 6 to day 18 and 24, and a slight decrease at day 30 (Fig. 3a and
b). QRT-PCR confirmed that the expression levels of Ki67 were lower at
day 6 and day 30, the beginning and end of organ culture, than day 12,
18, and 24 (Fig. 3c). TUNEL staining of lung samples showed consis-
tently low number of apoptotic cells (<10%) throughout the culture
duration (Supplementary Fig.1c). These results demonstrated the
compatibility of acellular scaffolds and AECs, and a stable cellular pro-
liferation of AECs after engraftment. Corresponding to cell proliferation,
we observed a steady increase of epithelial coverage over the culture
duration, which ultimately reached 82.04% =+ 8.89% at day 30 (Fig. 3d).
To correlate morphologic data with viable cell quantification, we per-
formed a Resazurin based metabolic assay before each biopsy [22]. At 6
days after seeding of 20 M cells, 32.88 + 7.61 M viable cells were found
in engineered lungs, and the number reached 99.89 + 3.14 M by the end
of 30 days extended organ culture (Fig. 3e). Glucose consumption and
lactate production in culture medium both confirmed the continuous
proliferation of metabolically active AECs in EMLs (Fig. 3f&g). The
levels of pH, pO2, and pCO, remained within healthy limits, but showed
a slight trend towards under-perfusion towards the end of culture
(Supplementary Fig.1e).

2.3. Emergence of AT1 cells during epithelial maturation

AT2 cells are the progenitor cells of AT1 cells in fetal lung devel-
opment and homeostasis [23, 24]. After engraftment of a pure AT2 cell
population, we observed emergence of Aquaporin 5 (AQP5) expressing
cells, the majority of which had no SPB expression, while some showed
co-expression of both markers (Fig. 4a). The number of AQP5 expressing
cells increased while their morphology changed from cuboidal to
squamous over the course of the culture duration (Fig. 4a). This may
indicate that trans-differentiation of AT2 cells towards an AT1 fate may
have occurred. We further observed expression of the human AT2 cell
marker protein HTII-280 in a minority of cells at later organ culture days
with an average of 0.030% =+ 0.012% (Fig. 4b). A similar shift in number
and phenotype of AQP5, and HTII-280 positive cells was observed in
fetal and neonatal human lungs further supporting the engineered lung’s
resemblance to canalicular to saccular stage human lungs (Fig. 4c and
Supplementary Fig. 2a and b). 3D reconstructions of tissue after 30 days
of culture show that engineered epithelium consisted of well-organized,
intact alveoli with broad expression of SPB, and luminal expression of
AQP5 suggesting a mixed AT1 and AT2 phenotyped epithelium in EMLs
(Fig. 4d).

To quantify cell fate conversion during tissue formation, we recorded
the number of cells that were expressing only AQP5, SPB, or co-
expressing both markers in engineered miniature lungs over time. As
shown in Fig. 4e, the ratio of AQP5 expressing cells increased from day 6
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Fig. 2. Phenotypic Characterization of EML tissue. A. Imnmunofluorescent images show the stable expression of Nkx2.1 and CDH1 in EMLs throughout extended
organ culture. Scale bar = 100 pm. b. Immunofluorescent staining showing the stable expression of ProSPC and SPB in EMLs through extended organ culture. Scale
bar = 100 pm. c. Quantitative RT-PCR gene expression analysis of Nkx2.1, CDH1, ProSPC, and SPB in EMLs through extended organ culture. Gene expression levels
were normalized to the housekeeping gene beta-actin, and presented relative to in vitro cultured AECs. c¢. Immunofluorescent images showing the expression of
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to day 24, while the ratio of SPB expressing cells and double positive slightly during culture, while AQP5 remained stable (Supplementary
(DP) cells remained stable during culture. Measurement of fluorescence Fig.1g). We correlated fluorescent area with mean fluorescent intensity
intensity showed that while the epithelial coverage rate increased to calculate the integrated density, which showed increase of both SPB
constantly during culture, the fluorescent area of SPB and AQP5 had also and AQPS5 in engineered tissue during organ culture (Fig. 4f and g). QRT-
increased (Fig. 4f). The mean fluorescent intensity of SPB decreased PCR results further suggested the appearance of AT1 phenotyped cells
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upon extended organ culture by showing that several AT1 markers,
including AQP5, Podoplanin (PDPN), and HOPX, all significantly
increased during organ culture (Fig. 4e).

2.4. Protease inhibition of SARS-CoV-2 viral entry

To test the validity of engineered miniature lungs as a discovery tool
in COVID-19 related research, we studied the viral entry of SARS-CoV-2
in 3D culture and its inhibition with protease inhibitors. SARS-CoV-2
viral entry into lung epithelial cells depends on the cell surface recep-
tor angiotensin-converting enzyme 2 (ACE2) [3]. As a first step, we
confirmed ACE2 expression in BU3-NGST alveolar spheres and engi-
neered lung at day 30 of extended organ culture (Supplementary
Fig. 3a). We then generated a Spike protein pseudotyped GFP-expressing
lentivirus to mimic the viral entry process. To avoid the conflict of
Nkx2.1-GFP marker protein expression with GFP expressing pseudo-
typed virus, we derived a second AEC line from human iPSC SPC2 for the
following experiments. SPC2 alveolar spheres showed comparable gene
expression levels of ACE2 and TMPRSS2, a protease essential for Spike
protein priming, and showed expression of AT2 cell marker genes
(Supplementary Fig. 2b and c). We therefore proceeded to seed whole
rat lung scaffolds with SPC2 AECs as described and cultured the
resulting constructs for 26 days at which point viral infection was

induced via tracheal instillation (Fig. 5a&b). H&E staining showed
epithelial tissue morphology before and after virus infection as
described above (Supplementary Fig.2d). Inmunofluorescent staining of
GFP and ACE2 in regenerated lung showed that the majority of GFP and
ACE2 expression was co-localized, while GFP signals could be observed
in live cultured lungs (Fig. 5c&d). A concerning feature of SARS-CoV-2 is
its ability to mutate. These viral variants could pose a challenge towards
development of effective therapeutic agents. An early amino acid change
in the Spike protein of some strains of SARS-CoV-2 was identified early
in the pandemic. This variant, labeled D614G has become the dominant
form globally since March 31, 2020. In vitro experiments have shown
that this mutation confers an evolutionary advantage to the virus by
increasing viral entry [25, 26]. In our model of engineered miniature
lungs, we studied if the D614G mutation alters the entry efficiency of the
SARS-CoV-2 [25, 26], and if the infection could be blocked by known
protease inhibitors [3, 4]. We cultured EMLs for 24 h with or without 50
pM Camostat Mesyalte at a concentration found to be effective on 2D
cultured AECs (Supplementary Fig. 3a, b, d). We then infected EMLs
with either wildtype (WT) or D614G viruses while keeping Camostat
Mesyalte in culture medium (Fig. 5e). Immunostaining showed that
although the expression of cellular receptor ACE2 remained the same
across EMLs, pre-treatment with Camostat Mesyalte significantly
blocked the viral entry in both WT and D614G virus-infected lungs
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(Fig. 5f). As expected, non-treated D614G virus infected lungs overall (Fig. 5g, Supplementary Fig.3e). By testing different exposure and in-

showed more GFP + cells than non-treated WT virus infected lungs cubation times of Camostat Mesyalte on both 2D cultured AECs and
(Fig. 5f). The infection of pseudotyped viruses and the addition of EMLs, we had confirmed that pre-treatment of this small molecule
Camostat Mesyalte did not change the identities of AECs on engineered together with co-incubation during viral infection inhibited viral entry
lungs as shown by the immunostaining of AEC marker proteins (Sup- most significantly (Supplementary Fig. 3e and f). At last, we analyzed if
plementary Fig.3c). Flow cytometry analysis of GFP + cells in single the entry of pseudotyped viruses in EMLs was restricted to epithelial
cells isolated from regenerated lungs further proved this conclusion cells of a certain phenotype. Immunostaining showed that GFP signal
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could be detected in both AQP5 expressing, and SPB expressing
epithelial cells, indicating that AECs exhibiting AT1, AT2, or interme-
diate phenotypes were susceptible to infection by both pseudotyped
viruses, either WT or D614G (Fig. 5h, Supplementary Fig.4a). We
quantified the ratio of GFP expression in AQP-+, SPB+, DP, and all cells,
the result showed no significant differences of viral infection efficiency
between different cell populations (Fig. 5i). In all engineered lungs
infected by either WT or D614G, with or without Camostat Mesyalte, we
observed ACE2 expression among all cell populations as well, indicating
the SARS-CoV-2 pseudotyped viral infection was mediated by ACE2 in
AECs with AT1 phenotype as well as AT2 phenotype (Supplementary
Fig.4b).

3. Discussion

The worldwide COVID-19 pandemic has cost over 6 million lives and
continues to challenge health care systems and humanity across the
globe. While various vaccines have shown drastic effects on preventing
COVID-19 infection and reducing its severity, the discovery of effective
novel forms of treatment of COVID-19 has lagged behind. To study this
devastating disease and its pathophysiology, in vitro models mimicking
human lung tissue including 3D cultured organoids [5-8], air-liquid
interface cultured epithelium [11, 27-29], and lung-on-a-chip models
[9-13] have provided valuable research platforms. However, none of
these replicate the structure of human lungs, therefore limiting the
ability to simulate and analyze critical events during and after COVID-19
infection, including the primary infection, disease progression and the
related pathophysiology of airway cells [30]. We have learned that the
Spike protein of SARS-CoV-2 mediates binding to ACE2 to enter target
cells. ACE2 is an important regulator in the renin-angiotensin-system
(RAS) and plays crucial role in SARS-CoV induced lung injury [31,
32]. Similarly, SARS-CoV-19 uses ACE2 as a receptor for cellular entry
[33, 34], the expression of which had been found in lung AT2 cells [35].
Autopsy samples showed that diffuse alveolar damage was found in
many severe COVID-19 patients, while pulmonary alveolar regeneration
led by AT2 cells was observed in some survivors [1, 2, 36]. Currently
available 2D and 3D models built on primary or iPSC derived cells have
not reached functional maturity of a mixed AT1/AT2 cell epithelium and
therefore cannot simulate epithelial infection, damage, and repair.

Over the past decade, several groups have developed and refined
organ engineering techniques based on perfusion decellularized lung
scaffolds [37]. While engraftment of epithelial cells has been described,
to date no mature epithelial phenotype and morphology has been
detected in engineered tissue constructs [38, 39]. Recently, improved
differentiation efficiency of lung epithelial cells derived from human
iPSCs has been described, yet extensive distal lung tissue formation and
surfactant secretion has yet to be obtained [40].

In the present study we aimed to show that iPSC derived AECs can be
engrafted on rat lung scaffolds to form engineered miniature lungs.
When cultured over extended time, iPSC derived AECs mature formed a
stage corresponding to the pseudoglandular stage [41] featuring an
epithelium corresponding to late canalicular to early saccular stage with
a gradually increasing number of AQ5 expressing AT1 phenotyped cells
and HTII-280 expressing AT2 cells. Aquaporin 5 expression identifies
AT1 cell fate [42], yet additional work is required to fully understand
this emerging cell type during tissue formation in EMLs. To date, no in
vitro differentiation protocol for the generation of AT1 cells from human
iPSCs has been reported. Our results indicate that the process of tissue
formation on acellular scaffolds may contribute signals that drive cell
fate conversion from an AT2 to an AT1 phenotype. HTII-280 had been
found to be a human AT2 cells specific surface marker protein [43], and
had been widely used for purification of primary AT2 cells from donor
human lungs [19, 44, 45]. It is developmentally regulated, and the
expression level increases with gestation weeks [43]. The expression of
HTII-280 has not been described in human iPSC derived alveolar spheres
[18, 19, 46]. Our data further showed the expression of ACE2 in a large
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number of isolated AECs, and confirmed that Spike protein mediated
viral entry is ACE2 dependent in both isolated AECs and EMLs.

The emergence of SARS-CoV-2 variants worldwide may affect the
clinical impact on patients and the efficiency of vaccines developed to
date [47]. To examine the usefulness of our model in studying this shift,
we tested if the infection efficiency would be noticeably impacted by a
known more contagious variant. The D614G variant significantly
increased the efficiency of viral entry in both AECs cultured in spheres
and EMLs, in line with previous in vitro and in vivo observation [25, 26].
We further examined whether the infection could be blocked by three
reported protease inhibitors that had been shown to block ACE2
dependent SARS-CoV-2 virus entry [3, 4]. Camostat Mesyalte
pre-treatment indeed blocked viral entry in cultured SPC2 AECs while
E64-D and Apilimod had a much more subtle effect. The Cathepsin L
inhibitor E64-D has been reported to have a significant role inhibiting
SARS-CoV-2 infection [3, 48], while Apilimod as a PIKfyve kinase in-
hibitor has been shown to antagonize both virus entry and replication
[4, 49]. This discrepancy may be related to cell line specific differences
and may indicate the role of alternative ACE2 independent infection
mechanisms. To reduce the necessary biosafety level, we chose to utilize
a pseudotyped lentivirus to study viral entry as the very first step of virus
infection. In our study, virus was applied through trachea to resemble
the primary route of infection in COVID-19 patients, while the inhibitor
was added to the culture medium and delivered to the whole lung
through pulmonary perfusion. After infection, we analyzed the ratio of
infected GFP + cells in AECs exhibiting AT1, AT2, and AT1/2 pheno-
types. We observed no significant differences of viral infection amongst
the various populations, while we detected ACE2 expression in all cell
types. SARS-CoV-2 infection in AT1 cells as well as AT2 and interme-
diate cells had been reported in patients who succumbed to COVID-19
[17], which is in line with our finding on EMLs. The expression of
ACE2, the mediator of SARS-CoV-2 virus, in AT1 cells is somewhat
controversial as recently shown by recent reports of single cell RNA
sequencing projects of human lungs [15, 50]. Additionally, ACE2
expression was found by immune staining in both AT1 and AT2 cells
[51]. Our study confirmed ACE2 expression in human iPSCs derived AT1
phenotyped cells. These could further be infected by pseudotyped
SARS-COV-2 virus, indicating the entry of SARS-CoV-2 in AT1 cells may
be mediated by ACE2 similar as in AT2 cells.

In summary, human EMLs represent a novel small-scale model of
human lungs enabling the study of viral infection and evaluation of
novel treatment options in vitro. The use of fully competent virus and a
fully endothelialized system may further enable examination of physi-
ologic effects of viral infection and tissue repair and recovery.

4. Methods
4.1. Study approval

All experiments were approved by Massachusetts General Hospital
(MGH) Animal Utilization Protocol #2014N000261. Cadaveric human
lung was obtained through International Institute for the Advancement
of Medicine (IIAM) under an approved protocol named ‘NEONATE En
Bloc or Individual Lung’. Fixed fetal human lung samples were obtained
through MGH Department of Pathology and approved by Human Ma-
terial Excess Protocol #2020P000560.

4.2. Plasmids and viral constructs

The psPAX2 plasmid was a gift from Didier Trono (Addgene plasmid
# 12,260; http://n2t.net/addgene:12260; RRID:Addgene_12,260) and
is a lentiviral packaging vector. The pSin-GFP-IRES-Puro vector was
made using pSin-EF-Sox2-Puro, which was a gift from James Thomson
(Addgene plasmid # 16,577; http://n2t.net/addgene:16577; RRID:
Addgene_16,577). The gfp ORFs was subcloned into the pSin-EPB-IRES-
Puro using the EcoRI and BamHI sites.


http://n2t.net/addgene:12260
http://n2t.net/addgene:16577
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The vectors expressing the Spike proteins are a modification of a
PiggyBac (PB) vector generously provided by Sahand Hormoz. The
codon-optimized spike gene was PCR-amplified from a plasmid obtained
from Sino Biological (VG40589-UT). This amplicon was further modi-
fied to lack the C-terminal 19 amino acids and instead contains a C-
terminal HA tag (YPYDVPDYA). We used the NEBuilder® HiFi DNA
Assembly Cloning Kit from the New England Biolabs for cloning the S-
D614-AC-HA amplicon into the PB vector. The PB-S-G614-AC-HA vector
is obtained from the PB-S-D614-AC-HA vector using the Quickchange XL
Site-directed Mutagenesis (Agilent).

4.3. Pseudotyped virus production and quantification

HEK293T cells were seeded in T150 flasks at ~50% confluency one
night prior to the transfection. The next day, the cells were co-
transfected with pSin-GFP-IRES-Puro, the psPAX2 packaging vector,
and the Spike-expressing PB plasmid (S-D614-AC-HA or S-G614-AC-HA)
at 1:1:1 M ratio for a total DNA concentration of 40 pg was used to
transfect the cells using the TransIT®-LT1 Transfection Reagent (Mirus
Bio). Three days later, the supernatant was collected and spun at 350xg
for 10 min at 4 °C, then filtered through a 0.45 pM filter. The virus was
then pelleted by ultracentrifugation at 100,000xg over a 20% sucrose
cushion. The virus was then quantified using the Lenti-X™ p24 Rapid
Titer Kit (Takara Bio) and aliquots were frozen at —80 °C for future use.

4.4. Generation of alveolar spheres from human iPSCs

The differentiation of iPSCs was performed following previously
published protocols with modifications [18, 19, 41, 52, 53]. Briefly,
BU3-NGST iPSC that carries two fluorescent reporters, Nkx2.16"F and
spctdTomato onq SPC2 iPSC that carries fluorescent reporters SPCtdTomato
were maintained in mTeSR medium (Stemcell Technology) and started
to undergo differentiation when cells reached 60-70% confluence, with
a step-wised procedure that mimics lung developmental stages [1]:
Definitive endoderm: StemDiff definitive endoderm kit (Stemcell Tech-
nology), 4 days [2]. Anteriorized endoderm: 1 pM A8301 (Sigma), 1 pM
IWR-1 (Tocris), 4 days [3]. Ventralized endoderm: 10 ng/mlL FGF-7
(Peprotech), 10 ng/mL FGF-10 (Peprotech), 10 ng/mL BMP4 (Pepro-
tech), 3 pM CHIR99021 (Tocris), 100 nM Retionic Acid (Sigma), 7 days.
The basal medium for all differentiation steps was DMEM/F12 supple-
mented with B-27. After ventralization, BU3-NGST cells were stained
with DAPI (Sigma) for flow cytometry purification of GFP + cells, and
SPC2 cells were stained with DAPI, CD47 (323,108, Biolegend), and
CD26 (302,704, Biolegend) for flow cytometry purification of
CD47"#"CD26!% cells. Sorted cells were embedded in 100% Growth
factor reduced Matrigel (Corning) drops for the formation of alveolar
spheres. The culture medium for the formation and maintenance of
alveolar spheres was: 50% Medium 199 (Life Technologies), 50%
DMEM/F12 (Life Technologies), 2% FBS (Hyclone), B-27 (Life Tech-
nologies), 10 ng/mL FGF-7, 10 ng/mL FGF-10, 3 uM CHIR99021, 0.1
mM IBMX (Sigma), 0.1 mM 8-Bromo-cAMP (Sigma), 50 nM Dexa-
methasone (Sigma), 10 pM Y-27632 (Cayman Chemical), and 50 pg/mL
Ascorbic Acid (Stemcell Technology).

After 1-2 weeks of culture for the sorted cells, Matrigel drops were
digested by Dispase (Corning) and spheres were trypsinized for purifi-
cation of GFP+/TdTomato + cells from BU3-NGST cells or TdTomato +
cells from SPC2 cells by flow cytometry. Purified cells were seeded at 2
x 10% per 100 pl Matrigel in each drop on 12 well plate and cultured in
the medium described above.

4.5. Lung decellularization

Cadaveric rat lungs were decellularized as previously described [37,
54, 55]. Rat lungs were explanted from male Sprague-Dawley rats
(250-300 g, Charles River Laboratories) and pulmonary artery (PA) of
each lung was cannulated. Lungs were then perfused by 0.1% sodium
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dodecyl sulfate (SDS) solution through PA for 2 h, followed by 15 min of
deionized water, 10 min of 1% Triton X-100, and extensive PBS washing
in decellularization chamber.

4.6. Seeding of AECs on rat acellular scaffold and biomimetic culture of
regenerated lungs

Rat lungs were mounted in bioreactors prefilled with 100 mL alve-
olar sphere expansion medium then perfused for 1 h by PA at 1 mL/min,
in a 37 °C, 5% CO- incubator, where the remainder of culture were
carried out. Alveolar spheres were trypsinized into single cells and 20
million alveolar epithelial cells re-suspended in 50 mL medium obtained
from the bioreactors were seeded into each lung and delivered via air-
ways by gravity at a height of 30 cm.

After seeding, the bioreactors were returned to incubator and given a
1.5-2 h static culture time for cell attachment. PA perfusion was then
reinitiated at 4 mL/min and carried on through the culture. Culture
medium was changed every 3 days with increased volume every 2
changes, while one lobe was removed for biopsy every 6 days (Fig. 1f,
Supplementary Table 1). RNA samples were stored in Trizol (Life
Technologies) and rest of the lung was fixed with 4% Paraformaldehyde
(PFA) overnight. On day 30, left lung was perfusion fixed through the
trachea overnight.

4.7. Pseudotyped virus infection of alveolar epithelial cells and engineered
lungs

Alveolar spheres were trypsinized to generate single cells then
seeded on 1% Matrigel coated 48 well tissue culture plates for infection.
Attached cells were incubated with 100 pl of virus containing medium
for 1 day then changed back with alveolar cell medium. For small
molecule test, medium containing 20 pM or 50 pM Camostat Mesylate
(SigmaAldrich) or E64-D (SigmaAldrich), and 2 uM or 10 pM Ampilimod
(MedChemexpress) was added to cells 1 day before infection, and was
kept in the medium during infection. Engineered lungs cultured for 26
days were transferred from original incubator for extended organ cul-
ture to a new small incubator which runs with a minimum of 25 mL
medium (Fig. 5b). Medium containing WT or D614G pseudotyped vi-
ruses were added into the incubator and perfused at 1 mL/min for 24 h
before transferring back to the normal organ culture incubators. For
small molecule inhibition assay on the regenerated lung, medium con-
taining 50 pM Camostat Mesylate was used for lung perfusion starting
from Day 25, 24 h before virus infection.

4.8. Resazurin reduction assay on regenerated lungs

Resazurin assay was performed as previously described [22]. Briefly,
alveolar spheres were trypsinzed and plated on 1% Matrigel coated 96
well plate with cell/medium ratios of 2, 1, 0.5, 0.25, 0.1, 0.05, 0.025,
and 0.01 millions/ml, 100 pl medium per well for standard curve.
Triplicate experiments were performed for each dilution. The
resazurin-based PrestoBlue cell viability reagent (Life technology) was
added to each well at 1:20 (v/v) 6 h after seeding then incubated for 1 h.
Fluorescence of medium was read by SpectraMax Microplate Reader
(Molecular Devices) at 544 nm (ex)/590 nm (em). For regenerated
lungs, the assay was performed every 3 days before medium change. 76
mL of culture medium was kept in each bioreactor with 4 mL of Pres-
toBlue reagent added. 1 mL of resazurin-medium mixture was saved as
non-metabolized control before perfusion. Lungs were then perfused for
1 h and fluorescence of the non-metabolized and metabolized mixture
were read. The estimated cell number per whole lung was calculated by
standard curve first, then normalized with the remaining lung volume
(Supplementary Table 1, Supplementary Fig.1d).


http://sharepoint.partners.org/mgh/ottlab/_Layouts/listform.aspx?PageType=4&amp;ListId=%7b2D851EA6-0CC2-4EC5-93EF-BD79972590E6%7d&amp;ID=13205
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4.9. Histological and immunofluorescent staining

Alveolar spheres were first embedded in Histogel (Thermofisher),
then paraffin-embedded and sectioned the same way as PFA-fixed tissue.
The sections were stained with Hematoxylin/Eosin for histology, or
underwent antigen retrieval and permeabilization with 0.1% Triton-
X100 for immune-fluorescent staining. The protocol included blocking
by 5% donkey serum (Sigma), incubation with primary antibodies
(1:200, Nkx2.1: ab76013, Abcam; E-Cadherin: 610,181, BD Biosciences;
Pro-SPC: WRAB-9337, Seven Hills Bioreagents; Surfactant protein B: sc-
133,143, Santa Cruz; Aquaporin 5: ab92320, Abcam; Ki67: AB9260,
Millipore; AE2, AF933, R&D; GFP, ab6673, Abcam) overnight at 4 °C,
washing with PBS for 3 times, incubation with secondary antibodies
(1:1000; Alexa Fluor 488 or 546, Life Technologies) for 1 h at room
temperature, and mounting with DAPI Fluoromount-G (Fisher Scienti-
fic). TUNEL staining was performed following manufacturer’s protocol
(Promega). Images were captured using Nikon Ti-PFS inverted micro-
scope and Leica SP8 confocal microscope. All the data for quantification
of histological and immunofluorescent staining were measured by Fiji.

4.10. Analysis of engineered lung culture medium

Every 3 days, medium was collected before medium change then
analyzed with CG4 and G+ cartridges (Abbott) by iSTAT (Abbott).

4.11. Quantitative reverse transcription polymerase chain reaction (RT-
PCR)

RNA was isolated by Trizol then reverse transcribed to cDNA by
SuperScript Vilo master mix (Life Technologies). Gene expression was
quantified by Tagman assay (Life Technologies) using the One Step Plus
system (Applied Biosystems). Gene expression was analyzed by
normalizing to housekeeping gene beta-actin, and presented relative to
in vitro cultured alveolar spheres.

4.12. Flow cytometery analysis of GFP + cells in pseudotyped virus
infected alveolar epithelial cells and EMLs

Regenerated lungs were digested following a previously published
protocols with modifications [56]. Briefly, regenerated lungs were cut
into small pieces on ice and about 300 mg tissue was placed in C tubes
(Miltenyi) of gentleMACS with 5 mL of digestion buffer consisting of
Collagenase I (Life technologies), Dispase (Corning), and DNAse
(Roche). Tubes were placed on gentleMACS device and program
‘m_lung 01_02’ program was run for 2 times. Tubes were then incubated
in 37 °C water bath for 30 min. Digested tissue was filtered through 70
pm meshes to generate single cell suspension, then washed twice with
PBS. Single cells isolated from regenerated lung and alveolar epithelial
cells cultured on tissue culture plate were stained with viability dye 450
(eBiosciences) then fixed with fixation/permeabilization solution kit
(BD biosciences). Fixed cells were stained with GFP antibody (ab6673,
Abcam) for following analysis on Ariall (BD biosciences).
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