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Abstract

Development of effective treatment strategies for lung tissue destruction as seen in emphysema would greatly benefit from rep-
resentative human in vitro models of the alveolar compartment. Studying how cellular cross talk and/or (altered) biomechanical
cues affect alveolar epithelial function could provide new insight for tissue repair strategies. Preclinical models of the alveolus
ideally combine human primary patient-derived lung cells with advanced cell culture applications such as breathing-related
stretch, to reliably represent the alveolar microenvironment. To test the feasibility of such a model, we isolated primary alveolar
type 2 cells (AEC2s) from patient-derived lung tissues including those from patients with severe emphysema, using magnetic
bead-based selection of cells expressing the AEC2 marker HTII-280. We obtained pure alveolar feeder-free organoid cultures
using a minimally modified commercial medium. This was confirmed by known AEC2 markers as well as by detection of lamellar
bodies using electron microscopy. Following (organoid-based) expansion, cells were seeded on both cell culture inserts and the
Chip-S1 Organ-Chip that has a flexible polydimethylsiloxane (PDMS) membrane enabling the application of dynamic stretch.
AEC2s cultured for 7 days on inserts or the chip maintained expression of HTII-280, prosurfactant protein C (SP-C), SP-A and
SP-B, and zonula occludens-1 (ZO-1) also in the presence of stretch. AEC2s cultured on the chip showed lower expression levels
of epithelial-mesenchymal transition-related vimentin expression compared with static cultures on inserts. The combination of a
straightforward culture method of patient-derived AEC2s and their application in microfluidic chip cultures supports successful

development of more representative human preclinical models of the (diseased) alveolar compartment.

alveolar type 2 cells; cell culture; emphysema; Organs-on-Chips; organoid

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is one of
the leading causes of death worldwide (1). Due to a lack of
available curative treatments, combined with persistent and
long-term effects of smoking, the alarming levels of air pollu-
tion, as well as aging of the population, this is not expected
to improve in the near future (2). Chronic airway inflamma-
tion and progressive destruction of the alveolar compart-
ment of the lungs (emphysema) are principal hallmarks of
this disease (3, 4). Alveolar tissue destruction reduces the gas
exchange capacity and elastic recoil of the lungs, thereby
progressively affecting quality of life of these patients.
Smoking is one of the main risk factors for development of
COPD. In addition to smoking cessation and pulmonary
rehabilitation, pharmacological treatment for COPD is
largely limited to the use of long-acting B2-agonists (LABA),
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long-acting muscarinic antagonists (LAMA), and inhaled
corticosteroids, which do not modify the course of the dis-
ease (5, 6). Lung volume reduction surgery (LVRS) can give
alleviation for patients as it improves breathing by resection
of the most damaged part of the lungs. Lung transplantation
is the remaining treatment strategy when the decrease in
lung function capacity becomes life threatening, but this is
limited by the availability of matching donor lungs and
rejection of transplanted lungs.

Development of new treatments that could halt or reverse
the destruction of the alveolar compartment or potentially
induce regeneration of lung tissue is reliant on human pre-
clinical models of the alveolar compartment, and available
alternatives such as (tumor-derived) cell lines or animal
models, unfortunately, provide limited translation to in vivo
human biology (7). Human induced pluripotent stem cells
(hiPSC) offer an alternative source; however, generation of
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alveolar type 2 cells (AEC2s) from hiPSC is currently still
time consuming, costly, and the hiPSC-derived alveolar cells
generally display an immature phenotype (8).

Isolation protocols of human AEC2s were until recently
complex procedures that were generally time consuming,
required specialized equipment and/or complex cell culture
media (9, 10), and carried a risk of contamination with mes-
enchymal cells. Furthermore, when AEC2s are propagated in
conventional in vitro cell culture, they tend to differentiate
over time to alveolar epithelial type 1 cells (AEC1s) (11).
Finally, since culture-based expansion of AEC2s and, there-
fore, the yield of AEC2s is limited, the number of isolated
cells restricts the experimental set-up. Recently, new meth-
ods have been published that overcome many of these limi-
tations, demonstrating the isolation of murine or human
AEC2s from lung tissue and subsequent expansion in orga-
noid culture (12-14). These important improvements have al-
ready shown to be a great step forward, and a logical next
step is to apply primary AEC2s, preferably patient-derived,
in preclinical models of the alveolar compartment that
include additional aspects of the alveolar environment, such
as capillary blood flow and strain caused by breathing
motions, as these mechanical forces are highly relevant in
the alveolus environment but currently understudied (15).
The development of Organs-on-Chips that recapitulate the
tissue architecture more closely and allow integration of the
dynamic biomechanical changes and cellular interactions
within tissues further accelerates the development of rele-
vant preclinical human in vitro models (16, 17).

Here we used a straightforward two-step protocol for
AEC2 isolation from resected human lung tissue derived
from nonsmokers, ex-smokers, smokers and emphysema-
tous tissue from LVRS. Dissociation of the lung tissue was
followed by a HTII-280-based enrichment step of AEC2s
using magnetic beads. This isolation procedure was com-
bined with a feeder-free organoid-based culture method
using a minimally modified commercial medium that allows
expansion and propagation of AEC2s for weeks up to several
months, while maintaining AEC2 characteristics and pre-
venting contamination by other cells. Once sufficiently
expanded, cells were successfully used for culture on con-
ventional cell culture inserts and innovative Organs-on-
Chips, in which we demonstrated feasibility of using these
patient-derived organoid-expanded AEC2s to develop mod-
els of the (diseased) alveolus in which the effect of cyclic
stretch on AEC2 phenotype can be studied.

METHODS

Isolation, Maintenance, and Expansion of Primary
Alveolar Type 2 Cells

Tissue processing.

AEC2s were isolated from tumor-free tissue from patients
undergoing lung resection surgery for lung cancer (smokers,
ex-smokers, and nonsmokers) or from emphysematous tis-
sue from patients undergoing lung volume reduction surgery
(LVRS) at the Leiden University Medical Center (LUMC, The
Netherlands) for emphysema. Patient characteristics are
summarized in Table 1. The use of surplus lung tissue for
research following surgery was within the framework of
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patient care and in line with the “Human Tissue and
Medical Research: Code of conduct for responsible use”
(2011; www.federa.org) and followed advice of the LUMC
Medical Ethical Committee. Tissue donation was based on a
no-objection system for coded anonymous use of waste tis-
sue, left-over from diagnostic or therapeutic procedures.
“No-objection” negates the need for individual informed
consent. All methods were carried out in accordance with
relevant guidelines and regulations. The lung tissue homog-
enate preparation procedure was adapted from Witherden
et al. (9). Resected lung tissue was cut into pieces of ~5 cm?®
and injected with 7.5 mL trypsin (1:250; 0.25% wt/vol; Gibco)
in Hanks’ Balanced Salt Solution (HBSS; Thermo Fisher,
Waltham, MA) and incubated for 15 min at 37°C; this was
repeated for a total incubation time of 45 min. Trypsin activ-
ity was inhibited by injecting the tissue with 7.5 mL soybean
trypsin inhibitor (SBTL; 0.1% wt/vol in HBSS; Sigma-Aldrich,
St. Louis, MO). Next, tissue was manually cut as small as pos-
sible during max. 10 min at room temperature (RT). The proc-
essed tissue was collected in gentleMACS C tubes (Miltenyi,
Leiden, The Netherlands) and ran twice on the gentleMACS
tissue dissociator program M_lung 02.01 (Miltenyi) for fur-
ther processing. This homogenate was then passed through a
metal sieve to remove the biggest remaining pieces of tissue
and next through a strainer with a mesh size of 100 pum (VWR
International, Amsterdam, the Netherlands) to obtain a sin-
gle cell suspension. The cells were centrifuged for 5 min at
265 g and supernatant was removed. When necessary (sample
dependent), a red blood cell lysis (Miltenyi) was performed.
To this end, the cell pellet was resuspended in 1 mL mag-
netic-activated cell sorting (MACS) buffer consisting of PBS,
BSA (0.1% wt/vol; Sigma-Aldrich), and 2 mM EDTA (Thermo
Fisher) to continue with HTII-280 * selection.

HTII-280 " selection.

HTII-280 " AEC2s were isolated using a HTII-280 monoclonal
mouse IgM antibody (Terrace Biotech, San Francisco, CA).
Total tissue homogenate in 1 mL of MACS buffer was incu-
bated with 25 pL of undiluted HTII-280 antibody for 15 min at
4°C. Following 5 min centrifugation at 265 g, cells were incu-
bated with magnetic bead-labeled anti-mouse IgM (Miltenyi)
for 15 min at 4°C, and subsequently, MACS selection was per-
formed according to manufacturer’s instruction (Miltenyi).

Culture of alveolar type 2 cells in organoids.

HTII-280* cells were collected by centrifugation at 265 g for
5 min. AEC2s were counted in trypan blue and resuspended
in cold Basement Membrane Extract (BME2, Cultrex,
Gaithersburg, MD). AEC2s (1 x 10° viable cells/30 puL droplet/
well) were seeded in a 48-well plate, after which droplets
were allowed to solidify at 37°C. After 10 min, 500 pL com-
plete alveolar organoid medium was added to the well.
Alveolar cell culture medium consists of alveolar medium
(Sciencell, Carlsbad, CA) with all supplements from the
media kit except the antibiotics, which were replaced by
Primocin (Invivogen, San Diego, CA). Alveolar cell culture
medium supplemented with 4 uM CHIR99021 (CHIR; Sigma-
Aldrich) is further referred to as “complete alveolar organoid
medium.” At the start of culture or directly on passaging
(until next medium refreshment), the complete alveolar
organoid medium was supplemented with 10 uM Y-27632
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Table 1. Patient characteristics of resected lung tissue
from lobectomy surgery or lung volume reduction
surgery

Lobectomy LVRS

Number of donors 19 16
Male/female 12/7 4/12
Age (yr) mean [SD] 63.1[1.2] 59.2[4.7]
BMI mean [SD] 27.0[6.2] 25.3([3.6]
Smoking status (nonsmokers/ex-

smokers/smokers) 3/6/7# 0/16/0
Pack-years (ex-smokers/smokers)

[SD] 18.1[15.3)/42.40 [9.56]## 28.3[6.0]/-
FEV1 % pred [SD] 91.7 [19.7)"* 31.5[8.5]
DLCO % pred [SD] 79.4[24.8]" 45.112.3]

#Data available from 16 lobectomy patients. ##Smokers data avail-
able from 12 current or ex-smoking lobectomy patients. ###Data
available from 17 lobectomy patients. BMI, body mass index; DLCO,
diffusion capacity of the lungs for carbon monoxide; FEV1, forced
expired volume in 1 s; LVRS, lung volume reduction surgery.

(Cayman Chemical, Ann Arbor, MI). Medium was refreshed
twice a week, and cells were passaged approximately every 2
wk adapting the passaging time to the donor proliferation
rate. For passaging, medium was aspirated, and cold DPBS +
EDTA (2.5 mM) was added to the well to dissolve the BME2.
The organoid suspension was collected and centrifuged. Then
the pellet was dissociated for max 5 min with TripLE Select
Enzyme (Thermo Fisher) at 37°C to further dissolve the BME
and dissociate the organoids. After that, SBTI was added to
stop the trypsin activity and organoids were further dissoci-
ated into fragments by resuspension. The disrupted organoids
were centrifuged, resuspended in BME2, and replated.
Organoids were subsequently grown under standard cell cul-
ture conditions (37°C and 5% CO,).

Cytospin Preparations

To validate the success of HTII-280 * isolation using mag-
netic beads, cytospin preparations were obtained from the
lung tissue homogenate single-cell suspension before selec-
tion (unsorted) and after HTII-280 * selection, also including
the negative fraction (flow through). Cytospin preparations
were fixed using 4% formaldehyde (Sigma-Aldrich) in PBS
for subsequent immunofluorescence staining.

Electron Microscopy

To collect the organoids, medium was aspirated and cold
DPBS + EDTA (2.5 mM) was added to the well to dissolve
the BME2. The organoid suspension was centrifuged and the
organoids were fixed for 60 min at RT with glutaraldehyde
(1.5% vol/vol) in 0.1 M cacodylate buffer (pH 7.4) by adding
an equal volume of double-concentrated fixative. After
washing with 0.1 M cacodylate buffer, the organoids were
treated with osmium tetroxide (1% wt/vol) and potassium
ferrocyanide (1.5% wt/vol) in 0.1 M cacodylate buffer for
60 min at 4°C, and then washed with milliQ water. The orga-
noids were then stained with 0.5% ruthenium tetroxide for
30 min at 4°C. After washing with milliQ water and pelleting
in agar (3% wt/vol) in milliQ water, small blocks containing
the organoids were excised, dehydrated in a graded ethanol
series, and embedded in epoxy resin (LX-112; Ladd Research,
Williston, VT). Ultrathin sections (100 nm thick) were cut
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and placed on mesh-50 or 100 copper EM grids covered with
a carbon-coated Pioloform layer and poststained with 7%
uranyl acetate and Reynolds lead citrate. The samples were
examined in a BioTwin Tecnai 12 electron microscope
(Thermo Fisher) operated at 120 kV and equipped with a 4 K
Eagle CCD Camera (Thermo Fisher).

Cell Cultures on Inserts

Cell culture inserts (Corning; membrane pore-size 0.4 pm,
PET membrane) were coated with a mixture of 30 pg/mL bo-
vine collagen I (PureCol; Advanced BioMatrix, San Diego,
CA), 10 pg/mL BSA (Thermo Fisher), and 10 pg/mL fibronec-
tin (Promocell, PromoKine, Bio-Connect, Huissen, The
Netherlands) in PBS and seeded with either the HTII-280 ©
lung cells directly isolated from tissue (PO) or with the disso-
ciated AEC2s from the organoids at various passages.
Alveolar medium was added to the basal and apical compart-
ment of the inserts and refreshed twice a week. After 7 days
in culture, the inserts were fixed for immunofluorescence
staining using 4% formaldehyde in PBS.

Alveolus Lung-Chip Cultures

Both channels of the commercial Chip-S1 (Emulate Inc,
Boston, MA) were activated using the provided reagents ER-1
and ER-2. In short, ER-1 was resuspended in 5 mL ER-2
buffer and directly pipetted into both channels of the chip.
Next, the chips were placed under UV light for 10 min fol-
lowed by two washes of both channels with ER-2, followed
by another round of ER-1, UV, and ER-2 washes. After the
second ER-2 wash, the channels were washed with PBS.
Next, both channels were filled with 300 pg/mL human col-
lagen IV (Sigma-Aldrich) solution in PBS and incubated over-
night at 37°C and 5% CO, to allow deposition of the collagen
on the membrane in the chip [membrane pore-size 7 pum,
polydimethylsiloxane (PDMS) membrane].

Next, both channels were washed with complete alveolar
organoid medium before cells were seeded in the top chan-
nel. To seed sufficient AEC2s, 3 x 90 uL organoid-containing
drops of AEC2s were collected per chip, and organoids were
dissociated as described when passaging the organoids. The
cell pellet was resuspended in complete alveolar organoid
medium and 30 pL of this cell suspension was used to seed
the top channel of one chip. Cells were left to adhere for
~6 h in the incubator in presence of 10 uM Y-27632. Next, top
and bottom channels were infused with prewarmed com-
plete alveolar organoid medium containing 10 uM Y-27632,
and chips were connected to prewarmed media-filled fluidic
manifolds, named “Pods” (Emulate Inc.). After obtaining lig-
uid-liquid interface connection between chips and pods,
these units were placed in the microperfusion instrument,
named “Zoé” (Emulate Inc.). After finishing the initial regu-
late cycle program, the chips were continuously perfused at
a flow rate of 30 pL/h in both the top and bottom channel.
Approximately 24 h after this first regulate cycle program, a
so-called via-wash was performed, dislodging any bubbles in
the pods reservoir channel openings, followed by a second
regulate cycle. Alveolar medium in the pods was refreshed
after 48 h (no addition of Y-27632), which was repeated every
other day throughout the time of culture (all without Y-
27632). When the cultures reached confluence (usually
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between ~2 and 4 days postseeding), chips were divided into
two groups: control (flow rate 30 pL/h top and bottom chan-
nel flow conditions) and stretch (30 pL/h top and bottom
channel flow conditions + 10% stretch at 0.25 Hz) (18).

Imaging of Cytospin Preparations, Organoids, Cell
Culture Inserts, and Chips

Cytospin preparations and cell culture inserts.
Fluorescent staining was performed on cytospin prepara-
tions, cells cultured on inserts, and paraffin sections of the
organoids according to the following protocol. After fixation,
cells were incubated with permeabilization and blocking
buffer [1% wt/vol BSA, 0.3% vol/vol Triton X-100 (Sigma-
Aldrich) in PBS] for 30 min at 4°C. Paraffin sections were pre-
treated with DAKO pH 9 antigen retrieval solution according
to manufacturer’s instruction (DakoCytomation, Denmark,
Glostrup). The primary antibody (Table 2) was added in
blocking solution to the cells for 1 h at RT. Next the samples
were washed with PBS and incubated with fluorescent-la-
beled secondary antibody together with 4’,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich) for 30 min at RT.

Organoids.

After dissolving the droplets with recovery solution (Corning,
Corning, NY), the alveolar organoids were fixed in 4% formal-
dehyde in PBS for 30 min. Next the organoids were taken up
in low-melting agarose (2% wt/vol; ThermoFisher) and em-
bedded in paraffin. Slices of 4 um were cut and the organoids
were stained with various antibodies (Table 2) for either
immunostainings, using fluorescence or the chromogen
NovaRED (Vector Laboratories), or hematoxylin-eosin (H&E)
staining. For stainings performed on paraffin sections, sam-
ples were pretreated for antigen retrieval using DAKO pH 9
antigen retrieval solution. One slice was assessed per stain-
ing, containing generally between 20 and 30 organoids.

Lung-Chips.

Alveolar cells in the chips were washed with PBS and fixed
using 4% formaldehyde, which was pipetted into both chan-
nels and incubated for 20 min at RT, washed with PBS, and
stored in PBS at 4°C until staining. Chips were subsequently
removed from the carrier and cells were blocked and

Table 2. Antibodies

permeabilized using 0.5% (vol/vol) Triton X-100 in PBS with
5% (wt/vol) BSA for 1 h at RT. Chips were cut into two pieces
using a razor blade, and channels were filled with primary
antibodies (Table 2) diluted in the blocking buffer and incu-
bated for 1 h at RT. Samples were rinsed three times for 5
min with PBS. Next, channels were filled with secondary
antibodies diluted in blocking buffer that was left incubating
for 1h at RT, followed by a 3 x 5 min wash with PBS. DAPI
was used to stain cell nuclei. Channels were next filled with
ProLong gold antifade (Thermo Scientific) and stored in the
dark at 4°C until imaging. Chips were imaged on coverslips
25 x 75 mm (Bellco Glass, Vineland, NJ, via Electron
Microscopy Sciences, Hatfield, PA) with 0.13-0.17 mm thick-
ness using a Leica DMi8 microscope (Leica microsystems,
Wetzlar, Germany) equipped with an Andor Dragonfly 200
spinning disk confocal (Andor Technology, Belfast, UK)
using a x10 objective (NA 0.30), x20 water objective (NA
0.50) or x40 water objective (NA 0.80).

Vimentin quantification.

ImageJ software (NIH, Bethesda, MD) was used to analyze
the fluorescence images with vimentin staining. Per donor 5
separate images with per image a 500 pm? field were ana-
lyzed and the number of nuclei and vimentin positive cells
were counted.

RNA Isolation, cDNA, and gPCR Analysis

Alveolar cells in the chip and inserts were lysed by the
addition of 200 pL lysis buffer from the RNA tissue isolation
kit (Promega Benelux B.V., Leiden, The Netherlands) per
insert. For the chip, a p200 filter tip was inserted on one side
of the top channel. Next cells were lysed by the addition of
100 puL of lysis buffer in the top channel and the pipette tip
was left in the other side of the channel. After ~2 min, the
lysis buffer was collected and another 100 pL was added to
the same chip and pooled with the previous 100 uL of lysate.
Lysates were stored at —20°C until RNA isolation. RNA isola-
tion and conversion to cDNA were performed as previously
described (19). RNA (100 ng) was converted to cDNA.
Quantitative PCR (qPCR) reactions were performed in triplicate
using a CFX-384 Real-Time PCR detection system (Bio-Rad
Laboratories, Veenendaal, The Netherlands), IQ SYBRGreen

Primary Antibody Species Company Cat. No. Dilution
HTI-56 Mouse Terrace Biotech TB-29AHT1-56 1:50
HTII-280 Mouse Terrace Biotech TB-27AHT-280 1:200
Surfactant protein A Rabbit Merck Millipore AB3420-I 1:100
Surfactant protein B Mouse Invitrogen MA1-204 1:100
Prosurfactant protein C Rabbit EMD Millipore Ab3786 1:100
E-cadherin Mouse BD Transduction Laboratories 610182 1:400
RAGE 8G4 Rabbit Bioss 50-198-9703 1:400
Aquaporin 5 Rabbit EMD Millipore 178615 1:400
Keratin 5 Rabbit Abcam ab52635 1:200
Zonula occludens-1 Mouse Thermo Fisher 339100 1100
Vimentin (Clone V9) Mouse Agilent Dako MO0725 1:100

Secondary Antibody Species Company Cat. No. Dilution
Alexa Fluor 448 donkey anti-mouse Mouse Thermo Fisher A21202 1:200
Alexa Fluor 568 donkey anti-mouse Mouse Thermo Fisher A10037 1:200
Alexa Fluor 448 goat anti-rabbit Rabbit Thermo Fisher A11008 1:200
Alexa Fluor 568 donkey anti-rabbit Rabbit Thermo Fisher A10047 1:200
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supermix (Bio-Rad), and primes (Table 3). Expression was nor-
malized for the geometric mean of the reference genes OAZ1
and ATP5B.

Statistics

Statistical analysis was performed using Graphpad Prism
version 9 (GraphPad Software Inc. La Jolla, CA). Data are
depicted as individual data points with SE and significance
was tested using a paired ¢ test, and differences were consid-
ered significant at P < 0.05.

RESULTS

Generation of Alveolar Type 2 Organoid Cultures from
Homogenized Lung Tissue

We developed a straightforward procedure for isolation of
AEC2s from human lung tissue, with a similar approach as
recently reported by another group using healthy tissue (14).
We dissociated macroscopically normal lung tissue derived
from lung cancer patients with or without a smoking history
(current smokers, ex-smokers, and nonsmokers) and addi-
tionally, to our knowledge for the first time, used emphysem-
atous lung tissue from LVRS surgery and obtained a single
cell suspension from these tissues using protease digestion.
We subsequently cultured this single-cell suspension in BME2
droplets to develop organoids. AEC2 organoid formation was
rarely observed unless the commercial alveolar medium was
combined with the canonical WNT activator CHIR99021
(CHIR; a GSK3 inhibitor). This combination was pivotal for
formation of predominantly alveolar organoids in PO and
pure alveolar cultures after the first passage (Fig. 1, A and B).
To confirm that the use of this specialized medium was suffi-
cient to facilitate AEC2 organoid formation from the total
lung homogenate suspension, we next cultured the total lung
homogenate suspension either in our complete alveolar orga-
noid medium or in specialized airway organoid medium (20).
When cells from the homogenate were cultured in complete
alveolar organoid medium, the organoids generated were
characterized by presence of the alveolar marker HTII-280
and absence of the airway basal cell marker keratin 5 (HTII-
280" /KRT5"), whereas using the airway organoid medium,
the development of predominantly airway organoids was
observed (HTII-280 /KRT5*; Fig. 1, C and D). HTII-280 * -cell
clumps were visible in these airway organoid medium cul-
tures; however, they remained small and did not form organo-
ids. Despite developing a medium that successfully supports
alveolar organoid formation, for some donors, organoid for-
mation was limited or unsuccessful. Characterization of the

Table 3. Primers

HTII-280 * population in the lung homogenate suspension
using cytospin preparations, showed a strong donor-depend-
ent ratio of AEC2s to other (HTII-280) cells. We therefore
hypothesized that as a result, the AEC2s to other cell ratio per
gel drop was insufficient in some donors for successful estab-
lishment of alveolar organoids. To overcome this issue, an
enrichment step for AEC2s was included.

Alveolar Type 2 Cell Enrichment from Peripheral Lung
Tissue Homogenate by HTII-280 © Selection

Our initial studies indicated that cell cultures started from
the whole lung homogenate caused issues with obtaining
sufficient AEC2s for organoid formation in some donors.
Therefore, an enrichment step was included for AEC2s.
Isolation of AEC2s from peripheral tissue either by selection
via adherence steps or EpCAM " epithelial cell sorting results
in an undesired mixture of cell types, including AEC2s but
also airway epithelial cells and mesenchymal cells. A decade
ago, Gonzalez et al. (21) showed that the AEC2 marker HTII-
280 could be used to increase the purity of the AEC2 popula-
tion. This method was based on fluorescence-activated cell
sorting (FACS), which requires expensive equipment, skilled
personnel, and is time-consuming. Here we decided to inte-
grate a magnetic bead-based isolation that has been success-
fully used to isolate AEC2s (14). Lung tissue homogenate was
incubated with a HTII-280 antibody and next coupled to
anti-mouse IgM-coated magnetic beads to allow magnetic
bead-based AEC2 isolation. Although, depending on the do-
nor, not always 100% pure AEC2 populations could be
obtained using this method, the enrichment was clear for all
donors (example in Fig. 2A). Using this method, in combina-
tion with our complete alveolar organoid medium, we could
consistently establish AEC2 organoid cultures (Fig. 2B),
while needing only relatively small pieces of tissue (Fig. 2C).
We obtained a ~85% success rate using the finalized method
for the formation of alveolar organoids up to P1. This method
of isolation proved successful when using peripheral tissue
obtained from macroscopically normal lung tissue from lung
cancer surgery with or without a smoking history or COPD.
In addition, AEC2 isolation from emphysematous lung tissue
removed during LVRS for severe emphysema was successful
in ~70% of isolations, using different versions of the protocol
but successfully validated with the final protocol presented
in the methods section.

Propagation and Expansion of Primary Alveolar Type 2
Cells in Feeder-Free Organoid Cultures

After AEC2 enrichment by HTII-280 " selection, the cells
were cultured in BME2 to allow organoid formation with the

Gene Encoding Protein Sequence Forward Primer Sequence Reverse Primer
OAZ1 Ornithine decarboxylase antizyme 1 GGATCCTCAATAGCCACTGC TACAGCAGTGGAGGGAGACC
ATP5B ATP synthase F1 subunit B TCACCCAGGCTGGTTCAGA AGTGGCCAGGGTAGGCTGAT
SFTPB Surfactant protein B CTTCCAGAACCAGACTGACTCA GCTCGGAGAGATCCTGTGTG
SFTPC Surfactant protein C CTCTCTGCAGGCCAAGCCCG TTCCACTGACCCGGAGGCGT
AQP5 Aquaporin 5 ATCTGGCCGTCAACGCGCTC AGTGAGCGGGGCTGAACCGA
PDPN Podoplanin AACCAGCGAAGACCGCTATAA CGAATGCCTGTTACACTGTTGA
VIM Vimentin TTGAACGCAAAGTGGAATC AGGTCAGGCTTGGAAACA

FN1 Fibronectin TGGAGGAAGCCGAGGTTT CAGCGGTTTGCGATGGTA
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c Alveolar medium
- —

HTI1-280 KRTS

Figure 1. Generation of alveolar type 2 organoid cultures from homogenized lung tissue. Lung tissue was enzymatically digested to obtain a single-cell
suspension which was subsequently cultured in BME2 drops. A: bright-field imaging of organoids cultured in alveolar medium supplemented with (+)
or without (—) 4 uM CHIR99021 (CHIR; a GSK3 inhibitor). B: bright-field images of H&E staining of organoids cultured in alveolar medium supplemented
with (4 ) or without (—) CHIR. Representative images of experiments performed with n = 3 different donors (A and B). C: bright-field images of organoids
cultured from lung tissue homogenate in alveolar medium (including CHIR) or airway organoid medium. D: fluorescent imaging of organoids stained for
HTII-280 (AEC2s, green) and keratin 5 (KRT5; airway basal cells, yellow), nuclei were stained with DAPI (blue). Representative images of experiments
performed with n = 3 different donors. One paraffin slice was assessed per donor per staining, containing generally between 20 and 30 organoids.

AEC2s, alveolar type 2 cells; H&E, hematoxylin-eosin.

aim of propagating the AEC2s to obtain sufficient cells for
experiments. We cultured the isolated AEC2s in a feeder-free
organoid system and could propagate the AEC2 organoids
for weeks to months, depending on the donor, before

cessation of organoid growth. It remains unclear which fac-
tor(s) play(s) a role in cessation of organoid growth. On aver-
age ~80% of cultures that reached P1 were also able to reach
passage P3. During passaging, AEC2s in the organoids
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A

Figure 2. HTII-280 " selection of alveolar
type 2 cells from homogenized lung tis-
sue. Lung tissue was enzymatically
digested to obtain a single-cell suspen-
sion, after which HTII-280 selection via
magnetic beads was performed. Sorted
cells were subsequently cultured in BME2
drops. A: representative immunofluores-
cent images of cytospin preparation of
lung tissue homogenate (unsorted, sorted,
and the flow-through) after sorting. AEC2s
were stained with HTII-280 (green) and
DAPI (blue). Representative image from
n =3 independent experiments with differ-
ent donors. B: representative bright-field
images of organoids derived from the
HTI-280 " fraction cultured in complete
alveolar medium. Representative image
from n = 4 independent experiments with
different donors. C: example of amount of
lung tissue that is minimally required to
isolate sufficient cells for AEC2 organoid
development. AEC2s, alveolar type 2
cells; BME2, Basement Membrane Extract.

HTI1-280

Unsorted

maintained their AEC2 characteristics, including expression
of HTII-280, SP-C (Fig. 3A), and E-cadherin (Fig. 3B) and
remained negative for AEC1 markers RAGE and Aquaporin 5
or epithelial-to-mesenchymal transition (EMT) marker
vimentin (Supplemental Fig. S1, all Supplemental material is
available at https://doi.org/10.6084/m9.figshare.17125061).
Additionally, mature surfactant protein A and B (SP-A and
SP-B) were readily expressed intracellularly and secreted in
the organoid lumen (Fig. 3C). Since the SP-C antibody is
directed to prosurfactant protein C, we could not assess
secretion of mature/processed SP-C in the lumen of the orga-
noid. However, we confirmed the presence of lamellar
bodies in the AEC2s in organoid culture by electron micros-
copy (Fig. 3D). Interestingly, also intact lamellar body-like
structures could be detected in the organoid lumen (Fig. 3D,
right).

In general, AEC2s were used for experiments between P2
and P5. HTII-280 expression remained positive for all cells in
the organoids over time, and also cultures from most donors
maintained SP-C expression (Fig. 3E), although SP-C expres-
sion decreased in organoids from some donors (example
shown in Fig. 3F).

Unexpectedly, propagation and expansion rates were sim-
ilar between macroscopically normal lung tissue and LVRS
tissue-derived AEC2s (observation not quantified), despite
the fact that LVRS-resected tissue constitutes the most dam-
aged part of the emphysematous lung.

Culturing Alveolar Type 2 Cells on Cell Culture Inserts
and Chips

The unique design of the chip allows for the implemen-
tation of cyclic stretch on the alveolar cell cultures (22,
23). Especially when regarding the lungs, the application
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of breathing biomechanics is highly relevant and so far
studies have not focused on the use of primary patient-
derived cells. To establish proof-of-principle that the pri-
mary AEC2s obtained via our isolation protocol could be
cultured under cyclic stretch in the Lung-Chip and
whether this affected their AEC2 phenotype, we dissoci-
ated the alveolar organoids and seeded them on chips or
conventional cell culture inserts for comparison. The
coating differed between inserts and chips since collagen
IV coating did not result in successful attachment of the
cells to the insert’s PET membrane whereas collagen I/fi-
bronectin/BSA did, whereas in the chip, the opposite was
observed. AEC2s seeded on coated inserts or chips were
cultured in submerged conditions for 7 days. During the
last final days of this 7-day period, in part of the chips
stretch was applied. The level of cyclic stretch used was
similar as previously reported (22) and mimics what is
expected in an alveolus (24, 25).

Following culture, cells were analyzed for the presence of
AEC2 and AEC1 phenotypic markers and tight junctions. We
found that AEC2s cultured for 7 days on insert or on chip
(the latter in the presence or absence of stretch) maintained
expression of AEC2 markers HTII-280 and/or SP-C (Fig. 4A),
and zonula occludens-1 (ZO-1) throughout the monolayer
(Fig. 4B). Whereas HTII-280 " cells were present throughout
the different cell cultures, we also observed a substantial
number of cells that were negative for either AEC2 marker.
When analyzing other surfactant proteins, that is, surfactant
protein A and B (SP-A and SP-B), we observed that most cells
in culture expressed SP-A and -B (Fig. 4C), whereas AEC1
markers HTI-56, Podoplanin, Aquaporin 5, or RAGE could
not be reliably be detected on either protein (RAGE, HTI-56,
Podoplanin) or gene level (PDPN, AQP5; data not shown),
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suggesting a more AEC2 phenotype rather than AECL. We Assessment of Epithelial-to-Mesenchymal Transition in
also quantified surfactant proteins B and C on mRNA level Insert and Chip Cultures

and found no significant difference in expression of these
surfactants between insert or chip cultures or when stretch
was applied (Fig. 4D).

To investigate whether epithelial-to-mesenchymal transi-
tion (EMT) contributed to the HTII-280 cells in culture, we
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analyzed vimentin and fibronectin expression in cells cul-
tured on inserts or chips. The level of vimentin expression
was highly donor dependent, but overall relatively few cells
were found to be vimentin positive (Fig. 5A); however, we
did observe differences between cell cultures on insert or
chip. Protein and gene expression level confirmed that cul-
tures on chip showed a near significant reduction in vimen-
tin and fibronectin (Fig. 5B), which was not further affected
by stretch. Vimentin could not be detected in the alveolar
organoids, suggesting the culture conditions in insert or
chip promote vimentin expression. Despite that we did not
observe notable effects of stretch on AEC2 phenotype, we
did notice a slight change in morphology. Some cultures
exposed to dynamic stretch displayed an elongated mor-
phology perpendicular to the direction of the stretch,
more pronounced in some donor (mixes) than others
(Supplemental Fig. S2A).

DISCUSSION

An essential component of a relevant model of the (dis-
eased) alveolus environment is the inclusion of patient-
derived AEC2s. Here we show that these cells can be isolated
from relatively small pieces of lung tissue and, after orga-
noid-based feeder-free expansion, can be cultured on tradi-
tional cell culture inserts and organ-chips. AEC2 isolation
was successful both when using relatively healthy, unaf-
fected lung tissue as well as from tissue from long-term
smokers, patients with COPD, and highly emphysematous
lung tissue that was obtained following LVRS.

When we cultured the cells from the complete whole lung
tissue homogenate in airway organoid medium (20), we
obtained predominantly KRT5 " airway organoids and many
small alveolar cell clumps that did not develop further.
Conversely, when the lung homogenate was cultured in
complete alveolar organoid medium, analysis of the culture
revealed little-to-no KRT5™ airway epithelial cells but pre-
dominantly HTII-280 " AEC2 organoids. These results high-
light the possibility to culture (small) airway and alveolar
epithelium from the same lung tissue homogenate and study
spatial effects per donor in a controlled manner. Although
these observations provide strong support for the selection
pressure issued by these specialized media, we cannot
exclude that any remaining non-AEC2s present after isola-
tion and during the start of the culture may influence suc-
cess of the alveolar cell cultures. We have tested further
depletion of leukocytes via CD45 (data not shown), which
did not affect AEC2 organoid formation.

The usefulness of HTII-280 as a marker for the magnetic
bead-based enrichment of the AEC2 population was demon-
strated previously (12, 14, 21) and greatly improved the

success rate of organoid formation after isolation while
maintaining a straightforward workflow for AEC2 isolation
from human lung tissue. Although we obtained a pure alveo-
lar organoid culture after the first passage of the organoids,
we did find additional nonepithelial cells in the isolated pop-
ulation at the initiation of organoid culture (PO). However,
these cells were no longer present in our culture after the
first passage and there was no contamination with airway
epithelial cells in the alveolar organoid cultures after the first
passage.

Strikingly, the (severe) emphysematous tissue yielded
comparable numbers of AEC2s, demonstrating the versatil-
ity of this protocol for use with both healthy and (very) dis-
eased lung tissue. The lack of difference in yield, growth
rate, or organoid forming capacity of the LVRS tissue-
derived AEC2s compared with cells from other donors sug-
gests that during emphysema development, possibly, a
selection takes place of a more robust AEC2 subset from this
tissue or alternatively the (favorable) culture conditions are
compensating for any defects. Studies in mice show that
chronic exposure to cigarette smoke increases the stemness
of AEC2s (26), which may be a mechanism also operative in
these tissues. It will be interesting to study if the capacity of
AEC2s from these donors to differentiate toward AEC1 is
affected and how application of stretch would influence this.
Successful isolation from this diseased tissue now allows
new experimental approaches to study repair and regenera-
tion using cells derived from this unique microenvironment.

The established organoid cultures could be propagated for
weeks up to months while maintaining expression of classi-
cal AEC2 markers (27) and secretion of surfactant proteins in
the lumen of the organoids. Interestingly, when assessing
the presence of lamellar bodies via EM technology, we
observed intact lamellar body-like structures not only in the
cells but also in the lumen of the organoid. Secretion or exo-
cytosis of intact lamellar bodies and their subsequent con-
version into tubular myelin and surfactant sheets is a unique
and complex process (28). Secreted lamellar bodies are either
converted into tubular myelin to form a surface active film/
sheet or are recycled by re-uptake by the AEC2s (29). Our ob-
servation of luminal lamellar bodies is in line with literature
data showing presence of lamellar bodies in the alveolar
lumen in fetal rat lungs and can possibly be explained by the
observation that air exposure, absent in the fetal lung lumen
and the lumen of organoids, is a trigger for the transition of
lamellar bodies to surfactant films (28, 30).

When we seeded these cells on inserts or chips, we
observed that after 7 days of culture, HTII-280, SP-C, SP-A,
and SP-B were detected throughout the culture, although in
contrast to previous reports, we could not establish a transi-
tion to an AEC1 phenotype (31). It is unclear whether this is a

Figure 3. Propagation and expansion of primary alveolar type 2 cells in vitro. A: fluorescent image of organoids stained for HTII-280 (AEC2s, green) and
prosurfactant protein C (SP-C, red) and nuclei were stained with DAPI (blue); immunohistochemical (IHC) staining for HTII-280. Representative images of
n = 4 different donors. B: organoid staining for E-cadherin (ECAD, green); fluorescence (left) and IHC (right). C: representative immunofluorescent images
of a cross section of embedded AEC2 organoids stained with surfactant protein A and B (SP-A, red; SP-B, green) in overlay (left), or separated for SP-B
(middle) or SP-A (right). D: electron microscopic image of embedded AEC2 organoid. Arrows are used to indicate intracellular lamellar bodies (white
arrows), extracellular lamellar bodies (black arrows) as well as an uncoiled extracellular lamellar body (asterisk). £: quantification of SP-C ™" cells in orga-
noids cultured at different passages (P#). F: example immunofluorescent image of a cross-section of embedded AEC2 organoids after passage 7and af-
ter passage 4 showing loss of SP-C. Cells are stained for HTII-280 (AEC2s, green) and surfactant protein C (SP-C, red) and nuclei with DAPI (blue). n = 2—
4 different donors. One paraffin slice was assessed per donor per staining, containing generally between 20 and 30 organoids. AEC2s, alveolar type 2

cells.
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Figure 4. Alveolar type 2 cell culture after organoid-
based expansion on insert and Alveolus Lung-Chip
platform. Organoids from donors at different pas-
sages were dissociated, mixed and seeded on inserts
or the Alveolus Lung-Chip and cultured for 7 days. A:
fluorescent images of AEC2s after 7 days of culture
on inserts or chips, in presence or absence of stretch.
Cells were fixed and stained for HTII-280 (AEC2s,
green), prosurfactant protein C (SP-C, red), and nuclei
with DAPI (blue). Representative image from n =4 in-
dependent experiments with different donor (mixes).
B: the same cultures represented in A were further-
more stained with zonula occludens-1 (ZO-1, green),
or C: surfactant proteins A (SP-A; red) or B (SP-B;
green). D: at day 7, culture cells were lysed and RNA
was isolated followed by cDNA synthesis to assess
gene expression levels of surfactant protein B
(SFTPB) and C (SFTPC). Data are shown as delta Ct
normalized for the geometric mean of the reference
genes OAZT and ATP5B. Cultures on inserts are indi-
cated with blue dots, chip control cultures with yellow
dots and chip cultures exposed to 5 days of stretch
with orange dots. The comparison between insert
and chips was performed with three different donors.
The comparison of stretch application with the control
chip was performed with six different donor (mixes).
AEC2s, alveolar type 2 cells.

technical issue with the staining procedure or whether lack of differentiation towards AECIs both in organoid cul-
AECI1 differentiation did not occur in our cultures. We can tures and in the chip (in presence or absence of stretch).
therefore not exclude the presence of AECls but we The effect of canonical WNT activation on the propagation
hypothesize that the addition of the WNT agonist CHIR to and AEC2 morphology has been described previously in
the complete alveolar culture medium contributes to the organoid cultures (32). Furthermore, it was shown that
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Figure 5. Epithelial-to-mesenchymal transition-related marker expression in alveolar type 2 cultures on inserts and chips. Organoids from donors at dif-
ferent passages were dissociated, mixed, and seeded on inserts or the Alveolus Lung-Chip for 7 days. A: fluorescent images of AEC2s after 7 days of
culture on inserts or chips. Cells were fixed and stained for vimentin (AEC2s, green) and nuclei were stained with DAPI (blue). Image in which vimentin
reduction was visible from n = 2 independent experiments with different donors. Quantification of vimentin staining (right graph). B: gene expression lev-
els of vimentin (VIM) and fibronectin (FN7) in cell lysates of cultures on inserts, chips, or chips that were exposed to 10% stretch at 0.25 Hz for 5 consecu-
tive days. Data are shown as delta Ct normalized for the geometric mean of the reference genes OAZ7 and ATP5B. Cultures on inserts are indicated
with blue dots, chip control cultures with yellow dots, and chip cultures exposed to 5 days of stretch with orange dots. The comparison between insert
and chips was performed with n = 3 different donors. The comparison of stretch application with the control chip was performed with six donor (mixes).
Significance was established using a paired t test; the level of significance was set at P < 0.05. AEC2s, alveolar type 2 cells.

medium containing human serum can direct differentia-
tion from AEC2s to AECIs in (organoid) culture (14), which
should be addressed in future studies.

In our organoids, but also in the cultures on inserts and
chip, we furthermore noticed that AEC2s contained HTII-
280 and/or SP-C double- or single-positive cells, whereas
most cells expressed surfactant SP-A and/or SP-B. The loss of
SP-C is widely interpreted as a loss of AEC2 phenotype (11,
33); however, we demonstrate that these cells do not lose
expression of the mature HTII-280 marker and/or other sur-
factant proteins. Transcriptomic analysis has revealed vari-
ous subsets of alveolar cells, characterized by expression of
subset-specific genes (34). In addition, Choi et al. showed
that various alveolar cell subsets could be derived from
AEC2s by exposure to (macrophage-derived) IL-1B in mice. It
would be interesting to assess whether this approach also
affects human AEC2 differentiation in culture and whether
the AEC2s that do not stain positive for SP-C but do stain for
the other AEC2 markers, represent subsets with specific
functions or possibly transitional states.

Besides assessing AEC-related markers, we also investi-
gated whether the cells in culture underwent EMT. We
assessed vimentin protein expression and vimentin and fi-
bronectin on gene expression and it was striking to see that
AEC2 cultures on the chip had lower levels of vimentin
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compared with those on inserts. One possible explanation
could be the higher initial seeding density used to seed the
chips. Seeding density was slightly variable as these cells are
obtained from disrupted organoids that do not form a com-
pletely single cell suspension at the time of seeding. We
noticed that when AEC2s were seeded at a lower density,
they quickly became larger in morphology (Supplemental
Fig. S2B). Possibly, the difference in stiffness between the
chips, which have a softer PDMS membrane, and the stiffer
PET membrane in the inserts could account for this behav-
ior. This would be in line with the increased awareness of
the fact that culture substrate stiffness can influence cellular
behavior (35). Cultures with lower seeding densities on chip
that underwent dynamic stretch showed signs of cell detach-
ment, suggesting that these forces on the cells may affect
their adherence to the membrane.

We observed that the alveolar cells exposed to stretch
slightly aligned in the direction of the flow and perpendicu-
lar to the direction of the stretch within 24 h after initiation
of stretch. It is at present unclear whether this response
mimics behavior of the alveolar cells in situ, especially
as this response varied highly between donor (mixes).
Extending the model to include additional cell types,
thereby more closely mimicking the alveolar compartment,
will be the logical next step to start answering questions
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related to the impact of biomechanical forces on lung alveo-
lar biology.

A limitation of the method presented here, similar as
those of others, is that the rate of proliferation of the AEC2s
is relatively low and it can take weeks to obtain sufficient
cells for downstream experiments. In chip cultures, the
number of cells required limited our experimental set-up
and sometimes necessitates the use of donor mixes. Possibly
by tuning for example FGFR2-mediated signaling via addi-
tions to the medium, a more proliferative phenotype can be
promoted (29). Another limitation is that we could not iden-
tify a dominant factor that was predictive to the success rate
of initial organoid formation or propagation. The success of
AEC2 organoid culture initiation and expansion was highly
donor-dependent but did not seem related to the size of the
tissue or the number of cells the culture was started with.
Furthermore, the interdonor variation with respect to the
number of days required before first passaging was large and
was also not related to the number of cells isolated. Further
studies and larger donor numbers are needed to identify if
and which donor characteristics determine the success of
organoid initiation and AEC2 expansion.

In conclusion, we demonstrate the successful isolation of
AEC2s from (diseased) human lung tissue that can subse-
quently be expanded using feeder-free organoid culture. The
organoids retain expression of AEC2 markers over time and
can be dissociated for further experiments. We furthermore
showed the feasibility of culturing these patient-derived AEC2s
in the chip under application of cyclic strain. This method is
expected to aid future research into the way forces related to
breathing affect the alveolar compartment, which is needed in
view of the important gaps in our knowledge on the cellular
biomechanics of the human alveolus in health and disease.
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