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a b s t r a c t
As the target organ for numerous pathogens, the lung epithelium exerts critical functions in health and disease.
However, research in this area has been hampered by the quiescence of the alveolar epithelium under standard
culture conditions. Here, we used human distal airway epithelial cells (DAECs) to generate alveolar epithelial
cells. Long-term, robust growth of human DAECs was achieved using co-culture with feeder cells and supplementation with epidermal growth factor (EGF), Rho-associated protein kinase inhibitor Y27632, and the Notch pathway inhibitor dibenzazepine (DBZ). Removal of feeders and priming with DBZ and a cocktail of lung maturation
factors prevented the spontaneous differentiation into airway club cells and instead induced differentiation to alveolar epithelial cells. We successfully transferred this approach to chicken distal airway cells, thus generating a
zoonotic infection model that enables studies on inﬂuenza A virus replication. These cells are also amenable for
gene knockdown using RNAi technology, indicating the suitability of the model for mechanistic studies into lung
function and disease.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Lower respiratory infections, chronic obstructive pulmonary disease
and lung cancer are amongst the top ten causes of death worldwide.
However, research into these conditions has been hampered by the absence of stable primary cell models.
The human alveolar epithelium is lined with non-proliferative type I
alveolar epithelial (AEI) cells specialized for gas exchange, and proliferative type II alveolar epithelial (AEII) cells, which produce surfactant proteins with essential roles during innate immune responses [1, 2]. AEII
cells are targeted by various pathogens that cause life-threatening pneumonia, several of which have a zoonotic origin [3]. This includes inﬂuenza
A virus (IAV), whose natural reservoir is birds but which has undergone
human adaptation causing serious pandemics [4–9]. Comparative studies
using available cell types to study IAV zoonosis, such as human lung adenocarcinoma cell line A549 and the chicken embryonic ﬁbroblast cell line
DF-1, are likely to confound species-, tissue-, and cell line-speciﬁc effects.
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Therefore, establishing human and avian primary cell models would enable more physiologically relevant comparison.
Although alveolar epithelial cell culture models have been
established previously, these have been hampered by spontaneous
transdifferentiation of type II to type I-like cells in vitro [10, 11]. Therefore, most experiments with primary human alveolar epithelial cells require isolation from fresh tissue and are limited by the supply of lung
specimens, as well as the time and cost associated.
Organoid models allow long-term culture of cells derived from rapidly regenerating organs using dedicated adult stem cells [12–14]. However, the regeneration of adult lung epithelium is only activated upon
injury, impeding the identiﬁcation of the cell types involved. Most of
the evidence appoints differentiated alveolar epithelial cells as the progenitor cells of the alveolar epithelium, although other reports suggest
that specialized stem cells are recruited upon severe alveolar damage
[15]. The potential to differentiate alveolar linages from human distal
airway stem cells (DASCs) was addressed previously [16]. Human
DASCs were found to express P63 and cytokeratin 5 (CK5), which are
markers for progenitor cells of the stratiﬁed epithelium, and were able
give rise to podoplanin+ AEI cells and CC10+ airway club cells, but not
surfactant protein C+ AEII cells [16]. Bove and colleagues grew human
AEII cells in culture with feeder cells and the rho kinase inhibitor Y27632 for N30 population doublings [17]. However, markers of AEII
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cells were downregulated after the ﬁrst passage and the phenotype of
the cells after feeder removal was not extensively characterized.
The growth-promoting effect of feeders has been linked to activation
of apoptosis and secretion of growth factors [18, 19]. The same mechanism has been suggested to orchestrate regeneration after tissue damage and it is likely to underlie the robust growth of lung epithelial
cells in feeder co-culture [18]. Additionally, the overlapping marker proﬁle of human distal airway epithelial cells (DAECs) with that of
regenerating murine epithelial cells challenged with inﬂuenza virus
supports this hypothesis [17, 20, 21]. As epithelial cell proliferation is
usually followed by coordinated differentiation, we hypothesized that
it may be possible to induce differentiation towards alveolar epithelial
cells by using factors that induce terminal differentiation of lung progenitors derived from pluripotent stem cells [22].
The result is a novel method that allows expansion of human DAECs
using feeder cells. Feeder removal induced a strong inﬂammatory response and differentiation into an airway club cell phenotype. Addition
of small molecules and growth factors at the end of the expansion
phase induced differentiation into AEII cells, followed by trans-differentiation into type I cells. We successfully adapted this method to chicken
DAECs and compared the growth kinetics of different IAV strains between
the two species. Additionally, our model supports siRNA transfection, enabling the application of advanced molecular techniques on primary
DAECs to allow physiologically relevant research on various human and
zoonotic lung diseases.
2. Material and Methods
2.1. Isolation and Culture of Primary DAECs
2.1.1. Human
Non-malignant tissue samples were obtained from pneumectomy
specimens from the Clinic for Infectious Diseases and Pulmonary Medicine, Charité University Hospital, Berlin under signed informed consent.
Scientiﬁc usage for experimental purposes was approved by the ethics
committee of the Charité University Medicine, Berlin (EA2/079/13). Tissue pieces were processed according to the method by Daum et al. [23]
with modiﬁcations. Brieﬂy, they were washed with balanced salt solution buffer (BSSB:137 mM NaCl/5.0 mM KCl/0.7 mM Na2HPO4/10 mM
HEPES/5.5 mM glucose/1.2 mM MgSO4/1.8 mM CaCl2, pH 7.4), minced
ﬁnely, digested with trypsin (Serva) and elastase (Merck Millipore),
passed through a 70 μm ﬁlter, centrifuged at 300 g for 5 min, washed
twice with BSSB, resuspended in culture medium and plated into ﬂasks
previously seeded with irradiated NIH/3 T3-GFP feeders. The cell yield
was donor dependent and ranged from 1.0–5.0 × 106 cells/g of tissue.
Expansion medium was based on F-medium [24] with modiﬁcations: 3:1 mixture of Ham's F-12 nutrient mix (Life Technologies)
and DMEM supplemented with 5% fetal calf serum/0.4 μg/ml hydrocortisone (Sigma-Aldrich)/5 μg/ml recombinant human insulin
(Sigma-Aldrich)/8.4 ng/ml cholera toxin (Sigma-Aldrich)/24 μg/ml
adenine (Sigma-Aldrich)/10 ng/ml recombinant human epidermal
growth factor (Life Technologies)/9 μM Y27632 (Miltenyi Biotec),
supplemented with 10 μg/ml ciproﬂoxacin (Bayer Vital) and 10 μg/
ml vancomycin (Serva) for the ﬁrst three days, and 2.5 μg/ml
amphotericin B (Cayman Chemical, Ann Arbor, USA) for the ﬁrst
seven days. Flasks were maintained in a humidiﬁed incubator at 37
°C with 5% CO2, and medium changed and 1.5–2 × 104/cm2 freshly
irradiated feeders supplemented every 2–3 days.
2.1.2. Chicken
Lungs of 1-year-old roosters were provided by Annett Kannegießer
(Albrecht-Daniel-Thaer-Institute of Agricultural and Horticultural Sciences, Berlin, Germany) in accordance with German and European regulations and with approval of the Berlin state authorities. DAECs were
isolated as above, and cultured at 39 °C.
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2.2. Induction of Differentiation to Alveolar Epithelial Cells
Four days after passaging, DAECs in co-culture were treated with
small molecules and growth factors to induce differentiation toward alveolar epithelial cells: 3 μM CHIR99021 (Merck Millipore)/10 ng/ml
keratinocyte growth factor (Peprotech)/100 μM 3-isobutyl-1-methylxanthine (Sigma-Aldrich)/100 μM 8-bromoadenosine 3′,5′-cyclic
monophosphate (Sigma-Aldrich)/25 nM dexamethasone (Sigma-Aldrich)/10 ng/ml ﬁbroblast growth factor-10 (Peprotech) [22] and 20
μM DBZ. Three days later cells were separated from feeders and subjected to downstream experiments. For further details see Supplementary Materials and Methods.
2.3. IAV Replication Assay
IAV strains A/England/195/2009 (H1N1pdm), A/WSN/1933 (H1N1),
A/Mallard/Germany/439/2004 (H3N2) and A/Panama/2007/1999
(H3N2) were used to determine replication kinetics in human and
chicken DAECs. Cells were infected at multiplicity of infection (MOI)
0.01. After 55 min cells were washed and culture medium containing
10 μg/ml TPCK-treated trypsin added. Cells were then incubated at 37 °C
and supernatant samples collected at indicated times. Viral titer in supernatants was determined by plaque assay using Madin-Darby canine kidney (MDCK) cells.
A/Vietnam/1203/2004 (H5N1) was tested in a BSL3 laboratory.
For titration of viral progeny 50 μl supernatant was transferred to
MDCK cells seeded in 96-well plates. After 6 h cells were ﬁxed
with 3.7% formaldehyde, immunolabeled with anti-inﬂuenza A
nucleoprotein (NP) antibody (BIO-RAD) followed by anti-mouse
IgG secondary antibody (Dianova). Images were acquired using
automated microscopy and analyzed by ScanR Analysis Software
(Olympus).
2.4. siRNA Transfection
Puriﬁed human DAECs or A549 cells were subjected to reverse transfection using siRNAs targeting Lamin A/C, NP or the scrambled sequence
Allstars (Qiagen) and HiperFect (Qiagen). After 20 min incubation, cells
containing 9 μM Y27632 were mixed with the transfection complexes
and incubated for 48 h at 37 °C.
2.5. Statistics
Statistical signiﬁcance was determined by two-tailed paired t-test;
experiments represent three biological replicates, unless otherwise indicated. Samples were not randomized and no sample size estimation
was carried out.
3. Results
3.1. DBZ Improves In Vitro Proliferation of Primary Human DAECs
We ﬁrst established co-culture with feeder cells to allow long-term
propagation of human DAECs. NIH/3 T3 feeders were transduced with
GFP to allow for removal by ﬂow cytometry. The workﬂow and a colony
of human DAECs in co-culture with GFP-expressing feeders are shown
in Fig. 1A. Although cells successfully proliferated for 13 population
doublings (PDs), growth was not as long-lasting as previously reported
[17]. We thus tested a list of small molecules (Suppl. Table 1) and
growth factors with effects on signaling pathways involved in lung development and/or maintenance of adult epithelial cells. We selected
the TGF-β type I receptor inhibitor RepSox (10 μM) and the Notch pathway inhibitor DBZ (100 nM) (Suppl. Table 1), but only DBZ was able to
maintain exponential growth beyond 130 PD (Fig. 1B) and was used for
all subsequent experiments.
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Fig. 1. Successful culture of human distal airway epithelial cells (DAECs) with feeders. (A) Initial workﬂow of co-culturing human DAECs with irradiated NIH3T3/GFP (feeders). Feeders
were plated one day prior to epithelial cell isolation from tissues. A lung tissue sample was ﬁnely minced and digested with trypsin and elastase. Liberated cells were plated on feeders
in expansion medium. The GFP-negative epithelial cells form discrete colonies (white arrowhead) in 7 to 10 days. Epithelial cells were harvested by differential trypsinization upon
passaging. After counting under a ﬂuorescent microscope 2 × 10 [5] GFP-negative cells were seeded in the next culture plate. (B) The growth curves of human DAECs cultured in
different conditions. Cells did not reach enough conﬂuence (80%) after 8 days from initial seeding when they were cultured only with expansion medium (No feeders, ♦). Expansion
medium and irradiated feeders (Control, ●) allowed the cells to expand up to approximately 75 population doublings (PDs). Additionally, supplementation with RepSox (10 μM
RepSox, ■) and dibenzazepine (DBZ) (100 nM DBZ, ▲) contributed to the longevity of the DAECs compared with feeders alone. Results are representative of three independent
experiments using cells from three different donors.

3.2. Proliferating Human DAECs Express Regenerating Cell-Like Molecular
Markers
Immunoﬂuorescence labeling showed that the majority of human
DAECs expressed both cytokeratin 5 (CK5) and the N-terminal truncated
form of P63 (ΔN-P63), considered the main markers of regenerating cells
in the mouse lung after severe injury (Fig. 2A, B) [16]. Flow cytometry
analyses further revealed that 80.6% of E-cadherin+ DAECs were double
positive for α6 and β4 integrins (Fig. 2C), markers of regenerating cells in
mouse lung [25]. Regenerating cells are negative for markers of AEII cells
and airway club cells - the main mature epithelial cells with proliferation
potential in the human distal lung. As expected, DAECs were negative
for the AEII cell marker pro-surfactant protein C (proSP-C) at passage 4
(Fig. 2D), although some were positive at earlier passages (Suppl.
Fig. 1). DAECs were also negative for the airway club cell marker
secretoglobin1A1 (SCGB1A1) (Fig. 2E).
3.3. Human DAECs Do Not Spontaneously Differentiate Into Alveolar Epithelial Cells
Removal of feeders and transfer to a conventional culture environment did not induce differentiation into mature alveolar epithelial cells, as qRT-PCR analyses revealed that the AEI cell marker
AQP5 was downregulated 6 days later (Fig. 3A). Instead, SCGB1A1
was upregulated, suggesting differentiation toward an airway club
cell phenotype (Fig. 3B). Immunoﬂuorescence analysis at 72 h conﬁrmed the presence of SCGB1A1 (Fig. 3C). Microarray analyses
showed strong up-regulation of inﬂammatory cytokines, tissue remodeling-associated proteases, protease inhibitors, collagen 1A1 as
well as SCGB1A1 (Fig. 3D). In contrast, RASSF2, a component of the
NF-κB pathway, was downregulated.
3.4. Induction Treatment Directs Differentiation Into Alveolar Epithelial
Cells
Failure of feeder removal to induce a phenotype towards alveolar
epithelial cells implied that additional signals are required. We thus

adopted an induction step published by Huang et al. [22]. Here, they
used CHIR99021, keratinocyte growth factor, 3-isobutyl-1-methylxanthine (IBMX), 8-bromoadenosine 3′,5′-cyclic monophosphate
(8-Br-cAMP), dexamethasone and FGF-10 to induce differentiation
of human pluripotent stem cells into airway epithelial cells that
express p63 but lack markers of more differentiated cells [16]. We
also increased the concentration of DBZ during induction to suppress
persistent Notch signaling, which causes differentiation toward
airway club cells in mice. After three days of induction, cells were
passaged and feeders removed to allow differentiation (Fig. 4A).
This resulted in reduction of SCGB1A1 (Suppl. Fig. 2A), the goblet
cell marker MUC5B, and the ciliated cell marker FOXJ1 (Suppl.
Fig. 2B), and upregulation of AQP5 after 72 h (Suppl. Fig. 2C). To exclude epithelial to mesenchymal transition (EMT), we measured the
expression of the epithelial marker CDH-1, the mesenchymal marker
α-SMA, and the EMT regulatory factor Slug, after feeder removal
with and without induction medium (Suppl. Fig. 2D). No substantial
reduction of CDH-1 or increase of α-SMA or Slug were recorded, suggesting the epithelial phenotype is maintained.
Microarray analysis comparing induced and non-induced
human DAECs 72 h after feeder removal showed that SCGB1A1
and inﬂammation-related genes were up-regulated only in non-induced cells (Figs. 3D and 4B). Gene ontology (GO) analysis revealed
that genes related to transmembrane transport and lipid metabolism were enriched in the induced cells (Fig. 4C), while immune
and inﬂammatory response-related genes were upregulated in
non-treated cells (Fig. 4D).
Next, we examined alveolar epithelial cell markers by immunoﬂuorescence staining of AQP5 and SP-C (Fig. 4E). We also detected increased
expression of surfactant proteins over time (Fig. 4F). The induced cells
showed a spectrum of populations with different staining intensities
of ProSP-C and AQP5 (Fig. 4G), shifting from mainly ProSP-C+cells at
48 h to mainly ProSP-C-/AQP5+ cells at 144 h of differentiation. These
results are in congruence with the view that type II cells spontaneously
differentiate into type I cells [26, 27]. Cellular morphology also changed
from a type II-like to a large, ﬂat type I-like phenotype (Suppl. Fig. 3A
and B). By contrast, in non-induced cultures the proportion of ProSP-

Fig. 2. Human DAECs show regenerating cell-like phenotype in co-culture. Immunoﬂuorescent micrograph of human DAECs in co-culture with feeders. (A) Most of the cells in the CDH-1
(red) -positive epithelial colony show positive nuclear signal for the N-terminal-truncated form of P63 (ΔN-P63, green). (B) Cytokeratin 5 (CK5, green) is expressed in all epithelial cells.
Red: CDH-1. Note that feeder cells are negative for CDH-1 and have large speckled nuclei. Scale bars: 50 μm. (C) Flow cytometry analysis of integrin α6β4 expression on human DAECs in
co-culture with feeders. After sequential gating to single cells (Gate 1-3), live (Gate 4) and CDH-1+ (Gate 5) epithelial cells were subjected to analysis. The integrin α6 + β4+ population
(Gate 6) consisted of 80.6% of the epithelial cells. (D–E) Immunoﬂuorescence labelling of molecular markers of differentiation. CDH-1 (red)-positive epithelial cells are negative for both
proSP-C (D) or SCGB1A1 (E). Scale bar: 50 μm. Results are representative of three independent experiments using cells from one donor.
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Fig. 3. SCGB1A1 and inﬂammation-related genes are up-regulated after human DAEC separation from feeders. Comparison of gene expression by qRT-PCR at 0, 72 and 144 h after
passaging to conventional cell culture environment. Aquaporin5 (haqp5) is strongly downregulated (A) and secretoglobin1a1 (scgb1a1) is upregulated after separation from feeders.
Expression level was normalized to that of glyceraldehyde-3-phosphate dehydrogenase (gapdh) at 0 h (haqp5) or 144 h (scgb1a1). Data are shown as mean ± SD of one experiment
representative of three independent biological experiments using cells from one donor. ND: not detectable. (C) Immunoﬂuorescent micrograph of human DAECs 144 h after passage.
Positive staining of SCGB1A1 (red) is seen in the cytoplasm of the cells. Scale bar: 50 μm. Images are representative of three independent experiments using cells from one donor. (D)
Microarray analysis of gene expression proﬁle comparing human DAECs during co-culture and at 72 h post separation. Black line: y = x, orange lines: 5-fold change. Inﬂammatory
cytokines (e.g. IL-6, CCL2, CCL3, CXC-motif chemokine ligands), tissue remodeling-associated proteases (e.g. MMP7, cathepsin C), protease inhibitors (e.g. SERPINs), collagen 1A1 and
SCGB1A1 were strongly upregulated, while RASSF2 was downregulated 2.3-fold. Microarray was performed in cells derived from two independent donors.

C−/AQP− cells increased to 89.7% by 144 h, and ProSP-C+/AQP5− cells
were not detected without induction (Fig. 4G). A comprehensive
schematic illustration of primary DAEC expansion and differentiation
is included in Fig. 8.

3.5. Expansion of Chicken DAECs in Co-Culture
We next applied our method to chicken DAECs. Expansion
medium alone did not support proliferation after passage 1.

Fig. 4. A short term induction treatment directs human DAECs to an alveolar epithelial phenotype. (A) Time course of the treatment to induce alveolar epithelial phenotype for human
DAECs. The treatment begins three days before separation from feeders. Concentration of dibenzazepine (DBZ) was increased to 20 μM in parallel with addition of different small
molecule inhibitors and cytokines. Abbreviations: C; CHIR99021, F7; ﬁbroblast growth factor 7, I; 3-Isobutyl-1-methylxanthine, A; 8-Br-cAMP, Dex; Dexamathasone, F10; ﬁbroblast
growth factor 10. (B) Microarray analysis of gene expression proﬁle during co-culture and after induction and separation from feeders. Black line: y = x, orange lines: 5-fold change.
Microarray was performed in cells derived from two independent donors. Gene ontology (GO) analysis of differentially expressed genes between induced- (C) and non-induced (D)
hDAECs at 72 h after separation. (E) Immunoﬂuorescent staining of human DAECs 48 h after feeder removal. Green: AQP5, red: SP-C, gray: F-actin, blue: DNA. Scale bar: 50 μm. (F)
Human DAECs were expanded in co-culture with feeder cells and treated with CHIR99021, keratinocyte growth factor, IBMX, 8-Br-cAMP, dexamethasone and FGF-10. At three days
post-treatment feeders were removed and the expression of SFTPA1 and SFTPB was investigated using qRT-PCR over the course of 6 days (0, 72 and 144 h). (G) Quantiﬁcation is
shown as percentage of cells positive/negative for SP-C and AQP5 with (left) and without (right) induction treatment. Immunoﬂuorescent labelling images at each time point were
converted to binary by standardized procedure. Y axis indicates the time points after feeder removal. Images are representative of three independent experiments carried out using
cells from one donor.
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When co-cultured with feeders, numerous spindle-shaped cells
appeared within 10-14 days, eventually converging on one another
to leave behind bare areas (Fig. 5A). The addition of 10 μM RepSox
prevented this, leading to the formation of DAEC colonies that
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were smaller and rounder than human DAECs (Fig. 5B and C).
Cells grew for N150 days and reached over 40 population doublings (Fig. 5D). Other reagents, including DBZ, did not improve
growth.
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Fig. 5. Successful culture of chicken DAECs with feeders. (A) Left: A phase contrast image of chicken DAECs cultured in expansion medium with feeders for 20 days after isolation from tissue.
Note bundles of spindle-shaped cells and an adjacent bare area (arrowhead). (B) Clusters of chicken DAECs (arrowhead) grown in medium supplemented with 10 μM RepSox upon co-culture
with feeders. Scale bar: 100 μm. Results are representative of three independent experiments using lungs from three different chickens. (C) Immunoﬂuorescent labeling of chicken and human
DAECs in co-culture with feeders. Note that feeders are negative for CDH-1 (green) and have large speckled nuclei (white arrowhead). (D) Growth curve showing that sustained growth was
achieved with feeders and RepSox. Results are representative of three independent experiments using lungs from three different chickens. qRT-PCR shows that expression of surfactantassociated protein A gene (sftpa) (E) and aquaporin 5 (aqp5) (F) at different time points is relatively stable. The expression level was normalized to GAPDH at 0 h. Data are shown as mean
± SD of three biological replicates derived from one chicken lung.

After removal of feeders, qRT-PCR analysis showed expression of
surfactant-associated protein A (SFTPA) (Fig. 5E) and AQP5 (Fig. 5F),
key markers of chicken pneumocytes. In contrast to human cells,

chicken DAECs did not require additional factors to induce these
genes, and their expression level remained relatively stable over time
(Fig. 5E, F).

A. Imai-Matsushima et al. / EBioMedicine 33 (2018) 230–241

A

B

A/WSN/1933 (H1N1)

A/England/195/2009 (H1N1pdm)

7
6

*

5

*

Virus titer (log 10 PFU/mL)

Virus titer (log 10 PFU/mL)

* *

6

5
4
3
2

4

Human
Chicken

3

2

1

1
0
0

24

48

0

72

0

24

Time (hours)

48

72

Time (hours)

C

D
A/Panama/2007/1999 (H3N2)

7

*

6

A/Mallard/Germany/439/2004 (H3N2)
6

*
Virus titer (log 10PFU/mL)

8

Virus titer (log 10 PFU/mL)

237

5
4
3
2

5

4

Human
Chicken

3

2

1

1
0

0

0

24

48

0

72

Time (hours)

24

48

72

Time (hours)

E
A/Vietnam/1203/2004 (H5N1)
7

Virus titer (log 10 FFU/mL)

6
5

human
chicken

4
3
2
1
0
0

24

48

72

Time (hours)

Fig. 6. Replication kinetics of different IAV strains in human and chicken DAECs. Human DAECs induced to differentiate to alveolar epithelial cells and chicken DAECs were separated from
feeders, seeded in plastic culture vessels and infected with (A) A/WSN/1933 (H1N1), (B) A/England/195/2009 (H1N1pdm), (C) A/Panama/2007/1999 (H3N2), (D) A/Mallard/Germany/
439/2004 (H3N2) at multiplicity of infection (MOI) of 0.01 plaque forming units (PFU)/cell. Supernatants were collected at 1, 14, 24, 48 and 72 h post-infection. The virus titres were
determined by standard plaque assay in Madin-Darby canine kidney (MDCK) cells. Data are shown as mean ± SD from three independent experiments carried out in cells from one
human donor or chicken lung. Statistical analysis was done by two-tailed paired t-test; *p b 0.1; **p b 0.05. (E) Human and chicken DAECs were infected with A/Vietnam/1203/2004
(H5N1) at MOI 0.05. The supernatants were harvested 24, 48 and 72 h post-infection. Viral progeny in the supernatant was titrated by infecting MDCK cells and subsequently
detecting viral nucleoprotein by immunoﬂuorescent staining. Data are shown as mean ± SD of three technical replicates representative of three independent experiments.

3.6. Replication Kinetics of Different Inﬂuenza Virus Strains in Human and
Chicken DAECs
To assess the potential of this model for inﬂuenza A virus research,
we infected human and chicken DAECs with different IAV strains that

have either known or predicted receptor-binding speciﬁcities, based
on published data. A/WSN/1933 (H1N1) was reported to have α2-6
sialic acid receptor binding preference, which is the linkage most abundantly expressed in the human upper respiratory tract [28], A/England/
195/2009 (H1N1pdm) is predicted to have preference for α2-6 sialic
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acid receptors but might also bind avian-like α2-3 linkages based on the
reported binding preferences of another representative pandemic H1N1
2009 virus [29], A/Panama/2007/1999 (H3N2) has been reported to
have α2-6 sialic acid receptor binding [30], A/Vietnam/1203/2004
(H5N1) has been reported to have α2-3 sialic acid receptor binding
preference [31], and A/Mallard/Germany/439/2004 (H3N2) is predicted
to have α2-3 receptor binding [32].
The lab-adapted A/WSN/1933(H1N1), the seasonal A/Panama/2007/
1999(H3N2) and the pandemic A/England/195/2009(H1N1pdm), generated as a triple reassortant of human, porcine and avian viruses, replicated better in chicken DAECs (Fig. 6A–C). A/Mallard/Germany/439/
2004(H3N2) exhibited low replication efﬁciency, especially in human
DAECs (Fig. 6D), while the highly pathogenic A/Vietnam/1203/2004
(H5N1) replicated equally well in both species (Fig. 6E).

basal or mature alveolar epithelial cells [17]. Clarifying the origin of
DAECs in the human lung has been impeded by the lack of molecular
markers, which would not only allow assessment of clonal proliferation
capacity, but also contribute to a better understanding of homeostasis
and regeneration of the human lung.
The human distal airway epithelium includes airway epithelial cells
at the proximal region and alveolar epithelial cells at the distal part.
High Notch signalling activity has been linked to differentiation of progenitor cells towards airway club cells and inhibition of differentiation
into alveolar cells [21, 33, 34]. While upon feeder removal, DAECs differentiated towards airway club cells, as shown by increased expression of
SCGB1A1 and downregulation of AQP5 over time, no changes in genes
regulated by canonical Notch signalling were recorded by our microarray experiment. Instead, we found rather robust inﬂammatory and proliferation pathway signatures conﬁned to STAT3 and NF-κB signalling
[35]. This might reﬂect involvement of non-canonical Notch activity,
since non-canonical Notch signalling regulated by NF-κB or IL-6 expression has been reported previously for different tissues [36, 37].
In contrast to a previous report carried out in inﬂuenza-infected mice,
in which differentiated cells expressed markers of airway club as well as
ciliated and mucin-producing cells [16], our method induces efﬁcient differentiation of human DAECs into proSP-C, SFTPA1, SFTPB and AQP5 positive alveolar epithelial cells. Although these factors have frequently been
considered as main markers of mature alveolar cells [21, 38, 39], surfactant proteins are also expressed in immature cells, thus deﬁnitive conﬁrmation that the cells are fully mature would require electron microscopy
to conﬁrm the presence of multilamellar bodies. It is interesting that our
observations, including the molecular markers expressed in the proliferating DAECs and the induction method with Notch pathway inhibition,
are consistent with the repair mechanism described for mouse lung epithelium (Fig. 8) [16, 21]. The morphological and phenotypical shift from
type II toward type I-like cells after 48 h of feeder removal also closely resembles that of freshly isolated alveolar epithelial cells.
By contrast, we found many genes upregulated during default differentiation that have been associated with idiopathic pulmonary ﬁbrosis,
e.g. CCL2 [40], CCL3 [41], SERPINE2 [42], [43] and MMP7 [44, 45].

3.7. Human DAECs Support Efﬁcient Gene Knockdown Using RNAi
Technology
To facilitate downstream applications, we optimized delivery of
siRNA to achieve comparable knockdown efﬁciencies for human
DAECs and A549 cells (Fig. 7A) and assessed whether this technology
could be used to determine the impact of a given knockdown on viral
replication. Knockdown of the inﬂuenza virus factor nucleoprotein
(NP) resulted in reduced replication of the A/WSN/1933 (H1N1) strain
at various MOIs (Fig. 7B and C), demonstrating the potential of our
model for infection biology and other downstream applications.
4. Discussion
We introduce here a feeder-based primary DAEC culture system and
its application to lung infection research. Human DAECs maintained
long-term growth and could be induced to generate alveolar epithelial
cells. During expansion their marker proﬁle was similar to that of
regenerating cells in the mouse lung: ΔN-P63+/CK5+/integrin α6β4+/
proSP-C−/SCGB1A1−. It has been suggested that mouse DAECs derive
from specialized stem cells [20, 21] or include progenitors such as
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Fig. 8. Schematic illustration of primary DAEC expansion and differentiation. (A) Proliferating human DAECs and their fate after induction and feeder removal in vitro. Treating the cells
with high doses of the Notch pathway inhibitor dibenzazepine (DBZ) and other factors during the expansion phase induces commitment to an alveolar epithelial cell phenotype. (B)
Lineage-negative epithelial progenitors (LNEPs) and distal airway stem cells (DASCs) are the specialized tissue stem cells that proliferate upon tissue damage in mice (e.g. inﬂuenza
infection) [16, 20, 21]. Vaughan et al. proposed that murine LNEPs require Notch signalling to activate the ΔNp63 and CK5 program, and conversely Notch blockade promotes
generation of alveolar epithelial cells [21]. Abbreviations: CHIR, CHIR99021; FGF, ﬁbroblast growth factor; IBMX, 3-isobutyl-1-methylxanthine; 8-Br-cAMP, 8-bromoadenosine 3′,5′cyclic monophosphate.

Current tools to support research in this ﬁeld include animal models,
cell lines such as the AEII cell line A549, non-epithelial models, as well
as primary human bronchial epithelial, airway and alveolar epithelial
cells [46–50]. However, the limited replicative lifespan of the latter
cell types still remains a technical challenge to investigate these diseases. In this regard, our model might be of value to advance research
in this ﬁeld. However, future studies will be required to determine its
applicability for research into lung diseases linked to aberrant regeneration, such as chronic obstructive pulmonary disease or idiophatic pulmonary ﬁbrosis.
The fact that our model requires only three days of induction with
growth factors and signalling molecules paves the way for downstream
experimentation. The high cell density (N105/cm2) further reduces costs
for platforms that require large numbers of cells. This enables the establishment of in vitro testing systems with cells from different genetic
backgrounds or with genetic modiﬁcations introduced by lentivirusmediated gene transduction or other genetic tools [51]. In addition,
we can successfully cryopreserve both minced fresh tissue and DAECs,
enabling transportation of these cells.
We also adapted the new model to avian DAECs – an important host
species for zoonotic viruses affecting the lungs. Here, we achieved

efﬁcient long-term growth of chicken DAECs and differentiation towards cells positive for SFTPA and AQP5, molecular markers of chicken
pneumocytes. The localization of these molecular markers in vivo
strongly suggests that they are epithelial cells of the parabronchi, the
site of gas exchange in birds [52, 53]. In contrast to human DAECs,
chicken DAECs required the TGF-β receptor kinase inhibitor RepSox,
not the Notch inhibitor DBZ to maintain proliferation, which closely resembles the signalling pathways activated in mammalian airway epithelial cells in vitro [54–56]. In addition, SFTPA and AQP5 were
expressed regardless of induction treatment and remained relatively
stable after feeder removal. While different cell types corresponding
to the mammalian type I and II alveolar epithelial cells have been reported in chicken, the relationship between them remains unknown.
Chickens have been appointed as potential intermediate hosts for
the transmission of avian inﬂuenza viruses to humans [57, 58]. Establishing models for avian and human primary DAECs enables direct comparison of inﬂuenza A virus replication in different relevant host cells,
and ultimately allows deeper studies of the underlying biology. Various
mutations that improve the replication efﬁciency of avian IAVs in mammalian hosts have been identiﬁed [59, 60]. Of these, the most extensively studied mutation is the single point mutation at inﬂuenza
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polymerase basic 2 (PB2) 627 residue from glutamic acid (E) to lysine
(K). This has been linked to greater replication rates of avian viruses in
human cells. Accordingly, the avian-like 627E-expressing virus A/Mallard/Germany/439/2004(H3N2) replicated better in chicken than in
human DAECs. Although A/England/195/2009(H1N1pdm) also harbours 627E, compensatory mutations that allow for efﬁcient replication
in human cells have been identiﬁed [61]. Nonetheless, chicken DAECs
still replicated A/England/195/2009(H1N1pdm) more productively
than human DAECs. One possible explanation is that these viruses
were generated in eggs and they might have acquired mutations that
enable higher replication rates in chicken cells. For the other strains
tested, these harbour the mammalian-like 627 K mutation in PB2 and
still replicated equally well or better in chicken DAECs, suggesting that
in addition to E627K PB2, other viral factors might affect host range
[62–64]. Human-adapted viruses, such as H1N1pdm or H3N2, were
found unable to infect poultry in previous studies. This discrepancy
might be due to the absence of additional cell types that are required
to mount an efﬁcient immune response against some strains of inﬂuenza A virus in our ex vivo model. Along these lines, establishment of
lung organoid cultures will beneﬁt further investigations. Interestingly,
the innate immune response of chickens against viruses is weak [65].
Chicken cells lack the retinoic acid-inducible gene (RIG-I) receptor,
which can sense IAV, resulting in the induction of type-I interferon
(IFN) responses. In contrast, strong RIG-I expression is observed in
ducks, potentially explaining duck resistance to most inﬂuenza
virus strains [66]. In vitro replication kinetics of IAVs in DAECs of
aquatic birds, the natural reservoir of inﬂuenza virus, could help understand the tropism of inﬂuenza virus. However, the establishment
of such models will depend on the availability of lungs from these
species and the development of molecular tools to allow further
characterization.
Our method is likely adaptable to other species and our protocol for
efﬁcient siRNA transfection will further enable study of host factor dependencies through RNAi analyses. We thus expect that our model
will enable investigation of the role of genetic determinants in lung
health and disease, as well as enhance our understanding of zoonotic
diseases.
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