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canalicular stages and their isolated
epithelial cells were evaluated by immunostaining, electron microscopy, flow cytometry, organoid
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assay, and gene expression studies. The regenerative potential of the isolated cells has been evaluated
in a rat model of bleomycin-induced pulmonary injury by tracheal instillation on days 0 and 14
after injury and harvest of the lungs on day 28.

;(:f;‘;:j; adlls Results: We determined the relative and temporal, and spatial pattern of expression of markers of
el basal (KRT5, KRT14, TRP63), non-basal (AQP3 and pro-SFTPC), and early progenitor (NKX2.1,
Organoids SOX2, SOX9) cells. Also, we showed the potential of respiratory-derived cells to contribute to in
Lung vitro formation of alveolar and airway-like structures in organoids. Cell therapy decreased fibrosis
B formation in rat lungs and improved the alveolar structures. It also upregulated the expression

of IL-10 (up to 17.22 folds) and surfactant protein C (up to 2.71 folds) and downregulated the
expression of TGF-f3 (up to 5.89 folds) and AQP5 (up to 3.28 folds).

Conclusion: We provide substantial evidence that human fetal respiratory tract cells can improve
the regenerative process after lung injury. Also, our extensive characterization provides an updated
phenotypic profile of these cells.
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Introduction

Cell therapy for lung injury has been the subject of
extensive research, and several cells have been studied
as potential sources."* However, the potential of the fetal
respiratory tract cells, which are naturally developing in
their native niche, has not been systematically studied for
the cells derived from human tissues.

Obviously, the successful completion of such a study
necessitates an up-to-date understanding of the step-
wise events, cellular differentiation, and temporal and
spatial changes in gene expression during human lower
respiratory tract development. Unfortunately, compared
to reports on the characterization of the epithelial cells/
progenitor cells in rodent’s respiratory system, much less
has been studied in humans. There are numerous pieces
of evidence showing that the development of respiratory
epithelium in humans and rodents do not follow an exact
pattern.> Our current knowledge in human respiratory
development is based on reports of direct tissue
examination®and in vitro culture of human samples.®” Still,
these data do not provide a complete phenotypic profile of
cellular components of the respiratory tract during human
fetal development. The signaling pathways, that control
the undifferentiated/differentiated status of respiratory
stem cells during the stages of development, might be
recruited during the process of repair and regeneration®,
which necessitates their detailed elucidation.

Currently, bleomycin-induced injury in rodents is one
of the most studied models for evaluating the effects of
cell therapy on lung injury. Most of these studies have
focused on applying mesenchymal stem cells for cell-
based therapies.” However, these cells are most effective
when administered during the early inflammatory phase
after injury.!® The regenerative potential of other cell
sources has been reported to differ in several aspects. For
instance, alveolar type II cell therapy was reported to be
effective even during the late inflammatory phase after
injury.!’ Another example is the report showing that term
human amniotic epithelial cells lead to better pulmonary
regeneration than preterm cells."

Here, we hypothesize that human fetal respiratory
tract cells could be one of the top choices on the list for
cell therapy for lung injury. In this study, we show that
fetal lower respiratory tract-derived cells improve the
process of regeneration during both early and late phases
after experimental lung injury. Also, to have an updated
phenotypic profile, we extensively characterize the
epithelial cells/progenitor cells throughout the human
fetal lower respiratory tract in both pseudoglandular and
canalicular stages.

Materials and Methods

Sample collection and study design

Fetal lower respiratory tract tissues were obtained from
cadaveric fetuses following spontaneous abortion,
and legal termination of pregnancy for severe fetal

neurological anomaly and severe maternal cardiac disease
(Table 1). Fetuses from mothers older than 40 years of
age and from mothers with diabetes, hormonal disorders,
viral and parasitic infections, and pulmonary disorders
were not included in the study. Also, fetuses with cardiac
and pulmonary disorders and those aborted following
ectopic pregnancy were excluded. Tissues procured
from 20 fetuses were examined. The accuracy of the age
of each fetus was determined by the Herns guideline
using physical measurements.”” Ages of fetuses ranged
from 12-19 weeks of gestation, which corresponded to
pseudoglandular and canalicular stages (Table 1)* (10
respiratory tissues were examined for each stage). A 2 x
2 cm human adult healthy lung tissue was obtained from
a 63 years old patient who underwent open lung biopsy
in Rasoul Akram Hospital (Tehran, Iran) for diagnosis of
idiopathic pulmonary fibrosis (IPF). The patient presented
with the clinical features of exertional dyspnea, dry cough,
decreased total lung capacity (TLC) and decreased forced
vital capacity (FVC). But, histopathological examination
showed normal histological features.

After dissection of heart and lower respiratory tract
tissues, all tissue samples were placed in a 4 °C DMEM/
F12 culture medium (Sigma, Missouri, USA), 10% Fetal
Bovine Serum (FBS, Gibco, Gaithersburg, USA), and
0.5% (v/v) antibiotic/antimycotic (10000 units/mL of
penicillin, 10 000 pg/mL of streptomycin, and 25 pg/mL of
fungizone) (Gibco, Gaithersburg, USA). The samples were
then promptly delivered to the laboratory. Fetal respiratory
tissue samples were divided and cut into three anatomical
regions including: trachea, bronchi, and distal airways/
alveolar region for histological examination. Also, mixed
cell populations were isolated from two anatomical regions
of tracheobronchial and distal airways/alveolar, and were
subjected to phenotypic and molecular characterizations.

Histological evaluations

Freshly dissected tissue samples were fixed in 4% (w/v)
formaldehyde in double distilled water at 4 °C for 48 hours.
Then, all samples were dehydrated through a graded series
of ethanol solutions (50%, 70%, 80%, 90%, and 100%; 1 hour
each), paraffin-embedded, and sectioned at 6 pm thickness
slices. The slides were deparaffinized and rehydrated for
H&E and Masson trichrome, immunostaining.

Immunochemical staining of tissue samples

For immunostaining, an antigen retrieval process was
performed with 10 mM sodium citrate buffer (pH 6.0) (20
minutes at 120 °C) and the samples were permeabilized
with 0.5% Triton-X100 at room temperature (15 minutes).
The sections were blocked with 10% goat serum in PBS
at 37 °C (1 hour). Primary antibodies were diluted in
5% goat serum. The sections were treated overnight at
4 °C with primary antibodies including 1:50, mouse
anti-pan-Keratin (Thermo Fisher Scientific, Waltham,
Massachusetts, USA); 1:250, rabbit anti-KRT5; 1:100,
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Table 1. Details of fetuses included in this study

Code number Gestational age (wk)

Lung developmental stage

Cause of abortion

1 12 Pseudoglandular
2 12 Pseudoglandular
3 14 Pseudoglandular
4 14 Pseudoglandular
5 14 Pseudoglandular
6 15 Pseudoglandular
7 15 Pseudoglandular
8 15 Pseudoglandular
9 16 Pseudoglandular
10 16 Pseudoglandular
11 17 Canalicular
12 17 Canalicular
13 17 Canalicular
14 18 Canalicular
15 18 Canalicular
16 18 Canalicular
17 18 Canalicular
18 19 Canalicular
19 19 Canalicular
20 19 Canalicular

SAB
SAB
LTP for severe fetal neurological anomaly
SAB
LTP for severe maternal cardiac disease
SAB
LTP for severe maternal cardiac disease
LTP for severe fetal neurological anomaly
SAB
LTP for severe fetal neurological anomaly
SAB
SAB
LTP for severe fetal neurological anomaly
LTP for severe maternal cardiac disease
SAB
SAB
SAB
LTP for severe fetal neurological anomaly
SAB

LTP for severe fetal neurological anomaly

SAB: spontaneous abortion; LTP: legal termination of pregnancy

mouse anti-KRT14; 1:200, mouse anti-Trp63; 1:250, rabbit
anti-AQP3; 1:250, rabbit anti-AQP5; and 1:500, rabbit
anti-pro-SFTPC (all from Abcam, Cambridge, USA)
(anti-pan-Keratin for epithelial cells; anti-KRT5, anti-
KRT14 and anti-Trp63 for basal cells; anti-AQP3, anti-
AQP5 and anti-pro-SFTPC mainly for non-basal cells).
The samples were washed three times with phosphate-
buffered saline (PBS), and then incubated for 1 hour at
37 °C with secondary antibodies including 1:1000, anti-
Mouse Alexa Fluor 594; 1:1000, anti-Rabbit Alexa Fluor
594; and 1:1000, anti-Rabbit Alexa Fluor 488 (all from
Abcam, Cambridge, USA). After double washing with
PBS, the nuclei were counterstained for 1 min with DAPI
(Sigma-Aldrich, St. Louis, USA). Image] software was
used for counting the number of marker-positive cells in
each micrograph.

Primary antibodies of KRT5, KRT14, Trp63, AQP3,
AQP5 and pro-SFTPC were validated using positive and
negative samples Fig. 1A. For human fetal samples, 6
sections of each region were stained and scored for each
marker. Then, to quantify immunostaining results, each
section was divided into 4 fields (24 fields/sample) and
cells were counted using Image] software.

Electron microscopy and ultrastructural analysis

Tissues were fixed in 2.5% glutaraldehyde (Sigma-Aldrich
St. Louis, USA) at 4°C (72 hours), followed by post—fixatioﬁ
in 1% osmium tetroxide (Sigma-Aldrich, St. Louis, USA)
(30 minutes). The samples were then dehydrated through
a graded series of acetone solutions (30%, 50%, 70%, 90%,
and 100%, 1 hour each) and gradually embedded in resin

(Taab embedding resin, T027/1, UK). The resin blocks
were sectioned into 50 nm-thick sections. The samples
were observed under an HT7800 transmission electron
microscope (Hitachi, Germany).

Real time RT-PCR

The relative gene expression levels of molecular markers
of early progenitor (NKX2.1, SOX2, SOX9) cells were
measured for tracheobronchial and distal airways/alveolar
regions for both pseudoglandular and canalicular stages.
Total RNA was extracted from fetal tissue samples using
RNeasy Kit (Qiagen, Germany). First-strand cDNA was
synthesized using RevertAid™ H Minus First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Massachusetts,
USA). SYBR® Premix Ex Taq™ II (Tli RNaseH Plus,
TaKaRa, Japan) was used for the real time RT-PCR reaction
according to the following conditions: denaturation at
94 °C for 30 seconds, annealing at 60°C for 60 seconds,
and extension at 72°C for 60 seconds using the Applied
Biosystems StepOne (Massachusetts, USA) and analyzed
with StepOne software (Version 2.1). The samples were
collected from three independent replicates. Comparative
CT method (2722T) was selected as the method of
analysis according to the amplification efficiencies of the
housekeeping gene (GAPDH) and target genes primers
and the fold changes (compared with ANOVA followed
by Bonferroni post hoc as described under the “statistical
analysis” below) were shown relative to the control group
(human foreskin fibroblast). The sequences of primers are
listed in Table 2.
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Table 2. Real time RT-PCR primers

Human primers Sequence 5'>3’

Forward: GACAACAGCCTCAAGATCATCAG

GAPDH

Reverse: ATGGCATGGACTGTGGTCATGAG

Forward: GCATGAACATGAGCGGCAT
NKX2

Reverse: CGACAGGTACTTCTGTTGCTTG

Forward: CCCAGCAGACTTCACATGT
SOX2

Reverse: CCTCCCATTTCCCTCGTTTT

Forward: CCAGTCCTACATCTTCGGTTGT
MUC16

Reverse: AGGGTAGTTCCTAGAGGGAGTT

Forward: ATTGCTATTATGCCCTGTGTA
MUC5A

Reverse: TGGTGGACGGACAGTCACT

Forward: GCATAAGCGCAAACAGCCG
FOXJ1

Reverse: TCGAAGATGGCCTCCCAGT

Forward: GAGGAAGTCGGTGAAGAACG
SOX9

Reverse: GTTTTGGGGGTGGTGGGT

Forward: AGAGCAACAACTCAACGGGAA
Tla

Reverse: TTCTGCCAGGACCCAGAGC

Forward: ACT GGGTTTTCT GGG TAG GG
AQP5

Reverse: ATG GTCTTCTTC CGCTCT TC

Forward: CCTTCTTATCGTGGTGGTGGTGGT
SFTPC

Reverse: TCTCCGTGTGTTTCTGGCTCATGT

Forward: TCCAAGCCACACTCCACGA
SFTPA

Reverse: TTCCTCTGGATTCCTTGGG
Rat primers

Forward: GACCACAGTCCATGACATCACT
GAPDH

Reverse: TCCACCACCCTGTTGCTGTAG

Forward: GGCTGCCTTCAGTCAAGTGA
IL-10

Reverse: GCAACCCAAGTAACCCTTAAAGTC

Forward: GTGGCTGTTGCGGAGAGAG
TGF-B

Reverse: ATCTTCGTTGTCCACTCCTTTGA

Forward: TGGACATGAGTAGCAAAGAG
SPC

Reverse: GTAGCAGTAGGTTCCTGGAG

Forward: CGCTCAGCAACAACACAACACC
AQP5

Reverse: GACCGACAAGCCAATGGATAAG

Flow cytometry

The tissues were digested with 1 mg/mL collagenase I/IV
(40 minutes), and then centrifuged at 350 g (5 minutes).
The cell pellet was re-suspended in PBS. Single cell
suspension was achieved using a 70 um Cell Strainer
(Sigma-Aldrich, St. Louis, USA). Propidium iodide
(Sigma-Aldrich, St. Louis, USA) cell viability dye (1 pg/
mL) was used to exclude dead cells. The cell population
with a viability of more than 70% was used. The cells were
tixed with 4% (w/v) formaldehyde in PBS (Sigma-Aldrich,
St. Louis, USA) at 4 °C (20 minutes), and then washed
with PBS. After permeabilization with 0.2% Triton X-100
at room temperature (10 minutes), and blocking in 2%
bovine serum albumin (BSA) at 37 °C (15 minutes), the

cells were treated with primary antibodies at 4 °C (24
hours) including 1:400, rabbit anti-KRT5; 1:50 mouse
anti-KRT14; and 1:200 mouse anti-TRP63 (all from
Abcam, Cambridge, USA). The cells were then washed
with pre-cooled PBS (4 °C), followed by a 30-minute
incubation with secondary antibodies including 1:100,
anti-Mouse Alexa Fluor 488, 1:100 anti-Rabbit Alexa
Fluor 488 and 1:100 anti-Mouse Alexa Fluor 647 (all from
Abcam, Cambridge, USA). Rabbit IgG monoclonal and
mouse IgG2a antibodies (both from Abcam, Cambridge,
USA) were used as an isotype control. The phenotypic
characteristics of the cells were measured by FACSCalibur
(Becton Dickinson, USA) (three samples for each test)
and analyzed by Flowing Software Version 2.5.1 (Cell
Imaging Core, Abo Akademi University, Finland). Data
are presented as and histograms.

Cell isolation and culture

Tissues were rinsed three times with PBS supplemented
with 100 U/mL penicillin and 0.1 mg/mL streptomycin
(Gibco, Gaithersburg, USA), and divided into two parts
of tracheobronchial and distal airways/alveolar regions.
Each part was cut into pieces of 1x1 mm and treated with
1 mg/mL collagenase I/IV (Gibco, Gaithersburg, USA)
in DMEM/F12 at 37 °C (35 min). DMEM/F12 with 10%
FBS was added and the samples were centrifuged at 350 g
(5 min). The cell pellet was re-suspended in DMEM/F12
supplemented with 10% FBS, 2 mM Glutamax (Gibco,
UK), 100 U/mL penicillin/100 ug/mL streptomycin, 10
ng/mL rhEGF (Invitrogen, New York, USA), 10 ng/mL
rhFGF10 (R&D Systems, Minneapolis, USA), 10 ng/
mL rhKGF (Royan Institute, Iran), 15 mg/mL bovine
pituitary extract (Chem Cruz, Texas, USA), and 50 pg/mL
retinoic acid (Sigma, Missouri, USA), seeded in dishes
coated with 1% (w/v) BSA (Biowest, France), 0.1% (v/v)
PureCol (Advanced Biomatrix, Carlsbad, USA), and 0.1%
(v/v) fibronectin (Sigma, Missouri, USA), and incubated
in a humidified incubator with 5% CO, at 37 °C. At 80%
confluence, the cells were harvested by trypsin/EDTA
(Gibco, Gaithersburg, USA), centrifuged at 350 g (5
minutes), and subjected to cell characterizations.

Immunostaining of cultured cells

The isolated cells were cultured and examined on day 4 for
the expression of pan-Keratin, KTR5, and Trp63 proteins.
The cells were fixed with 4% (w/v) formaldehyde in PBS
(Sigma—Aldrich, St. Louis, USA) (15 minutes) at room
temperature followed by blocking with 10% goat serum
at 37 °C (1 hour). After permeabilization with 0.2% Triton
X-100 at room temperature (20 minutes), the cells were
treated with the primary antibodies diluted in 5% goat
serum including 1:100, mouse anti-pan-Keratin (Thermo
Fisher Scientific, Waltham, Massachusetts, USA); 1:200,
rabbit anti-KRT5 and 1:100, mouse anti-TRP63 (all from
Abcam, Cambridge, USA). The samples were washed
three times with PBS, followed by 60-minutes incubation
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at 37 °C with secondary antibodies including 1:1000, anti-
Mouse Alexa Fluor 594; and 1:1000, anti-Rabbit Alexa
Fluor 488 (both from Abcam, Cambridge, USA). The
samples were washed again with PBS, and nuclei were
counterstained for 1 minute with DAPI (Sigma-Aldrich,
St. Louis, USA).

Organoid formation assay

Lung organoids were generated for both canalicular and
pseudoglandular stages by mixing the cells (passage 0)
derived from tracheobronchial and distal airways/alveolar
regions with 50% Matrigel (Corning, Life Science, New
York, USA) at a density of 2x10° cells/droplets of 30
uL and gentle pipetting of the cells/Matrigel mixture.
Then, droplets were placed in a non-adherent plate and
incubated at 37 °C to solidify in 2 hours. Then, DMEM/
F12 medium supplemented with 10% FBS and growth
factors (10 ng/mL EGE, 10 ng/mL FGF10, 10 ng/mL KGE
50 pg/mL RA) were added (steroids were not added to
the culture medium), droplets were floated by pipetting,
and incubated at 37°C in a humidified incubator with 5%
CO, for 10 days. The organoids were not grown on the
air-liquid interface.

Before formation of organoids, the percentage of the
epithelial cells in the mixed cell population that underwent
organoid formation assay, were analyzed by flow
cytometry (three samples for each assessment as described
above under the title “flow cytometry”) using mouse anti-
EpCAM-FITC antibody (Miltenyi Biotec, Germany) at
day 4 post-culture. As descibed before,” organoid samples
were collected at days 10 and 21, were fixed with 4% (w/v)
formaldehyde in PBS (Sigma-Aldrich, St. Louis, USA)
at room temperature for 15 minutes, and underwent
histological and real time RT-PCR evaluations as described
above under the titles “histological evaluations” and “real
time RT-PCR”. In real time RT-PCR, the fold changes of
target genes in organoid structures were shown relative to
the 2D culture-derived cells.

Bleomycin-induced rat lung injury and cell therapy
Male Sprague-Dawley rats (200-230 g) were used for
the cell therapy study. Animals were maintained in
accordance with guidelines for experimental animals
approved by the institutional Committees of Animal Care
and Research of Iran University of Medical Science. Lung
injury was induced by intratracheal instillation of a single
dose of bleomycin (BLM) (2.5 U/kg) (Sigma, Missouri,
USA) under Ketamine (90 mg/kg) and Xylazine (10 mg/
kg) anesthesia. The animals underwent cell therapy with
canalicular stage human fetal lower respiratory tract cells
(hFLRTCs) derived from either (a) tracheobronchial or
(b) distal airways/alveolar region after flow cytometric
evaluation for expression of EpCAM, and epithelial cell
marker. After cell therapy, the animals were examined at
both early (day 0, 4 hours post-BLM instillation) and late
(day 14) phases of the injury.

A minimum of 3 rats were included for each
experimental group. Rats were randomly divided into
six groups: (1) rats intratracheally instilled with PBS; (2)
induced injury with no cell therapy; (3) induced injury
followed by tracheobronchial-derived cell therapy at day 0;
(4) induced injury followed by tracheobronchial-derived
cell therapy at day 14; (5) induced injury followed by distal
airways/alveolar region-derived cell therapy at day 0; (6)
induced injury followed by distal airways/alveolar region-
derived cell therapy at day 14. The cells used for cell
therapy were labeled with CM-Dil (5 pL per 1 mL of 10°
cells) (Vybrant™ Cell-Labeling, Thermo Fisher Scientific,
Massachusetts, USA) in accordance with manufacturer’s
instructions. The animals received 3 x 10° cells (passage 1)
intratracheally and euthanized by lethal doses of ketamine
and xylazine at day 28.

Histological slides were prepared from the harvested
lungs as described under the title “histological
evaluations” The slides underwent the antigen retrieval
process followed by immersion in a 0.1% H,O, solution
and blocking with 10% goat serum in PBS at 37 °C (1
hour). Afterwards, the samples were incubated at 4 °C
overnight with primary antibodies including rabbit anti-
Collagen 1 and rabbit anti-fibronectin (1/100) (all from
Abcam, Cambridge, USA) (collagen 1 and fibronectin
are the main components of lung extracellular matrix).
The day after, samples were incubated for 1 hour at 37
°C with anti-Rabbit-HRP (1:1000) (Abcam, Cambridge,
USA) followed by DAB staining. All samples were
counterstained with Hematoxylin. Masson trichrome
staining was also performed in which the morphological
changes in 70 randomly chosen microscopic fields per
group were photographed with 20-fold magnification
and were quantified according to the numerical scale
proposed by Ashcroft et al.'”® Also, RNA extraction has
been performed on the harvested whole lungs and real
time RT-PCR performed for assessment of expression of
inflammatory and fibrotic cytokines and for expression of
SPC and AQP5 genes as described above under the title
“real time RT-PCR”. The sequences of primers are listed
in Table 2.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(Version 6.1, GraphPad software, CA, USA). The normality
of distribution of data and equality of variances were tested
by Kolmogorov-Smirnov and F tests respectively in order
to determine the method of comparison (parametric or
non-parametric). Parametric comparison of means was
performed by t-test and ANOVA (with Bonferroni post-
hoc), where appropriate; and comparison of proportions
was performed by x> test. Statistical significance of
differences between two groups of data were determined
by multiple t-test. Data are presented as mean + standard
deviation (SD). Mean differences were considered
statistically significant at P<0.05.
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Results

Distribution of basal cell subpopulations in human fetal
tracheobronchial epithelium

H&E staining showed that both trachea and bronchi
were populated with stratified epithelium in both
pseudoglandular and canalicular stages (Fig. 1B-I).
Epithelial cells and stem cells were identified by expression
of pan-Keratin and co-expression of KRT5. These cells
were mostly localized in the basal layer of both trachea
and bronchi in both stages (Figs. 1B-1I and IB-III and Figs.
2A-1, 2B-I). Also, our results revealed that KRT5*/KRT14*
cells populated these regions in both stages (Figs. 2A-II
and 2B-II). In contrast to the KRT5* cells, which distinctly
covered the basal layer, TRP63 was widely expressed and
distributed from the basal to the superficial layer of the
epithelium. In addition, co-staining revealed the presence
of the KRT5*/TRP63* population that was limited to the

A. Validation of primary antibodies

basal layer of the epithelium of trachea and bronchi in both
stages (Figs. 1B-II and IB-III and Figs. 2A-II1, 2B-III).

Quantification of basal cell subpopulations in human
fetal tracheobronchial epithelium

Immunostaining data revealed that KRT5 and KRT14
were expressed in the trachea of both stages without
significant differences (Fig. 2C). At the same time,
TRP63* cells decreased in the trachea of the canalicular
stage (49+4%) (P<0.05) compared to pseudoglandular
stage (82%4%). Similar to the trachea, TRP63* cells
decreased in the bronchi of the canalicular stage (P<0.05),
whereas KRT5 expression increased in the bronchi of the
canalicular (89+£6%) compared to pseudoglandular stage
(45+6%) (P<0.01) (Fig. 2D). The same examination in
the bronchi of both stages revealed a decrease in TRP63
expressing cells (61£11%, P<0.05) and an increase in

Fetal Lung

Basal cell markers

Non-Basal cell markers

B. Basal cell subpopulations

Pseudoglandular
U A

Canalicular

Trachea Bronchi

m Canalicular
Bronchi

Fig. 1. Antibodies’ validation and basal cell subpopulations. (A) Validation of primary antibodies for immunohistochemical applications by positive and
negative samples confirming their validity. () representation of basal epithelial cell markers in fetal heart (left column) and fetal trachea of canalicular stage
(right column). (Il) Representation of lineage restricted or non-basal cell markers in fetal heart and human adult skin (left column) and trachea (right column).
Scale bar = 20 ym (for all photomicrographs). (B) Staining for basal cell subpopulations in human fetal tracheal and bronchial epithelium showing their
distribution. (I) H&E staining showing pseudostratified epithelium. (lI-1ll) immunohistochemical staining: pan-Keratin is the marker of epithelial cells; white
arrows show TRP63+ cells in developing sub-mucosal glands; Scale bar = 100 um (for all fluorescent photomicrographs).
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KRT5* cells (85+£6%, P<0.01) throughout the transition
from pseudoglandular to the canalicular stage (Fig.
2D). Scoring of double immunostaining (Figs 2C-D)
results showed that an extensive area of the tracheal
epithelium was populated with KRT5*/KRT14* (58.33%
in pseudoglandular and 63.44% in canalicular) and
KRT5*/TRP63* (58.33% in pseudoglandular and 50.34%
in canalicular). Besides these populations, the tracheal
epithelium of pseudoglandular and canalicular stages was
covered with other cell populations, including KRT57/
KRT14*, KRT5/KRT14-, KRT5/TRP63*, and KRT57/
TRP63". In the canalicular stage, KRT5/TRP63~ was
the major population (36.57%) after KRT5*/KRT14* and

Al histochemistry: P doalandul

9

KRT5*/TRP63* (Fig. 2C).

Distribution and quantification

subpopulations in human fetal DA/AR
Some of the distal airways showed KRT5* cells in the
basal layer, while the superficial layer epithelium in distal
airways and all developing alveoli were negative for KRT5
phenotype in both stages (Fig. 3A). In addition, co-
localization of KRT5 and KRT14 markers was observed
only in distal airways (Fig. 3B). Expression of TRP63 was
extensively detected in all distal airways and developing
alveoli in both stages (Fig. 3C). As shown in Fig. 3D, more
than 90% of epithelial cells in distal airways and alveolar
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epithelial cells during pseudoglandular and canalicular stages in both tracheal and bronchial tissues. Each marker is labeled by the color represented in the
photomicrograph. (C-D) Quantification of the cells positive for specific molecular markers is presented for both trachea and bronchi (*P < 0.05, **P < 0.01; n
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region in pseudoglandular and 70% in canalicular stages
were TRP63*. However, the percentages of KRT5* and
KRT14* cells did not show significant differences between
pseudoglandular and canalicular stages.

Corresponding to immunostaining findings, most
distal airway epithelial cells (63.70% in pseudoglandular
and 41.70% in canalicular) were KRT5/KRT14" and
distributed in the superficial layer of the epithelium.
However, 9.7% of epithelial cells in the distal airways
of pseudoglandular stage revealed a KRT5*/KRT14*
phenotype, and this population increased up to 21.4% in
the canalicular stage (Fig. 3E).
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Expression of non-basal cell markers in human fetal
tracheobronchial and distal airways epithelium

Extensive positive areas for AQP3 and pro-SFTPC
were identified in the tracheobronchial epithelium in
both stages. The immunostaining result revealed the
distribution of AQP3* and pro-SFTPC* cells from the basal
layer to the superficial layer in the stratified epithelium of
both trachea and bronchi and submucosal glands (Figs.
4A-B). The relative expression of molecular marker
genes of early progenitor cells in the tracheobronchial
region of both stages (Fig. 4C) showed that SOX2 and
SOX9 were upregulated throughout the transition from
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Fig. 3. Basal cell markers in distal airways/alveolar regions, showing distribution and quantification of positive cells. (A-C) immunohistochemical staining
showing epithelial cells during pseudoglandular and canalicular stages. Each marker is labeled by the color represented in the photomicrograph; white arrows
show the co-localization of KRT5 and KRT14. (D-E) Quantifying the cells positive for specific molecular markers (n = 24).
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pseudoglandular to canalicular. At the same time, NKX2.1
was decreased in the canalicular stage.

The results revealed the distribution of AQP3* cells only
in distal airways, not in developing alveolar structures of
both stages (Fig. 4D). Distal airways of pseudoglandular
stage showed the expression of pro-SFTPC in both
basal and superficial epithelial layers. In contrast, in
the canalicular stage, expression of pro-SFTPC was
observed only in the superficial layer of the epithelium
(Fig. 4E). Additionally, pro-SFTPC was detected in the
alveolar region in both stages. TEM micrographs showed
developing lamellar bodies only in the alveolar region in
the canalicular stage from 19pcw (post-conception weeks)
(Fig. 4F-H) along with glycogen vesicles (GVs). Lamellar
bodies and GVs were not detected in the pseudoglandular
stage.

Expression analysis of molecular marker genes of early
progenitor cells showed significant decreases in NKX2.1
from pseudoglandular to canalicular stages (Fig. 4I),
whereas SOX9 significantly increased in the canalicular
stage in DA/AR.

Pseudoglandular

Evaluation of isolated primary epithelial cells

The viabilities of cells isolated from pseudoglandular and
canalicular stages were 88.21% and 80.54%, respectively
(Fig. 5A). The percentages of the cells expressing KRT5,
KRT14, and TRP63 were determined by flow cytometry
(Fig. 5B), showing that KRT5" cells decrease from
proximal to distal airways in both pseudoglandular
(P<0.001) and canalicular (P<0.001) stages. The same
proximal-distal pattern of decreasing expression was also
observed for KRT14" cells in the pseudoglandular stage
(P<0.05). Analysis of the percentage of marker-positive
cells in the pseudoglandular-canalicular axis showed that
TRP63* cells decrease in DA/AR from pseudoglandular to
canalicular stage (P<0.001). The highest expression level
of TRP63 was observed in DA/AR of pseudoglandular
stage (74.97+9%) (Fig. 5B).

A minor subset of tracheobronchial cells give rise to
distinct colonies in 2D culture

On day 4 of culture, the cells were characterized for
expressing pan-Keratin, KRT5, and Trp63. The cells
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Fig. 4. Non-basal cell markers in proximal and distal airways/alveolar regions, showing distribution and quantification of positive cells. (A-B)
immunohistochemical staining: white arrow shows pro-SFTPC* cells in developing sub-mucosal glands. (C) Gene expression levels in tracheobronchial
epithelium (*P < 0.05 and ***P < 0.001; n = 3, t-test). (D-E) immunohistochemical staining; (E) Expression of pro-SFTPC by basal cells in higher magnification
(white arrows). (F-H) TEM of epithelial cells showing developing alveolar structures (AS) with large nuclei (N), glycogen vesicles (red arrows); lumen (L). and a
lamellar body (LB; with a magnified inset [x2]); (I) Gene expression levels in distal airways/alveolar region epithelium (*P < 0.05 and ***P < 0.001; n = 3, t-test).
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isolated from tracheobronchial and DA/ARs exhibited
typical epithelial colony morphology (Figs. 5C-F). The
epithelial cellsin theisolated cell population were identified
by immunostaining for pan-Keratin expression (Figs. 5G-
J). A subset of epithelial cells expressed KRT5 and TRP63
markers in the tracheobronchial region of both stages
with different features of colonies. In the pseudoglandular
stage, tracheobronchial-derived epithelial cells formed
distinctive KRT5* (including KRT5*/TRP63*) colonies
with well-defined borders (Figs. 5K and 50). In contrast,
epithelial cells in DA/AR and the canalicular stage did
not form any distinctly defined KRT5* colony; only a
few KRT5* cells could be detected in DA/AR and in the
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canalicular stage (Figs. 5L-N and 5P-R), which conforms
to the flow cytometric findings.

Organoid assay

The flow cytometry analysis of the cells that underwent
organoid assay showed that out of those isolated in the
canalicular stage, 46.3% of tracheobronchial cells and
32% of airways/alveolar cells were EpCAM* (Figs. 6A-
B). H&E staining of organoids revealed that the epithelial
cells formed a self-organized structure in 3D culture.
Tracheobronchial-derived cells formed a structure with a
small lumen covered with a multi-layer epithelium (Figs.
6C-D). DA/AR-derived organoids of the canalicular stage
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Fig. 5. Characterization of isolated cells, showing their molecular markers expression profile. (A) Flow cytometry for cell viability using Pl staining and (B)
expression of basal cell markers; blue and green histograms are from isotype control; red and orange histograms are from test groups (n = 3, mean+SD). (C-
F) typical epithelial colonies. (G-R) immunocytochemical staining showing distinct basal cell colonies (K and O). Scale bar equals 100 pm (for all fluorescent
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formed a structure with a large lumen covered with a
monolayer epithelium (Fig. 6E).

Flow cytometry of the cells from organoids of
pseudoglandular stage showed that 28% of distal airways/
alveolar cells were EpCAM+ (Fig 6]). H&E staining
of 10- and 21-day organoids derived from DA/AR of
pseudoglandular stage showed that the structures formed
in these organoids comprise a columnar epithelial cell
organization and alveolar-like structures (Figs. 6K and
M).

The presence of pan-Keratin® cells showed the
contribution of epithelial cells in the lumen of the structures
formed in organoids (Figs. 6F-G). The other findings were
co-expression of KRT5/TRP63 in these epithelial cells,
which indicates the contribution of progenitor cells (Figs.
6H-I), and expression of AQP-5 in 10-day organoids (Fig.
6L) and pro-SFTPC in 21-day organoids (Fig. 6N), which
indicate alveolar differentiation. We could not detect the
expression of AQP-5 in 21-day organoids and pro-SFTPC

in 10-day organoids. Continuous expression of TRP63 was
observed after 21 days in organoids of pseudoglandular
stage. But, expression of epithelial stem cell marker
(KRTS5) was not detected in 21-day organoids (Fig. 6N).

The expression levels of early progenitor molecular
marker genes, ciliated, secretory, AEC1, and AEC2/
club cells isolated from distal airway/alveolar region and
cultured in 3D conditions (organoids) were compared
with those cultured in 2D conditions for 21 days (Fig.
60). The results revealed that the mRNA expression levels
of early lung progenitor genes were higher in organoids.
However, KRT5 protein could not be detected in 21-day
organoids (Fig. 6N). Increased expressions of all other
genes compared to 2D culture conditions were also
detected.

Cell therapy with hFLRTCs for a rat pulmonary injury
model
Our results revealed that 35% and 53% of the mixed
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(A-B) Flow cytometry for EpCAM" cells that underwent organoid assay (n = 3, meant+SD); (C-E) H&E staining showing self-assembled structures (black
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cell populations derived from the trachea and DA/AR
expressed EpCAM, respectively (Fig. 7A). The EpCAM-
negative cells were fibroblast-like cells expressing
vimentin (data not shown). As shown in Fig. 7B, in the
animals that received BLM but did not undergo cell
therapy (+BLM/-Cell), the lungs had macroscopic fibrotic
features, including a large and pale appearance with several
scars as compared with the lungs of the animals that did
not receive BLM (-BLM/-Cell). BLM instillation was
associated with fibrosis and collagen deposition leading
to a marked increase in lung weight (P<0.01). However,
cell therapy could significantly prevent weight gain in the
affected lungs (P<0.05) (Fig. 7C).

Masson trichrome staining showed that cell therapy
modulated the development of fibrosis and led to lower
collagen deposition (Fig. 7D). Using immunostaining, we
demonstrated an extensive expression of collagen I and
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fibronectin (as the main components of lung extracellular
matrix) in the parenchyma of BLM-treated lungs
accompanied by abnormal alveolar architectures. We also
showed that cell therapy prevented the upregulation of
collagen I and fibronectin expression and substantially
improved the alveolar structures. However, it could not
return the pattern of collagen I and fibronectin expression
and the architecture of alveoli back to a completely
normal phenotype (Fig. 7D). The median Ashcroft score
for histological sections from animals that did not receive
BLM and cell therapy was 1, while that for bleomycin-
treated lungs that did not receive cell therapy was 4
(P<0.01). In contrast, the progress of fibrosis in animals
that received hFLRTCs after BLM instillation on days 0
and 14 was significantly diminished with the median
Ashcroft scores of 2 and 3, respectively (P<0.05) (Fig. 7E).

To assess the effects of hFLRTCs transplantation, we

Collagen |

Fig. 7. Intratracheal administration of cells following bleomycin-induced lung injury, showing amilioration of lung injury. (A) Results of flow cytometric
analysis of the mixed cell population for EpCAM expression before transplantation (n = 6). (B) Representative images of whole lungs from all the experimental
groups after harvest on day 28 (3 rats for each group). (C) Comparison of lung weights after cell therapy (two lobes from the right and left lung/rat, 3 rats;
ANOVA followed by Bonferroni posthoc). (D) Masson trichrome and immunohistochemical staining showing low interstitial collagen deposition in all the rats
underwent cell therapy; (E) Ashcroft scoring of histological sections. Distributions are presented as box plots with lines at the lower quartile, median and upper
quartile. Whiskers are representative of the minimum and maximum, excluding outliers. -BLM: not-treated with BLM; -Cell: not-underwent cell therapy; +BLM:
treated with BLM; /TB: underwent cell therapy with tracheobronchial-derived cells; /DA: underwent cell therapy with distal airways/alveolar region-derived
cells; /day 0: underwent cell therapy at day 0; /day 14: underwent cell therapy at day 14; * P < 0.05; and ** P < 0.01
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determined the expression of inflammatory and fibrotic
cytokines in lung tissue by real-time RT-PCR on day
28 (Fig. 8A). Except for the group treated with DA/
AR-derived cells on day 14, other experimental groups
showed upregulation of the expression of IL-10 (P<0.001)
(up to 17.22 folds in the group that underwent cell therapy
with distal airways/alveolar region-derived cells on day 0).
Interestingly, TGF-f3, one of the main fibrosis markers, was
down-regulated in all experimental groups (P <0.01 and P
<0.001) (up to 5.89 folds in the group that underwent cell
therapy with distal airways/alveolar region-derived cells
on day 14).

Analysis of gene expression demonstrated that all
the animals that underwent cell therapy exhibited a
significant up-regulation in SPC compared to those BLM-
treated animals that had not received any cells (Fig. 8B).
Also, those who received cells at day 0 showed a higher
gene expression level (2.71 folds) than day 14 recipients.
Moreover, cell therapy decreased AQP5 expression
compared to the BLM-treated animals that had not
received any cells (P<0.001), and also, a higher down-
regulation of AQP5 (3.28 folds) has observed in day 0 cell
therapy groups as compared to the day 14th (P<0.05). On
the other hand, immunohistochemical staining of the

Log,, fold changes

Fold changes

+BLM/TB/day 0

Fold changes

alveolar region (Fig. 8C) showed rarely engrafted Dil-
positive tracheobronchial-derived cells transplanted at
day 0 expressing AQP3.

Discussion
This study re-examines the distribution and phenotype of
epithelial cells in the human fetal lower respiratory tract
during pseudoglandular and canalicular stages. It also
examines the role of the “spatial niche” on modulation
of the potency of respiratory progenitor cells using an
organoid assay and shows that human fetal respiratory
cells are potential sources for cell therapy after lung injury.
We show that in fetal trachea and bronchi, basal cells
(as stem cells), with KRT57/KRT14* and KRT5*/TRP63*
phenotypes, populate the epithelium, particularly at
the basal layer, and have a distribution similar to adult
bronchi. However, in contrast to adults, in whom 40% of
KRT5* cells co-express the KRT14 and all TRP63* cells
co-express KRT5,'® we report that in fetal bronchi, all of
the KRT5" cells express KRT14. We also report that only
51% of TRP63+ cells co-express KRT5 in pseudoglandular
stage. This ratio increases to 100% in the canalicular stage.
Our other interesting finding is that 100% of the KRT5*
cells in the tracheal epithelium are TRP63* and KRT14",
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Fig. 8. Analysis of gene expression following cell therapy, showing the post-therapy profiles of cytokines. Whole lung RNA extract real-time RT-PCR
analysis of expression levels of (A) inflammatory-related and fibrotic-related genes and (B) SPC and AQPS genes. (C) representative image of the alveolar
section showing AQP3 expression by the engrafted hFLRTCsDil-labeled cells. -BLM: not-treated with BLM; -Cell: not-underwent cell therapy; +BLM: treated
with BLM; /TB: underwent cell therapy with tracheobronchial-derived cells; /DA: underwent cell therapy with distal airways/alveolar region-derived cells; /day
0: underwent cell therapy at day 0; /day 14: underwent cell therapy at day 14; (n = 3, * P < 0.05; ** P < 0.01; *** P< 0.001; ANOVA followed by Bonferroni

post hoc)
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which is not the case in adults."” Also, we show a distinct
distribution of KRT5* cells in the basal layer and TRP63*
cells in both basal and superficial layers of the fetal
epithelium. This does not conform to the distribution of
these cells in the adults, which is reported to be TRP63*
cells in the basal layer and KRT5* cells in both basal and
superficial layers.'¢

In fetal DA/AR, we identify KRT14* cells, which have
not been identified in adult distal airways.'® Also, we show
a proximal to distal decrease in KRT5* and an increase
in TPR63* cells in the fetal period, which is maintained
during adulthood for KRT5* cells but is reversed for
TPR63" cells.'s

Our other finding on colony formation potential shows
that KRT5"/TRP63" cells isolated in the pseudoglandular
stage from tracheobronchial epithelium have a higher
potential to form distinct colonies compared to the other
cells in this study. This could be attributed to a higher
competence of these cells in a hierarchical differentiation
model.

We show that the distribution of AQP3* cells in the
fetal tracheobronchial epithelium is similar to adults'
and report that the tracheobronchial AQP3* cells do not
show presumed structural characteristics of alveolar types
I cells, which conforms to previous reports.> In fetal
distal airways, we interestingly demonstrate an extensive
presence of AQP3* cells in both basal and superficial layers
of the epithelium of pseudoglandular, which conforms
to bronchiolar distribution in adults, and only in the
superficial layer of epithelium in the canalicular stage. We
could not identify any AQP3* cells in the alveolar region
in these stages. On the other hand, our findings on the
distribution of pro-SFTPC* cells agree with previous
reports.”**! However, developing lamellar bodies could not
be detected by ultrastructural studies earlier than 19pcw.

The tracheobronchial expressions of SOX2 and
SOX9 have not been fully explored during human fetal
development. We show that the total expression of SOX2
and SOX9 in the tracheobronchial region increases in
canalicular compared with the pseudoglandular stage.
On the other hand, human fetal distal tip epithelial cells
co-express both SOX2 and SOX9 in pseudoglandular,
but express only SOX9 in the canalicular stage. Also, the
epithelium of terminal and respiratory bronchioles only
expresses SOX2 during both stages.>® Here, we report
the expression levels of these genes in DA/AR and show
that expression of SOX9 increases in the canalicular stage.
This could result from increased expression of SOX9 in
the distal tip epithelium. Our other finding is a stable
expression of SOX2 in both stages, which shows that the
same level of expression of this gene is needed in the distal
lung during both stages.

NKX2.1 is one of the key genes regulating lung
development and its postnatal stem cells' function. Our
findings on the expression of this gene in proximal
airways of the human fetus are consistent with previous

reports.”>* However, we showed a mild but significant
decrease in expression of this gene in the distal lung
during canalicular as compared with pseudoglandular
stage. This finding results from a precise real-time RT-
PCR quantification, which might seem slightly different
from a previous report showing the same level of
expression of this gene in both stages.?> However, it should
be considered that the latter report is the result of a semi-
quantitative immunohistochemical analysis.

The contribution of cellular and extracellular
components in the formation of tissue-specific niches
and the effects of their manipulations has long been
appreciated in the lungs.?*** Here, we show that the “spatial
niche” should also be taken into account. Our organoid
formation assay findings emphasize this spatial niche's
critical role in modulation of the progenitor cells' potency
in developing respiratory system. Our observation
agrees with previous studies reporting the formation of
pulmonary organoids from mixed cells of murine fetal
lung® and human pluripotent stem cells.”” It should be
noted that our observations are based on qualitative
examinations. So, it remains to be determined whether
cells from one region or developmental stage perform
differently and whether a single cell, alone, can develop
into the resulting structures.

Our in vivo experiment shows that the cells derived
from the fetal lower respiratory tract can ameliorate the
lung injury by modulation of expression of fibronectin and
collagen I, collagen deposition, Ashcroft score, restoration
of lung alveolar structures, and a decrease in lung weight
gain after injury. We have shown that the earlier the cell
therapy is delivered, the better the regenerative response.
It should be noted that in this study, we have established
and treated an acute lung injury model. To extend the
results of the current report to IPF, a separate study should
be performed, which should consider that most patients
with IPF are diagnosed at later stages of the disease.

Several reports show a fibrogenic role for TGF-p* and
an anti-fibrogenic role for IL-10 through suppression of
TGEF-B*7 after lung injury. We have observed a down-
regulation of TGF-B expression in all the animals that
received cell therapy and an upregulation of the IL-10 in
all the animals except those that received distal airways/
alveolar-derived cells at day 14.

We have detected very few human fetal cells engraftment
in the regenerating host tissue of our immunocompetent
rat model (Fig. 8C). Accordingly, it could be hypothesized
that paracrine effects resulting from secreted mediators
could be considered the dominant mechanism that
mediated the injury repair in this experiment. Future
studies, such as evaluating cytokine antagonists that
can disrupt fibrosis signaling pathways and human lung
fetal cell-secreted chemokine screening for fibroblast
proliferation-inhibiting factors or factors promoting
collagen degradation are needed to elucidate the
underlying mechanisms by which hFLRTCs promote the
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Research Highlights

What is the current knowledge?

v Cell therapy with fetal respiratory cells from sources other
than humans can ameliorate lung injury in animal models

v The major phenotypic details of human fetal lower
respiratory cells are available from the studies that are not
up-to-date

What is new here?

vV We provide substantial evidence that human fetal
respiratory tract cells can improve the regenerative process
after lung injury

v Our extensive characterization provides an updated
phenotypic profile of human fetal lower respiratory cells
from 12-19 weeks of gestation

recovery of injured respiratory tissues.

Our other findings are the patterns of expressing
specific markers of alveolar types I and II cells in
regenerating lungs. According to previous reports, BLM
induces aberrant deposition of ECM and disruption
of the epithelial basement membrane, which results in
irregular differentiation of ATII cells to ATT cells.”® This
is demonstrated by lower expression of SPC and higher
expression of AQP5 in our injury model. Our finding of
increased expression of SPC and decreased expression of
AQP5 after cell therapy shows that our fetal cells improve
the gene expression pattern after lung injury to orchestrate
the regeneration process.

It should be noted that although the clinical application
of fetal cell therapy is a subject of a major controversy
due to the source of the cells, the lessons learned by
studying legally aborted fetal tissues can improve our
understanding of the mechanisms that govern the process
of injury repair and can help the development of novel
treatment modalities.

Conclusion

In conclusion, we have shown that fully characterized fetal
human lower respiratory tract cells have a high potential
to restore the structure and pattern of gene expression in a
standard experimental model of lung injury. This is proof
of the concept that tissue-derived fetal cells can restore the
same adult tissue's injury. Their phenotype could be set as
a target when reparative cells are to be obtained from the
differentiation of other stem cells, including pluripotent
cells.
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