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Abstract: Hyperoxia-induced lung injury occurs in neonates on oxygen support due to premature birth, often leading 
to the development of bronchopulmonary dysplasia. Current treatment options have limited effect. The aim of this 
study was to determine if human induced pluripotent stem cells (iPSCs) and those differentiated to an alveolar-like 
phenotype (diPSCs) could repair hyperoxia-induced lung damage in a mouse model. Neonatal C57BL6/J mice were 
separated into two groups and exposed to 75% oxygen over 6 or 14 days. Cell treatments were instilled intra-orally 
following removal. Controls included hyperoxia, normoxia, and a vehicle. 7 and 14 days post treatment, lungs were 
extracted and histomorphometric analysis performed. Gene expression of markers mediating inflammation (Tgfβ1, 
Nfkb1, and Il-6) were investigated. In addition, exosomes from each cell type were isolated and administered as 
a cell free alternative. There was a significant difference between the mean linear intercept (MLI) in hyperoxic vs. 
normoxic lungs prior to treatment. No difference existed between the MLI in iPSC-treated lungs vs. normoxic lungs 
after 6 and 14 days of hyperoxia. For mice exposed to 6 days of hyperoxia, gene expression in iPSC-treated lungs 
returned to normal 14 days later. At the same time points, diPSCs were not as effective. Exosomes were also not as 
effective in reversing hyperoxic lung damage as their cellular counterparts. This study highlights the potential benefit 
of using iPSCs to repair damaged lung tissue through possible modulation of the inflammatory response, leading to 
novel therapies for acute hyperoxia-induced lung injury and the prevention of bronchopulmonary dysplasia.

Keywords: Alveolar epithelial cell, Bronchopulmonary dysplasia, differentiated induced pluripotent stem cell, in-
duced pluripotent stem cell, mesenchymal stem cell, post-natal, ventilator-induced lung injury

Introduction

Bronchopulmonary dysplasia (BPD) is a chr- 
onic respiratory illness that affects between 
10,000-15,000 premature infants each year  
in the US [1]. Extremely premature infants (< 
29 weeks) require early oxygen supplementa-
tion to support normal gas exchange. Often, 
hyperoxia-induced lung injury occurs and can 
lead to the development of BPD. BPD is initiat-
ed through the release of reactive oxygen spe-
cies that cause damage to vital cellular constit-
uents necessary for proper lung development 
[2, 3]. Current treatments such as antenatal 
corticosteroid and surfactant administration 
are not always effective and can fail to prevent 
long-term damage [4]. Studies have found that 
through early childhood, BPD has a negative 
impact on cognitive and neurodevelopmental 
outcomes along with decreased lung function 

[5]. Currently, no treatments exist that can 
reverse early hyperoxia-induced lung damage.

Cell therapies to address this clinical deficit 
have included mesenchymal stromal cells 
(MSCs), amnion epithelial cells and endothelial 
progenitor cells [6-9]. Based on rodent studies, 
these cells exert their effects through parac- 
rine mechanisms, rather than direct engraft-
ment within the lung [10-12]. MSCs from vari-
ous sources can differentiate into multiple cell 
types and possess immunomodulatory proper-
ties [13, 14]. When administered in rodent  
models of BPD, MSCs attenuated inflamm- 
ation, pulmonary hypertension and oxidative 
stress [15]. In one study, human umbilical cord 
blood-derived MSCs administered to neonatal 
rats exposed to hyperoxic conditions were able 
to improve alveolarization and fibrosis in dam-
aged lungs by reducing the levels of cellular 
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apoptosis and cytokines responsible for inflam-
mation [16]. Despite these beneficial effects, 
the clinical applicability of MSCs is reduced 
because they are heterogeneous cultures and 
have a limited lifespan in vitro after several 
passages [17]. Human induced pluripotent 
stem cells (iPSCs) are a potential alternative 
source for cell therapy because unlike MSCs 
they can proliferate almost indefinitely and are 
cultured as a relatively homogenous popula-
tion. They can easily be generated from a pa- 
tient’s own somatic cells, such as peripheral 
mononuclear blood cells, dermal fibroblasts or 
epithelial cells and reprogrammed into a plu-
ripotent state allowing for differentiation into 
various lineages such as cardiomyocytes, he- 
patocytes, neurons and cells of epithelial and 
alveolar origin [18, 19]. In response to ventila-
tor-induced lung injury (VILI), iPSCs were able  
to suppress inflammatory and oxidative path-
ways [20, 21], suggesting a potential mecha-
nism of action. Their antioxidant properties 
have also been demonstrated by high expres-
sion of proteins such as Glutathione (GSH) and 
also GSH-dependent enzymes [22-24].

The aim of our study was to assess whether 
iPSCs or iPSCs differentiated to an alveolar-like 
phenotype (diPSCs) could reverse hyperoxia-
induced lung injury, potentially preventing the 
onset of BPD. The cells herein were differenti-
ated to an alveolar-like phenotype based on 
previously published protocols [25-28]. We 
hypothesized that diPSCs may be beneficial 
because alveolar epithelial type II cells (AEC 
IIs), which the differentiated cells are intended 
to resemble, have the ability to proliferate and 
differentiate into alveolar epithelial type I cells 
(AEC I) post lung injury [29]. They are also 
responsible for surfactant production and are 
capable of self-renewal and immune modula-
tion, making them an important component of 
normal lung growth and development [30,  
31]. One study showed that addition of AEC II 
cells in vitro to a scratch damaged AEC II cell 
monolayer resulted in complete attachment 
and healing in a 24-hour period compared to 
undamaged monolayers, suggesting repara- 
tion by soluble autocrine factors [32]. Finally, 
diPSCs express few of genes responsible for 
teratoma formation, unlike their undifferentiat-
ed counterparts [33]. Exosomes were also iso-
lated from both iPSCs and diPSCs and admi- 
nistered to mice to determine if they exhibited 
the same therapeutic potential as their cellu- 
lar counterparts. Robustness of our model was 

ensured through the use of two hyperoxia ex- 
posures with follow up at 7 and 14 days. 

Materials and methods 

Cell preparation and implantation

iPSC generation, culture and differentiation 
was performed as previously described [34], 
outlined in Figure 1A. The human dermal fibro-
blasts used to generate the iPSCs were 
acquired with informed consent under Hart- 
ford Hospital IRB FINC00364HU. C57 BL/6J 
mice purchased from Jackson Laboratories 
(JAX stock #000664) were used throughout  
the study (IACUC 10124-118). Twenty-four 
hours after gestation, mother and pups were 
placed into a purpose-built cubicle, fed with O2 
and air, and allowed to equilibrate to ~75% O2. 
Mice were checked daily and mothers rotated 
every 48 hours to prevent hyperoxia-induced 
damage to their lungs. One subset of mice 
(n=8-10 all groups) was kept in hyperoxic con- 
ditions for 6 days, while the other group 
remained under the same conditions for 14 
days. Two different exposures were tested to 
ensure that sufficient lung damage was 
incurred. On the day of implantation (PN7 or 
PN15), cells were washed twice with PBS and 
dissociated in TrypLETM Express (ThermoFisher 
Scientific, Grand Island, NY) for 5 minutes. 
Cells were then centrifuged at 300 g for 5  
minutes, counted on a hemocytometer and 1 × 
105 cell were re-suspended in 40 µL aliquots  
of Hanks Balanced Salt Solution (HBSS) with-
out Ca2+ (ThermoFisher Scientific). Aliquots we- 
re pipetted into the oral cavity and the pups 
encouraged to aspirate the fluid by gently pin- 
ching the end of the tail. Previous studies  
have shown that intraoral administration of 
cells is nearly as effective as intratracheal 
administration, but the process is far less in- 
vasive and causes less distress to the animal 
[35]. HBSS alone was used as a vehicle con- 
trol. Post recovery, the mother and pups were 
returned to normal atmospheric conditions for 
7 or 14 days, after which the pups were eu- 
thanized by CO2 exposure and the lungs re- 
moved. Finally, on alternating postnatal days 
from P1 to P15, pups (n=3-4) were euthanized 
and the lungs collected to assess changes in 
gene expression as a result of the hyperoxic 
conditions. Intraoral delivery of iPSCs to the 
mouse lungs was confirmed by staining with 
CellBriteTM Fix (Biotium, Freemont, CA). Cells 
were stained for 15 minutes at 37°C according 
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to manufacturer’s instructions (Figure S2) and 
administered at 100,000 cells/pup in HBSS. 
Mice were euthanized an hour later, the lungs 
excised and prepared for histology. 

Flow cytometry and qRT-PCR analysis of iPSC 
and diPSCs

For flow cytometry analysis, cells were first 
washed twice in PBS then dissociated using 
TrypLETM (ThermoFisher Scientific), for 5 min-

utes at 37°C. Cells were then centrifuged at 
300 g for 5 minutes, re-suspended in HBSS 
without Ca2+ (ThermoFisher Scientific) and in- 
cubated with fixable viability dye eFluor 780 
(eBioscience, San Diego, CA) for 30 minutes at 
4°C. Following this, cells were centrifuged at 
300 g for 5 minutes and fixed in 4% parafor- 
maldehyde (PFA) for 5 minutes. iPSCs were 
stained with the following antibodies/fluoro-
phores, OCT4/e660, SOX2/A488, SSEA4/PE 
and TRA-1-60/PerCP eF710 (all eBioscience)  

Figure 1. Experimental design and representative phenotype of the undifferentiated and differentiated iPSCs used 
for implantation. A. Schematic representation of the differentiation of iPSCs to an alveolar-like phenotype. The cells 
used in the study were from D0 and D25. B. Experimental groups for hyperoxia induced lung damage. Normoxia, 
hyperoxia and hyperoxia plus Hank’s Balanced Salt Solution (HBSS) vehicle were included as controls. C. Flow cy-
tometry showed a >98% expression of the iPSC markers OCT4, SOX2, SSEA4 and TRA-1-60. E. qRT-PCR analysis of 
iPSC marker expression prior to inoculation, included is the expression in embryonic stem cells as a comparison. D. 
Flow cytometry showed 97.1% and 67.4% expression of differentiated iPSC markers TTF1 and T1a, along with 30.3% 
AQP5 and 18.1% SP-C expression. F. qRT-PCR analysis of diPSC marker expression prior to inoculation. Human adult 
lung was used as a positive control. Gene expression for markers TTF1, T1a and SP-C was detected in all cells.
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in PBS containing 2% fetal bovine serum  
(FBS) and 0.1% Triton X-100 (only for antibo- 
dies with intracellular targets) for 30 minutes  
at 4°C (Table 1). The same protocol was fol-
lowed for diPSCs, but the antibodies/fluoro-
phores used were as follows; AQP5/FITC, SPC/
PE, TTF1/A647 (Bioss, Woburn, MA), T1α/
PE-CY7 (Biolegend, San Diego, CA). Samples 
were then filtered, and flow cytometry analysis 
was performed on an LSR II (BD Biosciences, 
San Jose, CA). Machine compensation was  
performed using unstained cells, viability dye 
stained cells and UltraComp ebeads (eBiosci-
ence) conjugated with each antibody. Dead 
cells and debris were gated out and histo- 
grams drawn displaying the detection of each 
antibody in live cells and an unstained control 
overlaid with the percentage of stained, live 
cells calculated. 

em cell H9 total RNA was used as the positive 
control (ScienCell Research Laboratories, Car- 
lsbad, CA). diPSC characterization was per-
formed using the following genes; TTF1, T1α 
and SP-C (Bio-Rad), with total RNA from human 
adult lung serving as the positive control 
(BioChain Institute, Newark, CA). PCR plates 
were run using a CFX96 Real-Time System from 
Bio-Rad, primer assay numbers are listed in 
Table 2. Data was analyzed using the ΔCT 
method with GAPDH and YWHAZ as the endo- 
genous controls. 

Analysis of lungs prior to and after cell delivery

Lungs from pups (n=3) in each test group were 
removed at the appropriate time points and 
fixed in 4% paraformaldehyde overnight at  
4°C. The following day, fixed lungs were trans-
ferred to 70% ethanol and sent to the Univer- 
sity of Connecticut Histology Core to be par- 
affin embedded, sectioned and stained with 
Hematoxylin and Eosin. Six random lung sec-
tions from the upper, middle and base of the 
lung were imaged from each animal at 20 × 
magnification using a Zeiss Observer Z1 in- 
verted bright field/fluorescence microscope 
running Zen Blue software. The mean linear 
intercept (MLI) was calculated based on a pre-
vious study [36], whereby a lower MLI value  
corresponded to a greater degree of lung dam-
age. Histological images were uploaded to 
ImageJ and overlaid with equally spaced line 
segments. The number of times a line inter-
sected an alveolar wall was quantified and  
the average from each group determined. All 
counting was done blind and statistical signifi-
cance was determined by one-way ANOVA and 

Table 1. List of conjugated antibodies used in flow cytometry

Marker Differentiation 
Phase Fluorophore Manufacturer/Catalogue 

number
OCT 4 iPSC e660 eBioscience/50-5841-82
SSEA4 iPSC PE eBioscience/12-8843-41
TRA-1-60 iPSC PerCP eF710 eBioscience/46-8863-82
SOX2 iPSC A488 eBioscience/53-9811-82
SP-C diPSC PE Bioss/bs-10067R
T1α diPSC PE-CY7 Biolegend/337014
TTF1 diPSC A647 Bioss/bs-0826R
AQP5 diPSC FITC Bioss/bs-1554R
CD63 Exosome PE BD Biosciences/557305
CD81 Exosome PerCP eF710 eBioscience/46-0819-41

Table 2. List of primers used for qRT-PCR analysis
Gene Assay Number Manufacturer
OCT 4 Hs04260367 Thermofischer Scientific
NANOG Hs04399610 Thermofischer Scientific
SOX2 Hs01053049 Thermofischer Scientific
GAPDH Hs99999905 Thermofischer Scientific
SP-C qHsaCEP0057801 Bio-Rad
T1α qHsaCIP0027018 Bio-Rad
TTF1 qHsaCEP0051347 Bio-Rad
Il-6 qMmuCEP0054186 Bio-Rad
Tgfb1 qMmuCEP0053152 Bio-Rad
Nfkb1 qMmuCEP0055648 Bio-Rad
B2M qHsaCIP0029872 Bio-Rad
YWHAZ qHsaCIP0029093 Bio-Rad
GAPDH qMmuCEP0039581 Bio-Rad

For qRT-PCR analysis of iPSCs and 
diPSCs administered to mice, 350 
µL of RLT lysis buffer was added  
to cells. Using a RNeasy Plus Mini  
Kit (Qiagen, Waltham MA), genomic 
DNA was removed with gDNA elimi-
nator columns followed by RNA isola-
tion performed according to manu-
facturer’s instructions. Isolated RNA 
was then reverse transcribed into 
cDNA using an iScript Reverse Tr- 
anscription Supermix for RT-qPCR 
(Bio-Rad, Hercules CA). Genes used 
to characterize iPSC cells were NA- 
NOG, OCT4, and SOX2 (ThermoFish- 
er Scientific). Human embryonic st- 
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Bonferroni post-test using GraphPad Prism 
with P<0.05 considered significant, with data 
displayed as box and whisker plots. 

Lungs (n=3-4 each test group) were homoge-
nized using a bead mill (ThermoFisher Scien- 
tific) and subsequently RNA was isolated and 
cDNA prepared as described above. qRT-PCR 
was used to detect the expression of genes 
responsible for inflammation (Il-6, Tgfβ1, Nfk- 
b1) and matrix degradation/deposition (Col- 
1a1, Mmp2), primer assay numbers can be 
found in Table 2. Genes were chosen based on 
the following published studies [37-41]. qRT-
PCR plates were run using a CFX96 Real-Time 
System. Data was analyzed using the ΔCT 
method with B2m or Gapdh as the endogenous 
control. 

Lung samples from each group that had been 
previously embedded and sectioned were pre-
pared for immunofluorescent staining. Antigen 
retrieval was performed using a 0.05% work- 
ing solution of Trypsin/EDTA at 37°C, pH 7.8  
for 20 minutes (Thermofisher Scientific). Tissue 
samples were washed twice with PBS and  
then blocked and permeabilized in PBS, con-
taining 0.1% Tween, 0.1% Triton X-100 and 2% 
FBS for 45 minutes. Samples were then sta- 
ined with the following antibodies, MMP2, 
TGFβ1 (both Abcam, Cambridge, UK), and IL-6 
(ThermoFisher Scientific) at a 1:100 dilution  
in the blocking solution used above, at 4°C 
overnight (See Table 3). The following day,  
samples were rinsed twice with PBS and 
stained with the following secondary antibod-
ies, Goat anti-Rabbit 488 and Goat anti-Rat 
546 (both ThermoFisher Scientific) at a 1:500 
dilution in PBS and incubated at room tempera-
ture for 1 hour. Sections were then rinsed twice 
in PBS, stained with DAPI at room temperature 

Statistical significance was determined by  
one-way ANOVA and Bonferroni Multiple Com- 
parison Test using GraphPad Prism with P< 
0.05 considered significant. 

Isolation characterization and delivery of exo-
somes derived from iPSCs and diPSCs

Approximately 12 mL of cell culture medium 
supernatant from each cell type was collec- 
ted, centrifuged at 2,000 g for 30 minutes to 
remove any cells and the supernatant mixed 
with 6 mL of Total Exosome Isolation Reagent 
(Thermofisher Scientfic). Samples were then 
incubated at 4°C overnight. The following day, 
samples were centrifuged at 12,000 g for 60 
minutes. The supernatant was then removed, 
and the extracellular vesicle pellet resuspend-
ed in 1 mL of 0.1% BSA + PBS. Exosomes were 
purified by incubating with CD63 and CD81 
antibody conjugated superparamagnetic Dyn- 
abeads (Thermofisher Scientific) per manufac-
turer’s instructions. Exosomes were character-
ized and sorted using flow cytometry and their 
contents analyzed by Western Blot. For flow 
cytometry, Dynabead conjugated exosomes 
were incubated with anti-CD63-PE (and anti-
CD81-PerCP-eF710 for 30 minutes at room 
temperature (See Table 4). Excess antibody 
was washed out by magnetizing the bead/exo-
some complexes which were then suspended 
in PBS containing 2% FBS and sorted on a BD 
FACs Aria II. An unstained bead/exosome sam-
ple was used as a negative control and only 
exosome/bead complexes positive for both 
CD63 and CD81 collected. 

Scanning electron microscopy was used to 
visualize exosomes that had been conjugated 
to Dynabeads and sorted by flow cytometry. To 
prepare the samples 5 µl of either unconju- 
gated Dynabeads or sorted exosome/bead 
complexes was allowed to evaporate on a si- 
licon wafer for 1 hour at room temperature  
then coated in gold and analyzed on a JEOL-
JSM-5900 LV scanning electron microscope.

Table 3. List of antibodies used for immunofluorescence
Antibody Host Manufacturer/Catalogue number
TGFβ1 Rabbit Abcam/ab92486
MMP2 Rabbit Abcam/ab37150
IL-6 Rat ThermoFisher Scientific/MM600C
2° Ab Goat anti-Rabbit 488 Goat ThermoFischer Scientific/A11008
2° Ab Goat anti-Rat 546 Goat ThermoFischerScientific/A11081

Table 4. List of antibodies used for Western blot
Antibody Manufacturer/Catalogue number
Exosome-anti-CD81 Thermofischer Scientific/10630D
Exosome-anti-CD63 Thermofischer Scientific/10628D

for 10 minutes, followed by a 
final rinse in PBS. Samples were 
imaged using a Zeiss Observer 
Z1 inverted bright field/fluores-
cence microscope running Zen 
Blue software at 10 × magni- 
fication.

Statistical analysis
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Following sorting, 75,000 exosome/bead com-
plexes were suspended in 40 µl HBSS and 
delivered to animals intraorally as previously 
described.

For Western Blot, CD81 and CD63 Dynabead 
conjugated exosomes were solubilized with a 
mix of 10 uL RIPA buffer and a 1:100 diluti- 
on of protease inhibitors (Roche Diagnostics,  
San Francisco, CA). Samples were then soni-
cated for 10 seconds and incubated on ice for 
15 minutes. 3 uL of 5X sample buffer were 
added to each sample and incubated at 95°C 
for 5 min, loaded onto a 12% gel and run at  
100 V for 1 hr. A wet transfer using a PVDF 
membrane was then performed at 100 V for  
1 hr on ice, followed by blocking for 1 hr in  
nonfat milk (Biorad). Samples were incubated 
overnight at 4°C with a 1:250 dilution of exo-
some-anti-CD63 or exosome-anti-CD81 anti-
body (Thermofisher). The following day, sam-
ples were rinsed twice with wash buffer, incu-
bated with a 1:1000 dilution of an anti-mouse 
HRP-conjugated secondary antibody (Sigma) 
for 1 hr and then rinsed again. Antibody-antigen 
complexes were identified by chemilumines-
cence (ECL + System, Amersham Biosciences, 
Piscataway, NJ), and imaged using a Chemi- 
DocTM MP Imaging System from Biorad.

Results

Analysis of undifferentiated and differentiated 
iPSC phenotype

The cells used in this study were undifferenti-
ated iPSCs and iPSCs differentiated to an alve-
olar-like phenotype as outlined in Figure 1A. 
Both cell types were analyzed for the expres-
sion of the appropriate markers to ensure they 
were of the expected phenotype. It was found 
that >98% of undifferentiated iPSCs express- 
ed the markers OCT4, SOX2, SSEA4 and TRA- 
1-60 (Figure 1C) as measured by flow cytome-
try. qRT-PCR analysis of iPSCs confirmed ap- 
propriate marker expression (Figure 1E). 

Following 25 days of differentiation and just 
prior to implantation, diPSCs were tested for 
the expression of alveolar type I (AQP5 and 
T1α) and alveolar type II (SP-C and TTF1) mark-
ers. The expression of alveolar type I markers 
was 30.3% and 67.4% (AQP5 and T1α respec-
tively) and the expression of alveolar type II 
markers 18.1% and 97.1% (SP-C and TTF1 

respectively) (Figure 1D). qRT-PCR analysis of 
the diPSCs confirmed the expression of TTF1, 
T1α and SP-C (Figure 1F). Gene expression 
from normal human adult lung was used as a 
positive control.

Histomorphometric analysis of iPSC treated 
mouse lungs following hyperoxia-induced lung 
damage

At P1, C57BL/6J mice were exposed to 75% O2 
over a total of 14 days to induce hyperoxic  
lung injury that predates BPD. There was a sig-
nificant difference in the MLI of the hyper- 
oxia group compared to the normoxic group 
prior to treatment (P<0.001) (Figure 2A). Re- 
presentative H&E staining of the lung samples 
revealed substantial alveolar simplification in 
the hyperoxic group (Figure 2B). At 7 and 14 
days post treatment, lungs were analyzed to 
assess the degree of damage/repair that oc- 
curred. As seen with mice exposed to 6 days  
of hyperoxia, there was a statistically signifi- 
cant difference in the MLI between normoxic 
vs. hyperoxic samples and normoxic vs. HBSS 
samples at day 7, P<0.001 (Figure 2C). There 
was also a statistically significant difference  
in the MLI between hyperoxic vs. iPSC-treated 
samples, P<0.001. There was no difference 
seen in the MLI of iPSC-treated lungs vs. the 
normoxic group and the hyperoxic group vs. 
HBSS control (Figure 2C). H & E staining indi- 
cated the presence of increased alveolar sim-
plification in both the hyperoxic and HBSS 
groups. When compared to the normoxic sam-
ple, lungs treated with the two cell types ex- 
hibited less simplification overall (Figure 2D).  
At 14 days post treatment, there was a sig- 
nificant reduction in MLI between normoxic vs. 
hyperoxic, P<0.001, normoxic vs. HBSS, P< 
0.001 and normoxic vs. diPSCs, P<0.01. The 
MLI of the iPSC-treated group was statistically 
the same as the normoxic group. There was 
also a significant difference in the MLI of  
the hyperoxic vs. iPSC-treated group, P<0.001 
(Figure 2E). Representative H & E staining of 
the 14-day samples revealed that iPSC treated 
lungs had a similar morphology to that of the 
normoxic group. diPSC treated lungs had a mor-
phology comparable to that of HBSS treated 
and hyperoxic lungs (Figure 2F). When mice 
were exposed to shorter duration of hyperoxia 
(6 days), similar trends were observed (Figure 
S1).
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Expression of hyperoxia-associated genes fol-
lowing hyperoxia exposure 

To further determine the effects of each cell 
treatment on mice lungs exposed to hyperoxic 
conditions, the expression of Tgfβ1, Nfkb1,  
and Il-6 was analyzed. At 7 days post treatment 
in mice exposed to 6 days of hyperoxia, there 
was a significant reduction in Tgfβ1 expression 

in lungs treated with diPSCs vs. those treated 
with iPSCs, P<0.01 (Figure 3A). There was also 
a significant difference in Il-6 expression 
between the two groups, P<0.05, and between 
the normoxic group and iPSC treated group 
(Figure 3A). 

At day 14 post-treatment (Figure 3B), Il-6 
expression was significantly increased in hyper-

Figure 2. Histomorphometric data of C57 BL/6 mouse lungs following 14 days of hyperoxia induced lung damage. 
A, C, E. Mean linear intercept values for all groups. A. Post-natal Day 15. There was a statistically significant dif-
ference between normoxia vs. hyperoxia, P<0.001. C. 7 days post cell treatment. Across all groups the statistically 
significant differences were seen in normoxia vs. hyperoxia, P<0.001 normoxia vs. HBSS, P<0.001 hyperoxia vs. 
iPSC, P<0.001 HBSS vs. iPSC, P<0.01 normoxia vs. diPSC, P<0.05. There was no statistical difference between 
normoxia vs. iPSC and hyperoxia vs. HBSS. *P<0.05, **P<0.01, ***P<0.001 between indicated groups. E. 14 days 
post cell treatment. The result was exactly the same as 7 days post cell treatment with one exception, a significant 
difference between normoxia and diPSC, P<0.01. B, D, F. Representative H + E staining of all groups, each image 
has the MLI closest to the group mean, scale bars 50 µm. B. Post-natal Day 15. The presence of alveolar simplifica-
tion is indicated by double-sided arrows and septal thickening by single-sided arrows. D. 7 days post cell treatment. 
F. 14 days post cell treatment.
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oxia vs. all other groups (P<0.01-P<0.001). 
Nfkb1 and Tgfβ1 expression was significantly 
elevated in both the hyperoxic group and diPSC 

treated lungs compared with mice in normoxic 
conditions (P<0.05-P<0.001). In addition, the 
expression of Nfkb1 was significantly increased 

Figure 3. Gene expression over 7 and 14 days of hyperoxia induced lung damage in C57 BL/6 mice, Hyperoxic vs. 
Normoxic lung samples. A. Nfkb1, Il-6 and Tgfβ1 gene expression 7 days post cell treatment. There was a statisti-
cally significant difference between lungs treated with iPSC vs. diPSC in regards to Tgfβ1 expression, P<0.01. There 
was also a statistically significant difference in Il-6 expression between the iPSC treated group and the normoxia and 
diPSC-treated groups P<0.05. B. Nfkb1, Il-6 and Tgfβ1 gene expression 14 days post cell treatment. Il-6 expression, 
there was a significant difference between the hyperoxia alone group and all others P<0.01-P<0.001. Tgfβ1 expres-
sion, there was a significant difference between normoxia and both the hyperoxia P<0.05 and diPSC-treated groups 
P<0.001, the hyperoxia and HBSS-treated group, P<0.01, and finally between the diPSC treated group and both the 
HBSS group, P<0.001 and iPSC group, P<0.05. Lastly, Nfkb1 was significantly increased in the hyperoxia alone and 
diPSC treated groups compared with the normoxia control, P<0.001 and also compared with the HBSS and iPSC 
treated groups P<0.001. °P<0.05, °°P<0.01, °°°P<0.001 between the indicated group and the normoxia control, 
*P<0.05, **P<0.01, ***P<0.001 between the indicated groups. C. Nfkb1, Il-6 and Tgfβ1 gene expression 7 days 
post cell treatment. There was a statistically significant difference between hyperoxia alone and lungs treated with 
iPSCs, diPSCs and HBSS in regards to Nfkb1, Il-6 and Tgfβ1 expression, P<0.001. All groups were also significantly 
different from normoxia, with the exception of hyperoxia, P<0.001. D. Nfkb1, Il-6 and Tgfβ1 gene expression 14 
days post cell treatment. Il-6 expression, there was a significant difference between diPSC-treated lungs vs. iPSCs, 
P<0.001 and diPSC-treated lungs vs. HBSS, P<0.05. Differences were also seen in iPSC-treated lungs vs. normoxia, 
P<0.01 and diPSC-treated vs. normoxia, P<0.05. Tgfβ1 expression, there was a significant difference between nor-
moxia and both the HBSS P<0.05 and iPSC-treated groups P<0.001. Expression was increased in iPSCs vs. HBSS, 
hyperoxia and diPSC-treated lungs, P<0.001. There were significant differences between diPSCs vs. hyperoxia, 
(P<0.01) and HBSS (P<0.001) treated groups. Lastly, Nfkb1 was significantly increased in the iPSC-treated lungs 
vs. the normoxic group (P<0.001) and diPSC-treated lungs (P<0.001). There was also a significant difference in the 
diPSC-treated group vs. HBSS and hyperoxia, P<0.001. °P<0.05, °°P<0.01, °°°P<0.001 between the indicated 
group and the normoxia control, *P<0.05, **P<0.01, ***P<0.001 between the indicated groups.
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in the hyperoxia and diPSC treated groups  
compared with the HBSS and iPSC treated 
groups (P<0.001). Similarly, the expression of 
Tgfβ1 was significantly increased in the hyper-
oxia and diPSC treated groups compared with 
the HBSS and iPSC treated groups (P< 
0.05-P<0.001). There were no significant differ-
ences in expression of all markers between the 
normoxic group, vehicle control or the iPSC 
treated lungs (Figure 3B).  

As with the shorter O2 exposure, the same gene 
expression analysis was conducted on samples 
that underwent the longer O2 exposure. At 7 
days post treatment there was a significant  
difference between hyperoxia alone and lungs 
treated with iPSCs, diPSCs and the HBSS for  
all genes tested, P<0.001 (Figure 3C). Gene 
expression across all markers in each group 
was also significantly different when compared 
to the normoxic group, P<0.001 (Figure 3C).

At day 14 post-treatment (Figure 3D), there  
was a significant increase in Tgfβ1 expression 
in lungs treated with iPSCs vs. all other groups, 
P<0.001. Across all markers, there was a sig-
nificant increase in gene expression between 
iPSC treated lungs vs. diPSC treated lungs,  
with the exception of Il-6, which was reduced, 
P<0.001. Il-6 expression was significantly 
reduced in the iPSC treated group when com-
pared to the normoxic group, P<0.01, and 
diPSC treated lungs, P<0.001 (Figure 3D). 
There was also a reduction in expression of  
Il-6 in HBSS treated lungs compared to diPSC 
treated lungs, P<0.05. In regards to Nfkb1, 
expression was upregulated in HBSS treated 
lungs and the hyperoxic group compared to  
diPSCs, P<0.001. Tgbf1 expression was in- 
creased in both the hyperoxic and HBSS gro- 
ups compared to diPSCs (P<0.01-P<0.001). 
Expression was also significantly increased in 
HBSS treated samples vs. the normoxic group, 
P<0.05 (Figure 3D). There was no significant 
difference in expression across all markers 
between the hyperoxic and normoxic groups. 
The protein expression of the same set of mar- 
kers, IL-6 and TGFβ1, and additionally MMP2-  
a matrix remodeling protein associated with 
fibrotic conditions, was confirmed by immuno-
fluorescent staining in all treatment groups  
and controls (Figure 4). Cytosolic expression  
of MMP2 was evident along with TGFβ1 in all 
groups, with the highest intensity of staining 

seen in the hyperoxic tissue. All treatment 
groups also had positive staining for IL-6, with 
the exception of the vehicle control. 

Isolation, characterization and delivery of exo-
somes derived from iPSCs and diPSCs

In order to assess the binding of exosomes to 
CD63/CD81 antibody conjugated beads, scan-
ning electron microscopy was performed on 
samples revealing the presence of appro- 
priately sized vesicles (Figure 5A). Exosomes 
derived from both iPSCs and diPSCs express- 
ed the exosomal markers CD63 (72% and 80% 
respectively) and CD81 (both 100%) (Figure 
5C) and were sorted prior to administration. 
Western Blot analysis of exosomes derived 
from iPSCs showed protein bands at 55 kDa 
(CD63) and 25 kDa (CD81) (Figure 5B).

The administration of sorted exosome bound 
beads to mice exposed to 14 days of hype- 
roxia revealed that the beads were detrimental 
to lungs. There was a significant difference in 
the MLI of the normoxic group compared  
to both iPSC and diPSC sorted beads (P< 
0.01-P<0.001) (Figure 5D). There was also a 
significant difference between the bead only 
control and sorted iPSC and diPSCs (P< 
0.001-P<0.01) (Figure 5D). Representative his-
tology images revealed significant septal thick-
ening and alveolar simplification in the bead 
control and iPSC and diPSC sorted beads 
(Figure 5E).

Discussion

New and effective treatments for bronchopul-
monary dysplasia are lacking. Surfactant and 
corticosteroid administration are beneficial in 
the short-term for improving symptoms, how-
ever no current treatment is able to ameliorate 
hyperoxia-induced lung damage brought about 
by oxygen supplementation. Stem cells have 
shown promise as an alternative therapy to 
regenerate damaged tissue [42]. iPSCs are an 
attractive option due to their limitless expan-
sion capability and potential for autologous 
derivation. 

The present study evaluated the effectiveness 
of undifferentiated iPSCs and iPSCs differenti-
ated to an alveolar-like phenotype in the ame-
lioration of hyperoxia-induced lung damage in a 
mouse model. 
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In both 6 days and 14 days of hyperoxia expo-
sure, the MLI of the hyperoxia and normoxia 
groups prior to treatment were significantly dif-
ferent from one other, validating the two mod-
els. There was no difference in the MLI of the 
vehicle treated lungs compared to the hyperox-
ia group, indicating that the vehicle had no 
effect on the model or influenced cell treat-
ment. Additionally, a significant increase in MLI 
was observed in mice exposed to 6 and 14 
days of 75% oxygen and administered induc- 
ed pluripotent stem cells (iPSCs), when com-
pared to the untreated hyperoxia group. Dif- 
ferentiated iPSC (diPSC) treated lungs exhibit- 
ed a slight improvement in MLI when compar- 
ed to the hyperoxia group after 6 and 14  
days of O2 exposure, however not to the same 
extent seen with iPSCs. 

In order to further assess tissue regeneration 
post cell treatment, analysis of genes involved 
in inflammation (Il-6, Tgfβ1, Nfkb1) were ana-
lyzed. After 6 and 14 days of hyperoxia, gene 
expression of Il-6 and Tgfβ1 in diPSC treated 

lungs 14 days’ post treatment revealed that 
these cells were not as effective at mitigating 
the inflammatory response seen in hyperoxia 
when compared with iPSCs. Tgfβ1 has been 
shown to act as an immune suppressor and 
plays a role in airway epithelial repair during 
acute lung injury [43-45]. At these time points, 
when compared to all treatment groups, ex- 
pression in diPSC-treated lungs from the 
14-day exposure was low, yet higher in the 
6-day exposure. This indicates that the dura-
tion of hyperoxia exposure and the corres- 
ponding degree of injury leads to differences  
in transcriptional events related to tissue 
repair. The fact that Tgfβ1 expression is rela-
tively low in both exposures may partially 
explain the elevated Il-6 expression also evi-
dent at the same time points. In comparison, 
iPSC treated lungs had significantly lower Il-6 
expression, indicating that the cells may pos-
sess anti-inflammatory properties. Il-6 is a 
pleiotropic cytokine produced in response to 
inflammatory conditions [46] and causes ex- 

Figure 4. Representative immunofluorescent staining of mouse lungs 14 days after treatment, scale bars 50 µm. 
A-E. MMP2; F-J. TGFβ1; K-O. IL6; A, F, K. normoxia; B, G, L. hyperoxia; C, H, M. HBSS; D, I, N. iPSC; E, J, O. diPSC; P. 
Negative Goat Anti-Rat Control; Q. Negative Goat Anti-Rabbit Control; R. Positive Control TGFβ1; S. Positive Control 
MMP2; T. Positive Control IL-6.



Human induced pluripotent stem cells and hyperoxia

302 Am J Transl Res 2020;12(1):292-307

Figure 5. Characterization of exosomes derived from iPSCs and diPSCs. A. SEM analysis of CD63 + sorting beads with and without exosomes. B. Western blot 
analysis of exosomes derived from iPSCs. Exosomes isolated with CD81 sorting beads were positive for both CD81 (MW: 28 kDa) and CD63 (MW: 55 kDa) surface 
markers. C. FACS analysis of exosomes derived from both iPSCs and diPSCs and bound to CD63 and CD81 sorted beads. iPSC derived exosomes were positive 
for CD63 and CD81 surface markers (72% and 100%, respectively). diPSC derived exosomes were positive for CD63 and CD81 surface markers (80% and 100%, 
respectively). D. Mean linear intercept values for mice administered diPSC and iPSC derived exosomes bound to beads. Across all groups the statistically significant 
differences were seen in normoxia vs. hyperoxia, P<0.001 normoxia vs. D14 bead, P<0.001 normoxia vs. D14 sorted diPSC, P<0.001 normoxia vs. D14 sorted 
iPSC, P<0.001 hyperoxia vs. D14 bead, P<0.001 D14 bead vs. D14 sorted iPSC, P<0.001 D14 bead vs. D14 sorted diPSC, P<0.001. P<0.01. *P<0.05, **P<0.01, 
***P<0.001 between indicated groups. E. Representative H + E staining of all groups, each image has the MLI closest to the group mean, scale bars 50 µm.
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tensive damage to DNA and increases cell 
death regulator and angiogenic factor expr- 
ession [47]. iPSCs have been shown to reduce 
the expression of pro-inflammatory cytokines 
such as Il-6 when transplanted in vivo [48]. 
When comparing the immunogenicity and im- 
munomodulatory properties of iPSCs to MSCs, 
one study found that MHC-mismatched iPSCs 
significantly reduced responder T-cell prolifera-
tion upon co-culture with MHC-mismatched 
leukocytes while MHC-mismatched MSCs did 
not [49]. Another study demonstrated that 
iPSCs were able to reduce the levels of pro-
inflammatory cytokines and reduce neutrophil 
trafficking in lungs exposed to acute hyperoxic 
lung injury [20]. The exact mechanisms behind 
the immuno-modulatory capabilities of iPSCs 
have yet to be elucidated and further studies 
are needed to determine whether they lose 
their ability to mediate inflammatory responses 
once differentiated. This may explain why di- 
PSC treated lungs exhibited increased Il-6 
expression and less morphologic repair overall 
compared to the iPSC-treated group. Surpri- 
singly, in the 14-day exposure, HBSS return- 
ed gene expression to levels seen in the nor-
moxic control, however morphologically this 
group was more similar to the hyperoxic con-
trol. This contradictory finding may partially be 
explained by differences in the way individual 
animals respond to lung injury at each time 
point. In addition, sampling of the whole lung  
to evaluate gene expression may lead to fur-
ther inconsistencies due to the heterogeneity 
of the cells that make up the tissue overall. 

Contrary to the function of Tgfβ1, Nfkb1 regu-
lates immune response to infection [50]. The 
differential expression of Nfkb1 across cell 
types and O2 exposures indicate that Nfkb1 
expression, along with expression of Tgfβ1 and 
Il-6 in the vehicle control, will need to be close- 
ly monitored at more frequent time points to 
assess trends. Gender-specific differences in 
terms of hyperoxic injury and how this affects 
relative gene expression of inflammatory mark-
ers will also need to be investigated. 

Representative immunofluorescent staining of 
treated lungs exposed to 14 days of hyperoxia 
confirmed the presence of TGFβ1 and IL-6 in  
all groups, including MMP2, a matrix metallo-
proteinase that contributes to lung injury [51]. 
The hyperoxic control appeared to have the 

greatest intensity of staining across all pro-
teins. TGFβ1 staining in iPSC-treated lungs was 
also increased compared to all other groups, 
which corroborated the findings from the gene 
expression analysis. Any further correlation of 
protein expression levels to the gene data are 
difficult to assess, which may be due to the dif-
ferences in which the tissue was processed for 
each analysis (whole vs. section). Nonetheless, 
it is clear that expression of these inflammatory 
markers is evident across all groups.

Based solely on histomorphometric analysis  
of lung samples, iPSCs had an impact on repair-
ing lung damage. The gene data suggests that 
iPSCs possess immunomodulatory properties, 
which impacts lung morphology by reducing the 
inflammatory environment in hyperoxic condi-
tions. Our study investigated only three genes 
for the assessment of tissue repair, however a 
recent paper showed that the omics of bron-
chopulmonary dysplasia is very complex and 
involves the dysregulation of over 300 genes 
[52]. Analysis of a small number of genes gives 
a limited picture, and more will need to be eval-
uated to determine the full extent of tissue 
repair initiated by iPSC treatment.

Our findings, similar to those of a previous 
study, established that diPSCs are able attenu-
ate the response to hyperoxia, however they do 
not fully reverse the damage [53]. 

In contrast, iPSCs were highly effective at  
ameliorating the negative effects of hyperoxic 
conditions on lung tissue rendering differentia-
tion to an alveolar phenotype unnecessary. The 
primary obstacle to their clinical translation is 
their teratogenic potential upon in vivo admi- 
nistration [54]. The adaptation of iPSCs into a 
cell-free therapeutic using their secreted ex- 
tracellular vesicles would potentially alleviate 
many of these concerns [55-58]. Exosomes are 
small, secreted vesicles (30-150 nm) that are 
found in several different tissues of the body 
and mediate intercellular signaling and also the 
transport of materials [59]. They originate fr- 
om multivesicular bodies and have been shown 
to possess regenerative properties mediated 
through the release of paracrine signals [60-
64]. They are easy to store, relatively inexpen-
sive to produce and possess a lower immuno-
genic response than their cellular counterparts. 
Furthermore, there is no concern for engraft-
ment within the location they are administered, 
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eliminating concerns seen with viable cells 
[65]. Exosomes derived from iPSCs and diP-
SCs, were isolated from each cell type in order 
to assess their therapeutic potential. Our pre-
liminary findings demonstrate the feasibility of 
isolating exosome populations expressing high 
levels of appropriate markers. When adminis-
tered to mice exposed to 14 days of hyperoxia, 
it was evident that the exosomes bound to 
magnetic beads caused further damage to the 
lungs than hyperoxia alone. However, mice that 
received exosome/bead complexes suffered 
less damage than mice receiving just beads 
indicating that the exosomes may have had 
some beneficial effect. Future studies will fo- 
cus on methods to dissociate bead bound exo-
somes before administration, along with deter-
mination of therapeutic dosage necessary to 
elicit lung repair. In conclusion, this study dem-
onstrates the capability of iPSCs to reverse 
hyperoxia-induced lung damage in a mouse 
model and highlights their potential immuno-
modulatory properties. Future studies will in- 
vestigate whether exosomes derived from iP- 
SCs can exert the same effect as their cellular 
counterpart and adapt them as a cell-free ther-
apeutic alternative for BPD prevention. This 
would pave the way for novel therapies for 
treatment of premature infants suffering from 
chronic respiratory illnesses. 
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Figure S1. Histomorphometric data of C57 BL/6 mouse lungs following 6 days of hyperoxia induced lung damage. 
A, C, E. Mean linear intercept values for all groups. The MLI was calculated by counting and then averaging the 
linear intercepts of alveolar walls from each image (6 images/group). A. Post-natal Day 7. There was a statistically 
significant difference between normoxia vs. hyperoxia, P<0.001. C. 7 days post cell treatment. Across all groups the 
statistically significant differences were seen in normoxia vs. hyperoxia, P<0.001 normoxia vs. HBSS, P<0.001 hy-
peroxia vs. diPSC, P<0.001. E. 14 days post cell treatment. Across all groups the statistically significant differences 
were seen in normoxia vs. hyperoxia, P<0.001 normoxia vs. HBSS, P<0.001 normoxia vs. diPSC, P<0.05 normoxia 
vs. iPSC, no statistically significant difference seen between the two groups. *P<0.05, **P<0.01, ***P<0.001 be-
tween the indicated groups. B, D, F. Representative H + E staining of all groups, scale bars 50 µm. B. Post-natal Day 
7. The presence of alveolar simplification is indicated by double-sided arrows and septal thickening by single-sided 
arrows. D. 7 days post cell treatment. F. 14 days post cell treatment.
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Figure S2. CellBriteTM Fix Membrane Staining of iPSCs delivered intraorally to P15 neonatal mice, scale bars 50 µm. 
A. Negative Control. B, C. Localization of stained iPSCs within the alveoli and airways of lungs 1 hour post adminis-
tration.


