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With a view to developing a cell therapy for chronic lung disease, human amnion epithelial cells (hAECs) have 
been shown to prevent acute lung injury. Whether they can repair established lung disease is unknown. We 
aimed to assess whether hAECs can repair existing lung damage induced in mice by bleomycin and whether 
the timing of cell administration influences reparative efficacy. In addition, we aimed to characterize the effect 
of hAECs on fibroblast proliferation and activation, investigating possible mechanisms of reparative action. 
hAECs were administered intraperitoneally (IP) either 7 or 14 days after bleomycin exposure. Lungs were 
assessed 7 days after hAEC administration. Bleomycin significantly reduced body weight and induced pul-
monary inflammation and fibrosis at 14 and 21 days. Delivery of hAECs 7 days after bleomycin had no effect 
on lung injury, whereas delivery of hAECs 14 days after bleomycin normalized lung tissue density, collagen 
content, and a-SMA production, in association with a reduction in pulmonary leucocytes and lung expression 
of TGF-b, PDGF-a, and PDGF-b. In vitro, hAECs reduced proliferation and activation of primary mouse lung 
fibroblasts. Our findings suggest that the timing of hAEC administration in the course of lung disease may 
impact on the ability of hAECs to repair lung injury.
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INTRODUCTION

A recent World Health Organization (WHO) report 
estimated that over 300 million people suffer chronic 
lung diseases worldwide (45). While public health initia-
tives rightly focus on prevention, few treatment options 
exist for those individuals with established lung disease. 
Current therapies, such as corticosteroids, are essentially 
limited to providing symptomatic relief, rather than lung 
repair (3,6,30). As such, there is a pressing need for novel 
reparative treatments for those with established lung injury 
and thereby improve quality of life. Over the last decade, 
there have been an increasing number of studies evaluat-
ing cell-based therapies as a possible treatment for chronic 
lung disease, including studies using cells obtained from 
gestational tissues, such as the placenta (4,11,33,35).

Human amnion epithelial cells (hAECs), sourced from 
the term amniotic membrane, are a particularly attractive 
candidate for cell therapy. Morphologically, hAECs main-
tain a normal karyotype in culture (29) and, unlike embry-
onic stem cells (ESCs), they do not form teratomas in vivo 
(17,29). They are also considered “immune privileged,” 
lacking expression of major histocompatibility complex 
(MHC) class II or highly polymorphic human leukocyte 

antigens (HLAs) (16,17), a property likely stemming 
from their early developmental origins. This will allow 
allogeneic use without the need for immunosuppression, 
as confirmed by the success in allogeneic transplantation 
in human disease (1) and xenotransplantation in animal 
models (35,44) without evidence of immune rejection. 
Furthermore, hAECs are abundant and pose no ethical con-
cerns regarding their collection (11,36). The term placenta 
is essentially medical waste and in excess of 100 million 
cells can be extracted from each amnion. 

There are two key properties of hAECs, suggesting their 
likely efficacy in the treatment of established lung injury—
their pluripotency and their anti-inflammatory effects. 
hAECs harbor a pluripotency similar to ESCs with the 
capacity to generate multiple cell types (7,17,38) includ-
ing pulmonary alveolar epithelial cells (AECs) (33,35). 
Engraftment and differentiation of transplanted hAECs 
into pulmonary epithelium has been demonstrated in mice 
exposed to bleomycin (4,33). However, low engraftment 
rates observed in recent studies of both adult (35) and 
fetal (44) lung disease suggests that hAECs are likely 
to primarily act via immune modulation rather than by in 
vivo differentiation. The anti-inflammatory characteristics 
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of human amnion have been utilized for over 50 years to 
support wound healing in burns (2), surgical wounds (14), 
and corneal repair (8). In vitro, hAECs inhibit the activity 
of immune cells, including neutrophils, macrophages, and 
lymphocytes (23,34,46). Within the lung, such immune 
modulation has enabled hAECs to prevent acute lung 
injury in a variety of animal models (33,35,44). However, 
it remains unclear whether hAECs can repair established 
lung damage. There is a single report that hAECs reduced 
lung collagen deposition in severe combined immune defi-
cient mice (SCID) mice following bleomycin lung injury 
(33) but whether such repair occurs in immune competent 
animals has not been explored. 

Accordingly, we undertook the current study to assess 
whether hAECs can repair established bleomycin-induced 
lung fibrosis in immune competent mice and to explore 
whether the timing of cell administration relative to the 
injury onset altered the efficacy of the hAECs.

MATERIALS AND METHODS

In Vivo Studies

Animals and Experimental Groups. All experimental 
procedures were approved by the relevant Monash Uni-
versity Animal Ethics Committee and were conducted in 
accordance with the Australian Code of Practice for the 
Care and Use of Animals for Scientific Purposes (37).

We used an adult bleomycin-induced lung injury model, 
as previously described (35). Briefly, female C57Bl/6 
mice aged 6–8 weeks, sourced from Monash Animal 
Services (Monash University, Victoria, Australia), were 
randomly assigned to one of four groups: Saline alone 
(control)—mice received intranasal (IN) saline with intra-
peritoneal (IP) injection of saline; Bleomycin alone—
mice received IN bleomycin and IP injection of saline; 
Saline + hAECs—mice received IN saline and IP injection 
of hAECs; Bleomycin + hAECs—mice received IN bleo-
mycin and IP injection of hAECs. Each group consisted of 
eight animals per treatment group per time point. Animals 
were further allocated at random to receive hAECs at 
either 7 or 14 days after bleomycin, as detailed below.

Mice were anesthetized by IP injection of xylazine 
(2 mg/kg) and ketamine (100 mg/kg; both from Provet 
WA Pty Ltd., Malaga, Australia). Bleomycin (Blenoxane, 

Bristol-Myers Squibb, New York, NY, USA) was admin-
istered 0.03 units/kg IN, reconstituted in sterile saline. 
Control animals received an equivalent volume of saline. 

Human Amnion Epithelial Cell Preparation. Human 
amnion epithelial cells (hAECs) were isolated from term 
placentae donated by healthy women, aged 24–39 years, 
undergoing elective cesarean section, using procedures 
described previously (36). Briefly, the amnion was peeled 
manually from the chorion, rinsed of blood, and incubated 
in 0.05% trypsin (Gibco/Life Technologies, Mulgrave, 
Victoria, Australia) for cell digestion. Once isolated, hAEC 
viability was assessed by trypan blue (Gibco) exclusion: 
>80% viability was required. Epithelial cell purity was 
assessed by EpCam immunostaining (Becton Dickinson, 
North Ryde, NSW, Australia): purity >94% and cluster of 
differentiation 105 and 90 (CD105/CD90; primary antibod-
ies from Becton Dickinson with secondary antibody anti-
mouse 488 from Life Technologies; mesenchymal markers) 
<1% was required. Cells were resuspended to 4 million 
hAECs in 250 ml sterile saline. For the purpose of the 
in vivo studies, hAECs from three donor placentae were 
combined prior to administration to animals.

Injection Protocol and Study Timeline. To compare the 
effect of timing of hAEC administration on lung repair, 
4 million hAECs were administered IP either 7 days (D7) 
or 14 days (D14) after intranasal bleomycin. Control ani-
mals received an equivalent volume of saline IP either D7 
or D14. Animal well-being was monitored daily by obser-
vation and body weight. Animals were sacrificed 7 days 
after hAEC administration by carbon monoxide inhalation. 
That is animals receiving hAECs on D7 were culled on 
D14 and animals receiving hAECs on D14 were culled on 
D21. Figure 1 summarizes the experimental protocols.

Tissue Collection and Preparation. At tissue collection, 
the right lung was ligated at the right mainstem bronchus 
and the trachea exposed to allow instillation of 4% para-
formaldehyde (PFA; Sigma-Aldrich, Sydney, Australia) 
into the left lung at 20 cm H

2
O pressure. The left lung 

was excised and immersed in 4% PFA overnight before 
histological processing. The right lung was collected and 
snap-frozen in liquid nitrogen for subsequent molecular 
analysis. Lung tissue from each animal was analyzed for 
each experimental outcome and is represented within the 

Figure 1.  Graphical representation of treatment administration protocol. Bleomycin was administered intranasally (IN) at Day 0 (D0). 
Human amnion epithelial cells (hAECs) were administered by intraperitoneal (IP) injection on either D7 (experiment 1) or D14 
(experiment 2). Animals were monitored for a further 7 days before lungs were collected on either D14 or D21, respectively.



AMNION CELLS REPAIR ESTABLISHED LUNG INJURY	 1339

data set. To account for the patchy lung lesions typical 
of bleomycin-induced injury, random subsampling for 
each experimental outcome was performed by finely 
chopping the lung tissues and allocating random pieces 
to each molecular analysis. Histological sections were 
cut to a thickness of 5 mm prior to staining.

Lung Morphology. One sagittal lung section from each 
mouse was stained with hematoxylin and eosin (H&E; 
Amber Scientific, Midvale, WA, Australia). Ten serial 
fields of view (200´ magnification) were assessed by 
digital image analysis using the Image J software package 
(NIH, Bethesda, MA, USA) to determine the area tissue 
density, inclusive of cellular infiltrate, per field of view 
as previously described (26). Briefly, color digital images 
were obtained and converted to binary data, and the per-
centage of tissue pixels to whole lung pixels was calcu-
lated. The area occupied by tissue was then expressed as 
a percentage of total area of lung section.

Collagen Quantification. Histological sections were 
stained with Sirius Red (ProSciTech, Kirwan, QLD, Aus-
tralia), as previously described (35). The area fraction of 
Sirius Red-positive tissue relative to total tissue area was 
quantified by digital image analysis using Image J software. 
Ten fields of view were assessed at 400´ magnification. 

CD45 Immunohistochemistry. Immunostaining on histo-
logical sections was performed using a rat anti-mouse CD45 
monoclonal antibody (560501, 1:100, Becton Dickinson). 
Sections were blocked with a serum-free protein block 
(Dako, Campbellfield, Victoria, Australia) before pri-
mary incubation. Secondary staining was achieved using 
a goat anti-rat IgG antibody (AP1831b, 1:200, Chemicon, 
Billerica, MA, USA) and streptavidin–peroxidase conju-
gate with visualization by 3,3¢-diaminobenzadine (both 
Dako). Area fraction of CD45-positive cells, as a pro-
portion of total positive cell area per total cell area, was 
quantified using Image J software. Ten fields of view 
were assessed at 400´ magnification.

Protein Isolation and Western Blotting. Total protein 
was extracted from frozen lung, and the protein concen-
tration was determined using Pierce BCA protein assay 
(Thermo Fisher Scientific, Waltham, MA, USA). Western 
blot was performed using a rabbit anti-a-smooth muscle 
actin (a-SMA) polyclonal antibody (ab5694, 1:200, Abcam, 
Cambridge, UK). Protein (40 mg) was subjected to reducing 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE; Life Technologies) and transferred onto a 
polyvinylidene difluoride (PVDF) membrane (Immobilon-P, 
Millipore, Billerica, MA, USA). Membranes were blocked 
with 5% skim milk powder (Fonterra, Otaga, New Zealand) 
in PBS/0.5% Tween-20 (PBS/T; Sigma-Aldrich) before 
primary incubation. Secondary staining was achieved 
using a goat anti-rabbit horse radish peroxidase (HRP) 
antibody (sc-2004, 1:10,000, Santa Cruz Biotechnology 

Inc., Santa Cruz, CA, USA). Bands were visualized using 
an ImmobilonTM Western Chemiluminescent HRP sub-
strate (Millipore) and quantified using the Quantity OneTM 
quantitation analysis software (Bio-Rad Laboratories, 
Gladesville, NSW, Australia).

RNA Isolation and PCR Analysis. RNA was isolated 
from frozen lung tissue using TRIzol (Invitrogen, Carlsbad, 
CA, USA) and converted to cDNA using the Thermoscript 
Reverse Transcription System (Invitrogen) according to the 
manufacturer’s instructions. Real-time PCR was performed 
using Applied Biosystems Power SYBR® Green PCR 
Master Mix and the Applied Biosystems 7900HT Fast Real-
Time PCR System (Applied Biosystems, Carlsbad, CA, 
USA). Primers were directed against transforming growth 
factor-b (TGF-b) and platelet-derived growth factor-a and 
-b subunits (PDGF-a and -b). Primer sequences are listed 
in Table 1. Gene expression was normalized to 18S.

Detection of Human Cells With Alu Sequences. Total 
gDNA was isolated from the interphase of the above
mentioned TRIzol preparation according to manufac-
turer’s instructions. The presence of human material in 
mouse lungs was detected by PCR for Alu sequences as 
previously described (41). Human placental gDNA (5 ng) 
was used as a positive control, and 10 ng of mouse lung 
gDNA was used for screening.

In Vitro Studies

To assess direct effects of hAECs on fibroblasts, we 
performed a series of coculture experiments using pri-
mary mouse lung fibroblasts. In these, we analyzed the 
effects of hAECs on the proliferation, collagen produc-
tion, and matrix metalloproteinase (MMP) activity of pri-
mary lung fibroblasts.

Isolation and Culture of Primary Mouse Lung Fibro- 
blasts. Fibroblasts were isolated from the lungs of C57Bl6  
mice as previously described (9). Briefly, lungs were minced 
into 1-mm pieces and digested for 30 min at 37° with  

Table 1.  Primer Sequences

Gene of 
Interest Sequence

TGF-b Forward: AGC CTG GAC ACA CAG TAC
Reverse: TGC ACT TGC AGG AGC GCA C

PDGF-a Forward: TCA ATT TTG GCT TCT TCC TGA
Reverse: TAA CAC CAG CAG CGT CAA GT

PDGF-b Forward: GAA GAT CAT CAA AGG AGC GG
Reverse: CCT TCC TCT CTG CTG CTA CC

18S Forward: GTC TGT GAT GCC CTT AGA TGT C
Reverse: AAG CTT ATG ACC CGC ACT TAC 

Alu Forward: GTC AGG AGA TCG AGA CCA TCC C
Reverse: TCC TGC CTC AGC CTC CCA AG

TGF, transforming growth factor; PDGF, platelet-derived growth factor.
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0.5 mg/ml collagenase A and 10 mg/ml DNase I (both from 
Roche Applied Sciences, Indianapolis, IN, USA) in serum-
free Dulbecco’s modified Eagle’s medium–high glucose 
(DMEM-HG; Invitrogen). Cells were separated from the 
digested tissue by passing the suspension through a 70-mm 
nylon filter (BD Falcon, San Jose, CA, USA). The single 
cell suspension was then washed in DMEM-HG contain-
ing 10% (v/v) FBS (Invitrogen) and 1% (v/v) penicillin– 
streptomycin (Invitrogen). The primary lung fibroblasts 
were then expanded in culture using the same culture 
medium and used at passage 2 for coculture experiments.

Coculture Studies. Primary mouse lung fibroblasts were 
cultured in six-well culture-treated polystyrene plates (BD 
Falcon) at a seeding density of 8,000 cells/cm2. At the begin-
ning of the study (0 h), hAECs were transferred to 0.4 mm 
polyethylene terephthelate (PET) cell culture inserts (BD 
Falcon). Fibroblasts were cultured in triplicate for each end-
point, with exposure to three hAEC donor cell lines. hAECs 
were seeded at a 3:1 ratio with fibroblasts. Where appli-
cable, fibroblasts were cultured in the presence of 5 ng/ml 
recombinant human TGF-b (R&D Systems, Minneapolis, 
MN, USA).

Proliferation of fibroblasts was assessed by MTS assay 
(Promega Corporation, Madison, WI, USA). Collagen 
production was measured using a Sircol assay (Biocolor 
Ltd., Carrickfergus, County Antrim, UK) according to 
the manufacturer’s instructions. Myofibroblast transfor-
mation was determined by immunostaining for a-SMA. 
Using the same coculture conditions as described above, 
fibroblasts were plated on Thermanox® coverslips (Nunc, 
Rochester, NY, USA), which were then fixed in ice-cold 
methanol prior to blocking with serum-free protein block 
(Dako). Coverslips were then stained with a polyclonal 
antibody against a-SMA and a universal LSAB+ kit (Dako, 
Campbellfield, Victoria, Australia). Representative images 
were taken at 200´ magnification with unresized cropped 
insets. Gene expressions for TGF-b, PDGF-a, and PDGF-b 
were determined by real-time PCR as described above. 
RNA was isolated from fibroblasts after 24 h coculture. 
Primer sequences are listed in Table 1. Gene expression of 
each marker was normalized to 18S.

Matrix Metalloproteinase Activity Assay. Culture super-
natants were collected from each well and concentrated 
from an original volume of 1 ml to a final volume of 80 ml 
using the miVac Duo centrifugal concentrator (Genevac, 
Ipswich, Suffolk, UK). Ten microliters of each concen-
trated culture supernatant was then loaded onto a 12% 
gelatin zymogram gel (Invitrogen) and developed accord-
ing to manufacturer’s instructions. Recombinant MMP-2 
and MMP-9 (R&D Systems) were used as controls and 
with the molecular weight markers (Invitrogen) help con-
firm the expected band sizes. Images were taken using 
the Chemi Doc XRS+ (Bio-Rad Laboratories).

Statistical Analyses

Results are presented separately for the two in vivo 
experiments. Data are presented as mean ± SEM. In vivo 
data were analyzed using two-way single- or repeated-
measures ANOVA, as appropriate, with GraphPad Prism 
(v5.0a for Mac OS X, GraphPad Software, La Jolla, 
USA). Post hoc comparisons were performed using the 
Bonferroni test. In vitro data were analyzed with two-way 
ANOVA or Mann–Whitney U test. Statistical significance 
was accepted for p < 0.05. 

RESULTS

In Vivo Studies

Body Weights and Survival. All mice in all groups sur-
vived the experimental protocols. Compared to saline con-
trols, animals exposed to IN bleomycin had significantly 
reduced body weight from D2 (p < 0.0001) (Fig. 2). The 
administration of hAECs, whether at D7 or D14, did not 
mitigate the bleomycin-related weight loss (Fig. 2A, B). 
Representative images of H&E and Sirius Red-stained lung 
sections from each group are shown in Figures 3 and 4, 
respectively. Compared to saline controls, at day 14 (and 
21) bleomycin significantly increased lung tissue density 
(p < 0.0001) (Fig. 5A, B), lung area fraction of collagen 
(p = 0.0008) (Fig. 5C, D), and a-SMA protein (p = 0.03) 
(Fig. 5E, F). The administration of hAECs at D7 had no 
effect on these bleomycin-induced changes such that, com-
pared to controls, lung tissue density remained increased and 
not significantly different to bleomycin controls (p < 0.0001 
and p = 0.7 respectively) (Fig. 5A), lung collagen remained 
increased and not different to bleomycin controls (p = 0.009 
vs. saline controls, p = 0.5 vs. bleomycin controls) (Fig. 5C), 
and a-SMA protein expression remained increased and not 
different from bleomycin controls (p = 0.04 vs. controls, 
p = 0.6 vs. bleomycin controls) (Fig. 5E).

In contrast, at D21 while bleomycin still significantly 
increased tissue density, pulmonary collagen and a-SMA 
compared to saline controls [(p < 0.0001) (Fig. 5B); (p =  
0.0001) (Fig. 5D); (p = 0.03) (Fig. 5F)], the administration 
of hAECs at D14 significantly reduced lung tissue den-
sity (p < 0.0001 vs. bleomycin controls) (Fig. 5A), lung 
collagen content (p = 0.002 vs. bleomycin controls) (Fig. 
5D), and a-SMA protein levels (p = 0.04 vs. bleomycin 
controls) (Fig. 5F) at D21. Lung tissue density at D21 fol-
lowing hAEC administration on D14 remained higher than 
saline controls (p < 0.0001) (Fig. 5A), while collagen con-
tent and a-SMA protein levels were normalized by hAEC 
administration (p = 0.3 vs. saline controls) (Fig. 5D) and 
(p = 0.8 vs. saline controls) (Fig. 5F).

Lung Inflammation and Fibroblast Activation. Compared 
to controls, bleomycin significantly increased the lung area 
fraction of CD45-positive cells at both D14 (p = 0.01) (Fig. 
6A) and D21 (p = 0.02) (Fig. 6B). The administration of 
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hAECs at D7 significantly further increased the number 
of CD45 positive cells at D14 (p = 0.04 vs. bleomycin con-
trols; p < 0.0001 vs. saline controls) (Fig. 6A), while the 
administration of hAECs at D14 significantly reduced the 
number of CD45-positive cells at D21 compared to bleo-
mycin controls (p = 0.004) (Fig. 6B) to a level comparable 
to saline controls (p = 0.9) (Fig. 6B).

Figure 7 shows the effects of transplantation on TGF-b 
levels. Compared to saline controls, bleomycin significantly 
increased the expression of TGF-b (p = 0.005) (Fig. 7A), 
PDGF-a (p = 0.0008) (Fig. 7C), and PDGF-b (p = 0.0003) 
(Fig. 7E) mRNA transcription at D14. This effect was pre-
vented by the administration of hAECs at D7 (p < 0.0001 vs. 
bleomycin controls, all genes; p = 0.08, p = 0.3, p = 0.05 vs. 

Figure 3.  Representative images of lung structure. Lung images (200´) of hematoxylin and eosin (H&E)-stained sections 
from Experiment 1 – D7 administration cohort (A) and Experiment 2 – D14 administration cohort (B): i. Saline (control; S+S),  
ii. Saline + hAECs (S+H), iii. Bleomycin alone (B+S), iv. Bleomycin + hAECs (B+H). Scale bars: 100 mm.

Figure 2.  Changes in body weight over time. Administration of bleomycin resulted in a significant reduction in body weight by D2, 
which remained significantly lower than control by D21. Administration of hAECs at D7 following bleomycin treatment did not nor-
malize body weight. The body weights of bleomycin challenged animals treated with hAEC remained significantly lower compared 
to that of the saline treated cohort. Administration of hAECs at D14 did not alter weight loss induced by bleomycin by the end of the 
experiment at D21. *p < 0.05, **p < 0.01, ***p < 0.001 bleomycin + hAEC versus saline controls, +p < 0.05, ++p < 0.01, +++p < 0.001 
bleomycin + hAEC versus saline controls. ¡, saline controls; l, saline + hAECs; l, bleomycin controls; l, bleomycin + hAECs; 
dotted lines correspond to hAEC administration.
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saline controls, respectively) (Fig. 7A, C, E). At D21, the 
expression of TGF-b (p = 0.007) (Fig. 7B) and PDGF-b 
(p = 0.006) (Fig. 7F) but not PDGF-a mRNA in the lungs 
of bleomycin control animals remained significantly 
higher compared to saline controls. The administration 
of hAECs at D14 normalized TGF-b mRNA expression 
at D21 (p < 0.0001 vs. bleomycin controls; p = 0.05 vs. 
saline controls) (Fig. 7A) but resulted in an intermediate 
level of PDGF-b mRNA expression that was not statisti-
cally different to either bleomycin alone or saline controls 
(p = 0.3 and p = 0.06, respectively) (Fig. 7F). No human 
DNA was found to be present in any of the samples col-
lected when total gDNA from mouse lungs were analyzed 
for Alu sequences (data not shown).

In Vitro Studies

Fibroblast Proliferation, MMP Activity, and Collagen 
Production. Coculture of primary mouse lung fibroblasts 
with hAECs significantly reduced fibroblast prolifera-
tion, regardless of the presence or absence of TGF-b (Fig. 
8A, B). Coculture with hAECs also significantly reduced 
fibroblast collagen production in the absence (p < 0.001) 
(Fig. 8C) and presence of TGF-b (p < 0.01) (Fig. 8D) at 
72 h. hAECs did not directly alter the activity of MMP-2 
and MMP-9 in primary mouse lung fibroblasts (Fig. 9). 
Representative images of a-SMA immunostained primary 
lung fibroblasts are shown in Figure 10. hAEC coculture 
reduced a-SMA staining in primary mouse fibroblasts by 
72 h regardless of the presence of TGF-b.

Fibroblast Gene Expression. To determine whether 
hAEC coculture directly altered gene expression of 
growth factors associated with fibroblast proliferation 
and activation, we performed qPCR on primary mouse 
fibroblasts with and without hAECs and in the pres-
ence or absence of TGF-b. In the absence of exogenous 

TGF-b, hAEC coculture significantly increased fibroblast 
expression of profibrotic cytokines TGF-b, PDGF-a, and 
PDGF-b (p < 0.0001, p < 0.005, and p < 0.001, respec-
tively) (Fig. 11). However, in the presence of exogenous 
TGF-b, hAEC coculture significantly reduced expression 
of PDGF-b (p < 0.05) but did not affect expression of 
TGF-b and PDGF-a.

DISCUSSION

In this study, we have explored the ability of hAECs 
to repair established lung injury and, with a view to 
understanding mechanisms of action of hAECs, we 
have examined whether they have any direct effects on 
lung fibroblasts. We have shown that hAECs are indeed 
capable of repairing established lung injury and that this 
is independent of engraftment. hAECs can also directly 
alter fibroblast proliferation and activity. Specifically, the 
administration of hAECs to mice with established bleo-
mycin-induced lung damage reduces pulmonary inflam-
mation and key aspects of lung fibrosis including lung 
tissue density, collagen content, and a-SMA expression. 
However, critically, this response appears to be dependent 
on the timing of cell administration relative to the injury. 
The administration of hAECs was reparative only when 
delivered during the fibrotic phase of injury at day 14 and 
not when administered earlier at day 7, during a time of 
peak inflammation. This suggests that hAEC-mediated 
lung repair may be dependent on specific host immune 
mediators within the pulmonary microenvironment that 
fluctuate throughout the acute-to-chronic inflammatory 
response. These observations extend the understanding 
of hAECs as a potential therapy for lung disease, demon-
strating that they are not only capable of preventing acute 
lung injury (33,35,44) but that they can facilitate repair 
once established.

Figure 4.  Representative images of collagen staining. Lung images (400´) of Sirius Red-stained sections from D7 administration 
cohort (A) and D14 administration cohort (B): i. Saline (control), ii. Saline + hAECs, iii. Bleomycin alone, iv. Bleomycin + hAECs. 
Scale bars: 100 mm.
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Figure 5.  Quantification of structural changes. Bleomycin significantly increased tissue density (A), collagen content (C), and 
a-smooth muscle actin (a-SMA) expression (E) by D14. Administration of hAECs at D7 did not result in any lung repair. Bleomycin 
significantly increased tissue density (B), collagen content (D), and a-SMA expression (F) by D21. Administration of hAECs at D14 
significantly reduced tissue density and normalized collagen content and a-SMA expression (*p < 0.05 vs. saline controls; +p < 0.05 
vs. bleomycin controls).
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It is important to understand why hAECs facilitate repair 
of established lung injury when administered 14 days, but 
not 7 days, after bleomycin. This may be, at least in part, 
attributed to the temporal nature of the inflammatory events 
triggered by bleomycin. The bleomycin mouse model of 
lung injury has been previously described to involve fluxes 
in immune cell types entering the lung following the ini-
tial challenge including an initial increase in recruitment of 
macrophages and T lymphocytes into the lung (18,25,35). 
During this phase, the normal balance between T-helper 1 
(Th1) and T-helper 2 (Th2) lymphocytes and between clas-
sically (M1) and alternatively activated (M2) macrophages 
is disturbed resulting in polarization of immune cells to the 
profibrotic Th2/M2 phenotypes. This is associated with 
enhanced production of fibroblast-activating cytokines 
interleukin (IL)-4, IL-10, IL-13, monocyte chemotactic 
protein-1 (MCP-1), found in inflammatory zone 1 (FIZZ1) 
and TGF-b (15,25) that in turn are thought to stimulate the 
differentiation of local fibroblasts and circulating fibro-
cytes to their activated myofibroblast derivatives. The end 
effect is parenchymal destruction and generation of patho-
logical fibroblastic foci, leading to scarring (18,31,35). The 
different outcomes we observed following administration 
of hAECs at either D7 or D14 following bleomycin are 
likely to relate to the different immune cell environments 
within the lung at those time points.

In this regard, it was interesting to note that while the 
administration of hAECs at D14 after bleomycin was asso-
ciated with both a reduction in lung leucocytes and in lung 
injury at D21, the administration of hAECs at D7 increased 

lung leucocyte number and was not associated with lung 
repair. This suggests that the reparative effects of hAECs 
may depend upon modifying the host inflammatory 
response. This supports other recent reports that immune 
modulation is the likely mechanism by which hAECs 
exert their reparative effects (35,44). We have previously 
shown that hAECs attenuate the acute immune response 
to bleomycin preventing pulmonary fibrosis if delivered 
within the first 24 h (35). Prevention of injury was associ-
ated with fewer neutrophils and macrophages in the lung 
and reduced gene expression of early inflammatory cyto-
kines tumor necrosis factor-a (TNF-a), IL-1, IL-6, and 
interferon-g (IFN-g) (33,35). We also noted a similar effect 
in fetal sheep where alveolar simplification and abnormal 
lung compliance due to intra-amniotic lipopolysaccharide 
(LPS) exposure was prevented by hAEC administration 
(44). These effects were accompanied by a reduction in 
proinflammatory cytokines, as well as an enhanced gene 
expression of surfactant proteins A and C, which have anti-
inflammatory capabilities. Together, the previous and cur-
rent studies confirm that hAECs can protect against and 
repair lung injury by mitigating pulmonary inflammation.

If this is the case, then our observation that D7 admin-
istration of hAECs increased lung leukocyte number 
may be of concern. Polymorphic responses to hAECs, 
human amniotic mesenchymal stem cells (hAMSCs), and 
bone marrow stem cells (BMSCs) have previously been 
reported in coculture experiments with peripheral blood 
mononuclear cells (PBMCs), despite the low immuno-
genicity of each cell type (28,39,46). Further, in a fetal 

Figure 6.  Inflammatory cell infiltrates. Bleomycin significantly increased cluster of differentiation 45 (CD45) staining by D14 (A). 
Administration of hAECs at D7 further increased CD45 staining compared to control. Bleomycin significantly increased CD45 stain-
ing by D21 (B). Administration of hAECs at D14 significantly reduced CD45 staining (*p < 0.05 vs. saline controls; +p < 0.05 vs. 
bleomycin controls).
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Figure 7.  Inflammatory cytokine gene expression. Bleomycin significantly increased transforming growth factor (TGF)-b (A), 
platelet-derived growth factor (PDGF)-a (C), and PDGF-b (E) gene expression by D14. Administration of hAECs at D7 signifi-
cantly reduced expression of all cytokines. Bleomycin significantly increased TGF-b (B) and PDGF-b (F) gene expression by D21. 
Administration of hAECs at D14 significantly reduced TGF-b expression by D21 but did not alter gene expression of PDGF-b. 
There were no differences in PDGF-a (D) gene expression between any groups at D21 (*p < 0.05 vs. saline controls; +p < 0.05 vs. 
bleomycin controls). 
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sheep model of lung injury we have shown that hAECs 
can increase lung leukocytes (44). However, in that study, 
the leukocytosis was associated with a reduction in proin-
flammatory cytokines TNF-a, IL-1, and IL-6 (44), and in 
the present study, TGF-b, PDGF-a, and PDGF-b levels 
were reduced despite increased white cell numbers. This 
is important because these proinflammatory and profi-
brotic cytokines are thought to underlie the injury. Thus, 
it is possible that, while hAECs recruit inflammatory cells 
to the lung, at least during the acute phase of injury, they 
appear able to modulate the cells and reduce inflamma-
tory signaling. Indeed, it is possible that hAEC-mediated 
repair involves recruitment of specific subsets of inflam-
matory cells, such as macrophages and T lymphocytes, 
dependent on the immune environment into which they 
have been introduced (15). In this regard, hAECs express 
HLA-G, an anti-inflammatory antigen known to suppress 
CD4+ T-cell proliferation and support apoptosis of CD8+ 
T-cells (27). These characteristics may represent a capac-
ity of hAECs to modulate T-cell responses and reestablish 
the Th1/Th2 balance to enable coordinated lung repair. It 
would certainly be worthwhile examining the ability of 
hAECs to modulate Th1/Th2 balance as has been previ-
ously shown with MSCs (48,49).

That the D7 administration of hAECs reduced expres-
sion of TGF-b, PDGF-a, and PDGF-b by D14 but did not 

result in augmented lung repair suggests that this effect is 
either not critical for repair or, on its own, is insufficient 
for repair. Further studies will be required to tease out the 
relative roles of the cytokine signaling and the inflamma-
tory cells. However, it was interesting that, in the current 
study, we observed that hAECs directly increased gene 
transcription of these profibrotic cytokines in lung fibro-
blasts in the absence of exogenous TGF-b but had little 
effect on them in the presence of TGF-b. While increased 
gene expression of profibrotic cytokines is in line with 
recent reports where amniotic MSCs have been observed 
to express TGF-b (19), the apparent lack of effect in the 
presence of TGF-b suggests that hAECs may act on other 
cell types rather than fibroblasts. This includes inflam-
matory cells such as macrophages, which have been 
shown to be critical in the development of bleomycin 
induced lung fibrosis, where TGF-b and PDGF produced 
by macrophages regulate collagen production by lung 
fibroblasts (20). However, unlike previous reports on 
cord blood and bone marrow-derived MSC induction on 
fibroblast activation (40), hAECs had a suppressive effect 
on fibroblast activation, proliferation and collagen pro-
duction. Our findings are in line with previous reports of 
amnion stromal cells and extract, which have consistently 
been shown to reduce myofibroblast differentiation and 
a-SMA production in cultured fibroblasts (21,24,42,43). 

Figure 8.  Fibroblast proliferation and collagen synthesis following hAEC coculture. Coculture with hAECs significantly reduced pro-
liferation of primary mouse lung fibroblasts regardless of the absence (A) or presence (B) of recombinant TGF-b (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001). l, with hAECs; ¡, without hAECs. hAECs also significantly reduced collagen synthesis by fibroblasts 
following 72 h of coculture regardless of the absence (C) or presence (D) of recombinant TGF-b (**p < 0.01, ***p < 0.001). 
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We were a little surprised that hAECs did not appear to 
alter the activity of either MMP-2 and -9 in primary mouse 
lung fibroblasts, particularly as we have previously shown 
that hAEC administration in vivo increased activation of 
MMP-2 and reduced production of tissue inhibitors of matrix 
metalloproteinase (TIMPs) (33). MMPs are extracellular 
enzymes that play a degradative role for the breakdown of 
collagen and resolution of scarring. However, MMPs in the 
lung are secreted by many cell types including macrophages 
(22), neutrophils (12), bronchial epithelia (47), and fibro-
blasts (10). Therefore, it is possible that hAECs alter MMP 
activity in other cell types, thus contributing to an overall 

increase in MMP activity as previously reported (33) result-
ing in reduced lung fibrosis. It would also be important to 
determine in future studies whether hAECs had any effects 
on the activity of TIMPs in the various cell types. This is par-
ticularly relevant since TIMP activity has been previously 
reported to be downregulated and in tandem, MMP-2 activ-
ity upregulated, in whole lung lysates of bleomycin chal-
lenged mice following administration of hAECs and MSCs 
from Wharton’s Jelly (32,33). Together, our data suggest that 
the antifibrotic effects of hAECs may be attributed to direct 
effects on fibroblasts by altering their proliferation rate, acti-
vation state, and collagen production but independent of the 
production of active MMP-2 and -9 by fibroblasts. These 
effects were also independent of TGF-b and PDGF gene 
transcription, although the significance of their respective 
signaling pathways merits further investigation. 

Last, that all of the in vivo effects reported in the cur-
rent study were exerted by hAECs without engraftment 
supports our previous findings in acute injury (34,35) and 
suggests that the likely mechanisms of action are via cir-
culating mediators, not requiring direct cell-to-cell con-
tact. This notion is further supported by previous studies 
demonstrating that conditioned media from amnion cells 
are able to prevent progression of bleomycin-induced lung 
fibrosis (5) and promote the rate of wound closure and 
break strength (13). If this is the case, then defining what 
humoral factors are involved may lead to the development 

Figure 10.  a-SMA expression by primary mouse lung fibroblast. Representative images of a-SMA immunohistochemical staining of 
primary mouse lung fibroblasts following 24, 48, and 72 h coculture with hAECs. Images were taken at 200´ magnification. Scale bar: 
100 mm. Inset images are cropped and resized versions of the same image.

Figure 9.  MMP activity in primary mouse lung fibroblasts fol-
lowing hAEC coculture. Representative image of gelatin zymog-
raphy. Coculture with hAECs did not alter the activity of matrix 
metalloproteinase-2 (MMP-2) and MMP-9 produced by primary 
lung fibroblasts in vitro regardless of the presence of TGF-b.
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of novel pharmacological therapies rather than cell-based 
therapies.

In conclusion, this study is the first to demonstrate a 
capacity of hAECs to repair established lung fibrosis in 
an immune-competent animal and to demonstrate a time-
dependent response of hAECs in achieving lung repair. 
Our study ushers the way for future studies to explore 
potential pathways, such as those of macrophage and 
T-cell responses, which by this account appear to be more 
important in pulmonary fibrosis than the influence of 
fibroblasts.
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