
Introduction

Intratracheal or intraperitoneal instillation of
bleomycin, an antineoplastic antibiotic drug acting
through the formation of a complex with oxygen and
metals such as Fe, leading to the production of oxy-
gen radicals, DNA breaks, and ultimately cell death.
Exposure to bleomycin, administered either intra-
venously and intratracheally, is the most widely used
animal model of lung acute damage and fibrosis (1).

While intravenous injection primarily damages pul-
monary endothelia, direct instillation into the air-
ways causes bronchiolar and epithelial injury. Gener-
ally administered as single intratracheal instillation,
bleomycin is followed by a well-described sequence
of events: an early neutrophilic alveolitis followed by
lymphocyte accumulation. A fibrotic response en-
sues, characterized by patchy fibrosis without of hya-
line membrane formation whose extent is propor-
tional to extent of initial damage (2). Not with
standing its limitations with epitomizing the usual
interstitial pneumonia pattern that characterizes id-
iopathic pulmonary fibrosis, the bleomycin model is
the most routinely used model of acute lung injury
and idiopathic pulmonary fibrosis (IPF) (3). A mod-
el of repetitive bleomycin lung injury has been re-
cently described resulting in more prominent lung
fibrosis, with alveolar epithelial cell hyperplasia and
the typical pattern of temporal heterogeneity of
fibrotic lesions. In fact histological evaluation of lung
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revealed in this model an extensive fibrosis and ex-
tracellular matrix deposition with a prominence of
hyperplastic alveolar epithelial cells lining the areas
of fibrosis. Areas of fibrosis appeared with marked
septal thickening areas of collagen deposition (3, 4).

In the context that alveolar type II pneumocytes
(ATIICs) can undergo proliferation and differentia-
tion to replace injured alveolar type I cells, thus play-
ing a central role in the natural regenerative process
of the injured alveolus (5), we adopted an intranasal
(ITN) repetitive bleomycin administration to test
possibility to repair acute lung damage and fibrosis
by injection of human embryonic cell derived-type II
pneumocytes into the airways of bleomycin-dam-
aged mice.

Methods

Animals and experimental groups

A total of 80 female nude mice aged 8-9 weeks
(Charles River, Wilmington, MA, USA) were used.
They were divided into a group of 25 mice treated
with saline solution (Ctrl) and a group of 50 mice in-
tranasal administrated (ITN) with bleomycin (Sanofi
Aventis) (4, 6). Briefly, bleomycin was resuspended
in steril phosphate buffered saline at 5U/ml and
stored at 4°C. Stock was freshly diluted and daily in-
tranasally delivered drop wise using a pipetman in
supine position for two weeks (Figure 1). Mice were
sacrificed for damage evaluation after 7, 14 and 21
days (Damage). A group of 14 damaged animals re-
ceived 2.5x106 cells at day 14 by intratracheal instilla-

tion (Damage+cells), while the remaining a group of
5 mice were used to evaluate cell teratogenicity.

Animal care was carried out in accordance with
European Economic Community Council Directive
86/109, OJL 358, Dec 1 1987 and with NIH Guide
for the Care and Use of Laboratory Animals.

Embryonic stem cell differentiation

Human embryonic cell line HUES-3 (Melton
Laboratory-Harvard University) (karyotype 46,XY)
were cultured according to the manufacturer’s proto-
col (7). For in vitro differentiation into alveolar
pneumocytes type II cells ( HUES-3-ATII Cells),
HUES-3 cells were treated with Small Airway
Growth Medium (SAGM; Clonetics) for 3 days
(8,9). Teratogenicity was evaluated, as previously re-
ported (9). The use of human embryonic stem cells
was approved by the Bioethical Committee of the
Tor Vergata University Hospital (Rome, Italy).

Histological examination

Lungs were fixed in formalin (24 hours), sec-
tioned and embedded in paraffin. Five µm-thick se-
rial sagittal sections of the entire lungs were cut and
stained with Haematoxylin&Eosin or Masson’s
trichrome to analyze the extent of lung inflamma-
tion; the severity of fibrosis was evaluated at 200x
magnification according to the Ashcroft method (6).
Fibrosis was graded from 0 (normal lung) to 4 (se-
vere distortion of structure, large fibrous areas, and
honeycomb lesions). The mean score was calculated
as reported.

Fig. 1. Timeline of experimental protocol: Nude mice daily received bleomycin drug by intranasal instillation for 14 days. At day 14 some
mice intratracheally received human embryonic stem cells pre-differentiated into type II alveolar pneumocytes (HUES-3-ATIICs). Mice
were sacrificed before and after cells injection for experimental analysis.
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Real-time RT-PCR

Quantitative Real-Time RT-PCR was per-
formed for inflammatory markers interleukin 6
(IL-6), Tumor Necrosis Factor alpha (TNF-α),
Monocyte Inflammatory Protein 2 (MIP-2), Colla-
gen Type 1 alpha 1(Col1-α1) and CXC chemokine
ligand 12 (CXCL12). GAPDH (glyceraldehyde-
3¬phosphate dehydrogenase) was used as house-
keeping gene (9). Quantitative values were normal-
ized with respect to those obtained in control
healthy mice injected with saline solution.

Measurement of inflammatory cytokine

For homogenization, the tissue was thawed,
weighed and 1 µL of RIPA buffer was added for
every 0.1gr of tissue. The tissue was then homoge-
nized at 20.0 rpm for 5 min. The homogenates were
centrifuged at 12000 rpm for 10 min at 4°C. After
centrifugation, supernatants were aliquot in 500 µL
and stored at -80°C until analysis. The proteins were
measured by Bradford method. All samples were as-
sayed for TNF-α, Interleukin 1 alpha (IL-1α), In-
terleukin 1 beta (IL-1β), Interleukin 6 (IL-6), Inter-
leukin 10 (IL-10), Interleukin 4 (IL-4) and Matrix
metalloproteinase 9 (MMP9) by using commercial-
ly available ELISA kits (GeneTex, Inc. San Antonio,
Texas). Standard curves and controls were per-
formed according to the guidelines of the producer.
Data were analyzed by a semi-automated biochip
system (Evidence Investigator).

Immunohistochemistry

Detection of human nuclear antigen (HuNu) was
performed on lung paraffin sections using a primary
streptavidin-conjugated antibody (HuNu; 1:100;
Chemicon) diluted in PBT, as reported (9). For im-
munofluorescence, samples were incubated with hu-
man pro-SP-C (1:2000; Chemicon, Temecula, CA,
USA) (8). Images were acquired using a Zeiss (Zeiss,
Thornwood, NY, USA) Axioplan 2 microscope.

Gas exchange properties

Blood arterial oxygen saturation was recorded in
time course using a small rodent oximeter sensor
mounted on the thigh of each experimental animal

(MouseOX; STARR Life Sciences, Oakmont, PA,
USA). Data were collected for a minimum of 10 sec
without any error code and the measurement was re-
peated six times within a 3-min period.

Statistical Analysis

Data were expressed as mean values ±SEM for
multiple independent experiments for statistical
analysis the unpaired Student’s t-test was used. A p
value lower than 0.05 was regarded as significant.
Kaplan-Maier curve was calculated using the log
rank test.

Results

HUES-3 cell injection counteracts bleomycin-induced
lung fibrotic remodeling

Histological analysis was carried out to evaluate
the effects of HUES-3 cell injection on the lung
damage following 14 days of bleomycin administra-
tion. In damaged mice, a initially focal and peri-
bronchiolar damage was evident after 7 days, includ-
ing oedematous changes, hyaline membranes and
aggregation of polymorphonuclear neutrophils in
both alveoli and interstitium (Figure 2A), according
with the literature (2, 4). Inflammatory infiltrates
became progressively confluent at 14 days, typically
involving large areas of lung parenchyma. By day 21,
fibrotic alveolitis was clearly evident. Epithelial-
lined cystic spaces and collagen deposition were also
present (Figure 2A). In contrast, in HUES-3-ATII
cell-treated mice at the same time we observed a re-
duction of lung parenchymal collagen deposition, as
also documented by semi-quantitative evaluation
(p≤0.05, Figure 2B), strongly supporting a positive
effect of HUES-3-ATII cell injection against
bleomycin-induced lung fibrotic remodeling.

HUES-3-ATII cells injection reduced inflammatory
cytokines

In order to evaluate the anti-inflammatory effect
of HUES-3 cell injection, we evaluated cytokine
gene expression by RT-PCR analysis. As reported in
Figure 3A, experimental data showed that both IL-6
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and MIP-2 increased to a maximum value already 7
days after damage, specifically 13 and 19 times high-
er than control uninjured lungs. In cell-injected
strongly reduced IL-6 and MIP-2 transcript com-
pared to bleomycin alone lungs (**p≤0.03; ***p≤0.02).
Consistently with pro-inflammatory and pro-fibrotic
cytokine expression, the level of the tissue collagen
marker Col1-α1 showed a progressive increase dur-
ing the damage induction (9.5 fold increase respect to
uninjured control). A strong and statistically signifi-
cant reduction of Col1-α1 mRNA expression was
evidenced after HUES-3-ATII Cells injection
(***p≤0.02), strongly supporting an important anti-fi-
brotic action. The same finding was detected for
TNF-α and CXCL12, which was already described
as involved in the trafficking of circulating fibrocytes
to a fibrotic lungs (10) (Figure 3A).

At the same time, protein level of inflammatory
cytokines was quantified by ELISA in ITN-dam-
aged lungs receiving or not HUES-3-ATII Cells in-
jection (Figure 3B). All cytokines analyzed were
markedly increased in bleomycin-treated lungs com-
pared to uninjured controls. Expression of examined
cytokines as significantly reduced in HUES-3-ATII
Cells -injected lungs. In particular, TNF-α, IL-1α
and IL-1β rapidly increased to a maximum level
soon 7 days after bleomycin treatment, while the in-
crease of IL-6, IL-10 and IL-4 was delayed and be-
came progressive after the damage. Highest levels of
inflammation were detected for TNF-α 7 days after
bleomycin treatment (5.91 pg/ml vs uninjured con-
trol 0.56 pg/ml; p<0.01), for IL-10 (5.47 pg/ml vs
0.9 pg/ml; p≤0.03) and for IL-4 after 21 days (5.87
pg/ml vs1.7 pg/ml; p≤0.04). A strong reduction was

Fig. 2. (A) Haematoxylin&Eosin (H&E) and Masson trichrome staining (Masson) of mouse lungs 7, 14 and 21 days after bleomycin dam-
age, after HUES-3 alveolar type II cell injection (Damage+cells) and healthy mouse lungs tissue (Normal lung). Note in normal mice H&E
staining shows regular alveolar structure of lung parenchyma and Masson trichrome staining documents scarce collagen accumulation in
perivascular and peribronchial spaces, and not within interstitium. Scale bars: 500 µm and 100 µm. (B) Quantitative evaluation of parenchy-
mal fibrotic changes in mice treated with bleomycin (Damage) and with cells at 21stday (Damage+cells). Fibrotic score (Ashcroft score) was
obtained with a continuous numerical scale for determining the degree of fibrotic changes. Data are expressed as mean ± SEM for multi-
ple independent experiments. Statistical comparison was made using unpaired Student’s t-test. *(p≤0.05).
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evidenced after HUES-3-ATII Cells, with values of
2.17 pg/ml (p≤0.03 vs bleomycin control), 1.21
pg/ml (p≤0.01), and 2.31 pg/ml (p<0.02) for TNF-
α, IL-10 and IL-4, respectively. Anti-inflammatory
cytokine IL-6 protein level showed an opposite
trend compared to TNF-α, as already described (11)
MMP9 is mainly involved in tissue remodeling asso-
ciated with pathological situations such as acute lung
injury (12). MMP9 expression increased after
bleomycin-induced damage (0.03pg/ml in uninjured
control; 6.95pg/ml 7 days after bleomycin, p<0.05;
5.38 pg/ml 21 days after damage, p<0.03) and sig-
nificantly decreased in HUES-3-ATII Cells injected

lungs (3.39pg/ml; p≤0.04), revealing a marked re-
duction of inflammatory scenario.

Long-term beneficial effect of HUES-3-ATII Cell
injection in bleomycin-mice lungs

To assess the human ATII cells engraftment into
mouse lungs, we looked for the presence human
markers in treated mice 4 weeks after cell administra-
tion. Expression of Human Nuclear antigen HuNu
(Figure 4A; arrows) was performed using the strepta-
vidin-polyADP ribose polymerase diaminobenzedine
peroxidase system and confirmed the presence of hu-
man cells within murine tissue. The same cells were
immunohistochemically detected in serial sections by
human Surfactant Protein-C (SP-C), being the latter
exclusively secreted by type II pneumocytes (Figure
4B; arrows). Molecular analysis was also performed in
the same tissue and confirmed the presence of human
DNA (data not shown) (9).

In parallel, teratogenic potential of differentiat-
ed cells, HUES-3-ATII Cells, was evaluated and
ruled out by injecting these cells into Nude mice an-
alyzing the animals 1 year after HUES-3-ATII Cells
administration by histological examination (data not
shown).

Survival curve was evaluated comparing
bleomycin damaged mice, damaged mice in which
cells have been injected and control healthy mice in
which only saline solution has been administrated
(Figure 5A). All damaged mice died within 23 days,
specifically after14 days of bleomycin treatment sur-
viving mice represented 50% of the total, according
to data reported in literature (13). Strikingly, all mice
receiving HUES-3 cells survive up to six weeks.
Moreover, daily weight measurement showed a
strong correlation with the survival rate, since a
striking impressive recovery of weight (a mean of
about 17 grams 14 days after bleomycin treatment
and about 28 grams in cell-receiving mice) was ob-
served.

Lung functionality was also measured by ana-
lyzing gas exchange capacity in cell transplanted and
untransplanted mice during the induction of dam-
age. Blood oxygen saturation level measurement
showed an improvement of oxygenation only in
HUES-3-ATII cell-treated mice and not in dam-
aged control mice (Figure 5B), with a functional re-
covery of about 15%.

Fig. 3. (A) Real-time RT-PCR analysis of inflammatory cy-
tokines of bleomycin-treated and cells injected lungs. An evident
reduction of cytokine expression was found after HUES-3-ATII
cells injection (Damage +cells at day 21) respect to damaged mice
(Damage 7d and Damage 21d). The fold increase of each tran-
script is calculated comparing to control healthy mice (Ctrl). All
values obtained are the mean of at least three independent exper-
iments performed in triplicate (*p≤ 0.05;**p≤ 0.03;***p≤ 0.02). (B)
ELISA test for the measurement of inflammatory cytokines in
bleomycin-treated and cells injected lungs.
Data are expressed as mean ± SEM for multiple independent ex-
periments.
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Discussion

Bleomycin is a well known fibrogenic agent,
provoking an initial adult respiratory distress syn-
drome-like injury with subsequent strong fibro-pro-
liferative response. Bleomycin is the most widely
used drug for chemical induction of pulmonary fi-
brosis in animal models. It is highly reproducible, in-

ducing a fibrotic histologic remodeling similar to
that observed in human lung fibrosis (14).

Idiopathic pulmonary fibrosis (IPF) is caused
by the injury and death of alveolar epithelial cells,
followed by an abnormal activation of reparative
processes leading to fibroblast recruitment (15). Pul-
monary fibrosis, homogenously distributed within
the lung, with some accentuation of the basal re-

Fig. 4. (A) Immunostaining for human nuclear antigen (HuNu) was performed using the streptavidin-polyADP ribose polymerase (PARP)
diaminobenzidine (DAB) peroxidase system on representative sections of bleomycin-treated lung from HUES-3 alveolar type II (ATII)
cell-injected mice (Damage+cells). Arrows show positive cells. (B) Subsequent section in which the same cells (arrows) were shown to be
positive for human surfactant protein C (SP-C) antibody (red) at higher magnification. Scale bars: (A) 100 µm; (B) 30 µm.

Fig. 5. (A) Survival rate was measured by Kaplan Maier curve from the first day of bleomycin treatment in damaged mice (Damage), in
HUES-3-ATII cells-injected mice (Damage+cells) and in control healthy mice (Ctrl). Mice progressively died during bleomycin treatment
(until 23rd day), except for those receiving cells that instead survive. (B) Blood arterial oxygen saturation levels were daily recorded during
bleomycin damage. After HUES-3-ATII cells injection (Damage+cells), a recovery of arterial oxygen saturation levels was recorded.
Significance level is indicated by p=0.02 (comparison of Damage with Damage+cells
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gions, which may be due to preferred intranasal dis-
tribution to these areas, was documented by a severe
loss of lung compliance, increased soluble collagen
and lung hydroxyproline content, a typical reticular
fibrosis pattern, and the histologic finding of fibrob-
last invasion and matrix deposition.

Our histological data revealed that at 14 days
lung parenchymal inflammation is present and a not
very well established fibrosis; instead, a clear fibrotic
stage was documented at 21days. Regarding molec-
ular and biochemical analyses, the inflammatory re-
sponse becomes evident in tissues by day 7 togeth-
er with the fibrotic one that becomes apparent at day
21. As for cytokines, IL-6, TNF-α, MIP-2 at the
tissue level, the early phase is characterized by
patchy neutrophilic alveolitis and the late phase by
patchy areas of fibrosis, but there is no formation of
hyaline membranes. The extent of fibrosis is propor-
tional to the severity of the injury. ITN method
mimics the most severe and pathological conditions
of human pulmonary fibrosis, as demonstrated by
biochemical and molecular analyses performed to
measure protein and transcripts levels (16). Since
drug therapy is ineffective to restore a non-patho-
logical pulmonary condition, we verified a new strat-
egy based on cell therapy in an experimental model
of lung fibrosis.

A number of studies have been carried out us-
ing mesenchymal cells, or cells derived from fetal
membrane of human term placenta or also from am-
niotic fluid in order to repair murine lung epithelium
damaged by injury or disease (17-23). These cells ex-
pressed some markers of alveolar epithelium follow-
ing injection into mice and showed a significant an-
ti-fibrotic and anti-inflammatory effect in bleomycin
model of injury, most probably due to transient
paracrine action of injected cells. Regarding human
embryonic stem cells (hESCs), a few papers demon-
strated their capacity in differentiating into func-
tional ATIICs (8, 9, 24). The first one reported an in
vitro differentiation of hESCs into a mixed popula-
tion of cells containing a small percentage of ATII
Cells, and so not suitable for transplantation because
carrying a significant risk of producing teratomas af-
ter transplantation (8). To solve this problem, a pure
population of ATIICs was successively yielded by
generating stable transfected hESC lines that, once
transplanted in a mouse model of bleomycin induced
lung injury, were able to functionally repair the ep-

ithelium of the acutely injured alveolus, without
causing teratoma formation (24).

As recently published, Spitalieri and colleague
showed that human embryonic stem cells (HUES-3)
were not only capable of differentiating into type II
pneumocytes, but were also able to repair lung injury
in a silica experimental model of acute pulmonary fi-
brosis. Molecular, immunohistochemical functional
analyses and ultrastructural examination, demon-
strated that a type II pneumocyte phenotype was ob-
tained by differentiating HUES-3 cells (9, 25, 26).

Based on these results, we propose to test the
capacity of human embryonic cells to functionally
recover lung fibrosis induced in Nude mice by
bleomycin administration.

At day 14 (at the end of bleomycin treatment)
HUES-3-ATII Cells have been inoculated into
damaged mice when lung fibrosis microenvironment
had just appeared, as assessed by histological analy-
sis. Treated mice were sacrificed and a recovery of
lung function was evidenced by molecular and his-
tological analyses as well as in vivo functional eval-
uation. Increased inflammatory cytokines transcrip-
tion is observed after bleomycin-induced injury. In
particular, IL-6 is significantly elevated in the
bleomycin-injured lung, where it may act in synergy
with TNF-α (Figure 3A) to perpetuate inflamma-
tion and fibrosis (11,27-30). We observed a marked
reduction of the expression of IL-6, TNF-α and
MIP-2 (suggestive of the pathogenesis of lung in-
jury) only in damaged lungs of mice receiving
HUES-3-ATII Cells. These anti-inflammatory ef-
fects were also reported when fetal membrane-de-
rived cells and human amnion epithelial cells were
transplanted (21,22), suggesting several mechanisms
of action used by these cells in reducing inflamma-
tion and fibrosis in injected mice.

The mechanism by which HUES-3-ATII Cells
resettle the damaged lung remains to be elucidated.

However, when HUES-3-ATII Cells were in-
jected in healthy mice, no human cells were detected
there after (data not shown), indicating that differ-
entiated stem cell homing required to the damaged
lung the production of inflammation derived factors,
such as cytokines. In this regard, it has been shown
that the temporal and spatial increase in the expres-
sion of CXCL12 in the epithelium of the injured
lung provides a gradient for CXCR4-expressing cir-
culating progenitor epithelial cells during re-epithe-
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lialization of the basement membrane (10, 31, 32).
In our context CXCL12 resulted to be over-ex-
pressed in the injured lungs, decreasing after HUES-
3-ATII cells injection.

Moreover the expression of the fibrosis marker
Col1-α1 was significantly reduced only in differen-
tiated stem cell-transplanted mice indicating a dam-
age repair (24) in which a partial recovery of fibrosis
could be suggested (33).

A similar pattern was observed for protein ex-
pression before and after cell administration in dam-
aged lungs. MMP9, proteins of the matrix metallo-
proteinase (MMP) family, are believed to be the
main physiological mediators of extracellular matrix
degradation. In adult healthy tissue, low level MMP
expression mediates normal matrix remodeling,
while during inflammation and injury, large amounts
of MMPs are produced presumably to repair dam-
aged extracellular matrix. As for all the other mark-
ers, MMP9 protein increased during drug treat-
ment, higher soon after 7 than 21 days, but its levels
further decreased after cells injection.

Several studies reported the occurrence of ep-
ithelial-mesenchymal transition (EMT) within lung
murine fibrosis caused by repetitive lung injury with
bleomycin. Polarized epithelial cell, which normally
interacts with basement membrane via its basal sur-
face, undergoes multiple biochemical changes that
enable it to assume a mesenchymal cell phenotype
(34, 35). Some biomarkers have been identified to
demonstrate the passage of a cell through an EMT.
Fibroblast-specific protein 1 (FSP1), α-SMA, and
collagen are specific markers for mesenchymal prod-
ucts generated by the EMTs occurring during the
development of fibrosis in various organs, such as
kidney, liver, lung, and intestine (36-38). These cells
continued to exhibit epithelial-specific morphology
and molecular markers but showed concomitant ex-
pression of the mesenchymal marker and α-SMA.
Colocalization of these two sets of distinct markers
defines an intermediate phenotype of EMT, indicat-
ing cells that have passed only partly through an
EMT. Such cells are likely to represent the interme-
diate stages of EMT, when epithelial markers con-
tinue to be expressed but new mesenchymal markers
have already been acquired(39).

To monitor if HUES-3-ATII cells eventually
underwent EMT process, we performed a dual
staining with human SPC and α-SMA markers ev-

idencing the absence of cells expressing both mark-
ers within lung section of cell-treated mice (data not
shown). Although EMT occurence cannot be com-
pletely excluded, these results allowed us to assign a
beneficial role to HUES-3-ATII Cells during the
damage recovery.

Histological analyses were also performed on
lung sections of transplanted animals to detect if any
human cells still reside into murine lung tissue. Inter-
estingly, as it has been shown that the turnover of the
adult mammalian alveolar epithelium is about 3 to 4
weeks (40), the observation that transplanted
HUES-3-ATII Cells are still present as we identified
in the lungs of bleomycin injured mice after 4 and up
to 10 weeks from administration, suggests their en-
graftment as well as a long term beneficial effect of
HUES-3-ATII Cells. In other words human differ-
entiated cells exerted their effects engrafting human
tissue and also secreting anti-inflammatory factors,
as already reported in literature (8, 9, 24, 41).

Finally analysis measuring the percentage of
oxygen saturation demonstrated after cell adminis-
tration a discrete recovery of lung function as well as
survival rate reported how cells protected mice from
an irreparable death occurring in all damaged but
untreated animals.

These results indicated stem cell treatment as an
innovative strategy for the treatment of airway dis-
eases, devoid of teratogenic risks, as demonstrated by
us and other groups using in vivo studies in Nude
models (24, 41, 42).
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