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Abstract
Background

Mesenchymal stromal cells (MSCs) have been intensively investigated in regenerative medicine.
Among the different types of MSCs, adipose tissue-derived stromal cells (ASCs) can be obtained with
relatively less invasive techniques. Since ASC administration is a candidate strategy for the
treatment of refractory diseases including pulmonary fibrosis, we investigated whether intratracheal

injection of ASCs had therapeutic potential against bleomycin (BLM)-induced lung injury in rats.
Methods

BLM was intratracheally administered to rats, and 1 week later ASCs were harvested. Two weeks
after BLM treatment, ASCs or phosphate-buffered saline (PBS) were injected autologously into the
rats via the trachea. A semi-quantitative histological evaluation was conducted to assess the injured

lungs, followed by cell tracing at 3 or 6 weeks after BLM instillation.

Results

ASC administration did not affect the severity of lung damage on the third week after BLM
exposure, but prevented further aggravation of the lung injury, as apparent on the sixth week. A
fluorescent cell tracer revealed that the majority of ASCs did not appear to have penetrated inside the
lung region injured by BLM on the third week after BLM instillation, but some of these cells sprouted
deep into the thick distorted architecture of the injured lung on the sixth week after the BLM

instillation.

Conclusions
The results of the present study suggest that ASCs may play a role in the prevention of ongoing
aggravation of lung injury in the long term.
Key Words: Adipose tissue; Mesenchymal stromal cells; Intratracheal; Pulmonary

fibrosis

Introduction

Idiopathic pulmonary fibrosis (IPF) is the most common form of idiopathic interstitial
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pneumonia”. It has been described as a gradually progressive disease, characterized by aggravation
of respiratory symptoms, a steady decline in lung function, and gas exchange abnormalities over
time. One of the major mechanisms driving IPF is deregulated wound healing in response to alveolar
epithelial injury, involving exaggerated release of proinflammatory and profibrogenic factors*”. Despite
the expansion of scientific knowledge, the pathogenesis of IPF remains unclear. The basic therapeutic
strategy involves the use of corticosteroids, alone or in combination with immunosuppressive,
immunomodulatory, or antifibrotic agents, but so far the treatment has little impact on long-term
survival®”.

Mesenchymal stromal cells (MSCs) of different cellular origins (umbilical cord, bone marrow, and
other tissues) represent one of the most promising areas of research in terms of novel therapeutic
strategies for the treatment of several chronic refractory diseases®”. MSCs have been introduced
into various animal model systems by intravascular injection, intratracheal instillation, or by bone
marrow transplantation. Under certain circumstances, these cells can differentiate into epithelial
cells, endothelial cells, neurocytes, chondrocytes, and myoblasts, possibly after migrating to damaged
regions'>. In addition, they have been observed to display immunomodulatory''® and antifibrotic
properties'”. Collectively, these effects of MSCs are expected to modify and promote tissue repair and
healing when administered exogenously, not only to lesions of pulmonary fibrosis and acute injury,

18-20)

but also to those of asbestosis, emphysema, and pulmonary hypertension®*”. Among the various

MSCs, adipose-derived stromal cells (ASCs) have been identified as an alternative to bone marrow-
derived MSCs because of their easy extraction, abundance of MSCs, and ex vivo expandability®*.
ASCs are known to be able to self-renew and differentiate into various mesenchymal cell types, and

229 - So far however,

also to secrete significant levels of many potent growth factors and cytokines
only a limited number of studies have investigated the effects of ASC administration on acute or
chronic lung injury, including pulmonary fibrosis. Furthermore, previous studies have implanted
the ASCs into target organs via the systemic circulation or intraperitoneal space™*”; no studies have
investigated the effects of engraftment of ASCs via the respiratory tract.

The purposes of the present study were to observe the effects of intratracheal administration
of ASCs on the lung tissue injury caused by bleomycin (BLM) instillation, and to investigate the
possibility that ASC administration could modify the severity of the associated lung tissue damage.
The BLM-induced lung injury model in rodents is commonly used to study the pathogenesis and
treatment of pulmonary fibrosis®. BLM is an antibiotic agent with antitumor activity, but pulmonary

fibrosis is a known side effect of BLM administration®.

Materials and methods

Isolation and culture of rat ASCs

ASCs were obtained as previously described®. White adipose tissue (WAT) was collected under
anesthesia induced by the intraperitoneal injection of sodium pentobarbital (3 mg/100g body weight).
The anterior abdominal wall was opened 2 cm lateral to the spine, and WAT weighing from 3 to
7g was collected from the abdominal cavity. The WAT was washed twice with Dulbecco’s minimal
essential medium (DMEM) containing 10% fetal bovine serum and 1% antibiotic/antimycotic (Gibco,
Los Angeles, Calif., USA), to remove blood cells. It was then chopped into pieces, and digested with
10 mL collagenase solution in a water bath at 37°C for 60 min under continuous shaking. To make

the collagenase solution, 100 mL of Hanks’ balanced salt solution with calcium and magnesium
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(Sigma, St. Louis, Mo., USA), pH 7.4, containing 4g of bovine albumin (fraction V), 300 mg of
collagenase type VII (40% ammonium sulfate fraction from Clostridium histolyticum, Sigma) and 1.3
mg/mL of glucose were sterilized using a 0.22-um filter. After collagenase treatment, the enzyme
activity was neutralized with an equal volume of DMEM. The suspension was filtered through
250-um nylon mesh and centrifuged at 300g for 5 min at room temperature to separate the pellet.
The pellet was treated with red blood cell lysis buffer (Sigma) for 5 min at 37°C, then filtered through
a 100-um nylon mesh, followed by centrifugation (300g for 5 min at room temperature) to obtain
a pellet of ASCs. The cells were cultivated in 75-cm? culture flasks, and the culture medium was
changed twice a week. Upon reaching 60%-90% confluence, the ASCs were detached using 0.25%
trypsin-ethylenediamine tetraacetic acid (EDTA) (Gibco), and divided 1:2. After 7 days in culture, the
ASCs were isolated using trypsin, followed by centrifugation (300g for 5 min at room temperature)
to obtain a pellet of ASCs, which was then suspended in phosphate-buffered saline (PBS), to be
autologously injected back into the same recipient rats. The ASC suspension (1.0X107/0.5 mL) was
infused via the trachea, under local anesthesia. Control rats received the same volume of PBS.
Bleomycin-induced lung injury model

A total of 10 mg BLM chloride (Nippon Kayaku, Japan) was dissolved in 1.0 mL of sterile 0.9%
saline. Male Wistar rats over 24 weeks of age and weighing from 350 to 530g (Shimizu Laboratory
Supply, Kyoto, Japan), were intratracheally administered 1.0 mL BLM/kg or 1.0 mL saline/kg under
anesthesia induced by an intraperitoneal injection of sodium pentobarbital (3 mg/100g body weight),

*_ The relevant institutional animal care and use committee approved this

as described previously
study, and all experiments abided by the Principles of Laboratory Animal Care advocated by the
Animal Experiment Committee of Kyoto University (2007).
Experimental groups

The schematic diagram of the experimental protocol was demonstrated in Figure 1. The rats were
randomly assigned to 6 experimental groups. Group A included 6 animals that received intratracheal
administration (IT) of BLM on day 0 and 0.5 mL PBS IT on day 14, and were sacrificed on day 21.
Group B included 6 animals that received BLM IT on day 0 followed by ASC harvest on day 7, then
received 1.0X10” ASC/0.5 mL PBS IT on day 14, and were sacrificed on day 21. Group C included
5 animals that received saline IT on day 0, PBS IT on day 14, and were sacrificed day 21. Group D
included 6 animals that received BLM IT on day 0, PBS IT on day 14, and were sacrificed on day 42.
Group E included 6 animals that received BLM IT on day 0, followed by ASC harvest on day 7, then
received 1.0X107 ASC/0.5 mL PBS IT on day 14, and were sacrificed on day 42. Group F included 5
animals that received saline IT on day 0, PBS IT on day 14, and were sacrificed on day 42.
CM-Dil and 4',6-diamidino-2-phenylindole (DAPI) fluorescent labeling

For cell tracing, ASCs were labeled with the cell tracker CM-Dil (Invitrogen, Eugene, Oreg., USA)
according to the manufacturer’s protocol. Briefly, CM-Dil in dimethyl sulfoxide (DMSO) solution was
diluted in PBS to obtain a concentration of 10 pug/mL. The ASCs were incubated with the dye solution
for 3 min at 37°C followed by 15 min at 4°C. The labeled ASCs were washed once with PBS, then
cultured in DMEM at 37°C under 5% CO, in humidified air. The labeling efficiency was confirmed to be
greater than 90% by fluorescence microscopy. Nuclei were stained with DAPI (Sigma) on glass slides.
Preparation of lung tissues and histological evaluation via a semi-quantitative morphological
index

On day 21 or 42 after BLM IT, rats were sacrificed by an intraperitoneal injection of an overdose
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day 0 day 7 day14 day21 day42
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Figure 1. Schematic diagram of the experimental protocol. Animals in each group received BLM IT or normal saline
IT on day 0. ASCs were harvested on day 7 in groups B and E. Animals in each group received ASCs IT or PBS IT
on day 14, and were sacrificed on day 21 or day 42. BLM, bleomycin; IT, intratracheal administration; ASC, adipose
tissue-derived stromal cell; and PBS, phosphate-buffered saline.

of sodium pentobarbital. Immediately after the animals were Kkilled, each left lung was inflated at
a constant pressure of 20 cm H,O of 10% paraformaldehyde for 5 min, removed from each animal,
and fixed in 10% paraformaldehyde for several days. For the histological examination, each left
rat lung was transversely sectioned into seven pieces. The specimens were then dehydrated and
embedded in paraffin. Four um-thick sections were cut using a rotary microtome, placed on glass
slides, deparaffinized, and sequentially stained with hematoxylin & eosin and Masson’s trichrome
stains. Thereafter, the sections were examined using a standard light microscope (BX-40, Olympus,
Tokyo, Japan). Of six independently cut sections, the three most severely injured were selected for
histological assessment via a semi-quantitative morphological index (SMI), without knowledge of
the treatment groups, using a grading scheme reported by Lossos et al®”. We used a fluorescence
microscope (BZ-9000, Keyence, Tokyo, Japan) to examine the CM-Dil and DAPI signals. The
SMI scores used for histological assessment were as follows: 0, normal lung; 1, minimal areas of
inflammation, epithelial hyperplasia and fibrosis, usually limited to subpleural foci in just one or two
sections; 2, more frequent lesions; 3, all three sections exhibit lung lesions which are not limited to
subpleural foci; 4, extensive lesions in at least two of three sections; and 5, the majority of each of the
three lung sections are affected by inflammation and fibrosis.
Statistical analysis

All statistical analyses were performed using SPSS version 22.0.0.0 software for Windows (IBM
Corporation, Somers, NY, USA). All data were analyzed non-parametrically. Upon detection of

significant differences in SMI scores among multiple animal groups by the Kruskal-Wallis test, post-
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Figure 2. Comparison of the histological changes in lungs assessed by SMI after BLM and ASC IT. The SMI
scores varied significantly among all six animal groups (p=0.001, Kruskal-Wallis test). BLM IT induced significant
morphological changes, as evidenced by differences in SMI scores on day 21 between groups A and C, and on day 42
between groups D and F. The SMI scores of group D were significantly higher than those of group A. In contrast,
there was no significant difference between the scores of the two ASC-treated groups (B and E). With regard to the
groups evaluated on day 42, the SMI scores in group E (administered ASC IT) tended to be lower than those in group
D (not administered ASC IT) (p=0.066).

Group A: BLM IT (day 0) + PBS IT (day 14), sacrificed on day 21.

Group B: BLM IT (day 0) + ASC harvest (day 7) + ASC IT (day 14), sacrificed on day 21.

Group C: Saline IT (day 0) + PBS IT (day 14), sacrificed on day 21.

Group D: BLM IT (day 0) + PBS IT (day 14), sacrificed on day 42.

Group E: BLM IT (day 0) + ASC harvest (day 7) + ASC IT (day 14), sacrificed on day 42.

Group F: Saline IT (day 0) + PBS IT (day 14), sacrificed on day 42.

SMI, semi-quantitative morphological index; BLM, bleomycin; ASC, adipose tissue-derived stromal cell; IT,
intratracheal administration; and PBS, phosphate-buffered saline. *p<0.05, **p<0.01, Tukey-Kramer test. Horizontal
bars indicate median values.

hoc pairwise comparisons were conducted using the Tukey-Kramer test, with the level of statistical

significance set at p<<0.05.

Results

Comparison of SMI scaling scores

The SMI scores varied significantly among all six groups (p=0.001, Kruskal-Wallis test) (Fig. 2).
Compared with saline IT on day 0, BLM IT induced significant morphological changes as indicated
by the differences in SMI scores on day 21 between groups A and C (p=0.030), and those on day 42
between groups D and F (p=0.001).

With regard to the groups receiving BLM IT on day 0 and subsequent PBS IT on day 14 (groups A
and D), the SMI scores of group D evaluated on day 42 were significantly higher than those of group
A evaluated on day 21 (p=0.029). In contrast, there was no significant difference between the SMI
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(a) (b)

Figure 3. The distribution of ASCs which had accumulated in the fibrotic tissues observed at day 21 and day 42. The
upper panels show the results of hematoxylin & eosin staining. The middle panels show the results of Masson’s
trichrome staining, where blue staining represents collagen deposition. The lower panels show the fluorescence
detected. Dil-labeled ASCs fluoresced red. Nuclei were labeled with DAPI, and fluoresced blue. A representative
photograph from group B is shown. The lower panel shows that some ASCs were found in the slightly injured area
(central portion), and ASCs were scarce in the more severely injured area (left portion). A few ASCs were observed
in the almost normal area (right portion) (a). A representative photograph from group E is shown. The lower panel
shows that while the ASCs were reduced in number, some survived in clusters in the distorted architecture of the
injured lung (yellow arrow, central portion), and others were seen in the almost normal tissue (b). ASC, adipose tissue-
derived stromal cell; DAPI, 4’ ,6-diamidino-2-phenylindole; BLM, bleomycin; and IT, intratracheal administration.

scores of the two ASC-treated groups (B and E), despite the SMI evaluations being conducted at the
same time-points as those of groups A and D. When comparing the groups evaluated on day 42, the
SMI scores in group E, which received ASC IT, tended to be lower than those of group D which did not
receive ASC IT (p=0.066), in contrast to the lack of a significant difference between the SMI scores of
groups A and B on day 21 after BLM IT.

Of the groups receiving simple saline IT and subsequent PBS IT, the SMI scores of group C on day
21 did not differ significantly from those of group F on day 42.
Distribution of CM-Dil-labeled ASCs in the lung

CM-Dil-labeled ASCs fluoresced red, and nuclei labeled with DAPI fluoresced blue. On day 21,

ASCs were successfully dispersed in the lungs. However, the majority were scattered in the almost
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normal areas, and only a limited number were found in the injured areas (Fig. 3a; a representative
photograph from group B is shown). On day 42, although their number was reduced, the ASCs lay
deep in the thick distorted architecture of the injured lung (Fig. 3b; a representative photograph from

group E is shown).

Discussion
A growing body of evidence suggest that MSCs migrating to lesions produce favorable results,
such as reduced inflammation and mortality, in a model of acute lung injury and fibrogenesis caused
by BLM?®". While the potential applications are increasing, recent research has highlighted new

%  For instance, the optimal type of MSCs (i.e., from umbilical cord blood, bone

issues involving MSCs
marrow, or other tissues), route of administration (bone marrow transplantation, injection to systemic
circulation, or instillation to airways), timing (immediately after BLM exposure or several days later),
and conditions of administration for repair and healing are not known. In addition, the mechanisms
of repair and healing of disease by the administration of MSCs also remain to be determined. Before
consideration is given to these questions, it is necessary to reflect on the typical time-course of tissue
damage caused by BLM instillation.

A great deal is now known about the time-dependent changes in lung histopathology following a
single dose of intratracheal instillation of BLM in rats®. Within the first 3 to 5 days, focal areas of
intra-alveolar hemorrhage develop. Over the course of the first week, these changes give way to the
appearance of atypical alveolar lining cells, and confluent interstitial inflammatory cell invasion. By
the second week, the interstitial infiltrates are strongly associated with an increase in fibroblasts
and the initiation of deposition of interstitial extracellular collagen. From the third week after
instillation, the amount of collagen in the interstitial areas becomes increasingly prominent, and
some condensation is evident. By 60 days, BLM delivered intratracheally may induce fibrosis that
progresses or persists.

Based on the above-described time-course, the present study was primarily designed to administer
WAT-derived ASCs to the lung at the second week after BLM instillation, when lung tissues are
supposed to show initial fibrotic changes, and to examine whether the ASCs might affect the
pathological processes that developed during the third to sixth week after instillation of BLM. The
SMI scores showed that without ASC IT, the lung injury was more severe on the sixth week after
BLM instillation than on the third week (groups A and D), consistent with the previous observations
described above. ASC IT did not affect the severity of lung damage on the third week after BLM
exposure (groups A and B). However, ASC administration tended to prevent further aggravation
of the lung injury on the sixth week (group B vs E). Microscopic cell tracing labeled with CM-Dil
revealed that while the majority of ASCs did not appear to penetrate inside the lung region injured by
BLM on the third week after BLM instillation (Fig. 3a), some of these cells sprouted deep in the thick
distorted architecture of the injured lung on the sixth week after BLM instillation (Fig. 3b). Given
the prevention of further aggravation of the lung injury on the sixth week as assessed by the SMI
scores in the present study, it might be that these migrating ASCs play a role in the preventive effect
observed.

Unlike the present study, other morphometric studies have demonstrated that in early stages
(within 1-2weeks), intravenously-administered MSCs successfully home to the lung in response

to injury, adopt an epithelial-like phenotype, and diminish or abrogate the deleterious effects



Uji et al

of inflammation and collagen deposition in the lung tissue of mice challenged with BLM. The
time-courses reported might depend on the experimental settings used. Most previous studies
have investigated the effects of bone marrow-derived MSCs, and utilized an observation period
ranging from 1 to 4 weeks after BLM exposure’. Several studies have assessed the effect of the
administration of MSCs through the trachea. However, most of these did not involve the BLM-

exposure model, but other disease models such as neonatal hyperoxic lung injury**”, bacterial

36,37) 20,38)

exposure-induced acute lung injury®**’”, and pulmonary hypertension®*?®¥, and the morphometric
observations were performed a few weeks after the injurious events. Accordingly, late-phase changes
after injury cannot be predicted from evidence derived from the studies described above. Considering
that the pathological changes after BLM exposure persist for over six weeks as described above, it
is worthwhile monitoring changes over a longer time-frame than has been monitored in previous
studies. In addition, some concerns have been raised about the potentially negative aspects of the
administration of MSCs, because these cells can unexpectedly modulate surrounding tissues. For
instance, a recent study showed reduced airway remodeling if stem cell factor (SCF) is blocked,
and consequently bone marrow-derived MSCs are inhibited from migrating to the sites of injury®.
Furthermore, another study has demonstrated that circulating fibrocytes are an indicator of poor
prognosis with regard to the development of IPF*”. In this sense, the real advantage of MSC
transplantation should arguably not be judged solely on observations during the early stages of
the tissue repair process, as has been done in previous studies. The present study investigated
pathological changes 3 and 6 weeks after injury, and the findings provide new insight into the effects
of intratracheal administration of MSCs on BLM-induced lung damage.

With regard to ASC, a few studies have investigated the effects of administration of ASCs on

» BLM-induced lung injury in an animal model

tissue injuries such as ischemia-reperfusion injury
of pulmonary fibrosis®***”, and acute respiratory distress syndrome*’. In the study reported by Lee
et al*”, a total of eight doses of BLM were intratracheally injected into mice every other week, and
human ASCs were also administered repeatedly via intraperitoneal injection simultaneously during
the latter 2 months of 4 months of BLM exposure. The lungs were harvested 2 weeks after the last
dose (16 weeks after the first BLM exposure). The administration of ASCs, under this study design,
ameliorated the inflammatory and remodeling changes in lung tissues induced by BLM instillation.
Although the route and dose of administration of ASCs and the observation period differed from those
of the present study, there are commonalities between Lee et al*” and our study, in terms of the study
designs focusing on the effects of ASCs on BLM-induced lung injury. With regard to the findings of
Lee et al*”, a similar phenomenon seems to occur in injured lung following administration of ASCs via
the trachea. However, the intratracheal approach seems more favorable, as ASCs are seeded directly
in the airspace, compared with the intravenous or intraperitoneal approaches. Another point to
note is the microenvironment formed by ASCs, resident lung cells, intercellular matrix, and secreted
humoral factors, which interact and exert collective effects along the route of administration. Also,
the microenvironment might constitute an area of settlement for newly migrating cells. For instance,
it has been shown that MSCs block production of tumor necrotic factor (TNF)-a and interleukin (IL)-
1, which reportedly mediate BLM-induced lung injury'. Similarly, ASCs not only possess the ability
to self-renew and differentiate into various mesenchymal cell types, but also to secrete significant

22-24)

levels of many potent growth factors and cytokines®?**. Intraperitoneal administration of ASCs led

to suppression of expression of transforming growth factor (TGF)-*”. Further studies are needed
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to determine the cytological and biochemical microenvironment in animals with BLM-induced lung
injury receiving intratracheal administration of ASCs.

There are some limitations to the present study. First, senescence of the animals used may have

27)

led to relative weakness of the repair process, compared with other experimental models®™. However,

42)

since the incidence of IPF in humans is known to increase with age*”, it seems necessary to consider

the effects of aging in recipient animals (or humans) on the activity of ASCs*. Second, while BLM

was only injected once in the present study, multiple BLM instillations are known to increase lung

44)

damage'. Further studies are required, to determine the effects of intratracheal ASCs in animal

models after multiple exposures to BLM. Third, in addition to the analyses of the cytological and
biochemical microenvironments around the ASCs in injured tissues, the phenotypic characteristics of
ASCs that successfully migrate into the fibrotic regions warrant further investigation.

In conclusion some of the ASCs administered intratracheally sprouted deep into the thick
distorted architecture of the injured lung, not by the third week, but by the sixth week after BLM
exposure. Given the prevention of further aggravation of the lung injury apparent on the sixth week,
as assessed by SMI, it is possible that ASCs can play a preventive role against ongoing aggravation
of existing lung injury. Further studies are needed to establish appropriate conditions and timing to
facilitate sufficient migration of ASCs into injury sites, for the successful prevention of progression of

fibrosis after lung injury, as well as to elucidate the physiological mechanisms involved.
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