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Abstract

The observation that pulmonary inflammatory lesions and bleomycin (BLM)-induced pulmonary
fibrosis spontaneously resolve in young mice, while remaining irreversible in aged mice, suggests
that impairment of pulmonary regeneration and repair is associated with aging. Since
mesenchymal stem cells (MSCs) may promote repair following injury, we postulated that
differences in MSCs from aged mice may underlie post-injury fibrosis in aging. The potential for
young-donor MSCs to inhibit BLM-induced pulmonary fibrosis in aged male mice (>22 months)
has not been studied. Adipose-derived MSCs (ASCs) from young (4-month) and old (22-month)
male mice were infused 1-day following intratracheal BLM administration. At 21-day sacrifice,
aged BLM mice demonstrated lung fibrosis by Ashcroft score, collagen content, and a,,-integrin
mRNA expression. Lung tissue from aged BLM mice receiving young ASCs exhibited decreased
fibrosis, matrix metalloproteinase (MMP)-2 activity, oxidative stress, and markers of apoptosis vs.
BLM controls. Lung mRNA expression of TNFa was also decreased in aged BLM mice receiving
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young-donor ASCs vs. BLM controls. In contrast, old-donor ASC treatment in aged BLM mice
did not reduce fibrosis and related markers. On examination of the cells, young-donor ASCs had
decreased mRNA expression of MMP-2, insulin-like growth factor receptor, and AKT activation
compared to old-donor ASCs. These results show that the BLM-induced pulmonary fibrosis in
aged mice could be blocked by young-donor ASCs and that the mechanisms involve changes in
collagen turnover and markers of inflammation.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive and debilitating lung disease
characterized by interstitial fibrosis with decreasing lung volumes and pulmonary
insufficiency eventually resulting in death. [1' 2] Approximately two-thirds of persons with
IPF are aged 60 years or older at the time of diagnosis. The incidence and prevalence of IPF
is significantly higher among men aged 55 years or older, compared with women of the
same age. [3] Although recent approvals of pirfenidone and nintedanib hold promise for
patients with early stage IPF, no curative treatments are available for this terminal and
devastating disease. [4]

Most preclinical studies of IPF utilize the murine bleomycin (BLM) lung fibrosis model.
This model is well characterized [5~16] and was recently shown to replicate the molecular
changes seen in patients with active disease. [17]

While the murine BLM model is useful for preclinical studies, one of its limitations is the
observed effect of age — when compared with young mice, aged mice develop more severe
pulmonary fibrosis and have higher mortality rates in response to BLM exposure. [12+ 13]
Recent studies suggest that this may be explained by the fact that the lungs of young mice
undergo spontaneous resolution of BLM fibrosis — whereas the fibrosis does not resolve in
the lungs of aged mice. [16' 18] While the mechanism is unknown, it has been suggested
that age-related variations in the activity of anti-inflammatory factors and matrix
metalloproteinases (MMPs) may contribute. The source of these protective factors in the
lungs of young mice is unclear, but may be related to the increased prevalence of
endogenous stem cells or Type 2 pneumocytes (progenitor cells that regenerate the alveolar
epithelium). [9: 19724]

While studies to elucidate the potential of stem cell therapy in the BLM model have been
performed on young mice using mesenchymal stem cells (MSCs) from bone-marrow or
amniotic fluid, [6' 7° 25] no studies to date have examined the effects of donor stem cells
from aged mice. This information is critical, since IPF is most common in older age. Using a
model of lipopolysaccharide-induced lung injury, Bustos et al. showed that bone-marrow
derived mesenchymal stem cells (BM-MSCs) from aged mice lack the anti-inflammatory
protective effect of BM-MSCs from young mice. [19] Recent studies in the treatment of
cognitive impairment of aged mice suggest that stem cell transplantation from young mice
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may hold promise as a therapy to combat age-related change. [26: 27] In addition, Feng et
al. have demonstrated that age-related renal damage was reversed by stem cell
transplantation from young donors. [28] Based on these prior results, we investigated the
effect of ASC donor age on BLM-induced pulmonary fibrosis by isolating adipose-derived
mesenchymal stem cells (ASCs) from young (YASCs; 4 month) and aged (0ASCs; 22
month) male mice in order to determine whether yASCs were more effective than 0ASCs
against the development of BLM pulmonary fibrosis and elucidate possible therapeutic
mechanisms.

Materials and methods

Animal model

Male C57BL/6 mice were obtained from the National Institute of Aging (Bethesda, MD).
BLM lung fibrosis recipients were all 22 month old male C57BL/6 mice, with a small
subanalysis performed on 4 month old male C57BL/6 mice. Animals were housed under
specific pathogen-free conditions with food and water ad /ibitum. All experiments and
procedures were approved by the Institutional Animal Care and Use Committee at the
Leonard M. Miller School of Medicine at the University of Miami (Miami, FL), a facility
accredited by the American Association for the Accreditation of Laboratory Animal Care.

BLM administration

After the administration of anesthesia, bleomycin sulfate (Sigma-Aldrich Corp; St. Louis,
MO) dissolved in 50 l sterile saline at 2.5 U per kg of bodyweight was administered by
direct intratracheal instillation via intubation. Control mice received 50 pl of sterile saline
using the same method. Mice were sacrificed at 21 days following BLM administration (Fig.
1).

ASC Isolation

Donor ASCs were isolated from the subcutaneous adipose pads of 4- and 22-month old
C57BL/6 mice. Mice were anesthetized by a ketamine (200 mg/kg) and xylazine (10 mg/kg)
injected intraperitoneally. Subcutaneous adipose tissue was excised, washed in phosphate
buffer solution without Ca2* and Mg2* (PBS) containing 30% GIBCO® Pen/Strep (Life
Technologies; Grand Island, NY) and digested in media containing 0.75% type Il
collagenase (Sigma-Aldrich; St. Louis, MO). The suspension was centrifuged to separate
floating adipocytes from the stromal vascular fraction. The resultant pellet was resuspended
and cultured in ADSC™ Growth Medium (Lonza Group Ltd; Basel, Switzerland). Cells
were expanded in plastic Thermo Scientific™ Nunc™ Cell Culture Treated Flasks with
Filter Caps (Thermo Fisher Scientific, Inc., Waltham, MA). After a 24-hr incubation period,
non-adherent cells were removed. When the adherent cells became confluent, they were
trypsinized, expanded for 2—3 passages and cryopreserved in Recovery™ Cell Culture
Freezing Medium (Life Technologies).

Characterization of Stem Cells

ASCs were incubated with one of the fluorescence-labeled antibodies: Pacific Blue anti-
CD90.2, Pacific Blue anti-CD205, FITC anti-CD29, PE anti-Scal, FITC anti-CD79a, APC-

Trans/ Res. Author manuscript; available in PMC 2016 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tashiro et al.

Page 4

Cy7 anti-CD45, PE anti-CD14, or PE anti-CD11. Cells were analyzed by flow-assisted cell
sorting (FACS) Canto™ Il (BD Biosciences; San Jose, CA). For differentiation, the Mouse
Mesenchymal Stem Cell Functional Identification Kit (R&D Systems Inc.; Minneapolis,
MN) was used according to the manufacturer’s instructions. Pluripotency was assessed via
osteogenic and adipogenic differentiation. [10]

Stem Cell injections

ASCs (passage 2 or 3) were thawed immediately prior to injection in a 37° C water bath and
washed in PBS to remove the cell freezing solution. ASCs were passed through a 70 um cell
strainer to eliminate cell clumps. Cells were counted and resuspended in PBS in preparation
for injection according to a modified version of a previously published protocol. [29]
Twenty-four hours following BLM administration, each animal received 200 pl either PBS
(control) or 5 x 10° ASCs (treated) in 200pl of PBS by tail vein injection over a 1 minute
period. [30' 31] Control mice given intratracheal saline also received injections of donor
ASC, as described above.

Lung tissue analysis/immunohistochemistry

Left lung lobes were harvested for protein, MMP, and mRNA analysis. For morphometry
and histology studies, right lung lobes were inflated with 10% neutral buffered formalin
(NBF) under 25 cm H,0 pressure. The lungs were postfixed by immersion in 10% NBF for
24 hours and then transferred to PBS at 4°C. Samples were paraffin-embedded and 4 pm
sections were obtained for hematoxylin-eosin and Masson’s Trichrome staining,

Ashcroft scoring

Pulmonary fibrosis was assessed by a pathologist blinded to the experimental groups using
the semiquantitative Ashcroft method [32] on Masson’s Trichrome-stained slides at 20x
magnification. Individual fields were assessed by systematically moving over a 32-square
grid; each field was assessed for fibrosis severity and assigned a score on a scale of 0
(normal lung) to 8 (total fibrosis of the field) and an average was obtained for each slide.

Collagen Content Assessment by Hydroxyproline Content

Hydroxyproline content was determined according to the manufacturer’s instructions
(Hydroxyproline Assay Kit; Sigma-Aldrich, St. Louis, MO). Briefly, 2 mg lung fragments
were weighed and homogenized in 100 ul of distilled water. An equal volume of 10 N HCI
was added to the samples before drying at 49° C for 3 hours. 50 pl of sample was loaded in
the plate and incubated overnight at 37° C. A hydroxyproline standard curve was prepared
according to a standard solution (between 0 and 1ug/well). Hydroxyproline content was read
at 557 nm, using the SoftMax Pro Software (Molecular Devices Corp; Sunnyvale, CA).

Real-Time PCR

Amplification and measurement of target RNA was performed on the Step 1 real time PCR
system as previously described. [33] Transforming growth factor § (TGFp), ay-integrin,
tumor necrosis factor alpha (TNFa), vascular endothelial growth factor (VEGF) and Nrf2
expression was measured using RNA extracted from lung tissues. In addition, MMP-2 and
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insulin-like growth factor (IGF) receptor mRNA expression was assessed in yASCs and
0ASCs. The TagMan rRNA control reagents kit (Life Technologies) was used to detect 78S
rRNA gene, an endogenous control, and samples were normalized to the 78S transcript
content as previously described. [34]

TGFp protein was quantitatively determined with the Bioplex platform as per manufacturer’s
recommendations (Bio-Rad). The same lysates collected for Bioplex were analyzed by
western blotting, as described below, to validate the Bioplex platform.

Western Blot

Lung tissue was homogenized and western analysis was performed as previously described.
[35] For Caspase-9, pAKT, AKT, and B-actin, 5 to 25 pug of protein lysate was fractionated
on 10% polyacrylamide gels. For TGF analysis, 60 pug of protein lysate was fractioned on a
12.5% gel. Immunoreactive bands were determined by exposing nitrocellulose blots to a
chemiluminescence solution (Denville Scientific Inc.; Metuchen, NJ) followed by exposure
to Amersham Hyperfilm ECL (GE Healthcare Limited; Buckinghamshire, UK). To
determine the relative amounts of protein densitometry was evaluated using the Image J
version 1.48v (National Institutes of Health; Bethesda, MD). All values from western blots
were initially standardized to the corresponding f-actin band prior to comparative analyses.

MMP Activity

MMP-2 activity was assessed in lung tissue supernatants using a previously described
method. [35] Briefly, Novex® 10% zymogram gels (Life Technologies) were incubated for
24 hours in a gelatinase solution, which allows the determination of total proteolytic MMP
activities without interference from associated tissue inhibitors. Relative MMP activity was
determined by densitometry using Image J (NIH).

Apoptosis Detection

Apoptosis was evaluated using the terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay using the ApopTag fluorescein /n situ apoptosis detection
kit (Chemicon International; Temecula, CA). Counts were obtained by systematically
moving a 25-field grid Slides were moved and counted per section. Lung tissue was scored
as apoptotic only when nuclear labeling by 4’,6-diamidino-2-phenylindole (blue) and nuclear
TUNEL labeling (green) co-localized, resulting in turquoise nuclei.

Reactive oxygen species (ROS)

One mg pieces of fresh lung tissue were cut placed in a 96-well plate. ROS was measured
using 5- (and 6-) carboxy-2’,7’-dichlorodihydrofluorescein diacetate (carboxy-H,DCFDA)
according to the manufacturer’s instructions (Molecular Probes; Eugene, OR). ROS
measurements were normalized by tissue sample weight for analysis.
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Statistical Analysis

Results

All values are expressed as mean £ SEM. Overall significance of differences within
experimental groups was determined by ANOVA in combination with Tukey’s multiple-
comparison test. Significance of differences between groups was determined using Student’s
t-tests, using Welch’s correction as appropriate. 2 values less than 0.05 were considered
significant.

Assessment of underlying fibrosis in saline control mice

Mice (22 month) receiving saline instillations were compared to age-matched naive mice for
assessment as aged experimental controls. We found no differences in Ashcroft scoring,
collagen content, or TNFa mRNA expression between naive and saline control mice.

Characteristics of donor mice, donor ASCs and recipient mice

ASCs were isolated from both young (4 month) and aged (22 month) C57BL/6 male mice.
Adherent cell had a homogenous fibroblastic morphology after 7 to 10 days in culture. By
FACS analysis, the isolated ASCs demonstrated the well characterized expression pattern of
mesenchymal markers including CD90.2*, CD105*, CD29%, Sca-1*, CD79a~, CD45™,
CD147, and CD11™ (Table 1). Both ASC lines demonstrated a high potential for osteogenic
and adipogenic differentiation. Osteogenic and adipogenic differentiation were demonstrated
at passage 2 (Fig. 2).

Recipient mice were 22 month old C57BL/6 males. Body weight did not differ between the
groups of mice [Saline (n=8) 34.2+2.23 g, BLM (n=11) 29.7£1.83 g, BLM+yASC (n=7)
30.4+1.21 g, and BLM+0ASC (n=10) 27.3+1.63 g]. In the present study, 2.5 U/kg of BLM
was used, which resulted in a 4% mortality rate. Previous studies using one-time instillations
of BLM between 1.25 [16] and 4 U/kg [6 7] demonstrated high mortality rates when doses
exceeded 3 U/kg. [17]

yASCs inhibit fibrosis in aged male mice receiving BLM

There was no evidence of pulmonary fibrosis (Ashcroft score) in histologic sections of
control mice receiving saline, whereas the lungs of mice receiving BLM demonstrated
alveolar wall thickening, increased interstitial and peri-vascular collagen deposition, and
alveolar wall destruction with airspace enlargement (Fig. 3). Sham injections performed
without cells or saline solution did not affect the development of BLM-induced pulmonary
fibrosis. The severity of fibrosis by Ashcroft score was increased in animals receiving BLM
(4.0£0.2) compared to saline controls (1.4+0.1, ****p<0.0001; Fig. 4A). Importantly, the
fibrosis score in lungs of mice receiving BLM (4.0+0.2) was decreased in those treated with
yASCs (1.3+0.4, **p<0.005). However, the score in those treated with 0ASCs remained
elevated (3.9+0.4). There was no difference in the fibrosis scores between saline controls
and saline+yASC treatment (1.4+0.1 vs. 1.4+0.2).

The collagen content as assessed by hydroxyproline levels paralleled the histological
findings. Namely, BLM treatment resulted in increased collagen levels (via hydroxyproline
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assay) in old mice receiving BLM. This increase was blocked by injections of yASCs
(*p<0.05), but not by 0ASCs (Fig. 4B). In addition, a,~integrin mMRNA expression, another
marker of pulmonary fibrosis, was also decreased in mice receiving BLM+yASCs compared
to mice receiving BLM alone (***p<0.001) and those receiving BLM+0ASCs (*p<0.05),
(Fig. 4C).

yASCs inhibit mMRNA expression of molecular markers (TGF B, TNFa, VEGF-A)
associated with BLM-induced fibrosis

Mice receiving BLM demonstrated increased expression of TGFf and TNFa mRNA,
whereas this increase was blocked in mice that received BLM+yASC (Table 2). These
findings were confirmed by BioPlex analysis; there was a BLM-induced increase in TGF
expression (5.84+0.78 pg/ml) vs. saline (2.04+1.01 pg/ml), p<0.05. This increase was
inhibited by yASC treatment (1.52+1.04 pg/ml), p<0.05. Treatment with 0ASCs however,
did not have the same effect. VEGF-A mRNA expression was decreased in the lungs of mice
that received BLM. While treatment with yASCs increased VEGF-A mRNA expression,
their levels did not reach (only ~22%) that of saline controls.

yASCs inhibit activation of MMP-2 and AKT

BLM instillation resulted in increased lung MMP-2 activity compared to lungs of saline
control mice (Fig. 5A, *p<0.05). Similar MMP-2 activity was noted in the lungs of mice
receiving BLM+0ASCs, but was not observed in the lungs of animals receiving BLM
+yASCs (**p<0.01) compared to BLM.

Increased phosphorylated AKT correlated with changes in MMP-2 activity between
treatment groups (Fig. 5B). Lungs from mice receiving BLM had increased AKT activation
(***p<0.001) compared to the lungs from mice receiving saline. Activation of AKT was
lower in lungs of BLM+yASC mice (*<0.05) compared to lungs of mice receiving BLM,
and did not differ from that of the lungs of saline controls.

yASCs maintain redox balance (ROS, Nrf2) and reduced levels of apoptosis (TUNEL,

Caspase-9)

ROS levels did not differ between lungs from mice receiving saline or BLM. Lung tissue
from mice receiving BLM treated with yASCs showed decreased ROS levels compared to
lung tissue from all other groups (Table 2). BLM administration also led to decreased lung
expression of Nrf2 in comparison to saline treatment. This BLM-induced decrease in
expression in the mouse lungs was inhibited by treatment with yASCs, but not 0ASCs.

There was increased apoptotic activity in the lungs of mice receiving BLM compared to
saline controls as demonstrated by TUNEL staining lung specimens on day 21 sacrifice (Fig.
6A). This BLM-induced increase was inhibited by treatment with yASCs, but not 0ASCs.
Data obtained from TUNEL assays correlated with protein expression of cleaved caspase-9,
also performed using lung specimens on day 21 sacrifice (Fig. 6B). BLM administration
increased the ratio of cleaved caspase-9 to total caspase-9 compared to saline instillation
(****p<0.0001), an effect which was inhibited by yASC treatment (***p<0.001). In
addition, lung tissues from mice receiving BLM treated with 0ASCs showed increased
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expression of cleaved caspase-9 relative to total caspase-9 compared to lung tissue from
mice receiving BLM treated with yASCs (*p<0.05) at similar levels to BLM.

MMP-2 activity and mRNA/protein expression of donor cells

There was a 100-fold increase in the expression of MMP-2 and MMP-9 mRNA in donor
cells of the 0ASC line compared to the yASC line. Similarly, we found a 2-fold increase in
the expression of a-integrin, and IGFR mRNA in the old ASC line compared to the yASC
line. In addition, TGF mRNA expression was elevated 1.5 fold in the old ASC line,
compared to the yASC line.

Zymography revealed a 2 fold increase in MMP-2 activity in 0ASCs compared to yASCs.
AKT activation was 3-fold higher in the old ASC cell lines compared to that of the yASC
lines.

0ASCs alters the course of bleomycin induced fibrosis in young mice

Young mice (4 month) receiving BLM were found to demonstrate the initial stages of
resolving pulmonary fibrosis at day 21 sacrifice on evaluation of collagen content
(4.59+0.26). Treatment with 0ASC however, altered this phenomenon (5.69+0.31), p=0.026
(Fig. 7A). The findings were corroborated by the evaluation of integrin levels, where young
mice receiving BLM (1.65+0.12) had lower levels of each endpoint compared to young
BLM mice injected with 0ASCs (3.22+0.33), p=0.004 (Fig. 7B). In addition, TGFf mRNA
(young BLM mice [28.1+4.20] vs. young BLM mice + 0ASCs [19.3+2.75]) and protein
(young BLM mice [5.96+0.64 pg/mL] vs. young BLM mice + 0ASCs [9.25+4.25 pg/mL])
did not differ between the groups.

Discussion

This is the first demonstration that a) adipose derived-MSCs inhibit BLM-induced
pulmonary fibrosis in aged male C57BL/6 mice, b) the progressive pulmonary fibrosis in
aged mice can be inhibited by ASCs from young, but not old, donors, and ¢) 0ASC
administration to young mice prevents the resolution of BLM-induced pulmonary fibrosis.

We found that fibrosis (Ashcroft score, hydroxyproline, a.-integrin) was significantly
increased in the lungs of aged mice receiving BLM. These results agree with others who
showed that collagen levels acutely increase in BLM-induced lung fibrosis in both young
and aged mice. [5* 6° 10713+ 17] In addition, we confirm that increased collagen levels
directly correlate with quantitative histologic examinations showing increased fibrotic
deposition and architectural disruption in the lungs of mice receiving BLM, as well as the
increased expression of the a,-integrin subunit (associated with solid organ fibrosis) in
BLM-induced pulmonary fibrosis. [5' 7> 8: 11713 17+ 36]

Since IPF tends to affect older men, the fact that aged mice may have increased sensitivity to
fibrosis from BLM instillation, due to age-related changes in the extracellular matrix (ECM)
composition [37: 38] or an impaired ability of endogenous stem cells to confer protection
against fibrosis, may demonstrate that aged mice more closely model IPF in humans. [577:
10r 17: 19] Comparisons of the response of aged and young mice to BLM reveal that aged
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mice have significantly higher rates of BLM-induced mortality, collagen deposition, and
destruction of alveolar epithelium on histologic examination. [12: 13- 16] Older mice also
have increased levels of molecular markers of fibrosis, including Thy-1, [13+ 37] IL-17A,
CXCL1, and TGF-B. [12]

Until quite recently, many prior studies of BLM-induced pulmonary fibrosis were terminated
14 days after BLM instillation, where spontaneous resolution of BLM-induced fibrosis was
not discussed. [6: 7* 11713+ 15718] Since fibrosis after BLM plateaus in young mice at 21
days and begins the process of resolution thereafter, we chose this time point as the endpoint
to study aged mice in the current study. [5' 161 18 39] As noted in our histologic evaluation
and quantification of related markers, aged mice do not undergo the same phenomenon of
spontaneous resolution of pulmonary fibrosis.

The finding that infusion of donor ASCs from young but not aged donor male mice inhibited
the fibrotic response to BLM is the first in a study focusing on aged male mice after BLM.
Although several studies have sought to halt fibrosis in the BLM model, they employed male
and female mice younger than 12 weeks as recipients and young stem cell donors. [6 7+ 9
251 40742] Previously it has been proposed that BM-MSC therapy inhibits the progression
of BLM-induced pulmonary fibrosis by altering both the inflammatory response and
collagen deposition [6' 7: 9' 40] — an effect found to be age-dependent in pooled BM-MSCs
isolated from young and aged mice and utilized in an LPS lung injury model of ARDS. [19]
It should be noted however, that this study by Bustos et al. did not directly address the
fibrotic process. In our analysis, a BLM-induced increase in TGFp, a key profibrotic growth
factor found to be directly associated with IPF in prior literature [43], was prevented by
infusion of yASCs. yASC infusion after BLM treatment also inhibited lung TNFa mRNA
expression, an inflammatory marker, when compared to mice receiving BLM alone.

Pulmonary fibrosis may develop due to the activation of a profibrotic feedback loop that
enhances collagen deposition/ECM turnover. [38] Increased activity of MMPs is directly
associated with ECM turnover in IPF [13' 44+ 45] and in other fibrotic diseases. [46748]
Higher MMP-2/9 activity and expression has been demonstrated in young [49] and aged
mice [13] following BLM infusion. Although we focused on MMP-2, it should be pointed
out that current studies suggest that multiple MMPs (1, 2, 7, 9, and 13) are important to the
pathogenesis of IPF. [44] Our study confirms that lung tissue MMP-2 activity is higher after
BLM instillation compared to saline controls. Furthermore, lung tissue MMP-2 activity in
mice treated with BLM followed by yASCs was comparable to activity seen in mice
receiving saline alone. On the other hand, MMP-2 activity remained elevated in mice
receiving 0ASCs.

The levels of MMP-2 activity directly correlate with the severity of fibrosis in young mice.
[49] Similarly, increased expression of a,-integrin, a potential activator of MMPs, [50]
correlates with increased lung fibrosis in young mice, [36] as seen in the current aged male
BLM model. Importantly, we found that expression of a,-integrin mRNA is lower in donor
yASCs compared to donor 0ASCs at baseline. In addition, expression of TNFa mRNA,
which is increased after BLM instillation in our model, has been shown to regulate MMP
activity in other organ systems. [51] These data are supported by the current findings that
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MMP-2 mRNA expression and activity was increased in ASCs isolated from old mice and
old humans when compared to ASCs from young donor.

Among the multiple signaling pathways that could underlie the differences in the pro-
fibrotic responses to BLM, we found increased baseline IGFR mRNA expression in donor
0ASCs compared to donor yASCs, which may be important since IGFR mediates AKT
activation and AKT regulates vascular smooth muscle cell MMP-2 expression. [52]
Similarly, we found that BLM-induced AKT phosphorylation in the aged mouse lung, was
inhibited by donor yASC infusion. These data suggest that inhibition of the AKT pathway
could be a mechanism by which donor yASCs inhibit the development of fibrosis and
changes in MMP-2. Although AKT phosphorylation has been associated with severity of
pulmonary fibrosis, [53 54] a recent study of profibrotic lung fibroblasts (Thy-1) showed
improved cell survival with increased pAKT levels. [37] Studies to examine this pathway in
detail are ongoing in our laboratory.

Oxidant stress has been implicated in fibrotic lung diseases including IPF. [55] At baseline,
measurements of ROS levels were lower in mice receiving BLM+yASCs compared to mice
receiving BLM alone or BLM+0ASCs. No difference was seen in measurements of ROS
levels from lungs of mice receiving saline and those receiving BLM; we attribute this
however, to the high baseline ROS associated with aging. Oxidative stress has been linked to
MMP regulation, as gene expression and activation of proenzymes. MMP-1, 2, 7, and 9 are
all activated by ROS via thiol group interactions. [56' 57] In addition, TGFf signaling can be
initiated by ROS, ultimately increasing extracellular matrix protein (ECM) accumulation
through direct up regulation of collagen synthesis and/or decreased matrix metalloproteinase
activity. A recent report that blockade of both TGF-f1/Smad2/3 and ROS signaling exerts an
anti-fibrotic activity suggests a similar mechanism may be at play in our model following
infusion of yASCs. [43]

Conversely, infusion of yASCs inhibited BLM-induced reduction of Nrf2 mRNA
expression. Nrf2 regulates antioxidant gene expression, potentially contributing to the
oxidant-antioxidant homeostasis in the injured pulmonary epithelium. [16] Thus, this finding
may elucidate another mechanism of the anti-fibrotic action of yASCs. Our data are in
agreement with Hecker et al., who demonstrated that fibrosis in aged, female mice receiving
BLM could be reversed by targeting the Nox4-Nrf2 redox balance. [16] Further studies of
yASCs will be necessary to dissect the targets of the Nrf2 pathway and to improve our
understanding of the effects of aged on the imbalance between oxidants and antioxidants.
[58: 59]

Finally, markers of apoptosis induced in the lungs of mice receiving BLM were inhibited by
treatment with yASCs but not with 0ASCs. Oxidative stress is closely related to apoptosis in
the progression of age-related fibrosis; however, recent literature suggests that “apoptosis
resistance” contributes to worsened restrictive respiratory failure. [16] This phenomenon is
also explained as an imbalance caused by the aging process since impaired apoptosis results
in epithelial over-proliferation, followed by fibrosis. In previous studies, lungs of young
mice receiving BLM showed increased levels of apoptosis markers when compared with
lungs from saline control mice, presumably due to greater concentrations of damaged
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epithelial cells. [11] However, lungs from aged mice were found to have fewer TUNEL-
positive cells compared with the lungs of young mice. [16] In our study, higher levels of
TUNEL-positive cells were seen in the lungs of mice receiving BLM compared to lungs of
saline control mice. This finding was ameliorated by treatment with yASCs. Similarly,
expression of cleaved Caspase-9 was seen to be highest in the lungs of mice receiving BLM
alone.

Previous investigations found that young mice receiving BLM begin to undergo spontaneous
resolution of pulmonary fibrosis beginning on day 21 post-instillation on histologic
evaluation and quantification of collagen content. [18: 39] Resolution appears to be
complete by day 56. [60] Following infusion of 0ASCs in young mice, however, we
observed higher levels of collagen content and integrin compared to untreated, young BLM
mice. Therefore, we conclude that the administration of 0ASCs altered the course of
resolution, which would have been expected in young BLM treated mice. [18+ 39: 60] We
demonstrated the injection of 0ASCs leads to the lack of therapeutic benefits when used in
aged BLM mice, whereas the injection of yASCs prevents BLM-induced pulmonary
fibrosis.

This study is the first to investigate the donor age-dependent effects of ASCs in modulating
BLM-induced fibrosis in an aged mouse model. One study reported the use of BM-MSCs in
acute lung injury using aged mice, [19] and another used ASCs in young BLM-treated mice.
[40] Although expression of tissue factor-4 (TF-4) has been reported to be higher after ASC
treatment, [61] raising concerns regarding the development of pulmonary emboli, we found
no differences in lung TF-4 mRNA expression between any of the mice. Ongoing studies are
currently comparing BM-MSCs and ASCs in aged mice.

Parker et al. suggest that age related decline of lung function may be related to dysfunctional
ECM in a profibrotic environment, impairment of alveolar epithelial turnover in the
apoptotic pathway, and oxidant/antioxidant imbalance. [38] Our data suggest that these
mechanisms in the injured lung may be favorably altered by yASCs. In the absence of the
BLM fibrotic stimuli (saline control mice), 0ASCs increased Ashcroft scoring without
altering other fibrotic markers in the current study. Thus, subclinical fibrosis (found in the
aged mouse lung) may affect the lung response to injury. Characterization of these changes
may inform future investigations.

Our results demonstrate that yASCs have the ability, in contrast to 0ASCs, to regulate
multiple growth factors and signaling pathways to inhibit fibrosis in the aged animal.
Clearly, there are age-dependent, anti-fibrotic properties of yASCs. Clinical trials currently
in progress in patients with IPF are focused on these areas. Whether the 0ASCs have
acquired pro-fibrotic factors or lost anti-fibrotic factors remain to be studied. Additional
preclinical studies are in progress as we explore MSCs as a potential therapy for human
fibrotic lung diseases.
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Background

Bleomycin-induced pulmonary fibrosis has been demonstrated to resolve spontaneously
in young mice, but not old mice. An evaluation of age-dependent factors influencing the
therapeutic benefits of mesenchymal stem cell has yet to be performed in a model for
chronic lung fibrosis.

Translational significance

In the current study, young-donor adipose-derived stem cells (ASCs) demonstrated a
therapeutic benefit in preventing bleomycin-induced pulmonary fibrosis in aged male
mice, while old-donor ASCs were ineffective. This finding has important implications in
the treatment of idiopathic pulmonary fibrosis, a disease primarily affecting men over 60
years of age, as clinical trials infusing mesenchymal stem cells are currently underway.
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Figure 1.
Schematic diagram of treatment Day 0 (D0)=time of bleomycin instillation. Day 1

(D1)=infusion of either saline or ASCs. Day 21(D21)=sacrifice.

Trans/ Res. Author manuscript; available in PMC 2016 June 27.

Page 17



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tashiro et al. Page 18

Adipocyte Osteoblast

FABP4 Osteopontin

Figure 2. Adipose-derived mesenchymal stem cells (ASCs) isolated from 4 month and 22 month
old male C57BL/6 mice demonstrate adipogenic and osteogenic differentiation potential

The mouse mesenchymal stem cell functional identification kit (R&D Systems,

Minneapolis, MN) was used to stimulate differentiation of ASCs into adipocytes (left) and
osteoblasts (right), per the manufacturer’s instructions. Briefly, adipocytes were stained
using goat anti-mouse FABP4 primary antibody, and osteocytes were stained using goat
anti-mouse osteopontin primary antibody. Subsequently, both were exposed to donkey anti-
goat IgG affinity purified PAb NorthernLights 557 fluorochrome-labeled secondary antibody
(R&D Systems). Immunocytochemical staining of differentiated cells are presented with
DAPI (blue) and NorthernLights (red) fluorescence imaging at magnification 40x.
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Bleomycin

Figure 3. Bleomycin (BLM) pulmonary fibrosis in 22 month old male C57BL/6 mice is inhibited
by young (yASC) but not old ASCs (0ASC) at 21 day sacrifice

Histologic examination of Masson’s-Trichrome stained lung tissue was performed as
described in Methods. Representative photomicrographs of the lungs of 22 month male
C57BL/6 mice infused with saline (n=8), BLM (n=8), BLM+yASCs (n=7), or BLM+0ASCs
(n=9). Trichrome stained images at 2x (upper), 20x (left), and 40x (right) magnification.
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Figure 4. Bleomycin (BLM)-induced increase in markers of pulmonary fibrosis in the lungs of
old male C57BL/6 are only inhibited by young adipose derived mesenchymal stem cells (yASC)
not old ASCs (0ASC)

A) Ashcroft scores were used to evaluate the degree of fibrosis. Data are graphed as the
mean score of 32 fields/section of lung. Saline (n=8), BLM (n=8), BLM+yASCs (n=5),
BLM+0ASCs (n=7). B) Collagen content was estimated by hydroxyproline assay as
described in methods. Data are graphed as pg/mg of lung tissue. Saline (n=8), BLM (n=8),
BLM+yASCs (n=7), BLM+0ASCs (n=8). C) ay-integrin mRNA expression was determined
by RT-PCR as a marker of fibrosis. Data are graphed normalized for 18S content. Saline
(n=7), BLM (n=12), BLM+yASCs (n=5), BLM+0ASCs (n=5), *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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Figure 5. Bleomycin (BLM)-induced MMP-2 activity and AKT phosphorylation are inhibited in
the lungs of aged male C57BL/6 mice by infusion of young adipose derived mesenchymal stem
cells (yASC) but not old ASCs (0ASC)

A) Zymography was performed on lung tissue protein extracts from aged male C57BL/6
mice receiving saline, BLM, BLM+yASC, or BLM+0ASC to measure MMP-2 activity. A
representative zymogram is shown of two individual mice/group. Data are graphed as the
mean + SEM of n=5-6/group. B) Western blots were performed on lung tissue protein
extracts from aged male C57BL/6 mice receiving saline, BLM, BLM+yASC, or BLM
+0ASC to measure AKT phosphorylation. A representative Western blot is shown of two
individual mice/group. Data are graphed as the mean + SEM of n=5-9/group.* p<0.05,
**n<0.01, ***p<0.001, ****p<0.0001.
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Figure 6. Markers of apoptosis are increased in lung tissue of aged male C57BL/6 after
bleomycin (BLM) fibrosis, and inhibited by infusion of young adipose derived mesenchymal stem
cells (yASC) but not old ASCs (0ASC)

A) ApopTag assay was performed on lung tissue sections from aged male C57BL/6 mice
receiving saline, bleomycin (BLM), BLM+yASC, or BLM+0ASC. Panels are stained with
FITC (nuclear TUNEL labeling) and DAPI (nuclear staining) as indicated in the Methods
section. B) Western blots were performed on lung tissue protein extracts from aged male
C57BL/6 mice receiving saline, BLM, BLM+yASC, or BLM+0ASC to measure the ratio of
cleaved caspase-9 relative to total caspase-9. A representative Western blot is shown of two
individual mice/group. Data are graphed as the mean + SEM of n=4-10/group.* p<0.05,
***p<0.001, ****p<0.0001.
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Figure 7. Old adipose derived mesenchymal stem cells (0ASC) prevent or slow resolution of
Bleomycin (BLM)-induced pulmonary fibrosis in the lungs of young male C57BL/6 mice

A) Collagen content was estimated by hydroxyproline assay as described in methods. Data
are graphed as pg/mg of lung tissue. B) ay-integrin mMRNA expression was determined by
RT-PCR as a marker of fibrosis. Data are graphed normalized for 18S content. *p<0.05. n=5
individual mice for BLM, n=7 individual mice for BLM+0ASC.
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Table 1
Flow-assisted cell sorting (FACS) analysis used to verify pluripotent potential of murine
adipose-derived stem cells (ASCs) used for therapeutic injections

Cells isolated from subcutaneous fat were cultured on plastic Thermo Scientific™ Nunc™ Cell Culture
Treated Flasks with Filter Caps (Thermo Fisher Scientific, Inc., Waltham, MA). Cells were counted and
incubated with fluorescence-tagged, mouse-specific antibodies as listed above. Cellular markers were
incubated without light and washed with phosphate buffer solution. Subsequently, the samples were analyzed
on a FACS Canto™ Il. CD 105 is a cell surface marker known to demonstrate heterogeneity between ASC
samples. Based on percentage positivity, cellular markers were determined to be positive or negative for each
cell line used for therapeutic injection.

Cellular marker | Polarity | o0ASC | yASC
CD90.2 + 92.6% | 85.8%
CD 105 + 0.2% 5.5%
CD 29 + 77.0% | 66.7%
Sca-1 + 70.6% | 69.5%
CD79% - 0.5% 0.9%
CD45 - 0.3% 0.6%
CD14 - 7.3% 7.0%
CD11 - 0.4% 1.5%
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