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Abstract

Background: The present study compared the effects of antifibrotic medications, pirfenidone, and nintedanib, with
transplantation of human umbilical mesenchymal stem cells (HUMSCs) in restoring rat pulmonary fibrosis (PF).

Methods: A stable animal model was established via an intratracheal injection of 5 mg bleomycin (BLM). One
single transplantation of 2.5x 10" HUMSCs or initiation of daily oral nintedanib/pirfenidone administration was
performed on day 21 following BLM damage.

Results: Pulmonary function examination revealed that BLM rats exhibited a significant decrease in blood oxygen
saturation and an increase in respiratory rates. While no significant improvements were found in BLM rats receiving
nintedanib or pirfenidone, those who transplanted with HUMSCs showed a statistical amelioration in blood oxygen
saturation and significant alleviation in respiratory rates. Quantification results revealed that a significant reduction
in alveolar space and marked increases in substantial cell infiltration and collagen deposition in the left lungs of
BLM rats. No significant alteration was observed in BLM rats administered nintedanib or pirfenidone. However, BLM
rats transplanted with HUMSCs had a significant recovery in alveolar space and noticeable decreases in cell
infiltration and collagen deposition. The inflammatory cell numbers in the bronchoalveolar lavage was increased in
the BLM group. While the rats treated with nintedanib or pirfenidone had a lower cell number than the BLM group,
a higher cell number was found as compared with the Normal group. In rats transplanted with HUMSCs, the cell
number did not differ from the Normal group.

Conclusions: Transplantation of HUMSCs could effectively treat PF as opposed to the administration of anti-fibrotic
drugs with nintedanib or pirfenidone with a significant better result in lung volume, pathological changes, lung
function, and blood oxygen saturation.
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Introduction

A number of risk factors can result in the destruction of
the lung tissues. Lung impairment triggers the number
of functional alveoli to decrease, and the alveolar com-
partments are gradually replaced by fibrotic tissues, lead-
ing to the development of pulmonary fibrosis (PF).
Damages caused by lung fibrosis are irreversible, with
progressive deterioration of lung functionality. Hence,
when the severity of lung fibrosis worsens, patients
would suffer respiratory failure and eventually, death.
Once diagnosed with lung fibrosis, the median survival
of patients is generally less than 3 years [1, 2].

A variety of animal models have been established for
PF in basic research [3—8]. Among all the models, intra-
tracheal injection of BLM was most extensively applied
due to its relatively short period of disease progression,
and the pathological condition closely resembles patients
with idiopathic PF. However, the severity of damage
caused by the intratracheal injection of BLM to each
lobe of the lung varies from experiment to experiment.
In addition, the pathological changes of the appearance
of left and right lungs are not apparent enough for ob-
servation, and the changes in blood oxygen saturation
could not be detected by an oximeter. The above rea-
sons bring difficulties in applying this model for the
evaluation of the therapeutic effects of stem cell trans-
plantation. In order to precisely evaluate the effect of
medications or xenografted stem cells in treating PF in
rat, our laboratory has previously established a severe,
reproducible, consistent, one-sided left-lung fibrosis ani-
mal model, which provides advantages in keeping the rat
alive and allowing accurate evaluations of the thera-
peutic effects of human umbilical mesenchymal stem
cells from Wharton’s jelly (HUMSCs) for rat PF [9].

Pirfenidone has an anti-inflammatory effect by inhibit-
ing the expressions of proinflammatory cytokines [10].
In vivo experiments revealed that pirfenidone not only
resulted in reduced gene and protein expressions of
PDGF but also inhibited gene overexpression of procol-
lagen in BLM-induced PF, suggesting that pirfenidone
could prevent the lung from developing fibrosis [11-15].
However, no evidence currently supports the application
of pirfenidone in reversal of PF.

Nintedanib was initially used as an anti-cancer agent.
It is a tyrosine kinase inhibitor that inhibits tyrosine
phosphorylation on PDGF, VEGF, and FGF receptors
and the activation of their downstream pathways. There-
fore, nintedanib could effectively suppress inflammation,
angiogenesis, and fibroblast activation [16—18]. However,
no proofs presently suggest that nintedanib could be
used for the reversal of PF.

Nevertheless, in clinical practice, most patients with
PF attending hospitals have already developed various
degrees of respiratory symptoms. Therefore, reversing
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the functionality and status of PF is an urgent and im-
portant issue. Our laboratory previously established a se-
vere, reproducible, consistent, one-sided left-lung PF
animal model. While intratracheal transplantation of
2.5x 10" HUMSCs was performed on day 21 after BLM
injection, significant therapeutic effects on lung func-
tionality and tissue morphology were observed at
1 month post-transplantation [9].

Therefore, we applied the severe, reproducible, con-
sistent, one-sided left-lung PF animal model in this
study. Initiation of consecutive pirfenidone/nintedanib
administration or single intratracheal transplantation of
2.5x 10" HUMSCs was performed on day 21 post-BLM
injection. Our objective was to compare their effects in
reversal of PF.

Materials and methods

Establishment of left-lung PF animal model
Eight-week-old Sprague-Dawley (SD) rats weighed
around 250 g were provided by the Laboratory Animal
Center (LAC) of National Yang-Ming University. Rats
are prone to death after BLM administration if rats were
too young or underweight. It will take more time to feed
and care if rats are too old or overweight. Moreover, the
limitation of the MRI scan cabin could not afford rats
with heavy body weight. Therefore, rats weighing 250 g
were selected as the experimental animals. Following
confirmation of anesthesia depth, male SD rats received
5 unit/5mg BLM/250g body weight (Nippon Kayaku
Co., Ltd.) in a 200 pl phosphate-buffered saline by intra-
tracheal injection and were then rotated to the left side
by 60° for 90 min to establish a severe, reproducible, left-
lung PF animal model [9].

Administration of pirfenidone with oral gavage

The anti-fibrotic agent (brand name: PIRESPA® Tablet
200 mg, Shionogi Pharma Co., Ltd., MHW Medicine Im-
port No.: 026734) contains 200 mg pirfenidone (5-me-
thyl-1-phenyl-2-1H-pyridine-2-one). Dose conversion
from a 50 kg adult human to a 400 g adult rat was per-
formed, and each rat was to receive 1.6 mg of pirfeni-
done. A tablet of pirfenidone was dissolved in 50 ml of
reagent grade water, and each rat was then administered
with 1.6 mg/0.4 ml pirfenidone.

On day 21 after BLM injection, 1.6 mg/0.4 ml pirfeni-
done was administered twice daily for 2 weeks. From the
third week and onwards, 3.2 mg/0.8 ml was given twice
daily for another 2 weeks until day 49 after BLM
injection.

Administration of nintedanib with oral gavage

The Ofev® capsule (Catalent Germany Eberbach GmbH,
MHW Medicine Import No.: 026568) contains 150 mg
of nintedanib. Dose conversion from a 50 kg adult
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human to a 400 g adult rat was conducted, and each rat
was to receive 1.2 mg of nintedanib. A capsule of ninte-
danib was dissolved in 50 ml of reagent grade water, and
each rat was then administered with 1.2 mg/0.4 ml of
nintedanib.

On day 21 after BLM injection, 1.2 mg/0.4 ml of ninte-
danib was administered twice daily for 4 weeks until day
49 after BLM injection.

Isolation, culture, and transplantation of HUMSCs

The use of the human umbilical cords in this study was
approved by the Research Ethics Committee of Taipei
Veterans General Hospital (2018-01-020 AC). The hu-
man umbilical cords were collected and kept at 4 °C
Hank’s Balanced Salt Solution (HBSS). In a laminar
hood, the umbilical cords were disinfected by soaking in
75% ethanol and were then placed in the HBSS solution.
Subsequently, the mesenchymal tissue (Wharton’s jelly)
was cut into small pieces and centrifuged at 4000 rpm
for 5 min. After removal of the supernatant fraction, the
umbilical mesenchymal tissue was treated with collage-
nase and trypsin, followed by the addition of a fetal bo-
vine serum (FBS; Gibco 10437-028) to stop the reaction;
at that point, the umbilical mesenchymal cells were fully
processed into HUMSCs. Finally, HUMSCs were then
used directly for cultures in 10% FBS Dulbecco’s modi-
fied Eagle’s medium (DMEM) or stored in liquid nitro-
gen for later use. HUMSCs were collected between the
tenth and fifteenth passages for transplantation into rats
in this study. HUMSCs were found to express high levels
of matrix receptors (CD44 and CD105) but did not ex-
press HLA-DR. Meanwhile, osteogenic and neuronal dif-
ferentiation of HUMSCs at the tenth generation all
succeeded (Supplemental Figure 1A and B).

HUMSCs were treated with 0.05% Trypsin-EDTA
(Gibco 15400-054) for 2.5 min. Cells were then collected,
washed twice with 10% FBS DMEM, and centrifuged at
1500 rpm for 5 min, and the supernatant was removed.
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The pelleted cells were then suspended in a concentra-
tion of 2.5x 107 in 200 ul of sterile saline solution. On
day 21 after intratracheal BLM, rats were treated with
2.5 x 10° HUMSCs by intratracheal transplantation.

Animal groups
The animals were randomized to the following five treat-
ment groups:

1. Normal group: Rats received a saline injection. On
day 21 after injection, only 200 pl of saline was
intratracheally administered (Fig. 1a).

2. BLM group: Rats received 5 mg BLM injection. On
day 21 after BLM injection, no treatment but saline
was intratracheally administered (Fig. 1a).

3. BLM + Nintedanib group: Rats received BLM

injection. On day 21 after BLM injection,

nintedanib was orally administered twice per day

for 4 weeks. The rats were sacrificed on day 49

(Fig. 1a).

BLM + Pirfenidone group: Rats received BLM

injection. On day 21 after BLM injection,

pirfenidone was orally administered twice per day

for 4 weeks. The rats were sacrificed on day 49

(Fig. 1a).

5. BLM + HUMSCs group: Rats received BLM
injection. Intratracheal transplantation of 2.5 x 10"
HUMSCs was performed on day 21 after BLM
injection. The rats were sacrificed on day 49
(Fig. 1a).

Animals were randomized, blinded for treatments and
assays. Weight, blood oxygen saturation, respiratory rate,
and MRI were assessed weekly. During the measure-
ment, rats were put on a heating pad (36 + 2 °C) and the
room temperature is maintained at a constant
temperature (22 +2 °C). Rats were sacrificed on day 49
after BLM administration for observing the morphology

( cell numbers in Bronchoalveorlar lavage)

a BLM 5 mg / 200 pl saline b
/Treatment
» 1 L (Rl 1 1 Lo Days 0 7 14 21 28 35 42 49
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Fig. 1 Experimental flowchart for inducing PF in rats’ left lung, administration of therapeutic agents nintedanib and pirfenidone, and
transplantation of HUMSCs. The day when 5mg BLM was injected into rats’ left bronchus was set as day 0. On day 21 following BLM injection,
either daily administration of nintedanib/pirfenidone was initiated or one single transplantation of HUMSCs was conducted. After 4 weeks, the
changes in the lung were observed, and various assessments were performed (a). The rats were divided into a total of five groups (b)

5. BLM+HUMSCs
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of the lung and for bronchoalveolar lavage cell counts
(Fig. 1b).

Pulmonary function testing

Arterial blood oxygen saturation

After shaving off the fur on the rats’ front legs, they were
anesthetized with isoflurane (Baxter 228-194). The
shaved legs were then clipped with a pulse oximeter
(Pulseoximeter, Rossmax SB100) for measuring arterial
blood oxygen saturation.

Pulmonary respiratory rates

The rats were placed in a closed cylinder-shape detec-
tion chamber (emka Technologies, whole body ple-
thysmograph), and the changes in breath flow during 15
min were recorded by the software BIOPAC BSL 4.0
MP45. The resting respiratory rate of rats was then
quantified.

Magnetic resonance imaging (MRI)

Rat lung images were obtained using the MRI (BRUKER
BIOSPEC 70/30) at the Instrumentation Center, Na-
tional Taiwan University. The thoracic cavity of rats was
scanned and photographed horizontally from rostral to
caudal every 1.5mm until the whole cavity was com-
pletely scanned. Because the first image obtained in each
rat varied in position, the total number of images in the
horizontal plane was between 20 and 25.

In order to reduce the bias due to the different num-
ber of total images when quantifying the volume of the
left lung, the carina of the trachea was used as a land-
mark for image positioning. In addition to the slice con-
taining the carina, two slices before and after the carina
were collected. These five images were summed for the
quantification of the black alveolar space to represent
the left-lung alveolar volume of each rat (Supplemental
Figure 3-7).

Sacrifice and perfusion fixation of experimental animals
Animals were anesthetized and then perfused with 0.01
M PBS. Both lungs were removed and immersed in a fix-
ation solution with 4% paraformaldehyde (Sigma 10060)
and 7.5% picric acid (Sigma 925-40). The lungs were
post-fixed in the fixative solution and then subjected to
paraffin embedding. Lung tissue blocks were sectioned
into 5 pm slices. A serial sagittal section was performed
from the outermost lateral side. Ten slices were num-
bered consecutively and placed on slides for various im-
munohistochemistry (IHC) examinations (Supplemental
Figure 2).

Hematoxylin and eosin (H&E) staining
Lung tissue sections were immersed in hematoxylin so-
lution (Muto Pure Chemicals Co., Ltd.; No. 3008-1) and
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eosin solution (Muto Pure Chemicals Co., Ltd; No.
3200-2). The left lung volume, percentage of cell infiltra-
tion area, and air space (Supplemental Figure 2, Column
A), stained using H&E, were quantified by the average
red signals in every left lung section (infiltration and air
space). The total left-lobe volume was the summation of
all H&E signals in the collected images. The quantifica-
tion method for alveoli circumference was based on the
inner space peripheral lengths of each empty alveoli in
the unit area (N =8 or 9, 30 images each), analyzed with
Image-Pro software.

Sirius red stain

Lung tissue sections were stained in 0.1% Sirius red
(Sigma 2610-10-8) in picric acid and then photographed
using optical microscopy. The percentage of collagen de-
position (Supplemental Figure 2, Column B), stained by
Sirius red, was quantified by the average number of red
signals in every left lung section. Image signals (N =8 or
9, 30 images each) were analyzed with Image-Pro
software.

Immunohistostaining

Lung slices (with recovered antigens) were reacted with
primary antibodies (mouse anti-a-smooth muscle actin
antibody for myofibroblast [SMA, Sigma A2547]; mouse
anti-ED1 antibody for total macrophage [Millipore
MABI1435]; rabbit anti-CD86 antibody for M1 macro-
phage [Proteintech, 13395-1-AP]; mouse anti-CD163
antibody for M2 macrophage [BioRad MCA342R]; rabbit
anti-NADPH oxidase antibody [Abcam, ab133303];
mouse anti-catalase antibody [Abnova, H00000847-
AO01]) at 4 °C for 12-18 h and then reacted with second-
ary antibodies. Samples were then reacted with avidin-
biotinylated-horseradish peroxidase complex (ABC Kit,
Vector Laboratories) and finally developed with DAB. Fi-
nally, the numbers of M1 macrophage or M2 macro-
phage were counted from ten optic fields in three left
lung sections of each group.

Quantitative real-time PCR

Extraction of total RNA from the lung was performed
with RNAiso Plus reagent and further reverse-
transcribed using a PrimeScript RT reagent kit (BIONO-
VAS HiScript 1 First Strand c¢DNA Synthesis Kit,
AMO0675-0050). SYBR-Green mix (Luna Universal qPCR
Master Mix, M3003) was used to carry out quantitative
PCR according to the manufacturer’s instructions. Tar-
get gene expression was normalized to B-actin levels in
respective samples as an internal control and calculated
using the 2-AACq method, and the relative mRNA ex-
pression was further calculated through normalizing to
the Normal group.
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Rat GAPDH

F: 5'-CTCTACCCACGGCAAGTTCAAC-3". R: 5'-GGT
GAAGACGCCAGTAGACTCCA-3. Product length: 160
bps.

Rat collagen type1 alpha 1 chain (Col1a1)
F: 5"-TCCTGCCGATGTCGCTATC-3". R: 5'-CAAGTT
CCGGTGTGACTCGTG-3". Product length: 234 bps.

Western blotting

Lung tissue samples from each group were loaded separ-
ately into individual wells. The polyvinylidene fluoride
(PVDF) paper was reacted with primary antibodies
(mouse anti-a-SMA antibody, rabbit anti-MMP-9 anti-
body [Abcam ab76003], mouse anti-Toll-like receptor-4
antibody [TLR-4, Abcam ab30667], and mouse anti-p-
actin antibody [Sigma A5411] for internal control) at
4°C for 12-18h. Subsequently, the membrane was
reacted with the corresponding secondary antibodies at
room temperature for 1 h. The protein bands were quan-
tified using Image] software and normalized using indi-
vidual internal controls for comparison.
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Bronchoalveolar lavage

Rats were anesthetized and their airways were lavaged two
times with 2 ml saline/each, and 1 ml bronchoalveolar lav-
age fluid (BALF) was recovered. Total cell counts were de-
termined using a hemocytometer.

Statistical analysis

All data are presented as the mean + standard error of
the mean (SEM). One-way analysis of variance
(ANOVA) was used to compare the means, and Fisher’s
least significant difference test was applied for multiple
comparisons. A value of p < 0.05 was considered statisti-
cally significant.

Results

The comparison of arterial oxygen saturation (SpO,)

The SpO, was assessed using a pulse oximeter to evalu-
ate the lung function of gas exchange. The mean (+
SEM) SpO, remained at 98.8 (+ 0.4) % on day 49 in the
Normal group. The SpO, of the BLM group markedly
decreased on day 7 and remained around 81.6 +1.4%
until day 49, which was significantly lower than that in
the Normal group (Fig. 2a, b). For the BLM + Ninteda-
nib, BLM + Pirfenidone, and BLM + HUMSCs groups,

BLM+

Nmtedamb Plrfemdone BLM+HUMSCs

-¢-Normal (n=12)
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Fig. 2 Comparison of lung functions in rats with PF. The photographs

other treatment methods on day 49 (a). Weekly records suggested tha
Except the BLM + HUMSCs group, the trend of reduced SpO, persisted
captured within 2 s from day 0 to 49 from each group (c). Compared t

ats.
s
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saturation (SpO,) in their forelimbs on day 49 after BLM injury (a). Transplantation of HUMSCs increased SpO, in rats with PF when compared to

in rats with PF (d). Rats were weighed every week for 7 weeks. The results showed that the transplantation of HUMSCs improved body weight of
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< 0.05. #: vs the BLM group, p < 0.05




Chu et al. Stem Cell Research & Therapy (2020) 11:513

the SpO, significantly decreased during day 7 to day 21,
which was similar to that in the BLM group. From day
21 to day 49, no increment in SpO, was observed for
the BLM + Nintedanib and BLM + Pirfenidone groups. A
significant increase in SpO, was observed in the BLM +
HUMSCs group since day 28, and the level continuously
increased to 92 + 2.3% on day 49, which was significantly
improved as compared with other treatment groups
(Fig. 2a, b).

The comparison of respiratory rate

Breaths per minute (BPM) were counted to estimate lung
function. The results of the respiratory function revealed
that the respiratory rates remained stable in the Normal
group, with 4-5 breaths recorded in 2 s. The respiratory
rate marked increased during day 7 to day 49 in the BLM
group. For the BLM + Nintedanib, BLM + Pirfenidone,
and BLM + HUMSCs groups, the trends of increased re-
spiratory rate were similar to the BLM group during day 7
to day 21. With HUMSCs transplanted on day 21, the
BLM + HUMSCs exhibited a reduced respiratory rate
since day 28 as compared with other treatment groups.
The trend remained until day 49 (Fig. 2c, d).

The comparison of body weight

The results of body weight showed that the weight in
the Normal group gradually increased over time. The
BLM group displayed a flatter slope in weight gain since
day 7 after BLM injection; although the weight still in-
creased over time, a significant reduction was observed
as compared to those in the Normal group, and this
trend continued until day 49. For the BLM + Nintedanib,
BLM + Pirfenidone, and BLM + HUMSCs groups, the
curves of the body weight were similar to those in the
BLM group after day 7 as the weight increased in a
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slower slope and were significantly lower than those in
the Normal group. Although the rats in the BLM + Nin-
tedanib and BLM + Pirfenidone groups exhibited an in-
crease in weight from day 7 to day 49, no significant
difference was found when comparing to the BLM
group, and a significant reduction was seen as compared
to the Normal group. The weight of the BLM +
HUMSCs group showed a significant increase since day
28 when comparing to those in the BLM group. The
weight trend remained until day 39, indicating that
transplantation of HUMSCs was superior to other treat-
ments in recovering weight in rats with PF (Fig. 2e).

The comparison of alveolar space of the left lung

The changes in left-lung alveolar volume were quanti-
fied utilizing an MRI scan. With the existence of al-
veoli in both the left and right lungs, black signals
were predominantly seen in the image of the Normal
group (Fig. 3a and Supplemental Figure 3). Due to in-
flammation and white blood cell infiltration, white
signals were seen in the left lung of the BLM group
on day 7. The alveolar space almost disappeared in
the left lung and was mostly occupied by consolidated
tissues since day 14; the condition persisted up to day
49 (Fig. 3a, b and Supplemental Figure 4). For the
BLM + Nintedanib, BLM + Pirfenidone, and BLM +
HUMSCs groups, white signals appeared in the left
lung during day 7 to day 21, indicating the loss of al-
veolar space and replacement with the consolidated tis-
sues. During day 28 and day 49, alveolar space in the left
lung was still occupied by the white consolidated tissues
(Fig. 3a, b and Supplemental Figure 5-7). However, black
alveolar space could be seen since day 28 in the left lung of
the BLM + HUMSCs group (Fig. 3a, b).
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BLM+HUMSCs
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a Day 0 Day 7 Day 14 Day 28 Day 42 Day 49 b
“ﬁ
BLM
i
O

Fig. 3 Comparison of the left lung alveolar space in rats with PF. The MRI of rats’ thoracic cavities from the level of the trachea carina is
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displayed. L indicates the left lung, and R indicates the right lung (@). The carina was set as a landmark for image positioning. In addition to the
slice containing the carina, two images before and after the carina were collected. These five images were summed for the quantification of the
black alveolar space to represent the left-lung alveolar volume of each rat. The results showed that the alveolar volume significantly reduced after
BLM damage. Transplantation of HUMSCs effectively increased the alveolar volume. In other treatment groups, the alveolar volume significantly
decreased on day 7 after BLM damage, and no improvements were seen until day 49 (b). n =4 or 5 in each group. #: vs the Normal group, p <
0.05. #: vs the BLM group, p <0.05
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The comparison of alveolar structure in the left lung

On day 49 after BLM injection, the left lung tissues were
obtained and subjected to H&E stain. From low to high
magnifications, the central areas of the images showed that
the alveolar structure was intact in the Normal group, with
the connective tissues primarily surrounded the bronchus
and rarely appeared among alveoli. In the BLM group, in-
tact alveoli only appeared in the outer regions of the left
lung, and the central areas were mostly cell-infiltrated. In
the BLM + Nintedanib and BLM + Pirfenidone groups,
healthy alveoli were also observed in the outer regions of
the left lung, and the central areas were infiltrated by a sub-
stantial amount of cells. On the contrary, the area with cell
infiltration significantly decreased, and the alveolar space
markedly increased in the central area of the BLM +
HUMSCs group (Fig. 4a, b). By summing data from all left
lung sections stained with H&E, the statistical analyses
showed that the left lung volume significantly shrank in the
BLM group, in which the volume of alveolar structure de-
creased, whereas 70% of the left lung was occupied by the
consolidated tissues (Fig. 4d—f).

The left lung volume, the air space, and the cell infiltration
area in the BLM + Nintedanib and BLM + Pirfenidone
groups were similar to the BLM group as no statistical differ-
ences were seen (Fig. 4d—f). The left lung volume and the air
space in the BLM + HUMSCs group were both comparable
with those in the Normal group. In addition, the volume of
connective tissues and cell infiltration significantly decreased
as compared to those of the BLM group (Fig. 4d—f).

Furthermore, the number and the circumference of al-
veoli in the unit area in the outer region of the left lung
where alveoli remained were quantified to evaluate the ef-
fectiveness of gas exchange by alveoli. From low to high
magnifications of the H&E stained sections, the alveolar
size in the outer region of the left lung was smaller in the
Normal group; therefore, the number of alveoli in the unit
area was higher, and the total alveolar circumference for
the gas exchange was longer. The alveolar size in the outer
region in the BLM group from day 7 to day 49 was signifi-
cantly larger than that in the Normal group, resulting in a
decrease in the total number and alveolar circumference of
alveoli in the unit area. The number of alveoli and the total
alveolar circumference in the unit area of the BLM + Ninte-
danib and BLM + Pirfenidone groups did not significantly
differ from those in the BLM group. For the BLM +
HUMSCs group, the number of alveoli and the alveolar cir-
cumference in the unit area significantly were increased as
compared with those in the BLM group, indicating that
transplantation of HUMSCs improves the efficiency of gas
exchange (Fig. 4a, ¢, g, h).

The comparison of the overall appearance of the left lung
On day 49, the overall appearances of the right and left
lungs showed that white alveolar structures with intact
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and smooth alveoli could be seen in the Normal group.
The left lung markedly shrunk in the BLM group, with
healthy alveoli only presented in the outer region of the
left lung and no alveoli but pathological tissues appeared
in its central area. Moreover, the pathological tissues in
the central area of the left lung displayed dry and flat
features. For the BLM + Nintedanib and BLM + Pirfeni-
done groups, no apparent improvements in the overall
appearance of the left and right lungs were observed.
However, the volume and the white alveolar regions of
the left lung were both markedly preserved in the BLM +
HUMSCs group on day 49 (Fig. 5a).

The comparison of collagen deposition

The left lung sections were stained with Sirius red to
label collagen red (Fig. 5b, c). Collage predominantly
surrounded the bronchus and blood vessels in the
Normal group. The area of collagen stained in red
significantly increased in the BLM group. The level of
collagen deposition in the BLM + Nintedanib and
BLM + Pirfenidone groups did not decrease when
comparing to that of the BLM group. The level of
collagen deposition in the BLM + HUMSCs was not
only lower than those in the BLM, BLM + Nintedanib
and BLM + Pirfenidone groups but also comparable
with that in the Normal group (Fig. 5b—d). Simultan-
eously, real-time RT-PCR was used to quantify the
level of rat Collal mRNA in the fresh left lung. The
relative expression of rat Collal mRNA in the BLM,
BLM + Nintedanib and BLM + Pirfenidone groups in-
creased significantly compared to that of the Normal
group. The relative expression of rat Collal mRNA
in the BLM + Nintedanib and BLM + HUMSCs groups
decreased significantly compared to that in the BLM
group on day 49 (Fig. 5e).

The comparison of myofibroblast activation

Anti-a-SMA antibody was used to identify myofibroblasts
(Fig. 6a—c). The images of the Normal group showed that
only a very limited number of a-SMA-positive cells
existed, primarily surrounded the bronchus and blood ves-
sels. A substantial amount of a-SMA appeared in the con-
nective tissues in the BLM group. The expression level of
a-SMA was assessed by Western blotting, which showed
that a-SMA significantly increased in the BLM group in
contrast to that in the Normal group. The expression level
of a-SMA in the BLM + Nintedanib and BLM + Pirfeni-
done groups showed a decreasing trend, but not a signifi-
cant amelioration as compared with that in the BLM
group (Fig. 6a—c). The expression of a-SMA significantly
decreased in the BLM + HUMSCs group as compared
with that in the BLM group (Fig. 6a—c).
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exchange, while the left lung structures of the rest treatment groups were similar with the BLM group. n =8 or 9 in each group.
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The comparison of cell number in bronchoalveolar lavage
Cell number measured in BALF was used to estimate
the amplitude of pulmonary inflammation. The results
showed that the inflammatory cell counts significantly
increased in the BLM group (Fig. 6d). The inflamma-
tory cell counts in the BLM + Nintedanib and BLM
+ Pirfenidone groups were lower than that in the
BLM group but were higher than that in the Normal
group. The inflammatory cell count in the BLM
+ HUMSCs was significantly lower than those in the
BLM, BLM + Nintedanib, and BLM + Pirfenidone
groups and was comparable with that in the Normal
group (Fig. 6d).

The comparison of macrophage activation and MMP-9
synthesis

Anti-ED1 antibody was used to identify macrophage
(Fig. 7a, b). The results showed that only a limited num-
ber of macrophages existed in the Normal group. The
number of macrophages increased, with a smaller size in
the BLM group. In the BLM + Nintedanib and BLM +
Pirfenidone groups, a large number of macrophages with
a smaller size substantially appeared in the connective
tissues of the left lung. In the BLM + HUMSCs group,
macrophages with a larger size were observed in the
connective tissues and among the alveolar space of the
left lung (Fig. 7a, b). Anti-CD86 antibody was further
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Fig. 7 Comparison of the activation of macrophage and the expression of TLR-4 of the left lung in rats with PF. Left lung sections were obtained
from the Normal, BLM, BLM + Nintedanib, BLM + Pirfenidone, and BLM + HUMSCs groups on day 49 and were subjected to immunohistochemical
stain with anti-ED1 antibody for macrophage labeling. From low to high magnifications, the number of macrophages with a relatively small
morphology increased in the BLM group. Transplantation of HUMSCs triggered the activation of macrophage with a relatively bigger size. The
patterns of macrophages were similar between the rest treatment groups and the BLM group (a, b). Next, anti-CD86 antibody was applied to
label M1 macrophage, which revealed that the number of M1 macrophages increased in the left lungs of the BLM, BLM + Nintedanib, and BLM +
Pirfenidone groups (¢, €). Additionally, anti-CD163 antibody was used to mark M2 macrophage, which showed that the number of M2 macrophages
elevated in the left lung of the BLM, BLM + Nintedanib, and BLM + Pirfenidone groups; the number of M2 macrophages significantly increased in the
BLM + HUMSCs group (d, f). Moreover, the expression level of MMP-9 (g) and TLR-4 (h) in the left lung was quantified with Western blotting, results
showed that transplantation of HUMSCs resulted in alternative macrophage activation and increased MMP-9 and TLR-4 expressions in the left lung of
rats with PF. n =3 in each group. ##: vs the Normal group, p < 0.05. ¢: vs the BLM + HUMSCs group, p < 0.05

applied to mark M1 macrophages. The results showed
that the number of M1 macrophages was higher in the
BLM, BLM + Nintedanib, and BLM + Pirfenidone
groups. Transplantation of HUMSCs significantly re-
duced the number of M1 macrophages (Fig. 7c, e).
When using anti-CD163 antibody to label M2 macro-
phages, it showed that the number of M2 macrophages
was scarce in the BLM, BLM + Nintedanib, and BLM +
Pirfenidone groups, whereas the number of M2 macro-
phages was further increased in the BLM + HUMSCs
group (Fig. 74, f).

Western blotting was applied to quantify the expres-
sion of matrix metallopeptidase 9 (MMP-9). The results
showed that no statistical differences were identified
among the Normal, BLM, BLM + Nintedanib, and
BLM + Pirfenidone groups. The MMP-9 level markedly
elevated in the BLM + HUMSCs group, suggesting trans-
plantation of HUMSCs increased MMP-9 expression,
which could help collagen degradation in the fibrotic re-
gion of the lung (Fig. 7g).

The comparison of TLR-4 expression

The protein level of Toll-like receptor-4 (TLR-4) was
quantified using Western blotting. The results showed
that no statistical significance in TLR-4 expression was
observed between the Normal, BLM, BLM + Nintedanib,
and BLM + Pirfenidone groups. The TLR-4 content in
the BLM + HUMSCs group significantly increased, sug-
gesting that transplantation of HUMSCs elevated TLR-4
expression, which could help the regeneration of type II
alveolar epithelial cells in the fibrotic areas of the lung
(Fig. 7h).

The comparison of oxidation and antioxidant expression

Lung sections were stained with the NADPH oxidase
antibody to examine the distribution and pattern of
NADPH oxidase. NADPH oxidase-positive cells were
hardly detected in lung sections of the Normal group.
NADPH oxidase-positive cells were numerous in the
central area with a scar and were scattered in the periph-
eral area with alveolus in the BLM group. Some NADPH
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Fig. 8 Comparison of the expression of NADPH oxidase and catalase in the left lung in rats with PF. Lung sections were stained with an NADPH
oxidase (a, b) or catalase (c, d) antibody. Panels a and ¢ are enlarged images from the central regions, and panels b and d are enlarged images
from the peripheral regions. Many of NADPH oxidase-positive cells were found in the scar area in the BLM group. Cell clusters stained robustly

oxidase containing cells were found in the central area,
but few with light staining cells existed around the al-
veoli in the periphery in the groups of BLM + Ninteda-
nib and BLM + Pirfenidone. The pattern of NADPH
oxidase staining in the BLM + HUMSCs group was simi-
lar to that in the Normal group (Fig. 8a, b).

Lung sections were stained with catalase antibody to
examine the distribution of catalase containing cells. Cell
clusters with stained intensely were distributed in lung
sections of the Normal group. The catalase-positive cells
were observed few in number in the central area and
were found hardly in the peripheral area in the BLM
group. Some catalase-containing cells were existed in
the central area but found barely in the periphery in the
BLM + Nintedanib group. Catalase-positive cells were
sparsely distributed in the central area and in the periph-
eral area in the BLM + HUMSCs and BLM + Pirfenidone
groups (Fig. 8¢, d).

Discussion
In order to compare HUMSCs and anti-fibrotic medica-
tions in reversal of PF, initiation of consecutive pirfeni-
done/nintedanib administration or single intratracheal
transplantation of 2.5x 10" HUMSCs was performed on
day 21 post-BLM injection. Our results showed that
transplanted HUMSCs can effectively reverse PF.
Nintedanib could effectively suppress inflammation,
angiogenesis, and the activities of fibroblasts [16, 17].
The results of clinical trials showed that nintedanib re-
duced the rate of decline in pulmonary function in pa-
tients with mild to moderate lung function impairment
[19-24]. As for pirfenidone, the daily administration of

300 mg/kg pirfenidone was initiated started from 2
weeks after BLM injury for 4 weeks. The results demon-
strated that pirfenidone increased the mRNA expres-
sions of anti-oxidative factors, as well as decreased
inflammation and fibrosis in the lung [25]. According to
the clinical study results of CAPACITY trials, ASCEND
trial, and other phase 3 trials, pirfenidone could diminish
the reduction of forced vital capacity, reduced the fre-
quency of acute exacerbation, and increased exercise en-
durance in patients with PF [26-28]. Currently, a
combination of nintedanib and pirfenidone was superior
to the nintedanib alone in reducing the loss of lung
function; however, as the magnitude of side-effects is
greater when combining the two medications, it is less
frequently implemented in clinical practice [29].
Nintedanib and pirfenidone reduced fibrotic gene ex-
pression including Collal and Fibronectin in murine
and human 3D-lung tissue cultures as well as primary
murine alveolar epithelial type II cells [30]. Nintedanib
and pirfenidone are approved medications known to de-
crease PF progression. In the present study, nintedanib
or pirfenidone administration was initiated at the end of
week 3 after BLM damage; at that time, collagen depos-
ition exhibited a considerable enhancement. Our results
indicated that nintedanib or pirfenidone could not re-
store or reverse the damaged lung tissues when pulmon-
ary damage reached a stable and irreversible PF status.
Nevertheless, bronchoalveolar lavage cell counting re-
vealed that the cell number in the nintedanib or pirfeni-
done groups was significantly lower than the BLM
group, indicating nintedanib or pirfenidone reduced in-
flammatory responses in the chronic stage. Moreover,
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the relative expression of rat Collal mRNA in the
BLM + Nintedanib and BLM + HUMSCs groups de-
creased significantly compared to that in the BLM group
on day 49. However, the distribution and pattern of
catalase-positive cells are different between the groups
of BLM + Nintedanib and BLM + Pirfenidone, resulting
from the diverse mechanisms to treat lung fibrosis of
these two medications.

In most studies, stem cells were transplanted prior to
fibrogenesis in the lung, as the researchers primarily fo-
cused on alleviating the inflammation of the lung and
preventing the development of PF [31-34]. We previ-
ously discovered that xenografted HUMSCs did not dif-
ferentiate into functional lung cells but secreted a variety
of cytokines (human FGF-6 and IGF-1) and HA that ef-
fectively reversed PF [9]. Three underlying therapeutic
mechanisms exist. First, HUMSCs inhibited inflamma-
tion, reduced myofibroblast activity, and prevented more
collagen synthesis. Second, HUMSCs activated the host’s
macrophages to synthesize MMP-9, which degraded the
existing collagen. Third, HUMSCs promoted the expres-
sion of TLR-4 in the host’s alveolar epithelial cells and
triggered the signal of HA-TLR-4 for lung regeneration
[9]. Similar opinions were supported by Glasser et al.
[35]. In the present study, 2.5x 10" HUMSCs were trans-
planted into the lung of a rat with PF on day 21 after
BLM damage. HUMSCs transplantation reduced inflam-
matory response, as demonstrated by bronchoalveolar
lavage cell counting on day 49. Immunostaining using
the anti-a-SMA antibody showed that HUMSCs trans-
plantation effectively reduced fibroblast activation. As a
result, new ECM synthesis and accumulation were sig-
nificantly diminished and halted.

In this study, Sirius red staining revealed that
HUMSCs transplantation reduced collagen deposition.
Immunostaining using the anti-ED1 antibody showed
that HUMSCs transplantation triggered a large number
of macrophage activation, especially M2 macrophages.
Additionally, the transplantation of HUMSCs may also
stimulate MMP-9 concentration. We previously found
that the transplantation of HUMSCs promotes M2
macrophage to synthesize and secrete MMP-9 to facili-
tate the degradation of extracellular matrix, such as col-
lagen [9]. Cabrera et al. also had the same conclusion
regarding MMP-9 in macrophage [36].

In the present study, HUMSCs transplantation into
rats with PF increased the TLR-4 content in the lung
from the results of Western blotting. Activation of
TLR-4 plays a vital role in the regeneration and re-
constitution of alveolar epithelial cells [37, 38]. Fur-
thermore, the binding of hyaluronan and TLR-4 could
also promote macrophage to differentiate into M2
phenotypes [39]. We previously discovered that the
transplantation of HUMSCs robustly increased the
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TLR-4 protein around the alveolar circumference and
in the M2 macrophage [9].

Increasing evidences showed that HUMSCs exhibited
long-term survival within different organs in rats and,
therefore, could serve as an excellent cell source suitable
for xenograft [40-48].

Because the number of transplanted stem cells is con-
sidered as an important issue to regeneration, HUMSCs
were implanted into different target organs depending
on the diseases [40—48]. In this study, HUMSCs were
implanted intratracheally to allow most transplanted
stem cells migrating into the damaged lung. Clinically, it
is always not recommended to use invasive deliveries.
Therefore, we should test how many HUMSCs need to
be transplanted by the intravenous route (non-invasive),
how often, and how many times need to transplant to
reverse PF before clinical trials.

Conclusions

HUMSCs transplantation could effectively reverse lung
fibrosis and may provide a new option for treatment for
the patients with existing PF and COVID-19 sequela.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513287-020-02012-y.

Additional file 1: Supplemental Figure 1. Surface markers and
differentiation ability of HUMSCs in vitro. (A) Flow cytometry analyses of
surface markers of HUMSCs in vitro. HUMSCs were cultured for 10
passages and then labeled with CD44, CD105 and HLA-DR antibodies.
White areas represent negative controls and red areas represent the spe-
cific binding for indicated antigens. The results revealed that HUMSCs
transplanted into rats were positive for CD44 and CD105 but negative for
HLA-DR. (B) Multipotency of HUMSCs. HUMSCs could differentiate into al-
kaline phosphatase-positive osteogenic cells (left panel) and NeuN-
positive neuronal cells (right panel) when cultured in differentiation
medium. Scale bar: 100 um. Supplemental Figure 2. Sectioning meth-
odology of paraffin-embedded lung tissues. A consecutive of 10 slices
numbered 1 to 10 were placed on different slides for different immunos-
tainings. Taking the Normal group as an example, lung slices numbered
1 to 10 were placed on slides lettered A, B, C, D, E, F, G, H, I, and J. Slices
numbered 11 to 30 were discarded (a total of 20 slices). Similarly, slices
numbered 31 to 40 were placed on slides lettered from A to J. The next
20 slices were also discarded. The same procedures were repeated until
the entire lung tissue was completely sectioned. Therefore, the slices in
column A (numbered 1, 31, 61, 91, and 121-871) were all subjected to
H&E statin to assess the histopathology of the tissue; lung slices in col-
umn B (numbered 2, 32, 62, 92, 122-872) were stained with Sirius red for
evaluation of tissue fibrosis; lung slices in column C (numbered 3, 33, 63,
93, 123-873) were subjected to immunohistochemical staining with anti-
a-SMA antibody to examine the changes of myofibroblasts; lung slices in
column D (numbered 4, 34, 64, 94, 124-874) were immunostained with
anti-ED1 antibody to label macrophages. Rows AO-JO, AQ-J®, and AG®-
J® represent the outermost region of each lobe in the left lung; rows
A®-J® and A@-JO represent the region close to hilum in the left lung.
The number of lung slices obtained varied in different groups (range:
330-880 slices). The rest columns (F-J) were preserved as spares. Supple-
mental Figure 3. MRI scans of rats’ thoracic cavities in the Normal
group. In the Normal group, MRI scans of rats’ thoracic cavities were per-
formed horizontally from rostral to caudal in an interval of 1.5 mm. On
Day 0, for example, the carina of trachea was used as a landmark for
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image positioning (A3). In addition to the slice containing the carina, two
slices before (A1-A2) and after (A4-A5) the carina were collected. These
five images were summed for quantification of the black alveolar space
to represent the left-lung alveolar volume of each rat. L indicates the left
side of the body and R indicates the right. A1-A5 represent Day 0, B1-B5
represent Day 7, C1-C5 represent Day 14, D1-D5 represent Day 21, E1-E5
represent Day 28, F1-F5 represent Day 35, G1-G5 represent Day 42, and
H1-H5 represent Day 49. Supplemental Figure 4. MRI scans of the rats’
thoracic cavities in the BLM group. In the BLM group, MRI scans of rats’
thoracic cavities were performed horizontally from rostral to caudal in an
interval of 1.5 mm. The carina of trachea was used as a landmark for
image positioning (A3, B3, C3, D3, E3, F3, G3, and H3). In addition to the
slice containing the carina, two slices before and after the carina were
collected. These five images were summed for quantification of alveolar
volume in each rat. Supplemental Figure 5. MRI scans of the rats’ thor-
acic cavities in the BLM+Nintedanib group. Five MRI scans of the thoracic
cavities in the BLM+Nintedanib group are presented. Supplemental Fig-
ure 6. MRI scans of the rats’ thoracic cavities in the BLM+ Pirfenidone
group. Five MRI scans of the thoracic cavities in the BLM+ Pirfenidone
group are presented. Supplemental Figure 7. MRI scans of the rats’
thoracic cavities in the BLM+ HUMSCs group. Five MRI scans of the thor-
acic cavities in the BLM+ HUMSCs group are presented.
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