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MicroRNA-21 mediates bone marrow mesenchymal stem cells
protection of radiation-induced lung injury during the acute phase
by regulating polarization of alveolar macrophages
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Background: Radiation-induced lung injury (RILI) often occurs in patients with non-small cell lung
cancer (NSCLC) after radiotherapy, and the prognosis of patients with RILI is usually poor. This work plan
to investigate the expression patterns of microRNA-21(miR-21) in NSCLC patients with RILI and the
protective effects of miR-21 over-expressed bone marrow mesenchymal stem cells (BMSCs) against RILI in
rat model.

Methods: MiR-21 expressions were determined in both serum samples and bronchoalveolar lavage fluid
(BALF) samples from NSCLC patients after radiation therapy. The correlation between miR-21 expression
and the follow-up clinical characterizations were determined. Further, miR-21 over-expressed BMSCs were
transplanted into RILI rats and the protective effects were evaluated. BMSCs and alveolar macrophages (AMs)
were co-cultured in vitro and the macrophage M1 polarization markers were determined by ELISA and qRT-
PCR assays.

Results: Expression of miR-21 was significantly increased in NSCLC patients with RILI compared
with control group, especially before or at 4 weeks after radiation therapy commenced. The miR-21
levels were highly correlated with IL-12, TNF-a, and IL-6 expressions and the severity of RILI. Animal
based experiments demonstrated that BMSCs treatment had a remarkable effect on alleviating alveolitis
in RILI rats, and miR-21 over-expression could enhance this effect significantly. Cell based experiments
demonstrated that BMISCs notably inhibited M1 polarization of AMs and this inhibition is in a miR-21
dependent manner.

Conclusions: These results indicated that BMSCs could blocked the proinflammatory pathway of
macrophage through miR-21 over-expression, thus could be a potential therapeutic strategy for RILIL.
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Introduction poor (1). Reports have indicated that lung injury, with

symptoms only during radiotherapy for lung cancer, has an
Radiation-induced lung injury (RILI) often occurs after incidence rate reaching 30% (2). Currently, RILI treatment
radiotherapy in patients with non-small cell lung cancer options are rather limited, and many of which lead to

(NSCLCQ). The prognosis of patients with RILI is usually higher recurrence rates (3). Therefore, finding markers that
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can indicate the occurrence of RILI, and finding effective
therapeutic method to prevent or treat RILI, are all very
important goals on the way to improved prognosis of
patients receiving radiotherapy.

The mechanisms through which microRNAs (miRNAs)
regulate physiological and pathological reactions have
recently been extensively studied (4). The specific expression
patterns of miRNAs in certain diseases indicate that many
of them can be used as diagnostic markers (5). Considering
that many miRNAs function by suppressing their target
genes, dis-regulated miRNAs can often play a regulatory
role in the development of their associated diseases (6).
In such cases, introduction of exogenous miRNA or
suppression of endogenous miRINA can usually be used as
an effective treatment approach.

Bone marrow mesenchymal stem cells (BMSCs) are
multipotent cells that can differentiate into osteoblasts,
chondrocytes and adipocytes (7). Infusion of BMSCs that
overexpress specific miRNAs can effectively introduce
exogenous miRNAs to target cells via the paracrine system
and achieve therapeutic purposes (8).

In the present study, the correlation between miR-21
expression and the severity and prognosis of NSCLC patients
with RILI was investigated. A rat model demonstrated that
BMSCs overexpressing miR-21 could protect radiation-
induced lung injury during the acute phase. Furthermore,
cell-based studies showed that BMSCs overexpressing miR-
21 could inhibit M1 polarization of alveolar macrophages
(AMs) by suppressing TNF-a expression in these cells, and
thus achieve therapeutic purposes.

Methods
Patients and samples

Totally 61 non-small cell lung cancer (NSCLC) patients
before, during, and at the end of a treatment course of
conventional fractionated radiotherapy were included in
this study. Patients inclusion criteria, radiation therapy
and classification criteria of RILI were in according with
our previous description (2). The serum samples and
bronchoalveolar lavage fluid (BALF) samples from all the
patients (each patient was collected at various time points
were collected for the subsequent assays in according with
our previous reports (2). Pulmonary function markers,
including diffusion capacity for carbon monoxide (DLCO),
forced expiratory volume at 1 s (FEV1), and forced vital
capacity (FVC), were recorded and used as baselines in
all patients before radiotherapy, and would be tested
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at 4, 8, 16 and 24 weeks for follow-up treatment. The
prospective clinical study was performed from January 2014
to December 2018 in the Eighth Medical Center of PLA
General Hospital, Beijing, China. The experimental study
was performed in the laboratory of PLA General Hospital
from June 2016 to March 2019.

RNA extraction and qRT-PCR assay

Serum samples were collected and centrifuged at a speed of
3,000 g for 5 min at 4 °C. Next, 200 mL serum supernatant
was extracted for RNA extraction. Similarly, BALF samples
were centrifuged for 10 min at a speed of 3,000 g at 4 °C,
and were absorbed 200 mL supernatant for RNA extraction.
Total RNA was obtained from the above samples using
TRIzol reagent (Invitrogen, New York Island, USA).

Subsequently, qRT-PCR for mRNA was performed
using the PrimeScript RT-PCR kit (Takara, Bio, Inc., Shiga,
Japan). qRT-PCR for miRNA was performed using TagMan
miRNA kit. All the gRT-PCR experiments were performed
on Ependorf quantitative PCR detector. All the primer
sequences of the target were from the previous literature (9).
The parameters of reverse transcription for mRNA were set
as follows: first, 65 °C reaction was set for 5 min, then 37 °C
reaction was set for 15 min, and finally 98 °C reaction was
set for 5 min. The parameters of QPCR for mRNA were
set as follows: first 95 °C reaction for 30 s, then 40 cycles of
95 °C reaction for 5 s, and 60 °C reaction for 5 s, and finally
72 °C reaction for 30 s. The human and rat miR-21 primers
were purchased from Qiagen [catalog numbers MS00009079
(Hs-miR-21-5p) and MS00013216 (Rn-miR-21-5p)]. The
parameters of reverse transcription for miRNNA were set as
follows: first, 16 °C reaction was set for 30 min, then 42 °C
reaction was set for 30 min, and finally 84 °C reaction was set
for 5 min. The parameters of ¢ PCR for mRNA were set as
follows: First 95 °C reaction for 2 min, then 40 cycles of 95 °C
reaction for 15 s, and 60 °C reaction for 30 s.

RILI rat model

The steps and methods of the RILI rat model constructed
in this study refer to our previous publication (10). In short,
female, 8-week-old Sprague-Dawley (SD) rats weighing
about 240 g were used to construct RILI rat models. After
being fixed, rats were anesthetized by intravenous injection
of pentobarbital (40 mg/kg). Rats’ heads and abdomen were
protected from lead radiation. The irradiation parameters
were as follows: (I) 6 mV photons (Siemens, Germany)
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were generated and (II) were focused to the surface at
a distance of 100 cm. (III) Single irradiation of 20 Gy
(2.5 Gy/min), and (IV) irradiation area of 4.5 cm x 4.5 cm.
After irradiation, rats were euthanized with carbon dioxide
for a certain time (2 h and 4 weeks, 8 weeks, 16 weeks and
24 weeks). Flow rate of CO, displaced no more than 30% of
the chamber volume per minute. The mice were observed
until they were found to have stopped breathing, and then
stopped injecting carbon dioxide. The rats were taken out
and observed for another 5 min to confirm apnea. Between
animals, the chamber is turned over to completely empty
the carbon dioxide chamber. Subsequently, the serum,
BALF and tissues samples from the rats were collected
for the subsequent assays in according with our previous
reports (10). At 28 weeks after irradiation, all the remaining
mice were euthanized with CO, as human endpoints.

Isolation, purification, and culture of BMSCs

Carbon dioxide was used to euthanize rats, and then the
bone marrow cavity of rats was washed with full culture
medium. The washed medium was filtered by 200 mesh
filter. The filtrate was repeatedly blown to form a uniform
single cell suspension and then cultured on a 10 cm disc.
After removing non-adherent cells, the medium was
replaced every 1-2 days. After 10-14 days, 90% of the cells
were fused and passaged. Such repeated third generation
cells are used for subsequent experiments.

Stable transfection of BMSCs with miR-21 overexpressing
vector

MiR-21 overexpressing vector were purchased from Ribobio,
Guangzhou. According to the manufacturer’s instructions,
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Science,
Inc.) was used to transfer the over-expressing miRINA-21
vector into BMSC, and were select stable transfectants by
G-418. BMSCs that were stable transfected with miR-21
overexpressing vector were termed BMSC-miR-21-OV and
control BMSCs were termed BMSC-NC.

Transplantation of the BMSCs into the rats

BMSCs were injected into rats at the dose of 2x10° by tail
vein injection. The same dose of saline was injected into
the control group. Every three rats were killed at 3, 7 and
14 days after BMSC injection to determine whether BMSC
was successfully transplanted.

© Translational Cancer Research. All rights reserved.

233

Isolation and culture of rat peritoneal macrophages

After RILI model was successfully established in rats,
peritoneal macrophages were subsequently extracted. Briefly,
20 mL of PBS, together with 10% FBS, were injected into
the abdominal cavity of rats. Subsequently, rat peritoneal
fluid was extracted and centrifuged at a speed of 192 xg for
10 min at 4 °C. The precipitated cells were re-dispersed and
inoculated into a six-well plate and cultured in complete
culture medium. After 6 hours, the uncoated cells were
removed. Fresh media should be replaced every 1-2 days.
Two days later, the cells were sorted by CD68 and CD11.

In vitro co-culture of peritoneal macrophages with BMSCs

Totally 1x10° macrophages were inoculated into 6-well
plates. Twelve hours later, the cells were replaced with a
medium containing 1x10° BMSCs. Macrophages and BMSC
were co-cultured with Transwell inserts (Corning, Inc.).

Cytokine assay

Cytokine levels and nitric oxide production in culture
supernatants or in the serum samples from both clinical
patients and rat model were determined using commercial
ELISA kits (R&D Systems and BD Biosciences, Franklin
Lakes, NJ, USA) according to the manufacturer’s protocol.
Each value represents the mean of triplicate values.

Statistical analysis

All statistics were conducted using SPSS software
package (version 19.0; SPSS Corporation). The clinical
characteristics of the two groups were compared by Pearson
Chi-square test or Fisher exact test. Student #-test or one-
way ANOVA were used for continuous data analysis. The
overall survival rate (OS) or disease-free survival rate (DFS)
was assessed by Kaplan-Meier method.

Results

MiR-21 in sera and bronchoalveolar lavage fluid (BALF)
supernatant is significantly increased in NSCLC patients
with RILI

Before and on the day of intensity-modulated radiotherapy
(IMRT), miR-21 expression characteristics in the serum
of every patient were measured and considered as the
baseline. Serum levels were also recorded at weeks 4,
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Figure 1 Expression patterns of miR-21 in NSCLC patients with RILL (A,B) Before IMRT, concentrations of miR-21from (A) serum and

(B) BALF supernatants in every patient were measured as baseline, and were follow-up at 4, 8, 16 and 24 weeks after IMRT. (C,D) IL-6

and TNF-a level of serum at week 4were measured using ELISA assay. The correlation between miR-21 level and (C) IL-6; or (D) TNF-o

concentrations were determined. (E,F) Concentrations of IL-6 and TNF-o from BALF supernatants at week 4 were measured using ELISA

assay. The correlation between miR-21 level and (E) IL-6; or (F) TNF-o concentrations were determined.

8, 16, and 24 after treatment (Figure 14). Serum miR-
21 level has increased at the early stage after irradiation
therapy in all patients, peaked at week 4 and then gradually
decreased through weeks 8, 16, and 24. Similar results were
also observed in BALF supernatant samples (Figure 1B).
Moreover, we found negative correlations between miR-
21 level and that of I1.-6 and TNF-a at week 4 in both sera
(Figure 1C,D) and BALF supernatants (Figure 1E,F).

MiR-21 level at week 4 could be considered a potential
biomarker for predicting RILI severity

We assigned the average expression of miR-21 at week
4 as the cutoff value (cutoff value =3.0) and then divided
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the patients into miR-21 high group (32 patients) and
miR-21 low group (30 patients). As shown in Table 1, at
weeks 8 and 24 after treatment, patients with high mIR-
21 suffered RILI-related effects significantly less than that
those in the low MIR-21 group. This was reflected in lower
RILI incidence and RILI grade in the high miR-21 group
(P=0.008 and P=0.031, respectively). After comparing
lung function markers between the two groups, we found
that there was no difference in carbon monoxide diffusion
capacity (DLCO), forced expiratory volume in one second
(FEV1), and forced vital capacity (FVC) values between
the high and low miR-21 groups. After IMRT, the DLCO,
FEV1, and FVC values in both groups decreased relative
to baseline values (7able 1). No significant differences in
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Table 1 Grade of RILI and variations of pulmonary function at 8 and 24 weeks post-radiation therapy
Parameters Post-radiation therapy 8 weeks P value Post-radiation therapy 24 weeks P value
Grade of RILI®
Grade 1 (n) 0.008 0.031
miR-21 low 7 10
miR-21 high 3 8
Grade 2 (n)
miR-21 low 4 7
miR-21 high 1 4
Grade 3 (n)
miR-21 low 3 5
miR-21 high 1 3
Pulmonary function®
FVC (%) 0.262 0.005
miR-21 low -3.48+0.89 -5.15 +0.94
miR-21 high -3.24x0.77 -4.33 +1.27
FEV1 (%) 0.224 0.029
miR-21 low -3.52+1.03 -5.88+1.23
miR-21 high -3.17+1.21 -5.17+1.28
DLCO (%) 0.308 0.069
miR-21 low -4.93+1.22 —4.65+1.53
miR-21 high -4.62+1.14 -4.02+1.10

Patients in miR-21 high group (32 patients) and low group (30 patients) were examined at 8 and 24 weeks after commencement of
radiation therapy for grade of RILI and pulmonary function. ®, the values are shown as the number of patients with each grade (n). P value
was calculated by Pearson Chi-Square test; °, Baseline values of FEV1, DLCO and FVC are set as 0 in trial and control groups. Percentage
changes in FEV1, DLCO and FVC at 8 and 24 weeks are calculated from baseline. P value was calculated by student t test. FVC, forced
vital capacity; FEV1, forced expiratory volume at 1 s; DLCO, diffusion capacity for carbon monoxide.

DLCO, FEV1, and FVC values were found when the two
groups were evaluated on week 8. At week 24, significant
decrease in FVC and FEV1 values was observed in miR-21
low group, when compared with the miR-21 high group.
The above data indicate that miR-21 expression increased
in NSCLC patients with RILI, and that the level of miR-
21 at week 4 could be considered a potential biomarker for
predicting the severity of RILIL

Treatment with miR-21-knockout BMSCs reduces
mortality in rats with RILI

The use of miRNA-overexpressing stem cells is a newly
developed therapeutic strategy for the treatment of
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various diseases (8). Thus, we aimed to determine whether
treatment with miR-21-overexpressing BMSCs was effective
against RILI. Rats with RILI were randomly split into
three groups. The control group received saline injection
to the tail vein before and after the irradiation treatment.
The miR-21-overexpressing BMSCs (BMSC-miR-21-
OV) group and non-treated wildtype BMSCs (BMSC-NT)
group were treated with BMSC-miR-21-OV or BMSC-
N, respectively, for 3 d before and 4 d after irradiation
treatment. The rats showed signs of physical weakness, and
several died within 24 weeks post-irradiation. The survival
curves for the three groups are shown in Figure 2. Mortality
rates were 45% (9/20) for the control group, 20% (4/20) for
the BMSC-NT group, and 5% (1/20) for the BMSC-miR-
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Figure 2 Effects of BMSCs-miR-21 or BMSCs-miR-NC on
survival of RILI rats.

Radiation lung injury

Figure 3 Representative rat lung histological samples of control,
BMSCs-miR-21 or BMSCs-miR-NC treated RILI rats (HE, x400).
(A,B,C) Alveolitis at 4 weeks; and (D,E,F) TNF-a production at
4 weeks; and (G,H,I) IL-6 production at 4 weeks in lung tissue from
group BMSCs-miR-21, group BMSCs-miR-NC and control group.

21-OV group. These mortality rates differed significantly
between the three groups.

Treatment with miR-21-knockout BMSCs decreases RILI-
induced acute inflammation.

Studying histological sections, acute inflammation was
found in all experimental groups at week 4 post-irradiation.
Compared with the control group, the BMSC-NT
exhibited the following weaknesses: (I) inflammatory cells
throughout the lung mesenchyme, (II) collapsed alveoli
with significant inflammatory exudates, and (III) pulmonary
hyaline membranes in the lung tissue. These findings
indicate that BMSCs treatment can significantly inhibit the
development of RILI in rats. Moreover, the inhibition effect
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of BMSCs was markedly enhanced in the BMSC-miR-
21-OV group. In addition, immunohistochemical staining
revealed that the BMSC-miR-21-OV group exhibited the
lowest expression of the proinflammatory factors IL-6 and
TNF-a, followed by the BMSC-NT group. Meanwhile,
the control group showed the highest IL-6 and TNF-a
expression levels (Figure 3).

ELISA analysis revealed significant increase in the serum
level of IL-6 and expression of TNF-o in the irradiated
control group. These peaked at week 4 and then decreased
gradually. Compared with the BMSC-NT group, BMSC-
miR-21-OV treatment was more effective in inhibiting the
expression of IL-6 and TNF-o (Figure 4). The combined
aforementioned data indicate that injection of miR-21-

overexpressing BMSCs is an effective treatment strategy
against RILIL

Co-culture of miR-21-knockout BMSCs plays an
important role in inhibiting AMs M1 polarization

In RILI patients and animal model, the secretion of
proinflammatory factors is closely related to polarization of
lung macrophages (11). Previous reports have demonstrated
that a number of important macrophage M1 polarization
markers, including IL-12p35 and TNF-0, are miR-21
targets in vitro (12,13). We therefore explored whether
BMSCs-miR21-OV could change the polarization of lung
macrophages. AMs from the rats were cultured in 12-
well plates. BMSCs-miR-21-OV or BMSCs-NT were
then added as coculture. The cell cultures were stimulated
with 200 ng/L LPS for 24 h to induce the macrophages
into M1 polarization (9,14). We found that BMSCs-
NT coculture could not alter the mRNA expressions of
M1 markers, such as IL-6, IL-12, and TNF-a. Their
expression was comparable to the control AMs. BMSCs-
miR-21-OV coculture significantly inhibited the induction
of the macrophages into M1 polarization (Figure 54,B,C).
BMSCs-miR-21-OV coculture also decreased production
of Nitric oxide in AMs (Figure 5D). These results suggest
that miR-21 may regulate RILI by controlling macrophage

polarization.

Discussion

The overall prognosis of NSCLC patients after
radiotherapy varies greatly among individuals. A more
accurate assessment of the incidence of RILI in lung cancer
patients during radiotherapy will help reduce treatment-
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Figure 5 Co-cultured with the BMSCs-miR-21 trigger the M1 polarization of AMs. (A) AMs were cocultured with BMSCs-miR-21, or
BMSCs-miR-NC or not, followed by 200 ng/L LPS stimulation for 24 h. (A,B,C) mRNA expression of IL-6, IL-12 and TNF-a were
determined by qRT-PCR. (D) Nitric oxide production was determined by Griess assay. **P<0.01; ***P<0.001; NS, not significant.

related mortality, thereby improving the overall lung Groves et al. found that CCSP/SP-D ratio may be useful as
cancer survival (1,2). At present, several research groups a biomarker of radiation-induced pulmonary fibrosis (15).
are engaged in the search for promising RILI biomarkers. Wang et al. suggested that IL-8 and T'GF-B1 could predict
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RILI toxicity in NSCLC patients (16). Sun et /. have
shown that serum miRNA signature could predict response
to radiation therapy in NSCLC (17). Generally, these
targets are closely related to the development of acute
inflammation (11). Our study demonstrated that low miR-
21 levels could predict higher RILI incidence and grade,
lower pulmonary function in patients, and enhancement of
IL-6 and TNF-a expressions, especially during the acute
phase. These findings suggest that miR-21 can be used as a
potential marker for RILI diagnosis and prognosis. Based
on our findings, we also suggest that miR-21 may play a
regulatory role in the pathogenesis of RILL

Injection of miRNA-overexpressing BMSCs is
considered a viable method for introducing exogenous
miRNAs into the body because BMSCs can deliver
miRNAs to the target cells via exosomes (18). In the present
study, pretreatment with BMSC-miR-21-OV was more
effective at preventing radiation-induced pulmonary injury
during the acute inflammatory phase, when compared to
the injection of BMSC-NT. Rats in the BMSC-miR-21-
OV group exhibited more attenuated inflammation than
did those in the BMSC-NT treatment group, suggesting
a protective effect for miR-21. Furthermore, cell-based
experiments confirmed that this therapeutic effect was
achieved by targeting inflammatory factors, such as TNF-a,
and regulating M1 polarization of pulmonary macrophages.
These findings suggest that pretreatment with BMSC-
miR-21-OV may be a novel and effective management
strategy for patients undergoing radiotherapy at the early
acute inflammatory stage. However, owing to the high
prevalence of pulmonary interstitial fibrosis at late stages
of RILI (19,20), we should further explore whether miR-
21 can regulate pulmonary interstitial fibrosis formation.
In addition, data on the systematic toxicity of MSC-
miR-21 treatment are currently missing. Therefore, long-
term analysis of the outcome of MSC-miR-21 treatment is
necessary to realize its potential.
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