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Pulmonary fibrosis (PF) is a chronic and progressively fatal disease, but clinically available therapeutic drugs are
limited due to efficacy and side effects. The possible mechanism of pulmonary fibrosis includes the damage of
alveolar epithelial cells II (AEC2), and activation of immune cells such as macrophages. The ions released from
bioceramics have shown the activity in stimulating soft tissue derived cells such as fibroblasts, endothelia cells
and epithelia cells, and regulating macrophage polarization. Therefore, this study proposes an “ion therapy”

approach based on the active ions of bioceramic materials, and investigates the therapeutic effect of bioactive
ions derived from calcium silicate (CS) bioceramics on mouse models of pulmonary fibrosis. We demonstrate that
silicate ions significantly reduce pulmonary fibrosis by simultaneously regulating the functions of AEC2 and
macrophages. This result suggests potential clinical applications of ion therapy for lung fibrosis.

1. Introduction

Pulmonary fibrosis is a common feature of various lung diseases in
advanced stage, which seriously affects the quality of life and prognosis
of patients. The widely accepted hypothesis of the mechanism of pul-
monary fibrosis is the damage of alveolar epithelial cells I (AEC2), and
activation of immune cells such as macrophages, which leads to the up-
regulation of inflammatory factors such as TGF-f that promote pulmo-
nary fibrosis [1]. In addition, the cell viability of fibroblasts is also
activated, which ultimately results elevated collagen deposition in the
lung tissue [2]. Recently, in the COVID-19 pandemic pathophysiological
changes of the lungs of COVID-19 patients are observed [3], which are
consistent with the pre-pulmonary fibrosis reaction. It has also been
observed from mouse animal models [4] that SARS-CoV-2 virus may
infect AEC2, cause alveolar epithelial damage, and then activate mac-
rophages to secrete various inflammatory factors, promote acute
inflammation, and inhibit viral infection. If the inflammatory response
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cannot be controlled, it may develop into pulmonary fibrosis. Relevant
clinical studies have shown that nearly 50% of COVID-19 patients will
remain pulmonary fibrosis after being cured, and this mainly occurs in
elderly patients with severe pneumonia [5]. Clinically, pirfenidone and
nintedanib are currently available drugs for treatment of pulmonary
fibrosis, which have limited efficacy and potential side effects [6-9]. For
end-stage patients, lung transplantation is the only option, but its wide
application is limited due to the lack of donor organs, immune rejection,
and secondary infections after transplantation [10,11].

Under normal physiological conditions, AEC2 can proliferate and
differentiate into alveolar epithelial cells I (AEC1) to repair damaged
alveolar epithelium. In fibrotic lung tissue, the ability of AEC2 to pro-
liferate is abnormal and large number of AEC2 cells reveal pro-fibrotic
phenotype. The Wnt/b-catenin and Sonic-hedgehog pathways are acti-
vated to secrete a variety of growth factors and cytokines such as TGF-p
and PDGF that promote fibrosis [12]. These biologically active sub-
stances can drive, recruit, and activate myofibroblasts, which then secret
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large amount of abnormal extracellular matrix (ECM) components to
affect the normal alveolar structure and lead to pulmonary fibrosis.
Therefore, after lung injury, how to regulate lung tissue-related cells
(including AEC2 cells, fibroblasts, and bronchial epithelial cells),
maintain their normal phenotype and function, and repair tissues at the
injured site is a key point in the treatment of lung fibrosis.

In addition, alveolar macrophages are the first responsive cells of
defense system responding to various stimuli during lung injury, and
they are highly heterogeneous and plastic. In lung fibrotic tissue, after
alveolar epithelial injury, the uncontrolled immune response will over-
activate macrophages to express scavenger receptors and pro-fibrosis
molecules, and AEC2 is activated to become a pro-fibrotic phenotype
by some inflammatory factors including TGF-f, TNFa and IL-6 through
paracrine mechanisms. This will also directly act on fibroblasts and
promote the accumulation of ECM to form fibrosis [13]. Therefore,
macrophage regulation is another key issue in the treatment of pulmo-
nary fibrosis.

Silicate bioceramics such as calcium silicate (CS) are a kind of
bioactive materials which release calcium (Ca®") and silicate (4*10%)
ions in body fluid, and its biological activity mainly attributes to the
Si0%~ [14,15] ions, which do not show any toxicity effect in the body
[16]. Studies have demonstrated that CS not only has activity to enhance
hard tissue regeneration such as bone and tooth tissue [17,18], but also
effective in stimulating soft tissue regeneration including the gastroin-
testinal tract, blood vessels, skin, and myocardium [19,20] by regulating
stem cells [14] and tissue specific cells such as fibroblasts, skin
epidermal cells [21], endothelia cells [22], cardiomyocytes [19,23]. A
previous study has shown that Si-based biomaterial scaffolds can pro-
mote the adhesion and cell viability of AEC2 [24]. In addition to regu-
lating stem proliferation, differentiation and cell viability of
tissue-specific cells, recent studies have also revealed that silicate bio-
materials can regulate macrophage polarization and inhibit expression
of inflammatory factors (TNF-a, IL-1p and IL-10) by releasing active ions
[25] for enhanced wound healing [26,27].

Considering the possible regulatory effects of Si03~ on AECs, fibro-
blasts, epithelia cells and macrophages, which are critical cells involved
in lung tissue fibrosis process, we assume that SiO3~ may also have the
activity to inhibit fibrosis by affecting cellular activity of these cells. In
this study, we investigated the interventional effects of CS-derived ionic
solutions on pulmonary fibrosis using a pulmonary fibrosis mouse model
(Fig. 1A), and the related mechanism of the effect of bioactive ions on
pulmonary fibrosis was explored by studying the regulation of cell
viability, migration, and apoptosis of three types of lung tissue cells, and
the regulatory effect of ionic solution on macrophages.

2. Experimental section
2.1. Preparation of calcium silicate (CS) ionic solution

CS powder was prepared by chemical co-precipitation method [28],
and the CS ionic solution was obtained according to previous published
methods [29]. Briefly, 1 g of calcium silicate powder was added into 5
mL DMEM culture medium (for cell culture experiments) or PBS buffer
saline (for animal experiments). Then, it was shaken in a shaker for 24 h
at 37 °C at 120 rpm/min. The supernatant was collected by centrifu-
gation at 4000 rpm/5 min and filtered through a 0.22 pm filter mem-
brane to obtain CS ionic solution for further use. The ion concentration
of the ionic solutions was measured by ICP-AES (Thermo Fisher X Series
2, USA).

2.2. Animal model establishment and CS intervention

A total of 105 SPF male C57BL/6 mice (Shanghai SLAC Laboratory
Animal Co., Ltd) were used in this experiment (mouse age: 8 weeks old
and average weight: 20-22 g). The specific groups of the experiment are
as follows. (1) Normal control group: PBS + PBS, n = 10. (2) 1/8CS
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control group: PBS+1/8CS, n = 10. (3) CS control group: PBS + CS, n =
10. (4) Bleomycin model: BLM + PBS, n = 26. (5) 1/8CS intervention
group: BLM+1/8CS, n = 23. (6) CS intervention group after BLM
modeling: BLM + CS, n = 26. All animal experiments were approved by
the Laboratory Animal Center of Tongji University (No. K17-016). In this
study, bleomycin was used to induce pulmonary fibrosis. BLM (Dalian
Meilun Biotech Co) is administered intratracheally at a dose of 3.5U/Kg,
40 pl/mouse. The BLM-induced pulmonary fibrosis model is dominated
by acute inflammation from day O to day 7, and the fibrosis stage is from
day 7 to day 21 [30,31]. Our hypothesis is that CS solution has inhibition
effect on early acute inflammation, which may result in inhibition of
pulmonary fibrosis. Therefore, the CS solution started to be applied 2 h
after the BLM model was made at day 0. The CS solution started to be
used 2 h after the BLM model was made. Two concentrations of CS ionic
solutions were used. One is the 1/8 dilution due to its high bioactivity in
stimulating epithelial cell proliferation observed in cell culture experi-
ment. The other is the original CS extracts because it showed bioactivity
in reducing myocardial fibrosis in our previous in vivo study [19,32].

The intervention design is shown in Fig. S1A and was performed by
injecting 40 mL CS or 1/8CS solution through the oropharynx on the day
of BLM modeling (DO0), and injection of PBS was the control. Then, the
injection was repeated every other day until the end of the experiment.

The alveolar lavage fluid (BALF) was collected on the 7th day (D7)
and the 21st day (D21), and centrifuged at 1500r/min for 5min. Then,
the supernatant was collected and stored at —80 °C for further use. The
lung was also collected, the left lung and part of the right lung cry-
opreserved at —80 °C, and the remaining right lung was fixed with the
tissue fixative (Wuhan Goodbio technology CO, LTD) for H&E and
Masson staining.

2.3. Determination of mouse survival rate

In order to measure the mouse survival rate, the BLM modeling and
CS intervention were conducted as described above with modification as
shown in Fig. S1B), in which the CS intervention (CS and 1/8CS injec-
tion) only performed until day 6, and then the mice were kept until day
49. Then, the death of each group of mice in this time period was
recorded, and the survival rate of mice was calculated.

2.4. Lung pathology

After 24 h fixation, the lung tissue was embedded in paraffin and
sectioned followed by H&E and Masson staining. Then, the stained
sections were scanned using a Leica Pathology Section Scanner (LEICA
SCN400). H&E stained pathological sections were scored according to
the ALI scoring standard reported by Mikawa et al. [33], and Masson
staining was scored according to the pulmonary fibrosis scoring stan-
dard proposed by Hubner et al. [34] by two experienced pathologists
independently to obtain average scores.

2.5. Determination of hydroxyproline in lung tissue

The analysis was performed with a piece of wet fresh lung tissue
(30-60 mg) using an alkaline hydrolysis hydroxyproline kit (Nanjing
Jiancheng Institute of Bioengineering, Nanjing) following the manu-
facture’s instruction. The accurate weight of the tissue was record, the
absorbance value at 550 nm was recorded, and the hydroxyproline
content of lung tissue was calculated using the formula in the instruction
manual. Specific steps are as follows:

The lung tissue was weighed and put into a test tube. The hydrolysis
solution (1 mL) was added to the test tube and mixed well. Then, it is
hydrolyzed in a boiling water bath for 20 min (mixing every 10 min of
hydrolysis, the purpose is to make the hydrolysis more fully). The pH
value is adjusted to around 6.0-6.8. Subsequently, an appropriate
amount of activated carbon was added to the diluted hydrolysis solution
and mixed. The sample was centrifuged for 10 min (3500 rpm). The
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Fig. 1. The therapeutic effect of CS or 1/8CS ionic solution on BLM-induced lung fibrosis in mice. (A) Treatment of lung fibrosis with ionic solution derived from

silicate bioceramics. (B) The mortality of mice within 49 days after BLM modeling. (C) ALI score results of mice in each group on D7 and D21. (D) H&E staining
results of mouse lung tissue sections on D7 and D21 (Scale = 1 mm). (n = 5, *P < 0.05).

3196



T. Chen et al.

supernatant (1 mL) was taken out and the detection reagent was added.
Then, the sample was bathed in water for 15 min (60 °C). And it was
centrifuged for 10 min (3500 rpm). The absorbance of the supernatant
after centrifugation was tested (550 nm).

2.6. Flow cytometry in bronchoalveolar lavage fluid (BALF)

After BALF centrifugation, the cells were collected, and the total
number of cells was counted by Coomassie brilliant blue staining. Then,
the cells were resuspended in FACS solution and divided into three parts.
The staining was performed with the following antibodies such as anti-
mouse CD11b-FITC, F4/80-APC, and Gr-1-PE; anti-mouse CD3-PE, CD4-
FITC, and CD8-APC; and anti-CD4-FITC and CD25-PE (eBioscience,
ThermoFisher, USA). After fixation and membrane rupture, cells were
stained intracellularly with mouse FOX-P3-APC, and the fluorescence
signals of the stained cells were measured by flow cytometry (CytoFLEX
cytometer, Beckman-Coulter, USA). The specific parameters of the cell
culture experiment are shown in Table S2.

2.7. Cell culture experiments

Considering that the involvement of a variety of lung-related tissue
cells in lung fibrosis, alveolar epithelial cells IT (A549), fibroblasts (MRC-
5), bronchial epithelial cells (Beas-2B) and mouse macrophages
(RAW.264.7) were used to study the regulatory effects of CS ionic so-
lution. All cells were obtained from FuDan IBS Cell Center (Shanghai,
China).

2.7.1. Effects of CS ionic solutions of different dilutions on the cell viability
of A549, Beas-2B and MRC-5

CellTiter 96® A Queous One Solution Cell Proliferation Assay (MTS)
(Promega Corporation, Madison, WI, USA) was used to detect cell
viability. A549 (4*10°%/well), Beas-2B (4*10°/well), and MRC-5 (1*10%/
well) were seeded in 96-well plates, where A549 and MRC-5 were
cultured in DMEM+10%FBS+1%P/S while Beas-2B was cultured in
DMEM+5%FBS+1%P/S. After 24 h, the culture medium was removed
and replaced with the diluted CS ionic solution (The dilution concen-
trations are 1/2, 1/4, 1/8, 1/16, 1/32, 1/64 and 1/128 respectively).
After 24 and 48 h of culture, MTS was added to a 96-well plate, and the
cells were cultured for 1 h at 37 °C. The absorbance was measured in a
microplate reader (BioTek EPOCH).

2.7.2. The apoptosis experiment of A549, Beas-2B and MRC-5

The effects of CS ionic solution in different dilutions (1/2,1/8, 1/32,
1/128 dilution) on apoptosis of A549, Beas-2B and MRC-5 was investi-
gated using Annexin V-FITC/PI kit (4A Biotech) and flow cytometry
(Beckman Coulter) analysis. A549 (1*106/well), Beas-2B (1*106/well),
and MRC-5 (1*10°%/well) were seeded in 6-well plates, where A549 and
MRC-5 were cultured in DMEM+10%FBS+1%P/S while Beas-2B was
cultured in DMEM+5%FBS+1%P/S. Cells were cultured for 24 h, and
then the medium was removed and replaced with CS ionic solution (The
control group is complete medium.). After 48 h of incubation, the cells
were trypsinized (HyClone without EDTA), Annexin-FITC was added,
incubated for 5 min in the dark, and then 10 pL PI was added according
to the instruction of the Annexin V-FITC/PI kit manufacture. The
apoptotic ratio of the three kinds of cells was then analyzed by flow
cytometry.

2.7.3. The scratch test of A549, Beas-2B and MRC-5

A549, Beas-2B, and MRC-5 were cultured in 6-well plates (2*10%/
well), and a 10 pl pipette tip was used to scratch through the culture well
surface after the cells adhered. After that, the culture medium was
changed to CS ionic solution with different dilution (1/8,1/16,1/32,1/
64, and 1/128 dilution in serum-free medium). The control group was
serum-free medium. A549 and Beas-2B were observed at 0 h, 24 h and
48 h. MRC-5 was observed at 0 h, 6 h, 12 h, 24 h and 48 h. The
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percentage of wound healing (Wound healing percentage = (initial
wound area-wound area at a certain point in time)/initial wound area)
was calculated.

2.7.4. Evaluation of the effect of CS ionic solutions on the secretion of
cytokines by macrophages by ELISA

The RAW 264.7 cells with a density of 2#10°/well were cultured in 6-
well plates, and after cell adhesion the medium was replaced with CS
ionic solution in different dilutions (1/8, 1/16, 1/32, 1/64, and 1/128).
The cell culture supernatant was collected after 72 h. Then, ELISA was
used to detect the anti-inflammatory factors (TGF-f and IL-10) and pro-
inflammatory factors (TNF-a, IL-6 and IL-1p). (NeoBioscience Technol-
ogy, China) The complete medium was used as a control.

2.7.5. The analysis of CD4™" T cell differentiation by flow cytometry

The RAW 264.7 cells with a density of 2*10°/well were cultured in 6-
well plates, and after cell adhesion the medium was replaced with CS
ionic solution in different dilutions (1/8, 1/16, 1/32, 1/64, and 1/128).
The cell culture supernatant was collected after 72 h, and labeled as CM-
control, CM-1/8CS, CM-1/6CS, CM-1/32CS, CM-1/64CS and CM-1/
128CS. The complete medium was used as a control.

The naive T cells were sorted from mouse monocytes by using mouse
CD4 (L3T4) magnetic bead antibody, which was close to 100% purity
(Fig. S2). CD28 mouse antibody (BioCell) was added into 6-well plates
and incubated for 2 h. Then, the solution was removed and naive T cells
were added into the well, followed by the addition of CS ionic solution
with different dilutions (1/8, 1/16, 1/32, 1/64, and 1/128), or super-
natant of macrophage cultured with CS ionic solutions (CM-control, CM-
1/8CS, CM-1/16CS, CM1/32CS, CM-1/64CS, CM-1,/128CS).

Meanwhile, naive T cells were also activated by adding CD3 mouse
antibody (BioCell), and collected after 48 h stimulation. Then, surface
staining with anti-mouse CD4-FITC was performed. After fixation and
membrane rupture, cells were intracellularly stained with anti-mouse
IFNy-APC, IL17-PE, or mouse FOX-P3-APC (eBioscience, USA), and the
stained cells were analyzed by flow cytometry.

2.8. Detection of cytokines and chemical factors in mouse BALF

On day 7 and day 21 after BLM modeling, mouse BALF supernatants
were collected (5 mice per group). The cytokines in mouse BALF was
analyzed using liquid suspension chip technology, including IL-1a, IL-
1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13,
IL-17A, Eotaxix (CC chemokine subfamily of eosinophil chemotactic
proteins), G-CSF, GM-CSF, INF-y, KC (CXCL1), MCP-1 (monocyte che-
moattractant protein 1 CCL2), MIP-1f (Macrophage inflammatory pro-
tein-1p CCL4), RANTES (regulated on activation, normal T cell
expressed and secreted CCL5), TNF-a (Bio-Plex Mouse Cytokine 23-
Plex).

2.9. Data analysis and processing

Graphpad prism 6 was used to process the data, which were
expressed as mean + standard deviation. The two groups were compared
by independent sample T-test, and the comparison between multiple
groups was by one-way analysis of variance, Fisher’s LSD multiple tests,
and post-test. The survival curve was drawn by Kaplan-Merier method,
and the survival time was compared by log-rank test. When P < 0.05, it
is statistically significant.

3. Results

3.1. The effect of CS ionic solution on the mortality of pulmonary fibrosis
mice

Mortality of mice is a key indicator to measure the success of the
pulmonary fibrosis model establishment and the effectiveness of the
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therapy. Therefore, we first explored the effect of the CS ionic solution
on the mortality of BLM-induced lung fibrosis mouse. The results
showed that the mortality of mice in BLM + PBS was 80%, which is in
accordance with that reported in the literature [35,36] and indicates a
success establishment of the BLM model. Interestingly, we found that
with the CS ionic solution treatment the mortality of the mice was
significantly decreased as compare to the control (BLM + PBS), while no
significant difference between the BLM + CS and BLM+1/8CS groups
was observed (Fig. 1B). The CS ionic solution treatment reduced the
mortality of fibrotic mice from 76.92% to 47.83% as compared to the
control group. In addition, we also found that the original CS ionic so-
lution and its 1/8 dilution had no negative effect on the healthy mice,
and the mortality was 0% (Table S3).

3.2. The effect of CS and 1/8CS ionic solutions on BLM-induced acute
inflammation and fibrosis of lung tissue in mice

The pathophysiological process of BLM-induced mouse lung fibrosis
is mainly divided into two stages: early inflammation and late lung
fibrosis. We used H&E and Masson staining of lung tissue to evaluate the
degree of lung inflammation and fibrosis. The H&E staining revealed
that on D7 and D21 after BLM modeling, the alveolar structure in the
pathological section of the mouse lung tissue was significantly
destroyed, and the lung interstitial inflammatory cells were infiltrated
(Fig. 1C). However, as compared with that in the BLM + PBS group, the
lung tissue inflammation in the BLM+1/8CS and BLM + CS groups was
significantly reduced, and the results of the ALI score were also lower
(Fig. 1C and D). On D7, it is clear to see that the inflammation in the
BLM+1/8CS and BLM + CS groups was significantly lower than that in
BLM + PBS group. On D21 after BLM modeling, the repair of lung injury
seems started. The histological images showed that, as compared with
the mice in the BLM + PBS group, the inflammation in the lung tissues of
the mice in the BLM+1/8CS group and the BLM + CS group revealed a
clear tendency of alleviated inflammation. The ALI score of the BLM +
CS group was significantly lower than that of the BLM + PBS group (P =
0.03). Although the ALI score of the BLM+1/8CS group was not
significantly different from that of the BLM + PBS group, a downward
trend is visible. On D7 and D21 after modeling, the histological obser-
vation showed that the lung tissues of the mice in the PBS+1/8CS group
and PBS + CS group also had a certain degree of inflammation. A small
amount of inflammatory cell infiltration in the lung tissue was observed,
but the corresponding ALI score was not significantly different from that
of the PBS + PBS group. At the same time, the mice in the PBS + CS and
PBS+1/8CS groups did not die during the observation period of the
mortality experiment, which proved that the administration of CS ionic
solution through the trachea is safe and feasible.

In order to further evaluate the degree of lung fibrosis, Masson
staining was performed on lung tissue sections (Fig. 2A). The results
showed obvious collagen deposition in lung tissues of mice after BLM
modeling, which was more obvious on day 21 than on day 7. The results
of the fibrosis score (Fig. 2B) also confirmed that the fibrosis on D21 was
higher than that on day 7 after BLM modeling. On day 21, the degree of
lung fibrosis in both BLM+1/8CS group (P = 0.003) and the BLM + CS
group (P = 0.006) was clearly lower than that in the BLM + PBS group,
and the fibrosis score was also significantly lower than that of BLM +
PBS (Fig. 2A and B). In contrast, on day 7 after BLM modeling, a small
amount of collagen deposition in the lung tissue was observed in the
BLM + PBS group, and no significant difference in the degree of lung
fibrosis between the CS intervention groups (BLM+1/8CS, BLM + CS)
and the control group (BLM + PBS), and there was also no significant
difference in fibrosis score among all groups (Fig. 2A and B), suggesting
a time dependent effect of CS ionic solutions. Moreover, the quantitative
results of hydroxyproline measurement are consistent with the trend of
the fibrosis scores (Fig. 2C). On day 7 after BLM modeling, no difference
in hydroxyproline content in the lung tissue of mice in the BLM+1/8CS
and BLM + CS groups was observed as compared with that in the BLM +
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PBS group. But on day 21, the content of hydroxyproline in the lung
tissue of mice in the BLM+1/8CS and BLM + CS groups was significantly
reduced as compared with the BLM + PBS group.

The above results indicate that both the original CS ionic solution
and the 1/8 dilution can significantly reduce the inflammation and
fibrosis, and reduce the mortality of mice.

3.3. The effect of CS ionic solution on inflammatory cell count in BALF of
mice

The inflammatory cell count in BALF is an important indicator to
measure lung inflammation. To further verify the effect of CS ionic so-
lution on lung inflammation, we collected mouse alveolar lavage fluid
and performed inflammatory cell sorting and counting by flow cytom-
etry. The cell sorting details are shown in Fig. S3.

The results showed that, in the two treatment groups (BLM + CS and
BLM+1/8CS), the total number of inflammatory cells was significantly
reduced on day 7 and day 21 as compared to the control group (BLM +
PBS) (Fig. 3A). When we look at different inflammation cell types, it is
clear to see that, as compared with the BLM + PBS group, the number of
macrophages in the BLM+1/8CS group on both day 7 and 21 was
significantly reduced (Fig. 3B). But there was no significant difference in
the number of other types of inflammatory cells such as lymphocytes
and neutrophils (Fig. 3C-E). However, in the BLM + CS group, the
number of all types of inflammatory cells was significantly decreased
(Fig. 3B-E). Both the number of macrophages (Fig. 3B) and CD3"CD8* T
cells (Fig. 3C) in the BLM + CS group on both day 7 and 21 was
significantly less than that in the BLM + PBS group. For the CD3"CD4™" T
cells on day 7, there was no significant difference between the BLM + CS
group and the BLM + PBS group. However, on day 21 the number of
cells in the BLM + CS group was significantly reduced as compared to
the BLM + PBS group (Fig. 3D). For the neutrophils, it can be found that
on day 7, the number of cells in the BLM + CS group was significantly
reduced as compared to the BLM + PBS group, but there was no sig-
nificant difference on day 21 (Fig. 3E). The above results prove, from the
perspective of inflammatory cells, that CS ionic solution can alleviate the
acute inflammation caused by BLM.

When we compare the effect CS ionic solution in different dilution,
further analysis revealed that the total number of inflammatory cells in
the BLM + CS group was clearly less than that in the BLM+1/8CS group
on day 21 after the BLM modeling. Cell sorting results showed that the
number of neutrophils in the BLM + CS group on day 7 was less than that
in the BLM+1/8CS group. On day 21, the number of CD3"CD8" T cells
and CD3'CD4" T cells were less than that in the BLM+1/8CS group
(Fig. 3B-E). The above results suggest that the effect of CS ionic solution
is concentration dependent, and CS solution has a more obvious inhib-
itory effect on inflammation than 1/8 CS dilution.

3.4. The effect of CS ionic solution on the cell viability, migration, and
apoptosis of A549, Beas-2B and MRC-5 cells

It is well known that the cell viability and migration of alveolar
(A549) and bronchial epithelial (Beas-2B) cells are important steps for
the repair of lung tissue after injury, thereby reducing lung fibrosis,
while the cell viability and migration of fibroblasts (MRC-5) may
aggravate lung fibrosis. In order to further explore the mechanism of CS
ionic solution on pulmonary fibrosis, we investigated the cell viability,
migration, and apoptosis of three types of lung tissue cells (A549, Beas-
2B and MRC-5) in the presence of CS ionic solution.

In order to determine whether CS ionic solution affects the cell
viability of A549, Beas-2B and MRC-5, three groups of cells were
cultured for 24 and 48 h with different dilution ratios of CS ionic solu-
tion (1/2, 1/4,1/8, 1/16, 1/32, 1/64, 1/128).

The results showed that the CS ionic solution in certain dilution
range has activity to stimulate A549 cell viability (Fig. 4A). After 48 h
incubation, the cell viability rate in 1/8, 1/16, 1/32 and 1/64 dilutions
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of the CS ionic solution were significantly higher than that of the control
group, while in lower concentration range (1/128 dilution) no stimu-
lation was observed. Similarly, it is observed that 1/8, 1/16 and 1/32
dilutions of the CS ionic solution also stimulated the cell viability of
Beas-2B cells as compared to the control group. However, CS ionic so-
lution did not show any stimulation on the cell viability of MRC-5 cells
and at higher concentration (1/2 dilution) a minor inhibition of cell
growth was evident (Fig. 4A). Above results demonstrated that the
concentration (dilution) of the ionic solution is critical for the positive
and negative effects. Therefore, in order to further clarify the safety of
CS ionic solutions on lung tissue cells, we further investigated the cell
apoptosis of these three types of cells in same dilution range of the CS
ionic solution. The results showed that the apoptosis ratio of A549, Beas-
2B and MRC-5 cellsin 1/8, 1/32 and 1/128 dilutions of CS ionic solution
was not significantly different from that of the control group, but high
concentrations of CS ionic solution (1/2 dilution) caused apoptosis of
the three cells (Fig. S4), which possibly due to its high pH value [37,38].

Considering the cell viability activity of CS ionic solutions in the 1/8-
1/32 dilution range for A549 and Beas-2B, we selected this dilution
range of the CS ionic solution for evaluation of cell migration. The re-
sults showed that the treatment with 1/8 dilution of the CS ionic solu-
tion for 24 h and the 1/8 and 1/16 dilution for 48 h promoted the
migration of A549 cells. Furthermore, the treatment with CS ionic so-
lution in 1/8-1/32 dilution range for 48 h significantly promoted the
migration of Beas-2B. However, for MRC-5 cells, similar as cell viability,
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the treatment of CS ionic solution for 24 h and 48 h did not affect cell
migration (Fig.4B and Figs. S5-S7).

The above results indicate that 1/8CS-1/32CS ionic solution can
promote the cell viability and migration of alveolar (A549) and bron-
chial epithelial (Beas-2B) cells, but does not cause apoptosis, while the
corresponding concentration does not promote the cell viability and
migration of fibroblasts (MRC-5).

3.5. CS ionic solution regulates the secretion of cytokines by macrophages

Macrophages are the key immune cells in the process of pulmonary
fibrosis, which can regulate inflammation and pulmonary fibrosis pro-
cesses by secreting anti-inflammatory factors (TGF-f and IL-10) and pro-
inflammatory factors (TNF-a, IL-6 and IL-1p) [1]. In order to explore the
effect of CS ionic solution on the secretion of inflammatory factors by
macrophages, we used CS ionic solution in different dilutions to stimu-
late macrophages and analyzed secretion of inflammatory factors in the
culture medium. The results showed that the CS ionic solution in all
three different dilutions (1/8, 1/16, 1/32) inhibited the TNF-«a secretion
in macrophages (Fig. 5A). However, no significant difference of TGF-p
and IL-10 secretion was observed as compared with the control group
after stimulation with CS ionic solution (Fig. 5B and C), while IL-6 and
IL-1f could not be detected (data not shown). The above results indicate
that CS ionic solution did not activate expression of cytokines such as
IL-10, TGF-p, IL-6, IL-1p, but inhibit the secretion of TNFa.
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3.6. The effect of the CS ionic solution on the concentration of
inflammatory factors in mouse BALF

It is known that large amounts of macrophages exist in the alveoli,
which can affect pulmonary fibrosis by secretion of inflammatory factors
through paracrine mechanisms. To verify the effect of the CS ionic so-
lution on inflammatory factors secretion in the mouse model, we
collected the supernatant of mouse alveolar lavage fluid on day 7 and
day 21 after BLM modeling. Liquid-phase suspension chip technology
was used to screen the concentration of various inflammatory factors in
mouse BALF. Inflammatory factors in BALF can be divided into two
categories. One type is pro-inflammatory factors that promote inflam-
mation including TNFa, IL-6, G-CSF, MIP-1a and KC. The other type is
represented by IL-1a, which promotes the cell viability of fibroblasts and
the synthesis of collagen. The results showed that among the pro-
inflammatory factors, the concentration of TNF-o showed significant
difference between control and experimental groups. On day 7 and 21,
in the BLM + CS group and BLM+1/8CS group, the concentration of
inflammatory factor TNF-o was significantly lower than that in the BLM
+ PBS group (Fig. 5D). The concentration of other pro-inflammatory
factors also decreased significantly on day 7, but no significant differ-
ence on day 21 (Fig. 5E-H). In addition, on day 7, the concentration of
the pro-fibrotic inflammatory factor IL-lo in the BLM + CS group
(Fig. 5I) and the BLM+1/8CS group (Fig. 5I) was significantly lower
than that in the BLM + PBS group. The above results indicate that CS
ionic solution can inhibit the secretion of pro-inflammatory factors in
the early inflammation stage of the fibrosis process, reduce the inflam-
matory response, and thereby reduce fibrosis. At the same time, it may
inhibit the activity of fibroblasts by reducing the concentration of IL-1a.
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3.7. Regulation of naive T cells by the CS ionic solution

The differentiation of CD4" T cells is an important process of adap-
tive immunity involved in pulmonary fibrosis. CD4" T cells can differ-
entiate into different types of cells under different stimuli, including
TH1, TH2, TH17 and Treg. Among them, TH2 and TH17 can promote
pulmonary fibrosis, TH1 can counter the TH2 response to reduce pul-
monary fibrosis, and Treg can promote fibrosis in the early stage of
pulmonary fibrosis [2]. In order to further explore how CS ionic solution
is involved in immune regulation in pulmonary fibrosis, we compared
the direct stimulation of CS ionic solution and indirect stimulation by CS
stimulated macrophages to explore its regulatory effect on Naive T cell
differentiation.

The results showed that the CS ionic solution can indirectly inhibit
the differentiation of Naive T cells into Treg through macrophages,
while no direct stimulation on Naive T cell differentiation was observed
(Fig. 6A). It is clear to see that the proportion of Treg cells in the indirect
stimulation group (CM-1/32 and CM-1/128CS) was significantly lower
than that in the CM group. However, in direct culture group with CS
ionic solution no significant difference in Treg numbers was observed
(Fig. 6B and C). In addition, we found that the direct and indirect
stimulation of CS ionic solution had no effect on the differentiation of
Th1 and Th17 cells (Fig. S8). Further animal experiments also confirmed
above observation. In the animal model of pulmonary fibrosis, the Treg
cells in BALF were sorted by flow cytometry on day 7 after BLM
modeling. It is found that the proportion of mouse Treg in the BLM+1/
8CS group to CD4 " T cells was significantly reduced as compared to the
BLM + PBS group (Fig. 6D). However, on day 21, the proportion of Treg
cells in the BLM+1/8CS and BLM + CS groups was not significantly
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different from the BLM + PBS group. This indicates that CS ionic solu-
tion may directly act on macrophages in the early stage of pulmonary
fibrosis, which indirectly inhibit Treg differentiation to achieve immune
regulation and reduce pulmonary fibrosis.

3.8. The ion concentration of the CS ionic solution

In order to determine the effective concentration of $i03~ ions in the
CS ionic solution, we further measured the ion concentration of the
solution by ICP-AES. It can be found that the concentration of Si03~ ions
extracted by DMEM culture medium is 114.6 pg/mL, and that extracted
by PBS buffer saline is 157.6 pg/mL (Table S1). Based on this result, the
bioactive concentration of SiO3 ™~ ions in the CS ionic solutions for in vivo
experiments is 19.7-157.6 pg/mL, and for in vitro experiments is
3.58-14.3 pg/mL. The highest bioactive ion concentrations in vivo were
about between 10 times higher than that in vitro.

4. Discussion

Pulmonary fibrosis is a progressive fatal lung disease without effec-
tive therapeutic drugs, and it is urgent to develop new therapies [10].
Inspired by the bioactivity of SiO3~ ions derived from silicate bio-
ceramics in regulating activities of different type of cells such as
tissue-specific endothelial and epithelial cells, stem cells and immune
cells [19,39,40] and enhancing soft tissue regeneration [20,41], we
speculate that the CS ionic solution containing silicate ions may have a
regulatory effect on the alveolar epithelium and its local immune
microenvironment, which might be beneficial to repair the lung injury
and inhibit pulmonary fibrosis. Our experimental results confirmed this
hypothesis that the CS ionic solution in certain concentration range
indeed significantly inhibited the progress of acute inflammation and

pulmonary fibrosis of lung tissue induced by BLM. More interestingly,
we found that the treatment of CS ionic solutions significantly reduced
BLM animal mortality. In our previous work, it was found that the CS
ionic solution did not have any acute toxicity to healthy mice within 28
days (intravenous administration). Since we applied CS ionic solution by
inhalation, when the ionic solution enters the lung, it may further enter
the blood circulation through the capillaries [42]. According to our
previous research, after entering the blood circulation, the silicate ions
will be excreted in the form of urine and will not accumulate in heart,
lungs, liver, and kidneys [19]. In this study, compared with the control
group, the mortality of pulmonary fibrosis mice decreased from 76.92%
to 47.83%, while the mortality of healthy mice was 0% (tracheal inha-
lation administration). Although the method of CS solution adminis-
tration in this study is different as that in our previous study for cardiac
tissue repair, our results confirmed the safety of the CS ion solution in
the concentration range from original extracts to 1/8 dilution.
Furthermore, in our previous studies we have found that the bioactivity
of silicate ions is often in a broad concentration range [19,32]. In the
present study, we have indeed found that cell responses are concentra-
tion dependent and for different cell types the bioactive concentration
ranges are different, such as for A549 cells the bioactive range is 1/8 to
1/64 dilutions, and for Beas-2B cells are 1/8 to 1/32 dilutions.
Considering the different environments, the in vivo bioactive concen-
tration range could be significantly different as compared to the in vitro
situation. In our in vivo experiments, we first selected two concentra-
tions and found that no significant difference in the therapeutic effects of
the two solution concentrations. This result suggests that 1/8 dilution
already reaches the maximal bioactive concentration for in vivo situa-
tion, but the minimal bioactive concentration is still unknown, and
needs to be evaluated in future.

Alveolar epithelial cell injury, abnormal activation of macrophages
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and cell viability of fibroblasts are important pathological mechanisms
of pulmonary fibrosis [43]. In recent years, basic research on the
treatment of pulmonary fibrosis is mainly focusing on the regulation of
fibroblast cell viability and extracellular matrix secretion [44,45], while
less attention is paid on alveolar epithelial cell injury, which is however
an important step in the initiation of pulmonary fibrosis. Our previous
studies have shown that the ionic solutions of silicate bioceramics can
significantly stimulate the cell viability and migration of human um-
bilical vein endothelial cells and skin epidermal cells, enhance the ac-
tivity of epidermal cells and promote the repair of skin damage [21].
Therefore, we think that the alveolar epithelial cell injury may be
considered as a target for preventing lung fibrosis, and our hypothesis is
that the SiO%~ released from bioactive silicate bioceramics may activate
alveolar epithelial cells (A549) and bronchial epithelial cells (Beas-2B)
to repair lung injury. To verify our hypothesis, we explored the effects of
CS ionic solution on A549 and Beas-2B cells, and confirmed that
1/8-1/32 dilutions of CS ionic solution indeed effectively promoted the
cell viability and migration of A549 and Beas-2B, while fibroblasts
(MRC-5) cell viability was not affected by CS ionic solutions within this
concentration range. In our previous work, we have noticed the selective
effects of CS ionic solutions on different cells and cellular functions, and
the effects are time dependent [32,38]. We found that the viability of
human dermal fibroblasts was greatly improved after 7 days of treat-
ment with CS ionic solution [46]. In this study, we did not observe
stimulatory effect on MRC-5 cell viability probably due to insufficient
treatment time, because primarily we considered to evaluate the
early-stage effect and treated cells with CS solutions only for 48 h, but
the observed result for 48 h is in consistence with a study of the CS
solutions on the viability of human periodontal ligament fibroblasts for
same culturing time [47].

Indeed, we found in this study that the CS ionic solution inhibited the
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overexpression of collagen in vivo, but it is not clear whether MRC-5
expressed low level collagen, or the expression of enzymes such as
MMPs for collagen degradation was up-regulated. A previous study has
shown that silica nanoparticles can up-regulate matrix metal-
loproteinases (MMPs) and down-regulate tissue inhibitors of MMPs
(TIMPs) to promote collagen degradation and inhibit liver fibrosis [48].
Therefore, one possible effect of the CS ion solution might also be the
regulation of MMPs and TIMPs expression. Furthermore, previous
studies revealed that silica nanoparticles can activate some signaling
pathways on epithelia cells, but not fibroblasts. It is found that the
pulmonary epithelial cells are activated by silica nanoparticles through
regulating the ERK pathway [49], but not MRC-5 [50]. Some studies also
revealed that silica nanoparticles may be degraded by release Si ions
[51]. Therefore, it is possible that the CS ionic solutions may also acti-
vate epithelia cells such as A549 and Beas-2B through the ERK pathway.

In addition to the alveolar epithelial cell injury, it is known that
changes in the local immune microenvironment of lung tissue can affect
the process of pulmonary fibrosis [52]. In the early stage of
BLM-induced pulmonary fibrosis, BLM caused AEC2 damage and
inflammation, which activated an immune response dominated by
macrophages. This leads to the accumulation of large number of im-
mune cells such as neutrophils, macrophages and T lymphocytes in the
lung interstitium and alveolar cavity, which participate in the process of
alveolar epithelial injury and lung fibrosis [53]. In the present study, we
found that the CS ionic solution significantly reduced the number of
macrophages as well as other types of inflammatory cells, including T
cells (CD8™' and CD4™) and neutrophils in bronchoalveolar lavage fluid
(BALF). In order to further explore the immunomodulatory effect of CS
ionic solution, we investigated the secretion of the inflammatory factors
in BALF, and found that CS and 1/8CS ionic solution treatment indeed
reduced the concentration of TNF-a, MIP-1q, IL-6, KC, G-CSF and IL-1a.
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Among these inflammatory factors, TNF-a, MIP-1a, IL-6, KC and G-CSF
can promote the differentiation and maturation of monocytes and neu-
trophils, be accumulated in lung tissue by chemotaxis and aggravate
lung injury and fibrosis in the process of lung fibrosis [54], while IL-1a
can directly act on fibroblasts to promote their cell viability and collagen
synthesis [55]. Our previous study has shown that ionic solution of sil-
icate bioceramics may reduce the expression of some inflammatory
factors such as TNF-o, MIP-1a, IL-6 and IL-1f, and possible mecha-
nisms might be related to the enhanced macrophage apoptosis and in-
hibition of macrophages to express these factors [54]. Therefore, it can
be speculated that one of the main explanations for the immunoregu-
latory effect of the CS ionic solution might be the regulation of macro-
phages, stimulation of cell apoptosis and inhibition of the secretion of
various inflammatory factors, which resulted in the decrease of total
inflammatory cells. Interestingly, although these inflammatory indexes
decreased significantly on day 21, the ALI scores representing early
pathological changes did not decrease significantly. This may be due to
the reason that pulmonary fibrosis process involves cellular interactions
via a complex cytokine-signaling mechanism with different inflamma-
tory and pathological changes [56]. Our previous studies have shown
that the CS ionic solution may stimulate different type of cells slowly in
some wound repair situation [19,27]. Therefore, we assume that CS
ionic solution might act not as fast as biomolecules and need more time
to affect all the fibrosis related parameters. However, further studies are
required to confirm this assumption.

Another possible explanation of the immunomodulation mechanism
of the CS ionic solution on pulmonary fibrosis might be the inhibitory
effect of CS ionic solution on TNFa expression and the differentiation of
naive T-cell to Treg cells. Studies have shown that TNFa can significantly
promote the differentiation and cell viability of Treg cells [57,58], and
the increase of Treg in the early inflammatory phase will promote
BLM-induced pulmonary fibrosis. In the early inflammation stage,
adoptive transfer of Treg cells to fibrosis model mice also aggravates
lung fibrosis [59]. In contrast, the use of monoclonal antibodies to
eliminate Treg can reduce BLM-induced pulmonary fibrosis [60].
Furthermore, the reduction of Treg cells may inhibit Th2 related im-
mune response and reduce fibrosis [59]. Our in vivo experimental
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results showed that, after CS ionic solution treatment, the concentration
of TNFa was significantly reduced. The results of in vitro experiments
also show that CS ionic solution reduced the TNF-a concentration and
the number of Treg cells. Therefore, we speculate that the CS ionic so-
lution inhibits the differentiation of T cells into Tregs by inhibiting
TNF-a secretion of macrophages.

It is worth to indicate that, most clinically used drugs for lung fibrosis
treatment are focusing on one target, either regulating the function of
alveolar epithelial cells IT (AEC2) for reducing the damage, or regulating
macrophages to reduce inflammation. The ionic solution treatment
strategy used in this study demonstrates that the CS ionic solution
simultaneously regulates two type of key cells such as alveolar epithelial
cells and immune cells such as macrophages in the development of
pulmonary fibrosis. It not only promotes the cell viability and migration
of AEC2 required for repair of damaged tissue, but also inhibits the pro-
fibrotic inflammatory factors secreted by macrophages. Our results
indicate that this bioactive ion-based therapy might affect multiple
signaling pathways and systematically regulate the fibrosis process, but
more studies required to confirm this assumption.

In summary, lung injury is the initiating factor of pulmonary fibrosis.
Our results suggest that the CS ionic solution inhibits pulmonary fibrosis
possibly through the following ways (Fig. 7). First, bioactive ions
directly act on AEC2 to promote its cell viability and migration, thereby
promoting the repair of lung injury. Secondly, the bioactive ions of CS
ionic solution affect macrophages and inhibit the secretion of inflam-
matory factors such as TNF-a, and indirectly inhibit Treg differentiation
and cell viability through macrophage regulation, thereby reducing the
number of inflammatory cells such as neutrophils and monocytes in lung
tissue, which results in the reduced lung damage.

5. Conclusions

This study demonstrated a novel treatment of pulmonary fibrosis
based on ion therapy using bioactive ionic solution derived from silicate
bioceramics. The bioactive ionic solution regulated the pulmonary
fibrosis process through two pathways, one is the stimulation of alveolar
epithelial cells to repair damaged lung tissue, and the other is the
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regulation immune cells such as macrophages to inhibit inflammatory
factor secretion and reduce the number of inflammatory cells such as
neutrophils and monocytes in lung tissue and reduce the lung injury.
This finding suggests that bioactive ions derived from silicate bio-
ceramics might have a multi-pathway activation function and the
approach of ion therapy might be an effective method for the treatment
of pulmonary fibrosis.
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