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Background: Silicosis is a severe pulmonary disease caused by inhaling dust containing crystalline silica. The progression of silicosis
to pulmonary fibrosis is usually unavoidable. Recent studies have revealed positivity for the overexpression of C-X-C chemokine
receptor type 4 (CXCR4) in pulmonary fibrosis and shown that the CXCR4 inhibitor AMD3100 attenuated pulmonary fibrosis after
bleomycin challenge and paraquat exposure. However, it is unclear whether AMD3100 reduces crystalline silica-induced pulmonary
fibrosis.

Methods: C57BL/6 male mice were instilled intranasally with a single dose of crystalline silica (12 mg/60 pL) to establish an acute
silicosis mouse model. Twelve hours later, the mice were injected intraperitoneally with 5 mg/kg AMD3100 or control solution. Then,
the mice were weighed daily and sacrificed on day 7, 14, or 28 to collect lung tissue and peripheral blood. Western blotting was also
applied to determine the level of CXCR4, while different histological techniques were used to assess pulmonary inflammation and
fibrosis. In addition, the level of B cells in peripheral blood was measured by flow cytometry.

Results: CXCR4 and its ligand CXCL12 were upregulated in the lung tissues of crystalline silica-exposed mice. Blocking CXCR4
with AMD3100 suppressed the upregulation of CXCR4/CXCL12, reduced the severity of lung injury, and prevented weight loss. It
also inhibited neutrophil infiltration at inflammatory sites and neutrophil extracellular trap formation, as well as reduced B-lymphocyte
aggregates in the lung. Additionally, it decreased the recruitment of circulating fibrocytes (CD45 collagen I'CXCR4") to the lung and
the deposition of collagen I and a-smooth muscle actin in lung tissue. AMD3100 also increased the level of B cells in peripheral blood,
preventing circulating B cells from migrating to the injured lungs.

Conclusion: Blocking CXCR4 with AMD3100 delays pulmonary inflammation and fibrosis in a silicosis mouse model, suggesting
the potential of AMD3100 as a drug for treating silicosis.
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Introduction
The inhalation of dust containing crystalline silica (CS) can cause incurable silicosis with irreversible pulmonary fibrosis,
and thousands of people worldwide die from CS-induced silicosis every year.' Unfortunately, fatal CS exposure in
industrial workers is increasing,® but treatments for silicosis are still limited because the pathogenesis is complex.
Therefore, defining the molecular pathogenesis of silicosis would aid the development of efficient therapeutic approaches
to prevent inflammation and fibrosis.

C-X-C chemokine receptor type 4 (CXCR4) is a seven-transmembrane G protein-coupled receptor that plays a crucial
role in maintaining lung homeostatic. Overexpression of CXCR4 is associated with early mortality in patients with
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idiopathic pulmonary fibrosis (IPF).* CXCR4 can be downregulated by small-molecule antagonists, including
AMD3100, AMDO070, and BL-8040.7° The FDA has approved AMD3100 for treating HIV-1 infection and mobilizing
hematopoietic stem cells.” In addition, AMD3100 has recently been shown to reduce pulmonary fibrosis after exposure to
bleomycin (BLM) and paraquat.® This background prompted an examination of the use of AMD3100 for treating
silicosis.

CXCR4 and its ligand CXCL12 promote inflammation and fibrosis in the lung.'®'" They regulate the migration of
bone marrow-derived cells to the lung in pulmonary diseases.'”'* They also recruit circulating fibrocytes (CFs) to the
lung, which release extracellular matrix proteins, collagen I, and transforming growth factor f1 (TGF-B1) to promote the
proliferation of fibroblasts and their differentiation into myofibroblasts, thereby promoting pulmonary fibrosis.'>"'” In
addition, CXCL12/CXCR4 regulates the immune response and attracts neutrophils, T cells, B lymphocytes, monocytes,
and dendritic cells.'® Neutrophils produce enzymes that release damage mediators, such as reactive oxygen species and
myeloperoxidase (MPO), and form neutrophil extracellular traps (NETs). NETs induce DNA injury, delay healing,
promote scar formation, and promote the differentiation of fibroblasts into myofibroblasts during lung fibrosis.'*° In
addition, CXCR4 signaling affects the migration, retention, maturity, and survival of B cells.?'*? The expression of
CXCR4 promotes B-cell survival under hypoxic conditions, and an inhibitor of hypoxia-inducible factor (HIF) down-
regulates CXCR4 and further decreases the number of B cells.?! Moreover, B cells secrete proinflammatory and
profibrotic proteins in fibrotic disease, which promote fibroblast migration and activation.”*** Besides, IL-10-producing
regulatory B cells (B 10) were found to inhibit Thl reaction and modulate Th balance, alleviating pulmonary inflamma-
tion and promoting fibrosis in silicosis mice.”> These findings suggest that CXCR4 promotes pulmonary fibrosis by
regulating multiple cells and that it may represent a suitable target for treating silicosis with fibrosis.

However, to the best of our knowledge, no studies have investigated the role of CXCR4 in the pathology of silicosis
and its suitability as a therapeutic target. Therefore, the present study was established to examine whether CXCR4 affects
silicosis progression and whether the CXCR4 inhibitor AMD3100 alleviates pulmonary inflammation and fibrosis after

CS exposure in a mouse model.

Materials and Methods

Animals and Treatments

Male C57BL/6 mice (10-12 weeks) were purchased from Changzhou Cavion Experimental Animal Co., Ltd. [license
No. SCXY (Su) 20110003]. All mice were given food and water at a temperature of 23°C £ 1°C and humidity of 50%,
under a 12-h light-dark cycle (lights on 8:00 a.m. until 8:00 p.m.). All procedures followed the Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 8023, revised 1978) and were approved by the Institutional Animal
Care and Ethics Committee of Anhui University of Science and Technology.

After acclimation for 2 weeks, all mice were randomly separated into three groups: a control group (n = 21), a silica
group (CS group) (n = 21), and a treatment group (AMD3100 group) (n = 21). At 8:00 p.m., the mice were intranasally
instilled with CS (12 mg/60 pL) diluted in PBS (silica and treatment groups) or with PBS (control group). Twelve hours
later (the next day at 8:00 a.m.), the mice in the treatment group were injected with AMD3100 (HY50912, MCE, 5 mg/
kg, i.p.) dissolved in PBS daily for 1 week, while the control group and the silica group underwent daily injection of PBS
for 1-7 days. The specific dose of AMD3100 was based on published papers and company recommendations.’'* Since
AMD?3100 has been used in preclinical and clinical studies, we did not establish an AMD3100-only group.”® Seven mice
were sacrificed for analysis on each of days 7, 14, and 28. The mice were weighed every day.

Antibodies

For immunohistochemical (IHC) staining, we used the following primary antibodies: collagen type I (14695-1-AP,
Proteintech), CXCL12 (17402-1-AP, Proteintech), a-smooth muscle actin (a-SMA, ab124964, Abcam), MPO (ab9535,
Abcam), CXCR4 (ab1670, Abcam), Ki67 (ab15580, Abcam), and CD45R (sc19597, Santa Cruz Biotechnology). The
secondary antibodies included horseradish peroxidase (HRP)-conjugated donkey anti-goat IgG H&L (ab6885, Abcam),
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alkaline phosphatase (AP)-conjugated donkey anti-rabbit IgG H&L (ab6803, Abcam), HRP-conjugated goat anti-rabbit
IgG H&L (ab6721, Abcam), and HRP-conjugated rabbit anti-rat IgG H&L (ab6734, Abcam).

CXCR4 (sc-53534, Santa Cruz Biotechnology) and GAPDH (10494-1-AP, Proteintech) were used for Western
blotting. In addition, HRP-conjugated goat anti-mouse IgG (SA00001-1, Proteintech) and HRP-conjugated goat anti-
rabbit IgG H&L (ab6721, Abcam) were used as the secondary antibodies.

For immunofluorescence (IF) staining, we used the following primary antibodies: CD45R (sc19597, Santa Cruz
Biotechnology), myeloperoxidase (sc-390109, Santa Cruz Biotechnology), histone H3 (citrulline R2+R8+R17) (ab5103,
Abcam), CXCR4 (ab1670, Abcam), Ki67 (ab15580, Abcam), collagen I (14695-1-AP, Proteintech), CD45 (60287-1-1g,
Proteintech), pro-SPC (ab211326, Abcam), and CD3 (17617-1-AP, Proteintech). The secondary antibodies were: FITC-
TSA (GB22401, Servicebio), CY3-TSA (GB21404, Servicebio), CY5-TSA (GB23303, Servicebio), Alexa Fluor 488-
conjugated anti-rat 1gG H&L (4416S, Cell Signaling), and Alexa Fluor 594-conjugated goat anti-rabbit (AS039,
Abclonal).

For flow cytometry, we used FITC-conjugated anti-CD3 (100204, Biolegend) and PerCP-Cy5.5-conjugated CD19
(12478, BD Biosciences) antibodies.

Flow Cytometry

Peripheral blood was obtained from the orbital sinus of anesthetized mice. Mononuclear cells were isolated from
peripheral blood using erythrocyte lysate. FITC-conjugated anti-CD3 (Biolegend) and PerCP-Cy5.5-conjugated CD19
(BD Biosciences) antibodies were used to label B cells. For labeling, 10° cells were incubated with antibodies at 4°C for
1 h, washed twice, and centrifuged (1000 rpm, 10 min, 4°C). Labeled cells were analyzed on a FACSCanto II flow
cytometer using Cell QuestPro acquisition software. In addition, data were analyzed using FlowJo 7.6.1 software.

Histopathological Staining

The left lobes of the lungs were harvested, fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned into 4-pm
slices. The slices were heated at 60°C for 3 h, dewaxed with xylene, rehydrated through a graded alcohol series, and
washed with ddH,0O. Hematoxylin and eosin (HE) staining and Masson’s trichrome staining were used to determine the
pathological score and assess fibrosis.

Immunohistochemical Staining

For THC staining, sections were boiled in antigen retrieval buffer for 20 min and endogenous peroxidases were blocked in
3% H,0O, for 15 min. Tissue sections were then blocked in 5% BSA for 1 h at room temperature (RT) to prevent
nonspecific binding, followed by incubation at 4°C overnight with primary antibodies. After rewarming for 30 min, the
sections were washed with PBS and incubated with HRP-conjugated secondary antibodies for 1 h at RT. The sections
were then stained with AP substrate (Vector Laboratories, SK-5105) or DAB (Vector Laboratories, SK-4103) and
counterstained with HE. Isotype control was included as a negative control. Photos were acquired with a BX50
microscope (Olympus, Tokyo, Japan). IHC images were analyzed using Image-Pro Plus 6.0 software. The pulmonary
fibrosis and pathology scores were calculated using the Ashcroft scale and Roderick J. criteria.?”*® Under blinded
conditions, slides were analyzed and five fields at 400x magnification was randomly chosen to determine pathological
scores.

Immunofluorescence Staining

For immunofluorescence staining, slides were heated and deparaffinized as described above. They were then permeabi-
lized with 0.3% Triton X-100 in PBS (PBST) for 1 h at RT before incubation with primary antibodies overnight at 4°C in
the dark. After three washes in PBST for 5 min each, sections were incubated with Alexa Fluor 488-conjugated anti-rat
IgG (H+L) and Alexa Fluor 594-conjugated donkey anti-rabbit secondary antibodies for 1 h at RT. After three washes
with PBST, the nuclei were stained with DAPI (1002, Beyotime Biotechnology) for 10 min. Tissue sections were imaged
using a laser scanning confocal microscope (FV3000, Olympus). CFs were labeled by triple immunofluorescence using
primary antibodies against CD45, collagen I, and CXCR4. After incubation with primary antibodies at 4°C overnight, the
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secondary antibody was added (FITC-TSA, CY3-TSA, or CY5-TSA). Immunofluorescence sections were visualized
using MIDI:3Dhistech (Pannoramic).

Western Blotting

Total protein was isolated from lung tissue in RIPA buffer (PO013B; Beyotime Biotechnology). Protein concentration
was determined using a bicinchoninic acid protein assay kit. Proteins were separated by SDS-PAGE and then transferred
onto polyvinylidene fluoride membranes. Membranes were blocked with 5% non-fat milk and incubated with anti-
CXCR4 antibody (overnight, 4°C). After washing in TBST, the membranes were incubated in secondary antibodies (1 h,
RT). Protein bands were detected under an Amersham ImageQuant 800 and bands were analyzed using Image J.
Experiments were repeated three times.

Statistical Analysis

Data were analyzed using IBM SPSS Statistics. Graphs were created using GraphPad Prism 5.0. Results are presented as
mean + standard error of the mean. The significance of differences between groups was tested using one-way analysis of
variance (ANOVA), and least significant difference (LSD)was used to compare the differences between groups when data
was homogeneous. The significance of differences between groups was also analyzed using unpaired t-tests. Weight loss
was analyzed using two-way repeated measures ANOVA, followed by Bonferroni post hoc test. p < 0.05 was considered
to indicate statistical significance.

Results
CXCLI12/CXCR4 Expression is Upregulated in the Mouse Lung and Lung Architecture
is Damaged After CS Exposure

Twenty-eight days after exposure to CS, the lung parenchyma was infiltrated by inflammatory cells such as neutrophils,
macrophages, and lymphocytes. This infiltration damaged the alveolar architecture. Fibrous masses, lymphoid clusters,
silicotic nodules, and thickening of the bronchiolar wall were also observed. No changes were observed in the lung tissue
of control mice (Figure 1A). Concomitant with these changes, CXCL12 and CXCR4 expression increased in the lung
after CS exposure (Figure 1B). The bar graph showed that the CXCL12/CXCR4 expression elevated significantly in the
CS group (p < 0.001, Figure 1C and D). There were also more CXCR4" cells in the lung tissue of CS mice, including
MPO" neutrophils, pro-SPC" epithelial cells, and CD45R" lymphocytes, as revealed by double-immunofluorescence
staining (Supplemental Figure 1).

Blocking CXCR4 Reduces Lung Injury and Weight Loss After CS Exposure

CS exposure damaged the lung architecture and significantly reduced our mouse model’s body weight. To determine
whether blocking CXCR4 can reduce CS-induced lung injury and weight loss, we treated mice with the CXCR4 inhibitor
AMD3100. The experimental scheme was shown in Figure 2A. AMD3100 significantly reduced inflammatory cell
infiltration and alveolar wall thickening at 7 and 14 days after CS exposure and delayed nodule formation (Figure 2B).
These histological findings were confirmed by a lower pathology score in the AMD3100 group than in the CS group on
days 7, 14, and 28 (p < 0.001, p <0.001, p <0.001, CS group vs control group; p < 0.01, p<0.01, p <0.01, CS group vs
AMD3100 group, Figure 2C). Silicosis mice lost more than 20% of their body weight by day 4, and this weight loss
remained until day 28 (p < 0.01), but the body weight of mice treated with AMD3100 gradually recovered and returned
to its original level by day 28 (p < 0.01, Figure 2D).

In addition, serial sections from the same lung tissue were stained for CXCR4 and CXCL12 separately. [HC staining
showed that CXCR4" and CXCL12" cells were increased in number in the lung 28 days after CS exposure. Interestingly,
CXCR4" cells were located at the periphery of fibrotic regions, while CXCL12" cells were found in their center
(Figure 3A). Furthermore, the CXCR4" cells included CD45R" B lymphocytes, MPO" neutrophils, and pro-SPC*
alveolar epithelial type II cells (Supplemental Figure 1). [HC staining also showed that AMD3100 significantly reduced
the CXCR4 (p < 0.01) and CXCL12 (p < 0.05) expression in lung tissues (Figure 3B). Finally, Western blotting
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Figure | Silica particles induced pathological changes and increased CXCL12/CXCR4 expression in the mouse lung. (A) Represent histological sections of mouse lung on
day 28 in CS-exposed group versa control one. Mice were administrated intranasally with 12 mg CS in 60 uL PBS and 60 uL PBS as the vehicle control. The low magnification
(40%) of CS-exposed lung showed extensive silica nodule formation compared with the control in upper images. The large magnification (200%) showed lung architecture is
normal in the control group (N=6), and the CS group (N=6) showed obvious trachea and alveolar wall thickening, inflammatory cells infiltration, and the formation of
silicotic nodules in the middle images. Arrows indicate lymphoid clusters. Asterisk indicates reactive inflammatory cells. Pound signs indicate silicotic nodules. The bottom
images showed crystalline silica under a polarizing light microscope. White arrows indicate CS. (B) The expressions of CXCLI12/CXCR4 in the lung were assessed after CS
exposure by immunohistochemistry staining. The quantitative analyses of CXCLI2 (C) and CXCR4 (D) expression in the lung were shown. IOD: integrated optical density.
Scale bar: 50 ym. **P < 0.001 vs the control group.

confirmed that AMD3100 dramatically reduced CXCR4 expression in the lungs on day 7 (p < 0.05) after CS exposure
(Figure 3C). These results suggest that inhibiting CXCR4 with AMD3100 effectively reduced CXCR4/CXCL12
expression and prevented CS-induced changes in lung architecture and weight in mice.

Blocking CXCR4 Reduces MPO Expression and NET Release in Lung Tissue After CS

Exposure

Neutrophils secrete MPO, which can be used as a marker to determine the number of neutrophils in lung tissue.*” In this
study, MPO staining revealed that the number of neutrophils increased on days 7, 14, and 28 in the CS group (p < 0.001,
p < 0.01, p < 0.001, respectively) and that neutrophils were distributed throughout the lung tissue and that they
accumulated around the trachea and in the center of silicotic nodules. IHC staining of MPO also showed that
AMD3100 reduced neutrophil infiltration in lung tissue 7, 14, and 28 days after CS exposure (p < 0.01, p < 0.05, p <
0.01, respectively). Meanwhile, MPO expression was low in control lung tissue (Figure 4A and B).

We also performed citH3 IF to stain NETs and found that NETs formed in lung tissue after CS exposure, but that
AMD3100 reduced the number of NETs 28 days after CS exposure (Figure 4C and D). These results suggest that
AMD?3100 reduces neutrophil infiltration and NET formation in lung tissue after CS exposure in mice, which may
alleviate pulmonary inflammation and fibrosis.

Journal of Inflammation Research 2022:15 hetps: 5831

Dove:


https://www.dovepress.com
https://www.dovepress.com

Sun et al Dove
A pBs(60pl)
i i i f AMD31 k PB
CS(12mg/60yl) by i.n i.p adminstration o 3100 (5mg/kg) or PBS
| 12 h I I ] |
0 12 3456% 1T4 2T8 Study Day
sacrificed, collect: lung, blood
B con cs+AMD3100 ©
64 [CJ Con [ CS [] CS+AMD3100

3:',‘9- : Kk

s = Kkk
~ Gl 8 4 —L L *#:*
> * -
8 S L8y > ## *k

ok t_om Kk
500um _8 24
©
[

29 0 T II T II T

o 7 14 | 28
A < Days posti.n
4l D
(] 10-

1
| £ -10-
o —
z & % \
5 2 20- % - Con (N=7)
() 3 >0 . et - CS (N=7)
S » CS+AMD3100 (N=7)

Figure 2 Blocking CXCR4 expression alleviated CS-induced lung injury and bodyweight loss. (A) 10—12 weeks C57BL/6 mice were randomly divided into three groups: the
control group (60 pL PBS), the CS group (12 mg in 60 pL PBS), and the CS+AMD3100 group. Mice in the CS+AMD3100 group were treated with the following step. 12 mg
CS in 60 uL PBS were instilled intranasally into the mouse 12 hours before AMD3100 treatment. Following CS exposure, AMD3100 (5 mg/kg) was injected intraperitoneally
once a day for a week. Mice were sacrificed on days 7,14 and 28. Samples were collected and analyzed. (B) Representative presentation of HE staining of the whole lung
tissue section on days 7, 14, and 28. (C) Quantitative analysis of pathological scores in the lung among three groups was presented. Scale bar: 500 um. N=4 per group. (D)
Bodyweight was measured daily for each group. Weight loss is significant in the CS group (red line) when compared with the control group (blue line), but CXCR4 antagonist
AMD3100 attenuated weight loss in the CS+AMD3100 group (green line), shown in the graph. N=7 per group. *p < 0.05, **p < 0.01, ***P < 0.001 vs the control group. *P <
0.05, #P < 0.01 vs the CS group.

Blocking CXCR4 Reduces B-Lymphoid Aggregate Formation in the Lung and Increases
B Cells in Peripheral Blood After CS Exposure in Mice

After CS exposure, HE staining of lung tissue revealed lymphoid aggregates (LAs) in the peribronchial regions.
AMD3100 treatment reduced the number and size of these LAs (Figure 5A). Next, we performed double staining of
CD3-positive T cells and CD45R-positive B cells and showed that LAs contained both B cells and T cells, but primarily
B cells, 28 days after CS exposure. The number of B cells was significantly lower in mice treated with AMD3100
(Figure 5B and C). We also showed that B cells produced collagen I in lung tissue after CS exposure, which was
deposited around the LAs (Figure 5D). In addition, B-LAs were close to the fibroblastic foci after CS treatment. These
findings show that inhibiting CXCR4 with AMD3100 reduces LA formation in lung tissue after CS exposure, which may
alleviate pulmonary fibrosis.
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Figure 3 AMD3100 effectively reduced CXCR4 and CXCLI2 expression in the silicotic lung. (A and B) Representative images show CXCR4 (upper) and CXCLI2
(bottom) expression in lung sections determined by immunohistochemical staining analysis on day 28. Red arrows indicate CXCR4" cells. Green arrows indicate CXCL12"
cells. DAB-labeled tissues were analyzed using Image-Pro Plus 6.0 software, as described in the material and methods. IOD: integrated optical density. Scale bar: 100 um. (C)
The expression of CXCR4 in the lungs was analyzed by Western blot on day 7. N=3 per group. *p < 0.01, *p < 0.001 vs the control group. “P < 0.05, P < 0.01 vs the CS
group.

Flow cytometry was used to measure the level of CD19" B cells in the blood. Figure 6A describes the gating strategy
for CD19" cells. The results showed that the proportion of peripheral B cells was significantly lower in the CS group than
in the control group 7 and 14 days after CS exposure (p < 0.05, p < 0.01). The proportion of B cells in peripheral blood
increased in the AMD3100 group 7 and 14 days after CS exposure (p < 0.05, p < 0.05, respectively). However, the
proportion of peripheral B cells was significantly higher in the CS group than in the other groups 28 days after CS
exposure. No significant changes were observed in the control group, and no differences were observed between the
control group and the AMD3100 group (Figure 6B and C).

We also quantified the number of proliferating B cells in the lungs using Ki67 and CD45R co-staining. Proliferating B
cells were not detected in lung tissue 7, 14, and 28 days after CS exposure in both CS and AMD3100 groups. Notably,
Ki67 staining was absent in the LAs, although some epithelial cells in the trachea and alveoli were positive for Ki67
(Supplemental Figure 2). These results show that AMD3100 increases the level of peripheral B cells and blocks the

migration of circulating B cells to lung tissue after CS exposure, but that it does not activate B-cell proliferation.
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Figure 5 Blocking CXCR4 reduced B-lymphoid aggregate (LA) formation and collagen-I secretion by B-cells in the lung tissue after CS exposure. (A) HE staining showed LA
formation 28 days after CS exposure; AMD3100 treatment reduced the number of LAs. Black arrows indicate LAs. (B) Double immunofluorescence analyses showed
CD45R (B cells, green) and CD3 (T cells, red) staining in the lung after CS exposure on days 7, 14, and 28. White asterisks indicate B cells; white arrows point to T cells. (C)
Quantitative analysis of CD45R* cells and CD3* cells/area (mm?) in the lung tissue was shown. (D) CD45R* cells were stained with DAB (brown), and collagen-I" cells were
colored with AP (red). The brown arrowhead indicates CD45R positive collagen-| negative cells, the red arrowhead indicates CD45R negative collagen-| positive cells, and
the yellow arrowhead indicates CD45R positive collagen-! positive cells. Scale bar: 100 pm (A), 50 um (B and D). **p < 0.001 vs control group. P < 0.05 vs CS group.

Blocking CXCR4 Improves Pulmonary Fibrosis in Silicosis Mice

To determine whether AMD3100 can prevent lung fibrosis, we observed collagen deposition by Masson staining. As
shown in Figure 7A, Masson staining revealed reduced collagen deposition in the lung of mice treated with AMD3100
compared with that in untreated mice. The Ashcroft score, which reflects the severity of fibrosis in lung tissue, was also
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Figure 6 AMD3100 up-regulated the level of CD19" (B cells) in the peripheral blood after CS-challenged. (A) The gating strategy was shown to identify CD19" (B cells) in
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presented. *p < 0.05, **p < 0.0 vs control group. "P < 0.05 vs CS group.

significantly different among the groups, indicating more severe fibrosis in the CS group than in the control groups on
days 7, 14, and 28 (p < 0.001, p < 0.001, p < 0.001, respectively, Figure 7B), but AMD3100 treatment reduced
pulmonary fibrosis scores in silicotic mice on days 7, 14, and 28 (p < 0.05, p < 0.01, p < 0.05, respectively, Figure 7B).

To further study the effect of AMD3100 on CS-induced fibrogenesis, we performed IHC staining for collagen I and a-
SMA in lung tissue 14 and 28 days after CS exposure (Figure 7C and D). We observed gradual increases in collagen I (p
< 0.05, p < 0.001) and a-SMA (p < 0.001, p < 0.01) expression after CS exposure, while this expression was mainly
detected in the fibrotic foci and silicotic nodules. In contrast, in control mice, collagen I and a-SMA expression was only
observed around the trachea and blood vessels. AMD3100 treatment markedly reduced these fibrotic lesions along with
collagen I and a-SMA expression. These results suggest that AMD3100 reduces the numbers of myofibroblasts (which
produce 0-SMA) and fibroblasts (which produce collagen I) in lung tissue after CS exposure, which may attenuate
pulmonary fibrosis.

Inhibiting CXCR4 Prevents the Migration of CFs to the Lung After CS Exposure
After tissue injury, CFs are recruited to the site of damage through the CXCL12/CXCR4 axis, where they participate in
tissue remodeling and promote fibrosis. We evaluated the recruitment of CFs to the lung after CS exposure by
immunofluorescent staining of CD45, collagen I, and CXCR4. Immunofluorescent staining showed that CFs infiltrated
the lung parenchyma after CS treatment and that AMD3100 treatment reduced this infiltration on days 7 and 28 (p <
0.001, p < 0.001, respectively, CS group vs AMD3100 group, Figure 8B). No CFs were found in the lung tissue of
control mice (Figure 8A and B). These results show that AMD3100 blocked the migration of CD45 /collagen I'/
CXCR4" CFs to the lung after CS exposure.

Discussion

In this study, blocking CXCR4 with AMD3100 reduced neutrophil retention, NET formation, and LA neogenesis in the
silicotic lung after CS exposure. AMD3100 also inhibited CF migration to lung tissue and delayed pulmonary fibrosis in
mice exposed to CS (Figure 9). Our findings suggest that CXCR4 may represent a molecular target for reducing silicosis

progression.
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AMD?3100 is an FDA-approved CXCR4 inhibitor that mobilizes hematopoietic stem cells for bone marrow
transplantation.®® In one recent study, it was speculated that AMD3100 might be suitable for treating silicosis,”' but
its therapeutic effect remains unknown even at the whole-animal level. In this study, we used AMD3100 to treat silicosis
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Figure 9 CXCR4 blocking reduced pulmonary fibrosis in silicosis mice. CXCR4 and its ligand CXCLI12 expression were up-regulated in silicosis mice, through which the
CFs, neutrophils, and circulating B cells were recruited in the silicotic lung. After recruiting pro-inflammatory and pro-fibrotic cells traffic into the silicotic lung, CFs
differentiated into fibroblasts, and further formed fibroblastic foci; B cells formed lymphoid aggregates and secreted collagen. In addition, neutrophils accumulated and
released myeloperoxidase, forming neutrophil extracellular traps (NETs) in the inflammatory sites, and then NETs activated myofibroblasts to promote lung fibrosis.
AMD3100 inhibited CXCR4 expression, which delayed the progression of pulmonary fibrosis by blocking the recruitment of multiple CXCR4 positive cells in silicosis mice.

mice and found that inhibiting CXCR4 ameliorated CS-induced weight loss and lung injury. We next noted that the
CXCL12/CXCR4 axis is the critical signal promoting the formation of silicotic nodules. We also found that CXCR4- and
CXCL12-positive cells are located at the periphery and center of silicotic nodules, respectively. A previous study
confirmed that CXCR4-positive cells (fibroblasts, epithelial cells, etc.) migrated and were recruited along CXCL12
gradients.** Therefore, the distribution of CXCR4/CXCL12-positive cells contributes to the formation of fibroblast foci
and the exacerbation of pulmonary fibrosis in silicosis. Against this background, we next focused on the fate of CXCR4-
positive immune cells (neutrophils, B cells, fibrocytes) after AMD3100 treatment in silicosis.

The accumulation of neutrophils in lung tissue is associated with CS-induced pulmonary inflammation. The CXCL12/
CXCR#4 axis is involved in the migration of neutrophils in acute lung injury.>> We showed that CS exposure increases
neutrophil infiltration into the lung, but inhibiting CXCR4 with AMD3100 reduces this infiltration. Once CS is inhaled
into lung tissue, neutrophils are quickly recruited into lung tissue and are further sustained by positive inflammatory
feedback loops. Neutrophils eliminate invading molecules and repair damaged tissues,>* but an excess of neutrophils can
induce pulmonary inflammation and fibrosis. Controlling neutrophil numbers via apoptosis can alleviate tissue injury.*
Neutrophils secrete MPO to delay their own apoptosis and promote their accumulation through the ERK and Akt
pathways.***” We showed that MPO expression is upregulated in lung tissue after CS exposure and that this CS-induced
upregulation is reversed by AMD3100 treatment. This suggests that blocking CXCR4 can reduce the accumulation of
neutrophils in lung tissue by promoting neutrophil apoptosis. However, AMD3100 treatment did not stop neutrophil
migration to inflammatory sites in an acute peritonitis model.*® This might be explained by differences in experimental
procedures, drug administration, and sampling time points. Therefore, studying how AMD3100 affects neutrophil
dynamics in CS-induced fibrosis would be worthwhile.

Neutrophils, as inflammatory cells, play a pro-fibrotic role in silicosis, as demonstrated by this study. We found that
AMD3100 reduced NET formation in lung tissue after CS exposure. NETs are formed when activated neutrophils release
DNA and antimicrobial proteins like neutrophil elastase into the extracellular environment to trap pathogens.*® In
agreement with our finding that CS induces NET formation, NETs were found to be increased in lipopolysaccharide-
injured mouse lungs. Other in vitro studies support our results by showing that NETs are formed in response to sterile
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inflammation. In addition, NETs were reported to induce epithelial and endothelial cell death and cause lung destruction,-
40 promoting the activation of fibroblasts and their differentiation into myofibroblasts, which can contribute to pulmonary
fibrosis.”**! Therefore, neutrophils play pro-inflammatory and pro-fibrotic roles in silicosis.

Although the role of B cells in silicosis is poorly understood, they have been implicated in several lung fibrosis
diseases. For example, B-cell recruitment in lung tissue was shown to promote the progression of pulmonary fibrosis
after BLM challenge.*” It was also shown that antifibrotics alleviated fibrosis by inhibiting B-cell activation and B-cell-
mediated migration of pulmonary fibroblasts in patients with IPF.** Moreover, regulatory B cells were shown to produce
IL-10, promoting inflammation in vitro after CS challenge.** We also showed that CXCL12/CXCR4-recruited B cells are
involved in the pathogenesis of CS-induced pulmonary fibrosis. LAs have been reported in peribronchial regions in IPF
patients and lupus-prone mice with acute silicosis.***> The number, size, and distribution sites of these LAs were found
to be significantly related to the severity of pulmonary fibrosis.*>*® In agreement with this, we observed LAs near the
bronchi and lymphatic vessels of mice exposed to CS and showed that these LAs were significantly reduced in number
and size by AMD3100 treatment. These LAs were composed predominantly of B cells, which implicates B cells in the
pathogenesis of silicosis and suggests that they may be a suitable target for effective fibrosis treatment. Notably,
AMD3100 mobilized B cells from the bone marrow to the peripheral blood, increasing the number of circulating B
cells in mice.*” We showed that more B cells migrated to the lung from the peripheral blood after CS exposure and that
AMD3100 inhibited this. These findings suggest that AMD3100 inhibits the migration of circulating B cells to the lung
via the CXCL12/CXCR4 axis.

We also observed that B cells accumulating in the lung after CS exposure did not express the proliferation marker
Ki67. This is consistent with the findings of Cargnoni et al and Xue et al in BLM-injured and IPF lung tissues.**** These
results indicate that inhibiting CXCR4 with AMD3100 promotes the migration of bone marrow-derived B cells into the
peripheral blood and reduces B-cell infiltration into the lung, further reducing the number and size of LAs in the lung
tissues after CS exposure. LAs have been shown to be associated with the severity of IPF. One study showed that B cells
from patients with fibroinflammatory disease secreted profibrotic molecules and activated the production of collagen by
fibroblasts in vitro.”* In contrast, B-cell deletion decreased the expression of TGF-p and IL-6, reduced collagen
deposition, and suppressed fibroblast migration and activation, thereby alleviating fibrosis.***** We found that B cells
produce collagen I after CS exposure, but that the level of collagen-I" B cells decreased upon AMD3100 treatment.
Further study is needed to determine the mechanism underlying this. Blocking CXCR4-mediated chemotaxis might be an
effective strategy to ameliorate pulmonary fibrosis mediated by B cells in the lungs of individuals with silicosis.

Recently, increasing interest has focused on bone marrow-derived CFs in pulmonary fibrosis. We observed that the
CXCL12/CXCR4 axis is involved in the migration of CD45 collagen-I'CXCR4" CFs to silicosis-affected lungs. The
infiltrating fibrocytes may promote fibrosis progression and predict a poor prognosis in individuals with acute lung injury,
acute respiratory distress syndrome, and IPF.°*>' Li et al showed that fibrocytes co-expressing CD45 and collagen I were
increased in the blood and lung of rats exposed to CS.>? Here, we further confirmed that CFs co-expressing CD45,
collagen I, and CXCR4 were increased in the lungs of mice after CS exposure, but that AMD3100 reduced the
recruitment of CFs to lung tissue in mice. Fibrocytes can differentiate into fibroblasts and myofibroblasts, obtaining
the capacity to secrete collagen and other extracellular matrix proteins to promote wound healing and pathologic
remodeling.”> We assumed that CXCR4 overexpression increased the numbers of fibroblasts (producing collagen I)
and myofibroblasts (producing a-SMA) in CS-exposed lungs, which mediated fibrosis, but AMD3100 reduced these pro-
fibrotic cells in the silicotic lung. In short, this study showed that CXCR4 is important for the migration and
differentiation of CFs in the silicotic lung, and AMD3100 can slow the progression of pulmonary fibrosis in individuals
with silicosis.

Conclusions

CXCR4" cells (CFs, neutrophils, B lymphocytes) are involved in the progression of pulmonary inflammation and fibrosis
in silicosis mice. Our data suggest that targeting CXCR4 may effectively prevent silicosis progression as it reduces
inflammation and fibrosis. Therefore, AMD3100 may be a suitable candidate drug for patients with silicosis.
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