
Abstract. Background/Aim: The role of senescence and bone
marrow-derived cells in silica-induced pulmonary fibrosis is
unknown. Materials and Methods: C57BL/6HNsd, p16+/LUC,
and tdTOMp16+ mice were intratracheally injected with 200
mg/kg crystalline silica or irradiated (20 Gy) to the thoracic
cavity and followed for the development of lung fibrosis.
Results: The p16+/LUC mice demonstrated senescence by day
7 after silica exposure. C57BL/6 mice exposed to silica
demonstrated upregulation of p16, p21, and tyrosine kinase
Fgr by day 7, whereas thoracic irradiation induced p21 and
Fgr by day 50 and p16 by day 110. Silica exposed GFP+ bone
marrow chimeric C57BL/6 mice demonstrated senescent cells
and gfp+/Fgr+ monocyte/macrophages in the lungs on day 21.
The Fgr inhibitor TL02-59 abrogated monocyte/macrophages
recruitment in in vitro transwell experiments. Conclusion: Both
silica and radiation exposure induce senescence and
upregulate tyrosine kinase Fgr for the recruitment of bone
marrow-derived monocyte/macrophages and the development
of pulmonary fibrosis.

Silicosis is associated with black lung disease (coal miner’s
disease) and remains a significant cause of environmental
lung disease (1-14). Studies of lung specimens from patients
suffering from silicosis and other causes of pneumoconiosis
have demonstrated that there is a sequence of events
including pulmonary epithelial cell damage, an inflammatory
response involving both alveolar and interstitial pulmonary

macrophages, and increased numbers of alpha-smooth
muscle actin positive cells in areas of fibrosis. This process,
which replaces functioning lung tissue with fibrotic cells,
often leads to fatal lung fibrosis (1, 9, 15-27).

The role of senescent cells in the etiology of pulmonary
fibrosis is a current subject of interest (28-35). Senescent cells
have been shown to accumulate in the lungs during evolution of
several causes of fibrosis, but their role is unknown (31, 34-36).
Furthermore, the phenotypes of senescent cells, and their time
course of appearance have not been documented in silicosis. In
the present study, we elucidated the time course of appearance
of senescent cells in the lungs of crystalline silica injected
p16+/LUC mice (37) in which images were captured on live mice
based on the expression of the luciferase reporter gene, which is
linked to p16 gene promoter. We also sought to elucidate both
the phenotype and function of senescent cells in the lungs of
tdTOMp16+ mice (38) in which p16+ senescent cells express a
Tomato (red) reporter gene, which allows red cells to be sorted
from explanted lungs. We have corroborated our results from the
silicosis mouse model with the radiation-induced pulmonary
fibrosis model. We also determined the magnitude of bone
marrow origin monocyte/macrophages recruited in the lungs
using gfp+ bone marrow chimeric tdTOMp16+ mice (36). The
results demonstrate the accumulation in the lungs of both bone
marrow-derived monocyte/macrophages and neutrophils during
the evolution of silicosis.

Materials and Methods
Mice and animal care. C57BL/6J, p16+/LUC (37), tdTOMp16+ (38),
and C57BL/6 gfp+ (36) mice were maintained according to
Institutional Animal Care and Use Committee (IACUC) protocols
and housed at 4 per cage. Animals were fed standard laboratory
chow and deionized water.

Animals were injected intratracheally with 200 mg/kg crystalline
silica (Corning, Inc., Glendale, CA, USA) dissolved in 100 μl of
PBS. Mice were imaged for senescence using a Xenogen IVIS
Imaging System 200 Series (PerkinElmer, MA, USA), as described
previously (39, 40).
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For lung irradiation, animals received 20 Gy single-fraction
thoracic irradiation and were then maintained according to the
IACUC recommended laboratory conditions. Mice were sacrificed
at serial time points after thoracic irradiation (0, 50, 75, 110, and
125 days) (40). Lungs were removed and representative lung lobes
were tested by RT-qPCR for levels of detectable mRNA for p16,
Fgr, and p21.

Evolution of silicosis and assays for senescence. The p16+/LUC mice
were imaged weekly using Xenogen IVIS Imaging System 200 Series
(PerkinElmer) (39) and p16 positive cells associated with activation
of luciferase were visualized by scanning animals injected with
luciferin substrate according to published methods (39). Individual
animals were scanned weekly. The C57BL/6J, and tdTOMp16+ mice
were examined by histologic evaluation of explanted lung samples at
serial times after crystalline silica injection. Staining of lung cells for
collagen 1, alpha-smooth muscle actin, and p16 markers were assayed
according to previously published methods (40). Counter-staining of
sections was carried out using an antibody for the senescence
associated tyrosine kinase Fgr (41).

Preparation of gfp+ bone marrow chimeric mice. Recipient adult
mice were irradiated to 8 Gy total body irradiation (TBI) and 24 h
later injected through tail vein with 1×106 gender mismatched gfp+
bone marrow (36). Bone marrow chimerism was documented by
examination of the peripheral blood of recipients at serial time
points, and those mice deemed to be chimeric had over 50% gfp+
leukocytes in the peripheral blood.

In vivo gfp+ bone marrow migration assay. One month prior to the
injection of silica into the thoracic cavity, tdTOMp16+ mice were
irradiated and transplanted with gfp+ mouse bone marrow. Silica
injected mice were sacrificed on day 23 and single cells were
isolated and processed for cell sorting. The relative percentage of
red senescent cells sorted from control and silica treated gfp+
marrow chimeric mouse lungs was measured. Expression of Fgr was
analyzed by qPCR in tdTOM+ senescent epithelial cells that were
also CD45-, CD326+, and in tdTOM+ senescent alveolar
macrophages that were also CD45+, F4/80+, CD11-. The relative
percentage of bone marrow derived gfp+ monocyte/macrophage
cells was quantitated by sorting from control and silica treated
tdTOMp16+ chimeric mouse lungs.

In vitro transwell experiments. Senescent bone marrow derived
irradiated (5 Gy, subconfluent cultures held for 10 days) tdTOMp16+
cells were sorted for TOM+ (red) color and placed in Transwell
cultures. Two types of transwell experiments were carried out. For
induction of fibrosis biomarkers in target cells, senescent cells were
placed into the top chamber separated from target mesenchymal stem
cells (MSCs) derived from the adherent layer of long term C57Bl/6
mouse bone marrow cultures in the bottom chamber by a 0.4-micron
pore size membrane. For cell migration experiments, senescent cells
were placed on the bottom of the chamber, and gfp+ bone marrow
cells were placed in the top compartment of Transwell cultures
separated by 3.0-micron pore membranes (42). The transwells were
maintained in complete Dulbecco’s Modified Eagles Medium
supplemented with 10% fetal calf serum. The migration of gfp+ cells
through the filter to the bottom compartment was measured by
imaging the bottom wells and counting gfp+ cells relative to numbers
of senescent TOM+ (red) cells. The phenotype of migrating gfp+ cells

was determined by immunohistochemical staining using antibodies to
markers of monocytes/macrophages and other bone marrow derived
cell phenotypes according to published methods (42). The Fgr tyrosine
kinase inhibitor TL02-59 has been reported (41, 43).

Cell migration assay. Irradiated bone marrow mesenchymal stem cells
(stromal cells) (5.0 Gy) were sorted for tdTOM+ and tdTOM- cells
and compared with non-irradiated cells. Each cell population was
cultured in the bottom of transwells in the transwell culture system.
The cell layer in the bottom chamber was separated from the top cell
populations well by a 3-micron pore size membrane. Equal numbers
of (105) gfp+ marrow cells were added to the top chamber of each
transwell. The Fgr inhibitor TL02-59 (10 nM) or RS504393
(Medchem Express, Mammoth Junction, NJ, USA) (10 μM), or the
chemokine (C-C motif) ligand 2 (CCL2) inhibitor, which is a CCR2
chemokine receptor antagonist, was added to the media. At 24 h later,
the migration of gfp+ bone marrow cells into the bottom of the wells
were imaged and cells counted. At 48 h later, the cells from the
bottom well were further analyzed by MoFlo XDP (Beckman
Coulter) Fluorescent Activated Cell Sorter (FACS) for the phenotype
of gfp+ cells that had migrated from the top chamber of each well.

Immunohistochemical staining of lungs for fibrosis, senescent cells,
and Fgr positive cells. Lung specimens were explanted at serial
times after crystalline silica injection and immunohistochemically
stained for collagen by Masson’s Trichrome staining, for
senescence- associated Beta-Galactosidase, p16, p21, p19 (40), and
tyrosine kinase Fgr (41). Sections were counter-stained with a
second monoclonal antibody for immunohistochemistry according
to published methods (40).

Phenotype of sorted cells from the lungs of silica treated mice. We
isolated cells from the lungs of silica treated mice including Ly6Chi
monocytes, which may exert a proinflammatory role in tissue injury.
Their impact after injuries is poorly defined. The C-C chemokine
receptor 2, which is expressed on Ly6Chi monocytes was used for
phenotyping, since it is essential for extravasation and transmigration
into injured tissues. A selective C-C chemokine receptor 2 antibody
(20, 44) was used to count Ly6Chi monocytes recruited into the lungs
after silica exposure.

Immunostaining for monocyte/macrophages and neutrophils. At 28 days
after the crystalline silica (200 mg/kg) injection into the thoracic cavity
of mouse, lung cells were isolated from tdTOMp16+ gfp+ chimeric
mice. Lung single cell populations were immunostained and sorted for
tdTOM+ and gfp+ cells. Gfp+ cells were then further sorted for alveolar
macrophages (CD45+, F4/80+, and CD11b-), interstitial macrophages
(CD45+, F4/80+, and CD11b+), and tdTOM+ cells were further sorted
for alveolar macrophages (CD45+, F4/80+, and CD11b-), interstitial
macrophages (CD45+, F4/80+, CD11b+), epithelial cells (CD45-,
CD326), and endothelial cells (CD45- and CD31). Cells from the lungs
of non-irradiated C57BL/6 mice were sorted for alveolar macrophages
(CD45+, F4/80+, and CD11b-), interstitial macrophages (CD45+,
F4/80+, and CD11b+), epithelial cells (CD45-, CD326+), and
endothelial cells (CD45- and CD31). The relative percentage of each
cell type was quantified from each sample. CD11b+ and CD11b- cells
were stained and quantitated according to published methods (44, 45)
CD31, CD11b and CD45 were purchased from B.D. Biosciences, (San
Jose, CA, USA) and F4/80 and CD326 were purchased from Invitrogen,
Thermo Fisher Scientific (Waltham, MA, USA). 
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RNA isolation and cDNA synthesis. Total RNA was isolated from cell
lines and explanted cells (tdTOMp16+ bone marrow stromal cell line,
C57BL/6 bone marrow stromal cell line, and mouse primary tail
fibroblasts) according to the protocol supplied with TRIZOLI Reagent
(Invitrogen, ThermoFisher Scientific). The concentration of the RNA
samples was determined using a microplate spectrophotometer Epoch,
BioTech (Winooski, VT, USA) and cDNAs were synthesized from
RNA (2 μg) using high-capacity RNA-to-cDNA™ Kit (Thermo Fisher
Scientific) following manufacturer’s instructions.

Real-time PCR. Quantitative reverse transcription-PCR (qRT-PCR)
was performed using a Biorad CFX-connect Real Time System
instrument (Hercules, CA, USA), commercially available target probes
and, Master mix (all from Applied Biosystems, Thermo Fisher
Scientific). Detection of mouse Fgr, p16, Collagen 1 (CDKN2A),
Transforming growth factor beta (TGF-β), α-smooth muscle actin
(Acta 2), connective tissue growth factor (CTGF), and Glyceraldehyde

3-phosphate dehydrogenase (GAPDH) was achieved using specific
Taqman Gene Expression Assay reagents (Mm00438951_ml,
Mm00494449_ml, Mm01192933_gl, Mm01257348_ml, Mm0060
0638_ml, Mm00725412_sl, Mm00802305_gl, Mm99999915_gl,
respectively). Real time reactions were run using the following cycling
parameters: 95˚C for 12 min, followed by 40 cycles at 95˚C for 15 s,
and 60˚C for 1 min. Differential gene expression levels were
calculated by the ΔΔCT calculation.

Statistical evaluation. In the Fgr expression analysis, the qPCR
analysis for the expression of TGF-β and Collagen 3, and the FACS
analysis for gfp+ and CD11b+ cells, we compared cell groups with
one-way ANOVA followed by the two-sided two-sample t-tests. For
the other two group comparisons, we used two-sample t-tests or
Wilcoxon rank sum tests where appropriate. p-Values less than 0.05
were regarded as significant. In these exploratory analyses, we did
not adjust p-Values for multiple comparisons.
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Figure 1. Crystalline silica induces senescence in the lung. Real time imaging of p16+/LUC mice after intratracheal injection of crystalline silica (200
mg/kg). On days 6, 13, 20, and 27 after injection, the mice were injected intraperitoneally with D-Luciferin (150 mg/kg), the substrate for luciferase.
Ten minutes later, the mice were imaged using IVIS Lumina XR.
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Figure 2. Silica induced epithelial senescence is associated with lung fibrosis. Control and silica-induced fibrotic mouse lungs were immuno-stained
for p16 (green), alpha-smooth-muscle actin (α-SMA) (red) and Collagen1 (Col1, white). The upper two rows of photomicrographs show the airway
of control mice and the lower two rows the airway of mice that received intratracheal silica (200 mg/kg). The inset in the silica-treated mice shows
col1 deposition in the vicinity of α-SMA expressing cells that are behind the p16 positive green lung epithelium. Images are representative of 3
separate experiments.



Results

Crystalline silica induces senescence in mouse lungs. We
correlated the appearance of senescent cells in the lungs of
crystalline silica injected mice with the time of first
appearance of fibrosis in the lungs of mice by first
determining the time of appearance of p16+ cells in serial
imaging of p16+/LUC mice. As shown in Figure 1, p16+/LUC
mice injected with crystalline silica first showed detectable
p16+ areas, following luciferin injection, as early as day 6
and the p16+ area increased over time. In contrast, mice not
exposed to crystalline silica showed no detectable luciferin-
induced p16+ luciferase areas in the lungs.

Silica-induced epithelial senescence is associated with lung
fibrosis. We next correlated the appearance of senescent cells

in p16+/LUC mice, which was first detected by IVIS imaging,
with the appearance of p16+ senescent cells in C57BL/6J mice
using histochemical staining of explanted lungs. Lungs were
removed from C57BL/6J mice on day 28 after silica injection
and immunostaining was performed for p16, alpha-smooth-
muscle actin (α-SMA) and Collagen 1 (Col1). The epithelial
lining of the silica injected mouse lungs showed increased p16
staining (Figure 2, bottom panel) compared to the control lungs
(Figure 2, top panel) and revealed the presence of senescent
cells. The p16 expressing cells of the lungs were juxtaposed to
the cells expressing α-SMA, a marker for myofibroblasts. Col1
positive areas indicated the areas of fibrosis (Figure 2).

Senescence is detectable prior to pulmonary fibrosis in both
cases of either silica-induced or radiation-induced pulmonary
fibrosis. Lungs were removed at serial time points from either
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Figure 3. Induction of senescence precedes fibrosis in both silica- and radiation-induced pulmonary fibrosis. A) RT-qPCR on silica injected lungs
at different days (days 0, 7, 14, 21 and 28) showing a time-dependent increase of senescent markers p16 and p21. B) RT-qPCR on thoracic irradiated
(20 Gy) mouse lungs performed at different days (days 0, 50, 75, 110 and 125) showing time-dependent increase of senescent markers p16 and p21
(n=2-5, t-test, *p≤0.05; **p≤0.01; ***p≤0.001).



silica-injected mice on days, 0, 7, 14, 21 and 28 (Figure 3A),
or from thoracic irradiated mice on days 0, 50, 75, 110 and
125 (Figure 3B) and were analyzed for the expression of
senescent biomarkers (p16 and p21) by qRT-PCR. In
agreement with our earlier results (Figure 1), senescent
markers (p16 and p21) were upregulated in a time-dependent
manner in both models of pulmonary fibrosis. Interestingly

p16 expression was delayed in radiation-induced pulmonary
fibrosis although it was expressed before fibrosis (Figure 3B).
These data confirm prior studies with thoracic irradiation
showing that detection of significant numbers of senescent
cells precedes the appearance of histologic fibrosis (40), and
clearly demonstrate the appearance of fibrotic areas after
prior detection of senescence.
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Figure 4. Induction of tyrosine kinase Fgr in both silica- and radiation-induced pulmonary fibrosis. A) Silica injected mouse lungs were
immunostained for p16 and tyrosine kinase Fgr. B) RT-qPCR on silica injected lungs (200 mg/kg) at different days (days 0, 7, 14, 21 and 28) showing
a time-dependent increase of senescent marker Fgr. C) Thoracic irradiated (20 Gy) mouse lungs were immunostained for p16 and tyrosine kinase
Fgr. D) RT-qPCR on thoracic irradiated (20 Gy) mouse lungs was performed at different days (days 0, 50, 75, 110, and 125) and showed a time-
dependent increase of the senescent markers p16 and p21 (n=2-5, t-test, *p≤0.05; **p≤0.01; ***p≤0.001).



Tyrosine kinase Fgr is induced prior to fibrosis in both cases
of either silica- or radiation-induced pulmonary fibrosis. In
human idiopathic pulmonary fibrosis, the tyrosine kinase Fgr
is upregulated and since tyrosine kinases are known to
contribute to pulmonary fibrosis (46-52). Therefore, next we
evaluated the expression of Fgr in either silica- or radiation-
induced pulmonary fibrosis. Expression of Fgr was
upregulated in both models of pulmonary fibrosis along with
p16 (silica: Figure 4A and radiation: Figure 4C). To examine
the expression of Fgr in a timedependent fashion, we analyzed
either the silica-injected lungs on days, 0, 7, 14, 21 and 28 or
the radiation-exposed lungs on days 0, 50, 75, 110 and 125 by
qRT-PCR. Compared to control, Fgr was significantly
upregulated either on days 7, 14, and 21 for silica- or on days
50, 75, and 110 for radiation-induced pulmonary fibrosis
(silica: Figure 4B and radiation: Figure 4D). Interestingly Fgr
expression decreased at the last time point for both models.

Bone marrow derived GFP+ monocytes/macrophages
migrate towards radiation-induced senescent cells in a
transwell coculture system. We next quantitated migration of
freshly removed gfp+ bone marrow cells through the
transwell filters in response to senescent cells placed in the
bottom chamber of the transwells. Gfp+ bone marrow cells
were placed in the upper compartment of transwells
separated by 3.0-micron filter from red senescent cells in the
bottom chamber (Figure 5). The schematic for the
chemotaxis in the transwell system is shown in Figure 5A.

Bone marrow derived gfp+ cells migrated through the 3.0-
micron filters and were observed to accumulate in increasing
numbers in the bottom chamber in close proximity to
senescent cells. The migrating bone marrow cells were
predominantly of the monocyte/macrophage phenotype but
other phenotypes were also observed (Figure 5B). 

In vivo, bone marrow derived monocytes/macrophages
migrate towards silicosis lungs. To examine whether in
silicosis lungs there was monocyte/macrophage migration, we
performed FACS analysis of single cell suspensions of lungs
from control or silica-treated mice on day 3 or day 21. We
analyzed F4/80 positive cells (Figure 6A) for the expression
of Ly6C and CCR2 and gated for 4 different populations: 1)
Ly6C- & CCR2+ cells, 2) Ly6Chi & CCR2+ cells, 3) Ly6C-
& CCR2+cells, 4) Ly6Chi & CCR2-cells (Figure 6B). Ly6C
is a marker to identify monocyte and macrophage
subpopulations and F4/80+, CCR2+, Ly6Chi designate
inflammatory monocytes. We found a significant increase in
F4/80+, CCR2+, Ly6Chi cells (53%) in the lungs after only 3
days of thoracic silica injection compared to the control lungs
(19.2%). Interestingly, on day 21 there was a steep reduction
of F4/80+, CCR2+, Ly6Chi cells (9.4%) and a robust increase
in F4/80+, CCR2+, Ly6C- cells (71.8%) (Figure 6B). When
the F4/80+, CCR2+, Ly6Chi cells were further analyzed for
the presence of the CX3CR1 marker (Figure 6C), as it is
present in the inflammatory monocytes in circulation,
majority of monocytes (94.6%) were CX3CR1 negative.
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Figure 5. Senescent cell induction of migration of freshly explanted gfp+ mouse bone marrow and, specifically, gfp+ monocytes/macrophages in
transwell cultures. A) gfp+ marrow. Cells on the top chamber of the transwell system were separated by a 3-micron filter from sorted tdTOMp16+
senescent cells on the bottom chamber. B) At 48 h, bone marrow cells migrating to the bottom chamber were counted and immunophenotyped for
cell surface markers of monocytes/macrophages or other marrow cells. Cells in the bottom chamber of the transwell system were either red sorted
senescent cells (green bar), or irradiated but non-senescent (non-red) cells from the same irradiated culture (blue). Results are presented as
mean±SEM of three separate experiments (n=3; p≤0.05; p≤0.001). p-Values were calculated by t-test.



In silicosis lungs, tyrosine kinase Fgr expression is induced
in senescent cells and in recruited bone marrow
monocyte/macrophages. We next determined the phenotype
of migrating marrow cells to the silica-injected lungs in vivo
and quantitated the relative percentage of gfp+
monocyte/macrophages in previously bone marrow
transplanted mice that were chimeric for gfp+ bone marrow.
Recipient tdTOMp16+ mice that were transplanted with gfp+
bone marrow and were chimeric by analysis of peripheral
blood on day 50 after bone marrow transplantation were
administered with crystalline silica. As shown in Figure 7,
there were significant numbers of bone marrow derived gfp+
monocyte/macrophages in the lungs of tdTOMp16+ mice
that had been injected with crystalline silica 23 days
previously. We found CD45+, F4/80+, CD11b- and CD45+,

F4/80+, CD11b+ cells in both transplanted GFP+ bone
marrow cells that had migrated to the recipient lungs as well
as in GFP- cells that are native to the recipient lungs.
CD11b- population is designated as alveolar macrophages
and CD11b+ cells are designated as interstitial macrophages
(Figure 7). To evaluate the expression of Fgr in the lung cells
23 days after silica injection, we performed qRT-PCR after
cell sorting. Baseline Fgr expression was significantly higher
in alveolar macrophages compared to the lung epithelial cells
and Fgr expression was induced in alveolar macrophages
following treatment with silica. These data establish that
bone marrow derived as well as native monocyte/
macrophages contribute to the accumulation of inflammatory
cells in the lungs of mice that have been injected with
crystalline silica.

in vivo 35: 3053-3066 (2021)

3060

Figure 6. Effect of silica on recruitment of monocytes into the lungs. Single suspensions of lung cells from control or silica-treated mice on day 3 or
day 21 were (A) first sorted for F4/80 positive (green) cells. (B) The F4/80+ cells were analyzed for Ly6C and CCR2 and gated for 4 quadrants:
(1) Ly6C- & CCR2+cells, (2) Ly6Chi & CCR2+cells, (3) Ly6C- & CCR2+cells, (4) Ly6Chi & CCR2-cells. (C) F4/80+, Ly6Chi & CCR2+cells and
F4/80+, Ly6C- & CCR2- cells were further analyzed for CX3CR1 cells.



Fgr inhibitor TL02-59 inhibits the senescence cell mediated
induction of fibrosis biomarkers in target cells in transwell
cultures. To determine the correlation of senescent cells in
the lungs with fibrosis to the lungs, we used an in vitro
transwell culture system. As shown in Figure 8, radiation-
induced (5 Gy, 10 days) tdTOMp16+ bone marrow
senescent cells were purified by FACS and were plated at
the top well of transwell cultures. The senescent cells in the
top chamber of transwell cultures that were separated by a
0.3-micron filter (Figure 8A), induced profibrotic genes in
target (mesenchymal stem cells) cells in the bottom
chamber of transwell cultures after 10 days including:
TFG-β and Collagen 3 (Figure 8B). The induction of these
biomarkers of fibrosis was blocked by adding to the
transwell cultures the small molecule inhibitor of Fgr
kinase TL02-59 (Figure 8B).

Inhibition of tyrosine kinase Fgr by TL02-59 inhibits migration
of bone marrow cells towards senescent cells. In a transwell
coculture system, we next evaluated the role of Fgr in the
migration of GFP bone marrow cells across the 3-micron filter
towards the senescent cells (Figure 9B). To determine whether
inhibition of tyrosine kinase Fgr in senescent cells blocks the
bone marrow migration of gfp+ monocyte/macrophages
towards the senescent cells at the bottom wells, we added the
Fgr tyrosine kinase inhibitor TL02-59 (10nM) in the media and
the migrated cells were evaluated after 48 h of TL02-59
treatment. TL02-59 significantly reduced the migration of gfp+
monocyte/ macrophages towards the senescent cells isolated
from irradiated tdTOMp16+ stromal cell line (Figure 9A, C, and
D). We observed similar results when we used senescent cells
isolated from the tdTOMp16+ lungs 150-days post radiation
(Figure 9E and F). We confirmed that the migrating cells were
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Figure 7. Tyrosine kinase Fgr expression is induced in silica-induced senescent lung cells and in recruited bone marrow monocytes/macrophages.
A) Relative percentage of red senescent cells sorted from silica-treated mouse lungs. B) Upregulation of Fgr was observed in senescent epithelial
(Tom+, CD45-, CD326+) cells and senescent alveolar (Tom+, CD45+, F4/80+, CD11b-) macrophages. C) Relative percentage of bone marrow
origin gfp+ macrophage/monocyte cells sorted from gfp chimeric bone marrow, and silica-treated tdTOMp16+ mouse lungs. D) Fgr expression
was higher in gfp+, CD45+, F4/80+, CD11b- macrophages.



monocyte/macrophages by adding a monocyte chemotaxis
inhibitor, which is a Ccl2 receptor antagonist (Figure 9A and
E). The present results establish that Fgr positive senescent cells
recruit the gfp+ bone marrow derived monocyte/macrophage
precursors that are separated by a 3-micron filter in a transwell
culture system, and that the migration is blocked by a small
molecule, which inhibits Fgr, TL02-59.

Discussion

The sequence of cellular events occurring in the lung during
evolution of silicosis and the phenotype(s) of cells that are
induced at each stage are not known. In the present study, we
focused on the appearance of senescent cells, and,
specifically, monocyte/macrophages and neutrophils in the
lungs of mice injected with crystalline silica. We corroborated
our findings in the radiation-induced pulmonary fibrosis
model. We took advantage of the availability of mouse
strains, which can be used to demonstrate the link between
the occurrence of senescence and upregulation of p16+, a
specific biological marker for senescence. The p16+/LUC mice
(37), which can be imaged serially by the IMUS Imaging
System, demonstrated senescence-associated p16-linked
luciferase activity in the presence of luciferin as early as day
7 after crystalline silica injection. These areas of senescence
increased in magnitude through day 28, when florid fibrosis
is detected. Explants of the lungs from these mice as well as
control C57BL/6J and tdTOMp16+ (38) mice confirmed the
presence of senescent cells in the lungs at the same time
points, as the p16+/LUC imaging results.

The appearance of specific phenotypes of senescent cells
in the irradiated lungs of mice has been reported previously
(40). The present study extends these findings regarding the
kinetics of appearance of senescent cells in the lungs after
intratracheal injection of crystalline silica in mice. Senescent
cells in the lungs were demonstrated to be primarily
monocytes/macrophages. Furthermore, bone marrow derived
monocytes/macrophages were demonstrated in the lungs of
gfp+ marrow chimeric mice that had developing silicosis.
Increasing numbers of resident (recipient origin) pulmonary
epithelial cells and monocytes/macrophages were observed
to be senescent. After crystalline silica intratracheal injection,
gfp+ bone marrow chimeric tdTOMp16+ mice demonstrated
significant bone marrow derived monocytes/macrophages in
the lungs, and these cells were positive for the
senescenceassociated Fgr tyrosine kinase as well as other
biomarkers of senescence including p16.

To confirm that crystalline silica-injected senescent mouse lung
cells were recruiting bone marrow derived monocytes/
macrophages, we established a transwell culture system in which
senescent cells on the bottom were separated from gfp+ bone
marrow cells in the top of the transwell separated by 3-micron
filter. In these experiments, we used radiation-induced senescent
cells, which recruited gfp+ monocytes/macrophages through the
filter, and these bone marrow derived cells accumulated on the
bottom surface of the filter. Migration of gfp+ bone marrow cells
in response to senescent cells was inhibited by the small molecule
Fgr inhibitor TL02-59. The role of Fgr in senescent cells and in
pulmonary fibrosis has been a subject of recent interest. Tyrosine
kinases are involved in many inflammatory and fibrotic processes
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Figure 8. TL02-59 inhibits the induction by senescent cells of fibrosis biomarkers in target cells in transwell cultures. A) tdTOMp16+ cells were
either irradiated (5 Gy, then sorted 10 days later) or non-sorted. The tdTOMp16+ cells were sorted for either tdTOM+ or tdTOM- cells and cultured
at the top chamber of each transwell culture well. Target cells were C57BL/6 mouse marrow derived mesenchymal stem cells (MSC) that were
cultured in the bottom chamber of each transwell culture separated by a 0.4-micron membrane. Bars show the non-sorted cells (blue bars), sorted
TOM+ cells (red bars), or Fgr inhibitor, TL02-59, (10 nM) treated cells (green bars). Ten days later, the target bone marrow cells were harvested
and assayed for biomarkers of fibrosis including: B) TGF-β; C) collagen III. (n=2-6, *p≤0.05; **p=0.01). p-Values were calculated by the t-test.
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Figure 9. Inhibition of tyrosine kinase Fgr by TL02-59 prevents migration of bone marrow cells towards senescent cells. The tdTOMp16+ cells either
irradiated or non-irradiated were sorted by FACS for either tdTOM+ or tdTOM- cells, and each population was placed in the bottom chamber of
each culture, well separated by a 3-micron filter. Gfp+ bone marrow cells were placed on the top chamber of each well and migration assay was
carried out (3-micron membrane). T h e  Fgr inhibitor TL02-59 (10 nM) (41) or RS 504393 (10 μM), a Ccl2 inhibitor, which is a CCR2 chemokine
receptor antagonist, was added to cultures 24 h later. The migration of gfp+ bone marrow cells from the top chamber through the 3-micron filter to
the bottom chamber was imaged and total gfp+ cells were counted. B) Image of gfp+ migrating cells through the filter at 24 h for each condition
(×100). At 48 h, emigrated gfp+ cells in the bottom well were counted by FACS. After 48 h, migrating total, C) gfp+ cells, and D) gfp+ CD45+
cells were counted by FACS. E) Senescent tdTOM+ lung cells sorted from irradiated mouse lungs were plated at the bottom wells and Fgr kinase
inhibitor (TL02-59, 10 nM) or Ccl2-inhibitor RS 504393 (Ccl2i, 10 μM) was added for 12 h before adding GFP positive mouse bone marrow cells
on the top wells. Cell migration from the top wells to the bottom wells was evaluated by imaging and by F) FACS analysis. (n=3; ****p=0.0001).
p-Values were calculated by the t-test.



(45-52). Using transwell cultures, we showed that inhibition of
Fgr reduced their capacity to induce biomarkers of fibrosis in
target cells and to induce chemotaxis of gfp+ marrow origin cells.
We also demonstrated that areas of fibrosis were present in the
lungs of crystalline silica-injected mice juxtaposed to the areas
that showed p16 positive senescent epithelial cells. Interestingly
single cell suspensions from whole lungs revealed that senescent
cells were predominantly of the monocyte/macrophage phenotype
and a significant percentage were of bone marrow origin. The
sequence and time course of these cellular events is currently
being studied.

The present data establish that cells of bone marrow origin
are a component of the monocyte/macrophage and neutrophil
response in the lungs during the development of silicosis.
They also document the appearance of senescent cells in the
lungs in areas of fibrosis. Further studies will be required to
elucidate clearly and specifically the interaction between
pulmonary epithelial cells, resident alveolar and interstitial
macrophages with bone marrow derived migrating
monocyte/macrophages, and the cell phenotype of those cells
accumulating alpha-smooth muscle actin and proliferating
fibroblasts to form fibrosis.
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