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Abstract. Background/Aim: There is concern that people
who had COVID-19 will develop pulmonary fibrosis. Using
mouse models, we compared pulmonary inflammation
following injection of the spike protein of SARS-CoV-2
(COVID-19) to radiation-induced inflammation to
demonstrate similarities between the two models. SARS-CoV-
2 (COVID-19) induces inflammatory cytokines and stress
responses, which are also common to ionizing irradiation-
induced acute pulmonary damage. Cellular senescence,
which is a late effect following exposure to SARS-CoV-2 as
well as radiation, was investigated. Materials and Methods:
We evaluated the effect of SARS-CoV-2 spike protein
compared to ionizing irradiation in KI18-hACE2 mouse lung,
human lung cell lines, and in freshly explanted human lung.
We measured reactive oxygen species, DNA double-strand
breaks, stimulation of transforming growth factor-beta
pathways, and cellular senescence following exposure to
SARS-CoV-2 spike protein, irradiation or SARS-COV-2 and
irradiation. We also measured the effects of the antioxidant
radiation mitigator MMS350 following irradiation or
exposure to SARS-CoV-2. Results: SARS-CoV-2 spike protein
induced reactive oxygen species, DNA double-strand breaks,
transforming growth factor-f§ signaling pathways, and
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senescence, which were exacerbated by prior or subsequent
ionizing irradiation. The water-soluble radiation
countermeasure, MMS350, reduced spike protein-induced
changes. Conclusion: In both the SARS-Co-2 and the
irradiation mouse models, similar responses were seen
indicating that irradiation or exposure to SARS-CoV-2 virus
may lead to similar lung diseases such as pulmonary
fibrosis. Combination of irradiation and SARS-CoV-2 may
result in a more severe case of pulmonary fibrosis. Cellular
senescence may explain some of the late effects of exposure
to SARS-CoV-2 spike protein and to ionizing irradiation.

The global pandemic caused by SARS-CoV-2 (COVID-19)
resulted in acute respiratory distress syndrome (ARDS) with
clinical presentations (1-16) that were like those of ionizing
irradiation-induced pneumonitis and fibrosis (17, 18).
Similarities between COVID-19 and ionizing irradiation-
induced changes in the lung have led to speculation that
some biomolecular and biochemical responses may involve
common pathways (19, 20). Prior research demonstrated
potential additive or synergistic deleterious effects of
pulmonary virus infections with damage induced by pre-
existing lung diseases, and with ionizing irradiation-induced
lung damage (21- 25). There is emerging evidence that late-
stage effects of COVID-19 infection may include similar
pathways (26-35) leading to pulmonary fibrosis (34-42).
Lung fibrosis may involve several different initiating steps
(42-55). There is recent evidence that the late-stage effects
of both COVID-19 and ionizing irradiation include cellular
senescence in lung tissue, which may be a common step in
the induction of pulmonary fibrosis after both forms of lung
injury (56-61).

To establish a potential role of senescence in COVID-19-
induced lung fibrosis, we took advantage of the availability
of the K18-hACE2 mouse strain, which is transgenic for the
human angiotensin-converting enzyme 2 (ACE2) receptor
and has been demonstrated to be a useful model of COVID-
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19-induced pulmonary damage (62). In the present studies,
we prepared explanted lung single-cell suspensions from
these mice and compared them to C57BL/6J control mice.
We tested the effect of the addition of SARS-CoV-2 spike
protein to each cell suspension, and measured the induction
of stress response and inflammatory cytokine pathways that
are known to be activated by ionizing irradiation (63-67). We
also quantitated the effects of SARS-CoV-2 spike protein
with human lung cell lines and explanted single cell
suspensions of freshly explanted mouse lung tissues, and
human lung tissues. The data suggest caution in the use of
lung irradiation in patients with COVID-19 presenting with
ARDS as a potential therapeutic to reduce the numbers of
inflammatory cells and reduce the cytokine storm associated
with COVID-19-induced ARDS (20).

Materials and Methods

Experimental design. We demonstrated that both COVID-19
infection and irradiation both of which result in the development of
pulmonary fibrosis have the same initial steps. To demonstrate the
similarities between the two, we performed in-vitro studies using
murine bone marrow stromal cell lines and lung epithelium cells
from K18-hACE2 or C57Bl/6 mice. We also used normal human
epithelial cells, as well as human cancer cell lines. For these studies,
the cells were assigned to four main groups including i) control,
nontreated cells ii) cells treated with 50 pg/ml SARS-CoV-2 spike
protein for 24 h, iii) cells irradiated to 5 Gy, and iv) cells treated
with 50 pg/ml SARS-CoV-2 spike protein for 24 h and then
irradiated to 5 Gy. Twenty-four hours after the addition of SARS-
CoV-2 spike protein or after irradiation, the cells were analyzed for
expression of hACE2 protein, binding of SARS-CoV-2 spike
protein, production of reactive oxygen species (ROS), DNA strand
breaks, and senescence. The inhibition of hACE2 protein using
hACE2 siRNA and stimulation of transforming growth factor
(TGF)-P pathways was performed.

Mice and animal care. K18-hACE2 and C57BL/6NTac mice were
obtained from Jackson Laboratories (Bar Harbor, ME, USA), and
Taconic Biosciences (Germantown, NY, USA), respectively. K18-
hACE2 mice were bred in the Hillman Animal Facility at the University
of Pittsburgh. Animals were housed four per cage and maintained on
standard laboratory chow and deionized water. All animal protocols
were approved by the University of Pittsburgh Institutional Animal Care
and Use Committee (IACUC). The PHS Assurance Number for the
University of Pittsburgh IACUC is D16-00118.

SARS-CoV-2 spike protein. This protein was obtained from
RayBiotech (catalog #230-01102; Norcross, GA, USA). The protein
has a histidine (His) tag at the N-terminal end. It was dissolved in
sterile phosphate-buffered saline (PBS) at 5 pg/ml and used in vitro
at 0.50 pg/ml.

Human and mouse cell lines. The human lung epithelial cancer cell
line H460 and IB3 have been previously described (68). The tumor
cell line was passaged in vitro and maintained in a subconfluent
condition in Dulbecco’s modified Eagle’s medium supplemented

with 10% fetal calf serum. Mouse cell lines were established
according to published methods from long-term bone marrow
cultures (59). Bone marrow was flushed from the femurs of
K18ACE2+~ (Jackson Laboratories) and C57BL/6NTac control
mice into T25 tissue culture flasks containing Fisher’s medium
(ThermoFisher Scientific, Waltham, MA, USA) containing 20%
horse serum, penicillin-streptomycin (Pen-Strep; Millipore Sigma,
Danvers, MA, USA) and 10-°M hydrocortisone hemi-succinate
(Millipore Sigma). At 3 to 4 weeks after establishing the cultures,
the horse serum was changed to fetal calf serum and the
hydrocortisone removed. Each week the nonadherent cells were
removed and placed in Fisher’s medium supplemented with
recombinant murine interleukin-3 (IL-3; #213-13; Peprotech,
Cranbury, NJ, USA). Once the nonadherent cell production was
completed, the stromal cell line was isolated.

Preparation of single-cell suspensions. Mouse lung explants: Lungs
from female K18-hACE2 and C57BL/6NTac mice (30-33 g adult)
were excised according to previous publications and a single-cell
suspension prepared as described therein (66, 67). Briefly, the lungs
were minced, and digested with collagenase A. The cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented
with 15% fetal bovine serum and antibiotics with a final
concentration of 200 mM L-glutamine, and Pen-Strep (10,000 U/ml
penicillin and 10,000 U/ml streptomycin) (69, 70). Fresh cell
explants were studied in all assays.

Human lung explants. Fresh human lung specimens were obtained
from two individual patients at the time of pulmonary segment
resection for non-small-cell lung cancer. The samples were identified
by an honest broker according to guidelines established by the
University of Pittsburgh Institutional Review Board. The acquisition
of the tissue samples was obtained using Institutional Review
Board-approved study 19080204. Normal lung specimens from the
margin (1 cm or greater outside tumor margin) were excised, and
10 g of tissue from each specimen were prepared in single-cell
suspensions according to a previous publication (69) and cultured
in medium as described above for mouse cells. Each human lung
specimen was studied at the time of acquiring the fresh explant.

Expression of ACE2 protein and binding of SARS-CoV-2 spike
protein. Mouse bone marrow cells and lung epithelial cells were
isolated from K18-hACE2 and C57BL/6 mice as described above.
The cells were treated with SARS-CoV-2 spike protein and 5 Gy
irradiation as described above. Twenty-four hours later, the cells
were fixed in 3.7% paraformaldehyde and incubated with antibodies
to human ACE2 or spike protein (ab15348 or ab18184; Abcam,
Cambridge, MA, USA) for 1 h at 37°C. The cells were washed with
PBS, and incubated with goat-anti-mouse IgG (ab150113; Abcam)
or goat anti-rabbit IgG (ab15007; Abcam) for 30 min at 37°C. The
cells were then washed and photographed.

Inhibition of hACE2 protein using hACE2 siRNA. H460 human
epithelial lung cancer cell line was grown to 70% confluence and
transfected with ACE2 siRNA or control siRNA (Thermofisher
Scientific) using Lipofectamine 3000 reagent (Thermofisher
Scientific). Twenty-four hours later the transfected cells were grown
in medium containing puromycin (4 pug/ml). The culture media was
replaced with fresh media containing puromycin to remove dead
cells. When the puromycin-resistant cells reached 80% confluency,
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Figure 1. Angiotensin-converting enzyme 2 (ACE2) expression detected in K18-hACE2 mouse lung tissues following incubation with SARS-CoV-2
spike protein with/without irradiation. K18-hACE2 and C57BL/6 bone marrow stromal cells (A and B) or lung endothelial cells (C and D) were
incubated with spike protein alone or irradiated to 5 Gy or treated with spike protein with irradiation. Twenty-four hours later, the cells were fixed
and stained using antibodies for human ACE2 protein, or spike protein. Bone marrow stromal cells from either mouse strain or C57BL/6 lung
endothelial cells did not express ACE2 protein or bind the spike protein (A, B and D). K18-hACE2 lung endothelial cells incubated with spike
protein, 5 Gy, 5 Gy + spike protein had increased ACE2 expression with increased SARS-Cov-2 spike protein binding (C)

reverse transcriptase-polymerase chain reaction using primers
specific for ACE2 or control siRNA was performed to demonstrate
that the cells were successfully transfected. Forty-eight hours later,
0.50 pug/ml of SARS-CoV-2 spike protein containing a His tag were
added. The cells were stained 18 h later with an anti-ACE2 or anti-
His antibody, and 4’ ,6-diamidino-2-phenylindole (Millipore Sigma)
for the nuclear DNA and observed under a fluorescence microscope.

Assay for reactive oxygen species (ROS). Single-cell suspensions of
fresh human lung were made as described above. Production of
ROS was determined using a Cellular ROS/Superoxide Detection
Assay Kit (#139476; Abcam, Waltham, MA, USA). Single human
lung cells were plated in 96-well plates and grown to 70 to 80%
confluency. The wells were divided into four groups and treated as
described in the experimental design. One hour later, the cells were
washed with medium and 100 pl of ROS/Superoxide Detection
solution was added to each well. One hour later, the wells were read
using a fluorescent spectrophotometer (66, 67).

Assay for DNA double-strand breaks. DNA double-strand breaks were
measured by using an assay for binding of gamma H2AX DNA strand
breaks in individual cells using a Gamma H2A.X binding kit
(ab242296; Abcam) as previously described (66, 67, 70). Single
human lung cells obtained as described above were plated in 96-well
plates and grown to 70 to 80% confluence. The wells were then
divided into four groups and treated as described in the experimental
design. The cells were then washed and fixed in 100 pl of 3.7%
paraformaldehyde. The cells were washed with 200 pl of PBS, 100 ul
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Figure 2. Expression of angiotensin-converting enzyme 2 (ACE2) on
human H460 lung carcinoma cells. Irradiation to 5 Gy or 10 Gy
induces expression of the SARS-CoV-2 ACE2 receptor in human
epithelial (H460 lung carcinoma) cells as detected by western blot (A)
and on cell surface as shown by antibody to ACE2 (B) (green, white
arrow). Similar results were observed with IB3 cells and freshly
explanted human lung cells (x200).

of 100% methanol was added for 10 min at 4°C and washed with 200
ul of PBS. Blocking buffer was added for 30 min at room temperature,
following aspiration of the blocking buffer, an anti-phospho-H2AX
antibody was added and incubated for 1 h at room temperature while
shaking on an orbital shaker. The cells were washed, and a fluorescein
isothiocyanate-conjugated antibody as provided in the Gamma-H2A X
kit was added and incubated for 1 h at room temperature. The cells
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Figure 3. Angiotensin-converting enzyme 2 small interfering RNA (ACE2 siRNA) reduces expression of ACE2 protein and binding of SARS-Cov-2
spike protein to the cell surface of H460 human lung cancer cells. The H460 human epithelial lung cancer cell line was transfected with ACE2
SIRNA or control siRNA. Forty-eight hours later, 0.50 ug/ml of SARS-CoV-2 spike protein containing a His tag were added. The cells were stained
18 h later with an anti-ACE2 or anti-His, and 4’ ,6-diamidino-2-phenylindole for the nucleus. H460 cells treated with ACE2 siRNA had a decreased
expression of ACE2 protein (A). ACE2 siRNA also reduced binding of spike protein to the cell surface (B). Pink color is antibody to the ACE2
protein (white arrow). Green color is antibody to the His tag on SARS-CoV-2 spike protein (white arrow) (x100).
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Figure 4. SARS-CoV-2 spike protein induces reactive oxygen species (ROS), and DNA double-strand breaks (measured by H2AX) in human lung
cells. Single-cell suspension of freshly explanted normal human lung cells (A-B) were seeded at 10? cells per well into 96-well plates. Half of the
culture wells were incubated with the antioxidant MMS350 (400 uM) one hour before addition of spike protein (0.50 ug/ml), 5 Gy irradiation or
both spike protein plus 5 Gy. One hour later, cells were assayed for ROS (A) and DNA double-strand breaks (B). For the statistical analysis, analysis
of variance followed by a Student’s t-test were used. ROS increased in human lung cells under all conditions and was reduced when cells were
incubated in MMS350. DNA double-strand breaks in human lung samples (n=4) were increased under all treatments but were reduced when the

cells were treated with MMS350. Significantly different at p<0.05 vs. *0 Gy, *MMS350.

were washed for 5 min using 200 pl of PBS and fluorescence
measured using a fluorescent spectrophotometer.

Western analysis of transforming growth factor-3 signaling pathways.
The assays for five different TGF-[3 signaling pathways have been
described in detail previously (71). These assays were carried out on
protein extracted from aliquots of human cell preparations. A 100 mg
piece of normal human lung tissue was placed in 1 ml of cell lysis
buffer in a round test tube and homogenized using a Polytron PT3000

(Brinkman, Inc., Riverview, FL., USA). The lung samples were placed
on ice for 2 h, transferred to a 1.5-ml Eppendorf tube, centrifuged in
a microcentrifuge for 15 min at 17,960 xg at 4°C, and then the
supernatant was transferred to a new Eppendorf tube and stored on
ice. The protein concentration was determined using Bio-Rad Protein
Assay Dye Reagent Concentrate (Bio-Rad, Laboratories, Hercules,
CA, USA). The protein samples were added to 4X Loading Buffer
(Bio-Rad) with 10% 2-mercaptoethanol, vortexed and heat at 95-
100°C for 5 min.
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The samples were then loaded onto 4-12% Bis-Tris Criterion XT
Precast Gels (Bio-Rad) at 145 V for 70 min using XT MES as the
running buffer (Bio-Rad). The proteins were transferred to
polyvinylidene difluoride membranes (Bio-Rad) at 0.45 A for 90
min using Tris/Glycine buffer (Bio-Rad) with an ice block.
Nonspecific binding was blocked by incubating the membrane in
5% nonfat milk for 30 min. Reagents used included antibodies to
the following: phospho-mothers against decapentaplegic (SMAD3)
and phospho-cytokinin specific-binding protein (p38) (9523 and
9212; Cell Signaling Technology, Danvers, MA, USA),
phosphorylated extracellular signal-regulated kinase (p-ERK) and
c-Jun N-terminal kinase (p-JNK), as well as actin (sc-7383, sc-6254
and sc-8432, respectively; Santa Cruz Biotechnology Inc., Dallas,
TX, USA), phospho-ribosomal s6 kinase (S6K) and phospho-p21
activated kinase (PAK) (ab308331 and ab51244, respectively;
Abcam). The loading control was anti-mouse monoclonal antibody
to glyceraldehyde 3-phosphate dehydrogenase (#5174; Cell
Signaling Technology). The western blots were left in 5% nonfat
milk overnight at 4°C and then washed three times with TBS (Bio-
Rad) for 5 min. The secondary antibody [either goat anti-rabbit IgG-
horseradish peroxidase (HRP) (sc2004), goat anti-mouse 1gG-HRP
(sc2005), or donkey anti-goat IgG-HRP (sc2020); all from Santa
Cruz Biotechnology] was diluted 1:10,000 in 5% nonfat milk,
incubated with the membrane for 1 h at room temperature, and
washed three times with TBS for 5 min. The proteins were detected
using SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher, Pittsburgh, PA, USA). Western blot quantification
was performed using LabWorks™ Management System (Lablogics,
Inc., Mission Viejo, CA, USA).

Assay of cellular senescence. Histochemical staining for f3-
galactosidase was used to determine senescence according to a
previous publication (61). Freshly isolated human lung cells were
plated at 106 cells per well in T25 tissue culture flasks. When the
flasks reached 50% confluence, the cells were treated with SARS-
CoV-2 spike protein, 5 Gy irradiation or spike protein plus
irradiation. Oxetane-substituted sulfoxide (MMS350, prepared in the
laboratory of Peter Wifp, PhD at the University of Pittsburgh) (400
uM) was added to half of the wells of each group 1 h before the
addition of SARS-CoV-2 spike protein or irradiation. Forty-eight
hours later, the cells were stained for expression of 3-galactosidase
using a Senescence f3-Galactosidase Staining Kit (#9860; Cell
Signaling Technology). The cells were washed with PBS, fixed with
a 1X fixative solution for 10 to 15 min, rinsed twice with PBS and
then stained with [3-Galactosidase Staining solution. The cells were
incubated at 37°C at least overnight. The cells were observed under
a microscope for blue staining which is indicative of senescent cells
expressing [3-galactosidase.

In-vitro irradiation of fresh cell explants. Cells in culture were
irradiated using a cesium-137 gamma cell irradiator at a dose rate of
600 cGy per minute according to published methods (61). Cells were
treated in monolayer, and immediately after irradiation were harvested
for assays. For some experiments, SARS-CoV-2 spike protein was
added prior to irradiation or immediately after irradiation.

Statistical analysis. The different groups were first tested with analysis
of variance test. When statistical differences were found, individual
groups were analyzed with Student’s t-test (17, 64-65). Statistical
differences were found when the p-value was less than 0.05.
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Figure 5. SARS-CoV-2 spike protein induces mothers against
decapentaplegic homolog 3 (SMAD3)-dependent and four other
SMAD3-independent  transforming growth factor-beta (TGF-f3)
signaling pathways in IB3 human lung epithelial cells. Western blot
analysis was performed on the IB3 human lung cell line at 96 h
following treatment with SARS-CoV-2 spike protein (0.50 ug/ml), 5 Gy
irradiation, or both 5 Gy and spike protein. Blots were stained with
antibodies to SMAD3, phosphorylated extracellular signal-regulated
kinases (p-ERK), c-Jun N-terminal kinase (p-JNK), ribosomal S6 kinase
(p-S6K), and p21 (RAC1) activated kinase (p-PAK) (representing each
of the four SMAD3-independent signaling pathways) (70) and
standardized to actin. Irradiation with 5 Gy, spike protein, or both 5 Gy
and spike protein increased signaling by all five TGF-f§ signaling
pathways compared to untreated control cells.
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Results

SARS-CoV-2 spike protein binds to ACE2 receptor-positive
K18-hACE2 mouse lung cells similarly to freshly excised human
lung cells. We confirmed that K18-hACE2 mice transgenic for
human ACE2 demonstrated the presence of ACE2 receptors and
binding of labeled SARS-CoV-2 spike protein in lung tissue,
but not in bone marrow, as shown in Figure 1. The explanted
K18-hACE2 mouse lung demonstrated binding of SARS-CoV-
2 spike protein to ACE2 receptor. In contrast, C57BL/6J mouse
lung tissue did not demonstrate ACE2 receptor or SARS-CoV-
2 spike protein binding (Figure 1).

Freshly explanted single-cell suspensions of human lung
tissue demonstrated significant levels of cell surface ACE2
receptor and SARS-CoV-2 spike protein binding (Figure 2,
Figure 3, and Figure 4).

SARS-CoV-2 spike protein induces ROS and DNA double-
strand breaks in single-cell suspensions of human lung. We
compared SARS-CoV-2 spike protein-induced ROS and DNA
double-strand breaks with these induced by ionizing irradiation.
As shown in Figure 4A, human lung cells demonstrated
significant ROS by fluorochrome assay in vitro. As shown in
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Figure 6. SARS-Cov-2 spike protein stimulates senescence in human lung cells. Fresh human lung cells were seeded into T25 flasks at 100 cells
per flask, and when 50% confluent, spike protein was then added (0.50 ug/ml). Other flasks were irradiated to 5 Gy or treated with both spike
protein and 5 Gy 24 h after addition of spike protein. To half of the flasks in each group, antioxidant radiation mitigator MMS350 (400 mM) was
added to the cells, 1 hour before addition of spike protein to the flasks. Forty-eight hours after irradiation, cells were stained for [-galactosidase.
For scoring senescent cells, five microscopic fields of 1,500 cells were counted, and the percentage of senescent cells was determined with ANOVA
followed by Student’s t-test to determine statistical significance (A). The increase in senescent cells was detected following the addition of spike
protein, 5 Gy, or 5 Gy plus spike protein, and their number was reduced by MMS350 (61, 71). (B) Photos of representative fields scoring senescent

cells (blue) (°100). Significantly different at p<0.05 vs. ¥0 Gy, *MMS350.

Figure 4B, DNA double-strand breaks as measured by P-
H2AX were induced by SARS-CoV-2 spike protein and
ionizing irradiation in vitro. We tested the effect of an
antioxidant by using an ionizing irradiation countermeasure,
the water-soluble dimethyl sulfoxide-analog, MMS350 (61, 72)
(Figure 4B), with respect to SARS-CoV-2 spike protein-
induced ROS and DNA double-strand breaks. The results,
which are shown in Figure 4 demonstrate that MMS350 caused
a significant decrease in both the ionizing irradiation-induced
and the SARS-CoV-2 spike protein-induced elevation of these
biomarkers.

SARS-CoV-2 spike protein induces TGF-3 signaling
pathways in human lung cells in-vitro. Human lung
specimens were treated with SARS-CoV-2 spike protein or
irradiation, as described in the Materials and Methods, and
then analyzed for each of five TGF-f signaling pathways
(71). The results demonstrate that both SARS-CoV-2 spike
protein and ionizing irradiation induced TGF-f signaling
pathways in vitro (Figure 5).

SARS-CoV-2 spike protein induces senescence in human lung
cells in vitro. We utilized a standard assay for senescence,
the expression of [-galactosidase in cells in culture (Figure
6). Human lung samples were treated with SARS-CoV-2
spike protein or ionizing irradiation. Cells were stained for
[-galactosidase (61), which was increased by both spike
protein and irradiation (Figure 6B) and reduced by MMS350
(Figure 6B).

Discussion

Lung fibrosis in COVID-19 survivors is clearly a
component of the late effects of COVID-19 disease, which
is appearing in increasing numbers of patients each year
(39-48, 54, 55). While the application of vaccines has
significantly reduced the incidence of acute disease from
SARS-CoV-2, the increase in clinical presentation of late
effects of COVID-19 is alarming.

There is evidence that cellular senescence precedes
fibrosis in several etiologies of lung fibrosis. Prominent in
the pathophysiology of radiation-induced pulmonary fibrosis
(RIPF) and silicosis (also called Black Lung Disease or
Miner’s Lung) is the detection of senescent cells in the lungs
prior to fibrosis (58-60).

Senescent cells have recently been shown to produce FGR
proto-oncogene, an Src family tyrosine kinase (FGR), which
is elevated in senescent cells significantly prior to the
detection of histological biomarkers of fibrosis in the RIPF
model (59, 60).

FGR is a component of a group of proteins produced by
senescent cells called senescence-associated secretory
proteins. Recent study demonstrated that senescent cells
show up-regulation of FGR induced by irradiation or
intrapulmonary injection of silica and, specifically,
phosphorylation of FGR (59). Administration of an inhibitor
of FGR phosphorylation (TL02-59) to mice in the model of
RIPF or silicosis prevented activation of FGR, and
significantly reduced lung fibrosis (60). There is also
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evidence that FGR is involved in the early phases of
idiopathic pulmonary fibrosis (IPF) in humans. This disease
represents a collection of clinical presentations of
progressive pulmonary fibrosis, in many cases, of unknown
cause. Clinical trials with novel drugs, approved by the Food
and Drug Administration, to treat IPF have not yet
specifically targeted FGR but rather have focused on limiting
ROS or other inflammatory biomarkers of the late pulmonary
response to potentially toxic factors in the environment. The
cause and an effective treatment of IPF are still unknown.

The COVID-19 pandemic has provided yet another
example of the potential for elevated levels of senescent cells
to cause pulmonary fibrosis. The present study demonstrated
that, when added to lung cells or tissues from mice or
humans, SARS-CoV-2 spike protein induces both senescence
and profibrotic TGF-f3 signaling. The components of the
senescence-associated secretory proteins in senescent cells
induced by SARS-CoV-2 spike protein are not known. As
more cases of late fibrosis appear in COVID-19 survivors,
there will be an opportunity to study the senescent cells in
lung specimens and in patients to determine whether FGR or
other specific tyrosine kinases are involved in the earliest
stages of the induction of pulmonary fibrosis.

The molecular mechanism of action of the SARS-CoV-2
virus with respect to induction of the ARDS is similar not
only to that of other infectious agents, but also to that of
ionizing irradiation-induced acute lung injury. There are
increasing numbers of reports of the late-stage effects of
COVID-19 in patients recovering from ARDS (1-4), and the
presentation of these effects in the lung is similar to those
caused by ionizing irradiation, including radiation fibrosis
(15-20, 66, 69-70). These concerns now suggest caution in
the use of standard protocols of regular clinical radiotherapy
in patients who have recovered from ARDS caused by
COVID-19 (20). There is concern for possible additive or
synergistic effects of late COVID-19 effects and ionizing
irradiation in the human lung.

In the present study, we questioned whether cellular
senescence was a possible mechanism of induction of late-
stage COVID-19-induced lung damage, namely, fibrosis.
Senescence is known to lead to the induction of biomarkers
of lung fibrosis including FGR (59, 60). We tested whether
known parameters of ionizing irradiation damage to mouse
and human lung tissue in vitro were also detected following
exposure to SARS-CoV-2 spike protein. The results
demonstrate that the spike protein does indeed induce
biomolecular and biochemical changes in both K18-hACE2
mouse, and human lung specimens in vitro, including the
induction of ROS, DNA double-strand breaks (measured by
H2AX), induction of TGF-P signaling pathways associated
with acute induction of inflammatory cytokines, and cellular
senescence. We discovered that there is a potential additive
effect of irradiation together with SARS-CoV-2 spike protein

exposure in vitro. The results also show that a small-molecule
radiation countermeasure, the antioxidant molecule MMS350,
reduced several parameters of SARS-CoV-2 spike protein-
induced changes in human lung tissue in vitro.

We observed that SARS-CoV-2 spike protein (73-75)
induced senescence in human lung cells in vitro. Recent
evidence suggests that senescent cells may be involved in
elaborating pro-fibrotic cytokines associated with radiation
pulmonary fibrosis (76). If patients recovering from COVID-
19-induced ARDS are at risk for increased numbers of
senescent cells in the lung, and if senescent cells caused by
COVID-19 contribute to pulmonary fibrosis, then the
addition of ionizing irradiation to the care of these patients
merits increased caution (77, 78). The use of senolytic drugs
as a therapeutic for patients developing fibrosis from prior
SARS-CoV-2 infection may also be of potential value (68,
79-86). Further studies will be required in mouse models of
COVID-19, including K18-hACE2 mice, to determine the
kinetics of induction and the duration of deleterious changes
induced by SARS-CoV-2 spike protein in vivo.
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