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ABSTRACT Increased mortality in COVID-19 cases is often associated with microvascu-
lar complications. We have recently shown that severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) spike protein promotes an inflammatory cytokine interleukin 6
(IL-6)/IL-6R-induced trans signaling response and alarmin secretion. Virus-infected or
spike-transfected human epithelial cells exhibited an increase in senescence, with a
release of senescence-associated secretory phenotype (SASP)-related inflammatory mole-
cules. Introduction of the bromodomain-containing protein 4 (BRD4) inhibitor AZD5153
to senescent epithelial cells reversed this effect and reduced SASP-related inflammatory
molecule release in TMNK-1 or EA, s (representative human endothelial cell lines),
when cells were exposed to cell culture medium (CM) derived from A549 cells express-
ing SARS-CoV-2 spike protein. Cells also exhibited a senescence phenotype with
enhanced p16, p21, and senescence-associated B-galactosidase (SA-B-Gal) expression
and triggered SASP pathways. Inhibition of IL-6 trans signaling by tocilizumab and inhi-
bition of inflammatory receptor signaling by the Bruton’s tyrosine kinase (BTK) inhibitor
zanubrutinib, prior to exposure of CM to endothelial cells, inhibited p21 and p16 induc-
tion. We also observed an increase in reactive oxygen species (ROS) in A549 spike-trans-
fected and endothelial cells exposed to spike-transfected CM. ROS generation in endo-
thelial cell lines was reduced after treatment with tocilizumab and zanubrutinib. Cellular
senescence was associated with an increased level of the endothelial adhesion mole-
cules vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1
(ICAM-1), which have in vitro leukocyte attachment potential. Inhibition of senescence or
SASP function prevented VCAM-1/ICAM-1 expression and leukocyte attachment. Taken
together, we identified that human endothelial cells exposed to cell culture supernatant
derived from SARS-CoV-2 spike protein expression displayed cellular senescence markers,
leading to enhanced leukocyte adhesion.

IMPORTANCE The present study was aimed at examining the underlying mechanism
of extrapulmonary manifestations of SARS-CoV-2 spike protein-associated pathogene-
sis, with the notion that infection of the pulmonary epithelium can lead to mediators
that drive endothelial dysfunction. We utilized SARS-CoV-2 spike protein expression in
cultured human hepatocytes (Huh7.5) and pneumocytes (A549) to generate condi-
tioned culture medium (CM). Endothelial cell lines (TMNK-1 or EA, o, treated with CM
exhibited an increase in cellular senescence markers by a paracrine mode and led to
leukocyte adhesion. Overall, the link between these responses in endothelial cell se-
nescence and a potential contribution to microvascular complication in productively
SARS-CoV-2-infected humans is implicated. Furthermore, the use of inhibitors (BTK, IL-
6, and BRD4) showed a reverse effect in the senescent cells. These results may support
the selection of potential adjunct therapeutic modalities to impede SARS-CoV-2-associ-
ated pathogenesis.
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evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the seventh coronavi-

rus known to infect humans. Among these coronaviruses, severe acute respiratory syn-
drome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV),
and SARS-CoV-2 can cause severe disease (1). SARS-CoV and MERS-CoV induce a substan-
tial cytopathic effect and dysregulation of host immune responses. Immune-mediated
pathogenesis is likely to be a potential factor for severe outcome in MERS-CoV-infected
patients. Infection of mononuclear phagocytes (MNPs) is abortive in SARS-CoV; however,
MERS-CoV can replicate in monocytes, macrophages, and dendritic cells (2). Evidence of
productive SARS-CoV-2 infection in immune cells remains to be determined. Potential
mechanisms for disease progression include high rates of viral replication, which could be
responsible for enhanced host cell cytolysis, and the strong production of inflammatory
cytokines and chemokines by infected epithelial cells (3), which perpetuates virtual dam-
age and excessive accumulation of monocytes, macrophages, and neutrophils. Disease se-
verity correlates with inflammatory cytokines present in the serum. The role of SARS-CoV-
2-induced excessive inflammatory responses as a factor contributing to disease severity
needs to be critically examined. Acute kidney injury (AKI), cardiac damage, and abdominal
pain are the most commonly reported comorbidities of COVID-19 (4, 5). SARS-CoV-2 infec-
tion may be associated with damage occurring due to specific pathogenic conditions,
including cytokine release syndrome (6).

Cellular senescence is triggered by stressful insults and certain physiological proc-
esses, characterized by a prolonged and generally irreversible cell cycle arrest with se-
cretory features, macromolecular damage, and altered metabolism (7). Primary cells
normally reach replicative senescence after a limited number of population doublings
(8). Senescent cells secrete an excess of soluble factors, including proinflammatory
cytokines and chemokines, growth modulators, angiogenic factors, and matrix metallo-
proteinases (MMPs), which are collectively termed the senescence-associated secretory
phenotype (SASP) (9, 10). SASP function constitutes a hallmark of senescent cells and
mediates many of their pathophysiological effects.

The present study addresses effects associated with epithelial cells expressing
SARS-CoV-2 spike protein and the paracrine-associated response generated in endo-
thelial cells that leads to senescence. Results from this study identified a mechanism
by which SARS-CoV-2 infection propagates the paracrine effect, suggesting potential
therapeutic means to interdict relevant mechanistic steps impeding deleterious SASP
function.

RESULTS

SARS-CoV-2 spike protein expression in A549 cells induces senescence markers.
Cellular senescence may play a role in poor clinical outcomes in COVID-19 patients (11).
We examined whether A549 cells transfected with the full-length spike plasmid exhibit
senescence marker expression. Examination by immunofluorescence of spike-transfected
A549 cells showing spike protein expression showed enhanced expression of the senes-
cence marker senescence-associated B-galactosidase (SA-B-Gal). On the other hand, a
similar or reduced expression of SA-3-Gal was observed in the apparent absence of spike
protein expression in cells, which may be due to a paracrine effect from spike-expressing
neighboring cells. The increased expression was seen most prominently in single cells,
with lesser fluorescence visible in surrounding cells (Fig. 1A). A549 cells exhibited an
extremely low level of infection with SARS-CoV-2. However, lysates from virus-infected
cells exhibited clearly enhanced p21 and p16 expression. Likewise, A549 cells expressing
spike protein also displayed enhanced p21 and p16 markers (Fig. 1B). In a similar manner,
virus-infected or spike-transfected Huh7.5 cells also displayed elevated levels of p21 and
p16 (Fig. 10).

Oxidative stress is associated with the pathology of SARS-CoV-2 infection, including
its amplification of cytokines (12), and reactive oxygen species (ROS) play a significant
role in oxidative stress. Senescent cells are characterized by increased ROS levels. ROS
generation is associated with the induction of senescence and maintenance of a viable
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FIG 1 SARS-CoV-2 spike protein expression induces senescence markers in cells. Spike-transfected A549 cells
exhibited rounding and enhanced senescence-associated -galactosidase (SA-B-Gal) expression in the presence
of SARS-CoV-2 spike protein (A). Virus-infected or spike protein-expressing A549 (B) or Huh7.5 (C) cells also
exhibited induction of senescence markers p21 and p16, as well as SARS-CoV-2 spike protein expression.
Expression level of actin in each lane from the same gel is shown as a total protein load for comparison.
Experiments were performed in triplicate.

senescent state in A549 cells (13, 14). Here, we measured intracellular ROS and observed
an approximately 3-fold increase in ROS in A549 spike-transfected cells compared to lev-
els in empty plasmid-transfected control cells (Fig. 2A). Increased production of intracel-
lular ROS contributes to DNA damage, leading to cellular senescence. We observed an
increase in the DNA damage response marker »-H2AX in cells transfected with the viral
spike gene (Fig. 2B). »-H2AX was found to be localized to the nucleus in viral spike-trans-
fected A549 cells (Fig. 2C). Our results indicated that SARS-CoV-2 spike protein expres-
sion induces a senescent state in spike-transfected A549 cells that is associated with the
DNA damage response and increased ROS generation.

Bromodomain-containing protein 4 inhibitor represses the senescence-associated
secretory phenotype. Bromodomain-containing protein 4 (BRD4) is a novel regulator of
the senescence mechanism. BRD4 expression is required in senescence immune surveil-
lance and SASP-associated signaling (15). Spike gene transfection of A549 cells led to an
enhanced expression of BRD4 (Fig. 3A). A549 cells were transfected with the SARS-CoV-2
spike protein and incubated for 48 h prior to exposure for 16 h to the BRD4 inhibitor
AZD5153. Spike protein expression induced p21 and p16 senescence markers, the levels
of which were reduced by the addition of AZD5153 (Fig. 3B). Spike-transfected A549 cells

A — B o C A549
3.5 1 X% = DAPI Spike
—_ S
g
S
025 - 20
2 o x
T 2 E g
5 u @
1.5 4
% 17 KDa—) y-H2AX
o1 1022
0.5 4 P KDa-)EI Actin
0 4
Empty Spike
vector
A549

FIG 2 SARS-CoV-2 spike protein expression generates oxidative stress in A549 cells. SARS-CoV-2 spike
transfection induced reactive oxygen species (ROS) release (A), »H2AX expression (B), and nuclear
localization of y»H2AX (C). Experiments were performed in triplicate and results are presented as
mean * standard deviation. **, P < 0.005. DAPI, 4',6-diamidino-2-phenylindole.
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FIG 3 SARS-CoV-2 spike-transfected A549 cells display BRD4 induction, senescence markers, and enhanced
HMGB1 and cytokine release. Spike transfection enhanced BRD4 expression (A) and induced both p21 and p16
expression, which were inhibited by the addition of AZD5153 inhibitor (B). SARS-CoV-2 spike protein expression
is also shown in the corresponding panels. Transfected cells exhibited enhanced secretion of HMGB1, IL-1q,
and IL-6 (C). Cytokine expression was inhibited by AZD5153. Experiments were performed in triplicate. The
results are presented as mean =* standard deviation. *, P < 0.05; **, P < 0.005.

exhibited enhanced secretion of SASP-related inflammatory molecules like the alarmin
HMGB1 and cytokines interleukin T« (IL-1a@) and IL-6. Treatment with the BRD4 inhibitor
AZD5153 in spike-transfected A549 cells (as described above) reduced secretory levels of
these inflammation molecules (Fig. 3C). Our results suggest that the presence of SARS-
CoV-2 spike protein in A549 cells induces release of SASP-related inflammatory mole-
cules that could be impeded using an inhibitor of BRD4.

Conditioned culture medium from spike-transfected epithelial cells induces a
paracrine mode of senescence in endothelial cells. Senescent cells secrete inflamma-
tory molecules that may induce paracrine senescence in their surrounding cells. We
examined whether senescent epithelial cells generated by spike transfection stimulate
paracrine senescence in nearby endothelial cells where SARS-CoV-2 spike protein expres-
sion is absent. For this, we incubated endothelial TMINK-1 cells with conditioned culture
medium (CM) collected from SARS-CoV-2 spike-expressing A549 cells. We observed green
fluorescence associated with SA-B-Gal expression in spike CM-treated cells (Fig. 4A). We
also observed a strong expression of the senescence markers p21 and p16 from spike
CM-treated TMNK-1 cells. However, incubation with CM from spike-expressing A549 cells
previously treated with the BRD inhibitor AZD5153 led to a loss of enhancement of both
p21 and p16 in TMNK-1 cells (Fig. 4B). We previously observed that SARS-CoV-2 spike
induces senescence in Huh7.5 cells. To verify whether the inflammatory SASP molecules
remaining in the CM induced a paracrine effect on endothelial cells, we performed an SA-
B-Gal assay in TMNK-1 cells incubated with CM from spike-expressing Huh7.5 cells. A sim-
ilar outcome was noted with SA-B-Gal expression from TMNK-1 cells upon incubation
with CM collected from SARS-CoV-2 spike-expressing Huh7.5 cells treated with AZD5153
(Fig. 4C). Release of SASP molecules is a signature of the senescence mechanism. An
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FIG 4 Senescence markers in TMNK-1 following incubation with CM from SARS-CoV-2 spike protein-expressing epithelial cells. CM from spike-transfected
A549 cells induced SA-B-Gal expression, shown by immunofluorescence (A), and p21/p16 protein expression, shown by Western blot (B). CM from spike-
transfected Huh7.5 cells also induced SA-B-Gal expression, shown by immunofluorescence (C). The use of AZD5153 inhibitor inhibited senescence marker
expression from both A549 (B) and Huh-7.5 (C) spike-transfected CM. The release of SASP-related inflammatory molecules, namely, HMGB1, IL-1¢, IL-6, and
MCP-1, from spike-expressing A549 CM was measured by enzyme-limited immunosorbent assay (ELISA) (D). Experiments were performed in triplicate, and
results are presented as mean =* standard deviation. **, P < 0.005.

increase in the levels of SASP release-related inflammatory molecules HMGB1, IL-1¢, IL-6,
and monocyte chemoattractant protein 1 (MCP-1) was also observed in spike CM-treated
TMNK-1 cells (Fig. 4D). Thus, our results indicated an induction of paracrine endothelial
cell senescence as a bystander effect from SARS-CoV-2 spike-expressing epithelial cells.
Inhibition of inflammatory receptor-mediated signaling reverses the paracrine
mode of endothelial cell senescence. We have shown here that exposure of CM from
SARS-CoV-2 spike-expressing epithelial cells stimulates paracrine endothelial cell senes-
cence due to the presence of higher levels of SASP-related inflammatory molecules. It is
anticipated that the inflammatory molecules present in CM from spike-expressing cells,
such as HMGBI1, IL-1«, and IL-6, may bind to different receptors on the endothelial cell
surface and stimulate Toll-like receptor (TLR)-mediated signaling. Stimulation of TLR sig-
naling leads to activation of the downstream molecules Akt and p38-MAPK, and these
active molecules are crucial regulators of the senescence phenomenon. We observed
that exposure of TMNK-1 and EA,, 4, endothelial-like cell lines to spike CM resulted in an
enhancement in phosphorylation of Akt and p38-MAPK molecules (Fig. 5A and B). The
Bruton's tyrosine kinase (BTK) inhibitor zanubrutinib is used to treat B-cell malignancies
and prevents a vast range of inflammatory receptor signaling, including that by the tu-
mor necrosis factor receptor (TNFR), IRAK, and all TLRs except TLR3 (16). Treatment of
TMNK-1 and EA,,o,s endothelial cells with zanubrutinib prior to exposure to spike CM
caused significant attenuation in Akt and p38-MAPK phosphorylation (Fig. 5A and B).
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FIG 5 Modulation of Akt and p38 activation in endothelial cells and induction of cell senescence
markers by CM from viral spike-expressing A549 cells as a paracrine response. TMNK-1 or EA, ,, cells
were exposed to A549 spike CM for 24 h and measured by Western blot analysis for phosphorylation
of Akt, p38-MAPK (A and B), p21, and p16 (C and D). At exposure, individual wells were treated with
zanubrutinib or tocilizumab, as indicated.

Our previous study revealed that exposure of CM from SARS-CoV-2 spike-expressing
epithelial cells triggers STAT3 activation in TMNK-1 endothelial cells, which is blocked
by treatment with tocilizumab (a monoclonal antibody that inhibits IL-6 signaling) (17).
STAT3 is also one of the key regulators of the senescence mechanism. As the spike-
expressing A549 CM contained HMGB1-, IL-1a-, and IL-6-like inflammatory molecules,
we examined whether introduction of tocilizumab and zanubrutinib can prevent para-
crine senescence generated in this manner. We observed that the elevated expression
of senescence markers p21 and p16 was hindered individually by either tocilizumab or
zanubrutinib treatment in TMNK-1 and EA,, o, cells incubated with spike CM (Fig. 5C
and D). These results further verified that endothelial cell senescence occurs due to a
paracrine effect related to SARS-CoV-2 spike senescence established in the transfected
pneumocyte cell line A549.

Spike-transfected A549 culture medium induces reactive oxygen species
generation in endothelial cells. Elevated levels of ROS are commonly observed in
senescent cells (13). Both intracellular and extracellular ROS have been shown to
contribute to senescence induction. Here, we examined ROS production in endothe-
lial cells exposed to CM from A549 cells expressing spike in the presence of specific
inhibitors. ROS levels were increased approximately 2-fold in endothelial cells
(TMNK-1 and EA,,0,¢) exposed to A549 spike-expressing CM, in comparison to those
exposed to control medium. The use of tocilizumab and zanubrutinib inhibited ROS
production in endothelial cells cultured in the presence of A549 spike CM (Fig. 6A
and B).
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FIG 6 A549 spike-transfected culture medium induces ROS generation in endothelial cells. ROS production in two
endothelial cells (A and B) exposed to A549 spike CM was measured in the presence or absence of inhibitors. CM
decreased the proliferative ability of the endothelial cells, as displayed by progressively reduced MTT [3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] activity compared to that of control CM. Experiments were
performed in triplicate. ROS levels were increased approximately 2-fold in experimental cells compared to those in
mock-treated control cells. Experiments were performed in triplicate. The percentage of adhesion was determined by
a release of fluorescence from human monocytes (THP-1) after 6 h of adhesion on treated TMNK-1 (C) and EA, 4, (D)
cells. Experiments were performed in duplicate. The results are presented as mean * standard deviation. *, P << 0.05.

Exposure of endothelial cells to A549 spike-transfected culture medium exhibits
decreased proliferation. Senescence is an irreversible arrest of cell proliferation while
the cell maintains metabolic function. Here, we compared the proliferative capacity of
endothelial cells treated with control or A549 spike CM and the effect of inhibitor treat-
ment. A549 spike CM decreased the proliferative ability of the endothelial cell line, as
displayed by progressively reduced MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide] conversion (44% on TMNK-1 and 48% on EA, 4, cells) on day 3
postexposure, compared to control CM. The use of tocilizumab and zanubrutinib
restored the proliferative capacity of CM-treated cells (Fig. 6C and D).

Senescent endothelial cells express adhesion molecules for leukocyte attachment.
The adhesion molecules vascular cell adhesion molecule 1 (VCAM-1) and intercellular
adhesion molecule 1 (ICAM-1) are expressed on the endothelial cell surface in response
to cytokines, contributing to leukocyte attachment for initiating vasculopathy. We
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FIG 7 Bystander senescence induces endothelial adhesiveness. Expression of adhesion molecules, VCAM-1 and
ICAM-1, was analyzed by Western blot from TMNK-1 and EA, ,,, cell lysates prepared after 24 h of exposure of
CM from spike-expressing A549 cells with or without tocilizumab or zanubrutinib treatment (A and B). The blot
in panel A was spliced to remove an extra lane, indicated by the black tooling line. The expression level of
actin in each lane is shown as a total protein load control for comparison, and the background in the blot is
decreased for clarity of the image. A comparative analysis of leukocyte (THP-1 cells were used as a model cell
line for leukocytes) adhesion on endothelial cells (TMNK-1 and EA,,s) after 24-h exposure of CM in the
presence or absence of tocilizumab or zanubrutinib is shown (C and D). Experiments were performed in
triplicate, and results are presented as mean * standard deviation. **, P < 0.005.

observed that the endothelial cell lines TMNK-1 and EA,,o,s exhibit a paracrine mode
of senescence state after introduction of CM from SARS-CoV-2 spike-expressing epithe-
lial cells. We examined whether senescent endothelial cells express adhesion mole-
cules. Our Western blot analysis showed that both TMNK-1 and EA,, o, cells express
increased levels of VCAM-1 and ICAM-1 molecules after exposure to CM from SARS-
CoV-2 spike-expressing A549 cells (Fig. 7A and B). These enhanced levels of VCAM-1
and ICAM-1 were reduced after rescue from senescence following treatment with toci-
lizumab or zanubrutinib. To further determine whether these contrasting phenotypes
are seen under physiological conditions, we assessed leukocyte adhesion using a fluo-
rometric assay on the human monocyte cell line THP-1. A significant cellular adhesion
of THP-1 cells on the surface of TMNK-1 and EA,, 4,6 cells was detected in the presence
of CM from SARS-CoV-2 spike-expressing A549 cells, in association with elevated expression of
the adhesion molecules (Fig. 7C and D). The loss of leukocyte adhesion is also corroborated
by the reduction of VCAM-1 and ICAM-1 after treatment with tocilizumab or zanubrutinib.
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These results indicate that leukocyte trafficking occurs to endothelial cells in an in vitro
cellular environment, which is influenced by SARS-CoV-2 spike expression and paracrine
senescence in surrounding epithelial cells.

DISCUSSION

We previously reported a marked elevation of SASP-related inflammatory molecules
IL-6, IL-1, and HMGB-1 in the culture supernatant of SARS-CoV-2 spike-expressing epi-
thelial cells (17). The present study revealed that SARS-CoV-2 infection or viral spike pro-
tein expression induces epithelial cell senescence and increases the levels of SA-B-Gal
and p16 and p21 marker proteins. A recent study suggested that alveolar type Il lung
cells harboring SARS-CoV-2 exhibit senescence with a proinflammatory phenotype, in
association with the presence of spike protein in COVID-19 patients (11). BRD4, one of
the bromodomain and extraterminal (BET) family proteins, plays a vital role in cellular se-
nescence, including stimulation of SASP (18). We observed that inhibition of BRD4 by
AZD5153 reduces the release of SASP-related inflammatory molecules and expression of
senescence associated marker proteins. A recent study also suggested that BET inhibition
blocks inflammation-induced cardiac dysfunction in COVID-19 patients (19).

ROS are generated as a by-product of cellular metabolism. Accumulation of ROS
causes cytostatic effects due to their ability to damage DNA, protein, and lipid mole-
cules in cells. ROS cause a variety of lesions in DNA that lead to DNA double-strand
breaks (20). Systemic oxidative stress status is raised in critically ill COVID-19 patients
(21). Oxidative stress-mediated DNA damage accelerates cellular senescence (22). Our
data suggest that the presence of SARS-CoV-2 spike protein generates ROS in epithelial
cells. A clinical trial (ClinicalTrials registration no. NCT04377789) is continuing to assess
the effect of the senolytic drug quercetin for prevention and treatment of COVID-19,
indicating the perceived importance of senescence in COVID-19 pathogenesis.

Induction of inflammatory molecules is attributed to SASP function (23). Cellular senes-
cence is a stress inducer in tissues, leading to the expansion of senescence to normal
bystander cells through SASP-related inflammatory molecules (24). The above-described
observations lead to further examination of whether senescent epithelial cells may generate
a bystander senescence response in nearby endothelial cells. We observed that endothelial
cells exposed to CM from SARS-CoV-2 spike-expressing epithelial cells exhibited sign of se-
nescence that induced senescence markers, including SASP molecules and ROS generation.
Our previous study also demonstrated that treatment of endothelial cells with CM from
SARS-CoV-2 spike-expressing epithelial cells containing elevated IL-6 activates STAT3 tyro-
sine phosphorylation, resulting in induction of MCP-1 expression; addition of tocilizumab
inhibits MCP-1 expression (17). A recent study of postmortem liver specimens of COVID-19
patients suggested the involvement of IL-6 trans signaling in endotheliopathy, increased
expression of adhesion molecules, and leukocyte extravasation (25). MCP-1 is an SASP-
related chemokine, and its secretion was inhibited by using tocilizumab in endothelial cells.
We suggest that endothelial senescence may occur as a bystander effect of senescent epi-
thelial cells in a paracrine manner by inflammatory receptor-based signaling. To verify, we
included treatment with zanubrutinib and tocilizumab to block inflammatory receptor-
based signaling. The use of zanubrutinib inhibited Akt and p38-MAPK phosphorylation,
which is important in triggering the senescence mechanism. Elevated senescence markers
were lowered by the treatment of these inhibitors. Thus, our results indicated that the
SASP-related inflammatory molecules present in the CM from SARS-CoV-2 spike-expressing
epithelial cells lead to senescence in endothelial cells and support a recent observation
from another group of investigators (26). Blocking inflammatory receptor-mediated signal-
ing prevents the paracrine effect in endothelial cells (Fig. 8). Application of tocilizumab or
BTK inhibitors in severe COVID-19 cases may improve treatment strategy (27-29).

Endothelial senescence may lead to microvascular complications by secretion of the cel-
lular adhesion molecules VCAM-1/ICAM-1, which may cause leukocyte adhesion on the sur-
face of the endothelium and may increase coronary blockade (30). The increased expression
of endothelial cell adhesion molecules has been noted in COVID-19 patients (31). Our study
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FIG 8 Schematic presentation of viral spike-expressing epithelial cells leading to downstream signaling
for functional consequences. The presentation reflects the potential mechanisms of SARS-CoV-2 spike to
promote paracrine endothelial senescence favoring leukocyte attachment. Potential inhibitory steps of
these signaling events are shown by blunt arrows. sIL-6R, soluble receptor of interleukin-6.

suggested that the use of tocilizumab and zanubrutinib reversed the senescence effect in
endothelial cells, prevented VCAM-1/ICAM-1 expression, and reduced leukocyte attachment.

A nonreplicable form of SARS-CoV-2 spike protein is used in the vaccines for immuni-
zation. Therefore, viral spike protein expression and duration of antigenic stimulation to
the immune system in the injected tissue (although expected for a brief period) may not
be sufficient to exhibit significant senescence or deleterious effect to adjacent endothelial
cells. In this scenario, senior or elderly people who already have an accumulation of sen-
escent cells may have a higher possibility of paracrine senescence after vaccination (32).

COVID-19 epidemiological data show that the SARS-CoV-2 infection mortality rate rises
with age, particularly in individuals of advanced age. Aging is a physiological decline of
organismal functions involving accumulation of cells that undergo a senescence state.
Therefore, cellular senescence could hypothetically be a contributor to COVID-19 pathogene-
sis. Our present study revealed that SARS-CoV-2-infected epithelial cells undergo senescence,
which promotes paracrine signaling to induce senescence in other tissues or cells, leading to
endothelial dysfunction or microvascular complication. The reversal of senescence demon-
strated in this study may be extended to clinical applications to alleviate disease severity
and act as a potential adjunct therapy to reduce COVID-19 mortality.

MATERIALS AND METHODS

Cell culture and transient transfection. Transformed human lung epithelial cells (A549), liver epithelial
cells (Huh7.5), liver sinusoidal endothelial cells (TMNK-1) (kindly provided by A. Soto-Gutierrez, University of
Pittsburg, Pittsburg, PA), and EAnyo26 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
HyClone) containing 10% fetal bovine serum (FBS; Sigma), 100 U of penicillin/ml, and 100 ug of streptomycin/
ml (Sigma). The cells were maintained in a humidified atmosphere at 37°C with 5% CO,.

Cells were subcultured in a 6-well plate to ~60% confluence overnight and transfected with plasmid
DNA (pcDNA3.1-SARS-Cov-2-Spike MC-0101087-5834, kindly provided from BEI Resources) or empty
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vector construct (2.5 ug/well) using Lipofectamine 3000 (Life Technologies) following the manufacturer’s
instructions. Cell lysates were prepared for analyses after 72 h of transfection. Culture supernatant was
collected after 72 h (A549 spike CM), with or without 16 h of incubation with inhibitor.

For infection with SARS-CoV-2, A549 cells were maintained in DMEM containing 2% FBS prior to collection.
A SARS-CoV-2 isolate (USA-WA1/2020, BEI Resources) derived from an isolate sourced to Wuhan, China, was
used to infect cells at a multiplicity of infection of 0.5. Al live virus experiments were performed in a P3 facility
approved by the Institutional Biosafety Committee. Cell lysates were collected 48 h after infection.

Senescence-associated $-galactosidase expression. Cells were examined using the SPIiDER-B3-Gal
cellular senescence detection kit (Dojindo). Spike-transfected A549 cells were measured for SA-B-Gal expres-
sion at 72 h posttransfection. TMNK-1 cells were measured at 24 h postexposure to A549 spike-conditioned
culture medium (CM). Cells were initially exposed to bafilomycin A1 for 1 h to inhibit endogenous B-Gal activ-
ity. Cells were treated with SPiDER-3-Gal reagent and incubated for an additional 30 min prior to visualization
at x40 magnification by immunofluorescence microscope following the supplier’s protocol.

Western blot analysis. Cell lysates were electrophoresed to resolve proteins by SDS-PAGE, trans-
ferred onto a nitrocellulose membrane, and blocked with 4% nonfat dry milk. The membrane was incu-
bated at 4°C overnight with specific primary antibody, followed by a secondary antibody conjugated
with horseradish peroxidase. The blot from the same run was reprobed with B-actin (Sigma) horseradish
peroxidase (HRP)-conjugated antibody to compare protein load in each lane. Commercially available
antibodies for phospho-p38 MAPK (Thr180/Tyr182), phospho-Akt (5473), p21, y»H2AX (Cell Signaling),
VCAM-1, ICAM-1, and p16 (Santa Cruz Biotechnologies) were used. Western blots were developed with
the SuperSignal West Pico chemiluminescence kit (Thermo Scientific) using the manufacturer’s protocol.
Densitometric scanning results are exhibited as an average of three separate experiments.

Immunofluorescence. A549 cells were transfected by Lipofectamine 3000 with SARS-CoV-2 spike
protein using an enhanced green fluorescent protein (EGFP) linker construct. After 48 h, cells were fixed,
and y-H2AX antibody (Cell Signaling) was used for immunofluorescence (IF). »\H2AX was visualized using
anti-rabbit Alexa Fluor 594 (Invitrogen). Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI).
Fluorescence was visualized at x40 magnification with an immunofluorescence microscope (Leica).

Inhibitor treatment. Cells were incubated in the presence of tocilizumab (5 mg/ml; Absolute Antibody)
for 24 h (33), AZD5153 (500 ng/ml; Cayman Chemical) for 24 h (34), or zanubrutinib (500 ng/ml; SelleckChem)
for 24 h (35). AZD5153 and zanubrutinib were dissolved in DMSO.

ELISA. Cell culture medium (CM) from SARS-CoV-2 spike-transfected cells were analyzed for the presence
of secreted IL-6, MCP-1, IL-1e (Sigma), and HVMIGB-1 (Novus Biologicals) using enzyme-limited immunosorbent
assay (ELISA) kits following the manufacturer’s instructions. TMNK-1 cell culture medium exposed to A549
spike CM and CM from spike-expressing A549 cells in the presence or absence of inhibitors were also used.

ROS assay. A549 cells were cultured after transfection of SARS-CoV-2 spike protein for 48 h and
were treated with inhibitors for 24 h in a 37°C CO, incubator. TMNK-1 cells were exposed to A549 spike
CM and incubated as described above 24 h prior to measurement. Intracellular ROS were measured
using a commercially available ROS detection cell-based assay kit (Cayman Chemicals).

Leukocyte adhesion assay. Leukocyte attachment on an endothelial cell surface was performed
using monocyte-derived cells (THP-1) with TMNK-1 and EA,,,, endothelial cells. Adhesion of THP-1 cells
was measured using the CytoSelect leukocyte-endothelium adhesion assay kit (Cell Biolabs, Inc.) following
the supplier’s protocol.

Statistical analysis. Graph Pad Prism 7 was used to analyze the experimental data. All experiments
were performed at least three times for reproducibility. The results are presented as mean = standard
deviation. Paired two-tailed t test analyses were performed to compare the mean values between the
two groups. A P value of <0.05 was considered statistical significance.
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