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Enhanced Viral Replication by Cellular Replicative
Senescence
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Cellular replicative senescence is a major contributing factor to aging and to the development and progression of
aging-associated diseases. In this study, we sought to determine viral replication efficiency of influenza virus (IFV)
and Varicella Zoster Virus (VZV) infection in senescent cells. Primary human bronchial epithelial cells (HBE) or
human dermal fibroblasts (HDF) were allowed to undergo numbers of passages to induce replicative senescence.
Induction of replicative senescence in cells was validated by positive senescence-associated -galactosidase staining.
Increased susceptibility to both IFV and VZV infection was observed in senescent HBE and HDF cells, respectively,
resulting in higher numbers of plaque formation, along with the upregulation of major viral antigen expression than
that in the non-senescent cells. Interestingly, mRNA fold induction level of virus-induced type I interferon (IFN)
was attenuated by senescence, whereas IFN-mediated antiviral effect remained robust and potent in virus-infected
senescent cells. Additionally, we show that a longevity-promoting gene, sirtuin 1 (SIRT1), has antiviral role against
influenza virus infection. In conclusion, our data indicate that enhanced viral replication by cellular senescence could
be due to senescence-mediated reduction of virus-induced type I IFN expression.
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INTRODUCTION

Aging is suggested to be promoted by cellular senescence
because senescent cells accumulate in tissues and organs
with age (1). Replicative senescence refers to a stage which
normal cells undergo growth arrest after proliferating
for a limited number of population doublings. The main
features of replicative senescence are characterized by
the following cellular phenotypes, such as large and flat
cell morphology, increased SA-f-Gal activity, increased
expression levels of p21/ p53 and higher cellular pro-
duction of reactive oxygen species (ROS) (2,3). A better

understanding of the molecular mechanisms underlying
the multi-step progression of senescence and determining
the role of senescence during infection can provide
potential therapeutic strategies for age-related infectious
diseases.

Influenza virus (IFV) and Varicella Zoster Virus (VZV)
are the pathogens that cause the most common infectious
diseases worldwide and the elderly populations are
most vulnerable to IFV and VZV infections. Influenza
is an important contributor to morbidity and mortality
worldwide as influenza virus infections result in about
250,000 to 500,000 deaths annually, and over 90% of
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influenza-related deaths occur in the older adult popula-
tion. The efficacy and effectiveness of influenza vaccines
decrease with age, due to the negative impact of aging
on the development of the immune system and its ability
to function (4,5). The detailed role and mechanisms of
senescence that underlie the increase in the levels of
susceptibility to influenza infection have not been well
elucidated.

Shingles is caused by the reactivation of VZV that has
persisted in latent form within sensory ganglia following
an earlier episode of chickenpox, and is characterized by
a painful skin rash affecting a significant proportion of the
elderly population. The underlying mechanisms involved
in VZV reactivation and susceptibility among the elderly
or immunocompromised populations are currently
unclear, although recent studies suggested that aging may
cause an inability to efficiently clear virus-infected cells
by immune cells (6). Furthermore, aging is also thought to
decrease the efficacy and effectiveness of zoster vaccines,
suggesting aging-associated decline in immunogenicity
induced by vaccination (7).

Previous work has highlighted the age or senescence-
associated decline of innate immune receptor function.
For example, decreased toll-like receptor (TLR) function
in dendritic cells, dysregulated signaling cascades, and
decreased cytokine production have been shown to
contribute to impaired innate immune responses (8-11).
Similarly, age-associated defects in retinoic acid inducible
gene-I (RIG-I) signaling specifically impairs interferon
(IFN) signaling after infection with West Nile virus
(WNV) (12). In addition to gene expression changes in
receptors, senescence is known to cause inflammaging,
characterized by the up-regulation of the inflammatory
response that occurs with advancing age. Altered secretion
levels of pro-inflammatory cytokines and chemokines,
such as interleukin-8 (IL-8) and tumor necrosis factor-o
(TNF-a), were observed in elderly mice (13). These
aberrant cytokine responses are thought to contribute to
the inability of the elderly to mount appropriate immune
responses to pathogens, vaccines, and self-antigens.

Human sirtuins are composed of a family of seven
nicotinamide adenosine dinucleotide (NAD)-dependent
deacetylases that removes acetyl groups from wide
ranges of essential proteins. SIRT1 has a broad range of
physiological and biological functions, which play an
important role in controlling gene expression, metabolism
and aging (14). At cellular level, overexpression of
SIRT1 was shown to prevent replicative senescence
(15). Recent studies by Koyuncu et al identified SIRT1
as an ancient antiviral defense factor (16). They showed
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that siRNA-mediated inhibition of each of the seven
sirtuins could enhance the virus plaque formation for
human cytomegalovirus (HCMV) and influenza A virus.
The detailed mechanisms of SIRT1-mediated antiviral
activities remain to be fully determined.

In the present study, we used a replication-induced
senescence in vitro model to illustrate the role and the
mechanisms of senescence on viral replication and host
response during viral infection. Our results demonstrate
that senescent cells have an impaired ability to control
viral replication and senescence-associated genes such
as sirtuin 1 (SIRT1) exerts antiviral activities against
influenza infection. Collectively, our data provides the
first evidence for the importance of senescence-associated
decline in the viral replication control of primary human
epithelial and fibroblast cells.

MATERIALS AND METHODS

Cell culture and reagents

Normal human bronchial epithelial cells (HBE) were
obtained from Lonza, Basel, Switzerland and grown
in bronchial epithelial cell growth medium (BEGM)
medium. Normal human dermal fibroblasts (HDF)
(Lonza, Walkersville, MD, USA) were grown as adherent
cultures in fibroblast basal medium supplemented with
FGM SingleQuots (Lonza). Human lung adenocarcinoma
cells (A549) and Madin-Darby canine kidney (MDCK)
cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). A549 cells were
cultured in Roswell Park Memorial Institute (RPMI)-1640
medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 ug/mL streptomycin and maintained at 37°C with
5% CO, in a humidified atmosphere. MDCK cells were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Invitrogen) supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin.

Sodium butyrate (NaB), and nicotinamide (NAM)
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Recombinant human interferon (IFN)-a, A1, A2
was purchased from R&D (Minneapolis, MI, USA) and
interferon-f (IFN-B) protein was obtained from PBL
Assay Science (Piscataway, NJ, USA).

Viruses and plaque assay

Human influenza virus A/Puerto-Rico/8/34 (HIN1)
PR8 and the recombinant PR8 virus expressing green
fluorescent protein (GFP) (rPR8-GFP) were kindly
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provided by Dr. Adolfo Garcia-Sastre (Icahn School of
Medicine at Mount Sinai, NY, USA) (17). Virus titers
were determined by standard plaque assay in MDCK
cells with few modifications. VZV strain YCO1 (GenBank
Accession No. KJ808816) has been described previously
(18) and was cultured in HFFs, as described before (19).

Cellular replicative senescence model

Replicative cellular senescence induction models were
used in this study. HBE cells were grown until 7~9
passages and HDF cells were allowed to grow until after
20~25 passages, and senescent cells were verified by
their delayed population-doubling times and by using an
SA-B-Gal activity assay kit (Cell Signaling Technology,
Beverly, MA, USA), as described previously (20). Briefly,
cells were washed twice with PBS and incubated in 1
mL of fixing solution at room temperature for 20 min.
After removing the fixing solution and washing three
times with PBS, the fixed cells were stained with 1 mL
of freshly prepared cell staining working solution at 37°C
and protected from light for 24 h. After staining, the cells
were counted for SA-B—galactosidase positive staining
observed by light microscopy (Olympus, Tokyo, Japan).

Assays for mitochondrial superoxide formation

Cells were stained with mitoSOX Red (Invitrogen)
for 20 min and mitochondrial superoxide levels were
measured by flow cytometry or confocal microscopy. For
FACS analysis, cells were analyzed by a flow cytometer
(Beckman Coulter, BC-FC500, Fullerton, CA, USA).

Western blot analysis

Protein lysates (30 ug total protein) were prepared using
RIPA buffer (Sigma-Aldrich) and then separated by SDS-
PAGE on 10~15% acrylamide gels and transferred to
polyvinyldifluoride (PVDF) membranes. The membranes
were then incubated in a blocking buffer comprised
of 5% (w/v) BSA, 0.2 M Tris base, 1.36 M NaCl, and
0.1% Tween 20 (TBS/T) for 1 h at room temperature
and washed three times with 5 mL of TBS/T for 5 min
each wash. Membranes were incubated overnight with
the primary antibodies against p21, STING, phospho-
TBK, total TBK, p-IRF3, IRF3, B-actin (Cell Signaling
Technology) at 4°C. For influenza A virus protein
expression, anti-NS1 (Santa Cruz Biotechnology), and
anti-NP antibodies (Sino Biological Inc., Beijing, China)
were used. VZV gE antibody (Abcam, Cambridge, MA,
USA) were used to measure the expression of VZV
protein. After washing three times with TBS/T, the
membranes were incubated with HRP-conjugated anti-
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rabbit or mouse IgG secondary antibody (Cell Signaling
Technology) for 1 h at 25°C. After washing three times
with TBS/T, membranes were incubated with Western
Lumi Pico solution (ECL solution kit) (DoGen, Seoul,
Korea), and exposed to film.

qRT-PCR

Total cellular RNA was prepared using TRIZOL reagent
(Invitrogen). First-strand synthesis of cDNA from 1 pg of
total RNA was performed using ImProm-II""" (Promega,
Madison, WI, USA) according to the manufacturer’s
instructions. The changes in mRNA expression were
calculated using the comparative Ct method as described
previously (21). Data were normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) expression. Primer
sequences can be given upon request. Quantification of
c¢DNA was performed by qRT-PCR using Power SYBR®
Green Master Mix (Invitrogen). Cycling parameters
were 95°C for 10 min, followed by 40 cycles of 95°C
for 30 s and 60°C for 1 min. The specificity of each
reaction was validated by melt curve analysis and agarose
gel electrophoresis of PCR products. Expression was
normalized using the ACt method, in which the amount
of target, normalized to an endogenous reference and
relative to a calibrator, is given by 2, where Ct is the
cycle number of the detection threshold.

Immunofluorescence assay for viral replication

Cells were plated in 24-well plates and incubated over-
night. Cells were washed twice with PBS and infected
with rPR8-GFP virus at an multiplicity of infection
(MOI) of 1.0 to allow for viral replication. Cells were
infected with influenza in infection media followed by
washing with PBS and culturing in RPMI-1640 medium
with 2% FBS. After 24 h at 37°C in 5% CO,, nuclei were
stained with 1 pg/ml of the nuclear stain 4,6-diamidino-
2-phenylindole (DAPI) (Sigma-Aldrich) for 5 min.
Coverslips were mounted on to glass slides and virus-
infected cells were examined by confocal microscopy
(LSM700; Carl Zeiss, Jena, Germany).

Sirt1 siRNA transfection

Cells were seeded in 6-well plates and allowed to grow to
a confluency of 70% over 24 hrs. Transient transfections
with either control scrambled or Sirt! siRNA (Bioneer,
Daejeon, Korea) were performed with Lipofectamine
RNAIMAX reagent® (Invitrogen), according to the
manufacturer's protocol as previously described.
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Statistical analysis

Paired comparisons were performed using the Student's
t-test. Differences were considered statistically significant
at p<0.05. All analyses were carried out with the Prism®
software program (GraphPad Software, Inc., La Jolla,
CA, USA).

RESULTS

Enhanced influenza virus infectivity by replicative senescence
Replicative senescence was first described by Hayflick
and Moorhead in human fibroblasts, after they observed
cells undergoing extensive replication as a consequence
of serial culture passages (22). Given that increased senes-
cence-associated [3-galactosidase (SA-f-gal) activity is a
well-established biomarker of senescence (20), primary
HBE cells were passaged up to 7~9 times until cells
display senescent cell-like phenotype and positive SA-f3-
gal staining cells were counted to validate senescence. As
seen in Fig. 1A, replication-induced senescence in HBE
cells resulted in increased numbers of cells positive for
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SA-B-gal staining, compared with that of non-senescent
cells. We also observed that replicative senescence
resulted in increased mitochondrial superoxide formation
observed by mitoSOX staining (Fig. 1B).

We further examined whether the efficacy of influenza
virus (IFV) replication differs between non-senescent
(NS; passage number 2~4) and senescent (S; passage
number 7~9) cell cultures. The reduced virus titers in the
supernatants of IFV-infected cultures were confirmed by
plaque assay. We detected increased plaque formation
when analyzing the supernatants of infected cultures that
had undergone replicative senescence (Fig. 1C). The
protein levels of major viral proteins, nucleoprotein (NP)
and nonstructural protein 1 (NS1), were also measured
during senescence. Non-senescent and senescent HBE
cells were infected with influenza A virus for 24 hours,
and western blotting was performed. The expressions
of senescence-associated markers, such as p21, were
significantly higher in high passage cells than that in low
passage cells. When compared with influenza-infected
non-senescent cells, senescent cells had significantly
elevated viral protein levels of NP and NS1 at 24 hours

B

DAPI MitoSOX

MERGE

A
—~ 807
9
NS s 3 o]
N 2
% 40
2
& 20
«Q
- - <.
o gl
NS
CA 600+ D mock PR8 mock PR8
- *
g p21 — — — —
& 400
g NP -— .-
g 200 NS - -
B
X
0_

NS

pactin " ﬁ'“"“’”— e ——

Figure 1. Replicative senescence of primary human bronchial epithelial cells (HBE) is associated with dysregulated influenza virus replication.
Induction of replicative (passage number—associated) senescence was confirmed by SA-B-galactosidase (gal) staining. (A) SA-B-gal staining was
increased in senescent (S) HBE cells (right panel) relative to that of non-senescent (NS) cells (left panel). Magnification X200, Relative % SA-f3-
gal positive cells were counted and represented in the graph. (B) Assessment of mitochondrial superoxide generation was performed by mitoSOX
RED staining. (C) NS and S cells were infected with the influenza virus strain PR8 at an MOI of 0.1 for 24 h. Progeny viral titers were calculated and
expressed as % viral titers. Data are shown as means=SEM of three different experiments and are presented as the percentage of viral titer normalized
to 100% in NS cells. Statistical analysis: *p<0.05 compared with 100% viral titers in NS cells. (D) Western blot analysis was performed in cell
lysates of NS and S cells infected with PR8 virus at an MOI of 0.1 for 24 hours to assess the expression of senescence-associated p21 and influenza
protein nucleoprotein (NP), nonstructural protein 1 (NS1) and actin. The blot shown is representative of three independent experiments. (E) NS and S
cells were mock-infected or infected with PRS for indicated length of time and western blotting was performed, similar to figure 1D.
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post-infection (hpi), suggesting that viral protein synthesis
is more efficient in senescent cells than in non-senescent
cells (Fig. 1D). Furthermore, Fig. 1E shows that there was
delayed synthesis of viral protein NS1 in senescent cells,
compared with that of non-senescent cells.

The effect of replicative senescence on VZV replication
efficiency

To investigate if replicative senescence has a modulating
effect on other viral replication, we used human dermal
fibroblasts (HDF) in culture which underwent extensive
replication as a consequence of serial passaging. To
confirm the senescence phenotype during replicative
senescence, we compared non-senescent HDF at low
passage with senescent HDF that had higher than 20
passages, following infection with VZV. Induction of
senescence in highly passaged HDF was confirmed, with
increased numbers of SA-B-gal-positive cells observed
(Fig. 2A). Then, we also confirmed that replicative
senescence of HDF cells led to increased numbers of
cells with positive mitoSOX staining, regardless of VZV
infection (Fig. 2B). Next, plaque assay was performed
to determine whether the efficacy of VZV replication
differed between non-senescent and senescent cells.
Senescent HDF exhibited approximately 1.5-fold higher
VZV infectivity titers than non-senescent HDF (Fig. 2C).
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Given that VZV glycoprotein E (gE), encoded by
ORF68, is the most abundant VZV glycoprotein and is
required for viral replication in skin and T cells (23), we
measured the protein synthesis of gE in VZV-infected
HDF cells. At 24 hpi, gE levels were more increased
in senescent HDF cells as compared to non-senescent
HDF cells. Expressions of gE in VZV-infected senescent
HDF cells continued to be more enhanced at 48 hpi, but
were found to have decreased slightly at 72 hpi, whereas
expression of gE in VZV-infected non-senescent HDF
cells was the highest at 72 hpi, suggesting the delayed
protein synthesis (Fig. 2D).

Our previous data suggested that Stimulator of
Interferon Genes (STING) is important for host defense
against VZV infection. Thus, expression levels of STING
and its downstream signaling pathways, TANK-binding
kinase 1 (TBK1) and interferon regulatory factor 3
(IRF3), were measured after VZV infection in HDF
cells. Although mock-infected senescent cells showed
higher basal expression levels of STING and p-IRF3
than mock-infected non-senescent cells, the induction
levels of these proteins following VZV infection differed.
Expression level of STING and phosphorylation of TBK-
1 and IRF3 in non-senescent HDF cells appeared to be
highly up-regulated after VZV infection at indicated
times, compared with that in senescent HDF cells. These

D NS HDF

m 24 48 72 m
T
| "'---"--- ow | STING

|. ..—QI p-TBK-1

|----|“| TBK-1

I RF3

S HDF
24 48

72 hrs p.i.
VZV gE

|“ |~| B-actin

Figure 2. Varicella Zoster Virus (VZV) replication efficiency in replication-induced senescent human dermal fibroblasts (HDF) cells. (A) SA-3-gal
staining was increased in senescent (S) HDF cells (right panel) relative to that of non-senescent (NS) cells (left panel). Magnification X200, Relative
% SA-B-gal positive cells were counted and represented in the graph. (B) Assessment of mitochondrial superoxide formation was performed by flow
cytometry. MitoSOX Red stain revealed increased numbers of cells with superoxide in senescent HDF. (C) VZV progeny viral titers were calculated
and expressed as plaque forming units (PFU)/mL. Virus titers in NS cells were normalized to 100% and relative virus titers were determined in S
cells. Statistical analysis: ***p<0.001 compared with virus-infected NS cells. (D) HDF cells were mock-infected (m) or infected with the VZV for
24, 48 and 72 h. Protein levels of STING, pTBK-1, TBK-1 and p-IRF3 and IRF3 were analyzed by western blotting. Anti-actin monoclonal antibody
was used as a loading control. VZV gE expression was also measured. The blot shown is representative of three independent experiments.
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data suggest that viral infection-mediated host anti-
viral signaling pathways can be affected by replicative
senescence (Fig. 2D).

Replicative senescence-induced IFN expression and IFN
responsiveness in response to viral infection

To further characterize whether replicative senescence
would have any effect on host antiviral gene expression
patterns, we compared mRNA fold induction levels of
IFN-B and interferon-associated genes, such as IFN-y-
Inducible Protein 10 (IP-10) during IFV infection and
interferon-stimulated gene 15 (ISG15) in response to
VZV infection, in non-senescent and senescent cells.
There were approximately ~5 and ~7 fold increases in
IFN-B and IP-10 mRNA levels, respectively, at early
timepoints (8 hpi) in non-senescent HBE cells, whereas
its fold induction level was lower in senescent HBE cells
(Fig. 3A). Similar to IFV infection, we also measured
transcriptional levels of IFN-B and ISG15 in VZV-
infected cells. In comparison with VZV-infected non-
senescent cells, we observed significantly elevated mRNA
levels of VZV ORF14 in VZV-infected senescent cells
at 24 hpi. (data not shown). Replicative senescence in
HDF cells drove a significant down-regulation of IFN-3
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and ISG15 gene induction, compared with that of VZV-
infected non-senescent cells (Fig. 3B). These findings
suggest that the induction patterns of antiviral genes
following viral infection differ between non-senescent
and senescent primary human cells.

Following viral infection, cells begin to synthesize and
secrete a range of antiviral molecules, including type |
and III interferons, that are important for the recruitment
of immune effector cells, activation of adaptive immunity,
and attenuation of localized spread of virus infection by
producing interferon stimulated genes (ISGs) (24). Most
viruses are highly sensitive to interferon signaling and
thus, the pre-treatment of cells with recombinant IFN
proteins can result in the suppression of plaque formation.
Recombinant human interferons o and f were used to
represent type I IFNs, whereas interferons A1 (IL-29) and
A2 (IL-28A) represented type III IFNs. Antiviral activities
of these IFNs were measured by plaque assays, shown
in Fig. 3C and D. Both type I and III IFN pre-treatments
in non-senescent cells led to a significant reduction in
plaque formation for IFV and VZV, compared with
control-treated cells. Interestingly, antiviral effect of
IFN-o and —f treatment resulted in greater reduction in
plaque formation that that of IFN- A1 or A2 treatment in
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Figure 3. The effect of senescence on viral infection-induced IFN expression and IFN-mediated antiviral activities. Host antiviral gene expression
was assessed by qRT-PCR. The expression of IFN-B and IFN-y-Inducible Protein 10 (IP-10) in response to IFV infection (A) and IFN-B and
interferon-stimulated gene 15 (ISG15) in response to VZV infection (B) was normalized to GAPDH and shown as fold induction level relative to
mock (m) control. The results are representative of three independent experiments. Statistical analysis: *p<0.05, **p<0.01 compared with virus-
infected NS cells. (C, D) Recombinant human IFN-¢ (10 ng/mL), IFN-B (10 ng/mL), IFN-A1 (10 ng/mL) and IFN-A2 (10 ng/mL) were added
to cells. Next day, cells were infected with IFV or VZV and plaque assays were performed. Progeny viral titers were calculated and expressed as
plaque forming units (PFU)/mL. Control-treated cells were normalized to 100% viral titers and data are presented as the percentage of control treated
samples. Data are shown as means+SEM of two independent experiments.
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IFV-infected non-senescent cells. Moreover, type 11T IFN-
mediated antiviral effect against IFV became attenuated
in senescent cells, contributing to higher numbers of cells
with plaque formation. For VZV infection, both type I and
I IFN treatment led to 40~60% decrease in viral plaque
formation, regardless of senescence levels of HDF cells.
These data suggest that type I [FN-mediated antiviral
responsiveness in senescent cells is not significantly
affected by replicative senescence.

Role of anti-senescence gene SIRT1 during influenza virus
infection

SIRT1 can be considered as the most well-known anti-
aging gene known so far but the effect of SIRT1 during
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viral infection has not been fully investigated. Thus,
we investigated whether modulation of SIRT1 activity
would have an impact on influenza viral replication.
Nicotinamide (NAM) was used as a SIRT1-specific
inhibitor and sodium butyrate (NaB) was used as an
inhibitor of histone deacetylation in cultured cells.
Among SIRT family members 1~7, SIRT1 expression
was specifically induced upon influenza virus infection
at 24 hpi (Data not shown). Influenza-infected cells
were exposed to the SIRT1 inhibitor NAM and class |
HDAC inhibitor NaB and cell viability was measured.
At 1mM concentration of NAM and NaB, no cellular
toxicity was found in A549 cells (Fig. 4A). Exposure
of cells to NaB and NAM following influenza infection
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Figure 4. Antiviral effect of anti-senescence gene SIRT1. (A) A549 cells were treated with 3 concentrations (1, 5, and 10 mM) of SIRT1 inhibitor
nicotinamide (NAM) and class | HDAC inhibitor sodium butyrate (NaB) for 24 h, after which cell viability was measured using the MTT assay. Data
are shown as a percentage (%) of the cell viability of the control cells. The average of 3 independent experiments is shown. Statistical analysis: *p<
0.05 vs. DMSO control-treated group. (B) Cells were treated with 1 mM NAM and 1mM NaB, infected with influenza A PR8 virus, and plaque assay
was performed. (C) A549 cells were infected with rPR8-GFP virus (MOI of 1) for 1 h, after which drugs were added in the media for 24 h and GFP
expression was monitored by confocal microscopy. Scale bar=20 uM (D) Control or SIRTI-specific siRNA was transfected in A549 cells and the
knockdown efficiency was measured by realtime qRT-PCR. SIRT1 mRNA level was greatly reduced upon the mRNA silencing, whereas knockdown
of SIRT1 led to upregulation of influenza A hemagluttinin (HA) mRNA expression. Transcript expression levels were calculated in relation to the
expression level of GAPDH. Statistical analysis: *p<0.05 compared with virus-infected control siRNA-transfected cells. (E) Plaque assays were
performed following SIRT1-specific siRNA transfection in A549 cells. The average of two independent experiments is shown. Statistical analysis:
*p <0.05 vs. the control siRNA-transfected cell.
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resulted in increased numbers of viral plaques as well
as viral replication measured by rPR8-GFP-expressing
virus infection model (Fig. 4B and C). Furthermore, we
examined the effect of SIRT1 knockdown on influenza
hemagluttinin (HA) gene expression by qRT-PCR. SIRT
expression was efficiently inhibited by siRNA treatment,
and there was a significant increase in the mRNA
expression of influenza HA upon SIRT1 knockdown (Fig.
4D). Consistent with these findings, the knockdown of
SIRTTI also led to a significant increase in viral plaque
formation (Fig. 4E). Thus, these results suggest that
SIRT1 can contribute to antiviral effect against influenza
virus infection.

DISCUSSION

In our study, we used two different virus infection models
to examine the impact of replication-induced senescence
and anti-senescence gene, SIRT1, on viral replication
efficiency and host innate immune signaling pathways.
A significant increase in viral replication efficiency was
detected by replicative senescence during IFV and VZV
infection. Furthermore, we confirmed that SIRT1 is an
important antiviral factor, and SIRT inhibitor treatment
or knockdown of SIRT1 resulted in the enhancement of
virus plaque formation.

The two most highly studied forms of senescence
include replicative senescence through cellular aging,
and loss of telomeres and premature senescence induced
by a wide range of stressors, including oncogenes and
chemotherapeutics (25). Both forms of senescence can
lead to permanent cellular growth arrest. In our study, we
confirmed that replication-induced senescence caused
distinct cellular phenotype in HBE and HDF cells, by
confirming the followings; First, senescent cells revealed
enlarged and flattened cell morphology with increased
granularity. Second, increased numbers of senescent
cells were stained with SA-associated (3-gal staining and
mitochondrial superoxide production increased with
replicative age in human primary epithelial cells and
fibroblasts, as well as increased protein levels of p21 (Fig.
1 and 2). Moreover, we also noticed telomere shortening
and dysfunctional mitochondria in senescent cells (data
not shown).

As one of possible mechanisms for the increase in viral
replication in senescent cells, a reduction in interferon
(IFN) response after viral infection may account for it.
Although DNA damage response caused by senescence-
induced cell growth arrest can lead to increased basal
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expression levels of IFN and IFN-associated genes, our
data suggests that virus-mediated induction of IFN and
IFN-associated genes are down-regulated in senescent
cells. Weiland et al suggest that since senescence leads
to a profound reprogramming of cellular phenotype, it is
questionable whether senescent cells could function as
efficient host cells, supporting viral gene expression and
replication (26). Our previous studies with replicative
senescence induced fibroblasts and progeria cells show
that cellular senescence could impact the replication
efficiency of VZV (27). Furthermore, a recent report
suggests that there was an accelerated lysis of senescent
cancer cells, supporting an enhanced viral replication
with an increase in cell-associated and released infectious
measles vaccine virus (MeV) particles (26). Another
possibility for the enhanced viral replication associated
with senescence may largely attributed to the disruption of
mitochondrial dynamics in that a defect in mitochondrial
dynamics in senescent cells may contribute to down-
regulation of early interferon response by inactivating the
fission factor dynamin-related protein 1 (DRP1) in favor
of viral replication. Further studies are required to test this
hypothesis.

It is generally accepted that the seasonal influenza
vaccine has lower efficacy and effectiveness in the elderly
than that in the younger population (28). Aging is known
to cause many alterations to both innate and acquired
immunity. In the elderly, these alterations generally
result in the deterioration of immunity. Indeed, many
immunological parameters vary significantly between
the elderly and the young (11). In particular, Qian et al
reported that dendritic cells from older donors have lower
expression of type I IFN genes and diminished induction
of interferon signaling proteins such as STAT1, IRF7, and
IRF1, suggesting defective regulation of type I IFN (12).
Given that retinoic acid-inducible gene (RIG-I) is known
to recognize 5’triphosphorylated blunt ends of influenza
virus genomic dsRNA, it is highly plausible that senescent
cells may have impaired RIG-1 dependent signaling and
thus suppressed type I IFN signaling at the level of JAK/
STAT activation following influenza A virus infection.
Similarly, our previous studies with VZV showed that
STING may be a novel VZV receptor and its expression
following VZV infection is affected by replicative
senescence (27). Additionally, STING-mediated IFN
responses can be inhibited by age-enhanced endoplasmic
reticulum (ER) stress during Streptococcus pneumoniae
infection in an in vivo model (29). These data suggest
that cellular senescence can contribute to dysregulated
viral sensing of host cells and thus affect viral replication
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efficiency in these cells.

Among senescence-associated genes, SIRT1 is the
best studied and currently considered to be the most
important controlling factor involved in senescence and
aging (30). Nicotinamide (NAM) is a well-known SIRT1
inhibitor (31,32) and we wanted to assess whether NAM-
mediated inhibition of deacetylase activity of SIRT1
was able to modulate viral replication. As expected,
SIRT1 inhibition led to increased viral plaque formation.
Recent studies also indicate that human SIRT1 shows
a broad range antiviral function against DNA and RNA
viruses, suggesting that sirtuin-modulating drugs can
be used to treat viral diseases (16,33,34). Thus, sirtuin-
modulating drugs can have a significant impact on the
potential therapeutic approach for influenza infection.
Considering that SIRT1 can be induced by viral infection
and potentially affect the host immune response, further
studies on the in vivo role of SIRT1 in determining
susceptibility to viral infection may shed light on the
function of SIRT1 in the amelioration of viral infection-
associated symptoms.

In conclusion, our data demonstrate that cellular
replicative senescence can contribute to increased viral
replication. Furthermore, we provide the evidence that
replicative senescence-associated changes could affect
IFN expression, but not [IFN-mediated antiviral response,
which could result in an increased susceptibility of
senescent cells to viral infection. A better understanding
of immunosenescence during viral infection will
greatly improve our knowledge of the pathogenesis of
the IFV and VZV and provide insight for therapeutic
improvements in the response to IFV and VZV infection
treatment in the elderly.
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