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Summary

Cellular senescence is an age-associated phenomenon that
promotes tumor invasiveness owing to the secretion of proinflam-
matory cytokines, proteases, and growth factors. Herein we dem-
onstrate that cellular senescence also potentially increases
susceptibility to bacterial pneumonia caused by Streptococcus
pneumoniae (the pneumococcus), the leading cause of infectious
death in the elderly. Aged mice had increased lung inflammation
as determined by cytokine analysis and histopathology of lung
sections. Immunoblotting for p16, pRb, and mH2A showed that
elderly humans and aged mice had increased levels of these senes-
cence markers in their lungs vs. young controls. Keratin 10 (K10),
laminin receptor (LR), and platelet-activating factor receptor
(PAFr), host proteins known to be co-opted for bacterial adhesion,
were also increased. Aged mice were found to be highly suscepti-
ble to pneumococcal challenge in a PsrP, the pneumococcal adhe-
sin that binds K10, dependent manner. In vitro senescent A549
lung epithelial cells had elevated K10 and LR protein levels and
were up to 5-fold more permissive for bacterial adhesion. Addi-
tionally, exposure of normal cells to conditioned media from
senescent cells doubled PAFr levels and pneumococcal adherence.
Genotoxic stress induced by bleomycin and oxidative stress
enhanced susceptibility of young mice to pneumonia and was
positively correlated with enhanced p16, inflammation, and LR
levels. These findings suggest that cellular senescence facilitates
bacterial adhesion to cells in the lungs and provides an additional
molecular mechanism for the increased incidence of community-
acquired pneumonia in the elderly. This study is the first to
suggest a second negative consequence for the senescence-asso-
ciated secretory phenotype.
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Introduction

Pneumonia is the leading cause of infectious death among the elderly (Lo-
pez et al., 2006). Risk factors for community-acquired pneumonia (CAP)
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include advanced age, underlying morbidities, and the presence of
chronic low-grade inflammation (Lexau et al., 2005; Yende et al., 2005).
Chronic inflammation is a risk factor for CAP as it results in increased lam-
inin receptor (LR) and platelet-activating factor receptor (PAFr) protein
levels on the surface of host cells (Cundell et al., 1995; Hinojosa et al.,
2009; Orihuela et al., 2009). LR and PAFr are in turn co-opted by Strepto-
coccus pneumoniae, Haemophilus influenzae, Neisseria meningitidis, and
other respiratory tract pathogens for host cell adhesion and bacterial
translocation across the alveolar-capillary and blood-brain barriers (Cun-
dell et al., 1995; Swords et al., 2000; Barbier et al., 2008; Orihuela et al.,
2009). In support of a strong link between age-associated inflammation
and severe pneumonia, it has been previously shown that healthy aged
mice express elevated levels of PAFr in their lungs (Hinojosa et al., 2009).
Moreover, young mice infused for 5 days with physiologically age-rele-
vant levels of tumor necrosis factor o (TNFo) had elevated levels of lung
PAFr and were more susceptible to pneumococcal pneumonia with 100-
fold more bacteria in their lungs than saline controls 2 days postchallenge
(Hinojosa et al., 2009).

Cellular senescence is an age-associated phenomenon whereby cells
with shortened telomeres or those that have undergone DNA damage
(i.e., genotoxic stress) lose the capacity to replicate without undergoing
apoptosis. This is the result of activation of the p53-p21 and p16-pRb
tumor suppressor pathways (Campisi & d’Adda di Fagagna, 2007). Cellu-
lar senescence has paradoxically been implicated as a tumor-suppressive
mechanism owing to cell cycle arrest, as well as a promoter of tumor inva-
siveness due to the senescence-associated secretory phenotype (SASP)
which includes the production and secretion of proinflammatory cyto-
kines Interleukin (IL)-1e, IL-6 and IL-8, proteases, and assorted growth
factors (Coppe et al., 2009). Pertinent to this investigation, proliferation
of epithelial cells has also been shown to be modulated by cytokeratin 10
(K10) (Paramio et al, 1999). During terminal differentiation, K10-
induced inhibition occurs through pRb as a result of sequestration and
phosphorylation of AKT that consequently impedes pRb phosphorylation
and leads to cell cycle arrest (Paramio et al., 2001). Coincidently, surface-
exposed K10 has been demonstrated to serve as a bacterial ligand for the
S. pneumoniae adhesin PsrP on lung cells and for the Staphylococcus aur-
eus adhesin CIfB within the nares (O’'Brien et al., 2002; Shivshankar et al.,
2009).

The presence of senescent cells in the lungs of healthy aged animals
has recently been demonstrated by Kreiling et al. using the new senes-
cence marker histone macro H2A (mH2A) (Kreiling et al., 2011). Other
investigators have also reported an age-dependent accumulation of
senescent cells in skin, liver, atherosclerotic lesions, muscle, and other tis-
sues (Krtolica & Campisi, 2002; Campisi, 2005; Campisi & d'Adda di
Fagagna, 2007). Importantly, studies have identified p16-positive senes-
cent cells in the lungs of individuals with chronic obstructive pulmonary
disease (COPD), and they are thought to exacerbate pathology owing to
their proinflammatory phenotype (Garcia et al., 2007; Aoshiba & Nagai,
2009; Tsuji et al., 2010). Both COPD and advanced age are established
risk factors for CAP (Lexau et al., 2005).

Given the documented presence of senescent cells in aged tissues,
the proinflammatory phenotype of senescent cells, and the fact that
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inflammation is a risk factor for CAP as a result of increased ligand expres-
sion in the lungs, we hypothesized that cellular senescence enhances sus-
ceptibility to pneumococcal pneumonia through increased bacterial
ligand expression. In this study, we therefore tested young and aged mice
for the levels of senescence markers in their lungs, assessed whether
senescent lung cells expressed elevated levels of the pneumococcal
ligands K10, LR, and PAFr in vitro and in vivo, tested for a paracrine effect
of SASP on bacterial adhesion, and determined whether genotoxic stress
increased susceptibility to pneumococcal infection.

Results

Age-associated inflammation occurs in the lungs of healthy
aged animals and is positively correlated with increased
levels of senescence markers

Consistent with the concept of age-associated inflammation, lung homo-
genates from healthy aged (19-22 month) mice had increased levels of
the proinflammatory cytokines IL-1a,, IL-1B, IL-6, TNFo, and CXCL1 vs.
those obtained from young (4-5 month) animals (Fig. 1A). Likewise, his-
tological examination of lung sections from the same animals showed
that aged mice had an increased incidence of interstitial and peribronchial
inflammation (Fig. 1B,C). In agreement with the findings by Kreiling et al.
showing that senescent cells are present in the lungs of healthy aged
C57BI/6 mice (Kreiling et al., 2011), in both human and Balb/cBy mouse
lung samples, we observed an age-dependent increase in the senescence
markers p16 and pRb by Western blot (Fig. 2). For mature (51-63 year)
and aged (64-82 year) humans, we also observed increased levels of
mH2A vs. younger controls (43-50 year). Thus, the proinflammatory
cytokine profile observed in healthy aged mice was correlated positively
with elevated p16 and pRb levels. These findings support the concept that
cellular senescence occurs in the aged lungs and acts as a source of
inflammation.

Senescence primes the lungs for pneumonia, P. Shivshankar et al. 799

Pneumococcal ligands are elevated in aged lungs and
contribute to the enhanced susceptibility to pneumonia

As indicated, S. pneumoniae binds to the host proteins K10, LR, and PAFr
on lung cells (Cundell et al., 1995; Orihuela et al., 2009; Shivshankar
et al., 2009). Western blot analyses of whole-lung homogenates from
young, mature, and aged human lung biopsy samples demonstrated an
age-dependent increase in LR and PAFr, with a trend for K10 in young vs.
aged samples (P = 0.17) (Fig. 3A). Aged mice showed a statistically signif-
icant increase in all three ligands vs. young controls (Fig. 3B). Immunohis-
tochemistry of mouse lung sections confirmed these observations for K10
with intense staining for both the alveolar and bronchial epithelial cells
but not endothelial cells or fibroblasts surrounding the bronchi of aged
mice vs. young controls (Fig. 3C).

An important role for elevated K10 during pneumococcal pneumonia
in aged mice was confirmed by challenging young and aged animals with
wild-type bacteria or with an isogenic mutant deficient in PsrP (ApsrP)
(Rose et al., 2008). Not only was mortality in aged mice PsrP-dependent
(Fig. 4A), but 2 days after challenge aged mice infected with the wild-
type strain had median bacterial titers in their lungs and blood 10- and
240-fold greater, respectively, than those infected with the mutant strain
(Fig. 4B). Thus, we determined that increased K10, LR, and PAFr expres-
sion occurred in the lungs of aged humans and mice. Furthermore, aged
mice were more susceptible to pneumococcal infection in a PsrP/K10-
dependent manner.

Senescent lung epithelial cells express K10 and LR

We subsequently tested whether induction of cellular senescence
resulted in elevated K10, LR, and PAFr production by lung epithelial cells.
In vitro treatment of A549 human type Il pneumocytes with bleomycin
resulted in cellular senescence. Indeed, we observed the expected pheno-
typic changes such as cell flattening, increased senescence-associated
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Fig. 1 Aged mice experience low-grade lung inflammation. (A) Levels of IL-1a, IL-1B, IL-6, TNFa, and CXCL1 in whole-lung homogenates from healthy young (4-5 month,
n = 5)and aged (19-21 month, n = 5) female Balb/cBy mice were assessed by ELISA. (B) Representative micrographs of Hematoxylin- and Eosin-stained lung sections from
the same animals. Note the enhanced interstitial and peribronchial inflammation in the aged lung section. (C) Scoring of lung inflammation in the same lung sections (1 is no
pathology on histological cross-section, and 5 is extensive cellular infiltration, edema, and alveolar consolidation). Each diamond indicates the blinded pathological score for
an individual mouse. In panels A and C, asterisks denote a statistical significant difference when using a two-tailed Student'’s t-test.
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Fig. 2 Aging is associated with increased expression of senescence markers in the lungs. (A) Densitometric analyses and representative Western blots for the senescence
markers p16, pRb, and mH2A in tissue lysates from lung biopsies obtained from young (43-50 years; n = 4), mature (51-64 years; n = 5), and aged (65-82 years; n = 5)
humans. (B) The same analyses were performed using whole-lung homogenates obtained from young (4-5 months; n = 5) and aged (19-22 months; n = 5) female Balb/cBy
mice. For panels A and B, histograms show composite densitometric data (protein/actin) with actin probed from the same lanes and membrane as the tested protein. The
representative actin blot shown corresponds to the p16 immunoblot. Statistical significance was determined using a two-tailed Student'’s t-test.

B-galactosidase activity, and elevated expression of p16, pRb, and mH2A
along with a decline in phospho-pRb by immunoblotting (Fig. 5A,B).
Induction of senescence with bleomycin resulted in a dose-dependent
increase in the expression of K10 and LR, but not PAFr (Fig. 5B). Subse-
quently, immunofluorescence assay confirmed nuclear accumulation of
pRb simultaneous to increased K10 expression in bleomycin-treated
cells but not in controls (Fig. 5C). Finally, bacterial adhesion assays dem-
onstrated that senescent cells were more permissive for infection with a
3- to 5-fold increase in the number of attached wild-type but not PsrP-
deficient pneumococci to senescent cells when compared to normal cells
(Fig. 5D,E). Thus, induction of cellular senescence in lung cells was associ-
ated with increased expression of two pneumococcal ligands and
increased permissiveness for bacterial attachment.

SASP enhances permissiveness of normal cells for infection

PAFr and LR have been shown to be upregulated by lung cells following
exposure to proinflammatory cytokines (Cundell et al., 1995; Orihu-
ela etal, 2009). Thus, it is possible that SASP enhances bacterial
ligand expression on presenescent normal lung cells in a paracrine
manner. In vitro, we confirmed that bleomycin-induced senescent A549
cells increased intracellular IL-Ta levels but that it was not secreted
(Fig. 6A). Further, senescent cells secreted increased amounts of IL-6 and
IL-8 but did not produce IL-1B, TNFa, IL-10, or IL-12 (Fig. 6A). Normal
A549 cells exposed to conditioned media from senescent cells for 2 h pre-
sented a 2.2-fold increase in bacterial adhesion compared to cells
exposed to conditioned media from normal cells (Fig. 6B). Finally, treat-
ment of A549 cells with senescent media resulted in no changes in K10
or LR, but resulted in a doubling of PAFr levels after 2 h (Fig. 6C). The lat-
ter remained constant through 4 and 6 h of incubation with conditioned
media (data not shown).

Genotoxic stress enhances susceptibility of young mice to
pneumonia

Finally, we tested whether administration of agents known to cause DNA
damage enhanced bacterial ligand expression and susceptibility to pneu-
monia. Genotoxic stress in young mice was induced either by intratrac-
heal administration of bleomycin once (0.033 mg kg™ body weight) or
supplementation of drinking water with 0.5% hydrogen peroxide for
3 weeks. The latter causes DNA damage through oxidative stress (Weiner
et al., 2000). In mice administered bleomycin and hydrogen peroxide we
observed dramatic changes in lung histology and high levels of IL-1a,
IL-1B, IL-6, CXCL1, and TNFa (Fig. S1). Both bleomycin- and hydrogen
peroxide-treated mice were highly susceptible to pneumococcal infection
vs. saline-administered controls. Two days postchallenge, bleomycin- and
hydrogen peroxide-treated mice had 10- to 100-fold more bacteria in
their lungs and bloodstream than their respective controls (Figure 7A).
Levels of p16, pRb, and LR were elevated in the lungs of genotoxic
stressed mice, whereas mH2A, K10, and PAFr were unchanged (Fig-
ure 6B). Thus, administration of genotoxic agents had pleiotropic effects
that included significant changes in lung structure along with increased
expression of senescence markers and susceptibility to bacterial infection.

Discussion

Advanced age is an established risk factor for CAP (Lexau et al., 2005),
with more than 800 million people worldwide greater than 65 years of
age (Kinsella & Velkoff, 2001). Overlapping with this, 210 million adults
have COPD worldwide (WHO 2009), a condition associated with and
exacerbated by cellular senescence that is also a risk factor for CAP (Lexau
et al., 2005; Aoshiba & Nagai, 2009). Thus, close to 1 billion adults
worldwide are at risk for pneumonia. Our finding that senescent lung
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Fig. 3 Aging is associated with increased bacterial ligand
expression in the lungs. (A) Densitometric analyses and
representative Western blots for the pneumococcal ligands
K10, laminin receptor (LR), and PAFr in tissue lysates from lung
biopsies obtained from young (43-50 years; n = 4), mature
(51-64 years; n = 5), and aged (65-82 years; n = 5) humans.
(B) The same analyses were performed using whole-lung
homogenates obtained from young (4-5 months; n = 5) and
aged (19-22 months; n = 5) female Balb/cBy mice. For panels
A and B, histograms show composite densitometric data
(protein/actin) with actin probed from the same lanes and
membrane as the tested protein. The representative actin blot
shown corresponds to the LR immunoblot. Statistical
significance was determined using a two-tailed Student’s
t-test. (C) Representative micrographs of young and aged
mouse lung sections immunohistochemically stained for K10.
Note that in aged mice, K10 is expressed at high levels in
alveolar (alv) and bronchial epithelial cells but remains low in
the vascular endothelium (endo) and fibroblasts (fib)
surrounding the bronchi.

cells have increased levels of K10 and LR, and can induce the expression
of PAFr on normal cells, potentially helps to explain why the elderly and
individuals with COPD are predisposed for CAP. Specifically we have
demonstrated that senescent cells, normal cells exposed to senescent-
conditioned media, aged mice, and young mice exposed to genotoxic
stress were more permissive for bacterial adhesion and susceptible to
pneumococcal pneumonia, respectively.

The age-associated increase in inflammation that we observed in the
lungs of healthy aged mice was consistent with prior publications that
have shown elevated levels of IL-6, IL-8, and neutrophils within the lungs
of healthy elderly human volunteers (Meyer et al., 1996, 1998). Likewise,
they were consistent with the reported SASP profile for senescent Hela
cells (Coppe et al., 2008) and that observed herein for senescent lung
epithelial cells. Our observation that elderly humans and aged mice had
enhanced levels of p16 and pRb were also in agreement with those by
others demonstrating elevated levels of senescent cells in the lungs of
aged mice and elevated senescence markers in multiple tissues from aged
animals (Campisi, 2005; Kreiling et al., 2011). Thus, considerable evi-
dence now exists that cellular senescence occurs in the aged lungs and
that it contributes to the observed age-associated inflammation. Notably,
although increased for humans, levels of mH2A were not increased in the
lungs of 19- to 22-month (i.e., aged) Balb/cBy mice when examined by

© 2011 The Authors

Western blot. This was in contrast to that observed by Kreiling et al. in
C57BIl/6 mice but may be owing to the fact that they examined 36-
month-old animals (Kreiling et al., 2011).

Bacterial attachment to lung cells is a requisite event in the pathogene-
sis of pneumonia (Kline et al., 2009; Paterson & Orihuela, 2010). This is
particularly true for the encapsulated extracellular respiratory tract patho-
gens such as S. pneumoniae (Orihuela et al., 2005). Yende et al. and our
own studies have shown elevated levels of IL-6 and TNFa are risk factors
for CAP as a result of enhanced bacterial ligand expression (Yende et al.,
2005; Hinojosa et al., 2009). PAFr serves as a ligand for S. pneumoniae,
Haemophilus influenzae, and Pseudomonas aeruginosa as well as many
other bacteria that have surface-exposed phosphorylcholine on their sur-
face (Cundell et al., 1995; Swords et al., 2000; Barbier et al., 2008). LR
serves as a ligand for H. influenzae and Neisseria meningitidis (Orihuela
et al., 2009). K10 is also a ligand for PsrP from S. pneumoniae and CIfB
of Staphylococcus aureus (O'Brien et al., 2002; Shivshankar et al., 2009).
Respiratory tract pathogens also bind to other inflammation-regulated
proteins such as intercellular adhesion molecule 1 (ICAM-1) and carcino-
embryonic antigen-related cell adhesion molecule 1 (CEACAM1) that
were not tested but are also most likely upregulated as a result of age-
associated inflammation (Avadhanula et al., 2006; Conners et al., 2008).
Thus, the enhanced expression of bacterial ligands on either senescent

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland
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Fig. 4 Aging enhances susceptibility to pneumococcal pneumonia in a K10-
dependent manner. (A) Kaplan—Meier plot demonstrating percent survival of young
and aged Balb/cBy mice intranasally challenged with 107 and 10° CFU of

S. pneumoniae (WT: 10" young n = 13, 107 aged n = 13, 10°young n = 6, 10°
aged n = 6) and an isogenic PsrP-deficient mutant. (4psrP: 107 young n = 6, 107
agedn = 6, 10°young n = 6, 10° aged n = 6). Both young and aged mice
challenged with 10° ApsrP had significantly improved survival vs. WT-infected mice.
Statistical analysis was performed using a Kaplan—Meier log-rank Test. (B) Bacterial
burden in the lungs and blood of young and aged mice sacrificed 2 days following
intratracheal administration of 10°> CFU of WT and 4psrP pneumococci (n = 6 per
group). Note that mice infected with the PsrP-deficient strain do not demonstrate
an age-dependent increase in bacterial titers vs. WT. Asterisks denote a statistical
significant difference when using one-way ANOVA (Duncan'’s Method; P < 0.05).

cells or normal cells exposed to SASP is one mechanism by which the
lungs of the elderly and patients with COPD may be primed for infection
by numerous pathogens.

Between young and aged mice and in humans, the most dramatic dif-
ference in ligand levels that we observed was in regard to K10. Increased
survival of aged mice infected with a PsrP-deficient mutant demonstrated
the importance of this host-ligand interaction for severe pneumococcal
disease. Unlike LR or PAFr, which are ubiquitously expressed, K10 is found
predominantly in differentiated keratinocytes and on mucosal epithelial
cells of the lungs and nares (Paramio et al., 2001; O'Brien et al., 2002;
Shivshankar et al., 2009). Thus, the contribution of elevated K10 to infec-
tion is most likely limited to the lungs and not during sepsis or meningitis.
Of note, passive and active immunization with PsrP has been shown to be

protective against challenge in young mice (Rose et al., 2008; Shivshan-
kar et al., 2009). This indicates that vaccines designed for the use in the
elderly might be optimized to neutralize the activity of bacterial adhesins
that target age-dependent inflammation-regulated ligands on host cells,
such as K10.

We observed that induction of senescence with bleomycin enhanced
K10 expression in alveolar epithelial cells in vitro. Because K10 expression
has been shown to result in pRb activation and cell cycle arrest (Paramio
et al., 1999, 2001), this observation suggests that K10 may be involved in
a positive-feedback loop with pRb that together leads to epithelial cell
senescence. Further studies are warranted to examine this possibility.
Induction of genotoxic stress with H,O, and bleomycin corroborated the
role of cellular senescence in susceptibility of live animals to infection but
was obfuscated by the pleiotropic effects of these genotoxic agents.
Although administration of H,O, results in generalized oxidative stress
and bleomycin causes lung fibrosis, exposure to nonspecific genotoxic
stress occurs during smoking and possibly explains the high incidence of
cellular senescence in the lungs of individuals with COPD (Aoshiba et al.,
2003; Aoshiba & Nagai, 2009).

At this time, it not possible to block the development of cellular senes-
cence in aged mice. Thus, a direct cause and effect relationship between
senescent cells and the susceptibility of aged animals to pneumonia could
not be demonstrated. While multiple factors were potentially involved in
the increased susceptibility of aged mice to pneumonia, our observation
of increased expression of p16, pRb and mH2A, enhanced lung inflam-
mation, increased bacterial attachment to senescent cells and normal
cells exposed to senescent media, and the enhanced susceptibility of
aged mice to infection in a PsrP-dependent manner are strong correlative
findings that support the hypothesis that senescent cells prime the lungs
for pneumonia through increased bacterial adhesion. These findings
clearly suggest that cellular senescence impacts inflammation and infec-
tious disease in the lungs and provide an additional molecular explana-
tion for the increased incidence of CAP in the elderly and those with
COPD.

Experimental procedures

All animal experiments and those with de-identified human tissues were
reviewed and approved by the appropriate University of Texas Health
Science Center institutional review board.

Collection and processing of lung samples

Young (4-5 months) and aged (19-22 months) female Balb/cBy mice
were obtained from the National Institute on Aging Aged Rodent Colony
and housed in ABSL-1 facilities. Following their asphyxiation with isoflura-
ne, lungs were excised, washed with sterile phosphate-buffered saline
(PBS), and processed for paraffin embedding and collection of whole-
lung homogenates. Human lung samples were obtained from the Lung
Tissue Research Consortium (LTRC) sponsored by National Heart, Lung
and Blood Institute. Frozen tissue blocks were obtained from young (43—
50 years), mature (51-64 years), and elderly (65-82 years) individuals
during lung biopsy sample collection or surgical resection. Only normal
tissues as determined by pathological examination by LTRC staff were
used. Paraffin-embedded lungs were sectioned at 5 pm thickness and
stained with hematoxylin and eosin for pathological examination. Five
lung sections from each mouse were scored on a 1-5 scale on the basis of
peribronchial, perivascular, and intraalveolar inflammation, interstitial
pneumonitis, and thickening of the alveolar walls. Unstained sections
were utilized for immunohistochemical analyses as described later.
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B-galactosidase activity when treated with 25 pg mL™" bleomycin. (B) Western blot analysis for the pneumococcal ligands K10, laminin receptor, and PAFr as well as the
senescence markers p16, pRb, and mH2A in bleomycin-pulsed A549 cells. (C) Immunofluorescent detection of pRb and K10 showing nuclear localization of pRb with
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are represented in as the percent increase in bacterial adhesion to confluent monolayers with equal surface area (i.e., 2.0 cm?) and as the number of pneumococci adhered
per 100 000 cells. Asterisks denote a statistical significant difference when using a two-tailed Student’s t-test.

Analysis of proinflammatory cytokine production

Cytokine levels in tissue homogenates were determined by ELISA using
IL-Tor, IL-1B, IL-6, TNFa,, and CXCL1 kits from BD Pharmingen. Levels of
IL-1B, IL-6, IL-8, IL-10, IL-12p70, and TNFa in A549 cell supernatants were
determined using a BDCytometric Bead Array (CBA) Human Inflamma-
tory Cytokines Kit. Levels of IL-1a produced by these cells were deter-
mined using a human IL-Ta ELISA kit (R&D Systems, Minneapolis, MN,
USA).

Immunoblotting

Whole-lung homogenates and A549 cell lysates were prepared in appro-
priate volumes of RIPA buffer, and the protein concentration was deter-
mined using the bicinchoninic acid assay. Immunoblotting was carried
out with 10-15 ng protein per sample using standard protocols. Primary
antibodies used included rabbit anti-human K10 (Epitomics, Burlingame,
CA, USA), mouse anti-human LR (Abcam), rabbit anti-human PAFr
(Cayman Chemicals, Ann Arbor, MI, USA), rabbit anti-human actin
(Abcam), mouse anti-human pRb (Cell Signaling, Danverse, MA, USA),
rabbit anti-mouse pRb (Cell Signaling), rabbit anti-phospho-pRb (Cell

© 2011 The Authors

Signaling, Danverse, MA, USA), rabbit anti-human p16 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), and rabbit anti-histone mH2A1 (Milli-
pore, Billerica, MA, USA). Primary antibodies were shown by the
manufacturer to cross-react with both mouse and human orthologues
except for pRb. All antibodies were used at a minimal dilution of 1:500.

Semiquantitative analyses of immunoblots

Relative protein levels were determined by comparative densitometric
analysis of Western blot bands using a Molecular Imager Gel Doc XR Sys-
tem (BioRad, Hercules, CA, USA). For each protein examined, the mem-
brane initially probed was stripped, and the amount of actin was
determined using rabbit anti-actin antibodies (Bethyl laboratories, Inc.,
Montgomery, TX, USA). Relative levels of protein were determined by
dividing the intensity of the tested protein band to that of actin within the
same lane and membrane.

Immunohistochemistry for K10

Paraffin-embedded lung sections were deparaffinized with xylene and
rehydrated using an ethanol gradient. Following rinsing with PBS, the
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Fig. 6 Normal A549 cells exposed to conditioned media from senescent cells are permissive for bacterial adhesion. (A) Proinflammatory cytokine profile of senescent A549
cells (n = 3, with duplicate wells per experiment). Intracellular IL- 1o as well as secreted IL-1q, IL-1pB, TNFa, IL-6, IL-8, IL-10, and IL-12 produced by senescent and normal A549
cells was measured 8 days after a 24-h pulse with 10 ng mL™" bleomycin or mock, respectively, using a cytometric bead array. (B) Mean relative adhesion of S. pneumoniae
to A549 cells exposed to either conditioned media from normal or senescent A549 cells for 2 h. Experiments were performed in triplicate. For panels A and B, asterisks denote
a statistical significant difference when using a two-tailed Student'’s t-test. (C) Western blots and corresponding densitometric analyses for K10, laminin receptor, and PAFr
levels in A549 cells exposed to conditioned media after 2 h. Samples were collected from three independent experiments, from either control (C) or bleomycin-induced
senescent cells (S). Histogram shows composite densitometric data (protein/actin) with actin probed from the same lanes and membrane as the tested protein. The

representative actin blot corresponds to the PAFr immunoblot.

sections were treated with 0.3% H,0, in 100% methanol to quench
endogenous peroxidase activity. Slides were rinsed twice with PBS then
submerged in 4% paraformaldehyde for 20 min at room temperature.
Sections were washed twice with PBS then microwaved twice in Target
Unmasking Fluid (Invitrogen) for 5 min with a 1-min interval. After cool-
ing in room temperature water, tissue sections were blocked with 10%
FBS in PBS for 1 h at room temperature. The sections were then incu-
bated with antibody against K10 (1:40) at 4 °C overnight. Sections were
washed thrice with PBS and incubated with goat anti-rabbit IgG conju-
gated to HRP (1:200 dilution) for 1 h at room temperature. The slides
were washed four times then stained with the DAB substrate kit follow-
ing the manufacturer’s protocol (BD Parmingen). Following color devel-
opment, slides were rinsed with water then counterstained for 2 min
with hematoxylin. Sections were dehydrated and cover slipped using
standard protocols. For each mouse (n = 5 per age group), two lung sec-
tions were examined using a light microscope at a magnification of 400X.
Images were captured and processed using Leica software.

Infection of mice with S. pneumoniae

Streptococcus pneumoniae, serotype 4 strain TIGR4 and T4ApsrP, a previ-
ously described isogenic mutant deficient in psrP, were grown on blood
agar plates or in Todd Hewitt broth (THB) at 37 °C in 5% CO, (Obert

et al., 2006; Rose et al., 2008). Erythromycin (1 ug mL™") was added to
the culture media to maintain the psrP mutation. Bacterial cultures were
grown to mid-logarithmic phase (ODg,o = 0.5), pelleted by centrifuga-
tion, and suspended in sterile PBS. For assessment of the contribution of
PsrP/K10 to age-dependent disease severity, mice were infected intrana-
sally with 107 and 10° CFU of TIGR4 or T4ApsrP in a 25-ul suspension.
Mortality over 10 days was assessed. To determine age-related changes
in bacterial titers, a parallel set of mice were inoculated intratracheally
with 10° CFU in 100 uL PBS. Two days postchallenge, mice were
sacrificed and the lungs and blood were collected. Bacterial titers in the
lungs and blood were determined by plating serial dilutions of the lung
homogenate or blood and extrapolation from colony counts following
overnight incubation. All animal infection studies were conducted in
ABSL-2 facilities.

Induction of cellular senescence in vitro

A549 (ATCC CRL-185) cells were maintained in F12 medium supple-
mented with 10% fetal bovine serum and antibiotics. A549 cells were
pulsed with 0-25 pg mL™" bleomycin sulfate for 1 day then washed and
maintained in fresh culture medium for 8 days. Cellular senescence was
confirmed by the detection of senescence-associated B-galactosidase
activity (Dimri et al., 1995; Debacg-Chainiaux et al., 2009).

© 2011 The Authors
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Fig. 7 Genotoxic stress enhances susceptibility to pneumonia and is positively
correlated with increased bacterial ligand expression. (A) Bacterial titers in the lungs
and blood of mice 2 days after challenge with S. pneumoniae (n = 6 per cohort).
Mice had been intratracheally administered saline (Control), saline with bleomycin
(Bleo) at 0.033 mg kg~' body weight 3 weeks prior or had their drinking water
supplemented with 0.5% hydrogen peroxide for 3 weeks (H,0,). Asterisks denote
a statistical significant difference (P < 0.05). Statistical analyses were performed
using a two-tailed Student'’s t-test. (B) Western blot analysis for the senescence
markers pRb, p16, and mH2A, as well as pneumococcal ligands K10, laminin
receptor, and PAFr using whole-lung homogenates from control, Bleo, and H,0,-
administered animals.

Immunofluorescence assay

Detection of pRb and K10 was made as described previously (Shivshankar
et al., 2009) with brief modifications. Eight days after, control or bleomy-
cin-pulsed A549 cells grown on coverslips were washed and fixed in 4%
paraformaldehyde for 20 min at room temperature. Cells were permea-
bilized with 0.1% triton-X-100 for 5 min and blocked in 10% FBS-con-
taining F12 medium for 1 h at room temperature. Primary antibodies for
pRb (mouse anti-human pRb) and K10 (rabbit anti-human K10) were
added at 1:100 dilution and incubated at 4 °C overnight. Cells were
washed with PBS thrice for 5 min and incubated with goat anti-mouse
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IgG PE and goat anti-rabbit FITC (1:200 dilution) to detect pRb and K10,
respectively, along with DAPI for nuclear staining for 1 h at room temper-
ature. Cells were washed and coverslips mounted on glass slides using
Fluorsave mounting solution (Merck Biosciences, Darmstadt, Germany).
Fluorescent staining in the cells was observed using Olympus AX-70 Fluo-
rescence microscope, and images were acquired using a Hamamatsu
digital camera. All single-color images were then superimposed and pro-
cessed with the software SimplePCl to display multicolors.

Adhesion assays

Bacterial adhesion assays were performed using protocols previously
described (Rose et al., 2008; Shivshankar et al., 2009). Exponential cul-
tures of S. pneumoniae were pelleted and suspended in PBS at
10”7 CFU mL™" (ODg,0 = 0.1) and added to confluent monolayers of con-
trol and bleomycin-pulsed A549 in a 24-well plate (2.0 cm?). After 1-h
incubation at 37 °C, cells were washed gently with PBS thrice to remove
unattached bacteria, lysed with 0.1% Triton-X-100 in PBS, and the lysate
was plated on blood agar plates and incubated for extrapolation of
attached bacteria from the number of colonies. Transiently transfected
A549 cells with pCDNA-K10 were used as positive controls to compare
the effect of bleomycin on pneumococcal adhesion (Paramio et al., 1999;
Shivshankar et al., 2009). Adhesion assays were performed at minimum
in triplicate with three wells per condition tested in each experiment.
Because of the difference in cell size between normal and senescent cells,
bacterial adhesion data are presented as the percent adhesion relative to
WT-infected untreated cell monolayers (i.e., equal surface area), likewise,
as the number of attached bacteria per 100 000 A549 cells. To determine
the latter, monolayers were trypsinized and cells were counted using a
Neubauer hemocytometer. For analysis of the paracrine effect of senes-
cent cells on adhesion cell culture, supernatants from control and bleo-
mycin-treated A549 cells after 8 days were applied to fresh monolayer of
A549 cells for 2 h prior to the addition of bacteria.

Induction of genotoxic stress

Bleomycin sulfate at 0.033 mg kg™' body weight was administered
intratracheally to 4- to 5-month-old female Balb/cJ following the proto-
col described by Aoshiba et al. (Aoshiba et al., 2003). Control animals
were administered sterile PBS, which was used as the bleomycin vehicle.
Three weeks later, mice were used for experimental purposes. Alterna-
tively, oxidative stress was induced using the protocol previously
described by Weiner et al. (Weiner et al., 2000). Briefly, mice were given
drinking water supplemented with 0.5% H,0, ad libitum for 3 weeks
prior to their experimental use.

Statistical analysis

For statistical comparisons between two cohorts, a two-tailed Student’s
t-test was used. For the comparison of bacterial burden between young
and aged mice challenged with wild-type and mutant S. pneumoniae, a
one-way ANOVA (Duncan's test) was used. For the analysis of survival fol-
lowing bacteria challenge, a Kaplan-Meier log-rank test was employed.
All statistical analyses were performed using SigmaStat software (Systat
Software).
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