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Abstract

Advanced age is associated with chronic low-grade inflammation (i.e. inflamm-aging) and poor

macrophage function that includes a weak pro-inflammatory cytokine response to bacteria and

diminished phagocytosis (i.e. age-dependent macrophage dysfunction [ADMD]). One reason for

this is that ADMD is associated with poor NFκB and MAPK activation following Toll-like

receptor stimulation (Boyd et al., 2012)(Boyd et al., 2012)(Boyd et al., 2012)[1][1][1](Boyd et al.,

2012). Herein, we tested the hypothesis that inflamm-aging induces production of A20, a cytosolic

and homeostatic suppressor of the NFκB and MAPK signaling cascades that deubiquitinates (i.e.

inactivates) the common upstream signaling molecule TRAF6, and this is responsible for ADMD.

Western blots and immunohistochemistry comparing tissues from young, mature, and aged

C57BL/6 mice indicated that A20 was strongly elevated in the lungs of aged mice but not in other

tissues. Elevated A20 was also detected in alveolar macrophages (AM) from aged mice. In

contrast CYLD, a second deubiquitinase that also negatively regulates the NFκB pathway was

decreased with aging. Following co-incubation of AM with the bacteria Streptococcus

pneumoniae, TRAF6 polyubiquitination was diminished in AM isolated from aged versus young

mice. A20 production was inducible in the J774A.1 macrophage cell line and C57BL/6 AM by

overnight incubation with TNFα but not IL-6. Retrovirus-induced expression of A20 in J774A.1

cells resulted in their diminished production of IL-6 following exposure to S. pneumoniae but had

no effect on levels of phagocytosis. Overnight incubation of AM from young mice with TNFα
also resulted in a dampened IL-6 response to S. pneumoniae. Finally, dietary supplementation of

aged mice with anti-inflammatory n-3 polyunsaturated fatty acids in the form of fish oil lowered

lung A20 levels and enhanced resistance, including a 100-fold reduction in bacterial titers in the
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lungs, to experimental challenge with S. pneumoniae. We conclude that elevated A20 due to

TNFα partially explains the ADMD phenotype and that ADMD is potentially reversible.
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1. INTRODUCTION

Advanced age is associated with the inability of macrophages to kill bacteria and produce

the pro-inflammatory cytokines necessary to recruit and activate other immune cells (i.e.

age-dependent macrophage dysfunction [ADMD] (Boyd and Orihuela 2011). This is a major

problem that is best exemplified by the fact that the case-fatality rate for seniors (>65 years)

hospitalized with Streptococcus pneumoniae, the leading cause of community-acquired

pneumonia (van der Poll and Opal 2009), infection is 37-fold greater than for young adults

(18–34 years) in the United States (Prevention 2013).

Published studies suggest that ADMD is the result of weak nuclear factor kappa B (NFκB)

and mitogen-activated protein kinase (MAPK) activation following macrophage exposure to

bacterial products (Boehmer et al., 2004; Boyd et al., 2012; Ding et al., 1994; Renshaw et

al., 2002; van Duin et al., 2007; Yoon et al., 2004). NFκB is the central transcription factor

necessary for the expression of pro-inflammatory genes encoding cytokines, chemokines

and defensins (Gilmore 2006). Activated MAPK p38 and JNK (i.e. phosphorylated) are

involved in directing the cellular responses to diverse stimuli including the modulation of

gene expression and the stability of mRNA transcribed from pro-inflammatory genes (Doyle

et al., 2004; Johnson and Lapadat 2002; Winzen et al., 1999). Importantly, Mahbub et al.

have recently shown that macrophages derived from the bone-marrow of aged mice do not

have age-related defects in their cytokine response to bacterial products (Mahbub et al.,

2012). This suggests that ADMD is not intrinsic to the aging process, but instead a result of

immune cells residing within the aged tissue environment. One potential explanation for

ADMD is thereby inflamm-aging; the persistent low-grade tissue inflammation that

accompanies advanced age (Franceschi 2007; Franceschi et al., 2000).

A causal link between low-grade inflammation and susceptibility to infectious diseases is

supported by a positive correlation between elevated Tumor necrosis factor (TNF)α and

Interleukin (IL)-6 and a greater incidence of community-acquired pneumonia in otherwise

healthy seniors over a 6.5-year period (Yende et al., 2005). It is further corroborated by the

fact that patients with co-morbidities that are established risk factors for pneumonia have

increased circulating levels of these pro-inflammatory cytokines (Lexau et al., 2005; Naucler

et al., 2013). Directly, implicating TNFα as a key cytokine that enhances susceptibility to

infection, we have demonstrated that young mice (4–5 month) infused with age-relevant

physiological levels of TNFα for 5 days had 100-fold more S. pneumoniae in their lungs one

day after experimental infection than mice receiving saline (Hinojosa et al., 2009).

One key and shared signal transducer in the TNF receptor family, Toll-like/IL-1 receptor

family, and T-cell receptor pro-inflammatory cell signaling pathways is TRAF6. Following
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appropriate cell stimulation, pro-inflammatory cell signaling cascades are initiated that

converge and result in the polyubiquitination of TRAF6 (i.e. activation). Activated TRAF6

functions as a positive signal transducer in the NFκB pathway and is also necessary for

activation of the MAPK (Hinz et al., 2010; Landstrom 2010; Mu et al., 2011; Yamashita et

al., 2008). Indeed, de-ubiquitination of TRAF6 is essential to terminate/down-regulate the

activation of these pro-inflammatory pathways (Boone et al., 2004). A20 is the key

homeostatic suppressor of TRAF6 and is expressed as a result of TNFα induced GSK3

kinase activity and NFκB activation (Park et al., 2011). A20 is an ubiquitin-editing enzyme

that interrupts TRAF6 signaling through disruption of the ubiquitin complexes attached to

TRAF6 (Shembade et al., 2010). Importantly, recent studies have shown that macrophages

exposed to TNFα have elevated levels of A20 and that these cells no longer function

normally. In particular, they no longer produce IL-6 following lipopolysaccharide

stimulation. This anergic phenotype is thought to be part of a homeostatic response meant to

prevent tissue damage during prolonged/excessive inflammatory states (Baeuerle and

Henkel 1994; Fan and Cook 2004; Janssen-Heininger et al., 2000; Kelly et al., 2011; Martin

and Dixit 2011; Park et al., 2011).

Herein, we tested the hypothesis that ADMD is the result of basally elevated A20 levels in

aged macrophages due to inflamm-aging. Because of the tremendous morbidity and

mortality associated with pneumonia in the elderly, our research was focused on A20 levels

in alveolar macrophages (AM), the resident innate immune cell within the lungs, and in

response to S. pneumoniae. Our experimental results shed new light on the molecular

mechanisms underlying ADMD and suggest that ADMD is potentially reversible.

2. MATERIALS AND METHODS

2.1. Mice, tissues, and bacteria

For experiments requiring live animals, young (4 months), mature (12 months), and aged

(21 months) C57BL/6 mice of both sexes were obtained from the National Institute for

Aging (NIA) Aged Rodent Colony (Charles River) and The Jackson Laboratory (a gift from

Drs. David E. Harrison and Kevin Flurkey). All animal experiments were performed in

compliance with approved Institutional Animal Care and Use Committee protocols at the

University of Texas Health Science Center at San Antonio. Infection experiments were

performed using S. pneumoniae serotype 4 strain TIGR4 (Tettelin et al., 2001).

2.2 Western blot and immunohistochmical analysis of tissues

Flash frozen tissues from male C57BL/6 mice of the designated age were obtained from the

NIA Aged Rodent Tissue Bank. Tissues were homogenized in RIPA buffer (1% Triton

X-100, 0.5% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.01 M NaH2PO4) containing

1% (vol/vol) protease inhibitor cocktail and protein concentrations were determined using a

bicinchoninic acid assay (Sigma). For each sample, 35 μg of protein was separated by SDS-

PAGE under reducing conditions and transferred onto nitrocellulose using a semi-dry

electrophoretic system (Bio-Rad). Immunoblot analysis was performed using monoclonal

antibodies against A20 (Santa Cruz) and CYLD (Cell Signaling). Detection was performed

using goat anti-mouse horseradish peroxidase conjugated secondary antibodies (Jackson
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ImmunoResearch) and HyGLO Chemiluminescent Substrate (Denville Scientific). To

confirm equal protein load, membranes were stripped and probed with antibody against actin

(Bethyl Laboratories). Band intensities on autoradiographs were determined using Quantity

One software (Bio-Rad).

For visualization of A20 within the lungs, immunohistochemistry on paraffin embedded

lung sections from uninfected young and aged mice was performed. Sections were de-

paraffinized with xylene, rehydrated with ethyl alcohol, and then water. Samples were

blocked with 1% bovine serum albumin (BSA) in phosphate buffered saline (PBS) with

0.05% Tween (T-PBS) for 1 hour. Sections were incubated with A20 rabbit antiserum

(ProSci) for 1 hour. After washing three times with PBS, sections were covered with 1%

BSA in T-PBS containing biotinylated goat anti-rabbit antibody (Jackson ImmunoResearch)

at 1:1000. Samples were washed and incubated with streptavidin conjugate horseradish

peroxidase. Sections were stained with DAB (Sigma) and counterstained with hematoxylin

(Sigma). Specimens were washed and mounted with FluorSave (Millipore). Images were

acquired at 40X using a Leica DFC 300FX microscope

2.3 Immunoblot analysis of isolated alveolar macrophages

Mice were asphyxiated with isoflurane in a candle jar and bronchoalveolar lavage was

performed using 3 mL of ice cold PBS. Bronchoalveolar lavage fluid (BALF) was passed

through a 40 μM cell strainer to remove debris, centrifuged, and the pelleted cells were then

suspended in Dulbecco’s Modified Eagle Medium with 10% BSA and 1% penicillin/

streptomycin (DMEM+). Those with macrophage morphology were counted using a

hemocytometer and seeded in tissue culture plate at the required number. Following 1 h of

adherence at 37 °C in 5% CO2, non-adherent cells were removed by gently washing and the

remaining AM were allowed to rest overnight. For measurement of basal A20, CYLD, and

GPR120 levels, 2.5 x 105 AM in 96-well plates were lysed with 50 μl RIPA buffer and

samples were then processed for Western blot as described above. For measurement of

TRAF6, 2.5 x 105 AM in 96-well plates were stimulated with media containing 105 CFU/ml

of live S. pneumoniae for 20 minutes. Cells were washed then immediately lysed with RIPA

buffer containing protease inhibitor. For experiments examining TRAF6 activation, an

ubiquitin enrichment kit was used following the manufacture’s instruction (Thermo

Scientific). For each mouse, 25 μg of infected AM protein lysate was incubated with anti-

ubiquitin capture beads in spin columns overnight at 4 °C with end-over-end rotation. The

following day the spin columns were centrifuged to separate unbound lysate, washed 3X

with saline, and the ubiquitinated proteins were eluted from beads by boiling in 2X SDS

sample buffer for 15 minutes. Samples were then analyzed by Western blot. Commercially

available antibodies against A20, CYLD, GPR120 (Santa Cruz), and TRAF6 (Santa Cruz)

were used.

2.4 Overexpression of A20 in J774A.1 cells and testing for ADMD

Retroviral particles that induced the expression of either myc-tagged A20 or Glutathione S-

transferase (GST) were obtained from 293T cells previously transfected with plasmids

encoding the retrovirus particles and myc-A20 or GST (a gracious gift from Dr. James

Bliska, Stony Brook NY) (Zhang et al., 2005). J774A.1 cells were incubated in retrovirus
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containing 293T-conditioned media at 32° C for 24 h to allow for retroviral transduction.

Transduced J774A.1 cells were then grown at 37° C for 24 h and then subjected to selection

with puromycin (2 μg/ml) for 10 days with daily medium changes. The puromycin-resistant

cells were maintained in DMEM-10% BSA with 2 μg/ml puromycin and used for

experiments within five passages. J774A.1 cells were washed and changed to fresh medium

without puromycin 3 h before any experimentation. Changes in levels of A20 in these cells

were examined by Western blot as described above. For measurement of de novo IL-6

production, 2.0 x 105 J774A.1 cells were exposed to ethanol-killed pneumococci at

multiplicity of infection (MOI) of .1, 1, and 10 for 4 hours, then supernatants were collected

and examined by ELISA (BD Biosciences). For experiments examining macrophage

phagocytosis, 106 J774A.1 cells were incubated with phRODO labeled pneumococci at an

MOI of 10 for 30 minutes (Molecular Probes). Cells were placed on ice, detached, and

immediately examined by flow cytometry for internalized bacteria. phRODO is only

fluorescent in acidic environments such as within the phagolysosome of macrophages. This

dye therefore allows for the exclusion of attached but non-internalized bacteria (Fabbrini et

al., 2012).

2.5 Treatment of primary macrophages with cytokines and testing for the ADMD
phenotype

Alveolar macrophages from young mice were obtained via lavage as previously described,

allowed to rest overnight, and then treated with 10 ng/ml of recombinant mouse TNFα or

IL-6 (Sigma) for 18 hours. The same was done for J774A.1 cells. Levels of A20 were

assessed by Western blot as described above. Alternatively and following overnight TNFα
treatment, young AM were exposed to 105 CFU equivalents of ethanol-killed pneumococci

for 4 hours. Cells were washed, lysed, and levels of intracellular IL-6 determined by ELISA.

2.6 Treatment of aged mice with fish oil and bacterial challenge

Female C57BL/6J mice, 18-month old, were fed 5g per day of AIN-93M rodent chow

supplemented with 5% corn oil (control diet; MP Biomedicals) or 1% corn oil and 4% fish

oil containing 18% eicosapentaenoic acid and 12% docosahexaenoic acid (Ocean Nutrition)

for two months. Mice were anesthetized with 2.5% vaporized isoflurane, and then infected

intranasally with 105 cfu TIGR4 in 25 μl PBS. After 24 hours mice were euthanized and

bacterial burden in the lungs was then assessed by their excision, homogenization, serial

dilution of homogenates and plating, and extrapolation of colony counts following overnight

incubation (Shivshankar et al., 2011). Levels of IL-6, TNF-α and Chemokine (C-X-C Motif)

Ligand 1 (KC) in whole lung homogenates of the right inferior lobe were determined by

ELISA (BD Biosciences). Pathological examination of Hematoxylin and Eosin (H&E)

stained lung sections was completed as previously stated (Shivshankar et al., 2011).

The presence of macrophages and neutrophils in lung sections from infected mice that had

received fish or control oil were examined by immunofluorescence. Sections were de-

paraffinized with xylene, rehydrated with ethyl alcohol and then cold tap water. Samples

were blocked in 1% BSA in T-PBS for 1 hour. Sections were incubated with antibody

against F4/80 (Serotec) or Ly6G (BD Biosciences) for 1 hour. After washing three times

with PBS, sections were covered with 1% BSA in T-PBS containing goat anti-rabbit Cy3
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conjugated antibody (Jackson ImmunoResearch) at 1:200. Alternatively sections were

incubated with CD11b antibody (BD Biosciences) for 1 hour. After washing three times

with PBS, sections were covered with 1% BSA in T-PBS containing goat anti-rabbit FITC

conjugated antibody (Life Technologies) at 1:1,000. Antibody incubation was followed by

treatment with 4′, 6-diamidino-2-phenylindole (DAPI) at 5 μg/ml for 1 hour at room

temperature. Tissue sections were washed and mounted with FluorSave (Merck

Biosciences). Images were acquired at 1,000X using a Nikon AX-70 fluorescent Microscope

and images processed with NIS Elements software.

3. RESULTS

3.1. A20 is elevated in aged tissues

A20 has been shown to be elevated in immune cells and tissues as the result of acute injury

or infection (Arvelo et al., 2002; Onose et al., 2006; Park et al., 2011). Yet, whether changes

in A20 levels occurred as the result of normal aging remained unknown. Western blot

analysis for A20 in different tissues from young, mature, and aged C57BL/6 mice

demonstrated that aged animals had dramatically increased levels of A20 in their lungs,

more moderate but significantly elevated levels of A20 in their livers, and unchanged

amounts in the spleen, quadricep muscle, white adipose tissue, and thymus, versus young

mice (Fig 1). For white adipose tissue and thymus, mature mice had reduced and elevated

A20 levels versus young mice, respectively. Importantly, immunohistochemical staining for

A20 in lung sections from young and aged mice confirmed that A20 was present in multiple

cell types within the aged lungs including epithelial cells in alveoli and bronchi, vascular

endothelial cells, and AM (Fig 2). Thus, A20 was not elevated in all tissues with age, but

seemed to be strongly elevated within the aged lungs.

3.2 A20 is elevated in alveolar macrophages and is associated with reduced TRAF6
polyubiquitination

Because AM are the first innate immune cell encountered by aspirated respiratory tract

pathogens and are essential for protection against pneumococcal pneumonia (Knapp et al.,

2003), we next examined A20 levels in isolated AM and observed a statistically significant

increase in A20 levels for those from aged versus young mice (Fig 3A). This coincided with

decreased TRAF6 polyubiquitination of TRAF6 by aged AM following a 20-minute

exposure to live S. pneumoniae (Fig 3B). These important results are consistent with and

potentially explain our published findings that showed AM from aged mice do not fully

activate NFκB or the MAPK p38 and JNK and do not produce robust amounts of IL-6 or

TNFα following exposure to S. pneumoniae (Boyd et al., 2012).

Of note, the deubiquitinase CYLD is also a negative regulator of NFκB signaling and plays

an important role in the negative regulation of inflammation by macrophages (Kovalenko et

al., 2003; Nishanth et al., 2013). To test if age-dependent changes in CYLD might also

contribute to ADMD phenotype we compared basal CYLD levels in samples collected from

healthy young and aged C57BL/6 mice. In sharp contrast to the results observed for A20,

lung levels of CYLD were significantly lower in aged mice (Fig 4) as well as in isolated AM

(Fig 3A). Thus, ADMD is not the result of elevated CYLD.
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3.3 Expression of A20 dampens the cytokine response but not phagocytosis

TNFα and IL-6 are the two pro-inflammatory cytokines most frequently associated with

inflamm-aging. What is more, elevated levels of both have been associated with increased

susceptibility to community-acquired pneumonia (Yende et al., 2005). To determine which

cytokine was involved in enhanced A20 levels we exposed both J774A.1 and primary AM

from young mice to 10 ng/ml of TNFα or IL-6 overnight and measured A20 levels (Fig 5A).

In both instances, cells exposed to TNFα had increased A20, whereas those exposed to IL-6

were unchanged versus untreated controls. Importantly, exposure of isolated AM from

young mice to TNFα was sufficient to suppress the production of IL-6 following exposure

to S. pneumoniae (Fig 5B). To determine if increased A20 was alone sufficient to abrogate

macrophage function, we induced expression of myc-A20 or GST in J774A.1 macrophages

using retroviral particles (Fig 5C) and tested these cells for their ability to respond to ethanol

killed S. pneumoniae with de novo IL-6 production. J774A.1 macrophages expressing A20

produced significantly less IL-6 than those induced with GST when challenged with 105

CFU equivalents (Fig 5D). Interestingly, this muted response was overcome when the

amount of bacteria the macrophages were exposed too was increased 10-fold. We also tested

the ability of these cells to phagocytize S. pneumoniae. We found that over expression of

A20 had no effect on the phagocytic capacity of macrophages (Fig 5E). Thus increased A20

was sufficient to induce a muted IL-6 response, but this could be overcome with greater

bacterial stimulation and enhanced A20 had no impact on the ability of macrophages to take

up bacteria.

3.5 Anti-inflammatory fish oil reduces A20 and protects aged mice from pneumonia

If ADMD is the result of inflamm-aging, then pharmacological reduction in inflamm-aging

should reduce A20 levels and protect against bacterial challenge. Macrophages express high

levels of GPR120, the receptor for anti-inflammatory n-3 polyunsaturated fatty acids

eicosapentaenoic acid and docosahexaenoic acid (Oh et al., 2010). Importantly, GPR120

was elevated in AM isolated from aged mice (Fig 3A). We therefore tested if aged mice fed

chow supplemented to 4% with purified fish oil containing 18% docosahexaenoic acid and

12% eicosapentaenoic acid for 2 months (i.e. fish oil diet), had lower A20 levels in their

lungs versus those receiving n-6 polyunsaturated fatty acid linoleic acid (i.e. corn oil)

supplemented diets or normal chow. As shown in Fig 6A, this was shown to be the case.

More importantly, aged mice that received fish oil had a 100-fold reduction in the number of

bacteria in their lungs 24 hours after intranasal challenge with S. pneumoniae versus the corn

oil fed controls (Fig 6B). Pathological examination of aged mouse lungs after 24 hours,

suggested that those receiving fish oil had greater numbers of immune cells in their lungs

(Fig 6C), which may have facilitated clearance of bacteria. This was subsequently confirmed

by immunofluorescent microscopy, which detected greater numbers of macrophages

(F4/80+, CD11b+) and neutrophils (Ly6G+, CD11b+) in the lungs of mice that had received

the fish oil diet (Supplemental Fig 1). These results suggest that ADMD is potentially

reversible.
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4. DISCUSSION

Increased susceptibility to infection with aging is due to multiple defects in both the innate

and adaptive arms of the immune system. For tissue macrophages, this includes a reduced

pro-inflammatory cytokine response to Toll-like receptor ligands, diminished phagocytosis

and bacterial killing ability, and impaired macrophage polarization (Boehmer et al., 2004;

Brubaker et al., 2011; Mahbub et al., 2012). Importantly, in an aged animal ADMD

coincides with inflamm-aging. What is more, elevated levels of IL-6 and TNFα have been

directly linked to enhanced susceptibility to lung infection (Yende et al., 2005). Herein our

experimental studies suggest that A20 is basally elevated in lung cells as a result of

increased TNFα levels with aging. We also show that elevated A20 impairs the ability of

macrophages to respond to bacteria, such as with S. pneumoniae, with a robust cytokine

response. Our studies therefore provide a molecular explanation for one important aspect of

ADMD. Importantly, inflamm-aging may be contributing to the enhanced susceptibility to

infection in many ways. Previously we have shown that the pro-inflammatory phenotype of

senescent cells promotes bacterial adhesion to lung cells through increased expression of

NFκB-regulated host proteins that are co-opted by respiratory tract pathogens for adhesion

(Shivshankar et al., 2011).

Interestingly, A20 levels were starkly elevated only within the lungs of C57BL/6 mice. Why

this would be the case is not clear as studies by Spencer et al. have shown that other tissues

from aged C57BL/6 mice have greater levels of basally elevated NFκB activation (i.e.

inflamm-aging) versus young controls (Spencer et al., 1997). Yet studies suggest that the

lungs are particularly affected during advanced age. Aged lungs of humans and mice have

been documented to have increased levels of senescent cells, elevated levels of pro-

inflammatory cytokines, and an increased presence of neutrophils despite the absence of

infection (Kreiling et al., 2011; Meyer et al., 1998; Shivshankar et al., 2011). We speculate

that this sterile inflammation in the aged lungs, and concomitant with this the elevated A20

levels, is because of the daily and lifetime accumulation of insults (e.g. infectious agents,

allergens, chemicals and toxins), that are experienced by this organ. Indeed cellular

senescence and with it lung inflammation is well documented to occur in the lungs as a

result of smoking (Tsuji et al., 2010). Regardless, of the cause, immunohistochemistry and

Western blot data clearly demonstrated that A20 levels were starkly elevated for epithelial

cells within alveoli and the bronchial lining as well as vascular endothelial cells. While

unexplored, this finding strongly implies that the chemokine response by these cells to

bacteria would also be impaired and this would also contribute towards the susceptibility to

pneumonia.

Similar to A20, CYLD negative regulates NFκB activation with A20 and CYLD deletion

both having been shown to result in an unregulated, excessive and damaging pro-

inflammatory response (Lee et al., 2000; Nishanth et al., 2013). Interestingly A20 but not

CYLD was elevated as the result of aging. In fact, CYLD was lower in the samples obtained

from aged mice. This suggests that these ubiquitin editing enzymes are differentially

regulated and have separate roles during normal aging. Along such lines, A20 and CYLD

have been shown to have separate roles during B-cell activation with Toll-like receptor

ligands (Chu et al., 2012). While in this study we implicate elevated A20 as a cause of
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ADMD, obtaining a more comprehensive understanding of how these deubiquitinases are

regulated, their overlapping/distinct roles, and clarity in our understanding of their role

during aging is important to understand how the innate immune system is altered during

aging.

In previous studies we have determined that aged mice challenged with S. pneumoniae

failed to respond to pneumococci following intratracheal challenge during early infection.

This contributed to a 100-fold greater difference in the number of S. pneumoniae in the

lungs of aged versus young mice 24 hours after challenge, greater tissue damage in the lungs

of aged mice, and 90% versus 20% mortality, respectively (Boyd et al., 2012; Hinojosa et

al., 2009). Basally elevated A20 levels in the lungs of aged mice pre-infection and reduced

TRAF6 polyubiquitination following infection is a potential explanation for enhanced

susceptibility, as it explains why we also observed reduced NFkB activation and reduced

activation of the MAPK p38 and JNK in AM from aged mice. Importantly, we observed no

defect in opsonophagocytosis for J774A.1 cells transfected with A20. This suggests that the

inability of macrophages to take up bacteria is through different mechanisms. Interestingly,

in the same cells, the blunted de novo IL-6 response was overcome when we increased the

amount of ethanol-killed S. pneumoniae. Thus, suggesting that enhanced TLR stimulation is

one method to overcome the anergizing effects of basally elevated A20. Since vaccine

efficacy is dependent on appropriate cytokine production by antigen presenting cells such as

resident macrophages and dendritic cells, this finding supports current strategies to

overcome the weak vaccine response in the elderly by including TLR adjuvants (Dulthie et

al., 2011).

A20 could be induced in a cell line and primary macrophages with overnight treatment of

TNFα but not IL-6. This was consistent with the fact that A20 is known to be upregulated

following GS3K activation by TNFα and directly implicates this inflamm-aging cytokine as

a cause of ADMD. Along such lines, diet supplementation of aged mice with n-3 PUFA, an

anti-inflammatory agent, reduced A20 levels and dramatically improved resistance of aged

mice to pneumococcal infection. These findings support the counterintuitive notion that a

mild anti-inflammatory drug can be used to lower basal A20 levels and restore the acute pro-

inflammatory response to infection. n-3 PUFA most likely has other effects that were

unexplored such as lowering the levels of NFκB-regulated bacterial ligands. One important

caveat to our in vitro and ex vivo A20 induction with TNFα results is that we employed high

concentrations of cytokines (10 ng/ml). Yet these results serve as proof that exposure to

TNFα, but not IL-6, can suppress primary AM function. Importantly, the effects of long-

term exposure of AM to low-levels of TNFα remain unknown. How elevated A20 levels

impacts other parameters of AM function such as chemotaxis, antigen presentation, or even

wound repair following lung injury also remains unknown and these topics warrant study.

In summary, the ADMD phenotype is recognized to contribute to the increased

susceptibility of the elderly to infection. Past studies have shown that this is due in part to

reduced NFkB and MAPK activation. Herein we show for the first time that normal aging is

associated with increased A20 levels in lung cells and macrophages, presumably due to

inflammaging and increased TNFα levels. This in turn contributed to the inability of AM to
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respond to bacterial stimulation with a pro-inflammatory cytokine response. Importantly,

this phenotype could be ameliorated with a mild anti-inflammatory agent.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• A20 is elevated in lungs and alveolar macrophages from healthy aged mice

• TRAF6 polyubiquitination is inhibited in alveolar macrophages from aged mice

• The aged macrophage phenotype can be induced by expressing A20 or TNFα
treatment

• TNFα but not IL-6 induces A20

• Dietary fish oil lowers A20 levels and protects aged mice from S. pneumoniae
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Figure 1. A20 is elevated in some but not all aged tissues
Representative Western blots for A20 in designated tissues from young, mature and aged

C57BL/6 male mice. Following detection of A20, membranes were stripped and probed for

total actin. Relative levels of protein were determined by densitometry with A20 values

divided by those for actin. Comparison between groups was done using a two-tailed

Student’s t-test. Asterisks denote a statistically significant difference (P<0.05). The number

of biological samples measured by densitometry is indicated below the X-axis.
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Figure 2. Immunohistochemistry of A20 in the lungs
Representative images of lung sections from young (n=3) and aged (n=3) C57BL/6 mice

following immunohistochemistry for A20. Images were captured using light microscopy.

Abbreviations and arrows denote different cell types: AE = alveolar epithelial, AM =

alveolar macrophage, BE = bronchial epithelial, VE = vascular endothelial.
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Figure 3. A20 is elevated in alveolar macrophages and is associated with poor TRAF6
polyubiquitination
A) Western blot and the corresponding densitometric analysis for A20, CYLD, and GPR120

in isolated alveolar macrophages from healthy young and aged C57BL/6 mice. Comparison

between groups was done using a two-tailed Student’s t-test. Asterisks denote a statistically

significant difference (P<0.05). The number of biological samples measured by

densitometry is indicated below the X-axis. B) Western blot for polyubiquitinated A20 in

alveolar macrophages from 3 young, 3 mature, and 3 aged mice following a 20-minute

exposure to S. pneumoniae. Proteins levels prior to immunoprecipitation were confirmed to

be equal by performing a Western blot for actin. Due to the limited protein volume that can

be obtained from each mouse, following immunoprecipitation with antibodies to ubiquitin,

the entire protein sample was loaded onto the gel.
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Figure 4. CYLD levels are lower in the aged lungs
Western blot for CYLD in homogenized whole lungs from healthy young and aged

C57BL/6 male mice (n=5 per cohort). Membranes were stripped and probed for total actin.

Relative levels of protein were determined by densitometry with CYLD values divided by

those for actin. Comparison between groups was done using a two-tailed Student’s t-test.

Asterisks denote a statistically significant difference (P<0.05).

Hinojosa et al. Page 18

Exp Gerontol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. TNFα but not IL-6 induces A20 production and this suppresses the macrophage
cytokine response to S. pneumoniae
A) Western blot for A20 following overnight exposure of J774A.1 macrophages and

primary AM from young mice with either 10 ng/ml of TNFα, IL-6, or left untreated. B) AM

from young mice were exposed to TNFα or left untreated overnight then exposed to 105

CFU equivalent of ethanol killed S. pneumoniae for 4 hours (n=8 per cohort). Intracellular

IL-6 was measured by ELISA following cell lysis. C) Western blot for A20 following

exposure of J774A.1 macrophages to retrovirus particles that induce expression of either

GST or myc-A20. D) IL-6 production by GST and myc-A20 transduced J774A.1

macrophages following their exposure to 104, 105 and 106 CFU equivalents of ethanol killed

S. pneumoniae for 4 hours. E) J774A.1 cells with induced expression of GST or myc-A20

were co-incubated for 30 minutes with S. pneumoniae labeled with the pH sensitive dye

phRODO. Relative levels of phagocytosis were determined by flow cytometry. Because

phRODO is only fluorescent under acidic conditions only macrophages with bacteria within

a phagolysosome are fluorescent.
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Figure 6. Fish oil lowers A20 levels and improves resistance to bacterial infection
A) Western blot and the corresponding densitometric analysis for A20 in the lungs of aged

C57BL/6 mice that had received chow supplemented with fish oil and corn oil, respectively,

for 2 months. Comparison between groups was done using a two-tailed Student’s t-test.

Asterisks denote a statistically significant difference (P<0.05). The number of biological

samples measured by densitometry is indicated below the X-axis. B) The number of bacteria

in the lungs of mice on these supplemented diets 24 hours after intranasal challenge with S.

pneumoniae. Each circle denotes an individual mouse. Asterisks denote a statistically

significant difference (P<0.05). C) Representative images captured using light microscopy

of Hematoxylin & Eosin stained lung sections from young C57BL/6 mice that were on

supplemented diets 24 hours after infection with S. pneumoniae.
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