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ABSTRACT: Advances in modern medicine have led to an increase in the median life span and an 

expansion of the world’s population over the age of 65. With increasing numbers of the population 

surviving to the extreme of age, those at risk for the development of pneumonia will approach 2 billion 

by the year 2050. Numerous age-related changes in the lung likely contribute to the enhanced 

occurrence of pneumonia in the elderly. Inflammation in the elderly has been shown to increase risk 

prior to infection; age-associated inflammation enhances bacterial ligand expression in the lungs which 

increases the ability of bacteria to attach and invade host cells. Conversely, the elaboration of the acute 

inflammatory response during early infection has been found to decrease with age resulting in a delayed 

immune response and diminished bacterial killing. Finally, the resolution of the inflammatory response 

during the convalescent stage back to “baseline” is often prolonged in the elderly and associated with 

negative outcomes, such as adverse cardiac events. The focus of this review will be to discuss our current 

understanding of the potential mechanisms by which dysregulated inflammation (both prior to and 

following an infectious insult) enhances susceptibility to and severity of community acquired pneumonia 

(CAP) in the elderly with an emphasis on pneumococcal pneumonia, the leading cause of CAP. 
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Aging is associated with an increased susceptibility to 

infectious disease. Despite improved clinical diagnosis 

and treatment guidelines, pneumonia remains the leading 

cause of infectious death for the elderly (those greater 

than 65 years of age) [1]. According to the United States 

Census Bureau by the year 2050 greater than 2 billion 

individuals will be over the age of 65 world-wide [1]. In 

the United States, the elderly population is estimated to 

double by the year 2050 reaching 88.5 million or 

approximately 20% of the population [2]. Thus, as the 

population ages, understanding the etiology and 

pathogenesis of pneumonia remain an important area of 

research.   

The lower airways are sterile sites containing few 

neutrophils and lymphocytes under homeostatic 

conditions. However, the cellularity of the lung increases 

with age in humans and laboratory animals with studies 

documenting increased numbers of neutrophils and 

lymphocytes even in those with no apparent 

comorbidities [3]. The most abundant immune cell in the 

normal lung is the alveolar macrophage whose function 

is to rapidly clear inhaled particulates or infectious 

agents and, if necessary, initiate the inflammatory 

response. Resident alveolar macrophages and recruited 

neutrophils and monocytes serve to keep lung infections 

under control until the adaptive immune response 

develops and clearance of the pathogen occurs.   

Numerous age-related changes in both the innate and 

adaptive immune system likely contribute to the 

enhanced occurrence of pneumonia in the elderly and are 

thoroughly discussed in other reviews [4-6]. Herein, we 

summarize and discuss our current understanding of the 

potential mechanisms by which dysregulated 

inflammation (both prior to and following an infectious 
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insult) enhances susceptibility to and severity of 

community acquired pneumonia (CAP) in the elderly 

with a focus on pneumococcal pneumonia, the leading 

cause of infectious death in the elderly. 

 

PNEUMONIA IN THE ELDERLY 

 

It is estimated that the annual incidence of pneumonia in 

the community-dwelling elderly population is between 

25 and 44 per 1000 individuals [5].  For those in nursing 

homes or institutionalized the incidence increases to 33 

to 114 cases per 1000 individuals [5]. Mortality rates for 

those with CAP approach 30% and are higher in those 

with underlying comorbidities. In addition to higher 

incidence and mortality, elderly patients presenting with 

pneumonia often have a higher rate and length of 

hospitalization leading to higher cost of care. According 

to a 2002 study by Kaplan and colleagues the annual 

incidence of hospitalization for CAP in the United States 

was 18.3 cases per 1,000 elderly persons compared to 4 

per 1000 cases overall [7].  Moreover, prior 

hospitalization for CAP is associated with increased rates 

of mortality within 1 year following discharge [8, 9] 

often due to cardiovascular failure [10], which may be 

the result of cardiomyocyte damage from bacterial cell 

wall components [11].   

Many age-related changes collectively contribute to 

the enhanced susceptibility of the elderly to pneumonia 

including, but not limited to, decreased normal lung 

function, reduced mucociliary clearance, and a decline in 

both innate and adaptive immunity (immunosenescence) 

[1, 12, 13].  Immunosenescence is also a driving force 

for the reactivation of latent infectious diseases such as 

Herpes Zoster (shingles) and tuberculosis [14-16]. By 

far, a major risk factor for CAP in the elderly is the 

increased presence of comorbid conditions such as 

COPD and cardiovascular disease.   

Although the preponderance of pneumonias are of 

bacterial origin, Influenza and Respiratory Syncytial 

Virus (RSV) account for approximately 5-30% of 

pneumonia cases with an average annual rate of 

influenza-associated deaths among the elderly of 66.1 

deaths per 100,000 [17]. Secondary bacterial pneumonia 

following viral infection is a common complication and 

cause of mortality in the elderly [18]. Streptococcus 

pneumoniae (S. pneumoniae), Hemophilus influenzae 
and atypical bacteria such as Chlamydia pneumoniae and 

Mycoplasma pneumoniae account for the majority of 

community-acquired bacterial pneumonias in the elderly 

[4, 6].  Staphylococcus aureus and Gram-negative bacilli 

are also common among nursing home residents and 

hospitalized patients [4, 6]. Due to the difficulty in 

obtaining sufficient sputum samples in the elderly the 

etiology of approximately 40% of pneumonias remain 

unidentified.   

S. pneumoniae is the leading cause of CAP among 

the elderly [19].  S. pneumoniae is an encapsulated 

Gram-positive diplococcus that normally 

asymptomatically colonizes the nasopharynx of healthy 

humans. Although the incidence of pneumococcal 

diseases is greatest in those less than 2 years of age, 

case-fatality rates following infection increase for those 

> 55 years of age [20, 21]. Worldwide, it is estimated 

that 1.6 million people die of pneumococcal disease 

annually [22]. The World Health Organization estimates 

that the mortality rate of adults with pneumococcal 

pneumonia averages 10–20%, and may exceed 50% in 

high-risk groups [19, 22]. Immunocompetent healthy 

adults rarely succumb to pneumococcal pneumonia 

suggesting that age-related changes are required for S. 
pneumoniae to overcome host defenses and cause 

disease. In particular, those with underlying 

comorbidities such as diabetes or coronary artery disease 

are at increased risk for the development of life-

threatening invasive pneumococcal disease [19, 23].  

Protective immunity against pneumococcal disease is 

mediated by antibodies against the anti-phagocytic 

capsular polysaccharide. Currently, the CDC 

recommends that those over the age of 65 be vaccinated 

with Pneumovax
®
 23, which contains 23 of the most 

common polysaccharide capsular serotypes. Importantly, 

the protective efficacy of this vaccine among the elderly 

is estimated to be 55-70% against bacteremia and 

meningitis but has not reduced the incidence of 

pneumonia [22, 24, 25].  This is likely due in part to the 

fact that older individuals often produce antibodies with 

lower opsonic avidity [26-28]. Thus, antibody responses 

to vaccination are less robust and decline over time. In 

lieu of identifying better antigens for vaccination, 

boosting the immunogenicity of the capsular 

polysaccharide, or including adjuvants, studies 

identifying host immune factors that are altered with age 

are crucial to allow for better design of 

immunomodulatory therapeutics to reduce the severity of 

disease in the elderly.  

 

AGE-ASSOCIATED NFLAMMATION ENHANCES 

SUSCEPTIBILITY TO CAP 

 

Epidemiologic studies by multiple investigators indicate 

that individuals >65 years experience higher levels of 

pro-inflammatory cytokines in blood and tissues when 

compared to healthy young adults [29-32]. This age-

related increase of circulating pro-inflammatory 

cytokines within serum and tissues was coined 

“inflamm-aging” by Franceschi et al.  in 2000 [33], 
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however, several studies had already been published 

describing the observation of increased Interleukin (IL)-

6 and C- reactive protein (CRP) in serum from aged 

humans [34-36]. In the lungs, studies by Meyer et al. 
have shown that healthy elderly patients have increased 

IL-6, IL-8, immunoglobulin and neutrophil elastase, as 

well as higher numbers of neutrophils and lymphocytes 

in bronchoalveolar lavage when compared to younger 

subjects [13]. Inflammaging or age-associated 

inflammation (AAI) has also been described in aged 

rodents. Examination of tissues from aged mice revealed 

higher levels of Nuclear Factor kappa B (NFκB) 

activation in the brain, lungs, liver, spleen and lymphoid 

tissues as well as higher levels of  TNFα, IL-6, IL-12, 

and COX-2 when compared to young adult mice [37].   

Not surprisingly, those with pre-existing lung 

diseases such as chronic obstructive pulmonary disease 

are at increased risk for development of pneumonia. 

However, other chronic diseases associated with 

inflammation such as atherosclerosis and type II diabetes 

mellitus are also established risk factors for the 

development of CAP [12, 38].  For example, in a 

prospective study of 3,075 individuals, aged 70 to 79 

years, elevated levels of IL-6 and TNFα in the blood 

were associated with increased risk for the development 

of CAP with adjusted odds ratio of 1.6 and 1.7, 

respectively  [38].  While the frequency of CAP for those 

without comorbid conditions was 2.9%, the presence of 

one or more comorbid condition increased the frequency 

of CAP to 7% and 10.7%, respectively [38]. Likewise, 

studies by Glynn et al. and Antunes et al. found that 

increased levels of IL-6 correlated best with both 

disease-specific and generic severity scores for 

pneumonia [39, 40]. Taken together these findings 

highlight that even when there are no apparent signs of 

infection or disease increased levels of inflammation are 

present in the elderly and may impact susceptibility to 

and severity of pneumonia.   

 

Pre-existing inflammation leads to the upregulation 

of host receptors that mediate adhesion and invasion 

in the lung 

 

Bacterial attachment to host cells is an essential first step 

in the establishment and development of disease. S. 

pneumoniae possesses multiple strategies to mediate 

attachment and invasion of host cells including the 

bacterial protein choline binding protein A (CbpA) and 

phosphorylcholine found on the cell wall [41]. In 

agreement with inflammation as a risk factor for CAP, it 

is well documented that S. pneumoniae adhesion to host 

cells is enhanced 100-fold when cells are pre-treated 

with pro-inflammatory cytokines such as TNFα and IL-

1β in vitro [42]. Thus, S. pneumoniae attachment and 

invasion is, in part, dependent on the activation of NFκB 

and the upregulation of host cell surface proteins that act 

as bacterial ligands including platelet-activating factor 

receptor (PAFr), polymeric immunoglobulin receptor 

(pIgR) and laminin receptor (LR).  

S. pneumoniae attaches to PAFr, the chemokine 

receptor for platelet activating factor found on epithelial 

and endothelial cells [41, 42]. PAFr binding is mediated 

by phosphorylcholine, which is present on the bacterial 

cell wall and lipoteichoic residues that extend from the 

cell membrane [41, 42]. This host-pathogen interaction 

results in pneumococcal uptake through a -arrestin-

dependent mechanism which prevents lysosomal fusion 

and instead results in bacterial transcytosis [43]. S. 

pneumoniae also uses surface exposed CbpA to facilitate 

attachment to both pIgR and LR. pIgR normally 

functions to transport IgA across mucosal epithelial 

cells, however, during pneumococcal infection it 

mediates translocation of the bacteria to the basolateral 

surface during receptor recycling [41, 44].  Transfection 

of human pIgR into MDCK cells resulted in 10-fold 

more pneumococcal invasion compared to the vector 

alone control [41]. It should be noted that while CbpA 

binds to human pIgR, studies have found that this 

interaction does not occur with mouse or rat pIgR [45]. 

More recently, CbpA has also been shown to mediate 

adherence through interactions with human and mouse 

LR which is present in the lungs and vasculature [46, 

47]. The combined interactions of the pneumococcus to 

LR and PAFr are thought to be a principle mechanism by 

which the bacteria translocate across the alveolar-

capillary barrier to cause bacteremia during early 

pneumonia and the blood-brain barrier to cause 

meningitis.   

In a recent study, we determined that healthy aged 

mice express increased levels of pIgR, PAFr and LR in 

the lungs compared to their younger counterparts [47, 

48]. We further demonstrated that continuous 

administration of low levels of TNFα by implanted 

osmotic pumps for 5 days (to mimic age-associated 

inflammation) was sufficient to increase the protein 

levels of pIgR and PAFr within the lungs of young mice 

[48]. Importantly, increased pIgR and PAFr in young 

mice were associated with an increased ability of the 

bacteria to persist and replicate within the lungs early 

during infection, with 100-fold more bacteria in the 

lungs 48 hours post-infection compared to young mice 

receiving PBS [48]. Thus inflammation was found to be 

positively correlated with both increased receptor 

expression and enhanced susceptibility to pneumococcal 

challenge. More recently we were able to demonstrate 

that PAFr and LR were also significantly increased in 
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lung biopsy specimens obtained from aged humans (64-

82 years) when compared to younger individuals aged 

43-50 years . Importantly, H. influenzae and N. 

meningitidis have also been shown to bind to PAFr and 

LR [49, 50]. Therefore, age-related enhanced ligand 

expression in the lungs of both mice and humans is one 

mechanism for the increased severity of pneumonia in 

the elderly not only for the pneumococcus, but 

potentially for other respiratory pathogens as well.  

 

 

Figure 1. Systemic inflammation and cellular senescence in the lungs promote pneumococcal adhesion during 

early infection. Age-associated inflammation in the lungs may come from inflammatory cytokines brought to the 

lungs via the vasculature and from increased accumulation of pro-inflammatory senescent cells in the lungs. 

These cytokines (IL-6, IL-8, and TNFα) act on neighboring cells to activate NFκB and enhance the expression of 

platelet activating factor receptor (PAFr).  PAFr is then able to bind to phosphorylcholine a component of the 

bacterial cell wall, and mediate endocytosis and invasion of activated epithelial cells by S. pneumoniae.    

Senescent cells also express elevated levels of Laminin Receptor (LR) and cytokeratin 10 (K10) which leads to 

greater bacterial adhesion. 

 

 

Potential sources of inflammatory mediators in the 

lungs during aging 

 

AAI in the lungs is likely the result of multiple factors 

including systemic chronic underlying diseases such as 

obesity and type II diabetes mellitus (T2DM), as well as 

the aging process itself, a side-effect of cellular 

senescence, and an increased production of reactive 

oxygen species all of which can activate NFκB and drive 

inflammatory processes [32, 51]. In the case of obesity, 

adipose tissue has been shown to be a significant source 

of inflammatory cytokines, termed adipokines [52, 53]. 

Increased circulating cytokines are thought to be a 

driving force for beta cell dysfunction leading to obesity-

induced T2DM [54].  Additionally, fatty acid levels are 

often elevated during aging, obesity and T2DM and have 

been shown to enhance cytokine production from 

macrophages [55]. Thus it is likely that systemic 

inflammatory mediators brought to the lung via the 

vasculature could have profound effects on the 

surrounding lung tissue, however, several lines of 

evidence point to intrinsic age-related changes within the 

lung as additional sources of inflammation during aging.  

Mucosal epithelial cells not only function as a barrier 

to infectious pathogens and inhaled particulates but also 

actively participate in host defense by the production of 

mucins, beta defensins, and inflammatory mediators [56-

59]. Cellular senescence is an age-associated 

phenomenon by which cells with DNA damage or 

shortened telomeres lose the ability to further divide but 
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do not undergo apoptosis. Senescent epithelial cells have 

been reported to accumulate in skin, liver, muscle, fatty 

tissue and most recently in the lungs of aged mice [60, 

61]. Studies have also identified increased cellular 

senescence in the lungs of individuals with COPD, an 

established risk factor for CAP [62]. Although senescent 

cells have lost the ability to divide they are metabolically 

active and produce profuse amounts of pro-inflammatory 

mediators, a phenomenon that has been termed 

senescence associated secretory phenotype or SASP 

[63]. For example, senescent fibroblasts and epithelial 

cells have been found to secrete the pro-inflammatory 

cytokines IL-1, IL-6 and IL-8, as well as proteases and 

growth factors [63].  

We recently confirmed earlier findings of increased 

inflammatory cytokines in the lungs of healthy aged 

mice and went on to provide evidence of age-related 

cellular senescence as a potential source of inflammatory 

cytokines within the lungs [47]. In vitro induction of 

cellular senescence of a human type II pneumocyte cell 

(A549) line resulted in increased secretion of IL-6 and 

IL-8 and senescent lung cells were found to express 

elevated levels of LR and cytokeratin 10 (K10). We 

previously identified that S. pneumoniae binds to K10 on 

lung cells through the pneumococcal adhesin PsrP [64]. 

Importantly, exposure of A549 cells to conditioned 

media from senescent lung cells was able to increase the 

expression of PAFr and increase their permissiveness to 

pneumococcal adhesion [47]. Thus, we propose a model 

by which the accumulation of senescent lung cells due to 

aging or exposure to genotoxic agents such as cigarette 

smoke could enhance LR, PAFr and K10 in the lungs 

thereby promoting bacterial attachment and 

susceptibility to pneumococcal pneumonia (Figure 1).  

 

AGE-RELATED CHANGES IN THE 

INFLAMMATORY RESPONSE MAY ENHANCE 

SUSCEPTIBILITY TO PNEUMONIA 
 

While pre-existing inflammation enhances susceptibility 

to infection, inflammation is necessary to activate 

resident immune cells, recruit effector cells necessary for 

bacterial clearance, and aid in the activation of the 

adaptive response. Mice deficient in TNFα receptor, 

Interleukin-6 (IL-6) or IL-1β show enhanced mortality 

following pneumococcal infection [65-67]. Initiation and 

coordination of the inflammatory response occurs 

through the recognition of conserved pathogen 

associated molecular patterns (PAMPs) such as bacterial 

cell wall by pattern-recognition receptors (PRRs), with 

which include Toll-like receptors (TLRs), NOD-like 

receptors and RNA Helicases. TLRs are the most 

extensively studied PRRs and are expressed on a variety 

of cells including epithelial and endothelial cells, as well 

as cells of the innate and adaptive immune system.   

 

TLRs detect microorganisms and initiate the 

inflammatory response.   

 

To date there have been 11 TLRs identified in humans 

and 13 TLRs identified in mice which recognize various 

microbial components such as Gram-positive 

lipoteichoic acid (LTA), Gram-negative 

lipopolysaccharide (LPS), and yeast zymosan. However, 

it is also important to note that TLRs can also become 

activated following recognition of host factors released 

during tissue injury; so-called damage-associated 

molecular patterns (DAMPs) [68]. Following TLR 

engagement, an intracellular signaling cascade ensues 

through cytoplasmic intermediates such as myeloid 

differentiation factor-88 (MyD88) and IL-1 Receptor 

associated kinase 1 (IRAK1) that ultimately result in 

Nuclear Factor kappa B (NFκB) and Mitogen Activated 

Protein Kinase (MAPK) activation and the production of 

pro- and anti-inflammatory cytokines, chemokines and 

anti-microbial peptides [69].  

In particular, TLRs 2, 4 and 9 recognize components 

of the pneumococcus, however, only TLRs 2 and 4 are 

involved in the elaboration of inflammatory cytokines. 

TLR2 heterodimerizes with TLR1 to detect LTA, a 

component of the pneumococcal bacterial cell wall [70, 

71], while TLR4 has been shown to respond to the 

pneumococcal toxin pneumolysin [72]. While TLRs 2 

and 4 recognize extracellular PAMPs, TLR9 resides 

within endosomes where it recognizes unmethylated 

CpG DNA following bacterial internalization [73].  

While the single loss of TLR2 or TLR4 does not 

significantly influence mouse survival following 

infection, TLR9 and Myd88-gene deficient mice are 

exquisitely susceptible to pneumococcal infection, 

emphasizing not only the redundant roles for TLRs, but 

also an essential role for Toll/IL-1 Receptor signaling in 

host survival [71]. In agreement with studies using gene-

deficient mice, humans with loss of function mutations 

in key TLR signaling molecules such as MyD88, NEMO 

and IRAK4 (for a more comprehensive review see [74]) 

show enhanced susceptibility to pneumococcal infection, 

often resulting in severe invasive pneumococcal diseases 

such as bacteremia and meningitis.   

 

TLR expression and function in the aging lung 

 

TLRs are highly expressed on innate immune cells but 

have also been shown to be expressed on numerous cells 

within the lungs including endothelial cells, bronchial 

epithelial cells, and Type II pneumocytes [58].  TLR 
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expression on these cells is low under steady state 

conditions but is significantly upregulated 12-24 hours 

following stimulation with bacterial products such as 

LPS [75]. Due to the risk of complications, assessment 

of age-related changes in the acute inflammatory 

response within the lung following a live infection in 

humans has not been examined. In a study of 15 elderly 

patients and 22 younger patients with pneumonia serum 

levels of GM-CSF, IL-1 beta, TNF-alpha, IL-8 and MIP-

1α were lower in the elderly [76].  

We have recently reported that protein levels of TLRs 

1, 2 and 4 are reduced in the lungs of aged BALB/C mice 

compared to young adult control mice prior to infection 

[48]. Moreover, NFκB activation was reduced in the 

lungs 24 hours following infection with S. pneumoniae. 

In agreement with decreased NFκB activation and TLR 

levels in the lungs, the cytokine response during early 

pneumococcal pneumonia was also found to be 

significantly attenuated following intratracheal 

instillation of pneumococcal components.  Thus we 

identified that the age-related susceptibility to 

pneumococcal pneumonia was associated with decreased 

TLR levels and function in the aging murine lung, 

however, it remains to be determined the precise cell 

types in the lungs that are experiencing TLR dysfunction 

as a consequence of age. In a study examining age-

related changes in the antioxidant heme-oxygenase 1 

(HO-1), intratracheal delivery of LPS demonstrated 

decreased upregulation of HO-1 in both the lungs and 

alveolar macrophages from aged male ICR mice (65-66 

weeks) compared to young (9-22 weeks) [77]. While 

studies indicate that aged macrophages maintain the 

ability to phagocytose invading pathogens [78, 79], 

studies in humans and mice suggest that peripheral 

macrophages and dendritic cells are defective in their 

elaboration of inflammatory mediators following Toll-

like receptor (TLR) stimulation (see below) and thus 

may be contributing to the reduced response we 

observed in the lungs.  

 

 
Table 1. Select studies in humans and mice evaluating the age-related differences in TLR-induced cytokine production of 

monocyte/macrophages and dendritic cells 

 
Study Species Stimulus Cell Type Cytokine Production  

Born et al. (1995) Human LPS Whole blood Increased TNFα and  IL-1β 

Gon et al. (1996) Human LPS Monocytes Decreased TNFα and  IL-1β 

Roubenoff et al. (1998) Human LPS PMNC No difference in TNFα and IL-1β 

Bruunsgaard et al. (1999) Human LPS Whole blood Decreased TNFα and  IL-1β 

Gabriel et al. (2002) Human LPS Whole blood Increased IL-6 and IL-1β 

Van Duin et al. (2007) Human* Pam3CSK4 Monocytes Decreased TNFα and IL-6 

Panda et al. (2010) Human LPS, Pam3CSK4 Myeloid Dendritic cells Decreased TNFα and IL-6 

Nyugen et al. (2010) Human Pam3CSK4 Monocytes Decreased TNFα and IL-6 

Renshaw et al. (2002) C57BL/6¶ mice LPS Splenic Macrophages Decreased TNFα and IL-6 

Boehmer et al. (2004) BALB/c mice LPS Peritoneal Macrophages Decreased TNFα and IL-6 

Chelvarajan et al. (2006) BALB/c mice LPS Splenic Macrophages Decreased TNFα and IL-6 
 

*This study assessed the function of multiple TLRs, however, significant differences were only identified in response to Pam3CSK4.  

¶This study reported lower mRNA expression levels of TLRs 1-9 and decreased cytokine production in response to stimulation of 

TLRs1/2, TLRs2/6, TLR3, TLR4, TLR5, and TLR9. 

 

 

TLR function declines with age  
 

The impact of aging on human TLR function has been 

examined primarily in the context of LPS-induced TLR4 

signaling of human peripheral monocyte and dendritic 

cell populations and has been reviewed by van Duin and 

Shaw [80]. Table 1 summarizes selected past and recent 

studies that have investigated the impact of age on the 

cytokine response of human and mice 

monocytes/macrophages and dendritic cells. Several 

studies found decreased production of inflammatory 

cytokines following LPS stimulation [51, 76, 81, 82], 

while others found no differences [83] or enhanced 

production [84, 85]. Recently, van Duin et al. examined 

the expression and function of TLRs 1-9 by flow 

cytometry using human peripheral monocytes from 81 

individuals aged ≥ 65 years compared to 80 young adults 

aged 21-30. The only deficiency observed in TLR 

stimulation was in response to Pam3CSK4, a TLR1/2 

specific agonist [81]. They further determined that the 

reduced cytokine response was associated with reduced 

TLR1 surface expression while TLR2 surface expression 

was unaffected by age.  A more recent study confirmed 

and extended these findings by identifying that human 

TLR1 expression was reduced on monocytic subsets 

expressing CD14
 
and CD16, but not on CD14

+
 CD16

-
 

monocytes [82]. TLR1/2 recognizes triacylated 

lipoproteins that extend through Gram-positive cell walls 
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and thus reductions in alveolar macrophage responses to 

TLR1/2 stimulation may explain the reduced cytokine 

response we previously observed in the aged mouse 

lungs [48]. Importantly all four monocyte subsets 

examined exhibited impaired production of TNFα and 

IL-6. Interestingly, CD14
+
 CD16

+
 monocytes have 

recently been characterized as an activated senescent 

monocyte subpopulation, which are present in higher 

numbers in atherosclerotic plaques and have been 

suggested to be a source of inflammatory mediators 

during aging [86, 87].  

Early studies by Renshaw et al. were the first to 

report that TLR-induced cytokine production was 

reduced in splenic macrophages from aged C57BL/6 

mice [88]. This diminished response was associated with 

lower TLR expression as well as decreased TLR4 

surface expression.  In contrast, a later study found that 

aged thioglycolate-elicited peritoneal macrophages from 

BALB/c mice did not exhibit age-related changes in 

TLR4 surface expression although they exhibited 

reduced cytokine response. They concluded that age-

related decreases in levels of mitogen-activated protein 

kinases such as p38 and JNK resulted in reduced 

phosphorylation following stimulation with LPS [89]. In 

order to further clarify these differences, another study 

utilized microarray to examine BALB/c splenic 

macrophages for age-related changes in gene expression 

following stimulation with LPS [90].  Multiple age-

related differences in TLR signaling molecules were 

identified, including reductions in the expression of key 

signaling molecules (Myd88, TRAF6 and NFκB 

subunits) and increased expression of a negative 

regulator of TLR signaling, IRAKM [90].  However, this 

study found that activation of p38 MAPK was found to 

be significantly increased with age, while levels and 

phosphorylation of ERK were significantly reduced.  

Therefore, studies from mice and humans have not 

reached a consensus on the precise mechanism operative 

in reduced TLR responsiveness.  

There are many factors that can account for the 

differences observed between studies.  Differences in 

mouse strains (C57BL/6 vs. BALB/c), isolation and 

purification of macrophage populations, and animal 

housing may all effect experimental outcomes. TLR 

expression has been shown to be upregulated following 

NFκB activation [75]. Moreover, studies have 

demonstrated that macrophage TLR expression can be 

modulated by microenvironmental changes [91, 92].  

Therefore, differences observed between studies may 

reflect the relative inflammatory state of the aged tissue 

microenvironment. Nonetheless, it is clear from these 

studies that macrophages isolated from aged mice and 

humans are impaired in the early production of pro-

inflammatory cytokines following stimulation with 

certain purified PAMPs.  It is tempting to speculate that 

these age-related defects in cytokine response 

substantially contribute to the increased severity of 

disease, however, the multitude of age-related changes 

that occur with age may make this phenotype difficult to 

assess in vivo. Additionally, a recent study determined 

that aged pulmonary CD11c
+
 cells (macrophages and 

dendritic cells) were able to produce TNFα and INFγ in 

the absence of TLR2, while  pulmonary CD11c
+
 cells 

from young mice were not [93]. Thus it is possible that 

TLR dysfunction in the context of aging may have 

different effects in response to various microorganisms.    

Age-related TLR dysfunction is not unique to 

macrophages as human and murine dendritic cell TLR 

function has also been shown to decline with age [94, 

95]. Importantly, reduced TLR function by dendritic 

cells from elderly humans was correlated with decreased 

antibody response following influenza immunization 

indicating that TLR dysfunction contributes to the age-

related decline in vaccine efficacy [94]. The findings that 

both macrophages and dendritic cells exhibit impaired 

TLR function suggest that this age-related phenotype 

may occur at an earlier stage of differentiation such as 

within the bone marrow. Age-related decreased TLR 

function may also reflect a state of tolerization, which 

has been demonstrated to occur using in vitro models of 

endotoxin tolerance and in vivo following resolution of 

respiratory influenza infection [96, 97]. 

 

 

ELDERLY PATIENTS HAVE A PROLONGED 

INFLAMMATORY RESPONSE FOLLOWING 

CAP 

 

Following infection of the elderly, the resolution of the 

inflammatory response has been shown to be prolonged 

and associated with worsened outcomes. In a study of 22 

hospitalized patients with confirmed pneumococcal 

pneumonia in 19/22 patients, at 1 week post-admission 

levels of TNFα, soluble TNF Receptor I (sTNFR) and 

the anti-inflammatory cytokine IL-10 were significantly 

higher in the elderly (68-91 years)  compared to younger 

patients (37-55 years) [51]. In a model of endotoxemia, 

elderly volunteers also demonstrated a prolonged 

inflammatory response as indicated by longer 

circulationg levels of sTNFRs and CRP [98]. The 

mechanisms underlying this prolonged inflammatory 

state are unclear and these findings are to some extent 

contradictory with age-related hyporesponsiveness of 

innate immune cells.  Possible explanations for this 

include greater disease severity and tissue injury in the 

elderly and/or defective recruitment of exudates 
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macrophages to the site of tissue injury. Additionally, 

other age-related defects including decreased 

accumulation or function of immunosuppressive CD4
+
 T 

regulatory cells and altered production of TGF-β 

production by respiratory epithelial cells may also hinder 

the dampening of the acute proinflammatory response. 

Nonetheless, a prolonged inflammatory state likely 

contributes to the exacerbation of underlying pathologies 

and increased mortality of the elderly within 1 year 

following admission for CAP.  A recent retrospective 

study of 50,119 male subjects with a mean age of 77.5 

years found an increased incidence of cardiovascular 

events such as congestive heart failure and arrhythmias 

within 90 days of hospital admission for CAP [10].   

 

THERAPIES THAT COUNTER AGE-

ASSOCIATED INFLAMMATION DECREASE 

MORTALITY FOLLOWING CAP 

 

Given the established negative consequences of pre-

existing inflammation but the necessity for a robust pro-

inflammatory response during acute infection it is not 

surprising that the pre-infection use of potent anti-

inflammatory therapeutics such as steroids and anti-

TNFα therapy are associated with severe pneumococcal 

infections. Conversely, milder anti-inflammatory drugs 

such as aspirin or NSAIDs which have been shown to 

reduce the incidence of colon cancer [99], have not been 

found to reduce the severity of CAP [100]. As it is not 

possible to stop the aging process, identifying drugs or 

treatments that could potentially reverse age-associated 

inflammation without exacerbating the age-related 

immune dysfunction would be beneficial to reduce the 

incidence and severity of pneumococcal pneumonia.  

 

Statins have pleiotropic effects that have been found 

to reduce mortality following community acquired 

pneumonia.  
 

Statins, or 3-hydroxy-3 methylglutaryl coenzyme A 

(HMG-CoA) reductase inhibitors, are among the most 

widely prescribed drugs in the United States. While 

statins can reduce plasma cholesterol by as much as 30–

55%, it is increasingly evident that statins also have 

potent anti-inflammatory properties that are independent 

of their lipid-lowering ability. Several retrospective 

studies have identified statins to be beneficial in 

reducing the incidence of death associated with 

pneumonia and sepsis [101-103].  Mortensen et al. found 

that prior statin use was associated with a reduced 30 day 

mortality [102]. Importantly, prior statin use has also 

been found to reduce the risk of CAP in patients with 

diabetes [101] Thus, statin therapy offers potential 

prophylaxis for individuals who are at high-risk for CAP. 

Given that statins have reported pleiotropic effects, it is 

likely that statins may be reducing mortality following 

pneumococcal pneumonia by several cooperative 

mechanisms. Understanding these mechanisms may aid 

in the design of better therapeutics for CAP.      

We recently found that statins reduce the severity of 

invasive pneumococcal disease in a mouse model of 

sickle-cell disease [104].  Sickle cell patients have a 400-

fold increased risk for the development of lethal 

pneumococcal sepsis in part due to heightened 

inflammation in the lungs and vasculature [105]. 

Specifically, we found that intraperitoneal administration 

of statins for five days was able to reduce the levels of 

expression of PAFr and reduced the ability of 

pneumolysin, a pore-forming toxin that binds 

cholesterol, to damage endothelial cells in vitro and in 
vivo.  Moreover, we found that administration of an oral 

statin diet for 4 weeks significantly decreased bacterial 

burden in the lungs and blood of aged BALB/c mice (20 

months) [106]. Although statins have been found to 

reduce LPS-induced lung inflammation in human 

volunteers and pro-inflammatory responses of 

monocytes stimulated ex vivo [107-109], other studies, as 

well as our own observations, have found that during a 

live infection, the anti-inflammatory properties of statins 

are less apparent [104, 110, 111]. A recent study 

identified that statins increase bacterial killing of a wide 

range of Gram-positive organisms by enhancing the 

formation of phagocyte extracellular traps [112]. 

However, in a mouse model of Klebsiella pneumoniae, 

statin administration resulted in increased bacterial 

outgrowth due to reduced neutrophil accumulation 

within the lungs and a defect in neutrophil-dependent 

intracellular killing [110].  Thus, statin prophylaxis may 

be beneficial to protect against some pathogens but may 

not protect against all infectious diseases.  Additionally, 

although statins are generally well tolerated, 

neuromuscular and hepatic complications may limit their 

use.  

 

SUMMARY AND FUTURE PERSPECTIVES 

 

Pneumonia in the elderly remains a serious health 

problem with significant morbidity and mortality rates 

with increasing age. Understanding the age-related 

changes that occur in the lungs may allow for better 

treatment or prevention of CAP in the elderly.  Figure 2 

provides a summary of how age-related dysregulated 

inflammation prior to, during acute infection, and during 

the convalescent stage potentially contributes to the 

enhanced susceptibility of the elderly to infectious 

disease and increased mortality.  
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Figure 2. Schematic of dysregulated inflammation in the elderly.  Chronic-low grade inflammation enhances 

bacterial ligand expression in the lungs which increases the ability of bacteria to attach to and invade host cells. 

Following infection, TLR dependent production of inflammatory cytokines in macrophages and dendritic cells has 

been found to decrease with age, leading to a delay in the activation of host defense mechanisms. Finally, the 

resolution of the inflammatory response during the convalescent stage is often prolonged in the elderly likely as a 

result of increased tissue injury and an age-related decrease in repair mechanisms.   

 
Importantly, to date, studies trying to identify 

mechanisms for the diminished inflammatory response 

have yielded conflicting results. One explanation for this 

is that investigators have not taken into consideration the 

temporal differences between young and aged animals in 

regards to how they respond to infectious stimuli. For 

example, studies comparing aged convalescent 

individuals, which most likely show enhanced 

inflammation, are not comparable to those during acute 

infection, which may show diminished inflammatory 

markers. This window, where aged animals show a 

diminished capacity to respond with a robust pro-

inflammatory response may in particular be variable or 

small, as an inability to adequately respond to infection 

will result in greater infectious burden that ultimately 

results in a greater disease severity and elevated immune 

response versus young individuals. 

Finally, the use of anti-inflammatory drugs as a 

prophylactic therapy against S. pneumoniae may not 

only protect against disease but also might ameliorate the 

muted response during acute infection. There is an 

increasing body of evidence showing that repeated 

antigenic stimulation or chronic inflammation serves to 

tolerize immune cells and prevent their robust response. 

Thus by inhibiting pre-infection inflammation statins 

may also restore the acute response and prevent severe 

disease. Given the estimate that >2 billion individuals 

who are susceptible to pneumonia this important topic 

warrants future investigation.  
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