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Abstract

Both the innate and adaptive immune systems decline with age, causing greater susceptibility to 

infectious diseases and reduced responses to vaccination. Diseases are more severe in elderly than 

in young individuals and have a greater impact on health outcomes such as morbidity, disability 

and mortality. Aging is characterized by increased low-grade chronic inflammation, called 

“inflammaging”, measured by circulating levels of TNF-α, IL-6 and CRP, as well as by latent 

infections with viruses such as cytomegalovirus (CMV). Inflammaging has received considerable 

attention because it proposes a link between changes in immune cells and a number of diseases 

and syndromes typical of old age. In this review we aim at summarizing the current knowledge on 

pathways contributing to inflammaging, on immune responses down-regulated by inflammation 

and mechanisms proposed. The defects in the immune response of elderly individuals presented in 

this review should help to discover avenues for effective intervention to promote healthy aging.
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Inflammaging and immunosenescence

Acute inflammation is a beneficial protective response to harmful conditions such as 

infections and it is therefore crucial for survival (Franceschi et al. 2007). However, the acute 

inflammatory response against pathogens is decreased during the aging process, leading to 

increased susceptibility to infections. Aging is also characterized by a low-grade chronic 

pro-inflammatory state, called inflammaging (Franceschi et al. 2000), which is a significant 

risk factor for morbidity and mortality of elderly individuals as it is implicated in the 

pathogenesis of several disabling diseases of the elderly, such as type-2 diabetes mellitus, 

osteoporosis, Alzheimer’s disease, rheumatoid arthritis, and coronary heart disease (Holmes 

et al. 2009; Isaacs 2009; Lindholm et al. 2008; Mundy 2007; Sarzi-Puttini et al. 2005). 

Circulating inflammatory mediators such as cytokines and acute phase proteins, e.g. C-

reactive protein (CRP) and mannose-binding lectin (MBL), are markers of this low-grade 

inflammatory status. How inflammaging contributes to adverse health outcomes is largely 
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unknown and therefore the identification of pathways controlling inflammaging across 

multiple systems is important to understand whether interventions designed to reduce 

inflammaging may be beneficial for the elderly.

Regulation by SNPs

Increased inflammaging is at least in part genetically determined by polymorphisms in the 

promoter regions of pro-inflammatory genes. An example is the C/G −174 single nucleotide 

polymorphisms (SNP) in the promoter of the IL-6 gene which significantly changes serum 

IL-6 concentrations, with increased IL-6 levels being associated with the GG genotype 

(Fishman et al. 1998; Giacconi et al. 2004; Olivieri et al. 2002). Elderly men with GG 

genotype are disadvantaged for longevity due to higher IL-6 serum levels as compared to 

elderly men with the CG or CC phenotypes (Giacconi et al. 2004) and have a higher risk of 

death after acute coronary syndrome (Antonicelli et al. 2005). Women with the GG SNP are 

not as affected as men. Another example is represented by the +874 T/A SNP in the IFN-γ 

gene. In these studies, the +874 A allele, which is associated with low IFN-γ production, 

was found positively associated with longevity in male and female centenarians (Lio et al. 

2002a; Lio et al. 2002b). This T/A polymorphism coincides with a putative NF-kB binding 

site, which is involved in the transcription of the human IFN-γ gene and therefore directly 

influences the level of IFN-γ (Pravica et al. 2000). Other studies on the −1082 G/A SNP in 

the anti-inflammatory cytokine IL-10 gene have led to the identification of 3 different 

inheritable haplotypes, −1082 (G/A), −819 (C/T) and −592 (C/A) nucleotides in the 

proximal region of the promoter and shown that the presence of the −1082 GG genotype, 

which is associated with high production of the IL-10, was significantly increased in 

centenarians as compared to adult controls (Lio et al. 2002c). These data altogether suggest 

that longevity is negatively associated with genotypes coding for pro-inflammatory 

phenotypes whreas it is positively associated with genotypes coding for anti-inflammatory 

phenotypes.

Other contributors to inflammaging

In addition to genetic polymorphisms, other factors have been proposed to drive 

inflammaging. The major results published on this topic are reported below.

One of the driving forces of inflammaging is believed to be chronic stimulation of immune 

system cells with viruses such as cytomegalovirus (CMV, the common persistent human β-

herpes virus HHV5). This is accomplished by CMV infecting fibroblasts, epithelial, 

endothelial, stromal cells, smooth muscle cells (Haspot et al. 2012) which present CMV 

antigens with MHC class I. Other chronic infections with viruses such as Hepatitis B or C 

viruses may cause local inflammation, but these infections are mainly localized to the liver 

and do not contribute significantly to systemic inflammation. The inflammatory response 

initiated by chronically stimulated innate cells elicits the release of pro-inflammatory 

cytokines secreted from cells of the innate and the adaptive immune systems and creates a 

vicious cycle, leading to immune system remodelling. Briefly, CMV induces the production 

of a variety of pro-inflammatory mediators which in turn induce CMV reactivation 

(Freeman 2009). In particular, in vitro studies have shown that CMV induces rapid 

translocation of NF-kB in HeLa cells from the cytoplasm to the nucleus, promoting the 
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production of TNF-α which leads to further activation of latent CMV and additional up-

regulation of the inflammatory response (Prosch et al. 1995).

Other examples of non-infectious agents inducing chronic stimulation of immune cells are 

macromolecules post-translationally modified (DNA or proteins modified by oxidation, 

acylation, glycosylation). All these antigens can stimulate cells of the innate immune system 

to secrete pro-inflammatory mediators and initiate the inflammatory response.

The cellular senescence process could be an additional contributor to the maintenance of 

inflammaging, due to the acquisition of the senescence-associated secretory phenotype 

(SASP) by immune cells (Sikora et al. 2011), fibroblasts (Freund et al. 2010) and endothelial 

cells (Olivieri et al. 2013a), characterized by increased secretion of pro-inflammatory 

mediators such as cytokines, chemokines, growth factors and proteases (Campisi 2011). The 

age-dependent accumulation of senescent cells represents a favorable environment for the 

development of inflammatory-based age-related diseases, including cancer. Several causes 

of cellular senescence have been proposed, which may be a process to try to reduce cancer, 

including high proliferation, telomere shortening, DNA mutations, DNA damage, protein 

aggregation, and production of ROS. All these activate tumor suppressor pathways (p53 and 

p16INK4) and intracellular signaling through NF-kB, TGF-β, IL-1, IL-6, CCAAT enhancer 

binding protein-β (C/EBP-β), which leads to irreversible growth arrest, heterochromatin 

formation and activation of the SASP (reviewed in (Tchkonia et al. 2013).

In tissues, it has been shown that factors secreted by senescent cells can promote tumor 

development in vivo as well as proliferation and invasiveness in cell culture models. 

Moreover, the presence of senescent fibroblasts in the proximity of tumor sites may 

influence tumor-associated macrophages expressing pro-tumoral growth factors (M2) that 

negatively affect the anti-tumor response by inhibiting tumor-associated dendritic cells, 

polarization of Th2 responses and induction of T regulatory cells (Davalos et al. 2010; Sica 

et al. 2006).

Similarly, in the synovial tissue of Rheumatoid Arthritis patients factors secreted by 

senescent cells, including highly activated T cells, macrophages, NK cells, plasma cells, 

promote chronic inflammation, responsible for determining the outcome of the local 

inflammatory process (Brennan et al. 1995; Freund et al. 2010). Fibroblast-like synoviocytes 

express several molecules that can function as co-stimulatory receptors for senescent CD4+ 

T cells, thereby providing fertile ground for the activation of these inflammatory T cells in 

the synovium (Goronzy et al. 2005; Goronzy and Weyand 2005; Zhang et al. 2005).

Inflammaging may also be driven by the increase in adiposity with age (Forsythe et al. 

2008). Obesity is considered to be an inflammatory predisposition as it is associated with 

chronic activation of cells of the innate immune system and consequent local and systemic 

inflammation, responsible for pathologic conditions such as Type-2 Diabetes (T2D) 

(Hotamisligil 2006; Johnson and Olefsky 2013; Shoelson et al. 2006), cancer (Renehan et al. 

2008), psoriasis (Setty et al. 2007), atherosclerosis (Casas et al. 2014), and Inflammatory 

Bowel Disease (Hass et al. 2006). Adipose tissue inflammation is characterized by 

infiltration and activation of immune cells that produce cytokines and chemokines that 
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contribute to the ongoing chronic inflammation that promotes the degradation of metabolic 

pathways in obesity. It has been shown that in obesity IFN-γ-producing CD8+ and Th1 

CD4+ T cells infiltrate the visceral adipose tissue (VAT) (Nishimura et al. 2009) and 

promote secretion of pro-inflammatory cytokines from M1 macrophages which contributes 

to both local and systemic insulin resistance (Lumeng et al. 2007). In lean individuals, 

conversely, IL-4/5/13-producing Th2 CD4+ T cells, CD4+ T regulatory (Tregs) and iNKT 

cells are predominant in the VAT and promote secretion of IL-10 and other anti-

inflammatory cytokines from M2 macrophages which maintain insulin sensitivity.

Micro-RNAs (miRs), the small non-coding RNAs involved in gene regulation acting mainly 

at the post-transcriptional level, have recently been proposed as prognostic biomarkers of 

aging and inflammatory-based and age-associated diseases. The name “inflamma-miRs” has 

been coined and attributed to those miRs present in the circulation which are up-regulated in 

aging and increase pro-inflammatory cytokine secretion, acting as agonists of single-

stranded RNA-binding TLRs and inducing NF-kB activation (Fabbri et al. 2013; Olivieri et 

al. 2013a; Olivieri et al. 2013b). Circulating inflamma-miRs may be part of the SASP 

signature, as they can passively be released by senescent, dead or apoptotic cells and remain 

in the extracellular space until they are picked up by a distant cell, functioning as mediators 

of cell-to-cell communication.

Mitochondrial DNA (mtDNA) can be released in the extracellular space and can function as 

a damage-associated molecular pattern (DAMP) agent causing inflammation (Zhang et al. 

2010). Circulating mtDNA levels increase with age and are positively correlated with 

plasma levels of pro-inflammatory mediators (TNF-α, IL-6, IL-1 receptor antagonist) (Pinti 

et al. 2014), suggesting a role for mtDNA in the maintenance of the low-grade, chronic 

inflammation observed in elderly people.

Inflammatory stimuli could also come from the gut microbiota. It has been shown that the 

microbial composition and diversity of the gut ecosystem of elderly individuals is different 

from that of younger controls (Heintz and Mair 2014). This altered microbiota composition 

is associated with increased serum levels of pro-inflammatory mediators such as IL-6 and 

IL-8 (Biagi et al. 2013; Biagi et al. 2010). In particular, health-promoting bacteria 

(Bifidobacteria) have been reported to decrease (Mueller et al. 2006; Woodmansey et al. 

2004), whereas facultative anaerobes, including Streptococci, Staphylococci, Enterococci 

and Enterobacteria, increase in the gut with age (Biagi et al. 2010; Rajilic-Stojanovic et al. 

2009).

Aging has also been associated with increased intestinal permeability, mainly due to an 

impaired intestinal epithelial barrier (Meier and Sturm 2009). This increase in permeability 

allows pro-inflammatory bacterial products to be released in blood contributing to chronic 

inflammation. This area of research is very important for better understanding diseases 

typical of old age, such as obesity and metabolic diseases. Moreover, it should be 

determined if the modulation of the gut microbiome through nutrition may represent an 

easier way to improve the quality of life in the elderly as compared to standard 

pharmacological interventions. Recent work has uncovered genes conserved from 

invertebrates to humans which include the insulin/IGF-1 like signaling pathway, the 
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mammalian target of rapamycin (TOR) and AMP-activated protein kinase (AMPK) 

(Kenyon 2010). These have been shown to modulate healthy aging in invertebrates and 

mammals and may be effective targets of intervention to promote longevity.

Aging and inflammation decrease antibody responses in mice and humans

The age-related increase in inflammation is also contributed to by systemic and local 

activation of both the innate and adaptive immune systems which have instrinsic functional 

changes with age. For many years, functional alterations in T cells have been considered the 

most significant features of immunosenescence, sufficient per se to explain the age-related 

decrease in antibody responses to antigens and vaccines observed in elderly individuals. 

However, a large amount on work has been done more recently showing that defects in other 

components of the innate and adaptive immune systems also occur with age and contribute 

to the increased frequency and severity of infectious diseases in the elderly.

Murine T cell defects with age

In humans, CMV infection and increased inflammation with age has been associated with 

decreased function (exhaustion) of the CD8 T cell population. Studies on the effects of aging 

on specific anti-viral responses in mice, although not directly correlating inflammation and 

T cell responses, have also shown a significant decrease in percentages and numbers of 

CD8+ T cells specific for at least one of the dominant epitopes of the influenza virus 

(influenza A nucleoprotein, NP, epitope) (Po et al. 2002).

The cause and effect relationship between lifelong viral infection and T cell homeostasis and 

function has been investigated in mice infected with Herpes simplex type I virus (HSV-1), a 

persistent latent virus (Lang and Nikolich-Zugich 2011). Results have shown that the 

infection is associated with memory inflation of virus-specific CD8 T cells, similar to the 

CMV infection in humans. We surmise wuold be due to increased inflammation as it is in 

humans. When the authors investigated if and how these inflated memory cells were 

maintained from adulthood into old age, no significant differences in the numbers, ex vivo 

antigen-specific IFN-γ production and in vivo recall response were found between young 

and old memory T cells. There was a discrete shift from effector memory phenotype in 

young mice to central memory phenotype in old mice, with fewer cells from old mice 

expressing the killer cell lectin-like receptor G1 (KLRG1).

Moreover, when young mice were systemically infected with HSV-1, murine (M) CMV, or 

both viruses and then infected with the recombinant Listeria monocytogenes expressing the 

OVA surrogate antigen (Lm-OVA) (Smithey et al. 2012) it was found that mice with 

lifelong HSV-1 infections showed impaired bacterial control, impaired CD8 T cell function, 

as compared to age-matched non infected controls. An increase in all-cause mortality in 

mice carrying latent MCMV or HSV-1, was shown. MCMV in these experiments did not 

lead to global numerical loss of phenotypically defined naive T cells, but only to reduction 

of virus-specific precursors.

Similar experiments were performed to test the effects of latent CMV infection on antibody 

responses (Marandu et al. 2014). In these experiments, young mice were infected with 
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MCMV and challenged with Vesicular Stomatitis virus (VSV) later in life, at the age of 

15-18 months. Results indicated that latent infection with MCMV resulted in diminished 

neutralizing titers of specific serum IgG at day 7 post challenge, did not alter significantly 

the size of the blood memory B cell compartment, and increased the size of the effector 

memory CD4 T cell subset, suggesting that the delayed antibody class switch was an 

intrinsic defect of the B cells and unlikely deriving from defects in T cell help. To explain 

these results, the authors have proposed that CMV may impair B cell responses either 

indirectly by disrupting the lymph-node architecture and thus the signaling network that is 

necessary for the germinal center reaction, or directly by affecting B cell class switch 

machinery and/or up-regulating TNFα signaling which has been shown to impact B cell 

functions (see below).

Studies linking inflammation and murine antibody responses have shown that vaccine 

efficacy is lower in inflammatory conditions such as obesity. In particular, it has been 

demonstrated that mice fed a high fat diet (HFD) had lower levels of neutralizing antibody 

titers, higher serum levels of the monocyte chemotactic protein MCP-1 and lower 

percentages of influenza virus-specific effector memory CD8+ T cells, as compared to 

control mice. Moreover, after challenge with influenza virus, the lungs of HFD mice showed 

more severe inflammatory responses as compared with the lungs of control mice, even after 

vaccination, suggesting that the inflammatory condition in obesity may contribute to the 

suppressed efficacy of influenza vaccination (Park et al. 2014).

Human T cell defects with age

Studies in humans have shown that the reduced response to vaccination in the elderly is 

correlated with the well-known decrease in T cell functions (Goronzy et al. 2001; Kovaiou 

et al. 2007; Saurwein-Teissl et al. 2002), in particular a reduction in naïve T cells and a 

concomitant increase in memory/effector T cells (Pawelec et al. 2002), loss in CD28 

expression (Vallejo 2005), and increased CMV seropositivity (Pawelec et al. 2009). The 

irreversible loss of CD28 expression due to chronic immune activation of human T 

lymphocytes in long term culture is one of the signatures of replicative senescence (Vallejo 

et al. 2004) and even in young individuals this has been associated with persistent infections, 

autoimmune and inflammatory conditions (Lewis et al. 1999; Martinez-Taboada et al. 1996; 

Neil et al. 1994; Schmidt et al. 1996). Although aging is associated in general with increased 

inflammation, increases in the anti-inflammatory response can also occur, characterized by 

IL-10 production and decreased IFN-γ:IL-10 ratio and in influenza-stimulated lymphocytes 

has been shown to be associated with reduced cytolytic capacity of CD8+ T cells which 

clear influenza virus from infected lungs (McElhaney et al. 2012).

The decreased protective effect of vaccination in elderly people has been associated with the 

presence of CMV latency (Kovaiou et al. 2007; Olsson et al. 2000; Pawelec et al. 2009). In a 

recent report, CMV-seropositivity was associated with a lower response rate (serum 

antibodies) to the influenza vaccine in individuals ≥60 years of age (Derhovanessian et al. 

2013b). Unlike reported data, late-differentiated (CD45RA+CCR7−CD27−CD28−) CD4+, 

but not CD8+, T cells were associated with poorer vaccine responses, suggesting that latent 

CMV infection has a deleterious effect on influenza antibody responses in the elderly, which 
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might be mediated by CD4 T cells with an exhausted phenotype (i.e. lacking CCR7, CD27, 

CD28 markers and reexpressing the CD45RA marker). The same group has recently 

demonstrated that CD4 responses to influenza core proteins are absent in half of the CMV-

seropositive elderly, but present in those not infected with CMV, which respond as well as 

young individuals, suggesting that advanced chronological age plays a role in reducing the 

CD4 responses to influenza but only in concert with CMV infection (Derhovanessian et al. 

2014). The induction of terminally differentiated T cells, and consequent accumulation of 

senescent T cells (Derhovanessian et al. 2013b; Trzonkowski et al. 2003), upregulate IL-10 

production (McElhaney et al. 2012). IL-10 suppresses CTL responses and down-regulates 

the expression of costimulatory molecules on antigen-presenting cells (van Duin et al. 

2007a), and together with the down-regulation of IFN-γ production leads to reduced 

stimulation of T cell memory and poorer responses to influenza vaccination in elderly 

individuals (Derhovanessian et al. 2009; McElhaney et al. 2012). However, the widely 

accepted assumption that more late-differentiated T cells are detrimental to survival may not 

necessarily be true, at least in the very elderly, i.e ≥85 years of age. Rather, as documented 

in a recent publication from this group, the presence of larger proportions of late-

differentiated effector memory and effector cells, specific for previously encountered CMV 

antigens, correlates with the ability to mount robust pro-inflammatory responses against 

major CMV antigens and is therefore positively associated with longer survival in this very 

old population, meaning that at least some of this population are functional and necessary 

for further protection to subsequent infection (Derhovanessian et al. 2013a).

Another study has also shown that the lack of antibody production following influenza 

vaccination with the Trivalent Inactivated Vaccine is associated with increased frequency of 

expanded CD8+CD28−T cell clones. These clones express effector cell markers and are 

mostly CD45RA+. When isolated and put into culture, they are unable to proliferate, but 

produce IFN-γ upon stimulation with anti-CD3 or an autoantigen, which might be the basis 

for a change in the polarization of the immune system in elderly persons and the 

development of age-related immune deficiencies (Saurwein-Teissl et al. 2002). Others have 

confirmed and extended these results showing that the frequencies of CD8+CD28−T cells 

can be useful biological markers of compromised immune competence, identifying 

individuals at risk for insufficient antibody responses (Goronzy et al. 2001).

Terminally differentiated senescent human CD27−CD28−CD4+ T cells utilize an 

intracellular signaling pathway for the activation of the p38 MAPK that senses changes in 

intracellular levels of glucose as well as genotoxic stress and spontaneously engages the 

metabolic master regulator AMPK to trigger autophosphorylation of p38. Signaling through 

this pathway inhibits telomerase activity, T cell proliferation and the expression of key 

components of the TCR signaling machinery (Lanna et al. 2014). These results are in line 

with the hypothesis that aging is powerfully influenced by alterations in nutrient sensing and 

metabolism (Johnson et al. 2013). Whether similar pathways associated with senescence are 

also utilized in other terminally differentiated immune cell types is currently under 

investigation in different laboratories.
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Mouse and human B cell defects with age

Our laboratory has shown that in humans, age-related intrinsic B cell defects also occur in 

blood and these contribute to decreased vaccine response. These include decreases in class 

switch recombination (CSR), the process that generates protective antibodies and memory B 

cells; decreases in the expression of the enzyme, activation-induced cytidine deaminase 

(AID), the transcription factor E47, which contributes to AID regulation; and decreased 

percentages of switched memory B cells (CD19+CD27+IgD−) before and after vaccination 

as compared with younger individuals.

In the last 5 influenza vaccine seasons, we have measured the antibody response to the 

seasonal and pandemic vaccines in serum and we have associated this response with the B 

cell response after vaccination to the vaccine in vitro. In vivo and in vitro B cell responses 

have been measured respectively by the hemagglutination inhibition assay (HAI) and by 

AID mRNA expression by qPCR after B cell restimuation with the vaccine (or stimulation 

to CpG). AID is a measure of CSR and of B cell function which we have previously 

established to reflect the generation of specific IgG and associate with other mechanistic 

markers such as E47 (Frasca et al. 2007) which transcriptionally activates AID (Sayegh et 

al. 2003). Our published results have shown that the specific response of B cells to 

vaccination in vivo and in vitro are both decreased with age and are significantly correlated 

(Frasca et al. 2010; Frasca et al. 2012a; Khurana et al. 2012). These results support our 

hypothesis that the in vitro AID response recapitulates what has occurred in vivo in the 

germinal center in the generation of memory B cells. Moreover, switched memory B cell 

percentages and CpG-induced AID before vaccination are both good B cell biomarkers that 

are reduced in elderly as compared to young individuals and are significantly correlated with 

the in vivo antibody response to the vaccine (Frasca et al. 2010; Frasca et al. 2012a). 

Therefore, we have proposed them as good predictive biomarkers for response to vaccines 

and infectious agents in humans (Frasca et al. 2010; Frasca et al. 2012a).

More recently, we have measured the influenza vaccine response in young and elderly 

patients with T2D (Frasca et al. 2013). T2D is a metabolic, inflammatory disease not 

associated with autoimmunity, but often characterized by obesity, hypertension, 

dyslipidemia, accelerated atherosclerosis and increased mortality (Alberti and Zimmet 1998; 

Nikolajczyk 2010). We found that the in vivo responses, as well as B cell-specific markers 

identified above, decrease by age in healthy individuals but not in T2D patients, despite high 

levels of B cell-intrinsic inflammation measured by intracellular TNF-α in T2D patients. 

This was surprising to us as we had previously demonstrated that B cell-intrinsic 

inflammation negatively impacts B cell function in mice (Frasca et al. 2012b) and humans 

(Frasca et al. 2014). Previous studies, designed to evaluate the effect of T2D on influenza 

vaccine-specific T cell responses, have shown controversial results, as these responses can 

be either affected (Pozzilli et al. 1986) or not (McElhaney et al. 1996) by the disease. We 

hypothesized that the optimal response of T2D patients to the influenza vaccine may be due 

to the fact that the innate immune system of T2D patients is beneficially hyper-activated, as 

we found elevated serum levels of bacterial lipopolysaccharide (LPS) and soluble CD14, 

and we suggest that these may not only counteract the negative effects of inflammation from 

increased TNF-α, IL-6 and CRP, but also induce a direct stimulation of B cells. Another 
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explanation for these data is that the T2D patients in our study were all taking Metformin, 

the anti-inflammatory drug known to block TNF-α signaling in all cells, including B cells.

We have recently demonstrated for the first time a negative association between CMV-

seropositivity and the B cell predictive biomarkers of optimal vaccine responses previously 

characterized in our laboratory (Frasca et al., Vaccine, in press). We found CMV-

seropositivity associated with increased levels of systemic and B cell-intrinsic inflammation 

and this may be one of the mechanisms through which CMV down-regulates antibody 

responses (see below). TNF-α is a powerful stimulator of the promoter/enhancer of the 

human CMV virus leading to further up-regulation and exacerbation of the systemic 

inflammatory response (Prosch et al. 1995). This positive feedback loop drives 

inflammaging more effectively in elderly as compared to young individuals, causing 

deleterious effects in the immune system of the individual. Additional mechanisms may be 

the ones described above: accumulation of terminally differentiated T cells, up-regulated 

IL-10 production, down-regulated IFN-γ production and CTL responses.

Results from our studies showing age effects on mouse and human B cells are summarized 

in Fig. 1.

Defects with age in mouse and human monocytes/macrophages and dendritic cells

In mice, age-related alterations in macrophage numbers and function have been reported and 

associated with enhanced susceptibility to infection (Brubaker et al. 2011). In response to 

LPS stimulation, splenic macrophages from old mice produced less pro-inflammatory 

cytokines (TNF-α, IL-1β, IL-6, IL-12) as compared to young mice (Gomez et al. 2006; 

Linton and Dorshkind 2004; Murciano et al. 2008; Ren et al. 2009) and this has been 

attributed to the increased levels of circulating pro-inflammatory cytokines which induce a 

pre-activation statuts of the macrophages and consequent down-regulation of their function 

(Kovacs et al. 2002). The reduced function of macrophages from old mice may be 

dependent from reduced expression of Toll-like receptors (TLRs) which has been reported 

in both splenic and peritoneal macrophages of aged C57/BL6 mice and includes all TLRs 

(TLR1-9) (Murciano et al. 2008; Renshaw et al. 2002), reduced activation of nuclear factor 

kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) (Boehmer et al. 2004; 

Renshaw et al. 2002; van Duin et al. 2007b), increased levels of the signalling protein A20 

(Hinojosa et al. 2014), a ubiquitin-editing enzyme that blocks TRAF6 signaling through 

disruption of the ubiquitin complexes attached to TRAF6 (Shembade et al. 2010).

Defects in cytokine production by DCs from elderly individuals have also been strongly 

associated with poor antibody production in response to the influenza vaccine, due to a 

functional impairment in TLR function in the aging innate cells (Panda et al. 2010). It was 

found that both myeloid DCs (mDCs) and plasmacytoid DCs (pDCs) from elderly 

individuals were significantly impaired in their capacity to secrete TNF-α/IL-6/IL-12 (p40) 

and in TNF-α/IFN-α production, respectively, in response to TLR1/2, TLR2/6, TLR3, 

TLR5, and TLR8 engagement by mDCs and TLR7 and TLR9 by pDCs. These defects were 

strongly associated with poor antibody response to the influenza vaccine.
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When monocytes from young and elderly individuals were evaluated before and after 

influenza vaccination, it was found that CD14+CD16+ inflammatory monocytes were 

induced after vaccination in young and to a lesser extent in elderly individuals and TNF-α/

IL-6 production was strongly associated with influenza vaccine antibody response (Mohanty 

et al. 2014). Conversely, levels of the anti-inflammatory cytokine IL-10 were higher in 

inflammatory monocytes from elderly as compared to young individuals before and after 

vaccination and negatively correlated with the in vivo response, providing for the first time 

evidence of the involvement of dysregulated IL-10 production vaccine responses in the 

elderly.

Inflammaging induces intrinsic inflammation in immune cells and down-

regulates their responses in mice and humans

The inflammatory status of the animal/individual may impact the function of cells of the 

immune system. It has been shown that human serum TNF-a levels negatively correlate with 

T cell function (Bryl et al. 2005; Bryl et al. 2001; Parish et al. 2009). In particular, in 

Rheumatoid Arthritis patients, characterized by high systemic inflammation and TNF-α 

levels, these may contribute to the down-regulation of CD28 expression on T cells, as anti-

TNF-α therapy is associated with the restoration of the CD28+ T cell populations within the 

diseased joints (Bryl et al. 2005). Longitudinal analysis of CD8+ T lymphocytes that 

reached replicative senescence in culture in response to multiple rounds of antigen-driven 

proliferation showed that the loss of CD28 expression parallels the progressive increase in 

TNF-α secretion (Effros et al. 2005). Inhibition of TNF-α with anti-TNF-α or using a TNF-

α receptor inhibitor delays the loss of CD28 expression and the multiple functional changes 

associated with CD8 T cell replicative senescence (Parish et al. 2009).

B cells are also affected by inflammation. B cells themselves express innate immune 

receptors which recognize exogenous pathogens or the adjuvants used to induce an immune 

response. B cells can either promote immune responses by acting as antigen-presenting cells 

or they can regulate immune responses by secreting immunoregulatory cytokines. Published 

data have shown that B cells from mice infected with Toxoplasma gondii, 

Heligomosomoides polygyrus or Pneumocystis carinii can secrete pro-inflammatory 

cytokines such as TNF-α (Lund et al. 2006; Menard et al. 2007; Wojciechowski et al. 2009).

Data from our laboratory (Frasca et al. 2012b) have shown that unstimulated splenic B cells 

from old mice make more TNF-α than those from young mice. We have hypothesize that 

this “pre-activated” phenotype of the old B cells renders them refractory to further 

stimulation, i.e. old B cells are less efficient than young B cells in undergoing CSR upon in 

vitro stimulation, and we would argue in vivo stimulation, with antigen or mitogens. To 

confirm the hypothesis that TNF-α inhibits subsequent CSR signals, we pre-incubated 

splenic B cells with exogenous TNF-α before antigen/mitogen stimulation and found that 

this pre-treatment significantly decreases both young and old B cell responses. Conversely, 

blocking TNF-α by adding an anti-TNF-α antibody to B cells before stimulation 

significantly somewhat increases CSR in young and more significantly restores it to young 

levels in old cultured B cells. We have used these data to propose a molecular mechanism 

for TNF-α-mediated down-regulation of CSR in old B cells.
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More recently, we have shown that, similar to mouse B cells, human unstimulated B cells 

from elderly individuals also make significantly higher levels of TNF-α than those from 

young subjects, and this is positively correlated with serum TNF-α. These both correlate 

negatively with in vitro B cell function, measured by AID (Frasca et al. 2014; Frasca et al. 

2013). The levels of systemic as well as intracellular TNF-α in B cells are increased in 

CMV-positive individuals, either young or old (Frasca et al., Vaccine, in press). An anti-

TNF-α antibody significantly increases the response in old cultured B cells, providing a 

proof of principle that it is possible to improve class switch in elderly individuals by 

counteracting autocrine TNF-α (Frasca et al. 2014). These findings may help to explain the 

reduced antibody response of elderly individuals to antigens and vaccines and also provide 

biomarkers for good responsiveness and crucial targets for development of more effective 

vaccines. Results from this study indeed identify TNF-α as another B cell-specific 

biomarker, which can help to predict the quality of in vivo and in vitro B cell responses. 

Moreover, the possibility to control inflammaging represents a powerful tool to modulate 

and counteract the major age-related pathologies in order to target therapeutic interventions 

and improve health status of the elderly population.

Cytokine production by B cells is a field of increasing interest in aging and in age-associated 

diseases. Our results highlight the differential contribution of B cell subsets to 

inflammaging. We hypothesize that naïve and memory B cells are programmed to play 

different roles in the regulation of the immune response, as they release different effector 

cytokines either before or after stimulation. The fact that only memory B cells make TNF-α 

suggests a switch in the cytokine program of B cells transitioning from the naïve to the 

memory phenotype. Moreover, the major memory subset is the IgM memory and the 

percentage of this population is maintained (Frasca and Blomberg 2011; Frasca et al. 2011; 

Shi et al. 2005) during aging, suggesting that this subset significantly contributes to the 

inflammatory profile of B cells. As for naïve B cells, they have been shown to make the 

regulatory cytokine IL-10 (Duddy et al. 2007).

Summary

Inflammation leads to decreased immune responses with age. Various factors contribute to 

this, including polymorphisms in the promoter regions of pro-inflammatory genes, chronic 

stimulation of immune cells with viruses such as CMV, cellular senescence, obesity, 

changes in the gut microbiome as well as increased permeability from the intestine. All these 

factors are causing defects in components of the innate and adaptive immune systems 

leading to increased frequency and severity of infectious diseases in the elderly. The defects 

presented in this review should allow the discovery of mechanisms for improvement of 

immune responses in elderly individuals in the near future.
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Figure 1. Molecular pathways for reduced B cell responses in aging
The production of high-affinity, class-switched antibodies (IgG/E/A) is decreased both in 

vivo and in vitro as a consequence of reduced class switch recombination (CSR) with aging. 

CSR is a DNA recombination event regulated by activation-induced cytidine deaminase 

(AID), the enzyme responsible for opening the double stands of DNA in the S (switch) 

regions of Immunoglobulin genes. AID also regulates somatic hypermutation and therefore 

is crucial for the production of protective antibodies. AID is decreased in stimulated B cells 

from aged mice and humans and is transcriptionally regulated by E47, the Helix-Loop-Helix 

transcription factor, which is decreased in aged B cells by mRNA stability. E47 mRNA 

stability is down-regulated by tristetraprolin (TTP), a negative regulator of the stability of 

transcription factor and cytokine mRNAs. TTP is higher in unstimulated B cells from aged 

mice and humans, and is positively regulated by B cell intrinsic TNF-α and particular 

inflamma-micro-RNAs (miRs), such as miR-155 and miR-16. Levels of TTP, TNF-α and 

miRs in unstimulated B cells are positively regulated by serum levels of pro-inflammatory 

cytokines and adipokines, microbial translocation and persistent infections with viruses such 

as CMV. We have shown that the age-related increase in these markers is associated with 

TNF-α production by unstimulated B cells and that this “pre-activated” phenotype of the B 

cells renders them incapable of being optimally stimulated by exogenous antigens, mitogens 

or vaccines.
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