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Aging results in systemic changes that leave older adults at much higher risk for adverse outcomes following respiratory infections. Much work has been done over the years to characterize and describe the varied changes that occur with aging from the molecular/cellular up to the organismal level. In recent years, the systemic accumulation of senescent cells has emerged as a key mediator of many age-related declines and diseases of aging. Many of these age-related changes can impair the normal function of the respiratory system and its capability to respond appropriately to potential pathogens that are encountered daily. In this review, we aim to establish the effects of cellular senescence on the disruption of normal lung function with aging and describe how these effects compound to leave an aged respiratory system at great risk when exposed to a pathogen. We will also discuss the role cellular senescence may play in the inability of most vaccines to confer protection against respiratory infections when administered to older adults. We posit that cellular senescence may be the point of convergence of many age-related immunological declines. Enhanced investigation into this area could provide much needed insight to understand the aging immune system and how to effectively ameliorate responses to pathogens that continue to disproportionately harm this vulnerable population.
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1 Introduction

With age, there are many changes that occur throughout the body and affect nearly every organ system, including the respiratory and immune systems. The primary function of the lungs is to facilitate effective gas exchange, but another critical function is serving as a mucosal barrier site that is adequately able to resist infection despite being exposed to a legion of microbes and potential pathogens on a daily basis. The complex organization of various tissues and cell types in the lungs, non-immune and immune alike, are responsible for coordinating these important functions. Aging will affect all facets of this system and will go on to cause age-related dysfunction both in the normal physiological function of the lungs as well as leaving the host at great risk for infections and subsequent morbidity and mortality. While there are many processes of aging that can cause dysfunction in these areas, our focus in this review is the contribution of cellular senescence and the accumulation of senescent cells in causing and exacerbating age-related declines in the lungs.

Cellular senescence is characterized by irreversible growth arrest that occurs when cells experience a stressor (1). Senescence has two main roles in an adult: one is to suppress cells that have incurred DNA or other damage to prevent them from transitioning into cancer (2), the other is to aid in wound healing (3). The stimuli that lead to senescence are well reviewed elsewhere (4), but include DNA damage, replicative exhaustion, oxidative or metabolic stress, oncogene expression, phototoxic stress, shear stress, as well as inflammation. The key mediators of the cell cycle arrest include p21Cip1 (p21) and p16INK4A (p16), which are cyclin dependent kinase inhibitors (5). Often, expression of these molecules is used as a marker for senescence but they should be combined with other assays for DNA damage, telomere shortening, or senescence associated beta-galactosidase activity to definitively conclude that a cell is senescent. Importantly, after senescent cells perform their physiological functions, they are typically cleared by the innate immune system, including macrophages and natural killer (NK) cells (6). Effective clearance is necessarily reliant on a well-functioning immune system and therefore, with age, senescent cells are more likely to evade clearance due to age-related changes in the immune system.

When senescent cells fail to be detected and cleared, they begin to cause dysfunction. Senescent cells engage various pathways to enforce resistance to apoptosis via a variety of pathways as reviewed by others (7), collectively termed senescent cell anti-apoptotic pathways (SCAPs). Engagement of SCAPs furthers the accumulation of these cells, which can have deleterious effects on the microenvironments where senescent cells are found and beyond. Aside from the cell-intrinsic dysfunction of senescent cells, a key hallmark of senescence is the secretion of a generally-proinflammatory heterogenous cocktail of soluble factors including cytokines and chemokines, termed the senescence associated secretory phenotype (SASP). Not only does this alter the cytokine composition of the microenvironment which will disrupt physiological cell signaling networks, but it can be a source of inflammation resulting in the induction of senescence in nearby cells in a paracrine manner (8). This cycle of senescence induction can wreak havoc on dynamic and cell-rich tissues, such as those that comprise the respiratory system. In this review, we aim to highlight work that links cellular senescence and chronic diseases of aging in the lung as well as the ability of the immune system to adequately respond to respiratory infections.


1.1 Effects of aging and senescence on development of chronic lung pathologies

In order for the lungs to function properly, many different tissue structures, cell types, signaling mechanisms, and other processes need to be tightly regulated. Air is conducted through the trachea and branches into bronchi that infiltrate into the lungs and continue to branch into smaller bronchioles that terminate in alveoli wherein gas exchange occurs with blood vessels in close association. A complex community of cells facilitates these processes at each distinct tissue region. In the bronchi, goblet cells secrete mucus that trap debris and potential pathogens while ciliated cells work to move the mucus and its contents up and away from the lower respiratory tract. Found in the alveolus, type I and II pneumocytes are specialized epithelial cells that line the majority of the alveolar space to perform gas exchange or secrete necessary surfactants, respectively. Nearby, endothelial cell tight junctions in the blood vessel achieve limited permeability to protect the airway from blood infiltrate. Fibroblasts are also present in the alveolus and provide important structural and barrier integrity functions. Various resident immune cells are also found in the airway during homeostasis (in the absence of infection), notably alveolar macrophages that surveil the airway and sample incoming antigens taken in from the airway. Two major chronic diseases of aging, chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF), have been linked to cellular senescence. Here, we briefly discuss recent efforts linking COPD and senescence. IPF has been more definitively shown to be primarily driven by senescence (9) via similar mechanisms and are comprehensively reviewed elsewhere (10). Further, targeting senescence in patients with IPF has already been shown effective in an early stage clinical trial (11). Both pathologies serve as a case in point for our discussion of mechanisms by which senescence can cause baseline dysfunctions in the respiratory system that can be a detrimental risk for developing severe respiratory infections.


1.1.1  Senescence and COPD development

Chronic obstructive pulmonary disease (COPD) is a chronic illness that can occur as a result of chronic bronchitis and/or emphysema. Induction is typically caused by chronic exposure to cigarette smoke or other toxins. Bronchitis is characterized by increased inflammation of the bronchi while emphysema is characterized by severely damaged alveoli (12). Common symptoms include shortness of breath, persistent cough, overproduction of mucus, and wheezing. While the majority of COPD patients can be linked to smoking, aging processes in the lung, particularly cellular senescence, certainly accelerate the development of the disease. For years, COPD has been described as a disease of accelerated aging in the lungs (13). The exact contribution of age versus environmental exposure to the development of COPD is not entirely clear. There are a substantial number of early-onset COPD patients who develop symptoms under the age of 53 and often are not heavy smokers (14). The etiology of these age-independent cases of COPD has remained elusive. However, recent work has pointed towards cellular senescence a driver of COPD onset and severity.

A number of hallmarks of senescence can be identified in COPD development. Increased inflammatory cytokine and chemokine expression is commonly observed (15). IL-6 and other molecules related to IL-6 signaling are among the most consistent (16, 17). Interestingly, IL-6 is also among the most consistent factors present in the SASP of senescent cells (18). Mouse models of cigarette smoke induced COPD have indicated smoke-induced senescence as a mediator of pathogenesis (19). More recently, the first concrete link between senescence and COPD was described by demonstrating a greater frequency of senescent lung fibroblasts from COPD patients (including early onset) compared to non-COPD controls (20). This study utilized expression of both p21 and p16, γ-H2A.X (DNA damage marker), and SA-β-Gal. Fibroblasts in the lung are principally associated with mediating extracellular matrix (ECM) remodeling, as reviewed elsewhere (21). Increased secretion of TGF-β by fibroblasts been associated with COPD development as well (22). When senescence occurs in these cells, it can cause aberrant repair mechanisms similar to a wound healing or tissue remodeling response. These responses have been long since linked to senescence and the SASP (23), including enhanced TGF-β production. Clearly, this indicates that senescent cell participation can lead to COPD, but these same mechanisms can also severely disrupt the ability of the immune system to respond effectively to an incoming pathogen.

Disruptions of basal cytokine signaling will certainly alter the response of immune cells. Increased production of SASP factors can also alter the composition of the immune cell compartment in the lungs. It has been reported that increased chronic inflammation with age, likely exacerbated by SASP, results in a change in homeostatic CD4+ T-helper cell (Th) subset balances. Notably, there is a shift towards circulating IL-17 producing Th17 cells over regulatory T cells (Tregs) with age (24). This same Th17/Treg ratio dysfunction has also been linked to COPD (25). Dysfunctional cytokine signaling will also alter the responsiveness of innate immune cells like alveolar macrophages, dendritic cells, and neutrophils, all of which are critical first line responders to respiratory pathogens. Therefore, mechanisms of senescence highlighted by chronic disease development can alter the function of both non-immune and immune cell compartments in the absence of an infection, which will have severe consequences when a pathogen enters and requires a highly coordinated response to effectively control.





2 Aging and senescence in regulating immune responses to infections

Chronological aging is associated with a wide-ranging decline in overall efficacy of the immune response. Unfortunately, the COVID-19 pandemic has made this fact abundantly clear. At the time of preparing this submission, over 700,000 people aged 65 or older have succumbed due to COVID-19 infection in the United States alone (26). Our group and others have extensively studied the effects of age on responses to influenza (flu) infection, which similarly is a disproportionate concern for individuals over 65. This population, on average, accounts for 70-85% of flu-related deaths each season (27). These vulnerabilities are mostly caused by deficits in the immune system and the ability to mount an appropriate response to an infection. Much work has been done characterizing the changes in the immune system associated with chronological age, but we wish to highlight and discuss a few key points.


2.1 The innate immune compartment

Chief among the age-associated changes in the immune system is the increase in chronic, low-grade, sterile inflammation. This phenomenon, termed inflammaging, was originally described a number of years ago (28–30) and has been broadly defined as increased systemic and local concentrations of pro-inflammatory cytokines including IL-6, TNF-α, IL-1β, and others. Aside from influencing the tightly regulated immune responses to pathogens, acute inflammation and inflammaging has been associated with the progression and development of many diseases of aging including Alzheimer’s disease (31), type 2 diabetes (32), and osteoarthritis (33). Interestingly, some studies focusing on healthy older adults have found no increased systemic IL-6 or TNF-α in their cohorts (34, 35). Utilizing a sophisticated computational deep-learning model, CXCL9 was identified as a more informative biomarker for inflammaging (35). The exclusion criteria of these studies were relatively strict compared to other studies and perhaps this can explain some of the discrepancy. It is plausible that senescent cell burden may influence the degree of inflammaging across individuals due to SASP production. Further, this may highlight the pathogenic role of these cytokines in developing chronic diseases of aging. The source of this systemic accumulation of cytokines has been an area of active research and has yielded a wide spectrum of cell types and signaling mechanisms that could be the source this inflammation. Considering the pro-inflammatory phenotype exhibited by senescent cells, they are a major contributor to inflammaging, however, age-related changes in innate immune signaling are also responsible for a large portion of this phenomenon.

Toll-like receptor (TLR) stimulation undergoes changes with age. In general with aging, TLRs are subject to more chronic stimulation, perhaps through increased leaking of microbial products from the microbiome, which has been demonstrated in older adults (36) and aged mice (37). Chronic stimulation of TLRs in both immune and non-immune cells will engage canonical cytokine signaling mechanisms through NF-κB, which is also known to be hyperactive with aging (38). Hyperresponsiveness to pathogen-associated molecular patterns (PAMPs) via commensal microbial products will impair the ability of both infected cells and cells of the innate immune system to appropriately respond to invading pathogens. Importantly, for reasons we will discuss in depth later, pathogen clearance is impaired with aging. This will result in lingering stimulation of TLRs which then leads to persistent cytokine secretion and enhanced recruitment of phagocytic cells. This initiates a vicious cycle of abundant cytokine production, which impairs the ability to resolve the infection and the return to homeostasis. While these mechanisms can impact the function of all innate immune cells, the effects of aging on antigen presenting cells (APCs) can exacerbate dysfunctions in the adaptive arm of the immune system as well.

When mounting a response to a pathogen in the respiratory tract, dendritic cells (DCs) are the key nexus of innate-adaptive immune crosstalk. Aside from participating in and being affected by increased tonic cytokine signaling, DCs perform an integral function in coordinating the activity of first line innate defenses and the robust response of T and B lymphocytes. While a number of mechanisms have been identified by which age affects DCs, it is still unclear how exactly the overall state of DC function changes with age.

Similar to other innate cell types, DCs from older adults have a propensity to secrete proinflammatory cytokines tonically in the airway (39). This chronic inflammation will leave an individual at higher risk for developing chronic conditions, as discussed earlier, but it will also disrupt the threshold of inflammation necessary to induce a robust immune response. Because the baseline levels of inflammation in the airway are increased, it will require higher levels of newly produced proinflammatory cytokines to create the acute spike of inflammation required to kickstart the infiltration of phagocytes and T cells to initiate pathogen control. One of the most important roles of the DC during an infection is their ability to upregulate MHC class II and costimulatory molecules in order to provide a strong signal 1 and 2, priming and costimulation, respectively, to CD4 T cells. This costimulation is typically delivered via enhanced surface expression of CD40 and CD80 which will bind to their ligands on the T cell within the context of the immune synapse. In mice, aging has been demonstrated to decrease expression of MHC II as well as costimulatory molecules upon activation (40, 41). However, there exists some cross-species discrepancy when DCs isolated from older adults are analyzed along the same lines: human DCs, even in advanced age, have not been observed to have these specific declines (42–44). It is likely that these older studies were unable to differentiate between the many DC subsets that have been identified and this particular question regarding the effects of age on DC presentation to and costimulation of T cells merits further examination.

The effect of cellular senescence on the function of other cells of the innate immune system with age remains unclear. It has been shown that macrophages can upregulate senescence markers (45) and recent work has linked senescent macrophages to the development of pulmonary fibrosis (46), the disease most intimately linked to cellular senescence. Type II pneumocytes have also been shown to take on a senescent phenotype and can be effectively cleared by ABT-263, a senolytic drug targeting SCAP pathway mediator Bcl-xl (47). Some of these studies utilized a radiation model of inducing senescence, which can be clinically relevant for studying the effects of certain cancer treatments on respiratory function. However, they may not fully capture the landscape of naturally accumulation of senescent cells with chronological age or exposure to common environmental stimuli. Airway fibroblasts, epithelial, and endothelial cells are the most common senescent cell types identified in the lungs (48–51). Because many of these cells are integral for the migration of dendritic cells between the airway and the lymphatics, increased senescent cell burden could be the explanation for the well documented inability of DCs to migrate appropriately with age (43). Increased expression of prostaglandins with age from lung endothelial cells (52) has been demonstrated to impair the lymph node migration of DCs in pulmonary infections (53) and it is possible that increased senescence in the endothelium may be responsible for this phenomenon. Typically senescence causes a change in cell morphology (1), which can disrupt the tight barriers found between cells in the airway among fibroblasts, epithelial, and endothelial cells. Although not yet directly studied, it is likely that senescence could increase permeability and leaking of signaling molecules across disparate tissues, causing dysfunction in cell-to-cell communication. There remains much to uncover in the relationship between cellular senescence and age-associated declines in the innate immune system, it is clear that increased senescent cell burden can influence the function and migration of these cells and alter their ability to respond effectively to a given pathogen.



2.2 The adaptive immune compartment

The effects of age on the adaptive arm of the immune system, namely T and B cells, have been extensively studied. These effects range from cell intrinsic changes as well as cell extrinsic environmental influences. The direct interactions between senescence and T and B cell function are rapidly evolving, drawing upon work by our group and many others currently focusing on this problem. Here, we aim to highlight some of the most important age-related changes to T and B cells during homeostasis and how they leave the host unprepared for a pathogen encounter.


2.2.1 B cells

B cells are affected by age across their developmental lifespan. Starting with their generation in the bone marrow, it has been appreciated for nearly 30 years that hematopoiesis of B cells declines with aging (54). Interestingly, this does not result in an overall decrease in frequency of B cells or any subset in the circulation of older adults (note that these types of human studies are limited to the periphery) (55). While the frequency of various peripheral B cell subsets may not be altered, B cells in older individuals remain ill equipped to respond robustly to an infection.

In order for B cell activation to occur, the B cell receptor (BCR) repertoire of naïve B cells must be diverse enough to capture a wide variety of epitopes to initiate a broad and effective antibody response. In recent years, the technology available to comprehensively study the diversity of these receptors, as well as those of T cells, has advanced considerably. Analyses of BCR repertoires taken from lymphoid tissue biopsies of older adults has revealed that blood and lymph node BCR repertoire diversity is markedly lower than that found in young adults (56).

Aside from repertoire diversity, B cells employ affinity maturation via somatic hypermutation (SHM) of immunoglobulin variable region genes to fine tune antibody avidity and thus enhance the ability of an antibody to bind to its specific antigen. This process is critical for generating antibodies that have potent neutralizing activity, especially when it comes to stopping the spread of viruses and other pathogens. This process is tightly regulated: upon recognition of cognate antigen by the BCR in a secondary lymphoid organ, along with help given by T follicular helper cells (Tfh), B cells can form germinal centers which are highly organized structures in which BCRs undergo affinity maturation and selection, resulting in antibodies with enhanced antigen binding capacity. SHM is the process that introduces mutations in immunoglobulin variable region genes to achieve this higher binding affinity. In order to perform SHM, B cells must upregulate activation-induced cytidine deaminase (AID) which actually executes the DNA modification (57). It has been observed that, with age, murine B cells are unable to robustly express this key enzyme, causing deficits in SHM and affinity maturation (58). This was also observed in B cells isolated from older adults (59). These enzymes are also involved with class-switch recombination (CSR), which is the means by which B cells which express one immunoglobulin isotype (such as IgM) can switch to express another isotype (such as IgG or IgE). As with SHM, this process is chiefly mediated by activity of AID and is similarly affected by age when AID expression is decreased upon activation. Thus, three key features of B cell responses are impacted by aging: repertoire diversity, affinity maturation, and isotype class switching. Taken together, this results in age-related reductions in humoral responses.

We have mentioned a number of instances where aging, perhaps exacerbated by accumulation of senescent cells, results in tissue disorganization and changes in morphology of critical structural cells. The same applies to the germinal center. The germinal center is composed to two regions: the dark zone, in which SMH and rapid proliferation occurs, and the light zone where B cells interact with antigen-presenting follicular DCs and follicular helper T cells and the highest affinity BCRs are selected for. B cells will cycle from the dark to light zones for a number of rounds until a high affinity BCR is generated. Because these mechanisms are disparately compartmentalized, any disruption in the boundaries can be disastrous. Surrounding the germinal centers in the spleen, the marginal zone is the protective barrier between the rapidly proliferating B cell follicle and the rest of the organ. Expression of cell adhesion molecules along the sinus of this compartment is decreased with age, causing disruptions in trafficking and sequestration of B cells and cells involved with the germinal center reaction (60). Work in our lab demonstrated that the delineation between the disparate B and T cell zones in the spleen is also compromised (61). Recently, a similar study found that stromal cells expressing cell adhesion molecules in the lymph nodes are dysfunctional with age and result in poor germinal center formation and function (62). It is possible these cells may be undergoing cellular senescence which may explain their altered expression levels of cell adhesion molecules. Senescence can alter the morphology of these stromal cells, which may compromise the architecture of these tightly regulated structures. Even if the stromal cells themselves do not become senescent, the altered functionality and basal inflammaging certainly would contribute to their dysfunction. Some reports have even concluded that B cells can take on a senescent phenotype themselves, including SASP factor production and an altered metabolic state (63, 64). Importantly, there remains much to be discovered in order to understand how B cells age, whether senescence can alter their functionality intrinsically, and how this relates to their decreased function with age.

One particular subset of B cells entirely unique to aging has been identified in both mice (65) and humans (66). These age associated B cells (ABCs) are generally proinflammatory and are a subject of great interest in recent years. Since their discovery, they have been most greatly associated with increased incidence of autoimmunity (66, 67) and chronic viral infections like HIV (68). ABCs are more innate-like and typically are activated via TLR signaling (typically TLR7 and 9) independent of their BCR and express the transcription factor Tbet, which is typically expressed by antiviral Th1 CD4 T cells (69). ABCs are often functional in the context of antiviral responses and are able to strongly activate T cells and generate highly specific antibodies in response to infections (70). These cells represent an altered functionality of immune aging as opposed to declines. Much work is needed to understand how these cells emerge and the various ways they contribute to immune responses.



2.2.2 T Cells

T cells are also affected by aging in a wide variety of cell intrinsic and extrinsic ways. These cells are primarily responsible for pathogen clearance, especially in dynamic mucosal sites like the respiratory system. Prior to an infection or vaccination, naïve CD4 and CD8 T cells circulate through the lymphatics awaiting activation from an APC, typically a DC. This activation requires DCs to have been adequately polarized to deliver appropriate costimulation to the T cell, a key factor we have already discussed as being less effective with age. Increased inflammaging and circulating SASP from nearby senescent cells will also disrupt “signal 3” of T cell activation, the cytokine microenvironment. After activation, most T cells will respond to the infection and then die while a small percentage will become long lived memory cells that can respond better and faster upon a subsequent encounter with the same antigen. From the start of activation, aged T cells are at a disadvantage for responding appropriately. However, there are notable intrinsic defects that are also important to note.

Similar to the B cell compartment, naïve T cell output sharply declines throughout life, reaching its apex around puberty and decreasing thereafter, occurring concomitantly with thymic involution (71). By age 75, nearly all naïve T cell output is halted entirely (72). The diversity of the T cell receptor (TCR) also undergoes rapid changes with age, with some studies characterizing a general shrinking of the overall diversity, as reviewed elsewhere (72). Many of the early studies relied on flow cytometric analysis of various T cell receptor isoforms. While this approach was capable of detecting broad differences with age, it was not able to comprehensively describe the antigen specificities affected by these differences. Other studies have found that the overall diversity of human TCRs are altered but not in terms of diversity, concluding that older adults can retain highly diverse repertoires (73). These authors suggest that the common finding of reduced diversity may be influenced by perturbation in relative abundance of certain clones, which can be delineated using deeper sequencing methods. In recent years, sophisticated sequencing technologies have begun to tease apart more detailed and nuanced differences revealing that CD4 T cells tend to increase the frequency of shared specificities with age (74). This indicates that aged CD4 T cells are predisposed to respond to a more limited pool of antigens. Interestingly, this phenomenon was not observed in the CD8 compartment. These studies reveal that there may be more nuances to how aging impacts certain aspects of TCR diversity, which have yet to be fully connected to effects on the functionality of responses in older populations.

While age limits the capability of T cells to recognize antigen, it also affects the functionality of these cells upon their activation. We first turn to the CD4 compartment which is indispensable in offering “help” in the form of cytokines to CD8 T cells and B cells. CD4 T cells recognize antigen in the context of MHC class II expressed on DCs (and other APCs) and then they differentiate into T helper subsets depending on the cytokine environment. The goal of this differentiation is to generate T helper subsets that are best suited to combating certain classes of pathogens (for example: Th1 for viral infections and Th2 for parasitic infections). In the absence of infection, age causes dramatic shifts in CD4 subset activity during homeostasis. As mentioned previously, circulating CD4 T cells in older adults take on a pro-inflammatory IL-17-producing Th17 phenotype (24, 75). Th17 cells can be pathogenic in many autoimmune diseases and studies have linked this Th17 induction with osteoporosis in mice and humans (76, 77) and mouse models of colitis (78). Interestingly, recent evidence has emerged pointing towards a role for senescent cells in driving Th17 activity. In a model of osteoarthritis, a study demonstrated that increased senescent cell burden caused naïve CD4 T cells to skew towards a Th17 phenotype which then increased senescent cell burden in a feedforward loop (79). This work raises some important questions, including whether this mechanism can be applicable in other situations. If so, it may provide interesting therapeutic strategies to diminish the effects of senescent cells and rescue CD4 T cell subset balance in the absence of infection. This also suggests that treatment with IL-17 inhibitors may mimic the effects of senolytics, which are drugs that clear senescent cells from the body. Future studies elucidating these points may prove fruitful as the field searches for interventions that can rejuvenate T cell function with age.

Regulatory T cells (Treg), expressing the transcription factor FoxP3, also undergo complex changes with age, perhaps exacerbated by SASP. Canonically, Tregs are important for homeostasis by enforcing tolerance to self-antigens and preventing improperly robust responses to innocuous antigen (80). A subset of Tregs develop naturally from the thymus (nTregs) and are thus affected by thymic involution and declines in T cell production like their conventional T cell counterparts. In mouse models, it has been demonstrated that Treg production actually declines faster and more severely than conventional T cells, perhaps via suppressive activity of peripheral Tregs migrating back to the thymus (81). Aside from age-related changes in production, Treg activity is also altered with age. Functional changes in Tregs are very heterogenous and still require much work to fully understand. The controversies are well reviewed elsewhere (82), but the consensus is that aged Tregs are more suppressive and preferentially secrete IL-10 over TGF-β, which is preferred by young Tregs. This creates a rather complicated landscape balancing between being intensely regulatory while remaining systemically pro-inflammatory. Future studies should focus on the function of Tregs in various tissue niches with age, which may reveal more heterogeneity and may explain why the systemic view remains pro-inflammatory generally.

CD8 T cells likewise are deleteriously affected by aging. Decreased frequency of naïve cells (83) and narrowing of the TCR repertoire (84) have been known for many years now. During homeostasis, CD8 T cells undergo functional changes similar to CD4s. Especially in humans, peripheral CD8 T cells take on a suppressive phenotype resembling that of Foxp3+ CD4 Tregs (85). Because many of the age-related changes to CD8s are in the context of how they respond to pathogens, we will further discuss the effects of age on the function of CD8s in the next section.

A key feature of immune aging, especially in humans, is the inflation of the memory CD8 T cell compartment. Over time, virus specific CD8 memory cells predominate among total T cells in the periphery at homeostasis in older adults (86). In the past decade, much work has been done to categorize memory T cell subsets on the basis of surface marker expression and trafficking pattern. They can be broadly characterized as T central memory (Tcm), T effector memory (Tem), tissue resident memory T cells (Trm), and peripheral memory T cells (Tpm) (87). The expansion of memory T cells usually is found in the Tem compartment and has been mostly attributed to antigen stimulation by latent viral infections like cytomegalovirus (CMV) (88). In humans, these cells are typically described as Tem cells expressing CD45RA (TEMRA) (89). However these effects are not unique to CMV and they have also been linked to other common herpesviruses (90). These cells should not be conflated with exhausted T cells that can accumulate with chronic infections that result from consistently high levels of antigen presentation. Aged memory-inflated cells do not seem to follow an exhausted phenotype as defined by inhibitory receptor expression. TEMRA cells do not highly express PD-1 and they retain their effector function upon reactivation (91). Distinct from TEMRA cells, a recent report has described a novel subset of memory CD8 T cells that are associated with age (92). Using single cell RNA sequencing approaches, this novel subset, termed age associated T cells (Taa), uniquely express granzyme K which was associated with higher SASP factor secretion. They also found that the GzmK+ Taa cells expressed common exhaustion markers such as PD-1 and the transcription factor Tox. In contrast with many previous studies, this study did not observe increases in the TEMRA population. This reveals an emerging link between senescent cells and the exacerbation of immune aging which, with further work, may provide a means to rejuvenate some T cell responses with age.



2.2.3 Immune-structural cell interactions

Structural cells like fibroblasts, endothelial and epithelial cells are likely the senescent cells present in the lung. Evidence for immune cell senescence remains controversial and dependent on the definitions of senescence. Some groups have identified subsets of senescent T cells in humans (93) while there is stronger evidence for senescent B cells, reviewed elsewhere (94). Interestingly, fewer studies have identified senescent T and B cells in mice, perhaps due to lack of consistent pathogen encounter. Senescent structural cells create two problems: 1) SASP production altering the tissue microenvironment and 2) morphological and functional changes in the structural cells. We’ve discussed at length the possible downstream effects of SASP production on the function of immune cells during homeostasis and will continue to touch upon how it affects responses to pathogens. Generally, proinflammatory SASP production can cause dysregulated responses in nearby immune cells simply by tonic cytokine signaling in the absence of an infection. When cells engage the senescence pathway, their morphology changes (95). When considering cells that maintain tight barriers in tissues like epithelial and endothelial cells, senescent morphological changes could result in loss of barrier integrity. While this has not yet been studied, it is likely that permeability in these barriers, especially endothelial barriers will result in improper trafficking of immune cells into the tissue and exacerbation of immunopathology. Future work should aim to address crosstalk between immune and structural cells and how senescence, via the two effects mentioned, may cause dysfunction in these communication networks. Certainly, in the context on an infection, all of these age and senescence-associated changes can prove to be deleterious during an infection.




2.3 The aged response to respiratory pathogens

In prior sections, we have discussed some of the myriad of ways age affects the homeostatic functions that are relevant for initiating and fostering immune responses to respiratory infections. Now we consider how these changes, including cellular senescence, integrate to leave older adults vulnerable to adverse outcomes following an infection. Influenza (flu) infection is of particular interest to our group and many others because it is among the greatest threats to older adults, who make up between 70 and 85% of flu related deaths (96). This includes individuals who succumb to secondary bacterial pneumonias, which we will also discuss. Many of these concepts also apply to SARS-CoV-2 infection and COVID-19 outcomes as well, which is well reviewed by others (97).


2.3.1 The aged response to influenza infection

Work done by our group and many others has revealed a striking effect of age on outcomes of flu infection. This is particularly well characterized in mouse models, which have demonstrated that aged mice lose more body mass and are substantially delayed in the clearance of a sublethal flu infection when compared to young (98). There are numerous factors, many of which have been mentioned earlier, contributing to this deficit. The flu virion infects lung epithelial cells with high specificity (99). While not confirmed in the context of natural aging in vivo, epithelial cells are known to undergo senescence in response to radiation (100). It also has been suggested that viral infection itself can induce senescence: a recent study characterized a SASP phenotype that was pathogenic in the progression of COVID-19 and increased immunopathology (101). It is therefore possible that senescence can also be induced by flu infection.

The heightened inflammation with aging and SASP results in the aberrant function of many cell types already discussed. Resident alveolar macrophages are among the first responders to any respiratory pathogen, including flu. These cells are developed very early on in gestation and populate the lungs by responding to cytokines secreted by fetal lung epithelial cells (102, 103). With age, these cells begin to be replenished by bone marrow-derived monocytes rather than by self-renewal (104). A recent study in mice (105) examined the consequences of this in the context of flu infection and found that while fetal derived alveolar macrophages are able to self-renew effectively over time, they are outcompeted by monocyte-derived counterparts that are more glycolytic and proliferative. The monocyte-derived alveolar macrophages are in a more proinflammatory state during flu infection and cause immunopathology and prolong the course of infection, delaying adequate healing. While beyond the scope of this study, the consequences are likely not limited to a primary infection. If the wound healing phase of the antiviral response is limited, the generation of T and B cell memory is likely affected as well. Memory T cell differentiation is heavily reliant on TGF-β, a key molecule for effective wound healing (106). Therefore, this heightened inflammatory state can have downstream consequences outside of the activity of alveolar macrophages. As with alveolar macrophages, DCs are an integral part of mounting a robust flu response and are also affected by alterations in inflammatory states.

In order to initiate a robust antiviral response, type I interferons (IFN-α and -β) are secreted by infected cells as well as dendritic cells and macrophages/monocytes in response to exposure to viral components (107). Type I IFN signaling activates APCs and allows for effective antigen presentation to T cells. Importantly, it has been shown that in older adults, monocytes express less of the type I IFN signaling machinery (108) and that DCs do not effectively express costimulatory molecules (40, 41). Both of these factors could then contribute to reduced T cell priming and effective viral clearance (109).

When responding to an infection, CD4 T cells are critically important for providing help to CD8 T cells and B cells as well as mediating cytotoxic activity directly (110). A hallmark of CD4 T cells is their ability to differentiate into specialized T helper subsets that are more effective at directing responses towards specific classes of pathogens. We have discussed the changes during homeostasis in basal CD4 subset balance and now we turn to the various deficits in CD4 subsets during an aged response to flu infection. This topic has been a focus of our group for many years now and evidence is emerging that the senescent environment is a driving force in causing these deficits.

Work done by our group demonstrated that, in mice, some of the age-related deficits in CD4 T cell function during infection are cell extrinsic and thus regulated by the aged microenvironment (111). Transfer of young CD4 T cells into aged hosts results in reduced trafficking into secondary lymphoid organs, reduced efficacy of priming by APCs, and reduced differentiation in to Bcl-6-expressing T follicular helper (Tfh) subsets. Less robust Tfh differentiation will deleteriously affect the formation and function of germinal centers and coordination of antibody-mediated responses. While these experiments were performed a few years before cellular senescence was being implicated in chronic pathologies of aging like IPF, osteoporosis, Alzheimer’s, and cardiovascular disease (9, 112–114), A theory is emerging in which senescent cells may be at the root of the aged microenvironment that was driving deficits in CD4 function during infection (Figure 1).




Figure 1 |     How Aging and Senescence Regulate Antiviral T Cell Responses. When a flu infection occurs, APCs such as DCs present antigen to naïve CD4 T cells, which requires costiumulation and a conducive cytokine milieu. Aging results in various defects in this process and senescent cells alter the milieu by secreting SASP factors. These perturbations result in suboptimal responses in both the CD4 and CD8 T cell compartments. Whenever the pathogen is cleared, the return to homeostasis and the effector to memory transition is also affected. Especially in the CD8 compartment, memory cells generated following infection are also deleteriously affected by aging. It is possible that SASP may play a role in regulating memory differentiation via its wound healing activities and secretion of TGF-β. Created with BioRender.com.



CD8 T cells are also extremely important for mediating an effective antiviral response to flu however the ways in which CD8s are affected by age are more nuanced. In general, deficits in aged CD8 function during flu infection have been mostly attributed to decreased TCR repertoire diversity (84), the function of APCs (115), and increased proportion of Tregs in the CD4 compartment (116), all from mechanistic mouse studies. This would explain why transferring young CD8 T cells into aged hosts still results in deficits during an infection but when isolated, aged CD8s can function as well as their young counterparts in vitro (115). However, in light of reports pointing towards the accumulation of various dysfunctional age-associated CD8 subsets in humans like GzmK-expressing Taa and virtual memory CD8s, which do show some signs of cellular senescence (117), there remains much more to be done to understand how the CD8 compartment is affected directly by age across species and what can be done to potentiate their responses independent of other cells.

There is also an emerging role for nonconventional immune cell types and how they can affect immune responses with age. Innate lymphoid cells (ILCs) derive developmentally from the same common lymphoid progenitor cell as B and T cells but lack adaptive antigen receptors and function similar to CD4 subsets in secreting type I, II, or III cytokines and expressing Tbet, GATA3, or RORγT, respectively (118). Type II ILCs (ILC2s), have been linked most strongly to regulating responses in the lungs, especially viral infection as reviewed elsewhere (119). Studies have shown that following flu infection, ILC2 secretion of IL-33 causes an asthma-like phenotype in young mice (120). Other studies have similarly found that ILC2s can drive a fibrotic phenotype following pathogen challenge in mice and observed increased ILC2 frequency in lungs of human idiopathic fibrosis patients (121). In this sense, ILC2s mirror senescent cells in exacerbating pro-fibrotic phenotypes. A more recent study in aged mice revealed a broad heterogeneity in the ILC2 compartment in the lungs. Aging was associated with decreased overall frequency of ILC2s in the lungs and were more transcriptionally diverse than young ILC2s. Interestingly, transfer of young ILC2s into aged mice prior to influenza infection significantly enhanced protection against morbidity and mortality (122). The implication of this study has yet to be fully recapitulated in humans, but it is likely, as with most cell types discussed, that aging results in nuanced changes in ILC2 function that results in an overall decline in functionality following an infection.

A dysfunctional B cell response is another hallmark of an aged response to flu infection. Most of these changes are not flu-specific and are a result of the various homeostatic alterations to antibody production that we discussed previously. Importantly, most of these deficits have consequences following a subsequent encounter either following a primary infection or a vaccine response, which is the focus of the next section.

Taken together, these factors contribute to delayed viral clearance and could have serious effects on tissue repair, exacerbation of immunopathology and failure to return to homeostasis (98). For example, this is clearly illustrated by the various inflammation-driven adverse outcomes following COVID-19 infection in older adults (123). This failure is also one of the factors involved in the enhanced susceptibility of older adults to develop secondary bacterial pneumonia following an influenza infection. The mechanisms of susceptibility to bacterial infection are well reviewed elsewhere (124), but the main contributors are damage to the lung epithelium following flu infection as well as dysfunctional cytokine signaling by innate cells. Although we have mentioned various ways innate cells in the lung are affected by age, there have been few studies connecting flu infection, bacterial pneumonia, and the effects of age together. One study, utilizing a Pseudomonas aeruginosa pneumonia model demonstrated that aged mice, similar to what is overserved for older adults, were more severely affected by the bacterial infection after flu challenge (125). Clearly, more work is needed in this clinically important area.





3 Aged vaccine/memory responses

One goal of the generation of immunological memory is to reduce the pathology associated with a subsequent respiratory infection and limit lung damage. Importantly, apart from the primary response to infection, aging also diminishes the capacity of T and B cells to form durable and protective memory following either an infection or a vaccination. This is made evident by the fact that in spite of widespread and successful vaccination campaigns among older adults, they remain the most vulnerable group in terms of morbidity and mortality following infection. When considering how age is affecting the ability of older adults to effectively respond to an infection, immune memory is a key factor to consider, especially in the context of flu or COVID-19.

A key driver of dysfunctional memory responses in T cells, especially in older adults, is the reality of chronic herpesvirus infections such as cytomegalovirus, Epstein-Barr virus, and varicella (126). Estimates have ranged as high as 90% of individuals over 80 years age in developed countries are CMV positive (127). Although we have discussed how CMV status can affect memory cell populations over time, the consequences of this in terms of vaccination and infection is controversial. CMV-induced accumulation of CD4 memory T cells expressing a TEMRA phenotype was correlated with poor antibody production following flu vaccination in older adults (128). This highlights the central role of T cells in coordinating effective B cell responses to vaccination, which are also well reviewed elsewhere (129). A similar study found that CMV positive older adults who failed to respond to vaccination had higher expression of TNF-α and IL-6 (130). Conversely, a similarly structured study has found that CMV positivity was associated with heightened immune responses to vaccination in young individuals while CMV status did not correspond to any differences in the response among older participants (131). Mouse studies have found that while CMV diminishes the frequency of CD8 T cells responding to influenza, overall mortality is not affected (132, 133). There remains much to be understood regarding the role of CMV status in altering responses to infections or vaccinations, especially in humans. This may reveal some of the great heterogeneity seen with older populations (134) and some discrepancy could be attributed to differences in the cohorts utilized. and more studies should be performed to build consensus on this controversial but certainly relevant aspect of immune aging.

While CMV status may affect flu vaccine responses with age, there are many other factors that also contribute. CD4 T cell subsets, as with response to infection, are also deleteriously affected following vaccination. Work in our lab utilizing a crossprotective vaccine model against the internal flu nucleoprotein (NP) demonstrated that while vaccination improves excessive lung infiltration of innate inflammatory mediators, it fails to improve differentiation of CD4 T cells towards an antiviral Th1 polarized state in aged mice (135). This study also implicated a role for aged CD4 T cells in the susceptibility to secondary bacterial pneumonia since aged vaccinated mice remained severely vulnerable to mortality when coinfected with Streptococcus pneumoniae.

The effects of age on CD8 responses to flu vaccinations, especially in older adults, have been comprehensively reviewed elsewhere (136). Notably, the most reliable correlate of protection following flu vaccination in older adults can be found in the T cell compartment (137) and especially in the ability to generate IFN-γ preferentially over IL-10 upon stimulation (138). This observation is important for two reasons: (1) it demonstrates an easy and reliable correlate of protection that can be used to assess any proposed intervention, and (2) it demonstrates that interventions that target T cell responses may be the most beneficial for older adults.

Aging results in changes in the generation of memory T cells and we have shown that the ability of T cells from aged mice to generate fully functional memory T cells is significantly impacted (139). Furthermore, a recent study in mice demonstrated that increased establishment of flu-specific tissue resident T cells (Trms) following flu infection resulted in nonresolving immunopathology in the lungs of aged mice (140). Interestingly, this was linked to increased TGF-β (a known SASP factor) levels in the lung (8). While too much TGF-β may exacerbate this pathology, it is certainly required to form protective Trm cells. Thus, further work should elucidate how the dynamics of TGF-β signaling differ between young versus aged and how those differences result in either protective or pathogenic memory cell differentiation. In addition, future studies should also focus on how senescence impacts the generation of protective immune memory, including changes to the microenvironment that support the appropriate differentiation of memory T cells.



4 Role of senolytics in potentiating aged immune responses

Throughout this review, we have mentioned the various ways that senescent cells may influence the function of the immune system in response to infection and vaccination. As senescence emerges as a key driver of diseases of aging, we now have the tools to assess the impact of senescence on these age-related changes. One of the most effective tools is treatment with senolytics, which are drugs that can selectively target and induce apoptosis in senescent cells (141). The first senolytic treatment described was a combination treatment with dasatinib and quercetin (141) and is the most widely characterized. Others have also been identified including fisetin (142) and navitoclax (143). Generally, these drugs inhibit the anti-apoptotic pathways engaged by senescent cells thus inducing apoptosis. While these drugs have been shown in mouse studies to increase measures of healthspan and extend longevity (142, 144), very few studies have utilized this approach to ameliorate immune responses with age.

Recently, studies from our lab and others have begun to apply senolytic strategies to overcome age-related deficits during an infection. Our work with flu infection demonstrated that treatment of aged mice with D+Q decreased the proportion of Tregs in the lungs during infection in favor of a more healing GATA-3 expressing Th2 T cell population by mitigating the senescent environment (145). Strikingly, D+Q treatment completely abrogated TGF-β production in the lung following infection. Similar studies utilizing a model of nonspecific polymicrobial exposure concluded that treatment with fisetin in aged mice significantly protected them from mortality following microbial exposure via pet-store mice or their dirty bedding (146). While this study clearly implicates senescent cells play some role in age-related immune deficits to infection, more specialized experiments are needed to reveal exactly which arms of the immune system are sensitive to senolytic treatment.

Although the nuances of senolytics and immune responses have yet to be fully characterized in mechanistic pre-clinical animal studies, currently there are a number of clinical trials administering senolytics to older adults. D+Q has been demonstrated to be effective in clearing human senescent cells in vivo and improved symptoms of IPF in older adults (11, 147). Fisetin is being investigated in an ongoing trial to improve COVID-19 disease severity among nursing home residents (NCT04537299). The evidence that senescent cells are solely deleterious in modulating immune responses is far from clear. Some components of SASP, like TGF- β, can have consequences for the formation of memory T cells as previously discussed (106). The important role of senescent cells in mediating wound healing and the return to homeostasis cannot be ignored either (3). As the reports begin to emerge from these clinical trials, it is likely that the role of senescent cells in immune responses may be more complicated than previously appreciated.



5 Discussion

It is clear that aging has a significant impact on immune function, which can be detrimental when attempting to fight a respiratory infection. The root causes of these age-related changes are still not clear, but the accumulation of senescent cells likely plays a role. In the past, it has been quite difficult to identify truly senescent cells in vivo since this requires a preponderance of evidence to definitively determine that a cell is truly senescent. As mentioned earlier, this typically involves expression of senescence enforcement molecules p16 and/or p21, SA-β-Gal, SASP factors, and more. Nevertheless, new tools including transgenic mouse models (3, 148, 149) and the use of senolytic drugs (144) have recently enabled researchers to manipulate senescent cells in vivo. These tools will enable researchers to further investigate the role that senescent cells play in the lungs both at homeostasis and during an immune response. These studies will have the potential to move the field forward substantially and could result in novel approaches to improving immunity in older adults.
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