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Aging has emerged as the greatest and most prevalent risk factor for the development of severe COVID-19 infection and death following exposure to the SARS-CoV-2 virus. The presence of multiple coexisting chronic diseases and conditions of aging further enhances this risk. Biological aging not only enhances the risk of chronic diseases, but the presence of such conditions further accelerates varied biological processes or “hallmarks” implicated in aging. Given the growing evidence that it is possible to slow the rate of many biological aging processes using pharmacological compounds has led to the proposal that such geroscience-guided interventions may help enhance immune resilience and improve outcomes in the face of SARS-CoV-2 infection. Our review of the literature indicates that most, if not all, hallmarks of aging may contribute to the enhanced COVID-19 vulnerability seen in frail older adults. Moreover, varied biological mechanisms implicated in aging do not function in isolation from each other and exhibit intricate effects on each other. With all of these considerations in mind, we highlight limitations of current strategies mostly focused on individual single mechanisms and propose an approach that is far more multidisciplinary and systems-based emphasizing network topology of biological aging and geroscience-guided approaches to COVID-19.
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INTRODUCTION
The severe acute respiratory coronavirus (SARS-CoV-2) infects people of all ages; however, severe symptoms, hospitalizations, major complications, and deaths disproportionately afflict older adults (Statistics, 2020; Chen et al., 2021). Nearly 80% of US deaths attributed to COVID-19 have occurred in individuals 65 years and older, with severity and complications increasing with age (Statistics). For example, in China overall best estimates of the case fatality ratio were 20- and 43-times higher in those 60 and 80 years and older when compared to individuals under the age of 60 (Verity et al., 2020). Moreover, according to the most recent CDC figures, aging is a major risk factor with risk of COVID-19 death in individuals 65–74, 75–84, and 85 plus, with risk 90-, 200-, and 630-fold higher, respectively, as compared with 18–29 year olds (Prevention, 2020).
Although chronological age is strongly correlated with COVID-19 severity, biological age—which is a measure of physiological health that is influenced by both chronological age and biological aging processes that promote emergence of multiple chronic conditions—may be a better predictor of COVID-19 severity since comorbidities including hypertension, obesity, diabetes, chronic kidney disease, and heart failure, plus multifactorial geriatric syndromes such as delirium, falls, incontinence, and others represent additional risk factors for frailty with risk of hospitalization and death (Richardson et al., 2020). Even more important than the presence of any one of these individual chronic diseases is the coexistence of multiple comorbidities in the same individual. For example, the accumulation of such deficits, as captured by the Frailty Index, is associated with a greatly enhanced vulnerability in terms of future disability, hospitalization, adverse outcomes, and death (Clegg et al., 2013). Further illustrating the importance of such comorbidities is the finding that among African-Americans, who have been far more vulnerable to being hospitalized or dying from COVID-19 compared to their white counterparts, these striking outcome disparities disappear when adjustments are made for sociodemographic factors and chronic diseases on admission (Price-Haywood et al., 2020).
In addition to helping to define the nature of the risk factors that render individuals so vulnerable in the face of COVID-19, these considerations also illustrate the remarkable potential for geroscience-guided therapeutics to alter the underlying natural history and outcomes. The “Geroscience Hypothesis” posits that since aging is the most largest shared risk factor for a myriad of different common chronic conditions, targeting the causes of aging will prevent or delay the onset and progression of multiple chronic diseases, thus expanding years of healthy aging. This potentially transformational approach was enabled by the discovery of distinct “biological hallmarks of aging” that reflect the types of biological processes of aging (Figure 1) that contribute to declines in immune function with aging (Figure 1) and diminished resilience (Figure 2). Moreover, these biological hallmarks of aging do not function in isolation from each other. Instead, they influence each other in a myriad of different ways resulting in what we describe as an interconnected network topology of the biological hallmarks of aging that underlies the Geroscience Hypothesis (Kennedy et al., 2014; Justice et al., 2020).
[image: Figure 1]FIGURE 1 | Biological Aging and Immune Function in Late Life. Biological hallmarks or pillars of aging represent multidimensional modifiers and drivers of physiological aging involving varied systems and organs including the immune system. The intensity of these biological drivers of aging increases with chronological aging (blue) resulting in age-related declines in immune responses seen in healthy older adults. However, the scope and magnitude of these varied biological drivers increases in the presence of individual chronic diseases and even more so in frail individuals with multiple chronic conditions (orange), thus providing opportunities for geroscience-guided therapies designed to delay the onset and progression of physiological declines and chronic diseases of aging by target biological pathways.
[image: Figure 2]FIGURE 2 | Biological Aging as a Modifiable Risk Factor for Declines in Immune Resilience Upon Challenge with Novel or Altered Pathogen. (A) When a resilient immune system is confronted by a novel pathogen such as SARS-CoV-2 virus, it is able to mount a robust primary immune response with rapid and complete clearing of the virus and associated infection resulting in function remaining unaltered or rapidly returning back to baseline (blue). (B) Advanced age, especially when accompanied by presence of multiple chronic conditions and/or frailty augment biological aging mechanisms contributing to diminished immune defenses. In the face of increased stressor (greater virus virulence, quantity or length of exposure) and/or diminished immune defenses, resilience mechanisms may be overwhelmed resulting in death (red stippled line) or in a delayed (red) or incomplete return to baseline health and function. (C) Vaccine and antiviral drugs offer protection that is typically pathogen-specific. In contrast, geroprotectors that provide the opportunity to boost immune responses by overcoming aging-related declines via geroscience-guided therapies may offer benefits irrespective of the type of pathogen involved.
The impact of aging on diverse aspects of innate and adaptive immune mechanisms is now well recognized (Nikolich-Zugich, 2018), as is the role of these functional changes in increased vulnerability especially when confronted with novel or altered pathogens such as SARS-CoV-2 (Nikolich-Zugich, 2018; Marquez et al., 2020b). These functional declines are most striking in the most vulnerable since the same biological pathways implicated in usual aging represent important shared mediators or drivers of common chronic diseases of aging (Kennedy et al., 2014). Therefore, the presence of multiple chronic conditions in the same individual augments the scope, magnitude, and rate of the impact exerted by biological aging on host defenses and immune function (Figure 1). However, the most striking and clinically relevant changes do not involve static baseline alterations. The most notable impact relates to immune resilience, the ability of the immune system to maintain normal homeostasis in the face of external stressors such as novel pathogens, permitting maintenance of normal function or a rapid and complete return to baseline when challenged (Figure 2) (Hadley et al., 2017; Nikolich-Zugich, 2018).
With the above considerations in mind, individuals who are chronologically older and also experience a large number of varied coexisting chronic diseases and geriatric conditions or syndromes should be viewed as experiencing a form of accelerated biological aging. Although these individuals have greatly enhanced risk of COVID-19, they are the most likely to benefit from geroscience-guided therapies because of the major role played by upregulated drivers of aging. Moreover, an additional benefit of targeting these host-specific factors as opposed to exclusively focusing on SARS-CoV-2 is that this approach is likely to offer benefit while an effective vaccine is being developed, when confronted with a future mutated or entirely novel pathogen, or if a vaccine that works in younger populations is less effective in more vulnerable frail older adults, as has occurred with influenza (Figure 2).
The above considerations highlight the vital importance of systematically addressing how biological aging contributes to declines in host defense mechanisms and immune resilience. To that end, a major focus of this review is the thesis that given the complex interplay between the biology and function of metabolism, microbiome, and the immune system in the context of development, aging, and chronic diseases, it is essential to study biological aging in humans and in a manner that permits an understanding of its impact on relevant metabolic, microbiotic, and immune mechanisms via an integrative network topology approach that integrates diverse disciplines and experimental perspectives (Figure 1). Historically, biological research emphasizes and values highly reductionist approaches. Given the complex interactions between these mechanisms, in this review, we propose to enhance this traditional, time-tested approach by adding a systems-based perspective that incorporates a network topology of biological aging and integrates these biological perspectives into a geroscience-guided translational approach to aging (Figure 1).
HALLMARKS OF AGING AND COVID-19
Immunosenescence, Inflammaging, and Immunology of COVID-19
As we age, we undergo age-associated remodeling of the immune system toward immunosenescence—a decline in adaptive and innate immunity—and inflammaging—a pro-inflammatory phenotype defined by high circulating levels of pro-inflammatory molecules, such as TNFα, IL-1, and IL-6 (Figure 1) (Franceschi et al., 2007; Bektas et al., 2020; Chen et al., 2021). These overarching changes to the immune system that occur naturally in aging enhance vulnerability of older adults to the SARS-CoV-2 virus and can lead to severe COVID-19 or death. For example, one key factor contributing to COVID-19 severity is the reduced number of naïve T cells in older adults, which diminishes the development of a robust adaptive cellular response to this novel virus (Nikolich-Zugich, 2012). Patients with severe COVID-19 also demonstrate an altered innate immune function, including an impaired interferon type one (IFN-I) response characterized by reduced gene expression and activity (Xia et al., 2020). In a recent study, about 14% of COVID-19 patients who developed serious illness either did not make or mount IFN-1 response to the virus due to genetic defects or development of autoantibodies to IFN-I, whereas only 0.3% of the healthy controls had similar deficiency (Bastard et al., 2020; Zhang et al., 2020b). The reduced IFN-1 activity and response is indeed directly associated with a high blood viral load and a lower SARS-CoV-2 viral clearance (Acharya et al., 2020).
In addition to these overarching immune changes, a number of tissue-specific alterations with aging also need to be considered. In the lung tissue, SARS-CoV-2 can induce a condition known as a cytokine release syndrome—a direct result of a hyperactive innate immune system that cannot be resolved in individuals with a compromised aging immune system. Failure to control SARS-CoV-2 infection results in a sustained cytokine storm with high levels of TNFα, IL-1, and IL-6 in the lungs of individuals with severe COVID-19 (Acharya et al., 2020). Moreover, inflammaging contributes to greater risk for cytokine storm in older adults (Bektas et al., 2020). Importantly, this cytokine storm directly decreases numbers of CD4+, CD8+, and regulatory (Treg) T cells that are required to control the virus and reduce inflammation (Fajgenbaum and June, 2020). Changes in the innate and adaptive arms of the immune system, a blunted IFN-1 response to control and clear viral infection, and reduced angiotensin-converting enzyme 2 (ACE2) activity in the lungs contribute to increased release of pro-inflammatory cytokines and chemokines, thus promoting inflammation, vascular permeability, and poor outcomes in aged COVID-19 patients (Fajgenbaum and June, 2020; Rydyznski Moderbacher et al., 2020).
Since older people naturally experience inflammaging and immunosenescence, they are more prone to these severe COVID-19 complications and death. Therefore, factors that influence immunosenescence and inflammaging should be considered when evaluating potential therapeutic targets. For example, older males tend to have more innate cell activity (inflammation) but less adaptive cell activity (T- and B-cell function) compared to age-matched older females, which may explain why older males are especially likely to develop severe COVID-19 or die (Marquez et al., 2020a; Marquez et al., 2020b). Understanding why males are predisposed to immunosenescence and inflammaging may provide insights into reducing COVID-19 severity in older males (Marquez et al., 2020a; Marquez et al., 2020b). Given the intrinsic complexities of biological interactions with aging, multidisciplinary studies and systems-based approaches are necessary to evaluate how immunosenescence and inflammaging are related to biological aging, underlying health conditions, and other factors such as gender. These studies will not only reduce the risk of COVID-19 complications in older adults but also alleviate severity of other age-associated diseases.
Moreover, the Immunity Clock consisting of five immune variables—natural killer activity, phagocytosis and chemotaxis of neutrophils, and chemotaxis and proliferative capacity of lymphocytes has been recently proposed as an estimate of the rate of aging of an individual (Martinez De Toda et al., 2021). It remains to be seen to what extent these and other indices may help to predict risk of COVID-19 and other infections.
Inflammaging and the Microbiome
Studies suggest that chronic, low grade, sterile inflammation (“inflammaging”) is the linchpin associated with age-associated disorders leading to “unhealthy” aging (Franceschi et al., 2007; Franceschi and Campisi, 2014). Although controlled/limited inflammation in response to injury/pathogens is beneficial, chronic or recurrent inflammation can lead to disease. Indeed, there is overwhelming epidemiological evidence that low-grade, chronic inflammation associated with aging accurately predicts morbidity and mortality in humans (Franceschi et al., 2000; Wikby et al., 2006; Larbi et al., 2008; Varadhan et al., 2014). There are several proposed triggers for inflammaging including accumulation of cellular damage across time (i.e., age) leading to chronic NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome activation, senescence of immune cells leading to aberrant inflammatory responses, and disrupted microbiome communities (“dysbiosis”) (Furman et al., 2019). Interestingly, these factors are overlapping insomuch that microbiota dysbiosis may be sufficient to drive both inflammasome activation and cellular senescence, suggesting that the age-associated dysbiotic microbiome may be the keystone factor initiating inflammaging (Figure 1).
Aging GI Track and Microbiota in COVID-19
The microbiome refers to the complex, multispecies communities of bacteria, viruses, fungi, and protozoa that live on and inside the human body (in this review we will use “microbiota” to refer to only the bacterial component of the microbiome). With essential roles in education of the immune system, metabolism, resistance to pathogens, and many others, the microbiome at different body sites likely plays an important role in influencing the host response to viral infection. In addition, significant shifts in the microbiome at nearly all measured body sites occur as individuals age, with a common feature being age-associated dysbiosis—i.e., changes in the “healthy” characteristics of the underlying microbial community such as diversity, stability, or the relative absence of pro-inflammatory microbes or pathobionts (Dejong et al., 2020). We hypothesize that these age-associated changes in the microbiome are an important factor in inflammaging and the increased infection risk and severity of COVID-19 observed in older adults. Here, we will briefly discuss potential roles of the microbiome of the gut and airway and their potential interactions in aging-related infection risk.
The Aging Intestinal Microbiome
The intestinal microbiome plays a critical role in promoting health and disease; therefore, age-associated changes in the microbiome can have dramatic effects on health. The “mature” microbiome is relatively stable in healthy adults until approximately 65 years of age. The microbiota communities in people of advanced age (i.e., >65 years) are characterized by reduced microbial diversity, reduced beneficial commensal bacteria, and an increase in the abundance of pathobionts (Hopkins et al., 2001; Hopkins et al., 2002; Mariat et al., 2009; Makivuokko et al., 2010; Tiihonen et al., 2010; Claesson et al., 2011; Biagi et al., 2012; Claesson et al., 2012; Duncan and Flint, 2013; O'toole and Jeffery, 2015; Rondanelli et al., 2015; Kato et al., 2017; Vaiserman et al., 2017). While the specific bacterial populations impacted by age differ from study to study, overall, these studies confirm that the microbiota of people of advanced age tend to be “pro-inflammatory.” The causative factors that initiate these changes are not clear but may include alterations in the types of food that are consumed, changes in nutrient absorption and GI motility, antibiotic use, or alterations in circadian rhythms and subject mobility that leads to less exercise and activity. Stress associated with loneliness and isolated living can also contribute to age-associated dysbiosis (Dejong et al., 2020). Age-associated intestinal microbiota dysbiosis is associated with frailty in humans (Stehle et al., 2012; Ghosh et al., 2015; O'toole and Jeffery, 2015). Data in rodents provide a compelling argument that the intestinal microbiome is the lynchpin that promotes aging: germ-free (GF) mice live longer than their conventionalized counterparts and fecal microbiota transfer from old mice into GF or young mice disrupts the intestinal barrier, increases circulating cytokines, and promotes immune dysfunction (Fransen et al., 2017; Thevaranjan et al., 2017; Grosicki et al., 2018; Kim and Jazwinski, 2018). Typically, the intestinal barrier restricts the passage of pro-inflammatory luminal contents from reaching the intestinal mucosa and the systemic circulation; however, defects in intestinal barrier function can lead to robust inflammation and the promotion of inflammation-mediated disease (Kim and Jazwinski, 2018).
In addition to age-related changes in immune function likely mediated in part by microbial dysbiosis, emerging evidence shows that the SARS-CoV-2 virus directly infects intestinal epithelial cells and triggers host inflammatory responses (Lamers et al., 2020). Indeed, recent studies have shown viral shedding in the stool of patients with COVID-19 even when nasopharyngeal swabs are negative for the virus, and this shedding can last for 40 days (Zheng et al., 2020c). Other studies show that at least 10–30% of patients with COVID-19 have intestinal symptoms including diarrhea, further supporting SARS-CoV-2 infection of intestinal epithelial cells (Lamers et al., 2020). Thus, it is highly plausible that the intestinal microbiota can modify the interactions between the intestinal epithelial cells and SARS-CoV-2 which may modify the rate and duration of viral infection and its short- and long-term consequences. We posit that a potential mechanism for increased risk of SARS-CoV-2 infectivity and severe COVID-19 in the elderly involves the interaction of “pro-inflammatory” dysbiotic intestinal microbiota. We recently demonstrated that systemic levels of fungal and bacterial products translocated from the gut correlate with COVID-19 severity (Giron et al., 2020). Thus, identification of marker molecules can provide diagnostic and prognostic biomarkers for the disease that are specific to the age group.
The Airway Microbiome
In addition to the intestinal microbiome, the microbiome of the upper respiratory tract, beginning with the nasal cavity, nasopharynx, and oropharynx, plays an important role in the full morphogenesis of the respiratory tract. The diversity of microbes inhabiting these sites is largely a characteristic of the microbiota of the skin and oral cavity, and drives the development of tissue-specific immunity and colonization resistance to pathogens. Recent research has also identified specific microbial interactions that change a host’s viral susceptibility. For example, immune priming of human macrophages with lipopolysaccharide reduces the ability of influenza A virus to infect those cells (Short et al., 2014), and commensal microbes are essential to mount CD4 and CD8 T cell and antibody responses in the lung (Herbst et al., 2011). Nasal host–microbe interactions can also affect lung viral susceptibility. Intranasal inoculation of an opportunistic pathogen, Staphylococcus aureus, dampened influenza virus-induced inflammatory responses (Wang et al., 2013), while inoculation of a commensal Lactobacillus species resulted in protection against pneumovirus infection in the lungs of mice (Rice et al., 2016). Finally, lung commensals are associated with lymphocyte numbers, lung inflammation, and a reduced macrophage response in human bronchoalveolar lavage fluid (Segal et al., 2016). Collectively, there is significant precedent that the airway microbiome can strongly affect local viral infection and subsequent immune response.
However, few studies have been conducted to understand how the microbiome of the upper respiratory system changes during age. Our recent study compared the skin, oral, and gut microbiomes of older adults >65 years of age, including individuals living in the community as well as skilled nursing facilities (Larson et al., 2021). We found that significant changes occur in the nasal and oral microbiota with increasing age, including increased representation of pathobionts such as S. aureus, reduced immunomodulatory commensals characteristic of those skin sites such as Staphylococcus epidermidis (Linehan et al., 2018), and lower microbial diversity. Future research is needed to determine to what degree these broad microbiome shifts contribute to an altered immune milieu that may increase susceptibility to viral infection or propagation of viral responses.
Bacteria Influence Viral Infectivity
SARS-CoV-2 is thought to pass through the mucus membranes, especially nasal and larynx mucosa. These surfaces are inhabited by a commensal microbiome that may influence susceptibility to SARS-CoV-2 infection. Direct virus–bacteria interactions are observed between bacteria and viruses such as influenza A virus, picornaviruses (e.g., poliovirus, coxsackieviruses, echovirus 30, mengovirus, Aichivirus), human noroviruses, and mammalian orthoreovirus (reovirus) (Kuss et al., 2011; Robinson et al., 2014; Li et al., 2015; Almand et al., 2017; Berger et al., 2017; Waldman et al., 2017; Erickson et al., 2018; Aguilera et al., 2019; David et al., 2019; Rowe et al., 2019). These interactions appear to be biologically meaningful since bacteria–virus interactions can influence virion stability and infection of eukaryotic cells. Virus–bacteria interactions can protect viruses from the destructive effects of factors such as heat (thermostability) and bleach (Kuss et al., 2011; Li et al., 2015; Almand et al., 2017; Berger et al., 2017; Aguilera et al., 2019). On the other hand, virus–bacteria interactions can also disrupt virus integrity and reduce infectivity (Orchard et al., 2016; Shi et al., 2019). These viral–bacterial interactions also appear to be important for coronaviruses. Bacillus subtilis (a Gram-positive bacteria defined as an obligate or facultative anaerobe) disrupts coronavirus integrity which is thought to be due to Bacillus subtilis production of surfactin, a cyclic lipopeptide with membrane disruptive properties (Cochrane and Vederas, 2016; Johnson et al., 2019). Thus, it is possible that commensal bacteria on the surface of the nasal and oral cavities influence susceptibility to SARS-CoV-2 infection.
Epigenetics of Aging and COVID-19
Epigenetic landscape of cells plays critical roles in precisely regulating gene expression programs (Akalin et al., 2012). These include histone modification and DNA methylation marks that determine the accessibility of the DNA and chromatin interactions between regulatory elements that dictates the 3D structure of the genome (Gibcus and Dekker, 2013). Epigenetic marks are established during development and are stably inherited during mitosis. These marks and landscapes can change during aging (Ucar et al., 2017; Marquez et al., 2020a), and with complex diseases, such as cancer (Li et al., 2016a; Li et al., 2016b). However, it is unclear if epigenetics can be used as predictors of COVID-19 severity, how COVID-19 infections change the epigenetic landscapes of cells, and whether therapies reversing epigenetic changes can be used to treat COVID-19 patients.
Epigenetic Clocks as Predictors of COVID-19 Disease Severity
Although older adults are disproportionately affected by COVID-19, chronological age alone is not sufficient to predict COVID-19 severity (Atkins et al., 2020; Zhang et al., 2020a; Guan et al., 2020; Li et al., 2020; Richardson et al., 2020; Yang et al., 2020). Since biological age outperforms chronological age in predicting lifespan and health-span, the composite biomarker measures that indicate biological age (Jylhävä et al., 2017) may be applied to predicting COVID-19 disease severity. Epigenetic clocks are among the most prominent biological age predictors, developed using thousands of CpG sites for an aging surrogate, e.g., chronological age or mortality (Horvath and Raj, 2018). Interestingly, obesity (Horvath et al., 2014), smoking (Demeo et al., 2016), and being male (Horvath et al., 2016) are factors associated with the accelerated ticking of these clocks, and are also associated with COVID-19 disease severity. Furthermore, genome-wide association studies of two popular epigenetic clocks (Hannum et al., 2013; Horvath, 2013) identified distinct metabolism- and immune-related pathways underlying the accelerated epigenetic age (Lu et al., 2018; Gibson et al., 2019). However, it is to be seen whether existing epigenetic clocks—most of which are driven from blood epigenomic maps—can be effective in predicting COVID-19 disease risk at the individual level.
Potential Epigenetic Therapies to Combat SARS-CoV-2 Infections
While epigenetics has potential to predict COVID-19 disease severity, it may also provide therapeutic targets for those with the SARS-CoV-2 virus. ACE2 is a receptor for the SARS-CoV-2 spike glycoprotein (Hoffmann et al., 2020) and is abundantly expressed in the epithelia of the lungs and small intestine, which are possible entry routes for the virus (Hamming et al., 2004). Data from 700 patients with comorbidities associated with severe COVID-19 disease (e.g., smoking, COPD, hypertension) showed that ACE2 gene expression is elevated in the lung cells of these patients compared to control individuals (Pinto et al., 2020). Furthermore, ACE2 expression was significantly correlated with the expression of several histone-modifying genes (e.g., HAT1, KDM5B), which can directly affect gene expression levels by modifying histone marks. For example, KMD5B is a demethylase for lysine four of histone H3—a modification found on the active genes’ promoters including that of ACE2 in lung cells (Pinto et al., 2020). Similarly, DNA hypomethylation and increased expression of ACE2 was reported in a subset of CD4+ T cells in systemic lupus erythematosus patients (Sawalha et al., 2020). These data suggest that ACE2 expression might be elevated in individuals who are at high risk for COVID-19 due to epigenetic remodeling. Further research is needed to confirm these preliminary findings; however, these can open doors to potential epigenetic therapies, including molecules that can inhibit KDM5B that have been studied in the context of cancer (Rasmussen and Staller, 2014; Pippa et al., 2019).
In alignment with potential epigenetic therapies for COVID-19, affinity purification-mass spectrometry (AP-MS) data uncovered 332 interactions between SARS-CoV-2 proteins and human proteins that might serve as drug targets. The main protease of SARS-CoV-2 (Nsp5) interacted with the epigenetic regulator histone deacetylase (HDAC2) (Gordon et al., 2020), whereas the viral transmembrane protein E interacted with the bromodomain-containing proteins (i.e., BRD2, BRD4) (Gordon et al., 2020). BRD2 binds to the acetylated histones to regulate gene expression. Hence, it is speculated that virus protein E can mimic the histone to disrupt BRD2–histone interactions, thereby inducing changes in the gene expression programs of the host cells. Future studies are needed to establish whether BRD4 inhibitors (e.g., JQ1) or HDAC inhibitors may attenuate the actions of SARS-CoV-2 proteins inside human cells.
Metabolism, Obesity, and Cardiovascular Disorders in COVID-19
Cardiovascular and metabolic diseases—including hypertension, diabetes, and obesity—are among the top comorbidities of COVID-19 patients (Atkins et al., 2020; Zhang et al., 2020a; Guan et al., 2020; Li et al., 2020; Richardson et al., 2020; Yang et al., 2020). Given that diabetic and obese patients have dysregulated immune baselines (Donath and Shoelson, 2011), their encounter with the SARS-CoV-2 virus bears both metabolic and immunological consequences. An animal study of MERS-CoV indicated that comorbid type 2 diabetes alters the immune response profile after the infection, including an increase in IL-17a levels, raising a possible explanation for why diabetic COVID-19 patients suffer more severe lung pathology (Kulcsar et al., 2019). To further complicate the disease and the treatment, the infection by coronaviruses may also cause acute diabetes. A study from the 2003 SARS pandemic that was caused by another coronavirus (SARS-CoV-1) reported that nondiabetic patients became diabetic during hospitalization (Yang et al., 2010). The authors suggested that this acute diabetes was a result of coronavirus damaging pancreatic islet cells. It is not yet known if SARS-CoV-2 has the same mechanism of pathogenesis, but it is possible. Although the role of hyperglycemia is not yet clear during the pathogenesis and prognosis of SARS-CoV-2, metabolic control is clearly critical for patient management, especially in diabetic patients (Hill et al., 2020; Zhou and Tan, 2020).
While metabolic and cardiovascular chronic conditions may impact COVID-19 progression on their own, metabolism of the drugs used to treat these chronic conditions of aging may also have effects on COVID-19. Hypertension is among the top comorbidities for COVID-19 severity. The ACE2 protein, reported as a receptor to SARS-CoV-2 infection (Zhou et al., 2020), acts as a key regulatory point for the angiotensin system, balancing hormonal modulation of blood pressure (Bornstein et al., 2020). Because multiple pharmacological drugs for hypertension target this pathway and affect either the availability or expression level of ACE2, we are presented with enormous complexity in the susceptibility, pathogenesis, and treatment of COVID-19 (Bosso et al., 2020). While the elderly population is known to have higher mortality rate in COVID-19, those anti-hypertension drugs are also more prevalent in this population. Detailed studies of drug metabolism and immunometabolism are necessary to understand these complex interactions in older patients with comorbidities.
Although the specific mechanisms of metabolic disorders that impact COVID-19 severity are not clear, evidence indicates that metabolic dysregulation and the immune response have strong ties in COVID-19 patients. The immune response in severe cases of COVID-19 commonly showed lymphopenia with low numbers of multiple cell types including CD4+ and CD8+ T cells (Huang et al., 2020; Qin et al., 2020; Xu et al., 2020). Analyses of blood cells from COVID-19 patients also showed significantly increased levels of exhaustion markers in CD4+ and CD8+ T cells (Zheng et al., 2020a; Zheng et al., 2020b; Diao et al., 2020). This exhausted state is likely accompanied by systemic metabolic dysregulation. Additionally, early reports indicate that massive changes in the metabolome and lipidome occurred in patient blood (Shen et al., 2020; Wu, 2020). Such mass spectrometry-based, high-throughput metabolic data will accumulate quickly as people carry out patient sample analyses and experimental studies that will provide information on both cellular metabolic programs and systemic chemical signals. For one cellular metabolic program, immunometabolism, a large body of recent works have unveiled how specific metabolic pathways are tied to the development and function of immune cells at different stages, including activation and exhaustion (Buck et al., 2017; Kishton et al., 2017; Lee et al., 2018). Changes in systemic chemical signals include dysregulation of lipid and glucose metabolism by viral infection, changes in amino acids from compromised organ functions, and eicosanoids that are commonly accompanied by cytokine storms. Given the interconnected nature of metabolism and immune function, multidisciplinary, systems-based investigations may illuminate potential therapeutic targets that can alleviate metabolic and immunologic stress in older individuals with COVID-19.
Role of Mitochondrial Dysfunction and Autophagy
Since mitochondria regulate metabolism, cellular homeostasis, aging, innate and adaptive immunity, apoptosis, and other signaling pathways, investigating mitochondria dysfunction with aging may illuminate targets for alleviating chronic conditions and COVID-19 severity. Aging leads to declines in mitochondrial function which impairs respiratory chain efficacy by increasing electron leakage and decreasing ATP generation, resulting in the accumulation of reactive oxygen species (ROS) and the decrease of detoxifying systems. This could induce severe oxidative damage to mitochondrial components, thereby accelerating the development of age-related chronic diseases including acute and chronic inflammatory diseases (Brookes et al., 2004; Naik and Dixit, 2011; Breda et al., 2019; Breda et al., 2019). Mitochondrial ROS could activate the redox-sensitive factor nuclear factor-κB (NF-κB) pathway and induce NLRP3 inflammasome activation that could work together to activate inflammatory cytokines, thus leading to overstimulation of the inflammatory response (Amma et al., 2005; Cillero-Pastor et al., 2008; Chung et al., 2009; Naik and Dixit, 2011; Breda et al., 2019). Although it is unclear, excessive production of mitochondrial ROS may cause oxidative damage in people who have COVID-19; therefore, a role for mitochondria in mediating enhanced vulnerability as a result of aging and lifestyle factors has been proposed (Nunn et al., 2020).
Autophagy is the self-destructive process which removes unnecessary or dysfunctional cellular components. Autophagy can control inflammation through inhibiting NLRP3 inflammasome activation or the macrophage-mediated clearing system by removing mitochondrial ROS production (mitophagy) (Kepp et al., 2011; Nakahira et al., 2011). Since autophagy declines with aging, decreases and mutations in the expression of autophagy-related genes—specifically PINK2 and Parkin in mitochondria—have been shown in different inflammatory diseases and aging processes (Ding and Yin, 2012; Leidal et al., 2018). Therefore, it is easy to speculate that COVID-19-induced disruption of mitophagy may affect innate immunity and reduce the levels of host machinery that stages the anti-inflammatory and antiviral responses (Garcia-Perez et al., 2020).
Understanding Complex COVID-19 Pathogenesis in Humans via 3D Bioprinting and Organoids
Clearly, the hallmarks of aging—including senescence, inflammation, epigenetics, metabolism, and mitochondrial dysfunction—each have a role in advancing biological age; however, based on our literature review, the effects of these hallmarks are strongly interdependent. The SARS-CoV receptor, ACE 2 (Bosso et al., 2020), is expressed by alveolar epithelial type II cells and ciliated cells in the lungs and in the brush borders of the intestinal enterocytes (Bosso et al., 2020). Not only will it take truly interdisciplinary and systems-based approaches to understand how COVID-19 affects the elderly, but it will also require the development of novel, physiologically relevant model systems.
SARS-CoV-2, which causes acute respiratory symptoms and severe lung injury, is detected in the upper respiratory tract of humans, implying that the nasopharynx is a site of replication. Although SARS-CoV-2 is one of the many zoonotic pathogenic viruses that jumped to humans in the last 2 decades, studies on virus pathogenesis and transmission are limited by a lack of in vitro/ex-vivo models to host lung and intestinal tissues.
However, these models do not recapitulate the complex 3D anatomy of the lung matrix parenchyma which requires connections of alveolar units to airways surrounded by endothelium (Suki et al., 2011), further complicated by the dual multivasculature (Grigoryan et al., 2019). Studies on lung-specific diseases have largely been autopsies performed on lungs of patients who died or conducted in animal models. Animal models—particularly, telomerase null, senescence accelerated mice, or klotho null mice (Navarro and Driscoll, 2017)—are used to study the underlying molecular and cellular changes in an aging lung, leading to the progressive loss of regenerative stem cells. However, these do not always recapitulate human physiology (Bracken, 2009). A robust in vitro engineered human tissue model will bridge the gap in our current knowledge of aging lung immune responses against airborne viral infections such as COVID-19. 3D bioprinting is a promising technological advancement, which facilitates direct printing of biologically relevant materials and cells (Peng et al., 2016; Datta et al., 2020). It enables the fabrication of complex geometries and defeats the concerns related to cell death, insufficient cell density compared to physiological relevance, and cell attachment in conventional 3D printing procedures. Substantial relevance of bioprinting is particularly note-worthy in lung tissue engineering because of its potential to fabricate hollow structures with multicellular layers. With significant materialization of lung bioprinting, many techniques surfaced—although most of these are in their infancy and far from clinical translation. The future of successful 3D lung bioprinting relies on resolving set of three key challenges: identifying reliable cell sources for the fabrication of the airways, from the ciliated epithelium to alveolar epithelium; maintaining the openness of the lumen at all scales of the lung, especially the vasculature during culture; and providing adequate gas and fluid perfusion, in tandem with physiologically relevant breathing stimulus.
Until recently, many research endeavors exploring mono- or multilayer in vitro lung cultures (Braian et al., 2015; Miller and Spence, 2017) are focused on the recreation of epithelial cell culture at the air/liquid interface. The first effort in the development of a breathing lung was done using poly (dimethylsiloxane) (Huh et al., 2010), which was further explored by bioprinting alternating layers of epithelial and endothelial cell-laden Matrigel (Horvath et al., 2015). Lewis et al. focused on the recapitulation of the alveolar epithelial morphology and used poly-ethylene glycol (PEG) microspheres to fabricate hollow, physiologically relevant epithelial cysts, mimicking the scale of the alveolus (Lewis et al., 2015). Improving more on a complex and physiologically relevant geometry, a breathing PEG diacrylate lung model with dual multivasculature and tidal air ventilation was printed using stereolithography (Grigoryan et al., 2019). Despite the low resolution of 300 μm and a lack of functional relevance, this was a significant advancement toward clinical translation of lung tissue.
Thus, it seems apparent that despite respiratory problems dominating the clinical symptoms of COVID-19, gastrointestinal problems have been observed in a smaller group of patients (22%), In humans, the most abundant expression of ACE2 occurs in the brush borders of the intestinal enterocytes (Qi et al., 2020), with a recent study demonstrating clinical evidence of the intestine as a target organ for SARS-CoV-2 (Lamers et al., 2020). The intestine and its microbiota have emerged as important triggers/modifiers for diseases of aging where inflammation and metabolic dysfunction play a central role in their pathogenesis (Heintz and Mair, 2014; Buford, 2017). Indeed, gut-derived inflammation as a consequence of intestinal leak to bacterial pro-inflammatory products, such as endotoxins, is a major contributor of host inflammatory response to pathogens, including respiratory viruses (Bischoff et al., 2014; Buford, 2017). Recent advances in generating intestinal organoids (Bartfeld and Clevers, 2017) provide an exceptional opportunity to investigate the molecular and cellular mechanisms of aging gut and its contribution to disease susceptibility such as COVID-19 in the elderly. Unlike lung, intestinal tissue can easily be obtained from healthy and diseased subjects through endoscopic procedures. Several studies show that mouse and patient-derived intestinal organoids maintain host phenotypes (Schwank et al., 2013; Bartfeld and Clevers, 2017; Forsyth et al., 2017), and thus organoids can be used to interrogate mechanisms and establish causal links using loss/gain of function approaches (Schwank et al., 2013; Drost et al., 2017). Furthermore, intestinal cell monolayers generated from organoids will provide opportunities for coculturing intestinal cells with bacteria, therapeutic agents, viruses (at the luminal side), and immune cells/therapeutic agents in the basolateral side of the monolayer to interrogate these biologically relevant interactions. We believe intestinal organoids, generated from sigmoid biopsy through limited sigmoidoscopy (Sato et al., 2011; Forsyth et al., 2017; Hibiya et al., 2017) in SARS-CoV-2-infected elderly and young patients, will provide excellent opportunities to investigate the potential impact of intestine biology on acute and long-term impact of COVID19 disease. Ultimately, creating robust intestinal and lung models made with aged human cells will not only improve biological understanding of COVID-19, but they will also inform and provide in vitro testbeds for treating COVID-19 and future pathogens.
VACCINE DEVELOPMENT FOR EMERGING PATHOGENS IN OLDER ADULTS
In the face of this pandemic, we have seen the development, testing, and recent approval of two new vaccines occur with unprecedented speed (Anderson et al., 2020; Polack et al., 2020). A variety of factors, including the use of novel of mRNA-based technology, allowed a vaccine development process that normally takes years to be compressed into mere months. Unlike other similar efforts (Helfand et al., 2020), these trials did include some older adults (Anderson et al., 2020). There is no doubt as to the importance of establishing safety and immunogenicity in relatively healthy older adults (Anderson et al., 2020). At the same time, the vaccines remain unstudied in the most vulnerable population—frail older adults with multiple chronic conditions, especially those who reside in long-term care facilities where nearly half of COVID-19 deaths in the US have occurred (Yi et al., 2020).
The hurdles to developing a novel COVID-19 vaccine for older adults are numerous, especially since proper functioning of the immune system is negatively impacted by aging. Progressive declines in immunity, known as immunosenescence, are observed in both the innate and adaptive arms of the immune system. One of the most prominent changes with increasing age is the decline in the naïve CD4 T-cell population and the corresponding increase in the memory T-cell population (Thome et al., 2014). This is especially important because naïve CD4 T cells are essential for the response to novel emerging pathogens and newly developed vaccines. Because of immunosenescence, older adult immune responses to novel vaccines are often reduced when compared to younger people.
Strategies to enhance vaccine immunogenicity in older adults include increasing antigen dose, using more potent adjuvants, and modifying vaccine composition (Lefebvre and Haynes, 2013). With regards to protein-based and inactivated vaccines, increasing antigen dose aims to overcome deficits in antigen presentation that can arise with aging. Indeed, the high-dose inactivated influenza vaccine significantly increases antibody titers and seroconversion rates in older adults (Diazgranados et al., 2014; Tsang et al., 2014; Gravenstein et al., 2017). Adjuvants are also useful to both boost and differentially skew immune responses to a protein or inactivated virus vaccine. This is especially important since immune responses in older individuals may be dysregulated, skewing toward more pro-inflammatory responses that can exacerbate diseases rather than promote protective responses (Mcelhaney et al., 2016). In fact, a newly developed adjuvanted seasonal influenza vaccine elicits significantly higher antibody production and enhances overall protection in older adults (Van Buynder et al., 2013; Frey et al., 2014). Modifying vaccine composition is another approach to enhance vaccine efficacy. For example, live attenuated influenza vaccines enhance CD8 T-cell responses in older adults, which may be less impacted by aging when compared to antibody responses (Mcelhaney et al., 2006; Mcelhaney et al., 2009; Merani et al., 2018). Since viral-vector COVID-19 vaccines are currently being developed (Callaway, 2020), this bodes well for their efficacy in older adults. It is important to note, however, the target of these vaccines is also crucial in providing protection to older adults.
Recent work has shown that in patients who recovered from COVID-19, not surprisingly, neutralizing antibody titers correlate with anti-Spike (S)-receptor-binding domain (S-RBD) IgG, but not anti-nucleocapsid (NP) protein IgG levels. A spike-specific T-cell response was also found in these patients (Ni et al., 2020) suggesting that a vaccine that targets the spike protein may produce both cell-mediated and humoral immunity, which would be particularly beneficial to older adults. More research, however, has suggested that a vaccine consisting of spike protein alone would elicit a similar CD4 T-cell response to natural immunity, but may not represent natural CD8 T-cell responses. In the total CD8 T-cell responses, the spike protein was not the clear dominant epitope with M protein and other antigens comprising nearly 50% of the response (Grifoni et al., 2020), suggesting inclusion of other class I epitopes would enhance vaccine responses to mimic natural infection in CD8 T cells. Indeed, recovered middle-aged and older adults had greater neutralizing antibody titers compared to young adults (Wu et al., 2020), leading to more questions regarding the relation of age and humoral responses to COVID-19 that need to be considered during vaccine development.
Additionally, novel, more geroscience-based approaches may be particularly promising by targeting pathways implicated in the overall aging process rather than specific deficits in the immune response. Targeting metabolic deficits that develop with aging via inhibition of mTOR with a rapamycin analogue resulted in improved flu vaccine antibody responses (Mannick et al., 2014b) and enhanced overall immune function (Mannick et al., 2018) in older adults. Other strategies, such as administration of senolytic drugs that can reverse many age-related diseases (Xu et al., 2018; Yousefzadeh et al., 2018), may also be an option for improving overall immunity and enhancing vaccine effectiveness. Since COVID-19 is more severe in those with pre-existing comorbidities, senolytics may represent a unique way to rejuvenate multiple systems of the body to result in more resilient responses to both infection and vaccination in older adults.
ROLE OF SENOLYTICS AND OTHER GEROSCIENCE-GUIDED THERAPIES
The biological process of aging influences nearly all aspects of cellular function with a measurable impact on the physiological performance of varied organ systems, including declining immune resilience with aging that results in increased susceptibility to infections and resulting mortality. Described as hallmarks (Lopez-Otin et al., 2013) or pillars (Kennedy et al., 2014) of aging, biological aging impacts processes as diverse as stem cell exhaustion, altered intercellular communication, genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, and cellular senescence.
Until the emergence of the Geroscience Hypothesis (Sierra and Kohanski, 2017), a major gap remained between biological and more clinical strategies to study and intervene in the aging process. This revolutionary approach to aging and the improvement of human health throughout the lifespan, which is rapidly moving from the stage of a hypothesis to the development and testing of novel geroscience-guided therapies, is based on a series of scientific observations and discoveries. First, advanced age represents by far the largest risk factor for most adult chronic diseases. Second, this risk factor is further compounded by the presence of multiple coexisting chronic diseases, geriatric syndromes, and conditions. Third, many animal model studies have demonstrated that therapies designed to target one or more biological hallmarks of aging are capable of preventing or slowing the onset of varied chronic diseases. Fourth, mTOR inhibitors can extend lifespan (Harrison et al., 2009) and alleviate age-related diseases (Li et al., 2014) in mice with demonstrated benefits in improving flu vaccine responses (Mannick et al., 2014b) and preventing respiratory infections (Mannick et al., 2018) in older adults. At the same time, senolytics—drugs designed to clear senescent cells—have demonstrated safety and initial feasibility in early proof of concept trials targeting idiopathic pulmonary fibrosis (Justice et al., 2019a) and diabetic kidney disease (Hickson et al., 2019). Finally, extensive evidence has shown that older diabetics taking metformin have lower rates of cancer, dementia, heart disease, and overall mortality when compared to diabetics taking other oral hypoglycemic drugs (Justice et al., 2018b). Metformin, unlike other oral hypoglycemic agents, targets most of the biological hallmarks of aging (Kulkarni et al., 2020). With these considerations in mind, TAME (Targeting Aging with Metformin), a first of its kind clinical trial, will seek to test the hypothesis that an intervention targeting different biological hallmarks of aging will delay the onset and progression of an aggregate of chronic diseases, including cardiovascular disease, cancer, and dementia, with additional impact on relevant functional measures and biomarkers (Justice et al., 2018a; Justice et al., 2018b; Kulkarni et al., 2020).
Cellular senescence is an especially attractive therapeutic target for retarding the aging process and improving immune function. Cellular senescence refers to the essentially irreversible proliferation arrest that occurs when cells experience a range of stresses (Campisi and d'Adda di Fagagna, 2007). With aging, such cells accumulate in multiple tissues (Zhu et al., 2014; Schafer et al., 2016; Xu et al., 2018) including lung (Campisi, 2016). The roles of senescent cells in various age-related pathological conditions have been extensively examined, including physical dysfunction (Xu et al., 2015b; Xu et al., 2018; Wang et al., 2020), osteoporosis (Farr et al., 2017), adipose tissue dysfunction (Xu et al., 2015a), diabetes (Palmer et al., 2019), osteoarthritis (Jeon et al., 2017; Xu et al., 2017), cardiac dysfunction (Baker et al., 2016), kidney dysfunction (Baker et al., 2016), vasomotor dysfunction (Roos et al., 2016), atherosclerosis (Childs et al., 2016), liver steatosis (Ogrodnik et al., 2017), pulmonary fibrosis (Schafer et al., 2017), stem cell dysfunction (Xu et al., 2015a; Chang et al., 2016), and lifespan reduction (Baker et al., 2016; Xu et al., 2018). This evidence strongly suggests that cellular senescence is a key player in the biological aging process. In the past 5 years, a new class of drugs has been developed that can specifically eliminate senescent cells (termed senolytics) (Niedernhofer and Robbins, 2018). These drugs only require intermittent administration (which greatly reduces costs and chances of severe side effects) and have shown promise in collectively delaying a range of age-related diseases (Tchkonia and Kirkland, 2018). Importantly, a number of clinical trials have started to test the safety and efficacy of senolytics in various age-related conditions in humans. Very recently, the first open label pilot study using senolytics showed that intermittent administration of a senolytic cocktail [dasatinib (D) + quercetin (Q)] is relatively safe with minimal severe side effects. In this study, the senolytic cocktail resulted in significant and clinically meaningful improvement in the physical function of all 14 older adults with idiopathic pulmonary fibrosis (IPF) (Justice et al., 2019b). This rapid and exciting progress demonstrates the significant clinical potential of targeting senescent cells—or other hallmarks of aging—in treating age-related diseases, including COVID-19. A recent study has demonstrated that aged mice experience a nearly 100% mortality when exposed to SARS-CoV-2-related mouse β-coronavirus and that the administration of senolytics significantly reduces such mortality by decreasing senescent cell burden (Camell et al., 2021).
Targeting the hallmarks of aging does not necessarily need to be done via therapeutics. Lifestyle factors are also associated with the hallmarks of aging. As mentioned earlier, while African Americans have been disproportionately impacted by COVID-19 compared to their white counterparts, but when accounting for sociodemographic factors and chronic diseases these disparities go away (Price-Haywood et al., 2020). This indicates that identifying and addressing the underlying sociodemographic factors may alleviate the severity of the hallmarks of aging that contribute to advanced biological age. Additionally, life changes in older adults—such as diet, lack of exercise, and stress attributed to isolated living—may influence microbiome dysfunction (Stehle et al., 2012; Ghosh et al., 2015; O'toole and Jeffery, 2015). As the network topology of the biological hallmarks of aging is so intertwined, negative lifestyle factors can have detrimental impacts on health, but making lifestyle changes that positively influence one hallmark may potentially be integrated into therapeutic strategies to alleviate biological aging on a broad scale. Therefore, multidisciplinary and systems-based approaches are necessary to account for lifestyle factors when evaluating geroscience-guided approaches to COVID-19.
CONCLUSION
There is growing evidence that biological aging represents a powerful and potentially modifiable risk factor for severe COVID-19 resulting in hospitalization and death upon exposure to the SARS-CoV-2 virus. However, our review of the literature indicates that viewing the impact of aging and chronic diseases through the prism of any one single biological mechanism provides a picture that is incomplete and may not move the field forward. All biological hallmarks of aging intricately interlink and are cross-dependent on each other. Moreover, nearly all such hallmarks may potentially contribute to the enhanced vulnerability to severe COVID-19 seen with biological aging. Given the broad spectrum of expertise and the massive amounts of data necessary to understand how these hallmarks of aging interact to drive COVID-19 severity, we propose an approach that is far more multidisciplinary and systems-based emphasizing network topology of biological aging and geroscience-guided approaches to COVID-19. This approach seeks to examine the manner in which biological hallmarks interact with each other in humans and jointly exert their effects across varied tissues and organ systems in contributing to varied disease processes. This type of integrative systems-based approach requires a multidisciplinary approach with the participation of investigators willing and capable of looking beyond their usual “comfort zone.” While such efforts require considerable dedication and time they can yield important benefits. Beyond the context of COVID-19, it will also in our view help prepare us for future pandemics when confronted with future, novel pathogens.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
NIH grants AG063528 (MX and GK); AG066679 (MX); GM126893-01 (JO); AG060746 (JO, GK); AI142733 (IO, DU, JO); AA02680 (AK); AG056653 (AK); DK123733 (AK); AG063744 (AK); U54NS105539 (DU,XY); AG060018 (C-LK, GK).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Acharya, D., Liu, G., and Gack, M. U. (2020). Dysregulation of Type I Interferon Responses in COVID-19. Nat. Rev. Immunol. 20, 397–398. doi:10.1038/s41577-020-0346-x
 Aguilera, E. R., Nguyen, Y., Sasaki, J., and Pfeiffer, J. K. (2019). Bacterial Stabilization of a Panel of Picornaviruses, mSphere 4. e00183. doi:10.1128/msphere.00183-19
 Akalin, A., Kormaksson, M., Li, S., Garrett-Bakelman, F. E., Figueroa, M. E., Melnick, A., et al. (2012). methylKit: a Comprehensive R Package for the Analysis of Genome-wide DNA Methylation Profiles. Genome Biol. 13. R87. doi:10.1186/gb-2012-13-10-r87
 Almand, E. A., Moore, M. D., Outlaw, J., and Jaykus, L. A. (2017). Human Norovirus Binding to Select Bacteria Representative of the Human Gut Microbiota. PLoS One 12, e0173124. doi:10.1371/journal.pone.0173124
 Amma, H., Naruse, K., Ishiguro, N., and Sokabe, M. (2005). Involvement of Reactive Oxygen Species in Cyclic Stretch-Induced NF-κ B Activation in Human Fibroblast Cells. Br. J. Pharmacol. 145, 364–373. doi:10.1038/sj.bjp.0706182
 Anderson, E. J., Rouphael, N. G., Widge, A. T., Jackson, L. A., Roberts, P. C., Makhene, M., et al. (2020). Safety and Immunogenicity of SARS-CoV-2 mRNA-1273 Vaccine in Older Adults. N. Engl. J. Med. 383, 2427. doi:10.1056/NEJMoa2028436
 Atkins, J. L., Masoli, J. A. H., Delgado, J., Pilling, L. C., Kuo, C.-L., Kuchel, G. A., et al. (2020). Preexisting Comorbidities Predicting COVID-19 and Mortality in the UK Biobank Community Cohort. J. Gerontol. A. Biol. Sci. Med. Sci. 75, 2224–2230. doi:10.1093/gerona/glaa183
 Baker, D. J., Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. J., Zhong, J., et al. (2016). Naturally Occurring p16Ink4a-Positive Cells Shorten Healthy Lifespan. Nature 530, 184–189. doi:10.1038/nature16932
 Bartfeld, S., and Clevers, H. (2017). Stem Cell-Derived Organoids and Their Application for Medical Research and Patient Treatment. J. Mol. Med. 95, 729–738. doi:10.1007/s00109-017-1531-7
 Bastard, P., Rosen, L. B., Zhang, Q., Michailidis, E., Hoffmann, H. H., Zhang, Y., et al. (2020). Autoantibodies against Type I IFNs in Patients with Life-Threatening COVID-19. Science 370. abd4585. doi:10.1126/science.abd4585
 Bektas, A., Schurman, S. H., Franceschi, C., and Ferrucci, L. (2020). A Public Health Perspective of Aging: Do Hyper-Inflammatory Syndromes Such as COVID-19, SARS, ARDS, Cytokine Storm Syndrome, and post-ICU Syndrome Accelerate Short- and Long-Term Inflammaging?Immun. Ageing 17, 23. doi:10.1186/s12979-020-00196-8
 Berger, A. K., Yi, H., Kearns, D. B., and Mainou, B. A. (2017). Bacteria and Bacterial Envelope Components Enhance Mammalian Reovirus Thermostability. Plos Pathog. 13, e1006768. doi:10.1371/journal.ppat.1006768
 Biagi, E., Candela, M., Fairweather-Tait, S., Franceschi, C., and Brigidi, P. (2012). Ageing of the Human Metaorganism: the Microbial Counterpart. Age 34, 247–267. doi:10.1007/s11357-011-9217-5
 Bischoff, S. C., Barbara, G., Buurman, W., Ockhuizen, T., Schulzke, J. D., Serino, M., et al. (2014). Intestinal Permeability-Aa New Target for Disease Prevention and Therapy. BMC Gastroenterol. 14, 189. doi:10.1186/s12876-014-0189-7
 Bornstein, S. R., Dalan, R., Hopkins, D., Mingrone, G., and Boehm, B. O. (2020). Endocrine and Metabolic Link to Coronavirus Infection. Nat. Rev. Endocrinol. 16, 297–298. doi:10.1038/s41574-020-0353-9
 Bosso, M., Thanaraj, T. A., Abu-Farha, M., Alanbaei, M., Abubaker, J., and Al-Mulla, F. (2020). The Two Faces of ACE2: The Role of ACE2 Receptor and its Polymorphisms in Hypertension and COVID-19. Mol. Ther. - Methods Clin. Develop. 18, 321–327. doi:10.1016/j.omtm.2020.06.017
 Bracken, M. B. (2009). Why Animal Studies Are Often Poor Predictors of Human Reactions to Exposure. J. R. Soc. Med. 102, 120–122. doi:10.1258/jrsm.2008.08k033
 Braian, C., Svensson, M., Brighenti, S., Lerm, M., and Parasa, V. R. (2015). A 3D Human Lung Tissue Model for Functional Studies on Mycobacterium tuberculosis Infection. J. Vis. Exp. 104, 53084. doi:10.3791/53084
 Breda, C. N. d. S., Davanzo, G. G., Basso, P. J., Saraiva Câmara, N. O., and Moraes-Vieira, P. M. M. (2019). Mitochondria as central Hub of the Immune System. Redox Biol. 26, 101255. doi:10.1016/j.redox.2019.101255
 Brookes, P. S., Yoon, Y., Robotham, J. L., Anders, M. W., and Sheu, S.-S. (2004). Calcium, ATP, and ROS: a Mitochondrial Love-Hate triangle. Am. J. Physiology-Cell Physiol. 287, C817–C833. doi:10.1152/ajpcell.00139.2004
 Buck, M. D., Sowell, R. T., Kaech, S. M., and Pearce, E. L. (2017). Metabolic Instruction of Immunity. Cell 169, 570–586. doi:10.1016/j.cell.2017.04.004
 Buford, T. W. (2017). Dis)Trust Your Gut: the Gut Microbiome in Age-Related Inflammation, Health, and Disease. Microbiome 5, 80. doi:10.1186/s40168-017-0296-0
 Callaway, E. (2020). The Race for Coronavirus Vaccines: a Graphical Guide. Nature 580, 576–577. doi:10.1038/d41586-020-01221-y
 Camell, C. D., Yousefzadeh, M. J., Zhu, Y., Langhi Prata, L. G. P., Huggins, M. A., Pierson, M., et al. (2021). Senolytics Reduce Coronavirus-Related Mortality in Old Mice. Science .
 Campisi, J. (2016). Cellular Senescence and Lung Function during Aging. Yin and Yang. Ann. ATS 13 (Suppl. 5), S402–S406. doi:10.1513/annalsats.201609-703aw
 Campisi, J., and D'adda Di Fagagna, F. (2007). Cellular Senescence: when Bad Things Happen to Good Cells. Nat. Rev. Mol. Cel Biol 8, 729–740. doi:10.1038/nrm2233
 Chang, J., Wang, Y., Shao, L., Laberge, R.-M., Demaria, M., Campisi, J., et al. (2016). Clearance of Senescent Cells by ABT263 Rejuvenates Aged Hematopoietic Stem Cells in Mice. Nat. Med. 22, 78–83. doi:10.1038/nm.4010
 Chen, Y., Klein, S. L., Garibaldi, B. T., Li, H., Wu, C., Osevala, N. M., et al. (2021). Aging in COVID-19: Vulnerability, Immunity and Intervention. Ageing Res. Rev. 65, 101205. doi:10.1016/j.arr.2020.101205
 Childs, B. G., Baker, D. J., Wijshake, T., Conover, C. A., Campisi, J., and Van Deursen, J. M. (2016). Senescent Intimal Foam Cells Are Deleterious at All Stages of Atherosclerosis. Science 354, 472–477. doi:10.1126/science.aaf6659
 Chung, H. Y., Cesari, M., Anton, S., Marzetti, E., Giovannini, S., Seo, A. Y., et al. (2009). Molecular Inflammation: Underpinnings of Aging and Age-Related Diseases. Ageing Res. Rev. 8, 18–30. doi:10.1016/j.arr.2008.07.002
 Cillero-Pastor, B., Caramés, B., Lires-Deán, M., Vaamonde-García, C., Blanco, F. J., and López-Armada, M. J. (2008). Mitochondrial Dysfunction Activates Cyclooxygenase 2 Expression in Cultured normal Human Chondrocytes. Arthritis Rheum. 58, 2409–2419. doi:10.1002/art.23644
 Claesson, M. J., Cusack, S., O'sullivan, O., Greene-Diniz, R., de Weerd, H., Flannery, E., et al. (2011). Composition, Variability, and Temporal Stability of the Intestinal Microbiota of the Elderly. Proc. Natl. Acad. Sci. 108 (Suppl. 1), 4586–4591. doi:10.1073/pnas.1000097107
 Claesson, M. J., Jeffery, I. B., Conde, S., Power, S. E., O’Connor, E. M., Cusack, S., et al. (2012). Gut Microbiota Composition Correlates with Diet and Health in the Elderly. Nature 488, 178–184. doi:10.1038/nature11319
 Clegg, A., Young, J., Iliffe, S., Rikkert, M. O., and Rockwood, K. (2013). Frailty in Elderly People. The Lancet 381, 752–762. doi:10.1016/s0140-6736(12)62167-9
 Cochrane, S. A., and Vederas, J. C. (2016). Lipopeptides from Bacillus and Paenibacillus spp.: A Gold Mine of Antibiotic Candidates. Med. Res. Rev. 36, 4–31. doi:10.1002/med.21321
 Datta, P., Dey, M., Ataie, Z., Unutmaz, D., and Ozbolat, I. T. (2020). 3D Bioprinting for Reconstituting the Cancer Microenvironment. NPJ Precis Oncol. 4, 18. doi:10.1038/s41698-020-0121-2
 David, S. C., Norton, T., Tyllis, T., Wilson, J. J., Singleton, E. V., Laan, Z., et al. (2019). Direct Interaction of Whole-Inactivated Influenza A and Pneumococcal Vaccines Enhances Influenza-specific Immunity. Nat. Microbiol. 4, 1316–1327. doi:10.1038/s41564-019-0443-4
 Dejong, E. N., Surette, M. G., and Bowdish, D. M. E. (2020). The Gut Microbiota and Unhealthy Aging: Disentangling Cause from Consequence. Cell Host & Microbe 28, 180–189. doi:10.1016/j.chom.2020.07.013
 Demeo, D. L., Morrow, J. D., Hersh, C. P., Pinto-Plata, V., Celli, B., Marchetti, N., et al. (2016). Accelerated Ticking of the Epigenetic Clock in Smokers with and without COPD D91. Gene. Geno. COPD. Am. Thoracic. Soc. A7479. 
 Diao, B., Wang, C., Tan, Y., Chen, X., Liu, Y., Ning, L., et al. (2020). Reduction and Functional Exhaustion of T Cells in Patients with Coronavirus Disease 2019 (COVID-19). Front. Immunol. 11, 827. doi:10.3389/fimmu.2020.00827
 Diazgranados, C. A., Dunning, A. J., Kimmel, M., Kirby, D., Treanor, J., Collins, A., et al. (2014). Efficacy of High-Dose versus Standard-Dose Influenza Vaccine in Older Adults. N. Engl. J. Med. 371, 635–645. doi:10.1056/nejmoa1315727
 Ding, W.-X., and Yin, X.-M. (2012). Mitophagy: Mechanisms, Pathophysiological Roles, and Analysis. Biol. Chem. 393, 547–564. doi:10.1515/hsz-2012-0119
 Donath, M. Y., and Shoelson, S. E. (2011). Type 2 Diabetes as an Inflammatory Disease. Nat. Rev. Immunol. 11, 98–107. doi:10.1038/nri2925
 Drost, J., Van Boxtel, R., Blokzijl, F., Mizutani, T., Sasaki, N., Sasselli, V., et al. (2017). Use of CRISPR-Modified Human Stem Cell Organoids to Study the Origin of Mutational Signatures in Cancer. Science 358, 234–238. doi:10.1126/science.aao3130
 Duncan, S. H., and Flint, H. J. (2013). Probiotics and Prebiotics and Health in Ageing Populations. Maturitas 75, 44–50. doi:10.1016/j.maturitas.2013.02.004
 Erickson, A. K., Jesudhasan, P. R., Mayer, M. J., Narbad, A., Winter, S. E., and Pfeiffer, J. K. (2018). Bacteria Facilitate Enteric Virus Co-infection of Mammalian Cells and Promote Genetic Recombination. Cell Host & Microbe 23, 77–88. doi:10.1016/j.chom.2017.11.007
 Fajgenbaum, D. C., and June, C. H. (2020). Cytokine Storm. N. Engl. J. Med. 383, 2255–2273. doi:10.1056/nejmra2026131
 Farr, J. N., Xu, M., Weivoda, M. M., Monroe, D. G., Fraser, D. G., Onken, J. L., et al. (2017). Targeting Cellular Senescence Prevents Age-Related Bone Loss in Mice. Nat. Med. 23, 1072–1079. doi:10.1038/nm.4385
 Forsyth, C. B., Shaikh, M., Bishehsari, F., Swanson, G., Voigt, R. M., Dodiya, H., et al. (2017). Alcohol Feeding in Mice Promotes Colonic Hyperpermeability and Changes in Colonic Organoid Stem Cell Fate. Alcohol. Clin. Exp. Res. 41, 2100–2113. doi:10.1111/acer.13519
 Franceschi, C., Bonafè, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., et al. (2000). Inflamm-aging. An Evolutionary Perspective on Immunosenescence. Ann. N. Y Acad. Sci. 908, 244–254. doi:10.1111/j.1749-6632.2000.tb06651.x
 Franceschi, C., and Campisi, J. (2014). Chronic Inflammation (Inflammaging) and its Potential Contribution to Age-Associated Diseases. Journals Gerontol. Ser. A: Biol. Sci. Med. Sci. 69 (Suppl. 1), S4–S9. doi:10.1093/gerona/glu057
 Franceschi, C., Capri, M., Monti, D., Giunta, S., Olivieri, F., Sevini, F., et al. (2007). Inflammaging and Anti-inflammaging: a Systemic Perspective on Aging and Longevity Emerged from Studies in Humans. Mech. Ageing Develop. 128, 92–105. doi:10.1016/j.mad.2006.11.016
 Fransen, F., Van Beek, A. A., Borghuis, T., Aidy, S. E., Hugenholtz, F., Van Der Gaast-De Jongh, C., et al. (2017). Aged Gut Microbiota Contributes to Systemical Inflammaging after Transfer to Germ-free Mice. Front. Immunol. 8, 1385. doi:10.3389/fimmu.2017.01385
 Frey, S. E., Reyes, M. R. A.-D. L., Reynales, H., Bermal, N. N., Nicolay, U., Narasimhan, V., et al. (2014). Comparison of the Safety and Immunogenicity of an MF59-Adjuvanted with a Non-adjuvanted Seasonal Influenza Vaccine in Elderly Subjects. Vaccine 32, 5027–5034. doi:10.1016/j.vaccine.2014.07.013
 Furman, D., Campisi, J., Verdin, E., Carrera-Bastos, P., Targ, S., Franceschi, C., et al. (2019). Chronic Inflammation in the Etiology of Disease across the Life Span. Nat. Med. 25, 1822–1832. doi:10.1038/s41591-019-0675-0
 Garcia-Perez, B. E., Gonzalez-Rojas, J. A., Salazar, M. I., Torres-Torres, C., and Castrejon-Jimenez, N. S. (2020). Taming the Autophagy as a Strategy for Treating COVID-19. Cells 9, 2629. doi:10.3390/cells9122679
 Ghosh, S., Lertwattanarak, R., Garduno, J. d. J., Galeana, J. J., Li, J., Zamarripa, F., et al. (2015). Elevated Muscle TLR4 Expression and Metabolic Endotoxemia in Human Aging. Journals Gerontol. Ser. A: Biol. Sci. Med. Sci. 70, 232–246. doi:10.1093/gerona/glu067
 Gibcus, J. H., and Dekker, J. (2013). The Hierarchy of the 3D Genome. Mol. Cel 49, 773–782. doi:10.1016/j.molcel.2013.02.011
 Gibson, J., Russ, T. C., Clarke, T.-K., Howard, D. M., Hillary, R. F., Evans, K. L., et al. (2019). A Meta-Analysis of Genome-wide Association Studies of Epigenetic Age Acceleration. PLoS Genet. 15. doi:10.1371/journal.pgen.1008104
 Giron, L. B., Dweep, H., Yin, X., Wang, H., Damra, M., Goldman, A. R., et al. (2020). Severe COVID-19 Is Fueled by Disrupted Gut Barrier Integrity. MedRxiv . 
 Gordon, D. E., Jang, G. M., Bouhaddou, M., Xu, J., Obernier, K., O'meara, M. J., et al. (2020). A SARS-CoV-2-Human Protein-Protein Interaction Map Reveals Drug Targets and Potential Drug-Repurposing. BioRxiv . 
 Gravenstein, S., Davidson, H. E., Taljaard, M., Ogarek, J., Gozalo, P., Han, L., et al. (2017). Comparative Effectiveness of High-Dose versus Standard-Dose Influenza Vaccination on Numbers of US Nursing home Residents Admitted to Hospital: a Cluster-Randomised Trial. Lancet Respir. Med. 5, 738–746. doi:10.1016/s2213-2600(17)30235-7
 Grifoni, A., Weiskopf, D., Ramirez, S. I., Mateus, J., Dan, J. M., Moderbacher, C. R., et al. (2020). Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed Individuals. Cell 181, 1489–1501. doi:10.1016/j.cell.2020.05.015
 Grigoryan, B., Paulsen, S. J., Corbett, D. C., Sazer, D. W., Fortin, C. L., Zaita, A. J., et al. (2019). Multivascular Networks and Functional Intravascular Topologies within Biocompatible Hydrogels. Science 364, 458–464. doi:10.1126/science.aav9750
 Grosicki, G. J., Fielding, R. A., and Lustgarten, M. S. (2018). Gut Microbiota Contribute to Age-Related Changes in Skeletal Muscle Size, Composition, and Function: Biological Basis for a Gut-Muscle Axis. Calcif Tissue Int. 102, 433–442. doi:10.1007/s00223-017-0345-5
 Guan, W.-j., Ni, Z.-y., Hu, Y., Liang, W.-h., Ou, C.-q., He, J.-x., et al. (2020). Clinical Characteristics of Coronavirus Disease 2019 in China. N. Engl. J. Med. 382, 1708–1720. doi:10.1056/nejmoa2002032
 Hadley, E. C., Kuchel, G. A., Newman, A. B., Allore, H. G., Bartley, J. M., Bergeman, C. S., et al. (2017). Workshop, S., and Participants (Report: NIA Workshop on Measures of Physiologic Resiliencies in Human Aging. J. Gerontol. A. Biol. Sci. Med. Sci. 72, 980–990. doi:10.1093/gerona/glx015
 Hamming, I., Timens, W., Bulthuis, M., Lely, A., Navis, G., and Van Goor, H. (2004). Tissue Distribution of ACE2 Protein, the Functional Receptor for SARS Coronavirus. A First Step in Understanding SARS Pathogenesis. J. Pathol. 203, 631–637. doi:10.1002/path.1570
 Hannum, G., Guinney, J., Zhao, L., Zhang, L., Hughes, G., Sadda, S., et al. (2013). Genome-wide Methylation Profiles Reveal Quantitative Views of Human Aging Rates. Mol. Cel. 49, 359–367. doi:10.1016/j.molcel.2012.10.016
 Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. F., Astle, C. M., Flurkey, K., et al. (2009). Rapamycin Fed Late in Life Extends Lifespan in Genetically Heterogeneous Mice. Nature 460, 392–395. doi:10.1038/nature08221
 Heintz, C., and Mair, W. (2014). You Are what You Host: Microbiome Modulation of the Aging Process. Cell 156, 408–411. doi:10.1016/j.cell.2014.01.025
 Helfand, B. K. I., Webb, M., Gartaganis, S. L., Fuller, L., Kwon, C. S., and Inouye, S. K. (2020). The Exclusion of Older Persons from Vaccine and Treatment Trials for Coronavirus Disease 2019-Missing the Target. JAMA Intern. Med. 180, 1546. doi:10.1001/jamainternmed.2020.5084
 Herbst, T., Sichelstiel, A., Schär, C., Yadava, K., Bürki, K., Cahenzli, J., et al. (2011). Dysregulation of Allergic Airway Inflammation in the Absence of Microbial Colonization. Am. J. Respir. Crit. Care Med. 184, 198–205. doi:10.1164/rccm.201010-1574oc
 Hibiya, S., Tsuchiya, K., Hayashi, R., Fukushima, K., Horita, N., Watanabe, S., et al. (2017). Long-term Inflammation Transforms Intestinal Epithelial Cells of Colonic Organoids. J. Crohns Colitis 11, 621–630. doi:10.1093/ecco-jcc/jjw186
 Hickson, L. J., Langhi Prata, L. G. P., Bobart, S. A., Evans, T. K., Giorgadze, N., Hashmi, S. K., et al. (2019). Senolytics Decrease Senescent Cells in Humans: Preliminary Report from a Clinical Trial of Dasatinib Plus Quercetin in Individuals with Diabetic Kidney Disease. EBioMedicin 47, 446. doi:10.1016/j.ebiom.2019.08.069
 Hill, M. A., Mantzoros, C., and Sowers, J. R. (2020). Commentary: COVID-19 in Patients with Diabetes. Metabolism 107, 154217. doi:10.1016/j.metabol.2020.154217
 Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen, S., et al. (2020). SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 181, 271–280. doi:10.1016/j.cell.2020.02.052
 Hopkins, M. J., Sharp, R., and Macfarlane, G. T. (2001). Age and Disease Related Changes in Intestinal Bacterial Populations Assessed by Cell Culture, 16S rRNA Abundance, and Community Cellular Fatty Acid Profiles. Gut 48, 198–205. doi:10.1136/gut.48.2.198
 Hopkins, M. J., Sharp, R., and Macfarlane, G. T. (2002). Variation in Human Intestinal Microbiota with Age. Dig. Liver Dis. 34 (Suppl. 2), S12–S18. doi:10.1016/s1590-8658(02)80157-8
 Horvath, L., Umehara, Y., Jud, C., Blank, F., Petri-Fink, A., and Rothen-Rutishauser, B. (2015). Engineering an In Vitro Air-Blood Barrier by 3D Bioprinting. Sci. Rep. 5, 7974. doi:10.1038/srep07974
 Horvath, S. (2013). DNA Methylation Age of Human Tissues and Cell Types. Genome Biol. 14, R115. doi:10.1186/gb-2013-14-10-r115
 Horvath, S., Erhart, W., Brosch, M., Ammerpohl, O., Von Schönfels, W., Ahrens, M., et al. (2014). Obesity Accelerates Epigenetic Aging of Human Liver. Proc. Natl. Acad. Sci. 111, 15538–15543. doi:10.1073/pnas.1412759111
 Horvath, S., Gurven, M., Levine, M. E., Trumble, B. C., Kaplan, H., Allayee, H., et al. (2016). An Epigenetic Clock Analysis of Race/ethnicity, Sex, and Coronary Heart Disease. Genome Biol. 17, 171. doi:10.1186/s13059-016-1030-0
 Horvath, S., and Raj, K. (2018). DNA Methylation-Based Biomarkers and the Epigenetic Clock Theory of Ageing. Nat. Rev. Genet. 19, 371–384. doi:10.1038/s41576-018-0004-3
 Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical Features of Patients Infected with 2019 Novel Coronavirus in Wuhan, China. The Lancet 395, 497–506. doi:10.1016/s0140-6736(20)30183-5
 Huh, D., Matthews, B. D., Mammoto, A., Montoya-Zavala, M., Hsin, H. Y., and Ingber, D. E. (2010). Reconstituting Organ-Level Lung Functions on a Chip. Science 328, 1662–1668. doi:10.1126/science.1188302
 Jeon, O. H., Kim, C., Laberge, R.-M., Demaria, M., Rathod, S., Vasserot, A. P., et al. (2017). Local Clearance of Senescent Cells Attenuates the Development of post-traumatic Osteoarthritis and Creates a Pro-regenerative Environment. Nat. Med. 23, 775–781. doi:10.1038/nm.4324
 Johnson, B. A., Hage, A., Kalveram, B., Mears, M., Plante, J. A., Rodriguez, S. E., et al. (2019). Peptidoglycan-Associated Cyclic Lipopeptide Disrupts Viral Infectivity. J. Virol. 93. e01282. doi:10.1128/jvi.01282-19
 Justice, J. N., Ferrucci, L., Newman, A. B., Aroda, V. R., Bahnson, J. L., Divers, J., et al. (2018a). A Framework for Selection of Blood-Based Biomarkers for Geroscience-Guided Clinical Trials: Report from the TAME Biomarkers Workgroup. Geroscience 40, 419–436. doi:10.1007/s11357-018-0042-y
 Justice, J. N., Gubbi, S., Kulkarni, A. S., Bartley, J. M., Kuchel, G. A., and Barzilai, N. (2020). A Geroscience Perspective on Immune Resilience and Infectious Diseases: a Potential Case for Metformin. Geroscience 43, 1039. doi:10.1007/s11357-020-00261-6
 Justice, J. N., Nambiar, A. M., Tchkonia, T., Lebrasseur, N. K., Pascual, R., Hashmi, S. K., et al. (2019a). Senolytics in Idiopathic Pulmonary Fibrosis: Results from a First-In-Human, Open-Label, Pilot Study. EBioMedicine. 40. 554. doi:10.1016/j.ebiom.2018.12.052
 Justice, J. N., Nambiar, A. M., Tchkonia, T., Lebrasseur, N. K., Pascual, R., Hashmi, S. K., et al. (2019b). Senolytics in Idiopathic Pulmonary Fibrosis: Results from a First-In-Human, Open-Label, Pilot Study. EBioMedicine 40, 554–563. doi:10.1016/j.ebiom.2018.12.052
 Justice, J. N., Niedernhofer, L., Robbins, P. D., Aroda, V. R., Espeland, M. A., Kritchevsky, S. B., et al. (2018b). Development of Clinical Trials to Extend Healthy Lifespan. Cardiovasc. Endocrinol. Metab. 7, 80–83. doi:10.1097/xce.0000000000000159
 Jylhävä, J., Pedersen, N. L., and Hägg, S. (2017). Biological Age Predictors. EBioMedicine 21, 29–36. doi:10.1016/j.ebiom.2017.03.046
 Kato, K., Odamaki, T., Mitsuyama, E., Sugahara, H., Xiao, J.-z., and Osawa, R. (2017). Age-Related Changes in the Composition of Gut Bifidobacterium Species. Curr. Microbiol. 74, 987–995. doi:10.1007/s00284-017-1272-4
 Kennedy, B. K., Berger, S. L., Brunet, A., Campisi, J., Cuervo, A. M., Epel, E. S., et al. (2014). Geroscience: Linking Aging to Chronic Disease. Cell 159, 709–713. doi:10.1016/j.cell.2014.10.039
 Kepp, O., Galluzzi, L., and Kroemer, G. (2011). Mitochondrial Control of the NLRP3 Inflammasome. Nat. Immunol. 12, 199–200. doi:10.1038/ni0311-199
 Kim, S., and Jazwinski, S. M. (2018). The Gut Microbiota and Healthy Aging: A Mini-Review. Gerontology 64, 513–520. doi:10.1159/000490615
 Kishton, R. J., Sukumar, M., and Restifo, N. P. (2017). Metabolic Regulation of T Cell Longevity and Function in Tumor Immunotherapy. Cel Metab. 26, 94–109. doi:10.1016/j.cmet.2017.06.016
 Kulcsar, K. A., Coleman, C. M., Beck, S. E., and Frieman, M. B. (2019). Comorbid Diabetes Results in Immune Dysregulation and Enhanced Disease Severity Following MERS-CoV Infection. JCI Insight 4. e131744. doi:10.1172/jci.insight.131774
 Kulkarni, A. S., Gubbi, S., and Barzilai, N. (2020). Benefits of Metformin in Attenuating the Hallmarks of Aging. Cell Metab. 32, 15. doi:10.1016/j.cmet.2020.04.001
 Kuss, S. K., Best, G. T., Etheredge, C. A., Pruijssers, A. J., Frierson, J. M., Hooper, L. V., et al. (2011). Intestinal Microbiota Promote Enteric Virus Replication and Systemic Pathogenesis. Science 334, 249–252. doi:10.1126/science.1211057
 Lamers, M. M., Beumer, J., Van Der Vaart, J., Knoops, K., Puschhof, J., Breugem, T. I., et al. (2020). SARS-CoV-2 Productively Infects Human Gut Enterocytes. Science .
 Larbi, A., Franceschi, C., Mazzatti, D., Solana, R., Wikby, A., and Pawelec, G. (2008). Aging of the Immune System as a Prognostic Factor for Human Longevity. Physiology 23, 64–74. doi:10.1152/physiol.00040.2007
 Larson, P. J., Grady, J., Kuchel, G. A., Robison, J., and Oh, J. (2021). Frailty, Skilled Nursing Facility Residence and the Mircobiota of Older Adults. J. Am. Geriatr. Soc. , S271 . 
 Lee, Y. S., Wollam, J., and Olefsky, J. M. (2018). An Integrated View of Immunometabolism. Cell 172, 22–40. doi:10.1016/j.cell.2017.12.025
 Lefebvre, J. S., and Haynes, L. (2013). Vaccine Strategies to Enhance Immune Responses in the Aged. Curr. Opin. Immunol. 25, 523–528. doi:10.1016/j.coi.2013.05.014
 Leidal, A. M., Levine, B., and Debnath, J. (2018). Autophagy and the Cell Biology of Age-Related Disease. Nat. Cel Biol 20, 1338–1348. doi:10.1038/s41556-018-0235-8
 Lewis, K. J. R., Tibbitt, M. W., Zhao, Y., Branchfield, K., Sun, X., Balasubramaniam, V., et al. (2015). In Vitro model Alveoli from Photodegradable Microsphere Templates. Biomater. Sci. 3, 821–832. doi:10.1039/c5bm00034c
 Li, B., Yang, J., Zhao, F., Zhi, L., Wang, X., Liu, L., et al. (2020). Prevalence and Impact of Cardiovascular Metabolic Diseases on COVID-19 in China. Clin. Res. Cardiol. 109, 531–538. doi:10.1007/s00392-020-01626-9
 Li, D., Breiman, A., Le Pendu, J., and Uyttendaele, M. (2015). Binding to Histo-Blood Group Antigen-Expressing Bacteria Protects Human Norovirus from Acute Heat Stress. Front. Microbiol. 6, 659. doi:10.3389/fmicb.2015.00659
 Li, J., Kim, S. G., and Blenis, J. (2014). Rapamycin: One Drug, many Effects. Cel Metab. 19, 373–379. doi:10.1016/j.cmet.2014.01.001
 Li, S., Garrett-Bakelman, F. E., Chung, S. S., Sanders, M. A., Hricik, T., Rapaport, F., et al. (2016a). Distinct Evolution and Dynamics of Epigenetic and Genetic Heterogeneity in Acute Myeloid Leukemia. Nat. Med. 22, 792–799. doi:10.1038/nm.4125
 Li, S., Mason, C. E., and Melnick, A. (2016b). Genetic and Epigenetic Heterogeneity in Acute Myeloid Leukemia. Curr. Opin. Genet. Develop. 36, 100–106. doi:10.1016/j.gde.2016.03.011
 Linehan, J. L., Harrison, O. J., Han, S.-J., Byrd, A. L., Vujkovic-Cvijin, I., Villarino, A. V., et al. (2018). Non-classical Immunity Controls Microbiota Impact on Skin Immunity and Tissue Repair. Cell 172, 784–796. doi:10.1016/j.cell.2017.12.033
 López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The Hallmarks of Aging. Cell 153, 1194–1217. doi:10.1016/j.cell.2013.05.039
 Lu, A. T., Xue, L., Salfati, E. L., Chen, B. H., Ferrucci, L., Levy, D., et al. (2018). GWAS of Epigenetic Aging Rates in Blood Reveals a Critical Role for TERT. Nat. Commun. 9, 1–13. doi:10.1038/s41467-017-02697-5
 Mäkivuokko, H., Tiihonen, K., Tynkkynen, S., Paulin, L., and Rautonen, N. (2010). The Effect of Age and Non-steroidal Anti-inflammatory Drugs on Human Intestinal Microbiota Composition. Br. J. Nutr. 103, 227–234. doi:10.1017/s0007114509991553
 Mannick, J. B., Del Giudice, G., Lattanzi, M., Valiante, N. M., Praestgaard, J., Huang, B., et al. (2014a). mTOR Inhibition Improves Immune Function in the Elderly. Sci. Transl Med. 6. 268ra179. doi:10.1126/scitranslmed.3009892
 Mannick, J. B., Del Giudice, G., Lattanzi, M., Valiante, N. M., Praestgaard, J., Huang, B., et al. (2014b). mTOR Inhibition Improves Immune Function in the Elderly. Sci. Translational Med. 6, 268ra179. doi:10.1126/scitranslmed.3009892
 Mannick, J. B., Morris, M., Hockey, H. P., Roma, G., Beibel, M., Kulmatycki, K., et al. (2018). TORC1 Inhibition Enhances Immune Function and Reduces Infections in the Elderly. Sci. Transl Med. 10. doi:10.1126/scitranslmed.aaq1564
 Mariat, D., Firmesse, O., Levenez, F., Guimarăes, V., Sokol, H., Doré, J., et al. (2009). The Firmicutes/Bacteroidetes Ratio of the Human Microbiota Changes with Age. BMC Microbiol. 9, 123. doi:10.1186/1471-2180-9-123
 Marquez, E. J., Chung, C. H., Marches, R., Rossi, R. J., Nehar-Belaid, D., Eroglu, A., et al. (2020a). Sexual-dimorphism in Human Immune System Aging. Nat. Commun. 11, 751. doi:10.1038/s41467-020-14396-9
 Marquez, E. J., Trowbridge, J., Kuchel, G. A., Banchereau, J., and Ucar, D. (2020b). The Lethal Sex gap: COVID-19. Immun. Ageing 17, 13. doi:10.1186/s12979-020-00183-z
 Martinez De Toda, I., Vida, C., Diaz-Del Cerro, E., and De La Fuente, M. (2021). The Immunity Clock. J. Gerontol. A. Biol. Sci. Med. Sci. doi:10.1093/gerona/glab136
 Mcelhaney, J. E., Ewen, C., Zhou, X., Kane, K. P., Xie, D., Hager, W. D., et al. (2009). Granzyme B: Correlates with protection and Enhanced CTL Response to Influenza Vaccination in Older Adults. Vaccine 27, 2418–2425. doi:10.1016/j.vaccine.2009.01.136
 Mcelhaney, J. E., Kuchel, G. A., Zhou, X., Swain, S. L., and Haynes, L. (2016). T-cell Immunity to Influenza in Older Adults: A Pathophysiological Framework for Development of More Effective Vaccines. Front. Immunol. 7, 41. doi:10.3389/fimmu.2016.00041
 Mcelhaney, J. E., Xie, D., Hager, W. D., Barry, M. B., Wang, Y., Kleppinger, A., et al. (2006). T Cell Responses Are Better Correlates of Vaccine protection in the Elderly. J. Immunol. 176, 6333–6339. doi:10.4049/jimmunol.176.10.6333
 Merani, S., Kuchel, G. A., Kleppinger, A., and Mcelhaney, J. E. (2018). Influenza Vaccine-Mediated protection in Older Adults: Impact of Influenza Infection, Cytomegalovirus Serostatus and Vaccine Dosage. Exp. Gerontol. 107, 116–125. doi:10.1016/j.exger.2017.09.015
 Miller, A. J., and Spence, J. R. (2017). In Vitro Models to Study Human Lung Development, Disease and Homeostasis. Physiology 32, 246–260. doi:10.1152/physiol.00041.2016
 Naik, E., and Dixit, V. M. (2011). Mitochondrial Reactive Oxygen Species Drive Proinflammatory Cytokine Production. J. Exp. Med. 208, 417–420. doi:10.1084/jem.20110367
 Nakahira, K., Haspel, J. A., Rathinam, V. A. K., Lee, S.-J., Dolinay, T., Lam, H. C., et al. (2011). Autophagy Proteins Regulate Innate Immune Responses by Inhibiting the Release of Mitochondrial DNA Mediated by the NALP3 Inflammasome. Nat. Immunol. 12, 222–230. doi:10.1038/ni.1980
 Navarro, S., and Driscoll, B. (2017). Regeneration of the Aging Lung: A Mini-Review. Gerontology 63, 270–280. doi:10.1159/000451081
 Ni, L., Ye, F., Cheng, M. L., Feng, Y., Deng, Y. Q., Zhao, H., et al. (2020). Detection of SARS-CoV-2-specific Humoral and Cellular Immunity in COVID-19 Convalescent Individuals. Immunity 52, 971. doi:10.1016/j.immuni.2020.04.023
 Niedernhofer, L. J., and Robbins, P. D. (2018). Senotherapeutics for Healthy Ageing. Nat. Rev. Drug Discov. 17, 377. doi:10.1038/nrd.2018.44
 Nikolich-Zugich, J. (2012). The Aging Immune System: Challenges for the 21st century. Semin.Immunol. 24, 301–302. doi:10.1016/j.smim.2012.09.001
 Nikolich-Zugich, J. (2018). The Twilight of Immunity: Emerging Concepts in Aging of the Immune System. Nat. Immunol. 19, 10–19. doi:10.1038/s41590-017-0006-x
 Nunn, A. V. W., Guy, G. W., Brysch, W., Botchway, S. W., Frasch, W., Calabrese, E. J., et al. (2020). SARS-CoV-2 and Mitochondrial Health: Implications of Lifestyle and Ageing. Immun. Ageing 17, 33. doi:10.1186/s12979-020-00204-x
 O'toole, P. W., and Jeffery, I. B. (2015). Gut Microbiota and Aging. Science 350, 1214–1215. doi:10.1126/science.aac8469
 Ogrodnik, M., Miwa, S., Tchkonia, T., Tiniakos, D., Wilson, C. L., Lahat, A., et al. (2017). Cellular Senescence Drives Age-dependent Hepatic Steatosis. Nat. Commun. 8, 15691. doi:10.1038/ncomms15691
 Orchard, R. C., Wilen, C. B., Doench, J. G., Baldridge, M. T., Mccune, B. T., Lee, Y.-C. J., et al. (2016). Discovery of a Proteinaceous Cellular Receptor for a Norovirus. Science 353, 933–936. doi:10.1126/science.aaf1220
 Palmer, A. K., Xu, M., Zhu, Y., Pirtskhalava, T., Weivoda, M. M., Hachfeld, C. M., et al. (2019). Targeting Senescent Cells Alleviates Obesity-Induced Metabolic Dysfunction. Aging Cell 18, e12950. doi:10.1111/acel.12950
 Peng, W., Unutmaz, D., and Ozbolat, I. T. (2016). Bioprinting towards Physiologically Relevant Tissue Models for Pharmaceutics. Trends Biotechnol. 34, 722–732. doi:10.1016/j.tibtech.2016.05.013
 Pinto, B. G., Oliveira, A. E., Singh, Y., Jimenez, L., Goncalves, A. N., Ogava, R. L., et al. (2020). ACE2 Expression Is Increased in the Lungs of Patients with Comorbidities Associated with Severe COVID-19. medRxiv .
 Pippa, S., Mannironi, C., Licursi, V., Bombardi, L., Colotti, G., Cundari, E., et al. (2019). Small Molecule Inhibitors of KDM5 Histone Demethylases Increase the Radiosensitivity of Breast Cancer Cells Overexpressing JARID1B. Molecules 24, 1739. doi:10.3390/molecules24091739
 Polack, F. P., Thomas, S. J., Kitchin, N., Absalon, J., Gurtman, A., Lockhart, S., et al. (2020). Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 384, 1576. doi:10.1056/NEJMc2036242
 Prevention, C. F. D. C. A. (2020). COVID-19 Hospitalization and Death by Age. [Online]. Available:Accessed: https://www.cdc.gov/coronavirus/2019-ncov/covid-data/investigations-discovery/hospitalization-death-by-age.html (AccessedDecember19, 2020). 
 Price-Haywood, E. G., Burton, J., Fort, D., and Seoane, L. (2020). Hospitalization and Mortality Among Black Patients and White Patients with Covid-19. N. Engl. J. Med. 382, 2534–2543. doi:10.1056/nejmsa2011686
 Qi, F., Qian, S., Zhang, S., and Zhang, Z. (2020). Single Cell RNA Sequencing of 13 Human Tissues Identify Cell Types and Receptors of Human Coronaviruses. Biochem. Biophysical Res. Commun. 526, 135–140. doi:10.1016/j.bbrc.2020.03.044
 Qin, C., Zhou, L., Hu, Z., Zhang, S., Yang, S., Tao, Y., et al. (2020). Dysregulation of Immune Response in Patients with COVID-19 in Wuhan, China. Clin. Infect. Dis. 71, 762. doi:10.1093/cid/ciaa248
 Rasmussen, P. B., and Staller, P. (2014). The KDM5 Family of Histone Demethylases as Targets in Oncology Drug Discovery. Epigenomics 6, 277–286. doi:10.2217/epi.14.14
 Rice, T. A., Brenner, T. A., Percopo, C. M., Ma, M., Keicher, J. D., Domachowske, J. B., et al. (2016). Signaling via Pattern Recognition Receptors NOD2 and TLR2 Contributes to Immunomodulatory Control of Lethal Pneumovirus Infection. Antiviral Res. 132, 131–140. doi:10.1016/j.antiviral.2016.06.002
 Richardson, S., Hirsch, J. S., Narasimhan, M., Crawford, J. M., Mcginn, T., Davidson, K. W., et al. (2020). Presenting Characteristics, Comorbidities, and Outcomes Among 5700 Patients Hospitalized with COVID-19 in the New York City Area. JAMA 32, 2052. doi:10.1001/jama.2020.6775
 Robinson, C. M., Jesudhasan, P. R., and Pfeiffer, J. K. (2014). Bacterial Lipopolysaccharide Binding Enhances Virion Stability and Promotes Environmental Fitness of an Enteric Virus. Cell Host & Microbe 15, 36–46. doi:10.1016/j.chom.2013.12.004
 Rondanelli, M., Giacosa, A., Faliva, M. A., Perna, S., Allieri, F., and Castellazzi, A. M. (2015). Review on Microbiota and Effectiveness of Probiotics Use in Older. World. J. Clin. Cases.jcc 3, 156–162. doi:10.12998/wjcc.v3.i2.156
 Roos, C. M., Zhang, B., Palmer, A. K., Ogrodnik, M. B., Pirtskhalava, T., Thalji, N. M., et al. (2016). Chronic Senolytic Treatment Alleviates Established Vasomotor Dysfunction in Aged or Atherosclerotic Mice. Aging Cell 15, 973–977. doi:10.1111/acel.12458
 Rowe, H. M., Meliopoulos, V. A., Iverson, A., Bomme, P., Schultz-Cherry, S., and Rosch, J. W. (2019). Direct Interactions with Influenza Promote Bacterial Adherence during Respiratory Infections. Nat. Microbiol. 4, 1328–1336. doi:10.1038/s41564-019-0447-0
 Rydyznski Moderbacher, C., Ramirez, S. I., Dan, J. M., Grifoni, A., Hastie, K. M., Weiskopf, D., et al. (2020). Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and Disease Severity. Cell 183, 996–1012. doi:10.1016/j.cell.2020.09.038
 Sato, T., Stange, D. E., Ferrante, M., Vries, R. G. J., Van Es, J. H., Van Den Brink, S., et al. (2011). Long-term Expansion of Epithelial Organoids from Human colon, Adenoma, Adenocarcinoma, and Barrett's Epithelium. Gastroenterology 141, 1762–1772. doi:10.1053/j.gastro.2011.07.050
 Sawalha, A. H., Zhao, M., Coit, P., and Lu, Q. (2020). Epigenetic Dysregulation of ACE2 and Interferon-Regulated Genes Might Suggest Increased COVID-19 Susceptibility and Severity in Lupus Patients. Clin. Immunol. 215, 108410. doi:10.1016/j.clim.2020.108410
 Schafer, M. J., White, T. A., Evans, G., Tonne, J. M., Verzosa, G. C., Stout, M. B., et al. (2016). Exercise Prevents Diet-Induced Cellular Senescence in Adipose Tissue. Diabetes 65, 1606–1615. doi:10.2337/db15-0291
 Schafer, M. J., White, T. A., Iijima, K., Haak, A. J., Ligresti, G., Atkinson, E. J., et al. (2017). Cellular Senescence Mediates Fibrotic Pulmonary Disease. Nat. Commun. 8, 14532. doi:10.1038/ncomms14532
 Schwank, G., Koo, B.-K., Sasselli, V., Dekkers, J. F., Heo, I., Demircan, T., et al. (2013). Functional Repair of CFTR by CRISPR/Cas9 in Intestinal Stem Cell Organoids of Cystic Fibrosis Patients. Cell Stem Cell 13, 653–658. doi:10.1016/j.stem.2013.11.002
 Segal, L. N., Clemente, J. C., Tsay, J. C., Koralov, S. B., Keller, B. C., Wu, B. G., et al. (2016). Enrichment of the Lung Microbiome with Oral Taxa Is Associated with Lung Inflammation of a Th17 Phenotype. Nat. Microbiol. 1, 16031. doi:10.1038/nmicrobiol.2016.31
 Shen, B., Yi, X., Sun, Y., Bi, X., Du, J., Zhang, C., et al. (2020). Proteomic and Metabolomic Characterization of COVID-19 Patient Sera. Cell 182, 52. doi:10.1016/j.cell.2020.05.032
 Shi, Z., Zou, J., Zhang, Z., Zhao, X., Noriega, J., Zhang, B., et al. (2019). Segmented Filamentous Bacteria Prevent and Cure Rotavirus Infection. Cell 179, 644–658. doi:10.1016/j.cell.2019.09.028
 Short, K. R., Vissers, M., De Kleijn, S., Zomer, A. L., Kedzierska, K., Grant, E., et al. (2014). Bacterial Lipopolysaccharide Inhibits Influenza Virus Infection of Human Macrophages and the Consequent Induction of CD8+ T Cell Immunity. J. Innate Immun. 6, 129–139. doi:10.1159/000353905
 Sierra, F., and Kohanski, R. (2017). Geroscience and the Trans-NIH Geroscience Interest Group, GSIG. GeroScience 39, 1–5. doi:10.1007/s11357-016-9954-6
 Statistics, N. C. F. H. (2020). COVID-19 Data from the National Center for Health Statistics. [Online]. Available: https://www.cdc.gov/nchs/covid19/ (Accessed May 1, 2021). 
 Stehle, J. R., Leng, X., Kitzman, D. W., Nicklas, B. J., Kritchevsky, S. B., and High, K. P. (2012). Lipopolysaccharide-binding Protein, a Surrogate Marker of Microbial Translocation, Is Associated with Physical Function in Healthy Older Adults. Journals Gerontol. Ser. A: Biol. Sci. Med. Sci. 67, 1212–1218. doi:10.1093/gerona/gls178
 Suki, B., Stamenović, D., and Hubmayr, R. (2011). Lung Parenchymal Mechanics. Compr. Physiol. 1, 1317–1351. doi:10.1002/cphy.c100033
 Tchkonia, T., and Kirkland, J. L. (2018). Aging, Cell Senescence, and Chronic Disease. JAMA 320, 1319–1320. doi:10.1001/jama.2018.12440
 Thevaranjan, N., Puchta, A., Schulz, C., Naidoo, A., Szamosi, J. C., Verschoor, C. P., et al. (2017). Age-Associated Microbial Dysbiosis Promotes Intestinal Permeability, Systemic Inflammation, and Macrophage Dysfunction. Cell Host & Microbe 21, 455–466. doi:10.1016/j.chom.2017.03.002
 Thome, J. J. C., Yudanin, N., Ohmura, Y., Kubota, M., Grinshpun, B., Sathaliyawala, T., et al. (2014). Spatial Map of Human T Cell Compartmentalization and Maintenance over Decades of Life. Cell 159, 814–828. doi:10.1016/j.cell.2014.10.026
 Tiihonen, K., Ouwehand, A. C., and Rautonen, N. (2010). Human Intestinal Microbiota and Healthy Ageing. Ageing Res. Rev. 9, 107–116. doi:10.1016/j.arr.2009.10.004
 Tsang, P., Gorse, G. J., Strout, C. B., Sperling, M., Greenberg, D. P., Ozol-Godfrey, A., et al. (2014). Immunogenicity and Safety of Fluzone Intradermal and High-Dose Influenza Vaccines in Older Adults ≥65 Years of Age: A Randomized, Controlled, Phase II Trial. Vaccine 32, 2507–2517. doi:10.1016/j.vaccine.2013.09.074
 Ucar, D., Márquez, E. J., Chung, C.-H., Marches, R., Rossi, R. J., Uyar, A., et al. (2017). The Chromatin Accessibility Signature of Human Immune Aging Stems from CD8+ T Cells. J. Exp. Med. 214, 3123–3144. doi:10.1084/jem.20170416
 Vaiserman, A. M., Koliada, A. K., and Marotta, F. (2017). Gut Microbiota: A Player in Aging and a Target for Anti-aging Intervention. Ageing Res. Rev. 35, 36–45. doi:10.1016/j.arr.2017.01.001
 Van Buynder, P. G., Konrad, S., Van Buynder, J. L., Brodkin, E., Krajden, M., Ramler, G., et al. (2013). The Comparative Effectiveness of Adjuvanted and Unadjuvanted Trivalent Inactivated Influenza Vaccine (TIV) in the Elderly. Vaccine 31, 6122–6128. doi:10.1016/j.vaccine.2013.07.059
 Varadhan, R., Yao, W., Matteini, A., Beamer, B. A., Xue, Q.-l., Yang, H., et al. (2014). Simple Biologically Informed Inflammatory index of Two Serum Cytokines Predicts 10 Year All-Cause Mortality in Older Adults. Journals Gerontol. Ser. A: Biol. Sci. Med. Sci. 69A, 165–173. doi:10.1093/gerona/glt023
 Verity, R., Okell, L. C., Dorigatti, I., Winskill, P., Whittaker, C., Imai, N., et al. (2020). Estimates of the Severity of Coronavirus Disease 2019: a Model-Based Analysis. Lancet Infect. Dis. 20, 669–677. doi:10.1016/s1473-3099(20)30243-7
 Waldman, P., Meseguer, A., Lucas, F., Moulin, L., and Wurtzer, S. (2017). Interaction of Human Enteric Viruses with Microbial Compounds: Implication for Virus Persistence and Disinfection Treatments. Environ. Sci. Technol. 51, 13633–13640. doi:10.1021/acs.est.7b03875
 Wang, B., Liu, Z., Chen, V. P., Wang, L., Inman, C. L., Zhou, Y., et al. (2020). Transplanting Cells from Old but Not Young Donors Causes Physical Dysfunction in Older Recipients. Aging Cell. 19, e13106. doi:10.1111/acel.13106
 Wang, J., Li, F., Sun, R., Gao, X., Wei, H., Li, L. J., et al. (2013). Bacterial Colonization Dampens Influenza-Mediated Acute Lung Injury via Induction of M2 Alveolar Macrophages. Nat. Commun. 4, 2106. doi:10.1038/ncomms3106
 Wikby, A., Nilsson, B.-O., Forsey, R., Thompson, J., Strindhall, J., Löfgren, S., et al. (2006). The Immune Risk Phenotype Is Associated with IL-6 in the Terminal Decline Stage: Findings from the Swedish NONA Immune Longitudinal Study of Very Late Life Functioning. Mech. Ageing Develop. 127, 695–704. doi:10.1016/j.mad.2006.04.003
 Wu, D. (2020). Plasma Metabolomic and Lipidomic Alterations Associated with COVID-19. Natl. Sci. Rev.
 Wu, F. W., Wang, A., Liu, M., Wang, Q., Chen, J., Xia, S., et al. (2020). Neutralizing Antibody Responses to SARS-CoV-2 in a COVID-19 Recovered Patient Cohort and Their Implications. medRxiv .
 Xia, H., Cao, Z., Xie, X., Zhang, X., Chen, J. Y.-C., Wang, H., et al. (2020). Evasion of Type I Interferon by SARS-CoV-2. Cel Rep. 33, 108234. doi:10.1016/j.celrep.2020.108234
 Xu, M., Bradley, E. W., Weivoda, M. M., Hwang, S. M., Pirtskhalava, T., Decklever, T., et al. (2017). Transplanted Senescent Cells Induce an Osteoarthritis-like Condition in Mice. J. Gerontol. A. Biol. Sci. Med. Sci. 72, 780–785. doi:10.1093/gerona/glw154
 Xu, M., Palmer, A. K., Ding, H., Weivoda, M. M., Pirtskhalava, T., White, T. A., et al. (2015a). Targeting Senescent Cells Enhances Adipogenesis and Metabolic Function in Old Age. Elife 4, e12997. doi:10.7554/elife.12997
 Xu, M., Pirtskhalava, T., Farr, J. N., Weigand, B. M., Palmer, A. K., Weivoda, M. M., et al. (2018). Senolytics Improve Physical Function and Increase Lifespan in Old Age. Nat. Med. 24, 1246–1256. doi:10.1038/s41591-018-0092-9
 Xu, M., Tchkonia, T., Ding, H., Ogrodnik, M., Lubbers, E. R., Pirtskhalava, T., et al. (2015b). JAK Inhibition Alleviates the Cellular Senescence-Associated Secretory Phenotype and Frailty in Old Age. Proc. Natl. Acad. Sci. USA 112, E6301–E6310. doi:10.1073/pnas.1515386112
 Xu, Z., Shi, L., Wang, Y., Zhang, J., Huang, L., Zhang, C., et al. (2020). Pathological Findings of COVID-19 Associated with Acute Respiratory Distress Syndrome. Lancet Respir. Med. 8, 420–422. doi:10.1016/s2213-2600(20)30076-x
 Yang, J.-K., Lin, S.-S., Ji, X.-J., and Guo, L.-M. (2010). Binding of SARS Coronavirus to its Receptor Damages Islets and Causes Acute Diabetes. Acta Diabetol. 47, 193–199. doi:10.1007/s00592-009-0109-4
 Yang, X., Yu, Y., Xu, J., Shu, H., Xia, J. a., Liu, H., et al. (2020). Clinical Course and Outcomes of Critically Ill Patients with SARS-CoV-2 Pneumonia in Wuhan, China: a Single-Centered, Retrospective, Observational Study. Lancet Respir. Med. 8, 475–481. doi:10.1016/s2213-2600(20)30079-5
 Yi, S. H., See, I., Kent, A. G., Vlachos, N., Whitworth, J. C., Xu, K., et al. (2020). Characterization of COVID-19 in Assisted Living Facilities - 39 States, October 2020. Morb. Mortal. Wkly. Rep. 69, 1730–1735. doi:10.15585/mmwr.mm6946a3
 Yousefzadeh, M. J., Zhu, Y., Mcgowan, S. J., Angelini, L., Fuhrmann-Stroissnigg, H., Xu, M., et al. (2018). Fisetin Is a Senotherapeutic that Extends Health and Lifespan. EBioMedicine 36, 18–28. doi:10.1016/j.ebiom.2018.09.015
 Zhang, J. J., Dong, X., Cao, Y. Y., Yuan, Y. D., Yang, Y. B., Yan, Y. Q., et al. (2020a). Clinical Characteristics of 140 Patients Infected with SARS-CoV-2 in Wuhan, China. Allergy 75 (7), 1730–1741. doi:10.1111/all.14238
 Zhang, Q., Bastard, P., Liu, Z., Le Pen, J., Moncada-Velez, M., Chen, J., et al. (2020b). Inborn Errors of Type I IFN Immunity in Patients with Life-Threatening COVID-19. Science 370. eabd4570. doi:10.1126/science.abd4570
 Zheng, H.-Y., Zhang, M., Yang, C.-X., Zhang, N., Wang, X.-C., Yang, X.-P., et al. (2020a). Elevated Exhaustion Levels and Reduced Functional Diversity of T Cells in Peripheral Blood May Predict Severe Progression in COVID-19 Patients. Cell Mol Immunol 17, 541–543. doi:10.1038/s41423-020-0401-3
 Zheng, M., Gao, Y., Wang, G., Song, G., Liu, S., Sun, D., et al. (2020b). Functional Exhaustion of Antiviral Lymphocytes in COVID-19 Patients. Cel Mol Immunol 17, 533–535. doi:10.1038/s41423-020-0402-2
 Zheng, S., Fan, J., Yu, F., Feng, B., Lou, B., Zou, Q., et al. (2020c). Viral Load Dynamics and Disease Severity in Patients Infected with SARS-CoV-2 in Zhejiang Province, China, January-March 2020: Retrospective Cohort Study. BMJ 369, m1443. doi:10.1136/bmj.m1443
 Zhou, J., and Tan, J. (2020). Letter to the Editor: Diabetes Patients with COVID-19 Need Better Blood Glucose Management in Wuhan, China. Metabolism 107, 154216. doi:10.1016/j.metabol.2020.154216
 Zhou, P., Yang, X.-L., Wang, X.-G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A Pneumonia Outbreak Associated with a New Coronavirus of Probable Bat Origin. Nature 579, 270–273. doi:10.1038/s41586-020-2012-7
 Zhu, Y., Armstrong, J. L., Tchkonia, T., and Kirkland, J. L. (2014). Cellular Senescence and the Senescent Secretory Phenotype in Age-Related Chronic Diseases. Curr. Opin. Clin. Nutr. Metab. Care 17, 324–328. doi:10.1097/mco.0000000000000065
Conflict of Interest: LH and GK function as consultants for Spring Discovery. GK has also functioned as consultant for resTORbio and Janssen. AK is co-owner of Nutrabiotix Inc. and BetterBiotics Inc. focused in developing microbiota-directed intervention. IO serves as a board member for Biolife4D Company exploring the use of 3D bioprinting technologies for fabrication of cardiac models. MX has a financial interest on research involving senolytic drugs (including PCT/US 2016/041646, filed at the US Patent Office) with patents held by Mayo Clinic.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Landay, Bartley, Banerjee, Hargis, Haynes, Keshavarzian, Kuo, Kwon, Li, Li, Oh, Ozbolat, Ucar, Xu, Yao, Unutmaz and Kuchel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Network Topology of Biological Aging and Geroscience-Guided Approaches to COVID-19		Introduction

		Hallmarks of Aging and COVID-19		Immunosenescence, Inflammaging, and Immunology of COVID-19

		Inflammaging and the Microbiome

		Aging GI Track and Microbiota in COVID-19

		Bacteria Influence Viral Infectivity

		Epigenetics of Aging and COVID-19

		Epigenetic Clocks as Predictors of COVID-19 Disease Severity

		Potential Epigenetic Therapies to Combat SARS-CoV-2 Infections

		Metabolism, Obesity, and Cardiovascular Disorders in COVID-19

		Role of Mitochondrial Dysfunction and Autophagy

		Understanding Complex COVID-19 Pathogenesis in Humans via 3D Bioprinting and Organoids





		Vaccine Development for Emerging Pathogens in Older Adults

		Role of Senolytics and Other Geroscience-Guided Therapies

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
’ frontiers
in Aging

Network Topology of Biological
Aging and Geroscience-Guided
Approaches to COVID-19





OPS/images/fragi-02-695218-g001.gif
Hallmarks of Agi
Macromolocular ~ Stom Cols &
Camage  Regenration






OPS/images/fragi-02-695218-g002.gif
A
pe = R recoary
T3 é f T

T — i =
% sl 1 T
LS §

. 3
@@ e
3 -
T

A o
@
TR - e









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
1N Aging





