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The COVID-19 pandemic, caused by the novel coronavirus SARS-CoV-2, has profoundly impacted global health, affecting not only the immediate morbidity and mortality rates but also long-term health outcomes across various populations. Although the acute effects of COVID-19 on the respiratory system have initially been the primary focus, it is increasingly evident that the virus can have significant impacts on multiple physiological systems, including the nervous and immune systems. The pandemic has highlighted the complex interplay between viral infection, immune aging, and brain health, that can potentially accelerate neuroimmune aging and contribute to the persistence of long COVID conditions. By inducing chronic inflammation, immunosenescence, and neuroinflammation, COVID-19 may exacerbate the processes of neuroimmune aging, leading to increased risks of cognitive decline, neurodegenerative diseases, and impaired immune function. Key factors include chronic immune dysregulation, oxidative stress, neuroinflammation, and the disruption of cellular processes. These overlapping mechanisms between aging and COVID-19 illustrate how the virus can induce and accelerate aging-related processes, leading to an increased risk of neurodegenerative diseases and other age-related conditions. This mini-review examines key features and possible mechanisms of COVID-19-induced neuroimmune aging that may contribute to the persistence and severity of long COVID. Understanding these interactions is crucial for developing effective interventions. Anti-inflammatory therapies, neuroprotective agents, immunomodulatory treatments, and lifestyle interventions all hold potential for mitigating the long-term effects of the virus. By addressing these challenges, we can improve health outcomes and quality of life for millions affected by the pandemic.

Keywords
 COVID-19; long COVID; brain aging; neuroinflammation; immunosenescence; inflammaging; neurological disorders


1 Introduction

The unprecedented COVID-19 pandemic claimed millions of lives in a short period, and its threat continues to affect survivors through post-COVID syndrome, commonly known as long COVID (Davis et al., 2023). This condition is characterized by a diverse set of symptoms that persist long after the initial infection has resolved and can affect virtually every organ and system in the body. This multisystemic nature necessitates a multidisciplinary approach to diagnosis, treatment, and investigation. In addition to uncertainties about its pathogenesis, significant questions remain regarding the long-term trajectory of post-COVID conditions. Long COVID may present a potential additional public health crisis, with estimates suggesting that 1 in 5 COVID-19 survivors exhibit clinical manifestations consistent with this syndrome. The incidence of long COVID is valued at 10–30% in non-hospitalized cases, 50–70% in hospitalized cases, and 10–12% in vaccinated individuals, highlighting its widespread impact (Ceban et al., 2022; Davis et al., 2023).

A meta-analysis of 41 studies has identified several risk factors for developing long COVID, including female sex, older age, higher BMI, and smoking (Tsampasian et al., 2023). Women, especially those under 50, may be up to three times more likely to be diagnosed with long COVID. This disparity can be attributed to biological differences in the expression of angiotensin-converting enzyme-2 (ACE2) and transmembrane serine protease 2 (TMPRSS2) between genders, as well as immunological variations between sexes (Fernandez-de-Las-Penas et al., 2022; Klein and Flanagan, 2016; Tsampasian et al., 2023) highlighting the significance of the immunological component in the long COVID conditions.

In general, long COVID affects individuals across all age groups, with the highest diagnosis rates occurring between ages 36 and 50. As the majority of overall COVID-19 cases comprise non-hospitalized patients with mild acute illness, most cases of long COVID in absolute numbers are found in this group. Alarmingly, a significant proportion of these individuals develop debilitating symptoms, including severe fatigue, neurological conditions, respiratory issues, and cognitive impairments. These persistent symptoms can severely impact the quality of life, hindering individuals’ ability to return to work or perform daily activities.

Cognitive decline often associated with long COVID appears to affect all age groups, but older adults are particularly vulnerable to long-term cognitive impairments due to age-related neurodegenerative changes and immunosenescence (Arbula et al., 2024; Di Benedetto et al., 2017; Serrano Del Pueblo et al., 2024). In older individuals, the combination of chronic inflammation and neuroimmune dysregulation due to COVID-19 may accelerate processes linked to neurodegenerative diseases, resulting in more pronounced cognitive deficits, including memory loss, executive dysfunction, and impaired attention (Arbula et al., 2024; Ariza et al., 2023). However, studies have also shown cognitive changes in younger populations affected by long COVID (Tayeri et al., 2022). While typically less severe than in older adults, younger individuals may experience difficulties with attention, processing speed, and working memory—key functions that can impact daily activities and overall quality of life. Although these effects are often milder, the persistence of symptoms suggests that long COVID can lead to subtle but lasting changes in cognitive abilities across age groups.

The broad spectrum of long COVID manifestations places a significant burden on healthcare systems, which must adapt to manage and treat this emerging public health crisis effectively (Davis et al., 2023; Tsampasian et al., 2023). The widespread impact of COVID-19 across various age groups, particularly young and middle-aged individuals, and its long-term complications resembling those typically seen in the elderly (such as cardiovascular complications, diabetes, joint bone problems, depression, cognitive and neurodegenerative disorders) suggest that age-related conditions may appear at younger ages in the future (Tayeri et al., 2022).

The immune system plays a crucial role in the pathophysiology of COVID-19 and the subsequent development of post-COVID syndrome (Altmann et al., 2023; Files et al., 2021; Müller and Di Benedetto, 2023b). During the acute phase of infection, the immune response orchestrates the defense mechanisms to eliminate the virus, but an overactive or misdirected immune response can lead to tissue damage and inflammation, contributing to severe disease and long-term symptoms (Akbar and Gilroy, 2020; Müller and Di Benedetto, 2021).

Chronic inflammation, a key factor in the development and persistence of long COVID, can vary significantly among individuals due to genetic and environmental influences (Nasef et al., 2017). Current literature supports the hypothesis that host genetic factors influence susceptibility to COVID-19. Genetic factors, such as polymorphisms in genes encoding cytokines (e.g., IL-6, TNF-α) and immune-regulatory molecules, can modulate the inflammatory response (Choudhri et al., 2023; Nasef et al., 2017), making certain individuals more prone to heightened inflammation and prolonged immune dysregulation. Variants in genes related to the ACE2 receptor—the primary entry point for SARS-CoV-2—may also influence susceptibility to infection and subsequent inflammatory responses (Ren et al., 2022). Additional research is needed to fully identify relevant genetic variants and uncover the causal mechanisms behind these associations (Choudhri et al., 2023). Environmental factors—such as diet, physical activity, chronic stress, and exposure to pollutants—further influence baseline inflammation levels and immune response variability (Zhang et al., 2023). These environmental and genetic contributors may underlie disparities in long COVID outcomes across populations.

The immune system is in constant communication with neurological processes through a network of signaling molecules and pathways. This ongoing cross-talk is essential for maintaining homeostasis but can also contribute to pathological disease states (Bohmwald et al., 2024; Davis et al., 2023; Di Benedetto et al., 2017; Lord et al., 2024; Tsampasian et al., 2023). The complex interplay between the immune and neurological systems in long COVID involves a dynamic and often dysregulated interaction that can lead to prolonged symptoms affecting various body systems. Similarly, this intricate relationship is observed in the aging process, where immune system changes can influence neurological health and vice versa, highlighting the importance of these interconnected systems in both disease and aging contexts (Akbar and Gilroy, 2020; Müller and Di Benedetto, 2023b; Shafqat et al., 2024).

Moreover, the chronic inflammation and immune dysregulation associated with long COVID may accelerate neuroimmune aging in affected individuals (Lord et al., 2024; Shafqat et al., 2024). Neuroimmune aging refers to the progressive decline in the interactions between the nervous and immune systems as part of the aging process. It involves increased chronic inflammation (inflammaging), immune system dysfunction (immunosenescence), and neuroinflammation, which together contribute to cognitive decline, reduced neural plasticity, and heightened vulnerability to neurodegenerative diseases. This term highlights the interconnected deterioration of both the immune and nervous systems as organisms age. Such interrelated decline contributes to increased susceptibility to infections, neurodegenerative diseases, and overall morbidity and mortality (Dantzer, 2018; Davis et al., 2023; Hayley and Sun, 2021; Müller and Di Benedetto, 2023a). An increasing number of COVID-19 survivors experience cognitive and neurological impairment, with strong evidence pointing to a trajectory of accelerated aging and neurodegeneration. This potential change in the trajectory of aging could lead to an earlier onset of age-related diseases and conditions, such as neurodegenerative disorders, cardiovascular diseases, and metabolic syndromes, in this population (Davis et al., 2023; Foster et al., 2022; Müller and Di Benedetto, 2023b; Shafqat et al., 2024).

In the sections that follow we aim to explore the impact of COVID-19 on neuroimmune function and examine the potential mechanisms through which COVID-19 may accelerate neuroimmune aging – an area of growing concern given the long-term health implications for those infected with the virus. This research is crucial not only for addressing the current needs of long COVID patients but also for understanding how COVID-19 might alter the natural aging process, ultimately preparing healthcare systems to handle potential future pandemics with similar long-term sequelae.



2 Exploring the link between COVID-19 and immunosenescence

COVID-19 is associated with higher morbidity and mortality rates among older adults. A significant contributing factor is the aging immune system, which renders older individuals more susceptible to infections, less capable of effectively controlling them, and more prone to detrimental responses such as hyperinflammation and autoimmunity (Files et al., 2021; Müller and Di Benedetto, 2021). On the other hand, the infection itself may exacerbate features of immunosenescence, leading to accelerated immune aging. This phenomenon could affect not only older individuals but also those who experienced COVID-19 at a younger age, potentially changing the trajectory of their immune aging (Akbar and Gilroy, 2020; Altmann et al., 2023; Koff and Williams, 2020; Lucas et al., 2020).

The characteristic feature of immunosenescence—the gradual decline of immune function with age—is the substantial remodeling of the immune system (Figure 1), leading to increased susceptibility to infections, reduced responses to vaccinations, and elevated risk of autoimmunity. Hallmarks of immunosenescence include thymic atrophy, which leads to diminished naïve T-cell output, accumulation of exhausted and senescent memory T cells, and an increase in natural killer (NK) cells with reduced cytotoxicity (Aiello et al., 2019; Fulop et al., 2021; Hazeldine et al., 2012; Liu et al., 2023; Müller et al., 2019; Pawelec, 2018). Furthermore, advancing age is associated with reduced B-cell lymphopoiesis, leading to a decrease in naïve and regulatory B cells and an accumulation of memory B cells. Additionally, there is a shift toward Th17 polarization and an expansion of regulatory T cells (Tregs) with impaired suppressive capacity (Wu et al., 2021).
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FIGURE 1
 Parallels between immunosenescence and impact of COVID-19: acceleration and exacerbation of immune aging in long COVID. Hallmarks of immunosenescence (left) include thymic involution, which leads to diminished naïve T-cell output, accumulation of exhausted and senescent memory T cells, and an increase in NK cells with reduced cytotoxicity. Reduced B-cell lymphopoiesis leads to a decrease in naïve and regulatory B cells and an accumulation of memory B cells. Senescent T cells represent pro-inflammatory features, exhibiting a senescence-associated secretory phenotype (SASP) (Glass et al., 2010) immune cells also exhibit an inflammatory phenotype, producing pro-inflammatory cytokines even in the absence of infection. These changes contribute to inflammaging, which serves as a fundamental basis for numerous age-related diseases. COVID-19 (right) can exacerbate these features of immunosenescence by further inducing thymic atrophy, triggering an overactive and misdirected immune response, and causing reactivation of latent viruses. Dysfunctional mitochondria activate inflammasomes, contributing to a persistent inflammatory state. Additionally, gut dysbiosis, a hallmark of aging, may contribute to autoimmunity, neuroinflammation, dysautonomia, and metabolic disturbances—all signatures, seen also in long COVID. Together, these processes illustrate how COVID-19 can induce or accelerate the effects of immunosenescence, highlighting the complex interplay between chronic viral infections and the immune system aging. IC, immune cells; sTC, senescent T cell; nTC, naïve T cell; mTC, memory T cells; eTC, exhausted T cell; nBC, naïve B cell; mBC, memory B cell; SASP, senescence-associated secretory phenotype; NK, natural killer cell; iC, inflammatory cytokine; Is, inflammasome; Mth, mitochondria; latV, latent viruses; AAB, autoimmune antibody, EBV, Epstein–Barr virus; VZV, varicella-zoster virus; HHV-6, human herpesvirus 6; CMV, cytomegalovirus.


Immunosenescence affects both the innate and adaptive immune systems. In the innate immune system, aging macrophages exhibit reduced phagocytic capacity and heightened pro-inflammatory cytokine production. In the adaptive immune system, aging T cells display reduced proliferative potential and functional exhaustion, leading to impaired immune surveillance and response (Aiello et al., 2019; Alves and Bueno, 2019). The senescent T cells exhibit pro-inflammatory features, characterized by a senescence-associated secretory phenotype (SASP), which includes the secretion of various pro-inflammatory cytokines, such as IL-6, IL-1β, and TNF-α, as well as chemokines like CXCL8 and CCL2. This SASP not only contributes to the chronic, low-grade inflammation observed in aging but may also alter the local tissue environment, promoting immune dysfunction, tissue damage, and reduced immune surveillance. Macrophages in older adults also exhibit an inflammatory phenotype, producing pro-inflammatory cytokines such as IL-6, TNF-α, and IL-1β even in the absence of infection. These changes contribute to a pro-inflammatory state in older adults, termed inflammaging, which serves as a fundamental basis for numerous age-related diseases, including neurodegenerative disorders and chronic inflammatory conditions (Cunha et al., 2020; Franceschi et al., 2017; Fulop et al., 2021; Gruver et al., 2007; Liu et al., 2023; Müller et al., 2013). During COVID-19, this pre-existing immune dysfunction is exacerbated, with studies showing that aged T cells and macrophages have an amplified inflammatory profile in response to SARS-CoV-2, driving severe inflammation and poor outcomes in elderly patients (Omarjee et al., 2020; Pietrobon et al., 2020). Understanding how these immune components are affected by both aging and COVID-19 is crucial for addressing the long-term impact of the virus on older populations.

COVID-19 may exacerbate immunosenescence through several mechanisms, which can be both acute and persistent. In patients with severe COVID-19, a cytokine storm is often triggered, characterized by an excessive release of pro-inflammatory cytokines such as IL-6, TNF-α, and IL-1β. This uncontrolled inflammatory response is particularly detrimental in older adults, where immune senescence already contributes to a pro-inflammatory baseline (Alvarez-Heredia et al., 2023). Aging T cells, for example, exhibit markers of exhaustion, such as PD-1 and TIM-3, which limit their proliferative capacity and ability to mount an effective immune response (Wu et al., 2021). In addition, senescent immune cells, such as CD8+ T cells, show a senescence-associated secretory phenotype, releasing CXCL8, CCL2, and GM-CSF, further amplifying inflammation and contributing to tissue damage (Pius-Sadowska et al., 2022). The persistence of these senescent cells and their SASP may exacerbate the cytokine storm, leading to worse outcomes in aged populations. This specific immune dysregulation highlights the complex interplay between immune exhaustion, senescence, and cytokine overproduction, providing a clearer understanding of how aging contributes to severe COVID-19 pathology (Bauer and Fuente Mde, 2016; Domingues et al., 2020; Müller and Di Benedetto, 2021).

Thus, the virus-induced cytokine storm can cause immune cell exhaustion, while chronic inflammation can promote the accumulation of senescent immune cells (Shafqat et al., 2024; Tizazu et al., 2022). Together, these effects can lead to a more rapid decline in immune function and progression of immunosenescence (Figure 1). During the initial phase of infection, the immune system can be overwhelmed by the virus, leading to a heightened state of immune activation (Alvarez-Heredia et al., 2023; Müller and Di Benedetto, 2021; Wilk et al., 2020; Zheng et al., 2020). This acute stress can accelerate the aging of immune cells, causing them to exhibit characteristics typical of older immune systems, such as reduced proliferation capacity, diminished response to new infections, and increased production of pro-inflammatory cytokines. During the acute phase of COVID-19, research has demonstrated signs of both an exhausted and aged immune phenotype in patients. This includes CD8 T cells and NK cells exhibiting reduced production of interleukin (IL)-2 and interferon (IFN)-γ, diminished granzyme expression and degranulation, and an increased expression of the inhibitory receptor NKG2A (Wilk et al., 2020; Zheng et al., 2020). These alterations in immune function are more pronounced with increasing severity of the disease, suggesting a direct link between these immune characteristics and a compromised ability to respond to the infection (Lord et al., 2024).

Furthermore, the interplay between COVID-19 and immunosenescence not only affects immediate outcomes but may also have long-term implications for older and also mid-aged adults. Post-infection, the long-term effects of the virus can continue to influence the immune system (Davis et al., 2023; Koff and Williams, 2020; Müller and Di Benedetto, 2023b; Tsampasian et al., 2023). In some COVID-19 patients, particularly those with severe disease, the immune system remains activated long after the acute infection has resolved (Lord et al., 2024; Müller and Di Benedetto, 2021). This chronic immune activation is associated with ongoing inflammation and further immune cell exhaustion. The persistent inflammatory state seen in COVID-19 survivors may therefore lead to sustained immune system dysfunction and contribute to accelerated immune aging. A similar state of accelerated immunosenescence has been observed in a younger cohort of traumatic injury patients, suggesting that an acute challenge can negatively influence immune aging (Foster et al., 2022).

Recent studies observe a decay in long COVID cases, likely due to the evolving nature of the virus variants (Bohmwald et al., 2024). Acute infection with the Alpha variant causes significant thymic atrophy, a key indicator of immunosenescence, leading to the depletion of naïve T cells (Goncalves et al., 2023). This characteristic is not observed with the Delta and Omicron variants, implying that individuals infected earlier in the pandemic may be more susceptible to developing immunosenescence (Shafqat et al., 2024). This finding highlights the variant-specific pathophysiology of long COVID and its broader implications for understanding the disease’s progression.

Using a composite score of immune aging known as IMM-AGE, researchers have demonstrated that SARS-CoV-2 infection accelerates immunosenescence (Lord et al., 2024). They supposed that antigenic stimulation during viral infection can lead to telomere shortening and the emergence of more highly differentiated EMRA T cells, as well as exhausted and senescent T cells. Studies conducted on individuals recovering from COVID-19, 3–5 and 8 months post-infection, have shown sustained high levels of IL-6 and two further anti-viral cytokines (IFN-β and IFN-λ1), which were associated with persistent symptoms of long COVID (Lord et al., 2024; Phetsouphanh et al., 2022). So-called footprint of long COVID was characterized by prolonged inflammation (lasting over 8 months) induced by specific innate immune cells, such as monocytes and plasmacytoid dendritic cells, along with the activation of CD8+ memory T-cell subsets expressing PD-1 (Altmann et al., 2023; Phetsouphanh et al., 2022).

Persistent inflammation, similar to the chronic inflammatory state observed in elderly individuals, is a characteristic feature in many patients with long COVID conditions. Due to the biological and pathophysiological heterogeneity of long COVID, inflammaging might be particularly evident in a subset of individuals with an inflammatory subtype. This subtype is marked by persistent elevations in IL-1, IL-6, TNFα, type I and II interferons, neutrophil activation, altered B-cell memory, and autoreactivity (Shafqat et al., 2024; Talla et al., 2023). Subtyping individuals with long COVID based on their immune cell phenotype and cytokine profile, researches identified a distinct group of patients with persistent inflammation. This group is characterized by heightened innate and adaptive immune activation, alongside a potential loss of immune-regulatory mediators and adaptive immune cells (Ruffieux et al., 2023)—features shared with immunosenescence. Moreover, persistent elevations of CD40 in critically ill COVID-19 patients, observed even 6 months post-infection, indicate sustained T-cell activation and chronic inflammation (Klein et al., 2023). Additionally, a significant area of overlap involves the reactivation of latent herpesviruses such as Epstein–Barr virus (EBV), varicella-zoster virus (VZV), human herpesvirus 6 (HHV-6), and cytomegalovirus (CMV). This reactivation is accompanied by increased adaptive immune reactivity, further complicating the clinical picture and potentially exacerbating the long-term effects of COVID-19 (Klein et al., 2023; Müller and Di Benedetto, 2024; Pius-Sadowska et al., 2022).

The NLRP3 inflammasome plays a central role in the immune response to viral infections, including SARS-CoV-2, by sensing damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs). Upon activation, the NLRP3 inflammasome promotes the release of pro-inflammatory cytokines, such as IL-1β and IL-18, which are key mediators of the inflammatory response seen in severe COVID-19 cases (Vora et al., 2021). However, chronic NLRP3 activation is also implicated in immunosenescence and is associated with aging (Ferrucci and Fabbri, 2018; Liang et al., 2024). This intersection between NLRP3 activation, COVID-19, and aging is crucial for understanding how long COVID may exacerbate immune aging.

In the context of COVID-19, NLRP3 inflammasome activation can drive prolonged and excessive inflammation, contributing to cytokine storm in severe cases and potentially leading to long-term immune dysregulation (Liang et al., 2024; Pan et al., 2021; Vora et al., 2021). Persistent NLRP3 activation, particularly in elderly individuals or those with pre-existing conditions, may exacerbate chronic inflammation—a hallmark of both inflammaging and long COVID. Studies have shown that NLRP3 inflammasome activation is elevated in older adults, linking it directly to age-related diseases, including neurodegenerative disorders (Ferrucci and Fabbri, 2018; Heneka et al., 2020; Vora et al., 2021). This suggests that COVID-19-induced activation of the NLRP3 pathway could accelerate the aging process by amplifying inflammation. In COVID-19 patients, particularly those who experience severe infection or long COVID, the activation of the NLRP3 inflammasome may perpetuate this chronic inflammatory state, leading to immune exhaustion, neuroinflammation, and worsening of age-related conditions.

Inflammatory regulators like the NLRP3 inflammasome may be activated by dysfunctional mitochondria, thereby linking mitochondrial dysfunction to inflammaging and cellular senescence (Guo et al., 2023). Dysfunctional mitochondria may also be associated with other shared pathways of aging and COVID-19, including inflammation and IFN responses (He et al., 2023), cellular senescence (Miwa et al., 2022), endothelial dysfunction, coagulopathy (Costa et al., 2022; Molnar et al., 2024), and dysbiosis (Saleh et al., 2020; Shafqat et al., 2024). Thus, integrating NLRP3 inflammasome activation into the broader discussion of long COVID and immunosenescence, we can see how this pathway not only drives the acute inflammatory response but also contributes to the accelerated aging of the immune system.

Gut microbiome dysbiosis, a hallmark of aging, may contribute to autoimmunity, neuroinflammation, dysautonomia, and metabolic disturbances – all seen in long COVID (Altmann et al., 2023; Ghosh et al., 2020; Shafqat et al., 2024). Indeed, dysbiosis, characterized by reduced beneficial taxa and decreased diversity, is also a key feature of long COVID (Al-Aly and Topol, 2024; Altmann et al., 2023). COVID-19 patients often show significant alterations in the composition of gut microbiota, particularly affecting bacterial phyla such as Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. Research suggests a reduction in beneficial Firmicutes and Bacteroidetes and an increase in potentially harmful Proteobacteria, correlating with increased gut permeability and systemic inflammation. Additionally, decreases in beneficial Bifidobacterium populations are associated with an increased risk of invasion by potentially harmful opportunistic pathogens (Fakharian et al., 2023). These microbiota shifts can promote a pro-inflammatory state, driving immune dysregulation and neuroinflammation, which are key components of long COVID (Raj et al., 2024; Su et al., 2024; Zuo et al., 2020).

Furthermore, reduced levels of short-chain fatty acids (SCFAs)—beneficial metabolites produced by gut bacteria—have been observed in long COVID patients. SCFAs play a crucial role in maintaining gut and immune health by modulating inflammation and supporting regulatory T-cell function (Mann et al., 2024; Raj et al., 2024). The depletion of these metabolites may exacerbate systemic inflammation and impair the immune response, contributing to persistent symptoms like fatigue, cognitive decline, and gastrointestinal issues in long COVID patients (Wlodarczyk et al., 2022; Zhang et al., 2022).

Gut microbiome dysbiosis has been shown to correlate with symptoms such as insomnia, poor memory, anxiety, and respiratory issues (Liu et al., 2022; Silva et al., 2020; Vestad et al., 2022). Recent studies link distinct microbiome profiles to specific long COVID endotypes (Shafqat et al., 2024; Su et al., 2024). To better understand the pathophysiological mechanisms of long COVID, it is crucial to consider the significant role of the microbiome in regulating neuroimmune interactions through the “gut-brain axis” (Flux and Lowry, 2020; Valles-Colomer et al., 2019; Yang et al., 2020).

The presence of autoantibodies (AABs) is another significant factor in both immunosenescence and long COVID. In COVID-19 patients, the immune system may produce AABs that target self-antigens, contributing to autoimmune-like symptoms (Akbari et al., 2023). This dysregulated immune response can persist long after the acute phase of infection, as seen in patients with long COVID. Many studies investigating autoimmunity following SARS-CoV-2 infection have highlighted the induction of a wide range of autoantibodies (Richter et al., 2021; Sacchi et al., 2021; Wallukat et al., 2021). Early investigations into immune responses during acute COVID-19 revealed that individuals with pre-existing anti-type I interferon AABs tended to experience more severe infection (Akbari et al., 2023). Additionally, SARS-CoV-2 appears capable of triggering the production of a diverse array of new AABs (Altmann et al., 2023; Müller and Di Benedetto, 2023b; Wallukat et al., 2021; Wang et al., 2021). Research on autoantibody levels in serum has revealed a high prevalence of antibodies targeting skin, skeletal muscle, and cardiac tissue (Akbari et al., 2023; Chang et al., 2021; Müller and Di Benedetto, 2023b; Richter et al., 2021). These AABs may exacerbate inflammatory processes, particularly in individuals with pre-existing immunosenescence, where the immune system’s ability to distinguish self from non-self becomes impaired. The persistent activation of autoimmunity via AABs, combined with the dysregulated cytokine release and inflammatory state described earlier, likely plays a key role in prolonging the immune dysfunction and multisystem symptoms seen in long COVID (Akbari et al., 2023).

Taken together, both aging and COVID-19 are associated with an increased inflammatory state and immune dysregulation, which can lead to similar pathological outcomes. The virus accelerates aging by exacerbating processes like inflammation, mitochondrial dysfunction, and cellular senescence, all of which show striking parallels with age-related declines in immune function and physiological resilience. Thus, the chronic inflammation and immune dysregulation associated with long COVID may induce and accelerate immune aging through different mechanisms, mirroring the immune senescence seen in the elderly. This has profound implications for the long-term health of COVID-19 survivors. In the following section, we will explore how immune dysregulation induced by both aging and COVID-19 can exacerbate sustained neuroinflammatory changes in the brain, leading to the disruption of normal brain function and potentially resulting in significant long-term consequences.



3 Neuroimmune interactions: the dual impact of aging and COVID-19

The nervous and immune systems are interconnected through various pathways, including neural, humoral, and cellular routes (Figure 2). Neuroimmune crosstalk is essential for maintaining homeostasis and responding to stressors. For example, the vagus nerve can modulate immune responses by transmitting signals from the brain to the gut and other organs (Dantzer, 2018; Di Benedetto et al., 2017; Matejuk et al., 2021). Similarly, immune cells can produce cytokines and other immune mediators that affect brain function (Boahen et al., 2023; Dantzer, 2018). Furthermore, immune cells work with the neurovascular unit to preserve the integrity of the blood–brain barrier (BBB), ensuring selective permeability and protecting the central nervous system (CNS) from harmful substances in the bloodstream.
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FIGURE 2
 Aging and COVID-19 share significant overlaps in their impact on neuroimmune interactions and may accelerate neuroimmune aging. As depicted in this simplified figure, both aging and COVID-19 can induce neuroinflammation through the accumulation of senescent cells, persistent microglia and astrocytes’ activation, and increased pro-inflammatory cytokine production, such as IL-1β, IL-6, and TNF-α. Similar to aging, SARS-CoV-2 infection can cause significant damage to the blood–brain barrier, facilitating the infiltration of peripheral immune cells and inflammatory mediators into the brain, which disrupts neuroimmune crosstalk and accelerates neuroimmune aging. Inflammatory signaling via the vagus nerve exacerbates neuroinflammatory responses, potentially influencing systemic inflammation and immune responses. The HPA axis experiences dysfunction, resulting in decreased cortisol levels, further exacerbating neuroinflammation. These factors create a chronic inflammatory environment that can damage neurons, disrupt synaptic connectivity, and impair neuroimmune interactions leading to accelerated neuroimmune aging. pIC, peripheral immune cells; iC, inflammatory cytokines; BBB, blood-brane-barrier; Mf, macrophage; MG, microglia; AC, astrocyte; aMG, activated microglia; aAC, activated astrocyte; IL, interleukin; TNF, tumor necrosis factor; PG, pituitary gland; ACTH, adrenocorticotropic hormone; AG, adrenal gland; HPA, the hypothalamic–pituitary–adrenal axis; dNB, damaged neuroblast; dN, damaged neuron; mP, misfolded proteins; TC, T cell.


The neuroimmune system encompasses a complex network of neural and immune cells that interact to maintain homeostasis in the CNS and respond to injury or infection (Dantzer, 2018; Hayley, 2014). Key components of this system include astrocytes, microglia, oligodendrocytes, and neurons—all of which play critical roles in CNS immune responses (Boahen et al., 2023; Matejuk et al., 2021). Astrocytes, the most abundant glial cells, regulate the BBB and modulate inflammatory responses in the CNS. They may become reactive during viral infection, contribute to neuroinflammation and release cytokines that may influence both neuronal and immune cell activity. Microglia, the resident immune cells of the brain, act as the CNS’s first line of defense. Upon inflammatory conditions, microglia may become activated, releasing pro-inflammatory cytokines and further driving neuroinflammatory processes. Oligodendrocytes are responsible for producing myelin, which insulates axons and ensures efficient signal transmission between neurons. Inflammatory conditions may impair myelination, contributing to cognitive and motor dysfunction (Hayley, 2014; Matejuk et al., 2021). Neurons themselves are susceptible to damage from prolonged neuroinflammation, which can lead to impaired neural communication, and ultimately neuronal death.

Aging is known to disrupt neuroimmune crosstalk, leading to increased vulnerability to infections and neurodegenerative diseases. Age-related decline in immune function within the brain can result in chronic neuroinflammation, synaptic dysfunction, and neuronal damage, disturbed neurogenesis, which are characteristic features of many neurological disorders (Glass et al., 2010; Wendimu and Hooks, 2022). The aging brain shows increased levels of pro-inflammatory cytokines, which can affect neural function and plasticity. An excess of soluble inflammatory mediators in the blood circulation, including cytokines (e.g., TNF-α, IL-1β, IL-6, IFN-γ), pathogen-associated molecules (e.g., LPS, viral nucleic acids), complement components, sphingosine, prostaglandins, and kinins, can adversely affect the BBB. Persistent exposure to these mediators disrupts endothelial barriers, allowing immune cells and inflammatory cytokines to penetrate the brain parenchyma, creating an inflammatory environment. This activates microglia and other resident cells like astrocytes, neurons, and oligodendrocytes, as well as infiltrating immune cells such as monocytes, T cells, and macrophages (Figure 2). The resulting neuroinflammation can cause structural damage, impair regeneration, induce neuronal cell death, and negatively impact brain function by modulating synaptic remodeling (Colonna and Butovsky, 2017; Di Benedetto et al., 2017; Dulken et al., 2019; Gemechu and Bentivoglio, 2012; Groh et al., 2021; Jin et al., 2021; Mrdjen et al., 2018).

Immune dysregulation from COVID-19 can exacerbate sustained neuroinflammatory changes in the brain (Figure 2), leading to long-term damage and disruption of normal brain function (Hayley and Sun, 2021; Radke et al., 2024; Shafqat et al., 2024). Markers of brain injury, including neurofilament light chain (NFL), indicative of axonal damage, and glial fibrillary acidic protein (GFAP), a marker of astrocyte reactivity, were shown to be elevated in serum of COVID-19 patients. These elevations correlated with disease severity and increased levels of inflammatory cytokines such as IL-1β, TNFα, and IL-6 (Needham et al., 2022; Shafqat et al., 2024). While circulating pro-inflammatory cytokine levels were shown to normalize in recovering patients, especially those with mild to moderate infections, NFL and GFAP remained elevated, indicating ongoing brain injury even after acute disease resolution (Michael et al., 2023; Shafqat et al., 2024). Microglial activation was demonstrated to persist up to 7 weeks after clearing a mild COVID-19 respiratory infection (Fernández-Castañeda et al., 2022). Total tau protein, another brain injury marker, was exclusively raised in serum of patients with long COVID-associated neurological complications, but not in those without long COVID (Shafqat et al., 2024). Specific anatomical regions were found to be more affected in long COVID patients, with NFL, GFAP, and total-tau elevated in those who developed persistent cognitive deficits that did not fully recover at one-year follow-up. Reduced cortical thickness in the superior temporal gyrus was associated with NFL elevations (Shafqat et al., 2024).

In the context of aging, NFL levels in serum and cerebrospinal fluid (CSF) have been shown to increase in neurologically normal individuals as well as those with neurodegenerative diseases (Bacioglu et al., 2016). Serum NFL levels were found to increase nonlinearly after age 60, indicating accelerated neuronal injury at advanced ages, with premature increases associated with accelerated brain volume loss (Kalil et al., 2021; Shafqat et al., 2024). Additionally, plasma GFAP and NFL levels have been shown to robustly predict long-term dementia risk in cognitively healthy adults in the UK Biobank (Guo et al., 2024). These findings strongly suggest that some COVID-19 patients develop an accelerated brain aging phenotype (Guo et al., 2022). Indeed, compared to 2,974 matched controls, those with long COVID-related neurological complications at 1-year post-hospital admission were found to exhibit brain changes equivalent to aging from 50 to 70 years old (Shafqat et al., 2024).

Research has demonstrated that neuroinflammation can lead to dysregulation of glial and neuronal cells, resulting in neural circuit dysfunction, which adversely affects cognitive and neuropsychiatric functions (Colonna and Butovsky, 2017; Monje and Iwasaki, 2022). COVID-19 may accelerate neuroimmune aging by exacerbating these age-related changes. The virus-induced cytokine storm can lead to a sustained pro-inflammatory state, both systemically and within the CNS. This persistent inflammation can impair neural function and promote neurodegenerative processes (Domingues et al., 2020; Matejuk et al., 2021; Müller and Di Benedetto, 2023a). Peripheral immune cells, such as T cells and monocytes, can infiltrate the CNS during severe inflammation or BBB disruption, exacerbating neuroinflammatory conditions. The interaction between these peripheral immune cells and CNS-resident glial cells is crucial in shaping the neuroimmune response to SARS-CoV-2, potentially leading to prolonged neurological consequences in long COVID patients (Needham et al., 2022; Raony et al., 2020; Tang et al., 2022; Walitt and Johnson, 2022).

Additionally, chronic immune activation and immunosenescence induced by COVID-19 can further disrupt neuroimmune crosstalk, leading to a more rapid decline in both nervous and immune system function (Hayley and Sun, 2021; Matejuk et al., 2021; Müller and Di Benedetto, 2023a). Concurrently, the aged immune system is less efficient at mounting effective responses to pathogens and resolving inflammation. These changes may create a vicious cycle of chronic inflammation and neurodegeneration (Dantzer, 2018; Di Benedetto et al., 2017; Hayley, 2014; Matejuk et al., 2021).

Upregulated type I IFN responses may be a shared characteristic between aging and long COVID. For example, COVID-19 appears to induce inflammation in the choroid plexus, similar to the type I IFN-related inflammation observed with aging. This inflammation sends chemokine-rich pro-inflammatory signals to brain parenchymal glial cells and cortical neurons. Despite its importance in anti-SARS-CoV-2 immunity, the type I IFN response may contribute to neuroinflammation in the choroid plexus, paralleling aging-related changes, due to the high ACE2 expression on choroid epithelial cells (Shafqat et al., 2024; Suzzi et al., 2023).

It was suggested that SARS-CoV-2 has the potential to directly invade the vagus nerve, initiating inflammatory changes that may lead to its dysfunction (Figure 2). These inflammatory signals can then travel retrograde along the nerve, reaching the brain and causing neuroinflammation (Matejuk et al., 2021; Müller and Di Benedetto, 2023a). This pathway not only disrupts autonomic functions regulated by the vagus nerve but also contributes to the broader neuroinflammatory processes observed in COVID-19, potentially exacerbating neurological symptoms and cognitive impairments associated with long COVID (Woo et al., 2023).

In addition to its well-known anti-inflammatory effects via efferent pathways, the vagus nerve also plays a critical role in transmitting inflammatory signals from the periphery to the CNS through afferent pathways. Vagal afferent fibers are responsible for sensing peripheral inflammation and communicating these signals to the brain, where they can modulate CNS responses, particularly through regions such as the hypothalamus and brainstem (Caravaca et al., 2022; Jin et al., 2024; Radke et al., 2024). This process is crucial in the context of COVID-19, as persistent inflammation in peripheral organs—such as the lungs or gastrointestinal tract—may be transmitted to the CNS via the vagal afferents, contributing to neuroinflammation and neurological symptoms like brain fog, cognitive dysfunction, and fatigue (Radke et al., 2024).

Indeed, the vagus nerve’s role in gut-brain interactions is particularly relevant in long COVID, which is frequently associated with gut dysbiosis. Gut dysbiosis, characterized by imbalances in the gut microbiota, can induce inflammatory responses in the gastrointestinal tract (Aktas and Aslim, 2020; Raj et al., 2024; Zuo et al., 2020). The vagus nerve, through its afferent fibers, may sense these inflammatory changes and relay them to the CNS, thereby contributing to the neuroinflammatory processes observed in long COVID patients. This bidirectional communication between the gut and brain, often referred to as the gut-brain axis, plays a crucial role in maintaining neuroimmune homeostasis. Disruptions in this axis due to gut dysbiosis and inflammation in long COVID may exacerbate neurological symptoms, further highlighting the importance of the vagus nerve in modulating neuroimmune interactions (Finsterer, 2024; Jin et al., 2024; Lladós et al., 2024).

Another route the virus may use to access the CNS is through the olfactory bulb. SARS-CoV-2 has been shown to invade the CNS via this olfactory pathway, a well-established entry point for viruses, potentially contributing to neuroinflammatory processes and the neurological complications observed in long COVID (Wellford and Moseman, 2024). The olfactory pathway may act in concert with the vagus nerve to amplify CNS inflammation, creating a more comprehensive understanding of how SARS-CoV-2 can affect the brain and contribute to long-term neurological symptoms.

The hypothalamic–pituitary–adrenal (HPA) axis plays a critical role in regulating the immune system, particularly through the release of cortisol, which has potent anti-inflammatory effects. However, as individuals age, HPA axis dysregulation becomes more common, leading to altered cortisol rhythms, blunted stress responses, and diminished control over inflammatory processes. This dysregulation is a key contributor to immunosenescence and is closely linked to inflammaging (Bellavance and Rivest, 2014; Gardner et al., 2019; Raony et al., 2020; Spindler et al., 2023). In the context of long COVID, HPA axis dysfunction may exacerbate the already declining immune function seen in aging individuals. The chronic inflammation that persists in long COVID patients may be partly driven by an inability of the HPA axis to properly regulate the immune system’s inflammatory response (Jensterle et al., 2022).

Altered intercellular communication in long COVID often presents as low serum cortisol levels. This phenomenon is one of the most consistently observed and significant factors linked to long COVID and may partly explain the persistent fatigue and immune dysregulation seen in affected individuals (Shafqat et al., 2024; Woo et al., 2023). Low cortisol production by the adrenal gland is typically balanced by an increase in adrenocorticotropic hormone (ACTH) release by the pituitary gland. However, this compensation did not occur, indicating dysfunction in the HPA axis and may also suggest an underlying neuroinflammatory process. Low cortisol levels have also been observed in individuals with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), highlighting a similar endocrine pattern. This similarity suggests that both long COVID and ME/CFS may share common pathways of neuroimmune dysregulation (Davis et al., 2023; Klein et al., 2023).

The intersection of HPA axis dysregulation and immune aging is particularly important in understanding the long-term consequences of COVID-19 in older adults (Jensterle et al., 2022). The persistent stress on the immune system caused by both the aging process and COVID-19 may accelerate immunosenescence, further weakening immune surveillance and increasing susceptibility to infections, autoimmunity, and chronic inflammatory diseases. This dual burden of immune aging and COVID-19 could also contribute to the progression of neurodegenerative conditions, as the brain remains more vulnerable to inflammatory damage when the HPA axis is unable to control inflammatory responses effectively (Bellavance and Rivest, 2014; Gardner et al., 2019; Jensterle et al., 2022). By impairing the body’s ability to effectively regulate immune responses, HPA axis dysfunction may amplify the long-term health consequences of COVID-19, particularly in aging populations.

In general, chronic neuroinflammation and immune activation are key drivers of neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis. COVID-19 may increase the risk of developing these conditions or accelerate their progression in individuals who are already affected. The persistent inflammatory state induced by the virus can promote the aggregation of misfolded proteins, neuronal death, and other pathological processes associated with neurodegeneration (Domingues et al., 2020; Heneka et al., 2020; Leite et al., 2021).

Further of concerning potential long-term consequences of COVID-19 is cognitive decline. Persistent neuroinflammation and BBB disruption can impair synaptic function and plasticity, leading to deficits in learning and memory. Studies have reported cognitive impairments in COVID-19 survivors, even in those with mild to moderate disease (Heneka et al., 2020; Suzzi et al., 2023; Zhao et al., 2024). These impairments may persist or worsen over time, particularly in older adults who are already at risk for cognitive decline, but they can also affect middle-aged and even young individuals.

Long COVID has been associated with declines in multiple cognitive functions, including memory, executive function, and working memory (Al-Aly and Rosen, 2024; Arbula et al., 2024; Ariza et al., 2023; Pallanti et al., 2023; Serrano Del Pueblo et al., 2024). Studies have documented impairments in episodic memory, where 48% of patients with long COVID struggle to recall recent events. It was observed that 27% of patients also showed impairments in overall cognitive function, particularly in attention, working memory, processing speed, and verbal fluency (Serrano Del Pueblo et al., 2024). Recent findings revealed attention and memory difficulties (Arbula et al., 2024) and deficits in executive functions (Ariza et al., 2023; Pallanti et al., 2023) in post-COVID patients, which affect planning, decision-making, and problem-solving abilities. These findings underscore the broad and lasting cognitive impacts of long COVID across various functional domains, impacting daily tasks and overall quality of life.

Thus, COVID-19 may stimulate and accelerate neuroimmune aging by exacerbating the age-related changes, such as chronic inflammation, immune dysregulation, and neuroinflammation. This parallel suggests that COVID-19 can act as an accelerant, intensifying the neuroinflammatory processes typically associated with aging and potentially hastening the onset of neurodegenerative conditions, such as Alzheimer’s and Parkinson’s diseases, as well as cognitive decline.



4 Insights into potential interventions and therapeutic strategies

In the previous sections we have seen that long COVID might not only mimic but also exacerbate the natural aging process in both immune and neurological systems, potentially accelerating the onset and progression of age-related diseases. Understanding these overlaps can provide valuable insights into both conditions, offering new avenues for therapeutic interventions and management strategies.

Given the crucial role of inflammation in COVID-19-related neuroimmune aging, anti-inflammatory therapies may offer potential benefits. Nonsteroidal anti-inflammatory drugs (NSAIDs) and corticosteroids are examples of treatments that can reduce inflammation. Immunomodulatory therapies that can restore immune function and reduce chronic inflammation may help mitigate the effects of COVID-19 on immune aging (Shafqat et al., 2024; Tay et al., 2020; Wyss-Coray, 2016). Examples of such therapies include cytokine inhibitors, immune checkpoint inhibitors, and senolytics, which selectively eliminate senescent cells. These therapies have the potential to improve immune function and reduce the risk of age-related diseases (Kirkland and Tchkonia, 2020; Müller and Di Benedetto, 2023a; Shafqat et al., 2024; Stahl and Brown, 2015). However, the timing and dosage of these therapies need to be carefully managed to avoid suppressing the necessary immune response to the virus.

In managing long COVID, immunomodulatory therapies must be carefully considered alongside preexisting treatments for conditions like diabetes and cardiovascular disease, as these comorbidities are common in long COVID patients. Certain immunomodulatory agents may impact glucose metabolism, potentially interfering with glycemic control in diabetic patients, while others could affect blood pressure regulation or lipid profiles, posing risks for cardiovascular patients (Alijotas-Reig et al., 2020; Bonilla et al., 2023). For example, corticosteroids, frequently used for inflammation, can exacerbate hyperglycemia and increase cardiovascular risks. On the other side, antidiabetic drug metformin may offer multiple therapeutic benefits for COVID-19, potentially improving treatment outcomes and reducing mortality. Beyond its primary role in lowering blood glucose and enhancing insulin sensitivity, metformin could inhibit viral entry, replication, and development, interfere with viral protein synthesis and host interactions, and modulate inflammation and immune responses in COVID-19 patients (Samuel et al., 2021). Understanding these interactions is essential to minimize adverse effects and optimize outcomes, necessitating tailored therapeutic strategies that account for the patient’s full medical profile.

Additionally, neuroprotective agents that can preserve neural function and prevent neurodegeneration may also be beneficial for COVID-19 survivors. These agents can include antioxidants, neurotrophic factors, and drugs that enhance synaptic plasticity. Clinical trials are needed to evaluate the efficacy of these agents in preventing or mitigating the long-term neurological effects of COVID-19.

Lifestyle interventions, such as regular physical activity, stress management, and a healthy diet, are crucial in mitigating the long-term effects of COVID-19 on neuroimmune aging. Exercise may have neuroprotective and anti-inflammatory effects, while a diet rich in antioxidants and anti-inflammatory compounds can boost immune and brain health (Di Benedetto et al., 2017; Shafqat et al., 2024). Additionally, modifying the gut microbiome through dietary interventions—like prebiotics (which promote beneficial bacterial growth), probiotics (live beneficial bacteria), synbiotics (a combination of prebiotics and probiotics), and postbiotics (fermentation byproducts)—can promote healthy aging (Conway and Duggal, 2021; Ji et al., 2023).

The advantages of mitochondrial rejuvenation as a gerotherapeutic approach are illustrated by the positive effects of exercise and caloric restriction. These interventions lead to increased mitochondrial biogenesis and oxidative capacity, resulting in enhanced immunometabolic health. In mice, these benefits are associated with increased longevity and an extended healthspan (Civitarese et al., 2007; Di Benedetto et al., 2017; Ross et al., 2019; Shafqat et al., 2024; Spadaro et al., 2022).

Stress management techniques such as mindfulness and meditation can reduce the psychological impact of the pandemic and support overall well-being. Combining meditation and yoga has been shown to normalize levels of the pro-inflammatory cytokine TNF-α (Epel et al., 2016). Meditation also increases concentrations of the anti-inflammatory cytokine IL-10 and decreases levels of pro-inflammatory IL-12. A meta-analysis revealed that mindfulness-based interventions positively affect cytokine levels related to low-grade inflammation (Bower et al., 2015; Cahn et al., 2017; Carlson et al., 2003; Jang et al., 2017) characterized aging. Studies investigating the effects of meditation on neurotransmitters and immune profiles have found various neuroimmune benefits (Sanada et al., 2020). Meditation may help patients by modulating pro-inflammatory to anti-inflammatory responses and decreasing the over-activation of the sympathetic nervous system, promoting relaxation (Carlson et al., 2003). Such methods stabilizing parasympathetic responses can be easily integrated into daily life to combat long COVID (Porter and Jason, 2022). The positive effects of regular exercise on neuroimmune heath include restored neurotransmission, remyelination, enhanced BBB integrity, and improved immune responses (Phillips et al., 2014; Razi et al., 2022). Improved BBB permeability is achieved through changes in tight junction proteins, increased activity of surrounding astrocytes, enhanced oxidative capacity of microglia, and reduced inflammation (Chupel et al., 2018; Souza et al., 2017). Additionally, exercise reduces autoimmunity, mitigates chronic inflammation, and suppresses microgliosis by elevating levels of anti-inflammatory cytokines (Brandt and Pedersen, 2010; Gleeson et al., 2011).

In conclusion, immunomodulatory therapeutic strategies, regular physical activity, stress management, and a healthy diet can lead to positive changes in the nervous and immune systems, creating an anti-inflammatory environment and promoting homeostasis, which may help mitigate the adverse effects of long COVID. While there is compelling evidence supporting the benefits of these interventions, optimal programs are still needed for individuals with persistent long COVID symptoms. These programs should include standardized treatment protocols, personalized care plans across various medical specialties, and controlled physical interventions to positively modulate disturbed neuroimmune responses, improve neuroimmune health and positively influence the post-COVID trajectory of aging.



5 Conclusion

The COVID-19 pandemic has underscored the complex relationship between viral infections, immune aging, and brain health. Long COVID is a multifaceted challenge that demands a coordinated, multidisciplinary approach to be effectively addressed. As we continue to grapple with the long-term impacts of COVID-19, it is crucial to deepen our understanding of how the virus may accelerate neuroimmune aging and develop interventions to mitigate these effects. Enhancing integration within healthcare systems, improving data collection, and conducting targeted research into the pathophysiology and treatment of long COVID are essential steps toward supporting affected individuals and minimizing the broader societal impact. Successfully addressing these challenges will be vital for improving the health outcomes of COVID-19 survivors and managing the broader implications for aging populations.



Author contributions

LM: Conceptualization, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. SB: Conceptualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Acknowledgments

The illustrations were partly created using icons from BioRender.com.



Conflict of interest

The 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.



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

 Aiello, A., Farzaneh, F., Candore, G., Caruso, C., Davinelli, S., Gambino, C. M., et al. (2019). Immunosenescence and its hallmarks: how to oppose aging strategically? A review of potential options for therapeutic intervention. Front. Immunol. 10:2247. doi: 10.3389/fimmu.2019.02247 

 Akbar, A. N., and Gilroy, D. W. (2020). Aging immunity may exacerbate COVID-19. Science 369, 256–257. doi: 10.1126/science.abb0762

 Akbari, A., Hadizadeh, A., Amiri, M., Najafi, N. N., Shahriari, Z., Jamialahmadi, T., et al. (2023). Role of autoantibodies targeting interferon type 1 in COVID-19 severity: A systematic review and meta-analysis. J. Transl. Autoimmun. 7:100219. doi: 10.1016/j.jtauto.2023.100219 

 Aktas, B., and Aslim, B. (2020). Gut-lung axis and dysbiosis in COVID-19. Turk. J. Biol. 44, 265–272. doi: 10.3906/biy-2005-102

 Al-Aly, Z., and Rosen, C. J. (2024). Long Covid and impaired cognition - more evidence and more work to Do. N. Engl. J. Med. 390, 858–860. doi: 10.1056/NEJMe2400189 

 Al-Aly, Z., and Topol, E. (2024). Solving the puzzle of Long Covid. Science 383, 830–832. doi: 10.1126/science.adl0867 

 Alijotas-Reig, J., Esteve-Valverde, E., Belizna, C., Selva-O'Callaghan, A., Pardos-Gea, J., Quintana, A., et al. (2020). Immunomodulatory therapy for the management of severe COVID-19. Beyond the anti-viral therapy: A comprehensive review. Autoimmun. Rev. 19:102569. doi: 10.1016/j.autrev.2020.102569

 Altmann, D. M., Whettlock, E. M., Liu, S., Arachchillage, D. J., and Boyton, R. J. (2023). The immunology of long COVID. Nat. Rev. Immunol. 23, 618–634. doi: 10.1038/s41577-023-00904-7

 Alvarez-Heredia, P., Reina-Alfonso, I., Dominguez-Del-Castillo, J. J., Gutierrez-Gonzalez, C., Hassouneh, F., Batista-Duharte, A., et al. (2023). Accelerated T-cell Immunosenescence in cytomegalovirus-seropositive individuals after severe acute respiratory syndrome coronavirus 2 infection. J. Infect. Dis. 228, 576–585. doi: 10.1093/infdis/jiad119 

 Alves, A. S., and Bueno, V. (2019). Immunosenescence: participation of T lymphocytes and myeloid-derived suppressor cells in aging-related immune response changes. Einstein (Sao Paulo) 17:eRB4733. doi: 10.31744/einstein_journal/2019RB4733 

 Arbula, S., Pisanu, E., Bellavita, G., Menichelli, A., Lunardelli, A., Furlanis, G., et al. (2024). Insights into attention and memory difficulties in post-COVID syndrome using standardized neuropsychological tests and experimental cognitive tasks. Sci. Rep. 14:4405. doi: 10.1038/s41598-024-54613-9 

 Ariza, M., Cano, N., Segura, B., Adan, A., Bargallo, N., Caldu, X., et al. (2023). COVID-19 severity is related to poor executive function in people with post-COVID conditions. J. Neurol. 270, 2392–2408. doi: 10.1007/s00415-023-11587-4 

 Bacioglu, M., Maia, L. F., Preische, O., Schelle, J., Apel, A., Kaeser, S. A., et al. (2016). Neurofilament light chain in blood and CSF as marker of disease progression in mouse models and in neurodegenerative diseases. Neuron 91, 56–66. doi: 10.1016/j.neuron.2016.05.018 

 Bauer, M. E., and Fuente Mde, L. (2016). The role of oxidative and inflammatory stress and persistent viral infections in immunosenescence. Mech. Ageing Dev. 158, 27–37. doi: 10.1016/j.mad.2016.01.001 

 Bellavance, M. A., and Rivest, S. (2014). The HPA - immune Axis and the immunomodulatory actions of glucocorticoids in the brain. Front. Immunol. 5:136. doi: 10.3389/fimmu.2014.00136 

 Boahen, A., Hu, D., Adams, M. J., Nicholls, P. K., Greene, W. K., and Ma, B. (2023). Bidirectional crosstalk between the peripheral nervous system and lymphoid tissues/organs. Front. Immunol. 14:1254054. doi: 10.3389/fimmu.2023.1254054 

 Bohmwald, K., Diethelm-Varela, B., Rodriguez-Guilarte, L., Rivera, T., Riedel, C. A., Gonzalez, P. A., et al. (2024). Pathophysiological, immunological, and inflammatory features of long COVID. Front. Immunol. 15:1341600. doi: 10.3389/fimmu.2024.1341600

 Bonilla, H., Peluso, M. J., Rodgers, K., Aberg, J. A., Patterson, T. F., Tamburro, R., et al. (2023). Therapeutic trials for long COVID-19: A call to action from the interventions taskforce of the RECOVER initiative. Front. Immunol. 14:1129459. doi: 10.3389/fimmu.2023.1129459 

 Bower, J. E., Crosswell, A. D., Stanton, A. L., Crespi, C. M., Winston, D., Arevalo, J., et al. (2015). Mindfulness meditation for younger breast cancer survivors: a randomized controlled trial. Cancer 121, 1231–1240. doi: 10.1002/cncr.29194 

 Brandt, C., and Pedersen, B. K. (2010). The role of exercise-induced myokines in muscle homeostasis and the defense against chronic diseases. J. Biomed. Biotechnol. 2010:520258, 1–6. doi: 10.1155/2010/520258

 Cahn, B. R., Goodman, M. S., Peterson, C. T., Maturi, R., and Mills, P. J. (2017). Yoga, meditation and mind-body health: increased BDNF, cortisol awakening response, and altered inflammatory marker expression after a 3-month yoga and meditation retreat. Front. Hum. Neurosci. 11:315. doi: 10.3389/fnhum.2017.00315

 Caravaca, A. S., Gallina, A. L., Tarnawski, L., Shavva, V. S., Colas, R. A., Dalli, J., et al. (2022). Vagus nerve stimulation promotes resolution of inflammation by a mechanism that involves Alox15 and requires the alpha7nAChR subunit. Proc. Natl. Acad. Sci. USA 119:e2023285119. doi: 10.1073/pnas.2023285119 

 Carlson, L. E., Speca, M., Patel, K. D., and Goodey, E. (2003). Mindfulness-based stress reduction in relation to quality of life, mood, symptoms of stress, and immune parameters in breast and prostate cancer outpatients. Psychosom. Med. 65, 571–581. doi: 10.1097/01.psy.0000074003.35911.41 

 Ceban, F., Ling, S., Lui, L. M. W., Lee, Y., Gill, H., Teopiz, K. M., et al. (2022). Fatigue and cognitive impairment in post-COVID-19 syndrome: A systematic review and meta-analysis. Brain Behav. Immun. 101, 93–135. doi: 10.1016/j.bbi.2021.12.020 

 Chang, S. E., Feng, A., Meng, W., Apostolidis, S. A., Mack, E., Artandi, M., et al. (2021). New-onset IgG autoantibodies in hospitalized patients with COVID-19. Nat. Commun. 12:5417. doi: 10.1038/s41467-021-25509-3 

 Choudhri, Y., Maslove, D. M., and Rauh, M. J. (2023). COVID-19 and the genetics of inflammation. Crit. Care Med. 51, 817–825. doi: 10.1097/CCM.0000000000005843 

 Chupel, M. U., Minuzzi, L. G., Furtado, G., Santos, M. L., Hogervorst, E., Filaire, E., et al. (2018). Exercise and taurine in inflammation, cognition, and peripheral markers of blood-brain barrier integrity in older women. Appl. Physiol. Nutr. Metab. 43, 733–741. doi: 10.1139/apnm-2017-0775 

 Civitarese, A. E., Carling, S., Heilbronn, L. K., Hulver, M. H., Ukropcova, B., Deutsch, W. A., et al. (2007). Calorie restriction increases muscle mitochondrial biogenesis in healthy humans. PLoS Med. 4:e76. doi: 10.1371/journal.pmed.0040076

 Colonna, M., and Butovsky, O. (2017). Microglia function in the central nervous system during health and neurodegeneration. Annu. Rev. Immunol. 35, 441–468. doi: 10.1146/annurev-immunol-051116-052358 

 Conway, J., and Duggal, N. A. (2021). Ageing of the gut microbiome: potential influences on immune senescence and inflammageing. Ageing Res. Rev. 68:101323. doi: 10.1016/j.arr.2021.101323

 Costa, T. J., Potje, S. R., Fraga-Silva, T. F., da Silva-Neto, J. A., Barros, P. R., Rodrigues, D., et al. (2022). Mitochondrial DNA and TLR9 activation contribute to SARS-CoV-2-induced endothelial cell damage. Vasc. Pharmacol. 142:106946. doi: 10.1016/j.vph.2021.106946 

 Cunha, L. L., Perazzio, S. F., Azzi, J., Cravedi, P., and Riella, L. V. (2020). Remodeling of the immune response with aging: Immunosenescence and its potential impact on COVID-19 immune response. Front. Immunol. 11:1748. doi: 10.3389/fimmu.2020.01748 

 Dantzer, R. (2018). Neuroimmune interactions: from the brain to the immune system and vice versa. Physiol. Rev. 98, 477–504. doi: 10.1152/physrev.00039.2016 

 Davis, H. E., McCorkell, L., Vogel, J. M., and Topol, E. J. (2023). Long COVID: major findings, mechanisms and recommendations. Nat. Rev. Microbiol. 21, 133–146. doi: 10.1038/s41579-022-00846-2 

 Di Benedetto, S., Müller, L., Wenger, E., Duzel, S., and Pawelec, G. (2017). Contribution of neuroinflammation and immunity to brain aging and the mitigating effects of physical and cognitive interventions. Neurosci. Biobehav. Rev. 75, 114–128. doi: 10.1016/j.neubiorev.2017.01.044

 Domingues, R., Lippi, A., Setz, C., Outeiro, T. F., and Krisko, A. (2020). SARS-CoV-2, immunosenescence and inflammaging: partners in the COVID-19 crime. Aging (Albany NY) 12, 18778–18789. doi: 10.18632/aging.103989 

 Dulken, B. W., Buckley, M. T., Navarro Negredo, P., Saligrama, N., Cayrol, R., Leeman, D. S., et al. (2019). Single-cell analysis reveals T cell infiltration in old neurogenic niches. Nature 571, 205–210. doi: 10.1038/s41586-019-1362-5 

 Epel, E. S., Puterman, E., Lin, J., Blackburn, E. H., Lum, P. Y., Beckmann, N. D., et al. (2016). Meditation and vacation effects have an impact on disease-associated molecular phenotypes. Transl. Psychiatry 6:e880. doi: 10.1038/tp.2016.164 

 Fakharian, F., Thirugnanam, S., Welsh, D. A., Kim, W. K., Rappaport, J., Bittinger, K., et al. (2023). The role of gut Dysbiosis in the loss of intestinal immune cell functions and viral pathogenesis. Microorganisms 11:1849. doi: 10.3390/microorganisms11071849 

 Fernández-Castañeda, A., Lu, P., Geraghty, A. C., Song, E., Lee, M. H., Wood, J., et al. (2022). Mild respiratory COVID can cause multi-lineage neural cell and myelin dysregulation. Cell 185, 2452–2468.e16. doi: 10.1016/j.cell.2022.06.008 

 Fernandez-de-Las-Penas, C., Martin-Guerrero, J. D., Pellicer-Valero, O. J., Navarro-Pardo, E., Gomez-Mayordomo, V., Cuadrado, M. L., et al. (2022). Female sex is a risk factor associated with Long-term post-COVID related-symptoms but not with COVID-19 symptoms: the LONG-COVID-EXP-CM multicenter study. J. Clin. Med. 11:413. doi: 10.3390/jcm11020413 

 Ferrucci, L., and Fabbri, E. (2018). Inflammageing: chronic inflammation in ageing, cardiovascular disease, and frailty. Nat. Rev. Cardiol. 15, 505–522. doi: 10.1038/s41569-018-0064-2

 Files, J. K., Sarkar, S., Fram, T. R., Boppana, S., Sterrett, S., Qin, K., et al. (2021). Duration of post-COVID-19 symptoms is associated with sustained SARS-CoV-2-specific immune responses. JCI. Insight 6:e151544. doi: 10.1172/jci.insight.151544

 Finsterer, J. (2024). Re: 'Vagus nerve dysfunction in the post-COVID-19 condition' by Llados et al. Clin. Microbiol. Infect. 30, 969–970. doi: 10.1016/j.cmi.2023.11.013

 Flux, M. C., and Lowry, C. A. (2020). Finding intestinal fortitude: integrating the microbiome into a holistic view of depression mechanisms, treatment, and resilience. Neurobiol. Dis. 135:104578. doi: 10.1016/j.nbd.2019.104578 

 Foster, M. A., Bentley, C., Hazeldine, J., Acharjee, A., Nahman, O., Shen-Orr, S. S., et al. (2022). Investigating the potential of a prematurely aged immune phenotype in severely injured patients as predictor of risk of sepsis. Immun. Ageing 19:60. doi: 10.1186/s12979-022-00317-5

 Franceschi, C., Garagnani, P., Vitale, G., Capri, M., and Salvioli, S. (2017). Inflammaging and 'Garb-aging'. Trends Endocrinol. Metab. 28, 199–212. doi: 10.1016/j.tem.2016.09.005 

 Fulop, T., Larbi, A., Pawelec, G., Khalil, A., Cohen, A. A., Hirokawa, K., et al. (2021). Immunology of aging: the birth of Inflammaging. Clin. Rev. Allergy Immunol. 64, 109–122. doi: 10.1007/s12016-021-08899-6 

 Gardner, M., Lightman, S., Kuh, D., Comijs, H., Deeg, D., Gallacher, J., et al. (2019). Dysregulation of the hypothalamic pituitary adrenal (HPA) axis and cognitive capability at older ages: individual participant meta-analysis of five cohorts. Sci. Rep. 9:4555. doi: 10.1038/s41598-019-40566-x 

 Gemechu, J. M., and Bentivoglio, M. (2012). T cell recruitment in the brain during Normal aging. Front. Cell. Neurosci. 6:38. doi: 10.3389/fncel.2012.00038 

 Ghosh, T. S., Rampelli, S., Jeffery, I. B., Santoro, A., Neto, M., Capri, M., et al. (2020). Mediterranean diet intervention alters the gut microbiome in older people reducing frailty and improving health status: the NU-AGE 1-year dietary intervention across five European countries. Gut 69, 1218–1228. doi: 10.1136/gutjnl-2019-319654 

 Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C., and Gage, F. H. (2010). Mechanisms underlying inflammation in neurodegeneration. Cell 140, 918–934. doi: 10.1016/j.cell.2010.02.016

 Gleeson, M., Bishop, N. C., Stensel, D. J., Lindley, M. R., Mastana, S. S., and Nimmo, M. A. (2011). The anti-inflammatory effects of exercise: mechanisms and implications for the prevention and treatment of disease. Nat. Rev. Immunol. 11, 607–615. doi: 10.1038/nri3041 

 Goncalves, R., Couto, J., Ferreirinha, P., Costa, J. M., Silverio, D., Silva, M. L., et al. (2023). SARS-CoV-2 variants induce distinct disease and impact in the bone marrow and thymus of mice. iScience 26:105972. doi: 10.1016/j.isci.2023.105972 

 Groh, J., Knöpper, K., Arampatzi, P., Yuan, X., Lößlein, L., Saliba, A.-E., et al. (2021). Accumulation of cytotoxic T cells in the aged CNS leads to axon degeneration and contributes to cognitive and motor decline. Nature Aging 1, 357–367. doi: 10.1038/s43587-021-00049-z 

 Gruver, A. L., Hudson, L. L., and Sempowski, G. D. (2007). Immunosenescence of ageing. J. Pathol. 211, 144–156. doi: 10.1002/path.2104 

 Guo, P., Benito Ballesteros, A., Yeung, S. P., Liu, R., Saha, A., Curtis, L., et al. (2022). COVCOG 2: cognitive and memory deficits in long COVID: a second publication from the COVID and cognition study. Front. Aging Neurosci. 14:804937. doi: 10.3389/fnagi.2022.804937 

 Guo, Y., Guan, T., Shafiq, K., Yu, Q., Jiao, X., Na, D., et al. (2023). Mitochondrial dysfunction in aging. Ageing Res. Rev. 88:101955. doi: 10.1016/j.arr.2023.101955

 Guo, Y., You, J., Zhang, Y., Liu, W.-S., Huang, Y.-Y., Zhang, Y.-R., et al. (2024). Plasma proteomic profiles predict future dementia in healthy adults. Nature Aging 4, 247–260. doi: 10.1038/s43587-023-00565-0 

 Hayley, S. (2014). The neuroimmune-neuroplasticity interface and brain pathology. Front. Cell. Neurosci. 8:419. doi: 10.3389/fncel.2014.00419 

 Hayley, S., and Sun, H. (2021). Neuroimmune multi-hit perspective of coronaviral infection. J. Neuroinflammation 18:231. doi: 10.1186/s12974-021-02282-0 

 Hazeldine, J., Hampson, P., and Lord, J. M. (2012). Reduced release and binding of perforin at the immunological synapse underlies the age-related decline in natural killer cell cytotoxicity. Aging Cell 11, 751–759. doi: 10.1111/j.1474-9726.2012.00839.x

 He, Q. Q., Huang, Y., Nie, L., Ren, S., Xu, G., Deng, F., et al. (2023). MAVS integrates glucose metabolism and RIG-I-like receptor signaling. Nat. Commun. 14:5343. doi: 10.1038/s41467-023-41028-9

 Heneka, M. T., Golenbock, D., Latz, E., Morgan, D., and Brown, R. (2020). Immediate and long-term consequences of COVID-19 infections for the development of neurological disease. Alzheimers Res. Ther. 12:69. doi: 10.1186/s13195-020-00640-3 

 Jang, J. H., Park, H. Y., Lee, U. S., Lee, K. J., and Kang, D. H. (2017). Effects of mind-body training on cytokines and their interactions with Catecholamines. Psychiatry Investig. 14, 483–490. doi: 10.4306/pi.2017.14.4.483 

 Jensterle, M., Herman, R., Janez, A., Mahmeed, W. A., Al-Rasadi, K., Al-Alawi, K., et al. (2022). The relationship between COVID-19 and hypothalamic-pituitary-adrenal Axis: A large Spectrum from glucocorticoid insufficiency to excess-the CAPISCO international expert panel. Int. J. Mol. Sci. 23:7326. doi: 10.3390/ijms23137326 

 Ji, J., Jin, W., Liu, S. J., Jiao, Z., and Li, X. (2023). Probiotics, prebiotics, and postbiotics in health and disease. MedComm 4:e420. doi: 10.1002/mco2.420 

 Jin, H., Li, M., Jeong, E., Castro-Martinez, F., and Zuker, C. S. (2024). A body–brain circuit that regulates body inflammatory responses. Nature 630, 695–703. doi: 10.1038/s41586-024-07469-y 

 Jin, W. N., Shi, K., He, W., Sun, J. H., Van Kaer, L., Shi, F. D., et al. (2021). Neuroblast senescence in the aged brain augments natural killer cell cytotoxicity leading to impaired neurogenesis and cognition. Nat. Neurosci. 24, 61–73. doi: 10.1038/s41593-020-00745-w 

 Kalil, A. C., Patterson, T. F., Mehta, A. K., Tomashek, K. M., Wolfe, C. R., Ghazaryan, V., et al. (2021). Baricitinib plus Remdesivir for hospitalized adults with Covid-19. N. Engl. J. Med. 384, 795–807. doi: 10.1056/NEJMoa2031994

 Kirkland, J. L., and Tchkonia, T. (2020). Senolytic drugs: from discovery to translation. J. Intern. Med. 288, 518–536. doi: 10.1111/joim.13141 

 Klein, S. L., and Flanagan, K. L. (2016). Sex differences in immune responses. Nat. Rev. Immunol. 16, 626–638. doi: 10.1038/nri.2016.90

 Klein, J., Wood, J., Jaycox, J. R., Dhodapkar, R. M., Lu, P., Gehlhausen, J. R., et al. (2023). Distinguishing features of long COVID identified through immune profiling. Nature 623, 139–148. doi: 10.1038/s41586-023-06651-y

 Koff, W. C., and Williams, M. A. (2020). Covid-19 and immunity in aging populations - A new research agenda. N. Engl. J. Med. 383, 804–805. doi: 10.1056/NEJMp2006761 

 Leite, A. O. F., Bento Torres Neto, J., dos Reis, R. R., Sobral, L. L., de Souza, A. C. P., Trévia, N., et al. (2021). Unwanted exacerbation of the immune response in neurodegenerative disease: A time to review the impact. Front. Cell. Neurosci. 15:749595. doi: 10.3389/fncel.2021.749595 

 Liang, R., Qi, X., Cai, Q., Niu, L., Huang, X., Zhang, D., et al. (2024). The role of NLRP3 inflammasome in aging and age-related diseases. Immun. Ageing 21:14. doi: 10.1186/s12979-023-00395-z

 Liu, Z., Liang, Q., Ren, Y., Guo, C., Ge, X., Wang, L., et al. (2023). Immunosenescence: molecular mechanisms and diseases. Signal Transduct. Target. Ther. 8:200. doi: 10.1038/s41392-023-01451-2 

 Liu, Q., Su, Q., Zhang, F., Tun, H. M., Mak, J. W. Y., Lui, G. C.-Y., et al. (2022). Multi-kingdom gut microbiota analyses define COVID-19 severity and post-acute COVID-19 syndrome. Nat. Commun. 13:6806. doi: 10.1038/s41467-022-34535-8 

 Lladós, G., Massanella, M., Coll-Fernández, R., Rodríguez, R., Hernández, E., Lucente, G., et al. (2024). Vagus nerve dysfunction in the post–COVID-19 condition: a pilot cross-sectional study. Clin. Microbiol. Infect. 30, 515–521. doi: 10.1016/j.cmi.2023.11.007

 Lord, J. M., Veenith, T., Sullivan, J., Sharma-Oates, A., Richter, A. G., Greening, N. J., et al. (2024). Accelerated immune ageing is associated with COVID-19 disease severity. Immun. Ageing 21:6. doi: 10.1186/s12979-023-00406-z 

 Lucas, C., Wong, P., Klein, J., Castro, T. B. R., Silva, J., Sundaram, M., et al. (2020). Longitudinal analyses reveal immunological misfiring in severe COVID-19. Nature 584, 463–469. doi: 10.1038/s41586-020-2588-y 

 Mann, E. R., Lam, Y. K., and Uhlig, H. H. (2024). Short-chain fatty acids: linking diet, the microbiome and immunity. Nat. Rev. Immunol. 24, 577–595. doi: 10.1038/s41577-024-01014-8 

 Matejuk, A., Vandenbark, A. A., and Offner, H. (2021). Cross-talk of the CNS with immune cells and functions in health and disease. Front. Neurol. 12:672455. doi: 10.3389/fneur.2021.672455

 Michael, B. D., Dunai, C., Needham, E. J., Tharmaratnam, K., Williams, R., Huang, Y., et al. (2023). Para-infectious brain injury in COVID-19 persists at follow-up despite attenuated cytokine and autoantibody responses. Nat. Commun. 14:8487. doi: 10.1038/s41467-023-42320-4 

 Miwa, S., Kashyap, S., Chini, E., and von Zglinicki, T. (2022). Mitochondrial dysfunction in cell senescence and aging. J. Clin. Invest. 132:e158447. doi: 10.1172/JCI158447 

 Molnar, T., Lehoczki, A., Fekete, M., Varnai, R., Zavori, L., Erdo-Bonyar, S., et al. (2024). Mitochondrial dysfunction in long COVID: mechanisms, consequences, and potential therapeutic approaches. Geroscience 46, 5267–5286. doi: 10.1007/s11357-024-01165-5

 Monje, M., and Iwasaki, A. (2022). The neurobiology of long COVID. Neuron 110, 3484–3496. doi: 10.1016/j.neuron.2022.10.006 

 Mrdjen, D., Pavlovic, A., Hartmann, F. J., Schreiner, B., Utz, S. G., Leung, B. P., et al. (2018). High-dimensional single-cell mapping of central nervous system immune cells reveals distinct myeloid subsets in health, aging, and disease. Immunity 48, 380–395.e6. doi: 10.1016/j.immuni.2018.01.011

 Müller, L., and Di Benedetto, S. (2021). How Immunosenescence and Inflammaging may contribute to Hyperinflammatory syndrome in COVID-19. Int. J. Mol. Sci. 22:12539. doi: 10.3390/ijms222212539 

 Müller, L., and Di Benedetto, S. (2023a). Aged brain and neuroimmune responses to COVID-19: post-acute sequelae and modulatory effects of behavioral and nutritional interventions. Immun. Ageing 20:17. doi: 10.1186/s12979-023-00341-z 

 Müller, L., and Di Benedetto, S. (2023b). From aging to long COVID: exploring the convergence of immunosenescence, inflammaging, and autoimmunity. Front. Immunol. 14:1298004. doi: 10.3389/fimmu.2023.1298004 

 Müller, L., and Di Benedetto, S. (2024). Immunosenescence and cytomegalovirus: exploring their connection in the context of aging, health, and disease. Int. J. Mol. Sci. 25:753. doi: 10.3390/ijms25020753 

 Müller, L., Di Benedetto, S., and Pawelec, G. (2019). The immune system and its dysregulation with aging. Subcell. Biochem. 91, 21–43. doi: 10.1007/978-981-13-3681-2_2

 Müller, L., Fulop, T., and Pawelec, G. (2013). Immunosenescence in vertebrates and invertebrates. Immun. Ageing 10:12. doi: 10.1186/1742-4933-10-12 

 Nasef, N. A., Mehta, S., and Ferguson, L. R. (2017). Susceptibility to chronic inflammation: an update. Arch. Toxicol. 91, 1131–1141. doi: 10.1007/s00204-016-1914-5

 Needham, E. J., Ren, A. L., Digby, R. J., Norton, E. J., Ebrahimi, S., Outtrim, J. G., et al. (2022). Brain injury in COVID-19 is associated with dysregulated innate and adaptive immune responses. Brain 145, 4097–4107. doi: 10.1093/brain/awac321 

 Omarjee, L., Perrot, F., Meilhac, O., Mahe, G., Bousquet, G., and Janin, A. (2020). Immunometabolism at the cornerstone of inflammaging, immunosenescence, and autoimmunity in COVID-19. Aging (Albany NY) 12, 26263–26278. doi: 10.18632/aging.202422

 Pallanti, S., Di Ponzio, M., Gavazzi, G., Gasic, G., Besteher, B., Heller, C., et al. (2023). From 'mental fog' to post-acute COVID-19 syndrome's executive function alteration: implications for clinical approach. J. Psychiatr. Res. 167, 10–15. doi: 10.1016/j.jpsychires.2023.09.017 

 Pan, P., Shen, M., Yu, Z., Ge, W., Chen, K., Tian, M., et al. (2021). SARS-CoV-2 N protein promotes NLRP3 inflammasome activation to induce hyperinflammation. Nat. Commun. 12:4664. doi: 10.1038/s41467-021-25015-6 

 Pawelec, G. (2018). Age and immunity: what is "immunosenescence"? Exp. Gerontol. 105, 4–9. doi: 10.1016/j.exger.2017.10.024

 Phetsouphanh, C., Darley, D. R., Wilson, D. B., Howe, A., Munier, C. M. L., Patel, S. K., et al. (2022). Immunological dysfunction persists for 8 months following initial mild-to-moderate SARS-CoV-2 infection. Nat. Immunol. 23, 210–216. doi: 10.1038/s41590-021-01113-x 

 Phillips, C., Baktir, M. A., Srivatsan, M., and Salehi, A. (2014). Neuroprotective effects of physical activity on the brain: a closer look at trophic factor signaling. Front. Cell. Neurosci. 8:170. doi: 10.3389/fncel.2014.00170 

 Pietrobon, A. J., Teixeira, F. M. E., and Sato, M. N. (2020). I mmunosenescence and Inflammaging: risk factors of severe COVID-19 in older people. Front. Immunol. 11:579220. doi: 10.3389/fimmu.2020.579220

 Pius-Sadowska, E., Niedzwiedz, A., Kulig, P., Baumert, B., Sobus, A., Roginska, D., et al. (2022). CXCL8, CCL2, and CMV Seropositivity as new prognostic factors for a severe COVID-19 course. Int. J. Mol. Sci. 23:11338. doi: 10.3390/ijms231911338 

 Porter, N., and Jason, L. A. (2022). Mindfulness meditation interventions for Long COVID: biobehavioral gene expression and Neuroimmune functioning. Neuropsychiatr. Dis. Treat. 18, 2599–2626. doi: 10.2147/NDT.S379653 

 Radke, J., Meinhardt, J., Aschman, T., Chua, R. L., Farztdinov, V., Lukassen, S., et al. (2024). Proteomic and transcriptomic profiling of brainstem, cerebellum and olfactory tissues in early-and late-phase COVID-19. Nat. Neurosci. 27, 409–420. doi: 10.1038/s41593-024-01573-y 

 Raj, S. T., Bruce, A. W., Anbalagan, M., Srinivasan, H., Chinnappan, S., Rajagopal, M., et al. (2024). COVID-19 influenced gut dysbiosis, post-acute sequelae, immune regulation, and therapeutic regimens. Front. Cell. Infect. Microbiol. 14:1384939. doi: 10.3389/fcimb.2024.1384939 

 Raony, I., de Figueiredo, C. S., Pandolfo, P., Giestal-de-Araujo, E., Oliveira-Silva Bomfim, P., and Savino, W. (2020). Psycho-neuroendocrine-immune interactions in COVID-19: potential impacts on mental health. Front. Immunol. 11:1170. doi: 10.3389/fimmu.2020.01170 

 Razi, O., Tartibian, B., Laher, I., Govindasamy, K., Zamani, N., Rocha-Rodrigues, S., et al. (2022). Multimodal benefits of exercise in patients with multiple sclerosis and COVID-19. Front. Physiol. 13:783251. doi: 10.3389/fphys.2022.783251 

 Ren, W., Zhu, Y., Lan, J., Chen, H., Wang, Y., Shi, H., et al. (2022). Susceptibilities of human ACE2 genetic variants in coronavirus infection. J. Virol. 96:e0149221. doi: 10.1128/JVI.01492-21 

 Richter, A. G., Shields, A. M., Karim, A., Birch, D., Faustini, S. E., Steadman, L., et al. (2021). Establishing the prevalence of common tissue-specific autoantibodies following severe acute respiratory syndrome coronavirus 2 infection. Clin. Exp. Immunol. 205, 99–105. doi: 10.1111/cei.13623 

 Ross, J. M., Coppotelli, G., Branca, R. M., Kim, K. M., Lehtiö, J., Sinclair, D. A., et al. (2019). Voluntary exercise normalizes the proteomic landscape in muscle and brain and improves the phenotype of progeroid mice. Aging Cell 18:e13029. doi: 10.1111/acel.13029

 Ruffieux, H., Hanson, A. L., Lodge, S., Lawler, N. G., Whiley, L., Gray, N., et al. (2023). A patient-centric modeling framework captures recovery from SARS-CoV-2 infection. Nat. Immunol. 24, 349–358. doi: 10.1038/s41590-022-01380-2 

 Sacchi, M. C., Tamiazzo, S., Stobbione, P., Agatea, L., De Gaspari, P., Stecca, A., et al. (2021). SARS-CoV-2 infection as a trigger of autoimmune response. Clin. Transl. Sci. 14, 898–907. doi: 10.1111/cts.12953 

 Saleh, J., Peyssonnaux, C., Singh, K. K., and Edeas, M. (2020). Mitochondria and microbiota dysfunction in COVID-19 pathogenesis. Mitochondrion 54, 1–7. doi: 10.1016/j.mito.2020.06.008

 Samuel, S. M., Varghese, E., and Busselberg, D. (2021). Therapeutic potential of metformin in COVID-19: reasoning for its protective role. Trends Microbiol. 29, 894–907. doi: 10.1016/j.tim.2021.03.004 

 Sanada, K., Montero-Marin, J., Barcelo-Soler, A., Ikuse, D., Ota, M., Hirata, A., et al. (2020). Effects of mindfulness-based interventions on biomarkers and low-grade inflammation in patients with psychiatric disorders: A Meta-analytic review. Int. J. Mol. Sci. 21:2484. doi: 10.3390/ijms21072484 

 Serrano Del Pueblo, V. M., Serrano-Heras, G., Romero Sanchez, C. M., Landete, P. P., Rojas-Bartolome, L., Feria, I., et al. (2024). Brain and cognitive changes in patients with long COVID compared with infection-recovered control subjects. Brain 147, 3611–3623. doi: 10.1093/brain/awae101 

 Shafqat, A., Masters, M. C., Tripathi, U., Tchkonia, T., Kirkland, J. L., and Hashmi, S. K. (2024). Long COVID as a disease of accelerated biological aging: an opportunity to translate geroscience interventions. Ageing Res. Rev. 99:102400. doi: 10.1016/j.arr.2024.102400

 Silva, Y. P., Bernardi, A., and Frozza, R. L. (2020). The role of short-chain fatty acids from gut microbiota in gut-brain communication. Front. Endocrinol. (Lausanne) 11:25. doi: 10.3389/fendo.2020.00025 

 Souza, P. S., Goncalves, E. D., Pedroso, G. S., Farias, H. R., Junqueira, S. C., Marcon, R., et al. (2017). Physical exercise attenuates experimental autoimmune encephalomyelitis by inhibiting peripheral immune response and blood-brain barrier disruption. Mol. Neurobiol. 54, 4723–4737. doi: 10.1007/s12035-016-0014-0 

 Spadaro, O., Youm, Y., Shchukina, I., Ryu, S., Sidorov, S., Ravussin, A., et al. (2022). Caloric restriction in humans reveals immunometabolic regulators of health span. Science 375, 671–677. doi: 10.1126/science.abg7292 

 Spindler, M., Palombo, M., Zhang, H., and Thiel, C. M. (2023). Dysfunction of the hypothalamic-pituitary adrenal axis and its influence on aging: the role of the hypothalamus. Sci. Rep. 13:6866. doi: 10.1038/s41598-023-33922-5 

 Stahl, E. C., and Brown, B. N. (2015). Cell therapy strategies to combat Immunosenescence. Organogenesis 11, 159–172. doi: 10.1080/15476278.2015.1120046 

 Su, Q., Lau, R. I., Liu, Q., Li, M. K., Mak, J. W. Y., Lu, W., et al. (2024). The gut microbiome associates with phenotypic manifestations of post-acute COVID-19 syndrome. Cell Host Microbe 32, 651–660.e4. e654. doi: 10.1016/j.chom.2024.04.005

 Suzzi, S., Tsitsou-Kampeli, A., and Schwartz, M. (2023). The type I interferon antiviral response in the choroid plexus and the cognitive risk in COVID-19. Nat. Immunol. 24, 220–224. doi: 10.1038/s41590-022-01410-z 

 Talla, A., Vasaikar, S. V., Szeto, G. L., Lemos, M. P., Czartoski, J. L., MacMillan, H., et al. (2023). Persistent serum protein signatures define an inflammatory subcategory of long COVID. Nat. Commun. 14:3417. doi: 10.1038/s41467-023-38682-4 

 Tang, S. W., Leonard, B. E., and Helmeste, D. M. (2022). Long COVID, neuropsychiatric disorders, psychotropics, present and future. Acta Neuropsychiatr. 34, 109–126. doi: 10.1017/neu.2022.6 

 Tay, M. Z., Poh, C. M., Renia, L., MacAry, P. A., and Ng, L. F. P. (2020). The trinity of COVID-19: immunity, inflammation and intervention. Nat. Rev. Immunol. 20, 363–374. doi: 10.1038/s41577-020-0311-8 

 Tayeri, K., Asadollahi, K., Madani, N., and Haghjooy Javanmard, S. (2022). Does COVID-19 escalate aging process? A possible concern. Adv. Biomed. Res. 11:106. doi: 10.4103/abr.abr_350_21

 Tizazu, A. M., Mengist, H. M., and Demeke, G. (2022). Aging, inflammaging and immunosenescence as risk factors of severe COVID-19. Immun. Ageing 19:53. doi: 10.1186/s12979-022-00309-5 

 Tsampasian, V., Elghazaly, H., Chattopadhyay, R., Debski, M., Naing, T. K. P., Garg, P., et al. (2023). Risk factors associated with post-COVID-19 condition: A systematic review and Meta-analysis. JAMA Intern. Med. 183, 566–580. doi: 10.1001/jamainternmed.2023.0750 

 Valles-Colomer, M., Falony, G., Darzi, Y., Tigchelaar, E. F., Wang, J., Tito, R. Y., et al. (2019). The neuroactive potential of the human gut microbiota in quality of life and depression. Nat. Microbiol. 4, 623–632. doi: 10.1038/s41564-018-0337-x 

 Vestad, B., Ueland, T., Lerum, T. V., Dahl, T. B., Holm, K., Barratt-Due, A., et al. (2022). Respiratory dysfunction three months after severe COVID-19 is associated with gut microbiota alterations. J. Intern. Med. 291, 801–812. doi: 10.1111/joim.13458 

 Vora, S. M., Lieberman, J., and Wu, H. (2021). Inflammasome activation at the crux of severe COVID-19. Nat. Rev. Immunol. 21, 694–703. doi: 10.1038/s41577-021-00588-x

 Walitt, B., and Johnson, T. P. (2022). The pathogenesis of neurologic symptoms of the postacute sequelae of severe acute respiratory syndrome coronavirus 2 infection. Curr. Opin. Neurol. 35, 384–391. doi: 10.1097/WCO.0000000000001051 

 Wallukat, G., Hohberger, B., Wenzel, K., Furst, J., Schulze-Rothe, S., Wallukat, A., et al. (2021). Functional autoantibodies against G-protein coupled receptors in patients with persistent Long-COVID-19 symptoms. J. Transl. Autoimmun. 4:100100. doi: 10.1016/j.jtauto.2021.100100 

 Wang, E. Y., Mao, T., Klein, J., Dai, Y., Huck, J. D., Jaycox, J. R., et al. (2021). Diverse functional autoantibodies in patients with COVID-19. Nature 595, 283–288. doi: 10.1038/s41586-021-03631-y 

 Wellford, S. A., and Moseman, E. A. (2024). Olfactory immune response to SARS-CoV-2. Cell. Mol. Immunol. 21, 134–143. doi: 10.1038/s41423-023-01119-5 

 Wendimu, M. Y., and Hooks, S. B. (2022). Microglia phenotypes in aging and neurodegenerative diseases. Cells 11:2091. doi: 10.3390/cells11132091

 Wilk, A. J., Rustagi, A., Zhao, N. Q., Roque, J., Martinez-Colon, G. J., McKechnie, J. L., et al. (2020). A single-cell atlas of the peripheral immune response in patients with severe COVID-19. Nat. Med. 26, 1070–1076. doi: 10.1038/s41591-020-0944-y

 Wlodarczyk, J., Czerwinski, B., and Fichna, J. (2022). Short-chain fatty acids-microbiota crosstalk in the coronavirus disease (COVID-19). Pharmacol. Rep. 74, 1198–1207. doi: 10.1007/s43440-022-00415-7 

 Woo, M. S., Shafiq, M., Fitzek, A., Dottermusch, M., Altmeppen, H., Mohammadi, B., et al. (2023). Vagus nerve inflammation contributes to dysautonomia in COVID-19. Acta Neuropathol. 146, 387–394. doi: 10.1007/s00401-023-02612-x 

 Wu, J., Tang, L., Ma, Y., Li, Y., Zhang, D., Li, Q., et al. (2021). Immunological profiling of COVID-19 patients with pulmonary sequelae. MBio 12:e0159921. doi: 10.1128/mBio.01599-21

 Wyss-Coray, T. (2016). Ageing, neurodegeneration and brain rejuvenation. Nature 539, 180–186. doi: 10.1038/nature20411 

 Yang, J., Zheng, P., Li, Y., Wu, J., Tan, X., Zhou, J., et al. (2020). Landscapes of bacterial and metabolic signatures and their interaction in major depressive disorders. Sci. Adv. 6:eaba8555. doi: 10.1126/sciadv.aba8555 

 Zhang, Y., Hu, H., Fokaidis, V., V, C. L., Xu, J., Zang, C., et al. (2023). Identifying environmental risk factors for post-acute sequelae of SARS-CoV-2 infection: an EHR-based cohort study from the recover program. Environ. Adv. 11:100352. doi: 10.1016/j.envadv.2023.100352 

 Zhang, F., Wan, Y., Zuo, T., Yeoh, Y. K., Liu, Q., Zhang, L., et al. (2022). Prolonged impairment of short-chain fatty acid and L-isoleucine biosynthesis in gut microbiome in patients with COVID-19. Gastroenterology 162, 548–561.e4. doi: 10.1053/j.gastro.2021.10.013 

 Zhao, S., Martin, E. M., Reuken, P. A., Scholcz, A., Ganse-Dumrath, A., Srowig, A., et al. (2024). Long COVID is associated with severe cognitive slowing: a multicentre cross-sectional study. EClinicalMedicine 68:102434. doi: 10.1016/j.eclinm.2024.102434 

 Zheng, M., Gao, Y., Wang, G., Song, G., Liu, S., Sun, D., et al. (2020). Functional exhaustion of antiviral lymphocytes in COVID-19 patients. Cell. Mol. Immunol. 17, 533–535. doi: 10.1038/s41423-020-0402-2 

 Zuo, T., Zhang, F., Lui, G. C. Y., Yeoh, Y. K., Li, A. Y. L., Zhan, H., et al. (2020). Alterations in gut microbiota of patients with COVID-19 during time of hospitalization. Gastroenterology 159, 944–955.e8. doi: 10.1053/j.gastro.2020.05.048 


Copyright
 © 2024 Müller and Di Benedetto. 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



		The impact of COVID-19 on accelerating of immunosenescence and brain aging



		1 Introduction



		2 Exploring the link between COVID-19 and immunosenescence



		3 Neuroimmune interactions: the dual impact of aging and COVID-19



		4 Insights into potential interventions and therapeutic strategies



		5 Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fncel-18-1471192-g001.jpg
Immunosenescence

Thymic involution,
reduced naive T-cell

output

Accumulation of
exhausted and
senescent TC.

Increase in
dysfunctional NK
cells

Alpha Variant induces
thymic atrophy

Overactive,
misdirected immune
response

—

Cytokine storm
induces immune cell
exhaustion

p—

Reduced B-cell
lymphopoiesis,
naive B cells

p—

Increase in memory
B-and T-cells

p—

Increase in immune
cells with SASP

p—

Low-grade
inflammation -

inflammaging

Acceleration and exacerbation

of immunosenescence

Persistent
inflammatory state
post-COVID

Dysfunctional
mitoch. activates
inflammasome

_

Reactivation of
latent viruses (CMV,
EBV, VZV, HHV-6)

e —

Dysbiosis, increase
of autoimmunity






OPS/images/fncel-18-1471192-g002.jpg
Disturbance of
neuroimmune
crosstalk

N

m |

Disruption of BBB
integrity

Infiltration of
peripheral immune
cells

Glial change in
phenotype and
functions

p—

Neuronal death,
disturbed

neurogenesis

Chronic neuro-
inflammation

Buypeubis Aiojewieyur enisu snbep

Acceleration of
neuroimmune aging

SARS-Co-2
iCt

aAC

Damage of BBB &
neuroimmune
crosstalk

Exacerbation of
neuro-inflammation

L —

Long-term
microglia and
astrocyte activity

o —

Vagus nerve
invasion and

inflammation

—_—

Disfunction of HPA
axis, low cortisol
level

L

Brain cell injury,
axonal damage,
neuronal death






OPS/images/cover.jpg
& frontiers | Frontiers in Cellular Neuroscience

The impact of COVID-19 on
accelerating of
immunosenescence and brain

aging












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Cellular Neuroscience






