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Introduction: Acute infectious disease represents a significant cause of mortality and morbidity in elderly individuals admitted to the hospital. In its extreme, it presents as sepsis, a systematic inflammatory and immunologic response responsible for self-injurious organ injury. As individuals age, a unique set of factors including immunosenescence predispose them to acquiring an infection and a worse clinical prognosis. This systematic review explores the relationship between cellular senescence, an age-related inflammatory phenomenon, with acute human infectious disease.Methods: Embase via OVID, Scopus, Web of Science, Global Index Medicus, Cochrane Library via Wiley, and ClinicalTrials.gov were queried. Included studies must have compared at least one of the following measures of cellular senescence between patients with an infection and without an infection: cell cycle inhibition measured via levels of p16INK4a and/or p21CIP1, short telomere length, DNA damage via ɣH2AX, high senescence-associated β galactosidase activity, and inflammation via the detection of senescence associated secretory phenotype (SASP). Manuscripts were screened and data collected via two independent reviewers.Results: A total of 15,828 studies were screened after duplicates were removed. One hundred and fifty-three full-text articles were assessed for eligibility and a total of 16 original articles were included in analysis. Of the 16 original articles included, 12 (75%) articles were centered on SARS-CoV-2, 2 (12.5%) articles utilized patients infected with Leishmania braziliensis, 1 (6.25%) with Plasmodium falciparum, and 1 (6.25%) with Hepatitis C.Conclusion: Current literature demonstrates robust upregulation of markers of cellular senescence in the setting of acute SARS-CoV-2, P. falciparum, L. braziliensis, and hepatitis C virus, and that markers of senescence correlate with disease severity and persist for months after resolution. Limitations in the number and types of infectious organisms studied, low sample sizes, modest longitudinal sampling, and a lack of consistency in markers measured, the method of measurement, and the definition of normal values represent ongoing gaps in the literature.Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=421473, Identifier CRD42023421473.Keywords: cellular senescence, aging, infectious disease, frailty, systematic review
INTRODUCTION
Acute infectious diseases represent a leading international cause of death, and in its most severe manifestation presents as sepsis. Sepsis is a life-threatening condition with organ dysfunction due to a dysregulated host response to an infection, as defined by the Third International Consensus Definitions for Sepsis and Septic Shock (Singer et al., 2016). It affects approximately 48 million adults per year worldwide, with 11 million sepsis-related deaths reported (Rudd et al., 2020). The pathophysiology of sepsis is a complex spatiotemporal connected pathway of innate and adaptive immune system dysfunction leading to an early pro-inflammatory response and eventual immunosuppression leading to end-organ failure (Jarczak et al., 2021). Despite advances in treatment, sepsis-related hospital mortality continues to approach 50% and represents a significant burden on healthcare spending (Markwart et al., 2020; van den Berg et al., 2022). The underlying etiology of a sepsis is broad and includes bacterial, viral, and fungal acute infectious pathogens (Koçak Tufan et al., 2021; Lin et al., 2018).
Uniquely, elderly individuals pose a particularly high risk of developing sepsis as a response to routine acute infectious disease with increased mortality and morbidity (Esme et al., 2019; Guidet et al., 2018; Yoshikawa and Norman, 2017), and make up the majority of individuals hospitalized (Rowe and McKoy, 2017). It has s been estimated that individuals > 60 years old demonstrate a 20% increased risk of developing sepsis (Martin et al., 2006). As individuals age, cognitive and physical domains diminish in capacity, leading to a state of frailty, predisposing individuals to infections and deleterious downstream morbidity and mortality (Trevisan et al., 2023). A commonly described driver of human aging that has been described across disease states is the phenomenon of cellular senescence, which may contribute to adverse outcomes in the setting of acute infectious diseases and the subsequent development of sepsis (Nasa et al., 2012).
Cellular senescence is characterized by a stable exit from the cell cycle with continued secretion of a milieu of pro-inflammatory cytokines and chemokines that, through a paracrine mechanism, induce further cellular senescence of nearby cells (Gorgoulis et al., 2019). The senescence associated secretory phenotype (SASP) also drives a state of chronic sterile inflammation that when coupled with an infection causes a propensity for cytokine storm and organ damage (Camell et al., 2021). Characteristically, senescent cells are particularly difficult for the immune system to clear, thus resulting in an accumulation of senescent cells as individuals age (Prata nd Mckoy, 2018). Beyond local senescent cell accumulation and burden are the deleterious effects of age on an individual’s immune function, dubbed immunosenescence, resulting in an increased predilection for infection and decreased or altered response to infection (Fulop et al., 2018; Camell et al., 2021).
Senescent cells can be selectively targeted with a new class of drugs “senotherapeutics” which consists of two classes (Zhang et al., 2023). Senolytics selectively kill senesecent cells, while senomorphics modulate their proinflammatory secretions (Zhang et al., 2023). The potential role of cellular senescence and the role of senolytic medications to reduce their burden in the setting of acute infectious diseases has been demonstrated in preclinical models. However, the data in humans is less robust. Given the critical role of the immune system in the pathophysiology of sepsis, there is also a growing understanding that acute infections can increase the senescent cell burden, and how that negatively impacts clinical recovery. Despite this evolving knowledge based, there remains a substantial gap in the literature studying cellular senescence in sepsis. Previous work has sought to describe the mechanistic involvement of senescence in acute infection using in-vitro models and suggest a critical role of this effect of aging on sepsis pathophysiology, however a paucity of data in human patients exists (Reyes et al., 2023; Schmitt et al., 2023; Kelley et al., 2020). To address this gap, t he goal of this systematic review is to comprehensively summarize the current state of medical literature as it relates to cellular senescence in acute human infections, excluding in-vitro models, to serve as a basis for future identifying literature gaps to inform explorations in more severe forms of infections, such as sepsis, more specifically.
MATERIALS AND METHODS
The present systematic review was performed in compliance with the PRISMA 2020 (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines (Open Access Page et al., 2021) and the study protocol was registered using the International Prospective Register of Systematic Reviews, CRD42023421473. A PRISMA 2020 checklist is available via Supplementary Table S1.
Search strategy
The search strategy to identify relevant articles was built by a health sciences librarian and tested for sensitivity in Ovid MEDLINE using medical subject (MeSH) headings, keywords, and synonyms to encompass the concepts of cell senescence and infection. The search was then translated to an additional six databases: Embase via OVID, Scopus, Web of Science, Global Index Medicus, Cochrane Library via Wiley, and ClinicalTrials.gov. Searches were run from the inception of each database through 8 August 2022 and an updated search was run on 13 December 2023. No limitations or search filters were applied. The full Ovid Medline (R) All search strategy can be found in the appendix. A broad search strategy was employed so as to not miss articles with useful data that included, but were not exclusive of, human patients rather than in-vitro models.
Study selection
Search results were imported to Covidence for automatic deduplication and screening (Covidence systematic review software, 2024). Two investigators (WM and SW) independently reviewed the titles and abstracts of all studies. In cases of disagreement, conflict was resolved by discussion between the two investigators with the help of a third investigator (MP) if needed. Disagreement on abstract screening was resolved prior to accessing the full article. The same two investigators independently reviewed the full text of included studies in Covidence with the same process of conflict resolution.
We included studies reporting original data comparing levels of cellular senescence in human patients diagnosed with an acute infection compared to patients without an infection. Studies exclusively reporting data on animals or plants, including animal cell lines, were excluded. If a study presented data about human patients and animals or plants, including cell lines, it was included for full text review to collect only the data pertaining to human patients. If this was not possible, the study was excluded from full text review. The initial search strategy was made intentionally broad to ensure that articles focused on in vitro results, but that included patient biospecimens as an ancillary portion of the manuscript were captured. Reviews discussing the effects of cellular senescence and infection were also included for full text review, where references were searched for any studies reporting original data that fit the inclusion criteria.
Study inclusion criteria were determined prior to literature search and author review/screening. For a study to be included, it must have compared at least one of the following measures of cellular senescence between patients with an infection and without an infection: cell cycle inhibition measured via levels of p16INK4a and/or p21CIP1, short telomere length, DNA damage via ɣH2AX, high senescence-associated β galactosidase activity, and inflammation via the detection of SASP. SASP consists not only of pro-inflammatory cytokines, chemokines, but also a heterogeneous mix of growth factors and matrix remodeling enzymes (Coppé et al., 2010). The strength of study was based on the number of senescent cell biomarkers that were measured as none of them are specific to senescent cells. If a study reported telomere length data, it must have also reported another measure of cellular senescence due to the low specificity of telomere length and cellular senescence (Victorelli and Passos, 2017). In this systematic review, patients must have been in the acute phase of infection, confirmed by a diagnostic test. Chronic infections including but not limited to HIV, hepatitis B and C, and chronic cytomegalovirus were excluded.
The primary outcome measure was the difference in markers of cellular senescence between acutely infected patients and controls. Additional secondary outcome measures included but not limited to the correlation of senescence levels with disease severity, mortality, and healthcare resource utilization, as available.
Data extraction
One investigator independently extracted data while the second investigator verified data for accuracy and completeness. Data collected included the type of infection studied, how the infection was diagnosed or verified, senescence markers studied, and the levels of senescence measured in patients with acute infection and without. Because numerical values of senescence markers were inconsistently reported across studies, descriptive analyses were extracted. Other variables collected included study type, publication year, and study limitations.
Statistical analysis
A meta-analysis combining the extracted data to determine overall cellular senescence with each infectious agent could not be performed due to a lack of standardized senescent marker identification (Ogrodnik et al., 2024). Inter-rater reliability assessed at both title/abstract review and full-text review stages using Cohen’s kappa calculated by Covidence (Covidence systematic review software, 2024).
RESULTS
Selection of included studies
Figure 1 provides a detailed flow diagram of study screening and selection. A total of 15,828 studies were screened after duplicates were removed, reflecting the comprehensive search strategy, but emphasizing the observation that most data in the field is based in preclinical and/or in vitro models. One hundred and fifty-three full-text articles were assessed for eligibility and a total of 16 original articles were included in analysis. The inter-rater reliability was calculated using Cohen’s kappa. For the title/abstract screening it was 0.38 and for the full-text screening it was 0.66.
[image: Figure 1]FIGURE 1 | Study flow diagram for identified, screened, and excluded articles.
Included study characteristics
Of the 16 original articles (Table 1) included after screening, 12 (75%) articles were centered on SARS-CoV-2 as the primary disease (Froidure et al., 2020; Zheng et al., 2020; Evangelou et al., 2021; 2022; Lee et al., 2021; Wang et al., 2021; 2023; Lekva et al., 2022; Lipskaia et al., 2022; Nguyen et al., 2022; Roh et al., 2022; Lin et al., 2023). Two (12.5%) articles utilized patients infected with Leishmania braziliensis, 1 (6.25%) with Plasmodium falciparum, and 1 (6.25%) with Hepatitis C (Asghar et al., 2018; Covre et al., 2019; Fantecelle et al., 2021; Martín-Escolano et al., 2023). A total of 1239 patients were included across all studies. Of those patients, 443 (35.8%) patients had a diagnosis of an acute infection and 710 (57.3%) were included as controls. The remaining 86 (6.9%) individuals were not identified as infected or a control specifically. Generally, controls were defined as individuals with similar comorbidities without acute infection. A total of 11 (68.8%) studies clearly defined age-matching controls to experimental groups. The gender distribution was provided in 13 (81.25%) articles, and average/median age was provided in 13 (81.25%) articles (Table 1). Studies typically reported a difference in measured senescence markers between infected patients and controls. In a subset of included studies, the severity of disease or relative disease load was also reported (Table 1).
TABLE 1 | Summary of studies included in the analysis with their infectious disease of interest, number of subjects and controls, and measured senescence markers.
[image: Table 1]Viral etiologies
SARS-CoV-2
The majority of included articles analyzed markers of cellular senescence in SARS-CoV-2 or COVID-19 (n = 12). A total of 9 (75%) COVID-19 articles measured cell cycle inhibitors including p16, p21, and p53. Of the 12 articles, 9 (75%) included some measure of senescence associated secretory phenotype (SASP), 3 (25%) included a quantification of lipofuscin, and 2 (16.7%) measured telomere length/telomerase activity. A total of 12 (100%) of COVID-19 articles found an association between acute COVID-19 infection and an increased burden of cellular senescence (Table 2).
TABLE 2 | Summary of findings from studies included in the analysis specifically investigating SARS-CoV-2.
[image: Table 2]Hepatitis C
Martín-Escolano et al. described the correlation of acute Hepatitis C Virus (HCV) infection and increased senescent cell burden (Table 3). The SASP and immune checkpoint signaling molecules were correlated to spontaneously cleared HCV infection compared to individuals without evidence of infection. They demonstrated an increase in 13 immune checkpoint signaling molecules and 13 SASP proteins in the HCV spontaneous clearance group, measured approximately 2 years post-infection clearance.
TABLE 3 | Summary of findings from studies included in the analysis investigating Leishmania braziliensis, Plasmodium falciparum, or hepatitis C.
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Leishmania Braziliensis
Of the 16 total included studies, 2 (12.5%) analyzed acute Leishmania Braziliensis infection (Table 3). Covre et al. correlated telomere length, SASP, and DNA damage marker ɣH2AX to acute infection. They detailed the accumulation of senescent circulating T cells with homing to the skin associated via increased circulating SASP in the acute infectious phase. Fantacelle et al. analyzed the cell cycle inhibitors p16INK4a and p21CIP1, the MAP kinase-activating p38, and SASP. This work built upon the aforementioned study by Covre et al., detailing accumulating senescent burden in CD8+ effector memory, TEMRA (terminal effector memory T cells), and NK cells localized to cutaneous infection.
Plasmodium falciparum
The article by Asghar et al. analyzed acute P. falciparum infection and cellular senescence (Table 3). This longitudinal study specifically measured the expression of the cell cycle inhibitor p16INK4a, telomerase activity, and telomere length in infected individuals in the acute infectious phase and 12 months post infection. There was a demonstrable increase in p16 INK4a (CDKN2A) expression, reduced telomerase activity, and telomere shortening during the acute infectious phase when pairwise compared to the healthy individual at 12-month post infection.
DISCUSSION
In this systematic review, we identified a relative paucity of human studies examining the effect of acute infectious diseases on cellular senescence. However, in all four of the conditions studied, patients with acute infection demonstrated higher senescent cell markers than controls. Senescence markers were amplified in serum, infected tissue, and peripheral immune cells, including T cells, monocytes, and macrophages (Asghar et al., 2018; Covre et al., 2019; Zheng et al., 2020; Evangelou et al., 2021; Fantecelle et al., 2021; Lee et al., 2021; Wang et al., 2021; Lipskaia et al., 2022; Nguyen et al., 2022; Roh et al., 2022; Martín-Escolano et al., 2023). A large number of manuscripts were screened for inclusion, however ultimately excluded due to them including exclusively in-vitro or cellular models without human patient samples.
There is a strong pool of literature supporting the upregulation of p16INK4a and p21CIP1 as reliable senescence markers in infected tissue (Evangelou et al., 2021; 2022; Fantecelle et al., 2021; Lee et al., 2021; Lipskaia et al., 2022). p16INK4a is the most well-studied marker of senescence in the peripheral serum monocytes and has been shown to be increased in acute disease states (Asghar et al., 2018; Zheng et al., 2020; Lekva et al., 2022). Additionally, expression of p16INK4a in peripheral T cells is a viable marker of normal human aging outside of infectious processes and appears to be correlated to patient frailty within and across age demographics (Liu et al., 2009; Englund et al., 2021). In the preclinical literature, this phenomenon does not appear to be exclusive to the four conditions included in this review. Senescence has been observed in vitro or ex vivo with other acute infections including influenza A virus and respiratory syncytial virus (Li et al., 2017; Schulz et al., 2024) but also in chronic viral infections including CMV, HCV, and HIV (Montano et al., 2022; Raviola et al., 2024). Senescence driven by these chronic viral infections is believed to accelerate cellular aging and contribute to a pro-tumor micro- and macro-environments (Asghar et al., 2018; Froidure et al., 2020).
Mechanistically, it appears that age-related accumulation of senescent cells predisposes an individual to acute infection with a cellular polarization towards inflammatory states. This is true for both peripheral tissue and circulating immune cells. Subsequently, the acute infection stimulates further the accumulation of senescent cells, which exacerbates disease phenotype through a positive feedback loop, ultimately creating excess inflammation (Zheng et al., 2020; Fantecelle et al., 2021; Wang et al., 2021; Lipskaia et al., 2022; Roh et al., 2022). This is supported by senescence induction by upregulation of MAPK signaling in SARS-CoV-2 (Wang et al., 2023) and excessive stem cell replication in acute malaria infection (Asghar et al., 2018). Additionally, SASP secretion in cutaneous L. braziliensis appears to create a positive-feedback loop with the immune system which induces substantial inflammation (Fantecelle et al., 2021). Based on the methodology of the reported studies, however, it remains unclear whether patients with increased senescence are more prone to acute infection, whether acute infections in and of themselves increase cellular senescence, or both.
Chronic sequelae of acute infections may also be a consequence of enhanced cellular senescence. In SARS-CoV-2, senescence caused by acute infection is shown to contribute to long-standing changes like emphysema and fibrosis by accelerating age-related changes (Wang et al., 2021). Lipskaia et al. postulated there may be a causal link between epithelial cell senescence and vascular thrombosis (Lipskaia et al., 2022). Subsequent studies revealed upregulated senescence, F3, and von Willebrand factor in epithelial cells of patients with severe SARS-CoV-2 (Wang et al., 2021; Nguyen et al., 2022). Furthermore, the antithrombotic protein ADAMTS13 was shown to be decreased and to have a strong inverse relation with cardiac injuries like acute coronary syndrome (Roh et al., 2022). All of these changes contribute to thrombosis of the pulmonary vasculature, which is a well-known cause of pulmonary fibrosis and may be implicated in the development of post-COVID-19 syndrome.
Following resolution of these acute infections, we see mixed results whether senescence markers persist or return to baseline. Patients infected with P. falciparum showed resolution of serum senescence markers to baseline within the year following acute infection (Asghar et al., 2018). Following recovery of acute hepatitis C, however, serum senescence markers persist for over 2 years and are suspected to contribute to T cell exhaustion (Martín-Escolano et al., 2023). Serum samples from patients with severe SARS-CoV-2 showed persistently upregulated SASP 3 months after resolution of infection in an age-dependent and age-independent manner further supporting involvement of senescence in post-COVID-19 syndrome (Lekva et al., 2022).
Importantly, senescence markers may be clinically significant as predictors of disease presence and severity and can be used to guide treatment. The studies included in this review show the burden of senescence markers correlates with disease severity. For SARS-CoV-2, this is true of numerous markers including p21CIP1 in peripheral blood mononuclear cells (Lin et al., 2023), telomere shortening in peripheral blood T cells (Froidure et al., 2020), serum SASP profile at time of admission (Roh et al., 2022), and MAPK signaling in the testes (r = 0.999, p < 0.001) (Wang et al., 2023). P. falciparum infection is also shown to be correlated with increased p16INK4a expression, decreased telomerase activity, and shortened telomeres in peripheral white blood cells (Asghar et al., 2018). Finally, in L. braziliensis infection, the size of cutaneous lesions and parasitic load correlated with cutaneous SASP marker expression (Fantecelle et al., 2021).
Given the substantial involvement of cellular senescence in acute infection, this process may be a viable drug target. The senolytics navitoclax, fisetin, and quercetin plus dasatinib were shown to be effective at reducing senescent phenotype in vivo models of SARS-CoV-2 infection. Moreover, animal models treated with these senolytics displayed meaningful improvement of disease phenotype albeit with moderate adverse effects (Lee et al., 2021). F3 inhibitors are also being explored as possible therapeutic agents to prevent dysregulation of thrombosis seen with epithelial cell senescence in SARS-CoV-2 (Nguyen et al., 2022).
The mechanism by which cellular senescence influences an individual’s risk of acquiring infection and that infection being severe in nature are numerous and dependent on the infectious agent. Generally, it involves an alteration in immune cell populations systemically, a decline in the innate and adaptive immune function, and chronic inflammation (Wrona et al., 2024; Marrella et al., 2022). Although outside the scope of this review, these mechanisms are explored and reported in other narrative and literature reviews and we refer interested readers to the following excellent summaries (Reyes et al., 2023; Wrona et al., 2024; Marrella et al., 2022; Li et al., 2023).
The key limitation of this review was the study populations. Most included studies were limited to populations of severely to critically ill patients which raises concerns regarding the generalizability of these findings (Froidure et al., 2020; Evangelou et al., 2022). Further clinical research is essential to develop a thorough understanding of the role of cellular senescence in acute infection. Mechanistic questions remain including how acute infections affect the rate of senescent cell accumulation and aging and if these are transient events. There are also practical challenges to the clinical use of senescence markers including when they should be measured during a disease course and which markers should be measured. Furthermore, it is unclear if nucleic acid or protein assays are more reliable in clinical populations.
CONCLUSION
Current literature demonstrates robust upregulation of markers of cellular senescence in the setting of acute SARS-CoV-2, P. falciparum, L. braziliensis, and hepatitis C virus, and that markers of senescence correlate with disease severity and persist for months after resolution. Limitations in the number and types of infectious organisms studied, low sample sizes, modest longitudinal sampling, and a lack of consistency in markers measured, the method of measurement, and the definition of normal values represent ongoing gaps in the literature.
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