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Potential role of serological
biomarkers in the diagnosis and
prediction of
community-acquired pneumonia
In elderly individuals

Chen Hou, Yi Feng Jin* and Jie Li*

Department of General Practice, The First Affiliated Hospital of Soochow University, Suzhou, China

Community-acquired pneumonia (CAP) is one of the most common lower
respiratory tract infections (LRTIs) and has substantial clinical and economic
impacts on healthcare systems worldwide. Because of impaired host defenses
and/or underlying health problems, CAP in elderly patients is associated with
increased mortality and morbidity compared with that in younger patients
and is prone to developing severe community-acquired pneumonia (SCAP).
Diagnosis, severity evaluation, and prognosis are still challenges for physicians.
Therefore, new diagnostic methods are needed to identify the different stages of
CAP and monitor disease progression. The value of serological biomarkers has
been extensively investigated in infectious diseases. In clinical practice, there
are currently no defined or agreed-upon biomarker(s) for CAP that can be
readily tested. An ideal biomarker that is simple, easy to perform, noninvasive
or microinvasive, inexpensive, rapid, and reproducible is helpful for patients and
clinicians. The aim of this review is to highlight potential serological biomarkers
for the diagnosis and prediction of CAP in elderly individuals, providing novel
strategies for patient stratification and treatment.
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Introduction

Community-acquired pneumonia (CAP) remains the leading cause of mortality and
morbidity worldwide. Several factors such as geographical region, age and study period
influence the incidence of CAP in adults (1, 2). The number of deaths from lower
respiratory tract infections (LRTISs) is nearly 2.4 million in all age groups, including more
than 1.08 million elderly patients over 70 years old (3). Despite important advances in
prevention through vaccines, new rapid diagnostic tests and antibiotics, mortality due
to LRTI remained unchanged from 2005 to 2015, although age-standardized death rates
decreased by 19.5%, and a parallel improvement in the lower respiratory infection mortality
rate among elderly individuals is generally not observed (4). CAP in elderly patients
is prone to respiratory failure or shock and progression to severe community-acquired
pneumonia (SCAP) (5, 6). Therefore, early recognition of severe disease, and associated
identification of patients at increased risk of mortality who require intensive monitoring
and/or intensive care are highly important.
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Biomarkers can be objectively measured and assessed
as Dbiological indicators of normal physiological processes,
pathological conditions, or pharmacological responses to
therapeutic interventions. These biomarkers, which are present in
blood, other biological fluids, and tissues, can indicate the presence
of abnormal states or diseases within the body (7). Recent studies
have demonstrated their significant role in evaluating both the
severity and treatment efficacy of CAP, particularly in relation
to patient mortality (8, 9). Although the specific pathogenesis of
CAP remains incompletely understood, it is widely accepted that it
arises from pathogenic infections that elicit an aberrant immune
response in the host. Upon invasion by pathogens—such as bacteria
and viruses—the immune system is activated, orchestrating the
release of various proinflammatory cytokines and acute-phase
proteins (10, 11). While this proinflammatory response is critical
for pathogen elimination, excessive inflammation can result in
detrimental effects for the host, including shock, coagulopathy,
and tissue damage, ultimately leading to organ dysfunction and
death. Furthermore, the immune response during infection
involves an anti-inflammatory component, which is vital for
restoring homeostasis and mitigating collateral damage (12-14).
Thus, stratification on the basis of biomarkers is essential. The
overactivation of inflammatory responses and the resulting
tissue damage are pivotal in the onset and progression of CAP
(12). A variety of inflammatory mediators are implicated in
the pathogenesis of CAP, offering potential value in facilitating
diagnosis and reflecting the extent of inflammation within the body.

Given the uncertainty about the precise role of biomarkers
in the management of elderly patients with community-acquired
pneumonia (CAP), we reviewed the literature on serological
biomarkers used in clinical and experimental studies to better
evaluate their utility. We explicitly listed the database searched
(PubMed) and reiterated the search period (2010-2025). The
full PubMed search strategy is provided in the main text
and includes all subject headings, free-text terms, and Boolean
operators used. Complete search strategies for the other databases
are included in the Supplementary Appendix 1 to ensure
transparency and reproducibility. In addition to database searches,
we manually screened the reference lists of included studies to
identify any potentially relevant articles, thereby enhancing the
comprehensiveness of the literature search. Studies of biomarkers
in elderly patients with CAP are summarized in Table 1.

In recent years, the rapid advancement of testing technologies
has led to the prominence of several novel biological markers.
Significant progress has been made in the research of biomarkers
for patients with CAP. The identification of these serum biomarkers
primarily arises from a comprehensive investigation into the
pathogenesis of CAP. This research aims to elucidate the
relevant molecular pathways and mechanisms, thereby identifying
potential serological biomarkers that are closely associated with
the disease state.

Genome—RNA

According to genomic research, certain genetic differences may
have a major impact on an individual’s immune response and
susceptibility to infection, which is why they are important in the
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onset and progression of inflammatory illnesses (22, 23). This is
especially crucial for research on older people with CAP, since
their prognosis is usually worse and they are more susceptible to
the disease. In this context, researchers have focused on circular
RNAs (circRNAs), a unique class of RNA molecules, which have
emerged as a significant area of investigation because of their ability
to regulate microRNA (miRNA) activity and interact with RNA-
binding proteins, thus profoundly influencing gene expression (24).
In their study, Zhao et al. (25) examined the diagnostic utility of
four specific circRNAs in adult patients with CAP and revealed
that these circRNAs exhibited high specificity and sensitivity.
Notably, HSA_circ_0026579 demonstrated remarkable efficacy
in differentiating viral pneumonia from nonviral pneumonia,
including bacterial and mixed infections (25). Furthermore, in
CAP patients, the expression profile of circRNAs varies according
to the pathogenic agent involved, thereby potentially modulating
the production of various inflammatory mediators and enhancing
the immune response of the host to different pathogens (26, 27).
Moreover, these circRNAs may regulate inflammatory pathways
through the inhibition of particular miRNAs, which in turn
promotes the activity of immune cells, such as macrophages
and neutrophils. This enhancement bolsters their capacity to
phagocytose bacteria and mitigate viral replication and expression
(28, 29). Consequently, circRNAs may play a pivotal role in
distinguishing infections from different pathogens in CAP patients,
suggesting significant implications for identifying the etiology
of CAP. Additionally, the circular long noncoding RNA TUG1
is considered a valuable biomarker for predicting the 30-day
mortality rate in elderly patients with CAP (16). TUGL is involved
in the inflammatory process by regulating gene expression and
influencing cellular signaling pathways. Its downregulation may
facilitate the release of inflammatory factors, such as tumor
necrosis factor o and interleukins, thereby further initiating an
inflammatory cascade and contributing to the development of
SCAP (16, 30, 31).

Metabolome-lipid

Lipidomic research on lipidomic continually emphasizes the
importance of lipid metabolism in the pathogenesis of CAP.
A detailed analysis of the serum lipid profiles of CAP patients
revealed that changes in certain specific lipid molecules are closely
related to inflammatory responses and disease severity (32, 33).
These lipids not only participate in cellular signaling and influence
intercellular communication but also may regulate immune system
function, thereby playing a crucial role in the development
of CAP. Lipids are the principal constituents of pulmonary
surfactant, which plays a critical role in reducing alveolar surface
tension and preventing alveolar collapse (34). This mechanism
is vital for maintaining normal respiratory function. In patients
with CAP, the functionality of pulmonary surfactant may be
compromised, leading to significant alterations in lipid metabolism.
Furthermore, during the course of infection by various pathogens,
the levels of lipid metabolites undergo differential changes (35).
A study demonstrated that 13 specific lipid metabolites could
effectively differentiate CAP patients from noninfected individuals,
those with extrapulmonary infections, and patients suffering
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TABLE 1 Summary of biomarkers for biological markers in elderly patients with community-acquired pneumonia.

Predictive scenario and biomarker Sample Risk estimate Discrimination Clinical cutoff and remarks References
composition (OR/HR) (AUC/C-statistic)
Part A: Immune status and general prognosis
Total early-differentiated T-cells 96 elderly patients OR=6.3 <0.05 0.796 Predicts 2-month mortality; Cutoff < 433 (15)
cells/p L.
CD4+ early-differentiated T-cells 96 elderly patients OR=4.38 < 0.05 0.713 Predicts 1-year mortality (Cutoff < 505 (15)
OR=2.6 0.642 cells/pL).
Predicts hospital readmission (Cutoff < 532
cells/pL).
Part B: CAP severity and short-term prognosis
IncRNA TUGI (low expression) 130 sCAP vs. 122 OR ~ 2.65 <0.01 0.823 Predicts 30-day mortality; high PPV (83.3%). (16)
controls
BNP 158 CAP patients OR =1.003 0.001 0.803 Assesses CAP severity, potentially reflecting (17)
cardiac involvement.
CRP 158 CAP patients OR=1.011 0.039 0.791 Conventional inflammation marker for severity
assessment.
D-dimer 158 CAP patients OR =1.289 0.039 0.727 Predict pneumonia severity in elderly CAP
patients
NLR (Neutrophil-to-Lymphocyte Ratio) 158 CAP patients OR=1.111 0.039 0.817 Predicts CAP severity with good discrimination.
MPI (at admission) 50 CAP patients HR =1.42 0.014 0.667 Predicts all-cause mortality. (18)
MPI (at discharge) 50 CAP patients HR =245 < 0.001 0.851 Predicts all-cause mortality with better
discrimination than MPI at admission
pro-ADM (admission, D1, D3, D5) 50 CAP patients HR =1.14-1.70 < 0.05 0.670-0.744 Dynamic monitoring; risk increases over time
(highest HR on day 5).
MPI (admission) + pro-ADM (admission) 50 CAP patients N/A 0.018 0.667 — 0.731 Significantly improves all-cause mortality
prediction.
MPI (admission) + PCT 49 CAP patients N/A 0.020 0.65 — 0.69 Significantly improves 1-month mortality (19)
prediction (IDI = 0.045).
Part C: Muscle mass and long-term prognosis
Low muscle mass (Cr/CysC x 100) 606 elderly CAP HR =1.90 (1-year) < 0.001 N/A Strong predictor of 1- to 3-year mortality. (20)
patients HR = 1.85 (3-year) 1-year mortality: 56.3% vs. 31.9%.
Low muscle mass (AST/ALT) 606 elderly CAP HR = 1.46 (1-year) < 0.001 N/A Effective predictor of 1- to 3-year mortality.
patients HR = 1.35 (3-year) 1-year mortality: 51.2% vs. 37.0%.
Erector spinae muscle cross-sectional area (ESMcsa/BSA) 689 elderly N/A <0.001° N/A Independent predictor of in-hospital mortality. 21
pneumonia patients Lower values are associated with poorer survival.

ADM, adrenomedullin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC, area under the curve; BNP, B-type natriuretic peptide; BSA, body surface area; CAP, community-acquired pneumonia; Cr, creatinine; CRP, C-reactive protein; CysC, cystatin
C; HR, hazard ratio; IDI, integrated discrimination improvement; IncRNA, long non-coding RNA; MPI, multidimensional prognostic index; NLR, neutrophil-to-lymphocyte ratio; N/A, not available; OR, odds ratio; PCT, procalcitonin; PPV, positive predictive value;

SCAP, severe community-acquired pneumonia. ” P-value for association with survival.
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from non-CAP respiratory infections. Among these metabolites,
lysophosphatidylcholine (LPC) has high specificity and sensitivity.
LPCs are known to influence the activation and functionality of
various immune cells, including macrophages and lymphocytes.
Specifically, LPC enhances the inflammatory response by activating
distinct cell signaling pathways and promoting the release of
inflammatory mediators (36, 37). Notably, the changes in LPC
levels during viral infections may differ from those observed in
bacterial infections, indicating a nuanced role in the inflammatory
response (38-40). This finding is consistent with a previously
mentioned study on 13 lipid metabolites in elderly patients with
CAP. Additionally, other investigations into respiratory infections
have revealed that LPC levels may decrease in patients with
viral infections, whereas they tend to remain elevated in patients
with bacterial infection (41-43). Furthermore, LPC plays a crucial
role in distinguishing infectious pathogens in patients with CAP
in addition to exhibiting significant prognostic value for elderly
patients with CAP. Research indicates that lower levels of LPC
are significantly associated with the 30-day mortality rate in this
demographic population (44). These findings suggest that LPC
may function as a valuable biomarker, offering critical insights
for clinicians in evaluating patient prognosis and developing
appropriate treatment strategies. Hence, further investigation into
the role of LPC in the context of elderly CAP patients may enhance
our understanding of its potential as a prognostic indicator and aid
in improving clinical outcomes.

Cell counting

Cell counts play an important role in assessing the
inflammatory response of the host to infection. Specifically,
an increase in neutrophils is usually indicative of an acute bacterial
infection, whereas changes in lymphocytes may reflect the effects
of viral infection or chronic disease (45, 46). By monitoring the
proportions of different immune cells, clinicians are able to gain
a deeper understanding of the nature of the infection and its
underlying mechanisms (47). Among these, the NLR is widely
recognized as a simple, reliable, cost-effective severity parameter
for evaluating critically ill patients across various stress events,
such as peritonitis, abdominal sepsis, postoperative complications,
severe sepsis, and septic shock. Research has shown that a high NLR
serves as an independent predictor of prognosis in various clinical
conditions, including sepsis, chronic obstructive pulmonary
disease, acute pulmonary embolism, and cancer (48-53). A study
conducted by Cataudella et al. (54) further confirmed that the
NLR is important not only for assessing the condition of elderly
CAP patients but also for effectively predicting adverse outcomes.
In a cohort of 195 elderly patients hospitalized due to CAP, an
increase in the NLR was associated with a corresponding increase
in mortality rates. When the NLR ranged from 13.4 to 28.3, the
30-day mortality rate for patients reached 50%, whereas all patients
with an NLR greater than 28.3 died within 30 days. These findings
suggest that the NLR could serve as an important prognostic
biomarker for elderly CAP patients, with higher NLR values
typically indicating a poorer prognosis. The study conducted by
Bian et al. (55) provides a new perspective and hope for exploring
the application of biological markers in elderly CAP patients.
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This study specifically focused on 15 elderly patients with CAP
and investigated whether there is an imbalance in the number of
regulatory T-cell (Treg) populations in their bodies. The results
revealed that both the number of CD4+ T cells and the number of
factors related to CD4+ T cells were significantly lower than those
in the matched healthy control groups. Furthermore, the response
of regulatory T cells is closely related to the severity of the disease
(56). This finding prompted further consideration of regulatory
T-cell-related factors, especially regarding whether examining
changes in these factors could provide more information for
assessing the severity of CAP in elderly patients. In particular,
the characteristic factor of regulatory T cells, FOXP3 (a gene
that encodes a transcription factor that is expressed primarily in
Tregs and serves as a hallmark of Tregs), is especially important
in this field (57). The expression level of FOXP3 is directly
related to the development and function of regulatory T cells,
and its dysregulation may lead to immune response disorders,
thereby exacerbating the condition of elderly patients with CAP.
Additionally, interleukin-10 (IL-10), a crucial anti-inflammatory
cytokine that promotes the development and function of Tregs,
also plays an indispensable role in this process (58). A lack of IL-10
may lead to persistent and exacerbated inflammatory responses,
affecting patient prognosis. Notably, perforin, a key protein
produced by immune system cells, participates in specific cytotoxic
responses and helps regulate and eliminate abnormal or infected
cells. The activity of perforin is closely related to the antitumor and
antiviral capabilities of T cells (59), and whether perforin levels are
altered in elderly CAP patients, thus influencing the severity of the
disease, still requires further research. In summary, the changes in
these biological markers provide important references for clinical
practice and suggest that enhancing the application of biological
markers in assessing the severity of CAP in elderly patients holds
significant potential value. Therefore, future research can focus
on regulatory T cells and their associated factors to provide more
reliable biological evidence for assessing the severity of CAP in
elderly patients. Additionally, research has shown that the number
of early differentiated CD28+CD27+ T cells also has potential
clinical significance in identifying high-risk elderly patients (15).
CD28 and CD27 are costimulatory molecules necessary for T-cell
activation and survival, and their fluctuations reflect changes in
T-cell proliferative capacity (60). Changes in the proliferative
capacity of T cells hold substantial significance for predicting
disease prognosis in elderly patients with CAP.

Frailty-related indicators

Compared with that among children and younger patients,
frailty is more prevalent among elderly patients with CAP and is
closely associated with increased mortality and prolonged hospital
stays (61, 62). This phenomenon underscores the importance of a
comprehensive assessment of frailty status in elderly CAP patients,
highlighting the unique clinical significance of developing and
validating relevant biological markers. Some studies have evaluated
important biological markers for muscle mass, such as the ratio of
aspartate aminotransferase to alanine aminotransferase (AST/ALT)
and creatinine to cystatin C (Cr/CysC*100), and on the basis
of their respective medians, elderly CAP patients are categorized
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into high- and low-muscle-mass groups (20). The results indicated
that patients in the low-muscle-mass group had higher mortality
rates at 1, 2, and 3 years than did those in the high-muscle-mass
group did, further supporting the critical role of muscle mass in
the prognosis of elderly CAP patients. Furthermore, the area of
the Erector spinae muscle (ESM), an objective measure of muscle
quality, has attracted researchers’ interest (63). Yoshikawa et al. (21)
employed chest computed tomography (CT) to measure the cross-
sectional area of the Erector spinae (ESMcsa), specifically obtaining
the ESM cross-sectional area from single-row CT images at the
level of the 12th thoracic vertebra and adjusting for body surface
area (BSA). These findings demonstrated that lower ESMcsa/BSA
values could effectively predict the 30-day mortality of elderly
CAP patients, providing clinicians with a powerful prognostic
assessment tool. Further studies indicate that the multidimensional
prognostic index (MPI) is a validated prognostic tool based on the
CGA, which can effectively predict the prognosis of elderly patients
across various disease states (64—-66). In recent research, the MPI,
when used in combination with other biological markers, such
as PCT and pro- adrenomedullin (Pro-ADM), has significantly
improved the accuracy of mortality risk predictions for elderly CAP
patients. In summary, through the assessment of biological markers
related to frailty and the application of the MPI, we can more
accurately predict the clinical outcomes of elderly patients with
CAP, thereby providing crucial evidence for personalized treatment
and clinical decision-making. These findings not only enhance our
understanding of frailty in elderly CAP patients but also offer new
perspectives and insights for future studies on biological markers
(18, 19).

Clinical value of other serum
biological indicators in geriatric
patients with CAP

Owing to the limitations inherent in prior etiological
approaches, earlier studies have evaluated only a restricted range
of agents or employed techniques of insufficient sensitivity.
The predominant focus of investigations assessing the role of
biomarkers in elucidating the etiology of CAP has been on the
biomarker PCT (67-71). While many researchers acknowledge
that the available data regarding the diagnostic efficacy of PCT
for mixed infections remain limited, it is considered potentially
useful for ruling out such infections (72, 73). In the context of
viral versus bacterial CAP, studies have demonstrated that PCT
has a high negative predictive value (NPV) for excluding bacterial
respiratory mixed infections (74). Recently, as the understanding
of CAP in the elderly population has considerably advanced,
several novel biomarkers have attracted significant interest from the
research community.

The clinical usefulness of C-reactive protein (CRP) in
predicting prognosis and assessing the severity of CAP in elderly
patients is mainly due to its role as an indicator of inflammation
and its connection to the body’s systemic inflammatory response.
CRP is produced by the liver when inflammation or infection is
present; therefore, higher levels often reflect the body’s reaction
to an infection (75). Research indicates that elevated CRP levels
tend to correlate with the severity of the infection. CRP not
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only reflects the extent of the infection but may also be linked
to systemic inflammatory response syndrome (SIRS) resulting
from pneumonia (76). High levels of CRP are often indicative of
activation of the inflammatory response, which may lead to organ
function impairment and an increased risk of complications (77,
78). This is especially important in older patients who are more
susceptible to multiple organ dysfunction. Measuring CRP can help
doctors assess a patients inflammatory state and determine the
severity of the disease.

In patients diagnosed with CAP, elevated levels of BNP
frequently indicate underlying cardiac insufficiency or cardiac
stress (79). The inflammatory response elicited by CAP can
substantially augment the cardiac workload, particularly in
individuals with preexisting cardiovascular comorbidities (80).
Factors such as low blood oxygen and the release of inflammatory
substances during pneumonia can further strain the heart, leading
to increased BNP production (81). Studies have demonstrated
that BNP is a reliable biomarker not just for the systemic
inflammation related to pneumonia, but also for quantifying
the heart’s burden and predicting risk in affected patients (82).
Specifically, elevated BNP levels are correlated with increased
mortality rates and a higher incidence of complications (82,
83). Consequently, BNP is a key indicator in clinical practice
for assessing the prognosis of elderly patients with CAP (17).
Moreover, cardiac insufficiency frequently precipitates pulmonary
edema, which exacerbates dyspnea and compromises oxygenation,
thereby adversely impacting overall patient prognosis. Therefore,
the measurement of BNP levels empowers healthcare providers
to devise more targeted and individualized therapeutic strategies,
particularly in contexts necessitating concurrent management of
cardiac pathologies.

Empirical studies have revealed a robust correlation between
heightened D-dimer levels and both the severity and prognosis
of CAP in elderly patients. Increased D-dimer concentrations
are frequently interpreted as indicators of exacerbated disease
severity and are correlated with elevated rates of mortality and
associated complications (84). The underlying mechanisms of the
prognostic utility and severity assessment of D-dimer in elderly
individuals with CAP fundamentally pertain to its involvement
in thrombotic mechanisms and inflammatory pathways. D-dimer
is a byproduct of fibrin degradation; its elevated concentration
typically signifies the activation of both coagulation and fibrinolytic
pathways within the organism (85, 86). In the context of CAP, the
systemic inflammatory response elicited by infection triggers the
coagulation cascade, resulting in the formation of microthrombi.
This process subsequently amplifies D-dimer production (87, 88).
Specifically, inflammation from pneumonia damages and activates
cells lining blood vessels (endothelial cells), which then release
substances that promote clot formation. These microthrombi can
impair the lungs’ ability to provide oxygen and raise the risk of
serious complications, such as pulmonary embolism, worsening
the patient’s condition. Consequently, elevated D-dimer acts as an
important marker of this disease progression. Moreover, increased
D-dimer levels are strongly linked to underlying conditions like
heart disease and diabetes, which inherently increase the risk of
blood clots in older adults. In these individuals, higher D-dimer
levels not only indicate the severity of pneumonia but may
also suggest a greater risk of death and complications (89, 90).
Thus, D-dimer distinctly emerges as a crucial clinical indicator
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for the evaluation of prognosis and severity in elderly patients
afflicted with CAP.

Discussion

The diagnosis and prediction of CAP in elderly patients
pose significant challenges, particularly in identifying uncertain
cases. The symptoms of these cases frequently overlap with those
of other conditions, making it difficult for clinicians to decide
whether to pursue further testing or simply monitor the patient’s
condition (91). This situation underscores the essential need
for multidisciplinary collaboration, which can greatly enhance
diagnostic accuracy.

This study assessed multiple biomarkers for managing CAP
in older adults and generated several key observations. Overall,
no reliable algorithm—based on a single marker or a panel—
currently exists to define CAP etiology, and biomarkers have not
demonstrated a clear advantage over conventional clinical methods
for identifying specific pathogens. This limitation is amplified in
elderly patients, whose pathogen spectrum is broad and whose
rate of mixed infections is higher, making markers that indicate
bacterial or mixed infection (notably PCT) of particular clinical
interest. Given the ease of PCT measurement and the maturation
of rapid bedside assays, its utility and clinical applications in older
populations warrant continued evaluation (92).

Nevertheless, several unresolved issues temper enthusiasm for
PCT and other emerging biomarkers in the elderly. First, the
optimal diagnostic thresholds remain uncertain: multimorbidity,
impaired renal function, and chronic inflammatory states common
in older adults can shift biomarker baselines and may require
subgroup-specific cutoffs. Second, the ideal timing for sequential
monitoring is unclear; studies are needed to define when to
sample and which temporal patterns most reliably reflect disease
trajectory. Third, interpretative challenges persist—especially in
patients with multiple comorbidities, malnutrition, or frailty—
because the clinical meaning of rises or falls in a single biomarker
can be ambiguous in these contexts. Addressing these gaps
will require subgroup-stratified studies, standardized sampling
protocols, and integration of biomarker data with host factors to
improve diagnostic and prognostic utility in elderly CAP.

Managing pneumonia in advanced cancer patients presents
unique complexities due to disease-related immunosuppression
and the impact of treatments like chemotherapy and radiation (93).
Consequently, personalized management strategies are paramount,
requiring a comprehensive evaluation of each patient’s prognosis
and treatment objectives. Concurrently, the escalating issue of
antibiotic resistance poses a significant threat to high-risk groups,
underscoring the importance of palliative care. A thorough
understanding of prognostic indicators is crucial for guiding
effective treatment decisions in this patient population. Moreover,
vaccination remains a cornerstone in preventing infectious diseases
among vulnerable individuals, necessitating rigorous assessments
of vaccine safety and efficacy across diverse demographics,
including the elderly and immunocompromised (94). Effective
public health communication is also essential to improve
vaccination rates, especially amidst widespread misinformation.
Therefore, discussions on maintaining long-term immunity and
the need for booster doses are increasingly pertinent.
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The ongoing COVID-19 pandemic continues to challenge
healthcare systems with concerns about vaccine effectiveness and
the emergence of novel variants (95). Monitoring and tracking
these variants, coupled with the development of appropriate
public health responses and vaccination strategies, are critical.
Global vaccination initiatives are vital to curbing the emergence
of new variants, particularly as we prepare for seasonal epidemics
akin to influenza. Finally, the phenomenon of long COVID
encompasses a spectrum of persistent symptoms following acute
infection, thereby complicating recovery and care pathways (96,
97). A thorough understanding of the pathophysiology of long
COVID and its varied presentations requires interdisciplinary
research to facilitate integrated patient care. This approach
should be supported by effective management strategies, including
rehabilitation and mental health services, to address these long-
term sequelae. Sustained research into effective interventions for
individuals experiencing long-term complications is indispensable.
In conclusion, managing community-acquired pneumonia in the
elderly requires careful attention to the potential of biomarkers,
the importance of interdisciplinary collaboration, and the necessity
of tailored treatment approaches. These efforts can enhance
diagnostic precision and deliver comprehensive support, enabling
patients to better navigate these complex medical challenges.

From a pathophysiological perspective, immunosenescence,
accompanied by chronic low-grade inflammation (inflammaging),
provides the biological foundation for the aberrant expression
and interpretation of biomarkers in older adults (98). With aging,
diminished CD28 expression on T cells, impaired costimulatory
signaling, and the activation of inhibitory pathways such as PD-1
reshape immune responses, thereby influencing the production
and temporal dynamics of inflammatory and immune markers
(99). These immunological changes highlight the limitations
of relying on “superficial” inflammatory markers and suggest
the need for integrated biomarker panels that better reflect
immune function and host physiological reserve (100, 101).
Such panels—encompassing costimulatory/inhibitory profiles,
lymphocyte functionality, and composite immune-inflammatory
indices—should be validated across heterogeneous elderly
populations to improve diagnostic precision, disease monitoring,
and prognostic assessment.

In elderly patients with CAP, biomarker interpretation is
particularly complex due to pronounced host heterogeneity,
reflected in the wide variability of immune competence and anti-
infective capacity. Consequently, the diagnostic or prognostic
utility of individual biomarkers may not be consistent across all
patients. Two interconnected mechanisms underlie this variability.
First, age-related immunological alterations attenuate adaptive
and innate immunity, manifested as weakened T-cell activation,
reduced neutrophil chemotaxis and phagocytosis, and persistently
elevated levels of cytokines such as IL-6 and TNF-a (102, 103).
These processes interact synergistically: while impaired immunity
hinders effective pathogen clearance, an elevated inflammatory
baseline reduces the specificity of conventional markers, producing
false positives or concealing the true severity of infection. Second,
the burden of multimorbidity and reduced physiological reserve
further amplifies biomarker variability.

Chronic diseases, malnutrition, and frailty alter both
baseline levels (for example, renal disease elevates creatinine,
hepatic dysfunction reduces albumin) and the kinetic behavior
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of markers during illness (104). Notably, frailty syndrome,
as an integrated manifestation of diminished physiological
reserve, independently modulates infection tolerance, disease
progression, and biomarker dynamics (105). The convergence of
immunosenescence, inflammaging, and frailty collectively weakens
the discriminatory capacity of single biomarkers for etiological
identification and prognostic prediction, as these signals are easily
masked or confounded by the hosts physiological background.
Therefore, in both research and clinical practice, an overreliance on
isolated biomarkers should be avoided. Instead, multidimensional
assessment frameworks that integrate clinical, functional, and
biological dimensions—such as comorbidities, nutritional and
frailty status, and host immune profiles—are essential for
improving the accuracy of diagnosis, risk stratification, and
therapeutic decision-making in elderly CAP.

Mechanistically, immunosenescence is characterized by thymic
involution, reduced immune cell numbers, disrupted signaling
pathways, and impaired cytokine secretion (103, 106, 107). In
this context, costimulatory molecules (CSMs) play a vital role in
T-cell activation and effector maintenance. Representative CSMs
such as CD28, CD40L, OX40, and 4-1BB amplify T-cell responses
through interactions with ligands including B7-1/B7-2, CDA40,
and GITR (108). Aging often results in decreased expression
and function of these molecules—most notably CD28—leading
to diminished cytokine production and weakened responses to
infection and vaccination (109-111). Concurrently, persistent
inflammation mediated by IL-6 and TNF-a activates inhibitory
pathways such as PD-1, forming a “dual hit” of low costimulation
and excessive inhibition that markedly impairs immune resilience
in the elderly (112, 113).

Building upon these mechanisms, future studies should focus
on identifying and validating biomarkers that reflect immune
competence and host reserve, including costimulatory/inhibitory
molecule expression patterns, immune cell phenotypes, and
composite immune-inflammatory signatures, while also capturing
their dynamic evolution throughout the disease course. Such
mechanistic approaches may provide deeper insight into infection
susceptibility and disease progression in older adults, as well
as a biological basis for personalized interventions, such as
modulation of costimulatory signaling or targeted reversal of
immune dysfunction. Ultimately, these strategies aim to strengthen
infection resistance and improve clinical outcomes for elderly
patients with CAP.

The systematic influence of host heterogeneity on biomarker
interpretation and predictive performance necessitates a paradigm
shift in clinical and research practice: from dependence
toward multimodal, host-centered
integrative assessment. We propose a structured framework

on isolated indicators
that synthesizes five complementary information domains:(1)
inflammatory (CRP,
PCT, leukocyte count, lactate) to detect infection presence

Conventional and infection markers
and temporal evolution;(2) Nutritional, metabolic, and organ-
function parameters (prealbumin/albumin, creatinine/eGFR, liver
enzymes, glucose, electrolytes), reflecting metabolic reserve and
organ dysfunction risk;(3) Immune function and host-reserve
critical ~ research

biomarkers—prioritized as a avenue—

encompassing lymphocyte subsets, costimulatory/inhibitory
molecule expression profiles, suPAR, and syndecan-4, which

quantify immunosenescence and infection tolerance;(4) Functional
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and frailty metrics (handgrip strength, gait speed, short frailty
scales, Activities of Daily Living), capturing physiological reserve
and recovery capacity;(5) Clinical severity scores and bedside
parameters (CURB-65, PSI with geriatric modifications, vital signs,
imaging-based assessments), enabling real-time triage. Horizontal
integration of these domains with longitudinal tracking—at
admission, 24-72 h, clinical stabilization/pre-discharge, and
30-/90-day intervals—simultaneously captures baseline host
phenotype and dynamic disease progression, thereby identifying
early “high-risk transition points” and defining critical treatment
windows for precision intervention.

Evidence from recent multimodal studies underscores the
clinical utility of this approach. For example, adding prealbumin
to the PSI model enhanced mortality prediction sensitivity from
74.8% t0 95.2% (114); incorporating suPAR and syndecan-4 further
improved the AUC to 0.885 (115), demonstrating that immune
and endothelial markers substantially augment risk stratification.
However, these promising findings predominantly emerge
from single-center or limited cohort designs, with insufficient
validation in elderly subgroups characterized by multimorbidity
and frailty—populations for whom predictive accuracy is most
critical. To bridge this evidence gap, future research must
prioritize: Multicenter, large-scale model development and
external validation incorporating sequential, multi-timepoint
biosampling to characterize marker kinetics, delineate optimal
prediction windows, and establish dynamic decision thresholds.
Model construction should integrate traditional statistical methods
(mixed-effects modeling, survival analysis) with machine-learning
approaches (LASSO regularization, ensemble methods, explainable
AlI), followed by rigorous calibration and decision-curve analysis
in independent external cohorts. Stratified threshold validation
across heterogeneous comorbidity profiles, renal function strata,
and frailty grades is essential to minimize misclassification risk in
vulnerable subpopulations.

Parallel translational development of clinician-accessible
decision-support tools that visualize multimodal risk profiles
and intervention pathways within electronic medical record
systems. Pilot studies in diverse healthcare settings—from
primary care to tertiary centers—should evaluate implementation
feasibility, impact on antibiotic stewardship metrics, hospital
length of stay, ICU admission rates, and 30-/90-day mortality.
Concurrent biomarker-stratified randomized controlled trials
and mechanistic substudies testing host-guided interventions—
including biomarker-directed antibiotic de-escalation, targeted
immunomodulation for immune dysfunction, and intensified
establish links
between multimodal host assessment and clinical outcomes or

nutrition/rehabilitation  protocols—to causal
resource utilization. Rigorous attention to methodological and
ethical safeguards, including: (i) standardized assay platforms with
centralized quality control to minimize inter-site variability; (ii)
age- and comorbidity-specific threshold calibration guidelines;
(iii) secure proxy consent mechanisms for cognitively impaired
patients; and (iv) health economic analyses examining cost-
effectiveness and accessibility in resource-constrained settings.
Through this comprehensive pathway—combining mechanistic
insights, robust validation, pragmatic implementation, and
rigorous  governance—a  biomarker-informed, host-centric
model can maximize diagnostic and prognostic precision

while honoring the inherent physiological heterogeneity of
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older adults, ultimately advancing CAP management toward
evidence-based personalization, clinical efficiency, and equitable
resource stewardship.

Although this article provides a comprehensive discussion
of biomarkers in elderly patients with CAP, it has several
limitations. First, it does not cover all potential biomarkers related
to CAP, such as myristoyl lysophosphatidylcholine (116), serum
neurofilament light chain (117), complement C3a (118), serum
survivin (119), serum TRAIL (120), N-myc and STAT interaction
protein (121), serum IL-2 (122), serum IL-27 (123), surfactant
protein D, human cartilage glycoprotein YKL-40, and chemokine
ligand 18 (124), and fibroblast growth factor 21 (125),as well
as markers of neutrophil extracellular traps (126). Additionally,
cardiac-related biomarkers were not included in the discussion
(127). These biomarkers may hold significant clinical relevance
in the management of elderly patients with CAP, and there
has been no discussion regarding the role of biomarkers in the
treatment of elderly patients with CAP, particularly concerning
the initiation, continuation, and duration of antibiotic therapy,
where advances have been made. PCT has been extensively
evaluated as a biomarker to guide antibiotic therapy in suspected
bacterial infections. In several randomized trials and pragmatic
studies conducted in predominantly non-geriatric cohorts, PCT-
guided algorithms have been associated with reductions in total
antibiotic exposure and antibiotic duration without a concomitant
increase in adverse clinical outcomes, thereby contributing to
antimicrobial stewardship and mitigation of drug-related harms
(128-130).

However, the use of PCT as a solitary decision-making
instrument in elderly patients with CAP warrants considerable
caution. Critical parameters — including age-specific optimal
thresholds, the temporal kinetics of PCT during the disease
course in older adults, and the modulatory effects of prevalent
geriatric factors (multimorbidity, chronic organ dysfunction,
pharmacologic immunosuppression and frailty) — remain
insufficiently characterized. These conditions may independently
alter baseline PCT concentrations or its inducibility in response
to infection, thereby complicating interpretation and potentially
reducing diagnostic and prognostic accuracy. Accordingly,
in geriatric clinical practice biomarkers should not supplant
comprehensive clinical assessment but rather be integrated into a
multimodal decision framework that encompasses hemodynamic
and respiratory vital signs, imaging findings, trajectory of signs
and symptoms, and microbiological data (e.g., sputum/urine
cultures), together with formal appraisal of functional status and
frailty. Practical application strategies may include the following:
(1) Antibiotic initiation: In elderly patients who present with
relatively mild clinical signs but demonstrate a rapid and sustained
rise in PCT together with compatible clinical features of bacterial
infection, early initiation or continuation of empirical antibiotic
therapy may be justified, with intensification of clinical surveillance
and serial biomarker measurement. This approach is particularly
pertinent in frail individuals or those with diminished physiological
reserve, in whom delays in therapy may lead to worse outcomes. (2)
Antibiotic duration and de-escalation: For elderly patients who are
clinically improving, and in whom PCT levels remain persistently
low or show a clear downward trajectory in conjunction with
reassuring clinical and microbiological data, consideration may be
given to shortening the antibiotic course.
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This study has several important limitations that should be
considered when interpreting the findings. First, publication
bias may have influenced the available evidence: studies
reporting statistically significant or positive results are more
likely to be published, which may lead to an overestimation of
the clinical utility of certain biomarkers. Second, substantial
heterogeneity across the included studies limits comparability
and generalizability. Heterogeneity was evident in study settings
(outpatient, general ward, ICU), definitions of older age (e.g.,
> 65, > 75 years), comorbidity burden and profiles, prior
antimicrobial exposure, methods of pathogen ascertainment
(culture vs. molecular diagnostics), and outcome definitions and
follow-up intervals. These sources of variability can materially affect
biomarker baseline levels, dynamic responses, and their diagnostic
and prognostic performance. Third, many primary studies lacked
preplanned or adequately powered subgroup analyses within
elderly strata (for example, 65-74, 75-84, > 85 years) or by
frailty status, hampering precise extrapolation of results to older
or severely frail subpopulations. Fourth, the presentation of
diagnostic performance metrics in this review is uneven across
biomarkers. This disparity reflects several factors rather than
implying absence of evidence or clinical irrelevance for markers
lacking full metrics: (1) availability of evidence — well-studied
markers (e.g., PCT, CRP) have multiple high-quality diagnostic
studies and meta-analyses, whereas emerging markers are often
reported only in preliminary or correlation studies without
formal accuracy assessments; (2) methodological heterogeneity —
differences in reference standards, cutoff selection, and patient
populations preclude meaningful pooling or direct comparison
for some markers, so we prioritized qualitative description of
biological plausibility and clinical associations over reporting
single, potentially misleading point estimates; (3) differing
intended applications — certain markers are investigated primarily
for prognostication or disease monitoring (reporting hazard
ratios or longitudinal trends) rather than initial diagnostic
accuracy; and (4) paucity of elderly-specific data — many studies
did not provide age-stratified results, limiting the ability to
report elderly-specific performance metrics. We acknowledge
that this inconsistent reporting could be misinterpreted as
privileging biomarkers with complete numerical metrics. To
avoid this misperception, we emphasize that the heterogeneity
in data completeness reflects current research gaps and focus
areas, not an a priori assessment of marker validity. Finally,
most evidence originates from single-center or single-cohort
investigations, with relatively few
multiethnic validation studies;

large-scale, multicenter,
this constrains the external
validity of our conclusions across different healthcare systems
and patient populations. Future research should prioritize
standardized outcome definitions, age- and frailty-stratified
analyses, and prospective, multicenter validation of promising
biomarker panels.

In summary, this study emphasizes the important value of
biomarkers in the etiological diagnosis, disease assessment, and
prognostic prediction of elderly patients with CAP. Clinicians can
utilize these biomarkers for a comprehensive evaluation of elderly
CAP patients to formulate individualized treatment plans, optimize
management strategies, and improve patient outcomes. Future
research should continue to explore other potential biomarkers
and their applications in different clinical contexts to provide
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a more comprehensive basis for improving the prognosis of
elderly CAP patients.

Author contributions

CH: Writing - original draft. YJ: Writing - review & editing. JL:
Writing - review & editing.

Funding

The authors declare financial support was received for the
research and/or publication of this article. This work was supported
by the Key Scientific Research Project of Jiangsu Provincial Health
Commission (No. BJ2406), the Suzhou Science and Technology
Plan Project (No. SKY2023048), and the Suzhou Clinical Key
Disease Diagnosis and Treatment Technology Special Project (No.
LCZX202305).

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.

References

1. Dolci A, Robbiano C, Aloisio E, Chibireva M, Serafini L, Falvella F, et al. Searching
for a role of procalcitonin determination in COVID-19: a study on a selected cohort of
hospitalized patients. Clin Chem Lab Med. (2020) 59:433-40.

2. Tsoumani E, Carter J, Salomonsson S, Stephens J, Bencina G. Clinical, economic,
and humanistic burden of community acquired pneumonia in Europe: a systematic
literature review. Expert Rev Vaccines. (2023) 22:876-84. doi: 10.1080/14760584.2023.
2261785

3. Marshall H, Plotkin S. The changing epidemiology of mumps in a high
vaccination era. Lancet Infect Dis. (2019) 19:118-9. doi: 10.1016/S1473-3099(18)
30541-3

4. GBD 2016 Mortality Collaborators. Global, regional, and national under-5
mortality, adult mortality, age-specific mortality, and life expectancy, 1970-2016:
a systematic analysis for the Global burden of disease study 2016. Lancet. (2017)
390:1084-150. doi: 10.1016/S0140-6736(17)31833-0

5. Ferreira-Coimbra J, Sarda C, Rello J. Burden of community-acquired pneumonia
and unmet clinical needs. Adv Ther. (2020) 37:1302-18. doi: 10.1007/s12325-020-
01248-7

6. Cunha B. Pneumonia in the elderly. Clin Microbiol Infect. (2001) 7:581-8. doi:
10.1046/j.1198-743x.2001.00328.x

7. Beer C, Rae F, Semmler A, Voisey J. Biomarkers in the diagnosis and prediction of
medication response in depression and the role of nutraceuticals. Int ] Mol Sci. (2024)
25:7992. doi: 10.3390/ijms25147992

8. de Nooijer A, Pickkers P, Netea M, Kox M. Inflammatory biomarkers to predict
the prognosis of acute bacterial and viral infections. J Crit Care. (2023) 78:154360.
doi: 10.1016/j.jcrc.2023.154360

9. Florin T, Ambroggio L, Brokamp C, Zhang Y, Rattan M, Crotty E, et al.
Biomarkers and disease severity in children with community-acquired pneumonia.
Pediatrics. (2020) 145:€20193728. doi: 10.1542/peds.2019-3728

10. Cavallazzi R, Ramirez J. Definition, epidemiology, and pathogenesis of severe
community-acquired pneumonia. Semin Respir Crit Care Med. (2024) 45:143-57. doi:
10.1055/s-0044-1779016

11. Feldman C, Anderson R. Community-acquired pneumonia: pathogenesis of
acute cardiac events and potential adjunctive therapies. Chest. (2015) 148:523-32.
doi: 10.1378/chest.15-0484

Frontiers in Medicine

10.3389/fmed.2025.1699779

Generative Al statement

The authors declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

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.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.2025.
1699779/full#supplementary- material

12. Steel H, Cockeran R, Anderson R, Feldman C. Overview of community-acquired
pneumonia and the role of inflammatory mechanisms in the immunopathogenesis of
severe pneumococcal disease. Mediators Inflamm. (2013) 2013:490346. doi: 10.1155/
2013/490346

13. Eldridge M, Shenoy A. Antimicrobial inflammasomes: unified signalling against
diverse bacterial pathogens. Curr Opin Microbiol. (2015) 23:32-41. doi: 10.1016/j.mib.
2014.10.008

14. Sligl W, Asadi L, Eurich D, Tjosvold L, Marrie T, Majumdar S. Macrolides and
mortality in critically ill patients with community-acquired pneumonia: a systematic
review and meta-analysis. Crit Care Med. (2014) 42:420-32. doi: 10.1097/CCM.
0b013e3182a66b9b

15. Franco-Leyva T, Torres O, Saez Prieto M, Boera-Carnicero G, Santos A, Clotet
S, et al. Early differentiated CD28+ CD27+ T lymphocytes as a biomarker for short
and long-term outcomes in older patients with pneumonia. J Leukoc Biol. (2022)
112:1183-90. doi: 10.1002/JLB.5MA0422-370R

16. Gong K, Xu J, Tang J. Diagnostic and prognostic value of deregulated circulating
long non-coding RNA TUG in elderly patients with severe pneumonia. Inflammation.
(2023) 46:313-21. doi: 10.1007/s10753-022-01735-9

17. Liu Q, Sun G, Huang L. Association of the NLR, BNP, PCT, CRP, and D-D with
the Severity of Community-Acquired Pneumonia in Older Adults. Clin Lab. (2023) 69.
doi: 10.7754/Clin.Lab.2023.220330

18. Pilotto A, Dini S, Veronese N, Daragjati J, Miolo M, Mion M, et al.
Multidimensional Prognostic Index and pro-adrenomedullin plasma levels as
mortality risk predictors in older patients hospitalized with community-acquired
pneumonia: a prospective study. Panminerva Med. (2018) 60:80-5. doi: 10.23736/
S0031-0808.18.03408-0

19. Pilotto A, Dini S, Daragjati J, Miolo M, Mion M, Fontana A, et al. Combined
use of the multidimensional prognostic index (MPI) and procalcitonin serum levels
in predicting 1-month mortality risk in older patients hospitalized with community-
acquired pneumonia (CAP): a prospective study. Aging Clin Exp Res. (2018) 30:193-7.
doi: 10.1007/s40520-017-0759-y

20. Huang S, Guo Y, Chen L, Wang Y, Chen X. Clinical muscle mass-
related biomarkers that predict mortality in older patients with community-
acquired pneumonia. BMC Geriatr. (2022) 22:880. doi: 10.1186/s12877-022-
03626-y

frontiersin.org


https://doi.org/10.3389/fmed.2025.1699779
https://www.frontiersin.org/articles/10.3389/fmed.2025.1699779/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2025.1699779/full#supplementary-material
https://doi.org/10.1080/14760584.2023.2261785
https://doi.org/10.1080/14760584.2023.2261785
https://doi.org/10.1016/S1473-3099(18)30541-3
https://doi.org/10.1016/S1473-3099(18)30541-3
https://doi.org/10.1016/S0140-6736(17)31833-0
https://doi.org/10.1007/s12325-020-01248-7
https://doi.org/10.1007/s12325-020-01248-7
https://doi.org/10.1046/j.1198-743x.2001.00328.x
https://doi.org/10.1046/j.1198-743x.2001.00328.x
https://doi.org/10.3390/ijms25147992
https://doi.org/10.1016/j.jcrc.2023.154360
https://doi.org/10.1542/peds.2019-3728
https://doi.org/10.1055/s-0044-1779016
https://doi.org/10.1055/s-0044-1779016
https://doi.org/10.1378/chest.15-0484
https://doi.org/10.1155/2013/490346
https://doi.org/10.1155/2013/490346
https://doi.org/10.1016/j.mib.2014.10.008
https://doi.org/10.1016/j.mib.2014.10.008
https://doi.org/10.1097/CCM.0b013e3182a66b9b
https://doi.org/10.1097/CCM.0b013e3182a66b9b
https://doi.org/10.1002/JLB.5MA0422-370R
https://doi.org/10.1007/s10753-022-01735-9
https://doi.org/10.7754/Clin.Lab.2023.220330
https://doi.org/10.23736/S0031-0808.18.03408-0
https://doi.org/10.23736/S0031-0808.18.03408-0
https://doi.org/10.1007/s40520-017-0759-y
https://doi.org/10.1186/s12877-022-03626-y
https://doi.org/10.1186/s12877-022-03626-y
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Hou et al.

21. Yoshikawa H, Komiya K, Yamamoto T, Fujita N, Oka H, Okabe E, et al.
Quantitative assessment of erector spinae muscles and prognosis in elderly patients
with pneumonia. Sci Rep. (2021) 11:4319. doi: 10.1038/541598-021-83995-3

22. Parkinson N, Rodgers N, Head Fourman M, Wang B, Zechner M, Swets M,
et al. Dynamic data-driven meta-analysis for prioritisation of host genes implicated
in COVID-19. Sci Rep. (2020) 10:22303. doi: 10.1038/s41598-020-79033-3

23.Liu C, Song X, Liu J, Zong L, Xu T, Han X, et al. Consistency between
metagenomic next-generation sequencing versus traditional microbiological tests for
infective disease: systemic review and meta-analysis. Crit Care. (2025) 29:55. doi:
10.1186/5s13054-025-05288-9

24. To K, Lee K, Wong S, Sze K, Ke Y, Lui Y, et al. Lipid metabolites as potential
diagnostic and prognostic biomarkers for acute community acquired pneumonia.
Diagn Microbiol Infect Dis. (2016) 85:249-54. doi: 10.1016/j.diagmicrobio.2016.03.012

25. Zhao T, Zheng Y, Hao D, Jin X, Luo Q, Guo Y, et al. Blood circRNAs as
biomarkers for the diagnosis of community-acquired pneumonia. J Cell Biochem.
(2019) 120:16483-94. doi: 10.1002/jcb.28863

26. Ashrafizadeh M, Zarrabi A, Mostafavi E, Aref A, Sethi G, Wang L, et al. Non-
coding RNA-based regulation of inflammation. Semin Immunol. (2022) 59:101606.
doi: 10.1016/j.smim.2022.101606

27. Qadir J, Wen S, Yuan H, Yang B. CircRNAs regulate the crosstalk between
inflammation and tumorigenesis: the bilateral association and molecular mechanisms.
Mol Ther. (2023) 31:1514-32. doi: 10.1016/j.ymthe.2022.12.005

28. Dong J, Zeng Z, Huang Y, Chen C, Cheng Z, Zhu Q. Challenges and
opportunities for circRNA identification and delivery. Crit Rev Biochem Mol Biol.
(2023) 58:19-35. doi: 10.1080/10409238.2023.2185764

29. Della Bella E, Koch ], Baerenfaller K. Translation and emerging functions of
non-coding RNAs in inflammation and immunity. Allergy. (2022) 77:2025-37. doi:
10.1111/all.15234

30. Tayel S, El-Masry E, Abdelaal G, Shehab-Eldeen S, Essa A, Muharram N.
Interplay of LncRNAs NEAT1 and TUGI in incidence of cytokine storm in appraisal
of COVID-19 infection. Int J Biol Sci. (2022) 18:4901-13. doi: 10.7150/ijbs.72318

31. Ghafouri-Fard S, Khoshbakht T, Hussen B, Taheri M, Arefian N. Regulatory
role of non-coding RNAs on immune responses during sepsis. Front Immunol. (2021)
12:798713. doi: 10.3389/fimmu.2021.798713

32. Leuti A, Fazio D, Fava M, Piccoli A, Oddi S, Maccarrone M. Bioactive lipids,
inflammation and chronic diseases. Adv Drug Deliv Rev. (2020) 159:133-69. doi: 10.
1016/j.addr.2020.06.028

33. Hannun Y, Obeid L. Sphingolipids and their metabolism in physiology and
disease. Nat Rev Mol Cell Biol. (2018) 19:175-91. doi: 10.1038/nrm.2017.107

34. Possmayer E, Zuo Y, Veldhuizen R, Petersen N. Pulmonary surfactant: a mighty
thin film. Chem Rev. (2023) 123:13209-90. doi: 10.1021/acs.chemrev.3c00146

35. Miiller D, Kauppi A, Edin A, Gylfe A, Sjostedt AB, Johansson A.
Phospholipid levels in blood during community-acquired pneumonia. PLoS One.
(2019) 14:0216379. doi: 10.1371/journal.pone.0216379

36. Liu P, Zhu W, Chen C, Yan B, Zhu L, Chen X, et al. The mechanisms of
lysophosphatidylcholine in the development of diseases. Life Sci. (2020) 247:117443.
doi: 10.1016/.1fs.2020.117443

37. Prabutzki P, Schiller ], Engel K. Phospholipid-derived lysophospholipids in
(patho)physiology. Atherosclerosis. (2024) 398:118569. doi: 10.1016/j.atherosclerosis.
2024.118569

38. Havranek K, Reyes Ballista J, Hines K, Brindley M. Untargeted lipidomics of
vesicular stomatitis virus-infected cells and viral particles. Viruses. (2021) 141:3. doi:
10.3390/v14010003

39. Humes S, Iovine N, Prins C, Garrett T, Lednicky J, Coker E, et al. Association
between lipid profiles and viral respiratory infections in human sputum samples. Respir
Res. (2022) 23:177. doi: 10.1186/s12931-022-02091-w

40. Saballs M, Parra S, Martinez N, Amigo N, Cabau L, Iftimie S, et al. Lipidomic
and metabolomic changes in community-acquired and COVID-19 pneumonia. J Lipid
Res. (2024) 65:100622. doi: 10.1016/j.jlr.2024.100622

41. Bennet S, Kaufmann M, Takami K, Sjaarda C, Douchant K, Moslinger E, et al.
Small-molecule metabolome identifies potential therapeutic targets against COVID-
19. Sci Rep. (2022) 12:10029. doi: 10.1038/s41598-022-14050-y

42. Kurano M, Okamoto K, Jubishi D, Hashimoto H, Sakai E, Saigusa D, et al.
Dynamic modulations of sphingolipids and glycerophospholipids in COVID-19. Clin
Transl Med. (2022) 12:€1069. doi: 10.1002/ctm2.1069

43. Lee H, Ko H, Song D, Jung Y. Lysophosphatidylcholine promotes phagosome
maturation and regulates inflammatory mediator production through the protein
kinase A-phosphatidylinositol 3 kinase-p38 mitogen-activated protein kinase signaling
pathway during mycobacterium tuberculosis infection in mouse macrophages. Front
Immunol. (2018) 9:920. doi: 10.3389/fimmu.2018.00920

44.Gu M, Lv S, Song Y, Wang H, Zhang X, Liu J, et al. Predictive value of
lysophosphatidylcholine for determining the disease severity and prognosis of elderly
patients with community-acquired pneumonia. Clin Interv Aging. (2024) 19:517-27.
doi: 10.2147/CIA.S454239

Frontiers in Medicine

10.3389/fmed.2025.1699779

45. Herro R, Grimes H. The diverse roles of neutrophils from protection to
pathogenesis. Nat Immunol. (2024) 25:2209-19. doi: 10.1038/s41590-024-02006-5

46. Moro-Garcia M, Mayo J, Sainz R, Alonso-Arias R. Influence of inflammation
in the process of T lymphocyte differentiation: proliferative, metabolic, and oxidative
changes. Front Immunol. (2018) 9:339. doi: 10.3389/fimmu.2018.00339

47. Mihlan M, Wissmann S, Gavrilov A, Kaltenbach L, Britz M, Franke K, et al.
Neutrophil trapping and nexocytosis, mast cell-mediated processes for inflammatory
signal relay. Cell. (2024) 187:5316-35.28. doi: 10.1016/j.cell.2024.07.014

48. Huang Z, Fu Z, Huang W, Huang K. Prognostic value of neutrophil-to-
lymphocyte ratio in sepsis: a meta-analysis. Am ] Emerg Med. (2020) 38:641-7. doi:
10.1016/j.ajem.2019.10.023

49. Tang S, Hu Y. Neutrophil-to-lymphocyte ratio and platelet-to-lymphocyte ratio
as predictors of mortality in acute pulmonary embolism: a systematic review and
meta-analysis. Pak ] Med Sci. (2024) 40:1274-9. doi: 10.12669/pjms.40.6.8802

50. Yang J, Hu Z, Shi W, Deng T, He S, Yuan S. Prognostic significance of neutrophil
to lymphocyte ratio in pancreatic cancer: a meta-analysis. World ]| Gastroenterol.
(2015) 21:2807-15. doi: 10.3748/wjg.v21.i9.2807

51. Takenaka Y, Oya R, Takemoto N, Inohara H. Neutrophil-to-lymphocyte ratio
as a prognostic marker for head and neck squamous cell carcinoma treated with
immune checkpoint inhibitors: meta-analysis. Head Neck. (2022) 44:1237-45. doi:
10.1002/hed.26997

52. Liu J, Zhang S, Mi R, Chen L, Yin Q. Prognostic significance of the neutrophil-
to-lymphocyte ratio in peripheral T-cell lymphoma: a meta-analysis. Cancer Cell Int.
(2021) 21:688. doi: 10.1186/s12935-021-02391-z

53. Lan C, Su W, Yang M, Chen S, Wu Y. Predictive role of neutrophil-percentage-
to-albumin, neutrophil-to-lymphocyte and eosinophil-to-lymphocyte ratios for
mortality in patients with COPD: evidence from NHANES 2011-2018. Respirology.
(2023) 28:1136-46. doi: 10.1111/resp.14589

54. Cataudella E, Giraffa C, Di Marca S, Pulvirenti A, Alaimo S, Pisano M, et al.
Neutrophil-to-lymphocyte ratio: an emerging marker predicting prognosis in elderly
adults with community-acquired pneumonia. ] Am Geriatr Soc. (2017) 65:1796-801.
doi: 10.1111/jgs.14894

55. Bian L, Bi Y, Zhou S, Chen Z, Wen J, Shi ], et al. T cell responses in senior patients
with community-acquired pneumonia related to disease severity. Exp Cell Res. (2017)
361:56-62. doi: 10.1016/j.yexcr.2017.09.041

56. Ibanez-Prada, Fish M, Fuentes Y, Bustos I, Serrano-Mayorga C, Lozada J,
et al. Comparison of systemic inflammatory profiles in COVID-19 and community-
acquired pneumonia patients: a prospective cohort study. Respir Res. (2023) 24:60.
doi: 10.1186/s12931-023-02352-2

57. Ono M. Control of regulatory T-cell differentiation and function by T-cell
receptor signalling and Foxp3 transcription factor complexes. Immunology. (2020)
16:24-31. doi: 10.1111/imm.13178

58. Oft M. Immune regulation and cytotoxic T cell activation of IL-10 agonists -
Preclinical and clinical experience. Semin Immunol. (2019) 44:101325. doi: 10.1016/j.
smim.2019.101325

59. Voskoboinik I, Whisstock J, Trapani J. Perforin and granzymes: function,
dysfunction and human pathology. Nat Rev Immunol. (2015) 15:388-400. doi: 10.1038/
nri3839

60. Marttila S, Raji¢ S, Ciantar J, Mak J, Junttila I, Kummola L, et al. Biological aging
of different blood cell types. Geroscience. (2024) 47:1075-92. doi: 10.1007/s11357-024-
01287-w

61. Zhao H, Tu J, She Q, Li M, Wang K, Zhao W, et al. Prognostic significance
of frailty in hospitalized elderly patients with community-acquired pneumonia: a
retrospective cohort study. BMC Geriatr. (2023) 23:308. doi: 10.1186/s12877-023-
04029-3

62. Zhao L, Chen ], Zhu R. The relationship between frailty and community-
acquired pneumonia in older patients. Aging Clin Exp Res. (2023) 35:349-55. doi:
10.1007/s40520-022-02301-x

63. Shimoda M, Takao S, Sugajima Y, Tanaka Y, Morimoto K, Yoshida N, et al. The
thickness of erector spinae muscles can be easily measured by computed tomography
for the assessment of physical activity: an observational study. Medicine. (2022)
101:€30704. doi: 10.1097/MD.0000000000030704

64. Pata G, Bianchetti L, Rota M, Marengoni A, Chiesa D, Cassinotti E, et al.
Multidimensional Prognostic Index (MPI) score has the major impact on outcome
prediction in elderly surgical patients with colorectal cancer: the FRAGIS study. J Surg
Oncol. (2021) 123:667-75. doi: 10.1002/js0.26314

65. Cammalleri V, Bonanni M, Bueti F, Matteucci A, Cammalleri L, Stifano G, et al.
Multidimensional prognostic index (MPI) in elderly patients with acute myocardial
infarction. Aging Clin Exp Res. (2021) 33:1875-83. doi: 10.1007/s40520-020-01718-6

66. Mattace-Raso F, Pilotto A. The challenge of the multifaceted prognosis in the
older people and the Multidimensional Prognostic Index. Eur Geriatr Med. (2021)
12:223-6. doi: 10.1007/541999-021-00457-9

67. Bello S, Mincholé E, Fandos S, Lasierra A, Ruiz M, Simon A, et al. Inflammatory
response in mixed viral-bacterial community-acquired pneumonia. BMC Pulm Med.
(2014) 14:123. doi: 10.1186/1471-2466-14-123

frontiersin.org


https://doi.org/10.3389/fmed.2025.1699779
https://doi.org/10.1038/s41598-021-83995-3
https://doi.org/10.1038/s41598-020-79033-3
https://doi.org/10.1186/s13054-025-05288-9
https://doi.org/10.1186/s13054-025-05288-9
https://doi.org/10.1016/j.diagmicrobio.2016.03.012
https://doi.org/10.1002/jcb.28863
https://doi.org/10.1016/j.smim.2022.101606
https://doi.org/10.1016/j.ymthe.2022.12.005
https://doi.org/10.1080/10409238.2023.2185764
https://doi.org/10.1111/all.15234
https://doi.org/10.1111/all.15234
https://doi.org/10.7150/ijbs.72318
https://doi.org/10.3389/fimmu.2021.798713
https://doi.org/10.1016/j.addr.2020.06.028
https://doi.org/10.1016/j.addr.2020.06.028
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.1021/acs.chemrev.3c00146
https://doi.org/10.1371/journal.pone.0216379
https://doi.org/10.1016/j.lfs.2020.117443
https://doi.org/10.1016/j.atherosclerosis.2024.118569
https://doi.org/10.1016/j.atherosclerosis.2024.118569
https://doi.org/10.3390/v14010003
https://doi.org/10.3390/v14010003
https://doi.org/10.1186/s12931-022-02091-w
https://doi.org/10.1016/j.jlr.2024.100622
https://doi.org/10.1038/s41598-022-14050-y
https://doi.org/10.1002/ctm2.1069
https://doi.org/10.3389/fimmu.2018.00920
https://doi.org/10.2147/CIA.S454239
https://doi.org/10.1038/s41590-024-02006-5
https://doi.org/10.3389/fimmu.2018.00339
https://doi.org/10.1016/j.cell.2024.07.014
https://doi.org/10.1016/j.ajem.2019.10.023
https://doi.org/10.1016/j.ajem.2019.10.023
https://doi.org/10.12669/pjms.40.6.8802
https://doi.org/10.3748/wjg.v21.i9.2807
https://doi.org/10.1002/hed.26997
https://doi.org/10.1002/hed.26997
https://doi.org/10.1186/s12935-021-02391-z
https://doi.org/10.1111/resp.14589
https://doi.org/10.1111/jgs.14894
https://doi.org/10.1016/j.yexcr.2017.09.041
https://doi.org/10.1186/s12931-023-02352-2
https://doi.org/10.1111/imm.13178
https://doi.org/10.1016/j.smim.2019.101325
https://doi.org/10.1016/j.smim.2019.101325
https://doi.org/10.1038/nri3839
https://doi.org/10.1038/nri3839
https://doi.org/10.1007/s11357-024-01287-w
https://doi.org/10.1007/s11357-024-01287-w
https://doi.org/10.1186/s12877-023-04029-3
https://doi.org/10.1186/s12877-023-04029-3
https://doi.org/10.1007/s40520-022-02301-x
https://doi.org/10.1007/s40520-022-02301-x
https://doi.org/10.1097/MD.0000000000030704
https://doi.org/10.1002/jso.26314
https://doi.org/10.1007/s40520-020-01718-6
https://doi.org/10.1007/s41999-021-00457-9
https://doi.org/10.1186/1471-2466-14-123
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Hou et al.

68. Lee M, Snyder A. The role of procalcitonin in community-acquired pneumonia:
a literature review. Adv Emerg Nurs J. (2012) 34:259-71. doi: 10.1097/TME.
0b013e318261338d

69. Horie M, Ugajin M, Suzuki M, Noguchi S, Tanaka W, Yoshihara H, et al.
Diagnostic and prognostic value of procalcitonin in community-acquired pneumonia.
Am J Med Sci. (2012) 343:30-5. doi: 10.1097/MAJ.0b013e31821d33ef

70. Piacentini E, Sdnchez B, Arauzo V, Calbo E, Cuchi E, Nava J. Procalcitonin levels
are lower in intensive care unit patients with HIN1 influenza A virus pneumonia than
in those with community-acquired bacterial pneumonia. A pilot study. J Crit Care.
(2011) 26:201-5. doi: 10.1016/j.jcrc.2010.07.009

71. Ozbay S, Ayan M, Ozsoy O, Akman C, Karcioglu O. Diagnostic and prognostic
roles of procalcitonin and other tools in community-acquired pneumonia: a narrative
review. Diagnostics. (2023) 13:1869. doi: 10.3390/diagnostics13111869

72. Carbonell R, Moreno G, Martin-Loeches I, Gomez-Bertomeu F, Sarvis¢ C,
Gomez J, et al. Prognostic value of procalcitonin and C-reactive protein in 1608
critically TIl patients with severe influenza pneumonia. Antibiotics. (2021) 10:350.
doi: 10.3390/antibiotics10040350

73. Kamat I, Ramachandran V, Eswaran H, Guffey D, Musher D. Procalcitonin to
distinguish viral from bacterial pneumonia: a systematic review and meta-analysis. Clin
Infect Dis. (2020) 70:538-42. doi: 10.1093/cid/ciz545

74. Self W, Balk R, Grijalva C, Williams D, Zhu Y, Anderson E, et al. Procalcitonin as
a marker of etiology in adults hospitalized with community-acquired pneumonia. Clin
Infect Dis. (2017) 65:183-90. doi: 10.1093/cid/cix317

75. Sproston N, Ashworth J. Role of C-reactive protein at sites of inflammation and
infection. Front Immunol. (2018) 9:754. doi: 10.3389/fimmu.2018.00754

76. Huang Y, Chen C, Shao S, Li C, Hsiao C, Niu K, et al. Comparison of the
diagnostic accuracies of monocyte distribution width, procalcitonin, and C-reactive
protein for sepsis: a systematic review and meta-analysis. Crit Care Med. (2023)
51:¢106-14. doi: 10.1097/CCM.0000000000005820

77. Rizo-Téllez S, Sekheri M, Filep JG. C-reactive protein: a target for therapy to
reduce inflammation. Front Immunol. (2023) 14:1237729. doi: 10.3389/fimmu.2023.
1237729

78.Zhou H, Tang Y, Xu T, Cheng B. C-reactive protein: structure, function,
regulation, and role in clinical diseases. Front Immunol. (2024) 15:1425168. doi: 10.
3389/fimmu.2024.1425168

79. Yandle T, Richards AM. B-type natriuretic peptide circulating forms: analytical
and bioactivity issues. Clin Chim Acta. (2015) 448:195-205. doi: 10.1016/j.cca.2015.07.
004

80. Reyes L, Restrepo M, Hinojosa C, Soni N, Anzueto A, Babu B, et al. Severe
pneumococcal pneumonia causes acute cardiac toxicity and subsequent cardiac
remodeling. Am ] Respir Crit Care Med. (2017) 196:609-20. doi: 10.1164/rccm.201701-
01040C

81. Gao L, Jiang D, Wen X, Cheng X, Sun M, He B, et al. Prognostic value of NT-
proBNP in patients with severe COVID-19. Respir Res. (2020) 21:83. doi: 10.1186/
512931-020-01352-w

82. Seo H, Cha S, Shin K, Lim J, Choi S, Lee Y, et al. Clinical impact of N-terminal
prohormone of brain natriuretic peptide on patients hospitalized with community-
acquired pneumonia. Am J Med Sci. (2020) 360:383-91. doi: 10.1016/j.amjms.2020.05.
042

83. Biteker F, Basaran O, Dogan V, Caylak SD, Yildirzm B, Sézen H. Prognostic
value of transthoracic echocardiography and biomarkers of cardiac dysfunction in
community-acquired pneumonia. Clin Microbiol Infect. (2016) 22:1006.e1-6. doi: 10.
1016/j.cmi.2016.08.016

84. Soomro A, Guerchicoff A, Nichols D, Suleman J, Dangas G. The current role and
future prospects of D-dimer biomarker. Eur Heart ] Cardiovasc Pharmacother. (2016)
2:175-84. doi: 10.1093/ehjcvp/pvv039

85. Yu B, Li X, Chen J, Ouyang M, Zhang H, Zhao X, et al. Evaluation of variation in
D-dimer levels among COVID-19 and bacterial pneumonia: a retrospective analysis. J
Thromb Thrombolysis. (2020) 50:548-57. doi: 10.1007/s11239-020-02171-y

86. Zhang Y, Zhou Q, Zou Y, Song X, Xie S, Tan M, et al. Risk factors for pulmonary
embolism in patients preliminarily diagnosed with community-acquired pneumonia:
a prospective cohort study. ] Thromb Thrombolysis. (2016) 41:619-27. doi: 10.1007/
s11239-015-1275-6

87.Yang C, Zeng H, Huang J, Zhang Q, Lin K. Predictive roles of D-dimer
for mortality of patients with community-acquired pneumonia: a systematic review
and meta-analysis. ] Bras Pneumol. (2021) 47:¢20210072. doi: 10.36416/1806-3756/
€20210072

88. Suh Y, Hong H, Ohana M, Bompard E Revel M, Valle C, et al. Pulmonary
embolism and deep vein thrombosis in COVID-19: a systematic review and meta-
analysis. Radiology. (2021) 298:E70-80. doi: 10.1148/radiol.2020203557

89. Gregson ], Kaptoge S, Bolton T, Pennells L, Willeit P, Burgess S, et al.
Cardiovascular risk factors associated with venous thromboembolism. JAMA Cardiol.
(2019) 4:163-73. doi: 10.1001/jamacardio.2018.4537

90. Yousaf M, Thomas M, Almughalles S, Hameed M, Alharafsheh A, Varikkodan
I, et al. Pulmonary embolism in COVID-19, risk factors and association

Frontiers in Medicine

11

10.3389/fmed.2025.1699779

with inflammatory biomarkers. Medicine. (2023) 102:e32887. doi: 10.1097/MD.
0000000000032887

91. Kang S, Zheng R. Distribution of the causes of fever of unknown origin in China,
2013-2022. ] Transl Int Med. (2024) 12:299-307. doi: 10.2478/jtim-2024-0008

92. Guo S, Mao X, Liang M. The moderate predictive value of serial serum CRP and
PCT levels for the prognosis of hospitalized community-acquired pneumonia. Respir
Res. (2018) 19:193. doi: 10.1186/s12931-018-0877-x

93.Zhang F, Li T, Bai Y, Liu J, Qin J, Wang A, et al. Treatment strategies with
combined agency against severe viral pneumonia in patients with advanced cancer.
J Transl Int Med. (2024) 12:317-20. doi: 10.2478/jtim-2024-0007

94. Xie J, Ye E Deng X, Tang Y, Liang J, Huang X, et al. Circular RNA: a promising
new star of vaccine. J Transl Int Med. (2023) 11:372-81. doi: 10.2478/jtim-2023-0122

95. Hyug Choi ], Sook Jun M, Yong Jeon J, Kim H, Kyung Kim Y, Ho Jeon C, et al.
Global lineage evolution pattern of sars-cov-2 in Africa, America, Europe, and Asia: a
comparative analysis of variant clusters and their relevance across continents. J Transl
Int Med. (2023) 11:410-22. doi: 10.2478/jtim-2023-0118

96. Guo M, Shang S, Li M, Cai G, Li P, Chen X, et al. Understanding autoimmune
response after SARS-CoV-2 infection and the pathogenesis/mechanisms of long
COVID. Med Rev. (2024) 4:367-83. doi: 10.1515/mr-2024-0013

97. Ewing A, Salamon S, Pretorius E, Joffe D, Fox G, Bilodeau S, et al. Review of
organ damage from COVID and Long COVID: a disease with a spectrum of pathology.
Med Rev. (2024) 5:66-75. doi: 10.1515/mr-2024-0030

98. Ajoolabady A, Pratico D, Tang D, Zhou S, Franceschi C, Ren J.
Immunosenescence and inflammaging: mechanisms and role in diseases. Ageing
Res Rev. (2024) 101:102540. doi: 10.1016/j.arr.2024.102540

99. Fu'Y, Wang B, Alu A, Hong W, Lei H, He X, et al. Immunosenescence: signaling
pathways, diseases and therapeutic targets. Signal Transduct Target Ther. (2025) 10:250.
doi: 10.1038/s41392-025-02371-z

100. Wang S, Huo T, Lu M, Zhao Y, Zhang J, He W, et al. Recent advances in aging
and immunosenescence: mechanisms and therapeutic strategies. Cells. (2025) 14:499.
doi: 10.3390/cells14070499

101. Xu W, Wong G, Hwang Y, Larbi A. The untwining of immunosenescence and
aging. Semin Immunopathol. (2020) 42:559-72. doi: 10.1007/500281-020-00824-x

102. Fulop T, Larbi A, Pawelec G, Khalil A, Cohen A, Hirokawa K, et al. Immunology
of aging: the birth of inflammaging. Clin Rev Allergy Immunol. (2023) 64:109-22.
doi: 10.1007/s12016-021-08899-6

103. Wang Y, Dong C, Han Y, Gu Z, Sun C. Immunosenescence, aging and successful
aging. Front Immunol. (2022) 13:942796. doi: 10.3389/fimmu.2022.942796

104. Doherty T, Weinberger B, Didierlaurent A, Lambert P. Age-related changes in
the immune system and challenges for the development of age-specific vaccines. Ann
Med. (2025) 57:2477300. doi: 10.1080/07853890.2025.2477300

105. Mishra M, Wu J, Kane A, Howlett S. The intersection of frailty and metabolism.
Cell Metab. (2024) 36:893-911. doi: 10.1016/j.cmet.2024.03.012

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

107. Barbé-Tuana E, Funchal G, Schmitz C, Maurmann R, Bauer M. The interplay
between immunosenescence and age-related diseases. Semin Immunopathol. (2020)
42:545-57. doi: 10.1007/s00281-020-00806-z

108. Wegrzyn A, Kedzierska A, Obojski A. Identification and classification of
distinct surface markers of T regulatory cells. Front Immunol. (2022) 13:1055805.
doi: 10.3389/fimmu.2022.1055805

109. Teissier T, Boulanger E, Cox L. Interconnections between inflammageing and
immunosenescence during ageing. Cells. (2022) 11:359. doi: 10.3390/cells11030359

110. Zipeto D, Serena M, Mutascio S, Parolini F, Diani E, Guizzardi E, et al. HIV-
1-associated neurocognitive disorders: is HLA-C binding stability to f2-microglobulin
a missing piece of the pathogenetic puzzle? Front Neurol. (2018) 9:791. doi: 10.3389/
fneur.2018.00791

111. Slaets H, Veeningen N, de Keizer P, Hellings N, Hendrix S. Are
immunosenescent T cells really senescent? Aging Cell. (2024) 23:e14300. doi: 10.1111/
acel.14300

112. Antonsen K, Hviid C, Hagensen M, Sgrensen B, Moller H. Soluble PD-1 (sPD-
1) is expressed in human macrophages. Cell Immunol. (2021) 369:104435. doi: 10.1016/
j.cellimm.2021.104435

113. Khan M, Zhao Z, Arooj S, Fu Y, Liao G. Soluble PD-1: predictive, prognostic,
and therapeutic value for cancer immunotherapy. Front Immunol. (2020) 11:587460.
doi: 10.3389/fimmu.2020.587460

114. Zhang H, LiL, Ge Y, Zhang J, Fu A, Liu C, et al. Serum prealbumin improves the
sensitivity of pneumonia severity index in predicting 30-day mortality of CAP patients.
Clin Lab. (2020) 66. doi: 10.7754/Clin.Lab.2019.190929

115. Luo Q, Ning P, Zheng Y, Shang Y, Zhou B, Gao Z. Serum suPAR and syndecan-4
levels predict severity of community-acquired pneumonia: a prospective, multi-centre
study. Crit Care. (2018) 22:15. doi: 10.1186/s13054-018-1943-y

frontiersin.org


https://doi.org/10.3389/fmed.2025.1699779
https://doi.org/10.1097/TME.0b013e318261338d
https://doi.org/10.1097/TME.0b013e318261338d
https://doi.org/10.1097/MAJ.0b013e31821d33ef
https://doi.org/10.1016/j.jcrc.2010.07.009
https://doi.org/10.3390/diagnostics13111869
https://doi.org/10.3390/antibiotics10040350
https://doi.org/10.1093/cid/ciz545
https://doi.org/10.1093/cid/cix317
https://doi.org/10.3389/fimmu.2018.00754
https://doi.org/10.1097/CCM.0000000000005820
https://doi.org/10.3389/fimmu.2023.1237729
https://doi.org/10.3389/fimmu.2023.1237729
https://doi.org/10.3389/fimmu.2024.1425168
https://doi.org/10.3389/fimmu.2024.1425168
https://doi.org/10.1016/j.cca.2015.07.004
https://doi.org/10.1016/j.cca.2015.07.004
https://doi.org/10.1164/rccm.201701-0104OC
https://doi.org/10.1164/rccm.201701-0104OC
https://doi.org/10.1186/s12931-020-01352-w
https://doi.org/10.1186/s12931-020-01352-w
https://doi.org/10.1016/j.amjms.2020.05.042
https://doi.org/10.1016/j.amjms.2020.05.042
https://doi.org/10.1016/j.cmi.2016.08.016
https://doi.org/10.1016/j.cmi.2016.08.016
https://doi.org/10.1093/ehjcvp/pvv039
https://doi.org/10.1007/s11239-020-02171-y
https://doi.org/10.1007/s11239-015-1275-6
https://doi.org/10.1007/s11239-015-1275-6
https://doi.org/10.36416/1806-3756/e20210072
https://doi.org/10.36416/1806-3756/e20210072
https://doi.org/10.1148/radiol.2020203557
https://doi.org/10.1001/jamacardio.2018.4537
https://doi.org/10.1097/MD.0000000000032887
https://doi.org/10.1097/MD.0000000000032887
https://doi.org/10.2478/jtim-2024-0008
https://doi.org/10.1186/s12931-018-0877-x
https://doi.org/10.2478/jtim-2024-0007
https://doi.org/10.2478/jtim-2023-0122
https://doi.org/10.2478/jtim-2023-0118
https://doi.org/10.1515/mr-2024-0013
https://doi.org/10.1515/mr-2024-0030
https://doi.org/10.1016/j.arr.2024.102540
https://doi.org/10.1038/s41392-025-02371-z
https://doi.org/10.3390/cells14070499
https://doi.org/10.1007/s00281-020-00824-x
https://doi.org/10.1007/s12016-021-08899-6
https://doi.org/10.3389/fimmu.2022.942796
https://doi.org/10.1080/07853890.2025.2477300
https://doi.org/10.1016/j.cmet.2024.03.012
https://doi.org/10.1038/s41392-023-01451-2
https://doi.org/10.1038/s41392-023-01451-2
https://doi.org/10.1007/s00281-020-00806-z
https://doi.org/10.3389/fimmu.2022.1055805
https://doi.org/10.3390/cells11030359
https://doi.org/10.3389/fneur.2018.00791
https://doi.org/10.3389/fneur.2018.00791
https://doi.org/10.1111/acel.14300
https://doi.org/10.1111/acel.14300
https://doi.org/10.1016/j.cellimm.2021.104435
https://doi.org/10.1016/j.cellimm.2021.104435
https://doi.org/10.3389/fimmu.2020.587460
https://doi.org/10.7754/Clin.Lab.2019.190929
https://doi.org/10.1186/s13054-018-1943-y
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Hou et al.

116. Nan W, Xiong F Zheng H, Li C, Lou C, Lei X, et al. Myristoyl
lysophosphatidylcholine is a biomarker and potential therapeutic target for
community-acquired pneumonia. Redox Biol. (2022) 58:102556. doi: 10.1016/j.redox.
2022.102556

117. Chung H, Wickel J, Oswald M, Dargvainiene ], Rupp ], Rohde G, et al.
Neurofilament light chain levels predict encephalopathy and outcome in community-
acquired pneumonia. Ann Clin Transl Neurol. (2023) 10:204-12. doi: 10.1002/acn3.
51711

118. Xu Z, Hou X, Feng C, Zheng L, Xu D, Zhao H, et al. The association
between serum complement C3a and severity in patients with community-
acquired pneumonia. Front Immunol. (2023) 14:1034233. doi: 10.3389/fimmu.2023.10
34233

119. Cheng ], Tang M, Fang P, Liu Y, Sun J, He Q, et al. Longitudinal
associations of serum survivin with the severity and prognosis of community-acquired
pneumonia patients. Respir Investig. (2023) 61:84-94. doi: 10.1016/j.resinv.2022.
09.007

120. Hua D, Ma K, Cheng J, Liu Y, Sun J, He Q, et al. Serum TRAIL predicts severity
and prognosis in patients with community-acquired pneumonia: a prospective cohort
study. Intern Emerg Med. (2022) 17:2279-90. doi: 10.1007/s11739-022-03086-7

121. Zhang W, Zhou H, Cen M, Ouyang W, Chen J, Xia L, et al. N-myc and
STAT interactor is a novel biomarker of severity in community-acquired pneumonia:
a prospective study. Respir Res. (2022) 23:253. doi: 10.1186/s12931-022-02139-x

122. Zhu E, Xu ], He Q, Deng Y, Liu M, Liu Y, et al. Association of serum interleukin-
2 with severity and prognosis in hospitalized patients with community-acquired
pneumonia: a prospective cohort study. Intern Emerg Med. (2024) 19:1929-39. doi:
10.1007/s11739-024-03699-0

Frontiers in Medicine

12

10.3389/fmed.2025.1699779

123. Xu Z, Wang X, Cao P, Zhang C, Feng C, Zheng L, et al. Serum IL-27 predicts the
severity and prognosis in patients with community-acquired pneumonia: a prospective
cohort study. Int ] Med Sci. (2022) 19:74-81. doi: 10.7150/ijms.67028

124. Spoorenberg S, Vestjens S, Rijkers G, Meek B, van Moorsel C, Grutters J, et al.
YKL-40, CCL18 and SP-D predict mortality in patients hospitalized with community-
acquired pneumonia. Respirology. (2017) 22:542-50. doi: 10.1111/resp.12924

125. Ebrahimi F, Wolffenbuttel C, Blum C, Baumgartner C, Mueller B, Schuetz
P, et al. Fibroblast growth factor 21 predicts outcome in community-acquired
pneumonia: secondary analysis of two randomised controlled trials. Eur Respir J.
(2019) 53:1800973. doi: 10.1183/13993003.00973-2018

126. Ebrahimi F, Giaglis S, Hahn S, Blum C, Baumgartner C, Kutz A, et al. Markers
of neutrophil extracellular traps predict adverse outcome in community-acquired
pneumonia: secondary analysis of a randomised controlled trial. Eur Respir J. (2018)
51:1701389. doi: 10.1183/13993003.01389-2017

127. Taylor S, Taylor B. Cardiac biomarkers in community-acquired pneumonia.
Chest. (2016) 149:603. doi: 10.1016/j.chest.2015.10.064

128. Duijkers R, Prins H, Kross M, Snijders D, van den Berg J, Werkman G,
et al. Biomarker guided antibiotic stewardship in community acquired pneumonia: a
randomized controlled trial. PLoS One. (2024) 19:€0307193. doi: 10.1371/journal.pone.
0307193

129. Huang D, Yealy D, Filbin M, Brown A, Chang C, Doi Y, et al. Procalcitonin-
guided use of antibiotics for lower respiratory tract infection. N Engl ] Med. (2018)
379:236-49. doi: 10.1056/NEJMoal802670

130. Creamer A, Kent A, Albur M. Procalcitonin in respiratory disease: use as a
biomarker for diagnosis and guiding antibiotic therapy. Breathe. (2019) 15:296-304.
doi: 10.1183/20734735.0258-2019

frontiersin.org


https://doi.org/10.3389/fmed.2025.1699779
https://doi.org/10.1016/j.redox.2022.102556
https://doi.org/10.1016/j.redox.2022.102556
https://doi.org/10.1002/acn3.51711
https://doi.org/10.1002/acn3.51711
https://doi.org/10.3389/fimmu.2023.1034233
https://doi.org/10.3389/fimmu.2023.1034233
https://doi.org/10.1016/j.resinv.2022.09.007
https://doi.org/10.1016/j.resinv.2022.09.007
https://doi.org/10.1007/s11739-022-03086-7
https://doi.org/10.1186/s12931-022-02139-x
https://doi.org/10.1007/s11739-024-03699-0
https://doi.org/10.1007/s11739-024-03699-0
https://doi.org/10.7150/ijms.67028
https://doi.org/10.1111/resp.12924
https://doi.org/10.1183/13993003.00973-2018
https://doi.org/10.1183/13993003.01389-2017
https://doi.org/10.1016/j.chest.2015.10.064
https://doi.org/10.1371/journal.pone.0307193
https://doi.org/10.1371/journal.pone.0307193
https://doi.org/10.1056/NEJMoa1802670
https://doi.org/10.1183/20734735.0258-2019
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

	Potential role of serological biomarkers in the diagnosis and prediction of community-acquired pneumonia in elderly individuals
	Introduction
	Genome–RNA
	Metabolome-lipid
	Cell counting
	Frailty-related indicators
	Clinical value of other serum biological indicators in geriatric patients with CAP
	Discussion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


