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Background: To investigate the evaluative role of interleukin (IL)-1 family cytokines in bronchoalveolar lavage fluid (BALF) among children with severe community-acquired pneumonia (SCAP) and identify cytokines with clinical relevance for pediatric SCAP.



Methods: Children with SCAP hospitalized at Shenzhen Children's Hospital (2019–2020) were studied. IL-1 family cytokines in the BALF were measured via CBA or ELISA. These cytokines included nine IL-1 family members (IL-1α, IL-1β, IL-1Ra, IL-33, IL-18, IL-37, IL-36α, IL-36Ra, and IL-38) and two receptors (sST2 and IL-18BP). The ratio of proinflammatory cytokines to anti-inflammatory cytokines was analyzed.



Results: In the BALF of children with SCAP complicated with pleural effusion (PE), the levels of IL-18, the IL-18/IL-38 ratio, and the IL-33 level were significantly elevated (P < 0.05). Furthermore, the receiver operating characteristic (ROC) curve indicated that these three markers have strong predictive efficacy for diagnosing SCAP complicated with PE. The levels of members of the IL-1 family, including IL-1α, IL-1β, IL-1Ra, IL-18, and IL-33, and their associated ratios significantly differed across different pathogen groups (P < 0.05). IL-36α and the IL-36α/IL-38 ratio differed significantly between the Haemophilus influenzae (Hi)-positive and -negative groups (P < 0.0001 and 0.0048), with lower levels in the Hi-positive group.



Conclusion: IL-18, IL-33, and IL-38 in BALF may serve as effective markers for predicting the development of PE in pediatric SCAP patients. Additionally, respiratory tract colonization by Hi may diminish the production of specific proinflammatory cytokines, including IL-18, IL-33, and IL-36α, during SCAP.
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1 Introduction

Community-acquired pneumonia is an infection of the lung parenchyma acquired in the community that presents with symptoms and signs of lung infection. It is among the most common causes of hospitalization for children in developed countries (1) and is a major contributor to child mortality in developing nations (2, 3). The incidence of severe community-acquired pneumonia (SCAP) is closely associated with factors such as immune imbalance and cytokine secretion dysregulation, with an excessively dysregulated immune inflammatory response playing a key role in the pathogenesis of SCAP (4). Consequently, early identification of biomarkers that can predict complications in children with SCAP and rapidly identify pathogens is vital for the clinical diagnosis and treatment of SCAP.

Research highlights the crucial role of the IL-1 family in innate immune responses and the development of adaptive responses against invading pathogens, which serve as the primary defense against these threats (5). Their release in the bloodstream is regarded as an early marker of sepsis, aiding in the identification of patients at increased risk of adverse outcomes (6). Furthermore, the IL-1 family is closely associated with abnormal inflammation and significant immune-mediated diseases (5), comprising 11 cytokines with analogous structures and receptor-binding patterns (7, 8), and the IL-1 family engages with a total of 10 receptors and coreceptors. Studies have demonstrated that alterations in multiple IL-1 family cytokines are closely associated with the onset and progression of pulmonary and inflammatory diseases (5, 9, 10). Huang et al. (11) reported that in COVID-19 patients, the levels of circulating inflammatory cytokines of the IL-1 family and secondary cytokines such as IL-6 (known as a cytokine storm) are significantly increased. However, research on the relationship between the IL-1 family and SCAP remains rare, with most studies relying on blood samples. In contrast, cytokine levels in BALF can more accurately reflect pulmonary lesions. Bronchoscopy to obtain BALF for pertinent examinations can facilitate SCAP recovery, etiological analysis, and pathogen detection (12). Owing to the strong local response, alterations in cytokines from BALF are more indicative of disease prognosis.

This study aimed to investigate the role of IL-1 family cytokines in the BALF of children with SCAP complicated with PE. Additionally, it seeks to analyze the differences in the expression of IL1 family in the BALF of pediatric SCAPs infected with different pathogens, in order to find out the cytokines with clinical significance for SCAP in children.



2 Methods


2.1 Study subjects and grouping

This study involved children hospitalized at Shenzhen Children's Hospital from 2019 to 2020 with a diagnosis of SCAP. The inclusion criterion was in accordance with the standard “Guidelines for the Management of Community-Acquired Pneumonia in Children” (2013 revision) (13), and bronchoscopy had been performed. The exclusion criteria included severe, life-threatening primary diseases of the cerebrovascular, liver, kidney, or hematopoietic system; immune system diseases or malignant tumors; congenital heart and lung defects; moderate to severe malnutrition; and the absence of alveolar lavage fluid collection. The process for case screening is shown in Figure 1.


[image: Figure 1]
FIGURE 1
Flowchart of case screening process.


The study participants were classified into the PE group and the non-PE group on the basis of the presence of PE. The etiological test results were further divided into virus-positive and virus-negative groups, Mycoplasma pneumoniae (MP)-positive and -negative groups, bacteria-positive and -negative groups, and Haemophilus influenzae (Hi)-positive and -negative groups.



2.2 General clinical data collection

General information, clinical manifestations, etiological assessments, radiological data and other data of the subjects were retrospectively collected. Chest x-ray or chest CT combined with chest ultrasound suggested the presence of PE. The etiological and imaging findings were derived exclusively from initial examinations postadmission. Etiological results included 11 pathogen tests from BALF and standard bacterial culture results from sputum.



2.3 BALF collection

Following the institutional standard practice (14), the anesthesiologist performed sedation and local anesthesia before bronchoscopy, the respiratory physician used an age-appropriate pediatric flexible fiberoptic bronchoscope to perform lavage of the patient's lungs. Saline (1 ml/kg) was used for bronchoalveolar lavage. The BALF was reclaimed and stored at −80°C for further use.



2.4 Cytokine detection methods

The BALF samples from the selected pediatric patients were sourced from the Shenzhen Children's Hospital sample repository and transported to the laboratory for cytokine analysis under optimal low-temperature conditions for cytokine analysis.

The detected cytokines include IL-1α, IL-1β, IL-1Ra, IL-18, IL-33, IL-37, IL-36α, IL-36Ra, and IL-38, along with interleukin-1 family receptors, including soluble suppression of tumorigenicity (sST2) and interleukin-18 binding protein (IL-18BP). This study employed both cytometric bead array (CBA) and enzyme-linked immunosorbent assay (ELISA) methods for detection.

CBA Method: A LEGEND plex multianalyte detection kit from Biolegend was used to detect cytokines, such as IL-1α, IL-1β, IL-18, and IL-33, adhering strictly to the kit's instructions. Detection was performed using a BD FACSCanto II flow cytometer. Post-acquisition, the data were exported, and specialized software was used to determine the concentration of each cytokine on the basis of standard references.

ELISA Method: R&D Systems® ELISA kits were used to detect cytokines, such as IL-1Ra, IL-37, IL-36α, IL-36Ra, IL-38, sST2, and IL-18BP, adhering strictly to the kit's instructions. The absorbance (OD value) of each well was measured on an enzyme microplate reader at a wavelength of 450 nm. The standard curve linear regression equation was derived from the standard concentrations and their OD values, enabling the calculation of the concentration for each corresponding indicator.



2.5 Statistical analysis

To mitigate the effects of discrepancies in BALF sample recovery rates and to investigate the balance between local proinflammatory and anti-inflammatory cytokines, this study introduces the ratio of proinflammatory to anti-inflammatory cytokines for a more precise reflection of changes in cytokine levels. The specific ratios analyzed included IL-1α/IL-38, IL-1β/IL-38, IL-18/IL-38, IL-18/IL-18BP, IL-33/IL-38, IL-33/sST2, and IL-36α/IL-38. Given the high concentration of IL-1Ra, which results in minuscule calculated values, the ratio was adjusted to IL-1Ra/IL-1α and IL-1Ra/(IL-1α+IL-1β) for more straightforward analysis.

Data analysis was performed via SPSS 25.0 statistical software. Categorical variables were presented as counts with percentages, and analyzed using the chi-square test. For normally distributed data, the mean ± standard deviation (SD) was utilized, and comparisons between two groups were conducted via an independent sample t-test. For nonnormally distributed data, the median (interquartile range) was employed, and group comparisons were carried out via the Mann‒Whitney U-test. The analysis indicated that all cytokines and their ratios in this study exhibited a nonnormal distribution; therefore, all group comparisons were performed via the Mann‒Whitney U-test. Additionally, receiver operating characteristic (ROC) curves were generated to assess the predictive and diagnostic value of indicators for SCAP complicated with PE.




3 Results


3.1 General conditions


3.1.1 General conditions of children with SCAP

Totally, 88 children with SCAP were included. The median time to perform alveolar lavage after admission was 4 (3,6) days. All pediatric patients received medication therapy prior to undergoing bronchoscopy. Baseline characteristics are summarized in Table 1. In this study, 20 patients had complications with PE. On the basis of the presence of PE, the study participants were classified into the PE group and the non-PE group. The clinical Characteristics were presented in Table 2.


TABLE 1 Baseline characteristics of study population.
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TABLE 2 Comparison of characteristics the PE group and the non-PE group.
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3.1.2 Etiological analysis of children with SCAP

All pediatric patients underwent 11 pathogen tests for BALF samples and general bacterial culture for sputum samples. The results revealed no pathogens in 7 patients, a single pathogen in 32 patients, and multiple pathogens in 49 patients. A total of 149 pathogens were identified, comprising 70 viruses, 45 MP, 33 bacteria, and 1 fungus. The three most frequently detected pathogens were MP (45 cases), adenovirus (29 cases), and Hi (17 cases).




3.2 Comparison of cytokines in the BALF of patients in different groups


3.2.1 Comparison of cytokines in the BALF between the PE group and the non-PE group

As shown in Figure 2, the levels of IL-18, the IL-18/IL-38 ratio, and IL-33 in the PE group were markedly greater than those in the non-PE group, with all differences reaching statistical significance (P < 0.05). No statistically significant differences were observed in the other cytokines or ratios (refer to Supplementary Figure S1).
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FIGURE 2
Cytokine levels in the BALF of the PE group and non-PE group. (A–C) represents for the levels of IL-18, IL-18/IL-38 ratio and IL-33, respectively. The graph represents the median and interquartile range. * indicated P < 0.05, ** indicated P < 0.01, comparing the PE group and non-PE group. PE indicated pleural effusion, and non-PE indicated no pleural effusion.




3.2.2 Comparison of cytokines in BALF between the MP-positive and MP-negative groups

As shown in Figure 3, the IL-1β level and IL-33/sST2 ratio were significantly greater than those in the MP-negative group, whereas the IL-1Ra level, the IL-1Ra/IL-1α ratio, and the IL-1Ra/(IL-1α + IL-1β) ratio were significantly lower (P < 0.05). Other cytokines and ratios did not significantly differ (see Supplementary Figure S2).
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FIGURE 3
Cytokine levels in BALF from the MP-positive and MP-negative groups. (A–E) represents for the levels of IL-1β, IL-1Ra, IL-1Ra/IL-1α ratio, IL-1Ra/ (IL-1α + IL-1β) ratio and IL-33/sST2 ratio, respectively. The graph represents the median and interquartile range. * indicated P < 0.05, ** indicated P < 0.01. MP + indicated Mycoplasma pneumoniae positive, and MP- indicated Mycoplasma pneumoniae negative.




3.2.3 Comparison of cytokines in BALF between positive and negative groups with different pathogen types

As shown in Figure 4, the IL-1Ra level, the IL-1Ra/IL-1α ratio, the IL-18/IL-38 ratio, the IL-18BP level, and the IL-18/IL-18BP ratio were significantly greater in the virus-positive group than in the virus-negative group (P < 0.05). Other cytokines and ratios were not significantly different (refer to Supplementary Figure S3). Compared with the bacteria-negative group, the bacteria-positive group presented significantly greater levels of IL-1α and a higher IL-1α/IL-38 ratio, whereas the IL-1Ra/IL-1α ratio, the IL-1Ra (IL-1α + IL-1β) ratio, the IL-33 level, and the IL-33/IL-38 ratio were significantly lower (P < 0.05). No other cytokines or ratios demonstrated significant differences (refer to Supplementary Figure S4).
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FIGURE 4
Comparison of cytokine levels in BALF between positive and negative groups of different pathogen types. (A–F) represents for the levels of IL-1Ra, IL-1Ra/IL-1α ratio, IL-18, IL-18/IL-38 ratio, IL-18BP and IL-18/IL-18BP ratio, respectively. (G–L) represents for the levels of IL-1α, IL-1α/IL-38 ratio, IL-1Ra/IL-1α ratio, IL-1Ra/ (IL-1α + IL-1β) ratio, IL-33 and IL-33/IL-38 ratio, respectively. The graph represents the median and interquartile range. * indicated P < 0.05, ** indicated P < 0.01. Virus + indicated virus positive, and virus- indicated virus negative. Bacteria + indicated bacteria positive, bacteria- indicated bacteria negative.




3.2.4 Comparison of cytokines in BALF between the Hi-positive and Hi-negative groups

Owing to the highest detection rate of Hi within the bacterial group and its third-place ranking among all detected pathogens, it was separately classified for comparative analysis. As shown in Figure 5, the levels of IL-1α and the IL-1α/IL-38 ratio were elevated in the Hi-positive group compared with those in the Hi-negative group, which was consistent with the results from the bacteria-positive and bacteria-negative groups. Conversely, the IL-1Ra/IL-1α ratio, IL-18 level, IL-18/IL-38 ratio, sST2 level, IL-36α level and IL-36α/IL-38 ratio were diminished in the Hi-negative group. The IL-1Ra/IL-1α ratio, IL-33 level, and IL-33/IL-38 ratio findings were consistent with those observed in the bacteria-positive and bacteria-negative groups. All these differences were statistically significant (P < 0.05), whereas the differences in other cytokines and ratios were not statistically significant (refer to Supplementary Figure S5).
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FIGURE 5
Cytokine levels in BALF from the Hi-positive and Hi-negative groups. (A–E) represents for the levels of IL-1α, IL-1α/IL-38 ratio, IL-1Ra/IL-1α ratio, IL-18 and IL-18/IL-38 ratio, respectively. (F–J) represents for the levels of IL-33, IL-33/IL-38 ratio, sST2, IL-36α and IL-36α/IL-38 ratio, respectively. The median and interquartile range are depicted. * denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001, **** denotes P < 0.0001, comparing the Hi-positive group and the Hi-negative group. Hi + indicated Haemophilus influenzae positive; Hi- indicated Haemophilus influenzae negative.




3.2.5 Comparison of cytokines in the BALF of other groups of children

The IL-1β level in the corticosteroid-treated group [41.07 (11.94∼133.89) vs. 13.79 (5.97∼52.03) pg/ml] were significantly greater than those in the non-corticosteroid-treated group (P = 0.027 < 0.05). Similarly, the sST2 level in the immunoglobulin-treated group [91.63 (87.09∼634.53) vs. 87.09 (83.47∼96.16) pg/ml] were markedly elevated compared with those in the non-immunoglobulin-treated group, and the difference was statistically significant (P = 0.042 < 0.05). No statistically significant differences were observed in the other cytokines or ratios.




3.3 Predictive performance of the Il-18 level, the Il-18/Il-38 ratio, and the Il-33 level for diagnosing SCAP complicated with PE

As illustrated in Figure 6, the ROC curve results revealed that the IL-18 level, the IL-18/IL-38 ratio, and the IL-33 level exhibit substantial predictive efficacy for diagnosing SCAP combined with PE in children. The AUC values were 0.723, 0.705, and 0.664, respectively, with critical thresholds of 7.935 pg/ml, 0.130, and 217.755 pg/ml, respectively, each demonstrating high sensitivity and specificity.
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FIGURE 6
ROC curves for IL-18, the IL-18/IL-38 ratio, and IL-33.





4 Discussion

This study revealed elevated IL-18 level, IL-18/IL-38 ratio, and IL-33 level in the BALF of PE patients, with IL-18 demonstrating the greatest predictive efficacy. Another notable finding of this study is that significant differences in IL-36α level and the IL-36α/IL-38 ratio were found between the Hi-positive and Hi-negative groups, with the Hi-positive group showing lower levels (P-values <0.0001 and 0.0048).

According to statistics, approximately 20%–40% of hospitalized pneumonia patients will develop parapneumonic effusion (PPE) (15). PE is an independent risk factor associated with the failure of CAP treatment, and pneumonia patients with PE have a relatively high mortality rate (16). Therefore, identifying biomarkers for PPE prediction is crucial. IL-18 is a potent proinflammatory cytokine that modulates Th1 and Th2 immune responses, playing a critical role in inducing damage to various organs, including the lungs, liver, and intestines (17). It possesses high vascular permeability (18) and promotes fibrinolysis (19). A study by Rovina et al. (20) demonstrated that IL-18 is overexpressed locally in the pleural cavity of patients with empyema, which is correlated with increased pleural inflammation, whereas the serum IL-18 level was not significantly different. Rovina et al. (20) proposed that, given the attributes of IL-18, it is plausible that IL-18 could enhance the production of pleural effusion and foster pleural fibrosis associated with empyema. Notably, the BALF samples in this study also presented elevated IL-18 level, suggesting that IL-18 may be produced by resident pleural mesothelial cells or inflammatory cells or that there may be transmission of IL-18 or migration of related cells between the pleural cavity and the lungs. However, the potential sources and transmission of IL-18 remains somewhat speculative. Further investigation is needed.

IL-36 affects epithelial cells and specific immune cells, inducing cell activation and the secretion of cytokines and chemokines (21). IL-36 is expressed as an inactive precursor that requires proteolytic processing to become active. IL-36α, IL-36β, and IL-36γ are selectively activated by neutrophil granule-derived proteases, increasing their biological activity by approximately 500-fold (22). Research conducted by Ryffel et al. (23) demonstrated that IL-36α functions as a proinflammatory cytokine in the lungs, independent of IL-1α and IL-1β. Intratracheal administration of IL-36α induces neutrophil infiltration and enhances the expression of proinflammatory cytokines and chemokines in the lungs of both wild-type C57BL/6 mice and IL-1α- and IL-1β-deficient mice (23). Additionally, this study revealed significantly lower IL-18 levels, IL-18/IL-38 ratios, IL-33 levels, and IL-33/IL-38 ratios in the Hi-positive group than in the Hi-negative group.

Haemophilus influenzae (Hi), a pleomorphic gram-negative coccobacillus, is a unique human symbiotic pathogen capable of causing acute otitis media, sinusitis, pneumonia, and invasive diseases. In Portugal, the colonization rate of Hi in healthy children reaches 84.1% (24), whereas in China, a recent meta-analysis reported a carriage rate of 21% (25), with certain regions reporting rates as high as 59.91%. Among the 17 Hi-positive children in this study, 13 exhibited coinfections with other pathogens, implying that Hi may have been present prior to lung infection. Lindgren et al. (26) conducted a study on mice and revealed that those pretreated with non-typeable Haemophilus influenzae (NTHi) prior to infection with Pseudomonas aeruginosa presented diminished airway tissue damage and reduced inflammatory cytokine levels compared with those of those solely infected with Pseudomonas aeruginosa. NTHi markedly decreased susceptibility to subsequent Pseudomonas aeruginosa infection, likely due to the activation of the host's innate immunity rather than direct competitive interactions between species (26). While these findings indirectly support the findings of this study, further research is necessary to draw definitive conclusions.

To mitigate discrepancies in BALF sample recovery rates, this study endeavored to increase the ratio of proinflammatory cytokines to anti-inflammatory cytokines for intergroup comparisons. In this study, IL-38 was selected as the primary anti-inflammatory cytokine because it is a novel cytokine predominantly expressed in immune-related organs and is involved in various diseases, such as lung disorders, viral infections (27). Additionally, certain specific cytokine receptors function as inhibitors of proinflammatory cytokines (28). For example, IL-1Ra acts as an antagonist of IL-1α and IL-1β, IL-18BP serves as an antagonist of IL-18, and sST2 functions as an antagonist of IL-33. Consequently, in this study, some proinflammatory cytokines employed their respective antagonists as anti-inflammatory agents for ratio calculations. This study consequently introduced nine ratios (refer to section 2.5 Statistical analysis for details). The results revealed that, in most instances, intergroup differences in proinflammatory cytokines corresponded with variations in the ratio of proinflammatory to anti-inflammatory cytokines, suggesting minimal discrepancies in BALF recovery rates throughout the study.

Several limitations of this study warrant acknowledgment. First, the small sample size may introduce research bias, necessitating an increase in sample size to validate the clinical outcomes. Second, the concurrent infection of multiple pathogens and its impact on cytokine interactions were not considered; thus, further research is needed to confirm these experimental findings. In the future, we will collect additional samples, including plasma, pleural effusion, and BALF samples, to examine the predictive value of IL-18, the IL-18/IL-38 ratio, and IL-33 for PPE and to determine their potential as biomarkers for the differential diagnosis of PE and the rapid differentiation of pathogens, aiming to uncover more potential clinical applications. Concurrently, this study explored whether respiratory colonization by Hi can mitigate the production of inflammatory cytokines during pneumonia.



5 Conclusion

This preliminary study on children with SCAP suggested that detecting IL-18, IL-33, and IL-38 in the BALF may serve as valuable markers for predicting the occurrence of PE in these patients. Respiratory colonization by Hi may diminish the production of specific proinflammatory cytokines (IL-18, IL-33, and IL-36α) during the early stages of SCAP. Further sample collection, including plasma, pleural effusion, and BALF, is necessary to evaluate the predictive value of IL-18, the IL-18/IL-38 ratio, and IL-33 for PPE and to determine whether respiratory colonization by Hi can attenuate inflammatory cytokine production during pneumonia.
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