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Background: Since rapid and accurate diagnosis of pneumonia and
determination of its severity remain challenging, particularly in childhood, we
aimed to evaluate the role of toll-like receptors (TLR) in pneumonia, which has
been limited in animal and adult studies.
Methods: In this study, TLR-2, TLR-4, interleukin (IL)-1b, IL-4, IL-6, IL-10,
interferon (IFN)-a, and tumor necrosis factor (TNF)-a levels were measured in
serum samples of n = 67 pediatric patients with community acquired pneumonia
(CAP) (43 inpatients and 24 outpatients) and 22 healthy pediatric controls. Saliva
samples of n = 30 pediatric patients with CAP (19 inpatients and 11 outpatients)
and 19 healthy pediatric controls were also investigated to analyze the expression
of these cytokines and TLRs.
Results: In saliva samples taken at the time of diagnosis, threshold levels of TLR-2
were 1.16 2-DDCt and of TLR-4 1.28 2-DDCt differentiating patients with and without
pneumonia. The sensitivity of salivary TLR-2 and TLR-4 tests were found to be
0.80 and 0.86, respectively. In serum samples, soluble TLR-2 and TLR-4, IL-1b,
IL-4, IL-6, Il-10, IFN-a, and TNF-a levels were signi�cantly decreased in patients
with coronavirus disease-19 (COVID-19) as compared with other viruses (p <
0.05 in each). Only one mortal case was present in the inpatient group during the
study period.
Conclusion: This study demonstrates that salivary TNF-a, soluble TLR-2 and
TLR-4 may serve as promising non-invasive biomarkers for diagnosing and
stratifying pediatric pneumonia.
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1 Introduction

Pneumonia is an important cause of death in children
worldwide. According to the data of the World Health
Organization (WHO) in 2017, 808.694 child deaths caused by
pneumonia, which constituted 15% of all deaths under the age of
�ve (1). Few factors playing a role in the in�ammatory response in
the pathogenesis of pneumonia provided some clues about the
morbidity of the disease and the intensity of in�ammation (2, 3).

Although data on community acquired pneumonia (CAP) in
children is increasing, several information in both diagnosis and
treatment in childhood are still missing (4). Identifying the
causative agent or trigger of pneumonia in children could be
more challenging than in adults due to dif�culties in obtaining
representative lower respiratory specimens, blood volumes, and
limitations in applying invasive diagnostics (5). An accurate risk
assessment is thus required to minimize unnecessary diagnostic
testing, treatments, and hospitalizations while focusing on critical
treatments for those at highest risk for serious outcomes. However,
few objective prognostic tools are currently available for children
with CAP. Without such tools, clinical management for children
with CAP may have potential to be inef�cient (6). Studies on several
biomarkers including cytokines that may be associated with
in�ammatory processes in children receiving treatment for
pneumonia have been already performed (7, 8). Classical
biomarkers, such as serum procalcitonin (PCT) and C-reactive
protein (CRP) have been used frequently in the diagnosis of
severe pneumonia (8–11). In addition, many markers e.g., white
blood cell count (WBC), neutrophil and lymphocyte counts, PCT,
and CRP have been also investigated to understand causative
reasons of pneumonia caused by bacteria and viruses, however
there is still no valid diagnostic biomarker for an ef�cient
management of pneumonia for physicians (12–14).

Although it has been determined that toll-like receptors (TLRs)
have been studied in several animal experiments and human studies,
especially in children are limited (15, 16). As a result of binding of
ligands to cells, such as macrophages, dendritic cells, and mast cells,
TLR-2, which is found as transmembrane protein in these cells,
undergoes dimerization with its co-domains, known as TLR-1 and
TLR-6, causing activation of some signaling pathways (17). In
particular, LPS components of the cell walls of gram-negative
bacteria may trigger the intracellular in�ammation network through
TLR-4 and initiate the proin�ammatory process (17–19). The
interaction of the SARS-CoV-2 envelope (E) protein with TLR-2 is
among the events that initiate a pro-in�ammatory process, in which
in�ammatory cytokines, including tumor necrosis factor (TNF)-a and
interferon (IFN)-g are released (20). Speci�c peptides have also been
identi�ed as TLR-2 agonists within the spike protein. While these
proteins typically induce the signaling through MyD88 pathways, they
also cause TLR-2 to be taken into the cell and endosomes, subsequently
inducing the type I/III IFN response (21, 22).

Soluble forms of TLRs (sTLRs) are released into biological �uids
through proteolytic shedding of membrane-bound receptors. These
soluble forms can bind pathogen-associated molecular patterns
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(PAMPs) and prevent them from activating cell-surface TLRs,
thereby functioning as decoy receptors that modulate
in�ammatory responses (23). TLR-2 has been found in serum,
saliva, and other mucosal secretions, where it appears to reduce
both bacterial and viral-induced cellular activation without
impairing pathogen clearance (24–26). Studies have shown that
sTLR-2 levels are associated with disease severity in various
infectious diseases and can help distinguish infectious from non-
infectious in�ammation (24, 25, 27). This may be particularly
relevant in pediatric respiratory infections, where children often
show age-speci�c disease patterns. For example, while most
children with COVID-19 experience mild disease, the interaction
between SARS-CoV-2 proteins and TLR-2 (20, 21) raises the
question of whether sTLR-2 levels might in�uence clinical
severity in those who do develop severe manifestations.

In the context of pediatric CAP, this balance is particularly
relevant. Effective pathogen clearance requires adequate immune
activation, yet excessive in�ammation may lead to signi�cant lung
injury. Both sTLR-2 and sTLR-4 may therefore function not only as
immunomodulatory factors but also as potential biomarkers of
disease severity. By measuring these soluble receptors in both saliva
and serum, we can gain complementary insights into the local
airway response as well as systemic immune activation. Therefore,
to address the clinical and scienti�c relevance, we aimed to study the
role of soluble TLR and cytokine responses in terms of disease
severity of pediatric patients with CAP evaluating soluble TLR-2
and TLR-4 in both saliva and serum from children with pneumonia.
2 Materials and methods

2.1 Study design and participants

This study is a single-center and prospective case-control study,
which was performed between July 2020 and July 2021. Pediatric
patients aged 1 month to 18 years who were diagnosed with CAP due
to their clinical and radiological features and who applied to tertiary
care university hospital for children were recruited, and newborns
were not included in the study. All consecutive patients meeting
inclusion criteria during the study period were approached for
enrollment. Community-acquired pneumonia was determined as
written in the guidelines, including ‘2014 Revised WHO
Classi�cation and Treatment of Childhood Pneumonia at Health
Facilities’ (28), ‘British Thoracic Society guidelines for the
management of community acquired pneumonia in children:
update 2011’ (29), and ‘Clinical Practice Guidelines by the Pediatric
Infectious Diseases Society and the Infectious Diseases Society of
America’ (30). Respiratory virus and bacteria multiplex PCR panel
tests, blood culture, and pleural �uid cultures (if available) were used
for the detection of the causative pathogen. Patients with cystic
�brosis, primary ciliary dyskinesia, immunode�ciency, systemic
rheumatologic disease, leukemia, patients receiving chemotherapy,
and patients using immunomodulatory agents were excluded from
the study.
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Patients with PCR-con�rmed SARS-CoV-2 pneumonia were
included in the study regardless of the presence of underlying
chronic conditions. However, children with non-pulmonary
systemic involvement of COVID-19 were not included in the
study. Furthermore, patients with COVID-19-associated
multisystem in�ammatory syndrome in children (MIS-C) were
not included due to the accompanying in�ammatory processes
that have not yet been elucidated. In the patient group, 67 serum
samples (n = 43 inpatients and n = 24 outpatients) and 30 saliva
samples (n = 19 inpatients and n = 11 outpatients) were included
(Supplementary Figure 1). The saliva samples of the cases with
pneumonia caused by SARS-CoV-2 could not be recovered due to
the strict infection control measures at the university hospital
during the previous SARS-CoV-2/COVID-19 pandemic. All
samples taken from the patient group were obtained at the time
of diagnosis. The age and gender matched healthy controls did not
have active infection or in�ammation, and did not use any
medication. The control group consisted of 22 healthy children,
of whom 21 provided serum samples and 19 provided saliva
samples. An informed consent was obtained from parents and/or
legal guardians of all participants in the patient and control groups,
as well as from the participants aged 16 and over.
2.2 Serum analysis

The analyses of interleukin (IL)-1b, IL-4, IL-6, IL-10, IFN-a,
TNF-a cytokines, soluble TLR-2, and TLR-4 in serum samples were
performed using Bioassay Technology Laboratory (BT-Lab)
sandwich Enzyme Linked Immunosorbent Assay (ELISA) kits
with the respective catalog number was E0143Hu, E0092Hu,
E0090Hu, E0076Hu, E0102Hu, E0082Hu, E0346Hu and E0358Hu
according to manufacturer’s instructions. This process was done
separately for each 8 markers in serum.
2.3 Saliva analysis

The protocol for RNA to cDNA in saliva is presented in
Supplementary Table 1A. Gene-speci�c primers for b-Actin
(ACTB), TLR-2, TLR-4, IL-1B, IL-4, IL-6, IL-10, TNF-a, and
IFN-a were designed with Primer-BLAST (NCBI) and
synthesized by Oligomer (Ankara, Turkey). Real-time RT-PCR
was performed with the SensiFAST™ SYBR No-ROX Kit
(Bioline, Cat. No. BIO-98050, UK), following the manufacturer’s
protocol. ACTB was used as a reference gene. Relative mRNA
abundance was calculated by the 2-DDCt method. Primer sequences
are listed in Supplementary Table 1B.
2.4 Statistical analyses

Statistical analyses were performed and graphical images were
created using IBM® SPSS® for Windows Version 23.0 and RStudio
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version 2024.04.1 + 748. Numerical variables were shown as mean ±
standard deviation or median [25-75th percentile]. Categorical
variables were stated as frequencies and percentages. Categorical
variables were compared with either Chi-square or the Fisher exact
tests. The normality of continuous variables was evaluated with the
Kolmogorov Smirnov test, and the homogeneity of variances was
tested using Levene’s test. Differences between groups including
continuous variables were determined by Mann Whitney U- or
Kruskal-Wallis tests, and for multiple comparisons, Bonferroni
correction was applied. For each serum cytokine, the effects of age
groups (0–1 yr, 1–5 yr, and 5–18 yr) and cohorts (Control/
Inpatient/Outpatient) were tested with a two-way analysis of
variance. Model assumptions, including normality and
homoscedasticity of residuals, were assessed graphically. If
diagnostic plots indicated deviations from model assumptions,
results were con�rmed using an aligned-rank transform ANOVA
implemented through the ARTool package in R. Pair-wise contrasts
were performed with Tukey’s honestly signi�cant difference (HSD)
test, and all p-values reported are Tukey-adjusted. Pairwise Pearson
(continuous-continuous) or point-biserial (continuous-binary)
correlations were calculated between quantitative laboratory
indices, the serum and salivary markers concentrations. Receiver-
operating characteristic (ROC) curve analysis was used to
determine the diagnostic accuracy of the biomarkers. Sensitivity,
speci�city, negative, and positive predictive, as well as accuracy
values were stated for these optimal cut-offs which was determined
by using Index of Union and Youden’s Index. A p-value less than
0.05 was considered signi�cant.
3 Results

3.1 Clinical characteristics of the patients
with pneumonia

The median age of the hospitalized patients was 28 months
(IQR, 12-89 months) and the outpatients 41.5 months (IQR, 18.25-
87). In the control group, the median age was 68 months (IQR,
52.75- 127.5) and there was no marked difference between these
three groups (p = 0.069). Among the patients with pneumonia, 28
(65.1%) of the hospitalized patients were male and 15 (34.9%)
female, while among the non-hospitalized patients, 19 (79.2%) were
male and 5 (20.8%) female (p = 0.116) (Table 1).

Comparing inpatient and outpatient groups in terms of
symptoms present at admission to the hospital, fever was more
common in the inpatient group, but no statistically signi�cant
difference was found (55.8% and 33.3%, respectively, p = 0.131).
Additional symptoms are summarized in Table 1. Running nose was
more common in the outpatient group compared to the inpatient
group (50.0% and 18.6%; p = 0.016). Patients with respiratory effort
and distress at the time of admission were encountered more
frequently in the inpatient group (65.1% and 29.2%; p = 0.010).
Tachypnea was more present in n = 23 (53.5%) of the hospitalized
patients and n = 6 (25%) of the outpatients (p = 0.046) (Table 1).
frontiersin.org

https://doi.org/10.3389/fimmu.2026.1657027
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Necipoglu et al. 10.3389/fimmu.2026.1657027
TABLE 1 Clinical features of patients with pneumonia and healthy children.

Features Inpatient (n = 43) Outpatient (n = 24) Control (n = 22) P-value

Age, month (IQR) 28 (12-89) 41.5 (18.25-87) 68 (52.75-127.5) 0.069

Gender 0.116

Male (n, %) 28 (65.1) 19 (79.2) 11 (50.0)

Female (n, %) 15 (34.9) 5 (20.8) 11 (50.0)

Symptoms

Fever (n, %) 24 (55.8) 8 (33.3) NA 0.131

Sore throat (n, %) 4 (9.3) 4 (16.7) NA 0.443

Cough (n, %) 27 (62.8) 20 (83.3) NA 0.138

Increased mucus production (n, %) 21 (48.8) 10 (41.7) NA 0.757

Runny nose (n, %) 8 (18.6) 12 (50.0) NA 0.016*

Wheezing (n, %) 18 (41.9) 9 (37.5) NA 0.929

Respiratory distress (n, %) 28 (65.1) 7 (29.2) NA 0.010*

Tachypnea (n, %) 23 (53.5) 6 (25) NA 0.046*

Fatigue (n, %) 10 (23.3) 2 (8.3) NA 0.188

Anorexia (n, %) 10 (23.3) 3 (12.5) NA 0.350

Feeding intolerance (n, %) 11 (25.6) 3 (12.5) NA 0.342

Vomiting (n, %) 9 (20.9) 4 (16.7) NA 0.757

Antibiotic use before admission (n, %) 11 (25.6) 1 (4.2) NA 0.044*

Days from symptom onset to admission
(Min-max)

2 (0-15) 2 (0-15) NA 0.808

Chronic disease <0.001***

None (n, %) 18 (41.9) 8 (33.3) 22 (100) NA

Cardiac diseases (n, %) 2 (4.7) 2 (8.3) 0 NA

Neurologic diseases (n, %) 15 (34.9) 5 (20.8) 0 NA

Pulmonary diseases (n, %) 4 (9.3) 1 (4.2) 0 NA

Metabolic diseases (n, %) 2 (4.7) 0 (0.0) 0 NA

Skeletal disorders (n, %) 1 (2.3) 1 (4.2) 0 NA

Allergic diseases (n, %) 1 (2.3) 6 (25) 0 NA

Gastrointestinal diseases (n, %) 0 (0.0) 1 (4.2) 0 NA

History of recurrent respiratory infections (n, %) 18 (41.9) 12 (50) NA 0.699

Tracheostomy (n, %) 5 (11.6) 1 (4.2) NA 0.408

Gastrostomy (n, %) 3 (7.0) 1 (4.2) NA 1.000

PICU admission (n, %) 11 (25.6) 0 (0.0) NA NA

Viral pneumonia (n, %) 30 (69.8) 15 (62.5) NA NA

Bacterial pneumonia (n, %) 3 (7.0) 0 (0.0) NA NA

Pneumonia with unknown pathogen (n, %) 10 (23.2) 9 (37.5) NA NA

Mortality (n, %) 1 (2.3) 0 (0.0) NA NA
F
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Statistical signi�cance is indicated as follows: (***) for p < 0.001 and (*) for p < 0.05. NA, Not Applicated; PICU, pediatric intensive care unit.
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The time required to evaluate antibiotic use prior to admission
was accepted as one week before admission. When patient groups
were compared, the use of antibiotics was more frequent in the
inpatient group, and 11 patients (25.6%) from the inpatient and
only one patient (4.2%) from the outpatient group received
antibiotics (p = 0.044). The median time from symptom onset to
admission was two days in both patient groups, with the longest as
15 days (p = 0.808). Underlying comorbidities (predominantly
neurological (34.9% inpatients, 20.8% outpatients) and pulmonary
diseases) as well as the presence of tracheostomy and gastrostomy,
varied between patient groups, with detailed distributions presented
in Table 1.

Respiratory tract viral and bacterial panel, blood, and pleural
�uid culture results were useful in determining the causative
pathogen. Thirty (69.8%) inpatients and 15 (62.5%) outpatients
were diagnosed with viral pneumonia. Eleven patients (25.6%) from
the inpatient group were admitted to the pediatric intensive care
unit following admission. One of 43 hospitalized patients died, and
the remaining 42 patients (97.7%) were discharged in good
health (Table 1).
3.2 Laboratory � ndings

The median CRP of the inpatient group was 2.65 mg/dL (IQR,
0.7-8.3 mg/dL), and of the outpatient group 0.71 mg/dL (IQR, 0.51-
1.33 mg/dL) (p = 0.003). When levels of PCT at presentation were
evaluated, the median value of the inpatient group was 0.15 ng/mL
(IQR, 0.06-0.95 ng/mL) and of the outpatient group 0.07 ng/mL
(IQR, 0.04 -0.10 ng/mL) (p = 0.007). There was no signi�cant
difference in terms of hemoglobin, leukocyte, lymphocyte,
thrombocyte , NLR, and ESR va lues o f the pat ient s
(Supplementary Table 2). Among in-patients, 18 of 43 children
with a history of recurrent LRTI were � 5 years old (83.3%), and
there were no routine laboratory indices or lymphocyte subsets
differed between children with and without recurrence
(Supplementary Table 3).
3.3 Serum analyses

Cohort-level comparisons of serum cytokines without age
strati�cation demonstrated no signi�cant differences among in-
and outpatients, as well as controls (Figure 1) (all p > 0.05). As
shown in Supplementary Figure 1, after stratifying by age (0–1, 1–5,
and 6–18 years), a two-way ANOVA (age group × cohort) revealed
signi�cant age effects in seven cytokines, including IL-1b, IL-4, IL-6,
IL-10, TNF-a, IFN-a, and soluble TLR-4 (all Tukey-adjusted p <
0.05). Post hoc tests indicated particularly strong age gradients
within the inpatient cohort: infants (0 to 1 year) had higher levels
than 6 to 17-year inpatients for IL-6 (p < 0.01), TNF-a (p < 0.001),
IFN-a (p < 0.01), IL-1b (p < 0.01), IL-4 (p < 0.01), IL-10 (p < 0.001),
and TLR-4 (p < 0.01). For IL-6, both 1–5 and 6–18 years were lower
than infants (both p < 0.05). In controls, TLR-2 levels were lower in
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older children (1 to 5 and 6 to 18 years) than in infants (both p <
0.05). Notably, when comparing same-age groups across cohorts
(e.g., 6–18-year inpatients vs 6 to 18-year controls), no cytokine
differed signi�cantly (all Tukey-adjusted p > 0.05), consistent with
the pooled overview in Figure 1.

Among the 67 patients with pneumonia, viral pathogens were
identi�ed in 45 cases (67%). Human rhinovirus (n = 20; 13
hospitalized) and SARS-CoV-2 (n = 17; 9 hospitalized) were the
predominant viruses detected during the study period, comprising
82% of viral cases. When cytokines and soluble TLRs in serum
samples were evaluated, there was no signi�cant difference between
patients with pneumonia in which viruses were detected as the
causative pathogen, and patients with pneumonia in whom the
causative agent cannot be detected. However, virus-speci�c
subgroup analyses revealed distinct immunological patterns
between different viral etiologies. In particular, human rhinovirus
and SARS-CoV-2 infections demonstrated relevant different
immune pro�les (Figure 2). Human rhinovirus pneumonia was
characterized by broad immune activation, with signi�cant
elevation of IFN-a, IL-1b, IL-4, IL-10, TNF-a, TLR-2, and TLR-4
compared to controls (all p<0.05). In contrast, SARS-CoV-2
pneumonia showed a selective response pattern: while IL-1b, IL-
4, IL-10, and TNF-a were elevated, IFN-a, IL-6, and TLR-4 levels
were signi�cantly lower than controls, distinguishing SARS-CoV-2
from typical viral respiratory infection patterns. The measured
biomarkers differed signi�cantly between human rhinovirus and
SARS-CoV-2 groups, suggesting virus-speci�c immune pathways in
pediatric pneumonia (Figure 2).
3.4 Saliva analyses

IL-1b, IL-6, IL-10, IFN-a, TNF-a, TLR-2, and TLR-4 were
analyzed in saliva samples using qPCR. In addition, IL-4 expression
in saliva was below the limit of reliable detection in the majority of
samples; therefore it was not included to the analyses.

Salivary TLR-2 expression (2-DDCt) was signi�cantly elevated in
inpatients (median 3.81, IQR 2.09-5.45) compared to controls (median
0.98, IQR 0.54-1.86; p = 0.002), with outpatients showing intermediate
levels (median 2.16, IQR 0.78-7.87). A similar pattern was observed for
TLR-4, with inpatients demonstrating higher expression (median 4.26,
IQR 2.52-6.51) than controls (median 0.97, IQR 0.57-1.81; p=0.001).
These �ndings represent approximately 4-fold elevation in both TLR-2
and TLR-4 expression in severe pneumonia compared to
healthy children.

Salivary cytokines also showed differential expression patterns.
Pro-in�ammatory cytokines IL-6, IL-10, IFN-a, and TNF-a were
all signi�cantly elevated in inpatients compared to controls (all p <
0.02), with TNF-a showing the most pronounced difference (>10-
fold increase; median 10.34 vs 0.96; p < 0.001). Outpatients
generally demonstrated intermediate expression levels between
inpatients and controls, though this gradient was less consistent
than observed for TLRs. However, the level of elevation for TNF-a
was higher than for other measured cytokines.
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The consistent pattern of elevated expression in inpatients
compared to controls across all biomarkers suggests coordinated
activation of both innate immune recognition (TLRs) and
in�ammatory response (cytokines) in severe pediatric pneumonia.
Complete age-strati�ed data are presented in Figure 3 and
Supplementary Figures 2, 3.
3.5 ROC analysis

Differentiating CAP that necessitating hospitalization across all
cohorts, the areas under the ROC curves for saliva samples were as
follows: soluble TLR-2 had an AUC of 0.757 (95% CI, 0.615-0.899;
p = 0.003) with the optimal threshold at 1.970 2-DDCt, soluble TLR-4
had an AUC of 0.768 (95% CI, 0.632-0.903; p = 0.002) with the
optimal threshold at 2.350 2-DDCt, and TNF-a had an AUC of
0.833 (95% CI, 0.721-0.946; p < 0.0001) with optimal thresholds
at 3.665 2-DDCt. An AUC of 0.833 for TNF-a indicates excellent
predictive accuracy, meaning that there is an 83.3% chance that a
randomly selected patient, who required hospitalization for CAP,
Frontiers in Immunology 06
will have a higher TNF-a level in saliva than a patient, who did not
require hospitalization. This suggests that salivary TNF-a has
strong predictive power for identifying more severe cases of CAP.
In addition, among salivary markers, IL-6 had the highest speci�city
(76.7%, 95% CI 59.1–88.2; AUC 0.742, 95% CI 0.597–0.888;
p = 0.005). Conversely, IL-1b showed the lowest sensitivity (47.4%,
95% CI 27.3–68.3) with a non-signi�cant AUC of 0.565 (95% CI
0.400–0.730; p = 0.45). IFN-a yielded the lowest PPV and NPV
(AUC 0.719, 95% CI 0.567–0.871; p = 0.01). At the optimum cut-off
values determined by index of union and Youden’s index, the
performance metrics for these biomarkers were as follows: for
soluble TLR-2, the sensitivity was 84.2%, speci�city was 66.7%,
positive predictive value (PPV) was 61.5%, and negative predictive
value (NPV) was 76.0%. For soluble TLR-4, the sensitivity was 79.0%,
speci�city was 70.0%, PPV was 62.5%, and NPV was 78.7%; and for
TNF-a, the sensitivity was 84.2%, speci�city was 73.3%, PPV was
66.7%, and NPV was 81.3% (Figure 4). When the same prediction
with ROC analysis for hospitalized patients was performed across
all cohorts, there were no signi�cantly differentiating markers for
serum biomarkers (Table 2).
FIGURE 1

The comparison of TNF-a, IL-1b, IL-4, IL-6, IL-10, IFN-a, soluble TLR-2 and TLR-4 levels in serum samples of patients with pneumonia who were
hospitalized (inpatients) and not hospitalized (outpatients) and healthy children (controls). There were no signi�cant difference between groups.
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3.6 Correlation of clinical symptoms,
laboratory parameters, and cytokines

There was a strong positive correlation between several serum
cytokines, indicating coordinated in�ammatory responses. Among
saliva markers in inpatients, IL-1b and TNF-a showed no
signi�cant correlation with other biomarkers. However, in
outpatients, TNF-a had a signi�cant positive correlation with IL-
10 in this group. Moreover, serum markers in the outpatient group
did not show any signi�cant correlations with other biomarkers.
However, there was a signi�cant positive correlation between saliva
soluble TLR-2/TLR-4 levels and clinical symptoms, including
feeding dif�culties, loss of appetite, and restlessness. In contrast,
soluble TLR-4 in inpatients exhibited a more moderate negative
correlation with several serum markers. Furthermore, CD3 and
CD8 consistently demonstrated moderate negative correlations
with serum markers in inpatients. However, this pattern was not
observed in the outpatient group (Supplementary Figure 4).
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4 Discussion

TLR-2 and TLR-4 levels were signi�cantly increased in children
with lower respiratory tract infections compared to healthy
controls, and these levels were even higher in patients with severe
pneumonia compared to those with mild pneumonia according to
data of the current study. Early recognition of pneumonia, which is
still one of the most common causes of childhood deaths in the
world, is very important.

One of the novel aspects of our study is the age-strati�ed
analysis of serum cytokines, which revealed signi�cantly elevated
levels of IL-6 and TNF-a in infants aged 0 to 1 year compared to
older children, suggesting that younger children may have a more
robust or dysregulated innate immune response during pneumonia,
potentially contributing to increased disease severity and
hospitalization rates. Moreover, these results further underscore
the value of non-invasive sampling methods, including saliva
collection in pediatric groups, where blood sampling remain
FIGURE 2

The comparison of serum markers among healthy children and hospitalized children with viral pneumonia caused by SARS-CoV-2 and human
rhinovirus. All markers were signi�cantly different between the groups (Kruskal-Wallis test) and between inpatients with SARS-CoV-2 and those with
human rhinovirus. The reduction of markers in inpatients with SARS-CoV-2 was not signi�cant except for serum IL-6, while the elevation of markers
in inpatients with human rhinovirus was signi�cant except for serum IL-6 and soluble TLR-4 when compared to healthy controls. Statistical
signi�cance is indicated as follows: (**) for p < 0.01, (*) for p < 0.05, and (ns) for p � 0.05.
frontiersin.org

https://doi.org/10.3389/fimmu.2026.1657027
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org













	The role of soluble toll-like receptor-2 and 4 in children with pneumonia: a combined analysis of saliva and serum samples
	1 Introduction
	2 Materials and methods


