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BACKGROUND: Immune dysregulation plays a pivotal role in the pathogenesis of bronchiolitis. This study aimed to investigate the
role of immune checkpoint molecules and regulatory cytokines in relation to disease severity.

METHODS: A prospective cohort of 151 pediatric patients aged 1 month to 2 years was enrolled and classified into control, mild,
moderate, and severe bronchiolitis groups. Immune checkpoint molecules (CTLA-4, TIM-3, TIGIT, GARP) and cytokines (IL-2Ra, 4-1BB,
TGF-B1, LAG-3, galectin-9) were evaluated in CD4 * FOXP3* (Treg) and CD4 * FOXP3~T cells, and in plasma using flow cytometry
and ELISA.

RESULTS: CD4" T cell levels decreased with increasing disease severity. Treg frequencies were elevated in mild cases but decreased
in moderate and severe cases. CTLA-4 and TIM-3 expression increased on both Treg and non-Treg CD4* T cells in moderate and
severe groups. Soluble PD-1, TIM-3, LAG-3, TGF-f1, and 4-1BB levels were significantly elevated in severe bronchiolitis.
CONCLUSION: Disease severity in bronchiolitis is associated with immune checkpoint dysregulation and an immunosuppressive
environment. The observed alterations in T cell subsets and increased expression of CTLA-4 and TIM-3 highlight the potential of
these molecules as biomarkers of disease progression.

Pediatric Research; https://doi.org/10.1038/s41390-026-04853-4

IMPACT:

® This study demonstrates that the severity of pediatric bronchiolitis is associated with the dysregulation of immune checkpoint
molecules.

® |t adds novel insight into the immunopathogenesis of bronchiolitis by focusing on early immune biomarkers beyond
conventional inflammatory parameters.

® These findings may support risk stratification and contribute to the development of targeted therapies in future pediatric
bronchiolitis management.

INTRODUCTION Recent evidence highlights the critical role of immune

Bronchiolitis is a leading cause of lower respiratory tract infection
in children under two years of age and is primarily associated with
viral pathogens such as respiratory syncytial virus (RSV), influenza,
and rhinoviruses.! The disease exhibits a wide clinical spectrum,
ranging from self-limiting symptoms to severe respiratory failure
requiring pediatric intensive care, and is a major contributor to
infant morbidity and mortality worldwide.?* Despite its preva-
lence, the immunopathogenesis of bronchiolitis remains incom-
pletely understood, and predictive biomarkers for disease severity
are lacking.

dysregulation, particularly T cell-mediated responses, in bronch-
iolitis. Immune checkpoint molecules—such as cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), T-cell immunoglobulin
and mucin-domain containing-3 (TIM-3), T-cell immunoreceptor
with Ig and ITIM domains (TIGIT), and glycoprotein A repetitions
predominant (GARP)—modulate T cell activation and maintain
immune homeostasis. Aberrant regulation of these molecules has
been implicated in various diseases but remains underexplored in
bronchiolitis.**
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Immune checkpoints have been extensively studied in oncol-
ogy and chronic viral infections. Molecules such as CTLA-4 and
programmed death-1 (PD-1) are targets of immunotherapy and
are associated with immune exhaustion in infections like HIV and
hepatitis B.%” Likewise, lymphocyte activation gene 3 (LAG-3) and
TIM-3 have been shown to regulate the balance between immune
activation and suppression in autoimmune and inflammatory
diseases.®'°

Bronchiolitis, with its viral etiology and defined clinical course,
presents a unique opportunity to investigate immune checkpoint
dynamics in acute inflammation. CD4* T cells and FOXP3*
regulatory T cells (Tregs), both regulated by checkpoint molecules,
are critical components of the adaptive immune response in
bronchiolitis.'”'? In addition, soluble mediators such as
interleukin-2 receptor alpha (IL-2Ra), 4-1BB, PD-L1, transforming
growth factor beta 1 (TGF-B1), LAG-3, and galectin-9 may
contribute to immune modulation but have not been thoroughly
studied in this context.'>'

This study aimed to evaluate the expression of immune
checkpoint molecules on CD4*FOXP3* (Treg) and CD4*'FOXP3~
T cells and assess circulating levels of soluble checkpoint molecules
and cytokines in pediatric bronchiolitis. We hypothesized that the
expression profiles of these molecules vary with disease severity
and may serve as potential biomarkers for clinical progression. The
findings are expected to contribute to a better understanding of the
immunopathology of bronchiolitis and facilitate future develop-
ment of targeted immunomodulatory therapies.

MATERIALS AND METHODS

Study design and participants

This prospective study was conducted between August 2022 and October
2024 at Erciyes University Faculty of Medicine, Department of Pediatrics, in
collaboration with the Department of Medical Biology and the Betul-Ziya
Eren Genome and Stem Cell Center. The study protocol was approved by
the Institutional Review Board of Erciyes University (Approval no: 2022/
155). Written informed consent was obtained from all parents or legal
guardians. The study was conducted in accordance with the Declaration of
Helsinki and institutional ethical guidelines.

A total of 151 pediatric patients aged 1 month to 2 years were enrolled.
Inclusion criteria included the first episode of bronchiolitis following an
upper respiratory tract infection, with wheezing and rales on auscultation.
Exclusion criteria comprised chronic cardiopulmonary or neurological
disease, malignancy, prematurity, birth weight below 2500 g, immunode-
ficiency, bacterial infection, prior use of bronchodilators or corticosteroids,
symptom duration exceeding 7 days, or radiographic evidence of
consolidation or atelectasis.

Participants were categorized into four groups based on disease severity
according to the Wang Bronchiolitis Severity Score (WBSS)'®: mild (n = 40),
moderate (n = 40), and severe bronchiolitis (n = 31), in addition to an age-
and sex-matched healthy control group (n =40). The WBSS is a validated
and widely used clinical scoring system that evaluates four clinical
parameters: respiratory rate, wheezing, retractions, and general condition.
Each parameter is scored from 0 to 3 (except general condition, which is
scored 0 or 3), yielding a total score ranging from 0 to 12 points. Disease
severity was classified as mild (score 0-5), moderate (score 6-9), and
severe (score 10-12). Respiratory rate: scored 0: <30/min, 1: 30-45/min, 2:
46-60/min, 3: >60/min. Wheezing: scored 0: none, 1: terminal expiration or
only with stethoscope, 2: entire expiration or audible without stethoscope,
3: inspiration and expiration without stethoscope. Retractions: scored 0:
none, 1: intercostal recession, 2: tracheo-sternal recession, 3: severe with
nasal flaring. General condition: scored 0: normal, 3: irritable/lethargic/poor
feeding. All assessments were performed by trained pediatricians at the
time of hospital admission, initiation of any treatment. Control subjects
were recruited from the Social Pediatrics outpatient clinic during routine
follow-up visits.

Demographic and clinical data, including age, sex, history of wheezing,
fever, prematurity, atopy, and findings on physical examination (e.g.,
tachypnea, retractions, rales), as well as laboratory parameters and blood
gas analyses, were recorded. For patients admitted to the pediatric
intensive care unit, the need for oxygen support and intubation was also
documented.
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Peripheral Blood Mononuclear Cell (PBMC) isolation

Peripheral blood (3 mL) was collected into sterile EDTA tubes and diluted
1:1 with phosphate-buffered saline (PBS). PBMCs were isolated using Ficoll-
Paque density gradient centrifugation (400 X g, 30 minutes). Mononuclear
cells were collected from the interface, washed twice with PBS, and
resuspended in 2% fetal bovine serum (FBS) in PBS. Cells were counted
and cryopreserved in freezing medium containing 10% dimethyl sulfoxide
(DMSOQ). Prior to staining, cells were thawed, centrifuged (1500 rpm,
5 minutes), and resuspended in staining buffer.

Flow cytometry analysis

PBMCs were stained for surface and intracellular markers to evaluate CD4*
T cells, CD4*FOXP3* regulatory T cells (Tregs), and immune checkpoint
molecules including CTLA-4, TIM-3, TIGIT, and GARP. Cells were blocked
using Fc receptor blocking reagent (BioLegend, San Diego, CA) to minimize
nonspecific binding. FOXP3 staining was performed after fixation and
permeabilization using the True-Nuclear™ Transcription Factor Staining Kit
(BioLegend). Flow cytometry was performed on a FACSAria Ill instrument
(BD Biosciences, San Jose, CA), and data were analyzed using FlowJo
software (FlowJo LLC, Ashland, OR). Lymphocytes were gated using
forward scatter (FSC-A) and side scatter (SSC-A), and the expression of
checkpoint molecules on CD4‘FOXP3* and CD4‘FOXP3~ subsets was
quantified.

Analysis of soluble cytokines and immune checkpoint
molecules using enzyme-linked immunosorbent assay (ELISA)
Peripheral blood samples were collected in sterile EDTA tubes from
patients with bronchiolitis (severe, moderate, and mild groups) and
healthy controls. Plasma was separated by centrifugation at 1500 rpm for
10 minutes and stored at -80°C until analysis.

Levels of soluble cytokines and immune checkpoint molecules,
including IL-2Ra, 4-1BB, CTLA-4, PD-L1, PD-1, TGF-B1, TIM-3, LAG-3, and
galectin-9, were measured using LEGENDPlex ELISA kits (Cat: 740867,
BioLegend, San Diego, CA). Each marker was quantified according to the
manufacturer’s instructions on FACSARia Il and analyzed via The
LEGENDplex™ Data Analysis Software Suite (LEGENDplex).

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 9
(GraphPad Software, San Diego, CA) and IBM SPSS Statistics version 24.0
(IBM Corp., Armonk, NY). The normality of data distribution was assessed
using the Shapiro-Wilk test, histograms, and Q-Q plots. Normally
distributed variables were expressed as mean * standard deviation (SD),
whereas non-normally distributed variables were expressed as median +
interquartile range (IQR). Categorical variables were presented as
frequencies and percentages.

For multiple group comparisons, the Kruskal-Wallis test was used for
non-normally distributed variables, followed by Dunn’s post hoc test for
pairwise significance analysis. One-way ANOVA was performed for
normally distributed variables. Categorical variables were compared using
the chi-squared test or Fisher’s exact test, with Yates-corrected chi-squared
tests applied when expected frequencies were small. A p-value of <0.05
was considered statistically significant.

RESULTS

Demographic, laboratory, and oxygen therapy characteristics
of the patients

A total of 151 patients younger than 24 months were included in
the study, divided into mild (n =40), moderate (n = 40), severe
(n =31), and control (n = 40) groups. Mean age (11.4-14.4 months,
p = 0.22), weight (p = 0.20), and sex distribution (p = 0.12) did not
differ significantly between groups. Laboratory findings showed
that pH was lowest in the severe group, significantly different from
the mild (p < 0.001) and moderate (p =0.01) groups. White blood
cell counts were highest in the severe group compared to the mild
group (p = 0.008), while platelet counts were significantly elevated
in the severe group compared to the mild (p=0.004) and
moderate (p = 0.006) groups. Neutrophil counts were also higher
in the severe group compared to the mild group (p = 0.005), and
moderate cases had higher neutrophil counts compared to the
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Table 1.
Marker Mild (n = 40) Moderate
(n=40)
Age (months) 144+8.4 13.7+8.2
Gender (Female/Male, %) 16/24 (40.0/ 13/27 (32.5/67.5)
60.0)
Weight (kg) 10.7+3.5 9.9+3.7
pH 74104 7.39+0.3
pCO2 (mmHgQ) 333+6.0 33.8+5.7
Lactate (mmol/L) 20+0.7 20+0.8
Base deficit (mmol/L) -3.1+£29 -36+25
WBC (x109/L) 109+ 4.1 13.2+4.38
Platelet count (x103/pL) 367 £ 131 365+97
Neutrophil Count (x10°%/L) 52+34 9.8+ 11.7
Lymphocyte Count (x10%/  4.7+1.7 43+25
L)
Eosinophil count (x10°%/L) 0.3+0.7 0.2+0.2
CRP (mg/L) 13.9+17.2 15.8+26.5
Oxygen therapy (%) Mask: 70.0% High Flow:70.0%
Room Air: Mask: 30.0%
30.0%

significance was defined as p < 0.05.

mild group (p=0.04). No significant differences were found in
lactate, base deficit, lymphocyte count, eosinophil count, or
C-reactive protein (CRP) levels among the groups (p > 0.05 for all).

Oxygen therapy requirements varied: 70% of mild cases
received mask oxygen, and 30% were managed on room air,
while 70% of moderate cases required high-flow oxygen and 30%
mask oxygen. In the severe group, 48.4% received high-flow
oxygen and 51.6% required intubation and mechanical ventila-
tion. These data are presented in Table 1.

Levels of CD4" and CD4"FOXP3™" T cells in

bronchiolitis groups

Absolute number (#) and frequency (%) of peripheral blood CD4*
and CD4*FOXP3* T (Treg) cells were analyzed by flow cytometry in
bronchiolitis severity groups and healthy controls. The gating
strategy is shown in Fig. 1a. Significant differences were observed
among the groups for both CD4* T and Treg cells (p <0.001,
Fig. 1).

CD4* T cell frequency showed a progressive decrease with
increasing disease severity. The control group had the highest
levels, which were significantly higher than those in the severe
(p <0.001) and moderate groups (p = 0.001, Fig. 1b). The absolute
numbers followed a similar trend, with a significant reduction in
severe and moderate bronchiolitis compared with the control and
mild groups (p <0.001, Fig. 1c).

In contrast, CD4*FOXP3* T (Treg) cell frequency exhibited a
biphasic pattern, with an initial increase in the mild group
compared to controls, followed by a sharp decrease in the
moderate and severe groups (Fig. 1d). The absolute number of
Treg cells was comparable between healthy controls and mild
cases, whereas the severe and moderate groups had significantly
reduced Treg counts compared to both mild cases and controls
(p <0.001, Fig. 1e).

These results collectively indicate a depressed CD4* T cell
population and an increased Treg ratio in severe and moderate
bronchiolitis.

Pediatric Research

Demographic, laboratory, and oxygen therapy characteristics of patients across bronchiolitis severity groups

Severe (n = 31) Control p- Significant
(n = 40) value Differences (p-value)

114177 11.9+89 0.22 None

13/18 (41.9/ 23/17 (57.5/ 0.14 None

58.1) 42.5)

9.0+£28 93+21 0.20 None

7.33%0.1 N/A <0.001 Severe < Mild (p <0.001)
and Moderate (p =0.01)

394+£13.2 N/A 0.18 None

23+1.6 N/A 0.74 None

-48+34 N/A 0.09 None

156+7.7 N/A 0.011 Severe > Mild (p = 0.008)

456+ 111 N/A 0.003 Severe > Mild (p = 0.004)
and Moderate (p = 0.006)

95+6.3 N/A 0.005 Severe > Mild (p = 0.005),
Moderate > Mild
(p=0.04)

42+25 N/A 0.39 None

7.7 £39.6 N/A 0.77 None

20.2+289 N/A 0.67 None

High Flow: Room Air: N/A None

48.4% 100.0

Intubated: 51.6
Values are presented as mean * standard deviation or number (percentage). WBC white blood cell count, CRP C-reactive protein, N/A not applicable. Statistical

Characterization of immune checkpoint molecules on Treg
(CD4"FOXP3™") T cells

Expression levels of the immune checkpoint molecules CTLA-
4, GARP, TIGIT, and TIM-3 on CD4'FOXP3* T (Treg) cells
were analyzed across bronchiolitis severity groups. Significant
differences were observed for CTLA-4 and TIM-3 expression
(p<0.001, Fig. 2). CTLA-4 frequency was significantly high-
er in all disease groups compared to healthy controls.
Additionally, both the severe and moderate group Treg cells
expressed higher CTLA-4 compared to the mild group (p < 0.001,
Fig. 2c).

GARP expression (frequency) was comparable across groups
(p > 0.05 for all), but the absolute number of GARP* CD4*FOXP3* T
cells was significantly lower in severe and moderate bronchiolitis
compared to controls and the mild group (p <0.001, Fig. 2¢, d).
TIGIT expression showed a significant increase in the moderate
group compared to controls, with a non-significant trend
observed in the severe group (Fig. 2e).

TIM-3* CD4*FOXP3* T cell percentages were higher in severe
and moderate bronchiolitis compared to controls (p<0.01,
p <0.001) and the mild group (p < 0.01, Fig. 2a). However, absolute
numbers were lower in the severe and moderate groups
compared to controls (p <0.005, p<0.05) and the mild group
(p < 0.001, Fig. 2b).

These results, summarized in Fig. 2, demonstrate a consistent
association between increased immune checkpoint molecule
expression on CD4*FOXP3* Treg cells and increasing bronchiolitis
severity.

Characterization of immune checkpoint molecules on Non-
Treg (CD4FOXP3") T Cells

Expression levels (frequency) of CTLA-4, GARP, TIGIT, and TIM-3 on
CD4'FOXP3~ T cells were analyzed across groups. Significant
differences were observed for CTLA-4 and TIM-3 (p < 0.001, Fig. 3).
CTLA-4 expression was highest in the severe and moderate

SPRINGER NATURE
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Fig. 1 Altered levels of CD4" and CD4*FOXP3™ (Treg) T cells in the peripheral blood across bronchiolitis severity groups. a Representative

flow cytometry plots showing the gating strategy for lymphocyte and CD4*FOXP3* T cell identification: lymphocytes were gated using SSC-A
versus FSC-A, followed by gating on CD4* cells and FOXP3 expression analysis. b Percentages of CD4* T cells. ¢ Absolute numbers of CD4*
T cells. d Percentages of CD4*FOXP3* T cells. e Absolute numbers of CD4*FOXP3* T cells. Statistical analysis was conducted for 151 children (40
control, 40 mild, 40 moderate, and 31 severe bronchiolitis). (*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001). Error bars represent + SEM.

groups, followed by the mild group, and was lowest in controls
(p < 0.001, Fig. 3g).

GARP and TIGIT frequencies were similar across groups
(Fig. 3c-e). TIM-3 expression was highest in the moderate
group, followed by the mild and severe groups, with the lowest
levels in controls (Fig. 3a). Absolute numbers of TIM-3*, GARP*,
and TIGIT* CD4*FOXP3~ T cells were significantly lower in the
severe and moderate groups compared to both controls and the
mild group (p<0.001, Fig. 3b, d and f). In contrast, CTLA-4*
CD4'FOXP3~ T cell counts were elevated in the moderate
(p<0.01) and mild (p<0.001) groups compared to controls
(Fig. 3h).

Together, these results further support increased immune
checkpoint expression correlating with bronchiolitis severity.

Soluble Cytokine and immune checkpoint molecule levels in
bronchiolitis

Levels of IL-2Ra, 4-1BB, TGF-B1, LAG-3, CTLA-4, galectin-9, and
CD86 were measured in plasma using enzyme-linked immuno-
sorbent assay (ELISA). Significant differences were observed
among groups for most markers (p < 0.05, Fig. 4).

IL-2Ra was elevated in the moderate group compared to
controls (p=0.04), while CTLA-4 and PD-L1 levels did not
significantly differ (Fig. 4a, b and d). 4-1BB levels were significantly
higher in the severe group compared to controls (p=0.008,
Fig. 4c). CD86 levels were reduced in the severe group compared
to the moderate group (p =0.02, Fig. 4e).

PD-1 was highest in the severe group compared to controls
(p <0.01), moderate (p <0.05), and mild groups (p < 0.01, Fig. 4f).
TGF-B1 was significantly increased in both the moderate and
severe groups compared to controls (p < 0.001), and also higher in
the severe versus mild group (p<0.005), and moderate versus
mild group (p < 0.05, Fig. 49).

SPRINGER NATURE

TIM-3 and LAG-3 levels were higher in the severe group
compared to mild (p<0.05) and control (p<0.01) groups,
respectively (Fig. 4h, i). Galectin-9 levels were significantly
higher in the mild (p<0.005) and moderate (p<0.05)
groups than in controls (Fig. 4j). Collectively, the analyses of
plasma levels of the investigated molecules also support
increased immunosuppressive milieu with increased bronchio-
litis severity.

DISCUSSION

This study aimed to investigate the relationship between immune
checkpoint molecules and bronchiolitis severity, hypothesizing
that their expression would vary with disease progression. The
results confirmed this hypothesis, showing significant changes in
immune cell populations, including a progressive decrease in CD4*
and CD4*FOXP3* T cells and increased surface expression of CTLA-
4 and TIM-3 on conventional CD4* T and FOXP3* Treg cells, along
with elevated levels of soluble biomarkers such as TGF-$1 and IL-
2Ra in severe cases. Notably, galectin-9 levels were highest in the
severe disease group, highlighting its potential as a marker of
immune dysregulation. These findings provide important insights
into the immune regulatory mechanisms underlying severe
bronchiolitis.

The study demonstrated a significant increase in immune
checkpoint molecules, including CTLA-4 and TIM-3, on
CD4'FOXP3* and CD4'FOXP3~ T cells as disease severity
increased. TIGIT* cell frequency was also increased in Treg cells
with disease severity, and although not statistically significant, a
similar trend was observed in non-Treg CD4* T cells. To our
knowledge, this is the first study to comprehensively evaluate
these molecules in pediatric bronchiolitis, integrating cellular
and soluble markers to highlight multifaceted immune
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Fig.2 Expression of immune checkpoint markers TIM-3, GARP, TIGIT, and CTLA-4 on CD4"FOXP3" (Treg) T cells in bronchiolitis severity
groups. a Percentage of TIM-3* CD4*FOXP3* T cells. b Absolute number of TIM-3* CD4*FOXP3* T cells. ¢ Percentage of GARP* CD4*FOXP3*
T cells. d Absolute number of GARP* CD4*FOXP3* T cells. e Percentage of TIGIT* CD4*FOXP3* T cells. f Absolute number of TIGIT* CD4*FOXP3*
T cells. g Percentage of CTLA-4* CD4*FOXP3* T cells. h Absolute number of CTLA-4* CD4*FOXP3* T cells. Statistical comparisons were made
across 151 children (40 control, 40 mild, 40 moderate, and 31 severe bronchiolitis). (*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001). Error bars

show + SEM.

dysfunction. These findings suggest that galectin-9, TGF-B1, and
immune checkpoints may serve as biomarkers to predict disease
severity and guide therapeutic strategies, addressing critical
gaps in the literature.

In this study, the dynamics of CD4* and CD4*FOXP3* T cells
were analyzed across bronchiolitis severity groups. CD4* T cell
levels gradually decreased with increasing severity, both in
frequency and absolute number. Similarly, absolute numbers of
CD4*FOXP3* Treg cells were significantly decreased in the
moderate and severe groups, but not in the mild group.
However, the proportion of Treg cells among total CD4* T cells
showed a biphasic pattern—initially increasing in the mild group
compared to controls, then declining in moderate and severe
disease—suggesting a transient regulatory phase in early
bronchiolitis.

These findings align with previous studies that reported
lymphocyte redistribution during severe respiratory infections,
contributing to systemic immune depletion and worsened
outcomes.'®'® The biphasic Treg pattern is also consistent with
findings in other inflammatory respiratory diseases, reflecting
dysregulated immune control. The early increase in CD4*FOXP3*
T cells may represent a compensatory anti-inflammatory response,
while the subsequent decline suggests potential exhaustion, a
mechanism implicated in severe bronchiolitis. Viral etiology may
also influence these patterns; respiratory syncytial virus (RSV), the
most common cause of bronchiolitis, has been shown to induce
transcriptomic alterations in CD4* T cells that correlate with

Pediatric Research

disease severity and immune checkpoint expression.'®

Although our study did not include pathogen identification,
further research is needed to clarify whether checkpoint altera-
tions are driven by severity alone or shaped by specific viral
triggers.

Our results demonstrate that immune checkpoint molecules—
CTLA-4, GARP, TIGIT, and TIM-3—exhibit distinct expression
profiles on CD4*FOXP3* T cells across disease severity. Despite
reduced Treg numbers in moderate and severe groups, expression
of these molecules was highest in these cases, suggesting an early
regulatory response that persists or intensifies to counteract
ongoing inflammation. Similar patterns have been reported in
other infections, where molecules like TIM-3 and TIGIT are initially
upregulated to suppress immune overactivation but eventually
decline with chronic stimulation and immune exhaustion.?***
CTLA-4 and GARP elevations in mild cases further underscore their
possible roles in maintaining immune homeostasis early in
disease. GARP, in particular, has been shown to stabilize Tregs
and promote anti-inflammatory activity.>>® However, no signifi-
cant differences in GARP expression frequency were detected
among groups.

Characterization of checkpoint molecules on CD4*FOXP3~ (non-
Treg) T cells revealed similar trends. CTLA-4 levels progressively
increased with bronchiolitis severity, consistent with its role in
downregulating T cell activation and promoting immune toler-
ance.?”® This gradual increase may reflect cumulative immune
exhaustion during inflammation. TIM-3 expression also rose with
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Fig. 3 Altered expression of immune checkpoint molecules TIM-3, GARP, TIGIT, and CTLA-4 on CD4"FOXP3~ (non-Treg) T cells in
bronchiolitis severity groups. a Percentage of TIM-3* CD4*FOXP3™ T cells. b Absolute number of TIM-3* CD4*FOXP3™ T cells. ¢ Percentage of
GARP* CD4*FOXP3™ T cells. d Absolute number of GARP* CD4*FOXP3™ T cells. e Percentage of TIGIT* CD4*FOXP3™ T cells. f Absolute number of
TIGIT* CD4'FOXP3™ T cells. g Percentage of CTLA-4* CD4*FOXP3™ T cells. h Absolute number of CTLA-4* CD4*FOXP3™ T cells. Statistical
comparisons were made across 151 children (40 control, 40 mild, 40 moderate, and 31 severe bronchiolitis). (*P < 0.05, **P < 0.01, ***P < 0.005,

****P < 0.001). Error bars show + SEM.

severity, reinforcing its relevance as a marker of immune
dysregulation. While TIGIT showed a similar trend, it did not
reach statistical significance. Additionally, absolute numbers of
TIM-3* and TIGIT* CD4* T cells were decreased in moderate and
severe groups, mirroring the overall decline in CD4* T cells. Loss of
these regulatory checkpoint-expressing cells has been reported in
severe viral infections, where impaired regulation contributes to
heightened inflammation and tissue damage.?®*° In bronchiolitis,
this reduction may exacerbate immune-mediated lung injury and
clinical deterioration.?'

We also observed significant changes in soluble cytokine and
immune checkpoint levels with disease severity. IL-2Ra was
elevated in moderate cases, consistent with prior studies linking
its upregulation to enhanced T cell activation in influenza and
COVID-19.3%33 The stepwise increase in 4-1BB levels resembles
findings in acute respiratory distress syndrome (ARDS), where it
promotes sustained inflammatory responses.®*3> TGF-B1, known
for its roles in immunosuppression and tissue remodeling, was
also increased in severe cases—implicating it in bronchiolitis-
associated airway changes, similar to those observed in asthma
and COPD.3® LAG-3 elevation with severity may represent an
adaptive mechanism to control excessive inflammation, as seen
in other severe viral infections.>”*® Although soluble CTLA-4
showed a non-significant increase in severe disease, this pattern
parallels findings in autoimmune disorders, where early down-
regulation is followed by upregulation as a compensatory
response.®®*° Galectin-9 was markedly elevated across all
bronchiolitis groups, especially in severe cases, supporting its
role in immune regulation and apoptosis, as described in viral
pneumonia.*’*? Collectively, these changes reflect a complex
and evolving immune suppressive milieu with increasing disease
severity.

SPRINGER NATURE

This study has several limitations. The single-center design may
limit generalizability. The exclusion of preterm infants and those
with comorbidities enhanced homogeneity but may have
excluded patients with more complex disease. Given that
premature infants are at higher risk of severe bronchiolitis, their
exclusion may also have prevented us from capturing potentially
more pronounced immune dysregulation in this subgroup; this
remains an important direction for future studies. The cross-
sectional nature of sampling precludes assessment of temporal
dynamics in immune marker expression. Additionally, the absence
of etiologic data (e.g., RSV, influenza) limits our ability to associate
findings with specific viral pathogens. Finally, although flow
cytometry and ELISA are well-established techniques, technical
variability may influence the accuracy of quantification. Future
longitudinal studies incorporating broader patient groups and
viral diagnostics are warranted.

CONCLUSION

This study highlights the role of immune dysregulation in
pediatric bronchiolitis by identifying changes in cytokines and
immune checkpoint molecules across disease severity
groups. Key findings include a decrease in CD4* and CD4*FOXP3*
T cells, elevated levels of IL-2Ra, 4-1BB, TGF-B1, LAG-3, and
galectin-9, and distinct expression patterns of CTLA-4, GARP,
TIGIT, and TIM-3 collectively supporting an immunosuppressive
environment in moderate and severe bronchiolitis. These
markers may serve as indicators of disease severity, with
galectin-9 and TGF-1 emerging as promising biomarkers and
potential therapeutic targets. Future research should explore the
longitudinal behavior of these molecules and their interactions
with other immune pathways to better elucidate the
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Fig. 4 Soluble cytokine and immune checkpoint molecule levels in bronchiolitis severity groups and controls. Levels of soluble cytokines
and immune checkpoint molecules, including IL-2Ra, CTLA-4, 4-1BB, PD-L1, CD86, PD-1, TGF-f1, TIM-3, LAG-3, and galectin-9, were measured
in plasma samples from all bronchiolitis severity groups and healthy controls. a IL-2Ra, b CTLA-4, ¢ 4-1BB, d PD-L1, e CD86, f PD-1, g TGF-B1,
h TIM-3, i LAG-3, j Galectin-9. Significant differences were observed for most markers, with notable elevations in TIM-3, LAG-3, and TGF-p1
levels in the severe bronchiolitis group. Statistical comparisons were made across 151 children (40 control, 40 mild, 40 moderate, and
31 severe bronchiolitis). (*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001). Error bars represent + SEM.

pathogenesis of bronchiolitis and identify strategies for targeted
immunomodulation.
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