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Photobiomodulation (PBM) is a non-invasive therapeutic strategy that uses specific light wavelengths 
to stimulate cellular processes that promote tissue repair, reduce inflammation, and alleviate pain. 
In this study, we evaluated the efficacy of a high-intensity 980 nm near-infrared (NIR) pulsed laser in 
a murine model of ovalbumin (OVA)-induced allergic asthma. In OVA-sensitized mice, typical allergic 
features were noted, including airway wall thickening, significant peribronchial and perivascular 
inflammatory cell infiltration, and compressed alveolar spaces. NIR PBM treatment markedly 
attenuated these histological changes. At the molecular level, PBM significantly downregulated type 
2 cytokine gene expression, including IL-4, IL-5 and IL-13, in the lung tissue. Flow cytometry analyses 
further revealed that PBM reduced the infiltration of pulmonary eosinophils and inflammatory 
monocytes. Transcriptomic profiling coupled with gene set enrichment analysis (GSEA) indicated that 
PBM suppressed NF-κB-mediated inflammatory signaling while modulating Th2-related responses. 
Collectively, our findings demonstrate that high-intensity 980 nm NIR PBM effectively mitigates key 
features of allergic asthma in a murine model, supporting its potential as a non-pharmacological, non-
invasive adjunct therapy for asthma management.

Photobiomodulation (PBM) is a non-invasive therapy that uses specific wavelengths of light to stimulate cellular 
functions, and it has evolved significantly since its inception. In recent years, PBM has been widely applied 
in numerous fields, including the treatment of hair loss, dermatology, rehabilitation medicine, inflammation 
regulation, and wound healing1.

Early research focused on red light (600–700  nm), demonstrating efficacy in wound healing and anti-
inflammatory applications through mechanisms such as cytochrome c oxidase activation, which enhances 
mitochondrial ATP production2,3.In addition to its impact on ATP synthesis, red light has been shown to increase 
the production of nitric oxide and reactive oxygen species. This modulation further influences downstream 
signaling pathways, promoting cellular proliferation, migration, and differentiation4,5.

More recent advancements have highlighted near-infrared (NIR, 700–1100  nm) wavelengths for their 
deeper tissue penetration (up to 5 cm), attributed to reduced scattering and absorption by chromophores like 
hemoglobin and melanin6,7. This capability positions NIR PBM as a promising tool for targeting subdermal 
tissues, expanding its therapeutic potential beyond superficial conditions8. Moreover, through the development of 
semi-conductor based high intensity laser coupled with pulsed laser, nowadays the High-Intensity Laser Therapy 
(HILT) (power > 500 mW) has been used for therapeutic protocol for musculoskeletal pain management9. 
Compared to Low-intensity laser therapy (power ≤ 500 mW), HILT could irradiated more intense laser beam 
which could penetrate deeper under the skin and the pulsed laser could reduce the thermal effect.

Asthma, a chronic respiratory disorder affecting over 262 million people globally (WHO, 2021), is characterized 
by airway inflammation, bronchoconstriction, and hyper-responsiveness. Both environmental factors and 
genetic predispositions contribute to its development10. Exposure to viruses, bacteria, dust mites, and certain 
foods can trigger asthma, while tobacco smoke and airborne particulates may exacerbate the condition11,12. 
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Typically, the pathogenesis of asthma involves the uptake of allergens by dendritic cells, which then present 
these antigens to naïve T cells, prompting their differentiation into TH2 cells. TH2 cells release cytokines such as 
IL-4, IL-5, and IL-13 that stimulate B cells-derived IgE production, which in turn activates mast cells, leading to 
the release of mediators including leukotrienes, histamine, and prostaglandins. These mediators increase mucus 
secretion from epithelial cells, induce goblet cell hyperplasia, and exacerbate airway constriction, while also 
recruiting eosinophils as the predominant inflammatory cell type13–15. Moreover, allergens can directly stimulate 
epithelial cells to produce IL-25, IL-33, and TSLP, further promoting the recruitment of eosinophils via the 
activation of ILC2 cells that secrete IL-5 and IL-1316. Although asthma phenotypes can be heterogeneous, they 
are generally classified into TH2 high and non-TH2 variants, with the TH2 high phenotype marked by elevated 
eosinophils in lung tissue and bronchoalveolar lavage fluid, along with increased expression of type 2 cytokines 
such as IL-4, IL-5, and IL-1317–21. In murine models induced by allergens such as ovalbumin (OVA)22–24 house 
dust mite25, Alternaria26, or papain27, increased eosinophil counts have been consistently observed in lung 
tissues or bronchoalveolar lavage fluid. Furthermore, IL-4, IL-5, and IL-13 are well-established contributors to 
the progression of asthma28–30. IL-4 stimulates B cells to produce IgE31, IL-5 promotes tissue eosinophilia32, and 
IL-13 is responsible for airway hyper-responsiveness and goblet cell differentiation33.

Current treatments, including inhaled corticosteroids, β2-agonists, and leukotriene modifiers, often fail 
to achieve sustained control in 5–10% of severe cases34. Limitations such as corticosteroid resistance35 and 
systemic side effects (e.g., osteoporosis, immunosuppression) underscore the need for adjunctive therapies35,36. 
Nonsteroidal anti-inflammatory drugs (NSAIDs) further pose risks of gastrointestinal and cardiovascular 
complications, highlighting the demand for safer alternatives37.

PBM has emerged as an alternative asthma intervention owing to its ability to modulate inflammation with 
minimum adverse effects. Previous reports have demonstrated that PBM can attenuate bronchial inflammation 
in murine models, in part by suppressing the release of proinflammatory cytokines and reducing levels of 
inflammatory mediators such as leukotriene B4 (LTB4) and thromboxane B2 (TXB2)38. Moreover, clinical trials 
in chronic obstructive pulmonary disease show improved spirometry metrics39. Prior studies investigating PBM 
in murine models of allergic lung inflammation have shown that treatment with 660 nm red light can reduce 
eosinophil counts and lower levels of TH2 cytokines, including IL-4, IL-5, and IL-13, in bronchoalveolar lavage 
fluid40. In another study, researchers using 660 nm PBM in a chronic asthma murine model observed a decrease 
in TH2 cytokine levels in bronchoalveolar lavage fluid alongside an increase in IL-10 secreting regulatory T cells, 
suggesting that the downregulation of TH2 inflammation may be mediated by enhanced IL-10 production and 
Treg cell expansion41.

By leveraging advantage of deeper tissue penetration potential of NIR, NIR PBM might serve as alternative 
therapeutic approach to target airway smooth muscle and submucosal glands, potentially mitigating asthmatic 
related symptoms. In this study, we evaluated the efficacy of 980 nm NIR PBM in a murine model of OVA-
induced allergic asthma. Our findings demonstrate that high-intensity 980  nm laser treatment significantly 
attenuates OVA-induced allergic responses by suppressing the recruitment of eosinophils and inflammatory 
monocytes, as well as reducing TH2-mediated responses. Collectively, these results support the mechanistic 
rationale and functional efficacy of NIR PBM, positioning it as a compelling, non-pharmacological, and non-
invasive candidate for translational asthma research.

Results
NIR PBM attenuates OVA-induced allergy symptom
Initially, we evaluated the safety profile of the high-energy pulsed 980 nm laser. Mice received direct exposure 
to the upper chest area for five consecutive days (Fig. 1A). Detailed examination of the treated lung histology 
revealed no structural abnormalities or pathological changes (Fig. 1B). This confirms that the applied NIR PBM 
are safe and do not induce local tissue damage.

In the OVA-induced allergic asthma model, untreated mice exhibited classic histopathological features of 
allergic inflammation, including thickened airway walls, partial compression of alveolar spaces, and marked 
peribronchial as well as perivascular inflammatory cell infiltration (Fig.  1C). In contrast, mice treated with 
NIR PBM displayed attenuated histopathological changes (Fig.  1C). The airway architecture in the PBM-
treated group was closer to normal, with reduced immune cell infiltration and thinner airway walls. The overall 
inflammation score was also lower in the PBM group (Fig.  1D). PAS staining revealed that the PBM group 
exhibited a significant reduction in goblet cell hyperplasia compared to the OVA group (Fig. 1E), along with 
a marked decrease in the overall pathology score (Fig. 1F). These improvements suggest that NIR PBM can 
effectively counteract the structural lung alterations induced by allergen exposure.

NIR PBM dampens type 2 cytokine expression
Th2 cytokines, such as IL-4, IL-5, and IL-13, are central mediators in the pathogenesis of allergic asthma. Our 
qPCR analysis demonstrated that OVA-allergic mice had a significant upregulation of these cytokine genes 
compared to controls. In animals receiving NIR PBM, we observed a marked downregulation of IL-4, IL-5, and 
IL-13 expression in the lung tissue (Fig. 2A–C). This reduction is critical, as IL-5 is known to drive eosinophil 
recruitment and survival, while IL-4 and IL-13 promote IgE class switching and mucus hypersecretion. Serum 
was collected from mice and assessed for total IgE levels (Fig.  2D). The results demonstrated a significant 
reduction in IgE concentration in the PBM group, which aligns with the concurrent downregulation of type 2 
cytokines. The downregulation of these cytokines and IgE by NIR PBM indicates a direct modulation of the type 
2 inflammatory response.
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Fig. 1.  980 nm PBM alleviates OVA-induced allergic responses. (A) Schematic diagram of the OVA-allergy 
model and the PBM treatment regimen. (B) Representative H&E-stained lung sections from control and 
PBM-treated mice. (C) H&E-stained lung sections from control, OVA-allergic, and PBM-treated OVA-allergic 
mice following five consecutive days of aerosolized OVA sensitization. (D) Quantitative analysis of lung 
inflammation scores. Group sizes: control (n = 2), OVA (n = 4), and OVA-PBM (n = 4). (E) Periodic Acid-Schiff 
stain lung sections from control, OVA-allergic, and PBM-treated OVA-allergic mice following five consecutive 
days of aerosolized OVA sensitization. (F) Quantitative analysis of pathology scores from PAS staining. Group 
sizes: control (n = 2), OVA (n = 4), and OVA-PBM (n = 4). Statistical significance was determined using an 
unpaired, two-tailed Student’s t-test (*P < 0.05).
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Reduction of eosinophils and inflammatory monocytes infiltration
Flow cytometry analysis was performed at both baseline on Day 20 and Day 25 post-OVA aerosol sensitization 
to assess the pulmonary immune cell composition. Gating strategy was shown as in (Fig. 3A). Despite the fact 
that pulmonary eosionphils, neutrophils were increased in OVA allergy group at day 25, suggesting successful 
induction of acute allergic response, there is no difference between the OVA group and the PBM group, PBM 
treatment did not alter cellular composition (Fig.  3B). Similar pattern was seen in B, CD4 and CD8 T cells 
(Fig. 3C). The immune cell composition seems not reflective of the observed attenuation of histology and Th2 
cytokine expression. We speculate that this might be due to the fact that at Day25, via the consecutive 5 days of 
OVA-aerosol sensitization, the immune cell infiltration is reaching the pletaeu and we might need to examine 
the immune cell composition in an early timepoint.

To this end, further flow cytometry analysis was performed at Days 23 post-OVA aerosol sensitization. 
We observed a significant increase of eosinophils, alveolar macrophages, neutrophils and inflammatory Ly6hi 
monocytes infiltration after OVA sensitization, and PBM treatment damped the infiltrated eosinophils and 
inflammatory Ly6Chi monocytes (Fig.  4A). The increase of B, CD4 and CD8 cells were less pronounced as 
that at Day25, with PBM seems to suppress lymphocytes infiltration (Fig. 4B). OVA sensitization resulted in 
a significant expansion of the eosinophil population. In contrast, PBM treatment led to a reduction in the 
proportion of inflammatory Ly6Chi monocytes (Figure S1). Together, these results suggest a time-dependent 

Fig. 2.  980 nm PBM reduces expression of classical type 2 cytokine genes. Gene expression levels of (A) IL-
4, (B) IL-5, and (C) IL-13 were measured by real-time PCR in lung tissues from control, OVA-allergic, and 
PBM-treated OVA-allergic mice. Group sizes: control (n = 2), OVA (n = 3), and OVA-PBM (n = 3). (D) Serum 
total IgE level. Group sizes: control (n = 3), OVA (n = 3), and OVA-PBM (n = 3). Statistical significance was 
determined using an unpaired, two-tailed Student’s t-test (*P < 0.05).
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increase in pulmonary eosinophils—a hallmark of the acute allergic response. In NIR PBM-treated mice. In 
parallel, inflammatory monocytes, which contribute to the propagation of the inflammatory milieu, were also 
diminished in the PBM group. And the reduced infiltration of B and CD4 T cells at Day 23, together suggesting 
that PBM could induce beneficial effects in OVA allergy, in part, by the suppression of key inflammatory cell 
recruitment into the lung.

NIR PBM attenuates OVA-induced allergy via suppressing Th2 response and NF-kb pathway
To gain insights into the molecular mechanisms underlying the anti-allergic effects of NIR PBM, we performed 
RNA sequencing on lung tissue collected at baseline and 3  days after the OVA aerosol challenge (Day 23). 

Fig. 3.  Characterization of pulmonary immune cell infiltration in the OVA-allergy model at day 25. (A) Flow 
cytometry gating strategy for identifying immune cell subsets in lung tissue. (B) Quantification of pulmonary 
eosinophils, alveolar macrophages, neutrophils, and Ly6hi monocytes. (C) Quantification of pulmonary B 
cells, CD4 T cells, and CD8 T cells. Group sizes: PBS day 25 (n = 3), OVA day 25 (n = 4), and OVA-PBM day 25 
(n = 4). Statistical significance was determined using an unpaired, two-tailed Student’s t-test (*P < 0.05).
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Principal component analysis (PCA) clearly separated the OVA-treated groups from the baseline samples 
(Fig. 5A), confirming a robust transcriptomic shift induced by OVA allergy.

Comparing differentially expressed genes (DEGs) between the OVA_Day23 and Basal_Ova groups, the 
volcano plot demonstrates the successful induction of an acute allergic response (Fig. 5B). In particular, type 2 
response-related genes such as Il33, Chil3, and the inflammatory mediator Saa3 were significantly upregulated, 
along with the prominently differentially expressed Clca1, a gene critical for goblet cell hyperplasia and mucus 
secretion. Similar DEG patterns were observed in the OVA_PBM_Day23 group (Fig.  5C). However, using 
the same stringent analysis criteria, there were no obvious DEGs or associated pathway differences between 
the PBM-treated and untreated groups. This suggests that the transcriptomic differences induced by PBM are 
modest and may not be captured by strict DEG analysis—a conclusion further supported by the overlapping 
distribution of the OVA_Day23 and OVA_PBM_Day23 groups in the PCA plot.

Given that NIR PBM attenuated both histological pathology and the infiltration of eosinophils and 
inflammatory monocytes, we adopted Gene Set Enrichment Analysis (GSEA). Unlike strict DEG filtering, 
GSEA ranks the expression of a set of genes between conditions, thereby highlighting pathway-level differences. 
GSEA revealed that hallmark pathways associated with the inflammatory response—specifically TNF signaling 
via NF-κB, apical surface, and other inflammatory gene sets—were downregulated in the PBM-treated group 
compared to the untreated OVA group (Fig. 5D–F). Furthermore, when we performed GSEA against the C7 
inflammatory gene set from msigdbr, the eosinophil_versus_Mac_IL25_treated_lung subset was negatively 
enriched, suggesting that PBM treatment leads to downregulation of eosinophil-specific signatures compared 
to the non-treated group (Fig. 5G). Additionally, a focused heatmap of Th2 signature genes (including Il4, Il5, 
Il13, and Tslp) confirmed that NIR PBM significantly reduced the expression of these key mediators (Fig. 5H). 
To verify that PBM downregulates the NF-κB signaling pathway, we collected mouse lung tissues three hours 
after the last aerosol challenge and performed Western blot analysis. The results showed a significant expression 

Fig. 4.  Pulmonary immune cell characterization in the OVA-allergy model at basal and day 23. (A) 
Quantification of pulmonary eosinophils, alveolar macrophages, neutrophils, and Ly6hi monocytes. (B) 
Quantification of pulmonary B cells, CD4 T cells, and CD8 T cells. Group sizes: Basal PBS (n = 4), Basal OVA 
(n = 4), PBS day 23 (n = 3), OVA day 23 (n = 4), and OVA-PBM day 23 (n = 4). Data were analyzed using an 
unpaired, two-tailed Student’s t-test (*P < 0.05).
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of p-P65 protein in the OVA group, while the expression level of p-P65 in the OVA PBM group was significantly 
lower than that in the OVA group (original gels are presented in Supplementary Material) . This finding is 
consistent with our RNA sequencing results. (Fig. 5I).

Together, these transcriptomic findings indicate that although overall gene expression changes are modest, 
pathway-level modulation—particularly of NF-κB signaling and Th2-mediated responses—plays a critical role 
in the therapeutic effects of NIR PBM.

Discussion
Our study demonstrates that high-intensity 980  nm NIR photobiomodulation attenuates allergic airway 
inflammation in a murine model of OVA-induced asthma. We show that NIR PBM improves lung histology by 
reducing airway wall thickening and inflammatory cell infiltration, decreases the expression of key Th2 cytokines 
(IL-4, IL-5, IL-13), and limits the recruitment of eosinophils and inflammatory monocytes. Additionally, 
RNAseq analysis coupled with GSEA indicates that NIR PBM modulates inflammatory pathways—most notably 
by suppressing TNF/NF-κB signaling—and downregulates a Th2 gene signature.

These findings provide support for the mechanistic rationale of using NIR PBM as a non-pharmacological 
intervention in allergic asthma. The reduction in type 2 cytokines is particularly important, as these mediators are 
directly linked to eosinophilic inflammation, IgE production, and airway hyperresponsiveness. By dampening 
these responses, NIR PBM may offer a novel therapeutic approach for patients who are resistant or intolerant to 
conventional corticosteroid-based therapies42,43.

The transcriptomic analysis further suggests that the beneficial effects of NIR PBM may extend to modulating 
broader inflammatory cascades via the NF-κB pathway44–46. Although the overall transcriptomic differences 
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Fig. 5.  Transcriptomic analysis of the PBM effect in the OVA-allergy model. (A) Principal component analysis 
(PCA) of RNA-seq data from lung tissues obtained from Basal PBS, Basal OVA, PBS day 23, OVA day 23, and 
OVA-PBM day 23 groups. (B) Volcano plot of differentially expressed genes between the OVA day 23 and 
Basal PBS groups. (C) Volcano plot of differentially expressed genes between the OVA-PBM day 23 and Basal 
PBS groups. (D) Gene set enrichment analysis (GSEA) showing pathways upregulated in the OVA-PBM group 
versus the OVA group. Representative GSEA plots for (E) HALLMARK_INFLAMMATORY_RESPONSE, (F) 
HALLMARK_TNF_SIGNALING_VIA_NFKB, (G) Eosinophil_vs_Mac_IL25_Treatment, and (H) a heatmap 
of Th2-related gene sets are also presented. (I) Western blot analysis was performed to determine the levels of 
p-P65 and P65.Data were analyzed using an unpaired, two-tailed Student’s t-test (*P < 0.05).
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between PBM-treated and untreated OVA groups were subtle, pathway-level analyses uncovered significant 
differences that align with the observed histological and cellular changes. Downregulation of NF-κB–driven 
pathways is consistent with the observed decrease in inflammatory cell recruitment and cytokine expression47–49, 
and the upregulation of DNA repair pathways may reflect a cellular protective response that contributes to tissue 
recovery following allergen-induced injury50.

One important observation from our study is that the effects of NIR PBM appear to be mediated primarily 
through the modulation of immune cell recruitment and cytokine expression rather than through large-scale 
changes in gene expression detectable by stringent differential gene analysis. This suggests that NIR PBM may act 
as a fine-tuner of immune responses, exerting its effects by subtly altering key regulatory pathways that govern 
inflammation. Such a mechanism would be advantageous in clinical settings, where complete suppression of 
immune function is undesirable.

While these results are promising, several limitations must be acknowledged. First, the study was conducted 
in an acute model of OVA-induced allergic asthma, which may not capture all aspects of chronic human asthma. 
Second, although our RNAseq and GSEA approaches provided insights into the molecular pathways modulated 
by PBM, further studies are needed to dissect the precise intracellular signaling mechanisms and to identify 
potential direct targets of NIR light. Finally, while we observed clear reductions in inflammatory markers 
and improvements in lung histology, additional studies assessing lung function parameters (such as airway 
hyperresponsiveness) would provide further evidence of the clinical relevance of NIR PBM. To investigate 
whether NIR PBM treatment can suppress the OVA-induced activation of the NF-κB signaling pathway in 
asthmatic mice, lung tissues were collected three hours post-challenge for Western blot analysis. The results 
demonstrated a significant reduction in the ratio of p-P65 to total P65 in the PBM-treated group compared to 
the OVA group. This finding indicates that the therapeutic effect of NIR PBM on the asthmatic phenotype is 
mediated, at least in part, through the modulation of the NF-κB signaling pathway.

In conclusion, our findings support the use of high-intensity 980  nm NIR photobiomodulation as a 
promising adjunctive therapy for allergic asthma. By suppressing Th2-mediated inflammation and modulating 
key inflammatory signaling pathways, NIR PBM may provide a safe, non-invasive strategy to improve outcomes 
in patients with asthma. Future work should aim to translate these findings into clinical studies and further 
elucidate the molecular underpinnings of PBM’s therapeutic effects.

Materials and methods
Animals
Wild-type C57BL/6 mice were obtained from the Xiamen University Laboratory Animal Center and maintained 
under specific pathogen-free conditions. All experimental procedures involving animals were approved by the 
Institutional Animal Care and Use Committee at Xiamen University, in accordance with the center’s guidelines 
for animal welfare.

Sensitization and antigen challenge
Mice were sensitized with an intraperitoneal injection of 100 μL phosphate-buffered saline (PBS) containing 
100 μg of ovalbumin (OVA; Sigma, A5253) and 5 mg of aluminum hydroxide (Sigma, A6435). Two weeks later, 
a booster injection with the same dose was administered intraperitoneally. Three weeks post initial sensitization, 
mice were exposed daily for 30 min to aerosolized 5% OVA (dissolved in PBS) over a five-day period using 
an ultrasonic nebulizer (Medisana, SD-8063CS) connected to a plastic inhalation chamber. Twenty-four hours 
following the final challenge, the animals were euthanized via intraperitoneal injection of 200 μL of 1% sodium 
pentobarbital, and lung tissues were harvested for further analysis.

Photobiomodulation
Mice were irradiated by a laser device (LaserMedix1500, Fotonmedix Mecal Laser, China) set at an output power 
of 0.48 W with a 980 nm wavelength, which covered a spot size of 12.56 cm2. Two distinct irradiation protocols 
were implemented:

Following each nebulized challenge, mice were irradiated on the skin over the trachea and both lung regions 
immediately for three to five consecutive days. Lung tissues were collected at 3 h for early evaluation or at 24 h 
after the final antigen exposure to assess pulmonary inflammation.

Histology
The left lungs were fixed in 4% paraformaldehyde for 24  h, followed by dehydration and clearing using an 
automatic tissue processor (Leica, TP1020), and were embedded in paraffin. Sections (8 μm thick) were then 
stained with Hematoxylin and Eosin (H&E) to assess inflammatory cell infiltration. For each mouse, at least six 
images were captured and analyzed. Inflammatory cell infiltration was scored on a scale of 1 to 10: a score of 1 
indicated no detectable inflammation; scores of 2–4 were assigned for increasing infiltration of inflammatory cells 
encircling the bronchi with a thin layer; scores of 5–7 indicated thicker layers of inflammatory cells surrounding 
the bronchi; while scores of 8 and 9 denoted severe to extreme inflammation spreading into the interstitial areas. 
The final histologic inflammation score for each mouse was calculated as the mean score.

For the PAS staining, tissue sections were sequentially subjected to dewaxing and hydration, followed by 
staining using an Alcian Blue Periodic Acid Schiff (AB-PAS) Stain Kit (Acmec, AC11577). Subsequently, the 
sections were dehydrated through a graded alcohol series, cleared, and mounted with neutral resin. A semi-
quantitative scoring system was employed for the assessment.
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Flow cytometry
Lung tissues were homogenized and passed through a 70-μm cell strainer. To lyse red blood cells, samples were 
incubated with ACK buffer for 3 min. The remaining cells were then centrifuged and resuspended in FACS 
buffer (1% FBS and 2 mM EDTA in PBS).

Cell suspensions were labeled for flow cytometric analysis using the following dye and antibodies: Live/
Dead marker (Cat. 65-0865-14, Invitrogen), CD45 (Cat. 103147, Clone 30-F11, BioLegend), CD4 (Cat. 100451, 
Clone RM4-5, BioLegend), CD8 (Cat. 11–0081-85, Clone 53–6.7, eBioscience), CD11b (Cat. 48-0112-82, Clone 
M1/70, eBioscience), Ly6C (Cat. 128044, Clone HK1.4, BioLegend), Ly6G (Cat. 127628, Clone 1A8, BioLegend), 
CD19 (Cat. 152408, Clone 1D3/CD19, BioLegend), CD11c (Cat. 117338, Clone N418, BioLegend), SiglecF (Cat. 
562680, Clone E50-2440, BD).

Cells were incubated on ice in FACS buffer with the antibody cocktail for 45 min. Fixed and stained cells 
were analyzed using an ID7000™ Spectral Cell Analyzer (Sony Biotechnology) and subsequently processed using 
FlowJo software.

RNA extraction and quantitative real-time PCR
Total RNA was extracted from lung tissues using TRIzol Reagent (Sangon Biotech, B511311-0500). RNA 
was then reverse transcribed into cDNA using a mix of dNTPs (Beyotime, D7366), oligo-dT primers, RNA 
transcriptase (Accurate Biology, AG11605), and RNase inhibitor (Accurate Biology, AG11608). Quantitative 
PCR (qPCR) was conducted using the SYBR Green method (Accurate Biology, AG11701). Gene expression 
levels were normalized to the housekeeping gene β₂-microglobulin (β2M) using the ΔCT method. The primer 
sequences used were as follows:

mIL4 Forward: 5'-​T​C​A​C​A​G​C​A​A​C​G​A​A​G​A​A​C​A​C​C​A-3'.
mIL4 Reverse: 5'-​C​A​G​G​C​A​T​C​G​A​A​A​A​G​C​C​C​G​A​A-3'.
mIL5 Forward: 5'-​T​G​A​C​A​A​G​C​A​A​T​G​A​G​A​C​G​A​T​G​A​G​G-3'.
mIL5 Reverse 5’-​T​A​C​C​C​C​C​A​C​G​G​A​C​A​G​T​T​T​G​A​T​T​C-3'.
mIL13 Forward: 5'-​G​T​G​T​C​T​C​T​C​C​C​T​C​T​G​A​C​C​C​T-3'.
mIL13 Reverse: 5'-​C​A​G​G​G​C​T​A​C​A​C​A​G​A​A​C​C​C-3'.
β2M Forward: 5'-​T​T​C​T​G​G​T​G​C​T​T​G​T​C​T​C​A​C​T​G​A-3'.
β2M Reverse: 5'-​C​A​G​T​A​T​G​T​T​C​G​G​C​T​T​C​C​C​A​T​T​C-3'.

ELISA
Level of total serum IgE was measured by a mouse IgE uncoated enzyme-linked immunosorbent assay (ELISA) 
kit (Invitrogen,88-50460-22); according to the manufacturer’s instruction. Briefly, 96-well plates were coated 
with anti-mouse IgE . After blocking, the diluted serum samples were added into the wells and incubated for 
2  h at room temperature. After incubation, the plates were washed with phosphate buffered solution with 
0.1% tween-20 (PBST), and the anti-mouse IgE-conjugated biotin was added and incubated for 1 h at room 
temperature. The plate was then washed and incubated with streptavidin–horseradish peroxidase (HRP) for 
30 min at room temperature. Finally, tetramethylbenzidine substrate was added, and the reaction was stopped 
by Phosphoric acid. The absorbance at 450 nm was measured using a plate reader.

Western blot
Lungs were lysed with RIPA buffer (1 mM Tris–HCl, 0.3 M NaCl, 0.01% SDS, 1.5% NP40, 120 mM deoxycholate, 
1 M MgCl2) containing protease inhibitors and Phosphatase Inhibitors. The proteins were resolved by SDS-
PAGE and transferred to PVDF membranes (catalog number Roche, # 3010040001). The membranes were then 
blocked for 1 h in blocking buffer (5% BSA and 0.1% tween-20 in TBS) at room temperature, and incubated 
with respective primary antibodies in 5% BSA containing TBST at 4 °C overnight. The membranes were then 
washed and subjected to HRP-coupled secondary antibodies in TBST at room temperature for 1 h. Antibody 
against β-Actin (catalog number 21338) was purchased from ABclonal. Antibodies against NF-κB p65 (catalog 
number 8242S) and antibodies against Phospho-NF-κB p65 (catalog number 3033S) were purchased from CST. 
The Western blot images were captured by ChampChemi 910plus (SINSAGE).

RNA sequencing
The isolated RNA was eluted with the 20 μL reverse transcription mix consisting of 100 unit Hiscript III Reverse 
Transcriptase (Vazyme, R303), 40 unit RNase Inhibitor (Vazyme, R301),1 μL 25 mM dNTP mix, 1 μL 100 mM 
DTT, 1 μL 1 val Betaine (Sigma, B0300-1VL), 0.5 μL 5% Digitonin, 0.5 μL TSO-LNA and 0.5 μL 5 μM Probe. 
The reaction was incubated at 42℃ for 90 min. Following cDNA synthesis, the sample was pooled, cleaned and 
concentrated with cleanup beads at a 1:0.8 of DNA to beads ratio and eluted in 30 μL of ddH2O. Second-strand 
synthesis and pre-amplification were performed in a 50 μL reaction, consisting of 2 × KAPA HiFi Ready mix and 
0.5 μM TSO-PCR primer, with the following PCR setup initial denaturation at 98 °C for 3 min, (denaturation 
at 98 °C for 15 s, annealing at 65 °C for 30 s, elongation at 72 °C for 6 min) repeated for 8 cycles, and a final 
elongation at 72 °C for 10 min. The DNA was cleanup using DNA cleanup beads at a ratio of 1:0.8 of DNA to 
beads and eluted with 30 μL of ddH2O. The library was prepared with the TruePrep DNA Library Prep Kit V2 
for Illumina according to the manufacturer. Probe was designed by TSO, sample barcode(7-mer),UMI(8-mer) 
and Oligo(dT).

RNA-seq data analysis
The raw data was quality-controlled using fastqc and then trimmed of the Nextera adaptor. Following trimming, 
the Dropseq Tools pipeline was used to filter the data with a Phred quality score threshold of 30 for sample 
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barcode and UMI identify and poly(A) trimming. The filtered data was mapped to the mouse genome (mm10) 
using STAR 2.5.1a,and the reads counted using Drop-seq-Tools.

Paired-end reads obtained from RNA sequencing were aligned to the reference human genome using HISAT2 
with default parameters. Read counts for each gene were generated using feature Counts, and expression levels 
were calculated as RPKM based on gene length and raw counts. Differential gene expression was analyzed using 
DESeq2, with differentially expressed genes selected based on fold-change thresholds and statistical significance. 
Functional pathway analysis was then conducted using ClusterProfiler in R with a p-value cutoff of 0.05.

In addition, gene set enrichment analysis (GSEA) was performed to further explore the biological processes 
and pathways impacted by the treatment. GSEA was conducted using the Molecular Signatures Database 
(MSigDB) with both the HALLMARK and C7 (immunologic signature) gene sets. Enrichment plots were 
generated to visualize the normalized enrichment scores for significantly enriched pathways, with significant 
pathways defined as those with a nominal p-value < 0.05 and a false discovery rate (FDR) < 0.25. Heatmaps for 
the genes within these pathways were generated using the ComplexHeatmap package in R. The processed RNA-
seq data have been deposited in the GEO database (accession number GSE294668).

Quantification and statistical analysis
Comparisons among experimental groups were performed using the t-test. Data are presented as means ± standard 
deviation (SD), and a p-value of less than 0.05 was considered statistically significant, denoted with a star symbol 
( ∗). All statistical analyses were conducted using GraphPad Prism software.

All methods were done in accordance with ARRIVE guidelines.

Data availability
The RNA sequencing data generated in this study have been deposited in the NCBI Gene Expression Omnibus 
(GEO) under accession number GSE294668 (​h​t​t​p​s​:​​​/​​/​w​w​​w​.​n​c​b​​i​.​n​​l​m​.​n​​​i​h​.​​g​o​​v​/​​g​e​o​​/​q​​u​e​r​y​​​/​a​c​​c​​.​c​g​​i​?​a​c​c​=​G​S​E​2​9​4​6​6​
8). Theoriginal, uncropped Western blot images generated in this study have been deposited in Zenodo and are 
accessible via the following link: https://doi.org/10.5281/zenodo.17645268.
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