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Abstract
Bronchial asthma is a prevalent chronic inflammatory disease characterized by aberrant immune
regulation. While β2-adrenergic signaling has been extensively studied in asthma, the role of other
adrenergic receptors remains unclear. Here, we identify α2A-adrenergic receptor (α2AR, coded by
Adra2a) as a key modulator of allergic airway inflammation. Transcriptomic analysis of house dust mite
(HDM)-induced asthmatic mice revealed significant upregulation of Adra2a, which correlated with
increased catecholamine metabolism and type 2 inflammation. α2AR was predominantly expressed on
follicular helper T (Tfh) cells in germinal centers. Pharmacologic activation of α2AR enhanced Tfh cell
differentiation, GC B cell responses, and Akt-S473 phosphorylation, exacerbating asthma severity.
Conversely, Adra2a deletion in CD4 T cells or inhibition by BRL-44408 reduced Tfh and GC B cell
frequencies, serum IgE, and airway inflammation. CD4 T cell-specific Akt1 knockout mice showed similar
reduction in Tfh responses and GC activity. These findings identify α2AR as a novel neuroimmune
regulator that amplifies Tfh-GC B axis–driven airway inflammation through Akt signaling, offering a
potential therapeutic target for asthma.

Introduction
Bronchial asthma is one of the most common chronic diseases in the world. The total number of
asthmatics worldwide has reached more than 300 million, the prevalence of asthma in China is as high
as 4.2%, and the incidence of asthma is still increasing overtime1,2, which has brought a serious disease

burden to countries around the world3–6.

Until now, the pathogenesis of asthma has not been fully elucidated, and immunopathogenesis is one of
the most important pathogenic mechanisms of asthma. Available evidence suggests that airway
inflammation in asthma is mainly a type 2 immune response7, involving a variety of immune cells,
including Th2 cells8, eosinophils9, and IgE-secreting plasma cells10. However, it remains to be
investigated which factors regulate the development of asthma, and which is the key to achieving
individualized and precise asthma treatment.

Researchers have reported the involvement of neuroimmune regulation in the development of asthma
disease11–13. Sympathetic nerves have a diversity of regulatory effects on asthma, and this diversity
results primarily from the action of the neurotransmitters they release on different receptors. Previous
studies have shown that β2-adrenergic receptors are expressed on the surface of bronchial smooth
muscle cells, and activation of β2-adrenergic receptors results in the diastole of airway smooth muscle
cells, relieving symptoms of wheezing and shortness of breath. Norepinephrine can also directly inhibit
the secretion of pro-inflammatory factors from immune cells through β2-adrenergic receptors14. And
recent studies have shown that β2 -adrenergic agonists can directly inhibit ILC2 cells, thereby
attenuating IL-33-induced allergic airway inflammation14,15. Thus long-acting β2-adrenergic receptor
agonists (LABAs) combined with inhaled hormones (ICSs) have been widely used in the treatment of
asthma. However, there is still a large number of asthmatic patients suffered from uncontrolled or poorly
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controlled symptoms16,17, and it remains to be explored whether other subtypes of adrenergic receptors,
especially α receptors, are involved in the pathophysiologic process of asthma.

The sympathetic nervous system is capable of innervating immune organs throughout the body, directly
influencing the immune response and assisting in the maintenance of systemic immune system
homeostasis. Sympathetic nerve fibers are distributed in all lymphoid organs (including bone marrow,
thymus, spleen, and lymph nodes)18, and the regulation of immune responses in peripheral tissues by
the central nervous system (CNS) is achieved through the release of neurotransmitters, such as
catecholamines, which act on adrenergic receptors on the surface of target cells19,20. Based on the
widespread expression of adrenergic receptors on immune cells21, both the innate and adaptive immune
systems are controlled by signals from the sympathetic nervous system22–25.

Germinal center reaction (GCR), a collective term for the various events that occur in the germinal center,
includes high-frequency mutations in somatic cells, maturation of antibody affinity26,27, class switching
of immunoglobulins28, and formation of memory B cells29 and plasma cells30,31. In the germinal center
response, the interaction between follicular helper T cells and follicular B cells plays an important role. B
cells are not only able to present antigens to Tfh cells with their class II molecules and stimulate Tfh
cells32, but also provide co-stimulatory signals to Tfh cells through the expression of ICOSL ligated to

ICOS on the surface of Tfh cells33,34.

Previous studies on the neuro-modulatory mechanisms of asthma have focused more on their
bronchoconstrictor and diastolic functions35,36; meanwhile, recent studies on neuro-immunity have
focused mainly on the role of local neurotransmitters in the airway mucosa on immune cells37,38; while

sympathetic immune regulation has focused on the adrenergic β-receptors26. In this study, we focus on
the neural mechanisms regulating the changes in the germinal center (GC) associated with IgE
production in bronchial asthma, especially allergic asthma, and we pay special attention to the key
sympathetic neurotransmitter, norepinephrine, and specifically to the high-affinity receptor subtype of
norepinephrine, α2AR, which is used to modulate the interaction between Tfh and GC B cells through the
allergen-norepinephrine-α2AR pathway, thereby affecting IgE production and asthma development.
Clarifying the mechanism by which norepinephrine regulates Tfh-GC B interactions and IgE production
has the potential to search for potentially novel targets for the treatment of asthma, which is highly
innovative and of great clinical value.

We have found that α2AR can participate in the regulation of allergic airway inflammation. In response to
allergen stimulation, the synthesis and metabolism of the sympathetic neurotransmitter norepinephrine
are increased, and α2AR expression is upregulated in the lungs and draining lymph nodes of the lungs.
α2AR is located on follicular helper T cells (Tfh) in lymph node germinal centers of peripheral immune
organs. Activation of α2AR increases the level of Akt S473 phosphorylation, promotes Tfh development
and activation, drives the germinal center response, contributes to increased differentiation of IgE-
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secreting plasma cells, promotes the secretion of the immunoglobulin IgE, and facilitates the release of
type 2 inflammatory factors.

Results
Adra2a is upregulated in HDM-induced allergic airway inflammation and is associated with
catecholamine metabolism and type 2 inflammation

To establish a mouse model of allergic airway inflammation, C57BL/6 mice were intranasally
administered 40 µL of PBS (control) or house dust mite (HDM) extract (0.25 mg/mL) on day 1 and days
6–10. Mice were sacrificed and analyzed on day 14. To explore the involvement of adrenergic receptors
in the pathogenesis of HDM-induced airway inflammation, we performed RNA-sequencing on lung
tissues from PBS- and HDM-treated mice. Among the differentially expressed genes, Adra2a (α2
adrenergic receptor) was significantly upregulated in the HDM group (Fig. 1a) and ranked among the top
30 genes with the most pronounced expression differences (Fig. 1b).

To investigate the relationship between adrenergic signaling, catecholamine metabolism, and type 2
inflammatory responses, we conducted gene set expression comparisons and correlation analyses
using the RNA-seq data. The HDM group exhibited significantly higher expression of genes related to
catecholamine metabolism and type 2 inflammation (Fig. 1c). Furthermore, Adra2a expression positively
correlated with key type 2 cytokines and immune-regulatory genes, including Il4, Il13, Il33, Cxcr5, Comt,
and Cxcl9 (Fig. 1d–e), suggesting a potential role of α2AR in coordinating neuroimmune interactions
during allergic airway inflammation.

Adra2a is induced in an IL-33-dependent manner under the stimulation of HDM.

We bred Il33 KO mice, sensitized and challenged Il33 KO mice (KOH) with HDM, along with WT mice
(WTH) in comparison. Under the stimulation of HDM, Adra2a expression was downregulated in KOH
mice, compared with WTH mice (Fig. 2.a). By bulk RNAseq analysis, we found that Adra2a ranked among
the top 20 most differentially expressed genes (Fig. 2.b). KEGG analysis indicated differential gene
enrichment in cytokine-cytokine receptor interaction (Fig. 2.c). GO analysis suggested that differential
genes were associated with cell chemotaxis and cytokine-mediated responses (Fig. 2.d). To investigate
the relationship between Adra2a expression and inflammatory responses, we analyzed the co-regulation
patterns between Adra2a and 35 inflammatory markers that were upregulated in HDM-treated mice but
downregulated in IL-33 knockout conditions. These markers include chemokines (Ccl2, Ccl3, Ccl11,
Ccl12, etc.), cytokines (Il6, Il1b, Il33), and inflammatory receptors (Ccr1, Ccr2, Ccr5, Tnfrsf11a, etc.).
Adra2a expression showed coordinated regulation with 35 inflammatory markers, demonstrating
consistent directional changes across all analyzed inflammatory mediators (Fig. 2e). Protein-protein
interaction network analysis revealed that Adra2a and 35 inflammatory markers form a highly
interconnected network (Fig. 2f), constructed using experimentally validated and computationally
predicted interactions from the STRING database (version 11.5). These suggested that HDM challenge
could induce Adra2a expression in an IL-33-dependent manner.
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In HDM-induced allergic airway inflammation, α2AR expression in the airways and lymph nodes was
upregulated, particularly expressed on Tfh cells within lymph nodes

In HDM-induced allergic airway inflammation, the HE staining indicated a higher degree of inflammation
in the lung of HDM-treated mice (Fig. 3.a, b). Additionally, the cell and protein levels in the
bronchoalveolar lavage fluid (BALF) of the HDM group were significantly higher than those in the PBS
group, indicating a higher level of airway inflammation in the HDM group (Fig. 3.c, d). Serum IgE levels
were tested by ELISA and the expressions of IL-4, IL-5, and IL-13 mRNA in lung tissues were measured by
real time-PCR. The results showed that the serum IgE level in HDM mice (Fig. 3.e) and the expression
levels of IL-4, IL-5 in lung tissues were higher than PBS mice (Fig. 3.f, g). Thus, these results proved that
the mouse model of HDM-induced allergic airway inflammation was successfully established.

Consistent with our previous results, we verified the increased expression of α2AR in the lung of HDM
mice at mRNA and protein level by real time PCR and western blot (Fig. 3.h-j). Immunofluorescence
staining on pulmonary tissue sections demonstrated the upregulation of α2AR on epithelial cells in HDM
mice, compared to the control mice (Fig. 3.k). α2AR-positive cells and tyrosine-hydroxylase positive cells
demonstrated a close proximity (Fig. 3.l). Immunofluorescence showed that α2AR co-localized with Tfh
cells and was mainly located in the germinal center of lymphoid follicle. These results suggested that
α2AR was predominantly expressed in Tfh cells in lymphoid follicles in mouse mediastinal lymph nodes
(Fig. 3.m).

In order to further investigate the role of α2AR in asthma pathogenesis, α2AR selective agonist
(dexmedetomidine, DEX) and α2AR-selective inhibitor (BRL-44408) were applied. Mice were
administrated with DEX and BRL-44408 before HDM challenge. We examined the level of Tfh cells in
mediastinal lymph nodes by flow cytometry. The results showed that in the lymph nodes HDM was able
to induce a significant increase in the amount of α2AR-positive Tfh cells; DEX treatment combined with
HDM stimulation could further elevate the level of α2AR-positive Tfh cells; whereas DEX + BRL-44408 + 
HDM group showed a decrease in α2AR-positive Tfh level compared to that of the DEX + HDM group
(Fig. 3.n, o).

HDM challenge enhanced norepinephrine metabolism
Sympathetic neurons release catecholamines, including dopamine, norepinephrine, and epinephrine,
which act on dopamine receptors and adrenergic receptors, respectively18,20. Catecholamine
metabolism originates from the conversion of tyrosine to dopa and dopamine under the action of
tyrosine hydroxylase (TH) and dopamine decarboxylase (DDC), followed by the formation of
norepinephrine under the action of dopamine hydroxylase (DBH), and then the synthesis of epinephrine
under the action of Phenylethanolarnine-N-methyl-transferase (PNMT). Ultimately norepinephrine and
epinephrine are converted to a series of metabolites, mainly vanillylmandelic acid (VMA), by the action of
monoamine oxidase-A (MAO-A)39,40.
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HDM induced allergic airway inflammation in mice and stimulated α2AR up-regulation, while
norepinephrine is indispensable to the activation of α2AR receptors. Thus, we suspected that HDM could
promote norepinephrine production and metabolism. The levels of catecholamines and their metabolites
in serum were tested by high performance liquid chromatography-tandem mass spectrometry (LC-
MS/MS). We found that the serum levels of VMA was significantly higher in HDM-group than in PBS-
group mice. Glutathione, 3,4-dihydroxyphenylacetic acid, histidine, 3-hydroxy-o-aminobenzoic acid also
showed an up-regulated trend (Fig. 4.a). Consistently, the RNA-seq results revealed that VMA was
significantly upregulated in the HDM group, while NAS, NME, and Asp were downregulated (Fig. 4.b, c).
These results showed that HDM challenge can lead to enhanced norepinephrine metabolism.

Adra2a is associated with chemokines and metabolic enzymes of sympathetic neurotransmitters.

According to GSE266438, we analyzed the differential gene expression between non-Tfh and Tfh cells.
Adra2a expression was significantly higher in Tfh cells than in non-Tfh cells, while chemokines and
inflammatory markers were also elevated in Tfh cells (Fig. 5.a). Protein interaction network and GO
analysis showed that Adra2a was associated with chemokines and metabolic enzymes of sympathetic
neurotransmitters (Fig. 5.b-d).

Adra2a was significantly elevated in GCB-Tfh cells and exhibited positive correlation to catecholamine
metabolism pathways and type 2 inflammatory factors

Based on GSE147035, we were able to analyze between non-Tfh, Tfr, Tfh-like, and GCB-Tfh
subpopulations. Adra2a is significantly elevated in GCB-Tfh cells, compared with non-Tfh, Tfr, Tfh-like
cells (Fig. 6a). Consistent with our previous result, Adra2a were positively correlated with catecholamine
metabolism-related genes and type 2 inflammation-related genes (Fig. 6.b). Gene set expression
analysis showed that compared to non-Tfh cells, GCB-Tfh cells showed higher expression of
catecholamine metabolism genes and significantly higher expression of type 2 inflammatory genes
(Fig. 6.c). Gene correlation network demonstrated a positive correlation between Adra2a and other
adrenergic receptors, as well as connections to catecholamine metabolism pathways and type 2
inflammatory factor genes (Fig. 6.d).

α2AR activation aggravates allergic airway inflammation and promotes Tfh development.

In order to further investigate the role of adrenergic receptor α2AR in asthma pathogenesis, α2AR
receptor-selective agonist (dexmedetomidine, DEX) and α2AR receptor-selective inhibitor (BRL-44408)
were applied. Mice were administrated with DEX and BRL-44408 before HDM challenge. To study the role
of Tfh cells in the asthma pathogenesis, we examined the level of Tfh cells in mediastinal lymph nodes
and spleen by flow cytometry (Gating strategy of Tfh cells, Fig. 7. a). The amount of Tfh cells was
boosted in DEX + HDM group than those in HDM group. And Tfh level was decreased when treated with
BRL-44408 compared to the DEX + HDM group, which was not significantly different from that of the
HDM group, however. Besides, all these three groups (HDM, DEX + HDM, DEX + BRL-44408 + HDM) had a
higher level of Tfh in the mediastinal lymph node than that of PBS group (Fig. 7.b).

Page 6/26



We then examined the amount of GC B cells in mouse mediastinal lymph nodes (Gating strategy of GC B
cells, Fig. 7.c). Similarly, the amount of GC B cells in the mediastinal lymph nodes of mice in the HDM,
DEX + HDM, and DEX + BRL-44408 + HDM groups were significantly higher than those in the PBS group.
The number of GC B cells in the DEX + HDM group was even more numerous compared to that in the
HDM group, whereas under BRL-44408 treatment the level of GC B cell tended to fall back, and there was
no significant difference compared with the HDM group (Fig. 7.d). These results suggest that α2AR
activation can induce GC B cell proliferation in mediastinal lymph node, which plays a potential role in
local immunity of the lungs in allergic airway inflammation in asthma.

The expression of type II inflammation cytokines (IL-4, IL-5, IL-13) were tested, and we found that the
expression of IL-4, IL-5, and IL-13 was significantly up-regulated in the HDM group, DEX + HDM group,
and DEX + BRL-44408 + HDM group compared to the PBS group. Meanwhile, IL-4, IL-5 and IL-13
expression was increased in the lung tissues of mice in the DEX + HDM group compared with the HDM
group, while this trend was abrogated by BRL-44408 treatment (Fig. 7.e-g), indicating that α2AR
activation could promote expression of IL-4, IL-5 and IL-13 in HDM-induced airway inflammation.
Consistently, serum IgE level in DEX + HDM mice showed a significant elevation compared with HDM
group; whereas DEX + BRL-44408 + HDM mice showed a decrease in IgE level compared with DEX + HDM
group (Fig. 7.h). We then analyzed α2AR expression between non-Tfh, Tfh, and CXCR5+ cells. Tfh
demonstrated a predominant level than non-Tfh and CXCR5+ cells (Fig. 7.i-j). In addition, by analyzing
GSE147035, we found that GCB-Tfh exhibited the highest level of Adra2a among the different T cell
subsets (GCB-Tfh, non-Tfh, Tfh-like, Tfr) (Fig. 7.k) and positive correlation between Adra2a and Tfh
development (Fig. 7.i). These results demonstrated a critical regulatory role of α2AR in allergic airway
inflammation, where α2AR activation exacerbated inflammatory responses, whereas receptor inhibition
attenuated disease pathology.

Ablation of Adra2a on CD4+ T cells reduced asthmatic phenotype

We generated Akt1fl/flCd4Cre mice, in which the α2AR was knocked out specifically in T cells. The
numbers of Tfh cells and GC B cells in the mediastinal lymph nodes of the mice were tested. Under HDM
stimulation, the numbers of Tfh and GC B cells in the lymph nodes of Akt1fl/flCd4Cre mice were

significantly lower than those in WT mice (Fig. 8a-d). We found that compared to WT mice, Akt1fl/flCd4Cre

mice exhibited reduced edema, hemorrhage, inflammatory cell infiltration, goblet cell hyperplasia, and
mucus plugging in the lung after HDM stimulation, leading to a decrease in inflammation scores
(Fig. 8e). Type II inflammatory factors and serum IgE level were also reduced in Akt1fl/flCd4Cre mice
treated with HDM (Fig. 8f-i).

α2AR activation increases amount of IgE B cells and GC B cells

We then examined the amount of IgE+ B cells and GC B cells in mouse mediastinal lymph nodes (Gating

strategy of GC B cells, Fig. 9.a). The numbers of IgE+ B cells and GC B cells in the mediastinal lymph
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nodes of mice in the HDM, DEX + HDM, and DEX + BRL-44408 + HDM groups were significantly higher
than those in the PBS group. Additionally, the level of IgE+ B cells and GC B cells in the DEX + HDM group
was even more numerous compared to that in the HDM group, whereas under BRL-44408 treatment this
trend was abrogated (Fig. 9. b,c). These results suggested that α2AR activation can promote GC B cell
proliferation and IgE secretion in mediastinal lymph node, which plays a potential role in local immunity
of the lungs in allergic airway inflammation in asthma.

Knockdown of Akt1 on CD4+ T cells attenuates α2AR-mediated airway inflammation

Early activation of Tfh cells requires activation of TCR signaling. Activation of the TCR activates the
intracellular PI3K-AKT signaling pathway, leading to phosphorylation of the AKT molecule, which
positively regulates the activation of T cells41,42. To explore the potential role of AKT signaling in
asthmatic airway inflammation, we generated Akt1fl/flCd4Cre mice, and challenged them with HDM under
the pre-treatment with dexmedetomidine. The numbers of Tfh, pAKT+ Tfh, and GC B cells in the

mediastinal lymph nodes of Akt1fl/fl mice were significantly increased in the case of DEX combined with
HDM treatment, whereas this was suppressed in the group of Akt1fl/flCd4Cre mice (Fig. 10.a-g). At the
same time, we observed that the number of Tfh, pAKT+ Tfh, and GC B cells were reduced in Akt1fl/flCd4Cre

mice compared to Akt1fl/fl mice with or without DEX pretreatment (Fig. 10.a-g).

We also tested the phosphorylation of AKT molecules under α2AR activation, to figure the role of α2AR in
T cell activation and Tfh cell development. Lymph node cells were extracted for in vitro culture. The
lymph node cells and splenocytes were pre-treated with 100 nM concentration of DEX for 30min before
anti-CD3 and anti-CD28 administration. We found that anti-CD3/anti-CD28 antibody could significantly
activate the phosphorylation of intracellular AKT-S473, and DEX pretreatment could further up-regulate
the AKT signaling pathway in lymph node cells (Fig. 10.h). Following HDM stimulation, Akt1fl/flCd4Cre

mice developed focal inflammatory lesions in the lungs. The extent of these lesions was reduced by
treatment with DEX and was also reduced by knockout of Akt1 in CD4+ cells (Fig. 10.i). These findings
suggested that α2AR-mediated airway allergic inflammation was dependent on AKT signaling.

Discussion
Although the sympathetic nervous system influences asthma through multiple receptors, research has
predominantly focused on the broncho-dilatory effects of β2-adrenergic receptors (β2AR), which are the
target of common asthma medications. Our study, however, identified an alternative pathway. In a mouse
model of house dust mite (HDM) allergy, we found that allergen challenge led to the upregulation of α2-
adrenergic receptors (α2AR). This was accompanied by evidence of enhanced norepinephrine
metabolism, including increased dopamine beta-hydroxylase (DBH) expression and elevated
vanillylmandelic acid. Together, these results indicated that HDM sensitization triggered a significant
increase in norepinephrine production and metabolism, highlighting a potentially important role for the
α2AR pathway.
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The nervous system plays a critical role in regulating immunoglobulin production and secretion. This is
evidenced by the fact that norepinephrine deficiency impairs follicular proliferation and germinal center
formation, processes essential for antibody synthesis43. To investigate the role of α2-adrenergic receptor
(α2AR) signaling in allergic asthma, we pre-treated asthmatic mice with either dexmedetomidine (a
selective α2AR agonist) or BRL-44408 (a selective antagonist). Our results demonstrated that α2AR
activation with dexmedetomidine promoted IgE secretion, while its inhibition with BRL-44408 reduced
IgE levels. This indicated that α2AR signaling was a key regulator of IgE production. We hypothesized
that norepinephrine is transported to lymphoid follicles and mediates this effect by acting on α2AR.

Our results localized the α2-adrenergic receptor (α2AR) to T follicular helper (Tfh) cells within germinal
centers. Functionally, chemical activation of α2AR promoted the proliferation of both Tfh and germinal
center B cells in the pulmonary lymph nodes, enhancing their interaction and modulating the germinal
center response to drive the production of IgE-secreting plasma cells. Critically, this effect was localized,
as agonist and antagonist treatments had no significant impact on Tfh or GC B cell numbers in the
spleen. These findings signified that α2AR played a specific and crucial regulatory role in the local
adaptive immune response within the lungs and their draining lymph nodes.

TCR signaling is essential for the early activation of T follicular helper (Tfh) cells. This signaling activates
the intracellular PI3K-AKT pathway, resulting in AKT phosphorylation, which is a positive regulator of T
cell activation41. To investigate the role of α2AR in this process, we cultured lymph node cells and
splenocytes in vitro and stimulated them with anti-CD3 and anti-CD28 antibodies. We found that
chemical activation of α2AR by dexmedetomidine (DEX) further promoted the phosphorylation of AKT at
serine 473 (S473) under these T cell-stimulating conditions. Therefore, the α2AR-AKT signaling pathway
might represent a promising therapeutic target for asthma.

Our research, while identifying a novel role for α2AR in asthma, also has limitations that point to
important future directions. Although we verified that allergic stimulation enhanced catecholamine
(norepinephrine and epinephrine) metabolism, the precise mechanism driving this increase has not yet
been elucidated. Furthermore, the molecular mechanism by which α2AR signaling directly promoted
immunoglobulin class switching to IgE remains incompletely defined. A deeper investigation into these
questions will be crucial for a comprehensive understanding of α2AR's function in allergic airway
disease.

Our study establishes a novel pathway in which α2-adrenergic receptor (α2AR) signaling exacerbates
allergic asthma. Allergen exposure enhances norepinephrine turnover and upregulates α2AR expression
in the lungs and draining lymph nodes. We found that α2AR activation on T follicular helper (Tfh) cells
could amplify the germinal center response via the Akt-S473 phosphorylation pathway. This promotes
the differentiation of GC B cells into IgE-producing plasma cells, elevating IgE levels and aggravating
airway inflammation. These findings identify α2AR as a promising target for precise therapeutic
interventions in asthma.
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Materials and Methods
Animals

Age- and sex-matched 6- to 8-week-old mice were selected to HDM administration. WT C57BL/6 mice
were purchased from the Shanghai Laboratory Animal Center. Adra2a conditional knock-out mice
(Adra2aflox mice) were purchased from Shanghai Model Organisms Center, Inc. Cd4Cre mice were
purchased from Jackson Laboratory (Maine, USA). Cd4Cre and Adra2aflox mice were crossed to
conditionally delete Adra2a in CD4+ T cells. Mice were bred in specific pathogen-free conditions. All
protocols used in this study were approved by the Institutional Animal Care and Use Committee at
Shanghai Institute of Immunity and Infection, Chinese Academy of Sciences.

Immunization

C57BL/6 mice received intranasal administration of 40 μL HDM solution (0.25 mg/mL) on day 1 and
days 6-10, totaling 10 μg HDM, while control animals received 40 μL PBS on the same schedule. All
animals were sacrificed and samples were collected on day 14 of model establishment.

Mouse blood collection

Mice were weighed to calculate appropriate anesthetic dosage and anesthetized via intraperitoneal
injection. Following anesthesia, the thoracic cavity was exposed, and blood was slowly collected from
the heart using 1 mL syringes pre-rinsed with EDTA. Serum was subsequently isolated by centrifugation.

Bronchoalveolar lavage fluid

Following anesthesia, a ~1 cm incision was made along the ventral midline of the neck. The surrounding
tissue was separated to fully expose the trachea. A small incision was made into the trachea, into which
a flat-head needle was inserted and ligated. Using a 1 mL syringe, 1 mL of pre-cooled PBS was instilled
into the lungs and then aspirated. This instillation and aspiration process was repeated once. The final
aspirate was collected and transferred to a 1.5 mL microcentrifuge tube. The sample was then
centrifuged at 300 × g for 10 minutes at 4°C.

Lung tissue collection 

After exposing chest cavity, remove the heart and its surrounding connective tissue, transect the trachea
and collect the lung tissue.

Mediastinal lymph node collection and processing

Mediastinal lymph nodes can be obtained from the back of the trachea. Remove the capsule from the
lymph nodes, grind the tissue, and filter through a 70 µm filter to prepare a single-cell suspension. 

Spleen collection and processing
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Spleen was obtained in the retroperitoneum. Remove the capsule, grind the tissue, filter through a 70 µm
filter, lyse the red blood cells to prepare a single-cell suspension.

Flowcytometry

The methods of flow cytometry adhere to the guidelines21. Lymph node cells and splenocyte were
prepared as described previously. For cell surface staining, cell suspensions were incubated with the
antibody cocktails for 30 min at 4 °C. For intracellular cytokine staining, cells were stimulated with
Leukocyte Activation Cocktail for 4 h (BD Pharmingen, 550583), which contained 50 ng/ml phorbol12-
myristate 13-acetate (PMA), 1 μg/ml ionomycin and 1 μg/ml GolgiPlugTM protein transport inhibitor.
Then, Cytofix/Cytoperm Kit (BD Pharmingen, 554714) was used to intracellular cytokines staining. For
nuclear protein staining, cells were treated with Transcription Factor Buffer Set (BD Pharmingen, 562574)
according to the manufacturer’s instructions. Biotin anti-mouse CXCR5, anti-streptavidin-PE, purified anti-
mouse CD16/CD32, anti-FVS-BV510, anti-CD4-APC-Cy7, anti-CD44-FITC, anti-CD62L-Percp-cy5.5, anti-PD-
1-BV421, anti-CXCR5-PE, anti-ICOS-APC, anti-CD19-APC, anti-GL-7-FITC, anti-FAS-PE-cy7, anti-ICOSL-PE
antibodies, anti-IgE-BV421 were used. Flow cytometry experiments were acquired on LSRFortessaTM
Flow Cytometer and all data was analyzed in FlowJo (Tree Star, Ashland, OR). 

Enzyme-linked immunosorbent assay

The levels of serum IgE were measured with sandwich ELISA kit according to the manufacturer’s
instructions (BD). Result readings were carried out at a 490 nm wavelength, using a microplate reader
(Thermo Scientific).

Western blotting

The lung homogenates and cells were lysed in RIPA buffer (Beyotime) containing protease inhibitor
(Bimake). Total protein was measured with Pierce BCA assay and equal amounts of denatured proteins
were loaded and run on 10 to 12.5% gradient gel. After transferred to PVDF membranes, the protein was
hybridized with indicated primary antibodies and corresponding HRP labeled secondary antibodies.
Super ECL Substrate (Tanon, Shanghai, China) was used to detect the bands, which were analyzed and
quantitated using Image J software. The primary antibody used in western blot analysis were as follows:
Anti-tubulin (11224-1-AP; proteintech); anti-GAPDH (10494-1-AP; proteintech); anti-α2AR antibody (PA1-
048; Invitrogen); anti-Akt (pan) antibody (4691T; CST); anti-Phospho Akt (Thr308) antibody (13038T;
CST); anti-Phospho Akt (Ser473) antibody (4060T; CST). The original Western blotting gel images are
listed in the Supplementary Materials.

Quantitative real-time PCR

Total RNA was extracted from lung homogenates or cultured cells using TRIzol reagent (Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions. cDNA was generated using a reverse
transcriptase kit (FastQuant RT Kit, Tiangen Biotech), followed by quantitative RT-PCR analysis (SYBR
Green, TaKaRa). The plate was analyzed on the ABI 7900HT Fast Real-Time PCR System using a 10 μl
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reaction volume. The relative expression levels of target genes were determined by the 2-△△Ct cycle
threshold method. The primers of Il4, Il5, Il13, Adra2a, Dbh, Maoa and Gapdh were listed as follows:

Mouse Gene Forward Reverse

Il4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

Il5 GCAATGAGACGATGAGGCTTC GCCCCTGAAAGATTTCTCCAATG

Il13 CCTGGCTCTTGCTTGCCTT GGTCTTGTGTGATGTTGCTCA

Adra2a TCTGGCTGAGAGGGACA GGGTGTGGAGGAGATAAT

Dbh GAGGCGGCTTCCATGTACG TCCAGGGGGATGTGGTAGG

Maoa GCCCAGTATCACAGGCCAC CGGGCTTCCAGAACCAAGA

Gapdh CCCACTAACATCAAATGGGG CCTTCCACAATGCCAAAGTT

Lung histology

Mouse lung tissues were fixed in 4% formaldehyde overnight at RT. After embedded in paraffin, tissues
were cut into 5 μm sections and used for hematoxylin and eosin (HE) and periodic acid-schiff (PAS)
staining. Images were taken using CaseViewer software version 3 (DHISTECH, Hungary). The lung
inflammation score was determined in a blinded manner, as described previously44.

RNA-Seq and RNA-Seq data analysis

The wildtype C57BL/6 mice were treated with either PBS or HDM. At designed timepoints, the mice were
sacrificed. The lungs were removed and homogenized to extract the total RNA in TRIzol reagent
(Invitrogen, Carlsbad, CA). After conducted quantification and qualification, the total RNA of each sample
was sequenced using the Illumia platform (Novogene Co., LTD). STRING Database (https://string-db.org)
was assessed to analyze the targeted genes which were differentially expressed in our study. GraphPad
Prism 8.0.1 (San Diego, CA) was used to analyze difference of genes by Volcano plot.

GEO dataset analysis

We investigated the relationship between α2AR expression and T follicular helper (Tfh) cell development
through integrated analysis of publicly available transcriptomic datasets. Gene expression profiles were
obtained from GEO datasets GSE266438 and GSE147035, which encompass T cell differentiation states
including Tfh cell populations. Statistical analyses were performed using R (version 4.1.0). Differential
gene expression analysis was conducted using the limma package with empirical Bayes moderation.
Genes with an adjusted p-value < 0.05 and absolute log2 fold change > 1 were considered statistically
significant. Protein-protein interaction networks were constructed using STRINGdb (version 11.5) and
visualized using igraph and visNetwork packages. Heatmaps were generated using pheatmap with row-
wise Z-score normalization and complete linkage hierarchical clustering. Pathway activity scores were
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calculated as the mean expression of representative gene sets for adrenergic signaling (Adra2a, Adrb1,
Adrb2), cytokine response (Il4, Il33, Il13, Cxcl9), and catecholamine metabolism (Th, Ddc, Dbh, Comt).
Correlation analyses were performed using Pearson correlation with pairwise complete observations. All
boxplots display median values with interquartile ranges, and statistical comparisons were made using
two-sided Student's t-tests with Benjamini-Hochberg correction for multiple comparisons. Data
visualization was performed using ggplot2 (version 3.3.5) and related packages.

Metabolic analysis of blood catecholamine and its derivatives

Differential abundance of metabolites between HDM and PBS groups was determined using a two-sided
Student's t-test assuming equal variances. Metabolites with a log2 fold change (FC) > 0 and a P-value <
0.05 were considered statistically significant. Multiple testing correction was performed using the
Benjamini-Hochberg false discovery rate (FDR) method. Data visualization included a volcano plot
highlighting significantly altered metabolites and a heatmap displaying z-score normalized abundance of
differentially expressed metabolites, with hierarchical clustering performed using Euclidean distance and
complete linkage. All statistical analyses were conducted in R (v4.1.0) utilizing ggplot2 and pheatmap
packages.

Correlation Analysis between Adra2a and Inflammatory Mediators

To investigate the relationship between Adra2a expression and inflammatory responses, we analyzed the
co-regulation patterns between Adra2a and 35 established inflammatory markers, including chemokines
(Ccl2, Ccl3, Ccl11, Ccl12, etc.), cytokines (Il6, Il1b, Il33), and inflammatory receptors (Ccr1, Ccr2, Ccr5,
Tnfrsf11a, etc.). Genes showing expression changes in the same direction as Adra2a (log2FC correlation
> 0) were classified as co-upregulated or co-downregulated, while those with opposite expression
patterns (log2FC correlation < 0) were categorized as inversely regulated. The analysis was restricted to
inflammatory markers with detectable expression in our dataset. Visualization was performed using
ordered bar plots with Adra2a's fold-change indicated as a reference line, enabling direct comparison of
regulatory directionality between Adra2a and individual inflammatory mediators across the experimental
conditions.

Protein-Protein Interaction Network Analysis 

Protein-protein interaction networks were constructed using experimentally validated and
computationally predicted interactions from the STRING database (version 11.5) (Figure 2f). The
network was visualized using igraph and ggraph packages in R, with the Fruchterman-Reingold algorithm
for force-directed layout. Node size was scaled to degree centrality (number of connections), while
betweenness centrality (importance in network connectivity) was represented by a blue-green-red color
gradient. Edge width and transparency were proportional to STRING combined confidence scores,
ranging from low (0.2) to high (2.0) interaction reliability. Node labels were displayed only for proteins
above median degree centrality to maintain visual clarity. Network topological parameters were
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calculated using standard graph theory metrics, with all visualizations rendered at 300 DPI resolution for
publication-quality output.

Statistical data analysis

Statistical analysis of all experimental data was performed in Graphpad Prism 8.0 software. Pooled data
were all analyzed for statistical differences by t-test or One wany ANOVA test. The statistical data in the
graphs were displayed as mean ± SEM.  
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Figure 1

Adra2a is upregulated in HDM induced allergic airway inflammation and associated with catecholamine
metabolism and type II inflammation. a Volcano diagram of differential gene expression between PBS
and HDM groups. b Heat map of top 30 most significantly differentially expressed genes between PBS
and HDM groups. c Gene set expression comparison indicating significantly higher expression of
catecholamine metabolism-related genes and type II inflammation-related genes in the HDM group than
in the PBS group. d Gene expression correlation analysis showing positive correlations between Adra2a
and catecholamine metabolism-related genes (Comt) and type II inflammation-related genes (Il4, Il13,
Il33, Cxcr5, Cxcl9). e The gene correlation network demonstrating correlations between Adra2a and
genes related to catecholamine metabolism and type II inflammation. Data are presented as individual
values with mean ± SEM. ns, no significance; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 2

IL-33 knockout mice exhibit downregulated Adra2aexpression compared to wild-type mice under HDM
stimulation, indicating an IL-33-dependent induction of Adra2a expression. a Volcano diagram of
differential gene expression between KOH and WTH groups. b Heat map of top 20 most significantly
differentially expressed genes between PBS and HDM groups. Adra2aranked among the top 20 most
differentially expressed genes between KOH and WTH groups. c Inflammation-related KEGG analysis
indicated differential gene enrichment in cytokine-cytokine receptor interaction. d GO biological process
analysis suggested that differential expressed genes between KOH and WTH groups were associated
with cell chemotaxis and cytokine-mediated responses. e Analysis of inflammatory markers expression
versus Adra2aexpression (Log2FC=3.59). f Protein interaction network analysis indicated a bridging role
of Il33 between inflammatory markers and Adra2a.
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Figure 3

In HDM-induced allergic airway inflammation, Adra2a expression in the airways and lymph nodes are
upregulated, particularly likely to be expressed on Tfh cells within lymph nodes. a HE staining of lung
sections from mice treated with PBS (left) and HDM (right), showing the inflammatory cell infiltration in
the lung tissue.  HDM-treated mice exhibited higher levels of pulmonary inflammation than PBS-treated
mice. b Pulmonary inflammation assessments indicated a more severe inflammation in the lung of
HDM-treated mice. c Total cell number in bronchoalveolar lavage fluid (BALF) from PBS and HDM-
treated mice. The HDM group had increased BAL cell counts. d Protein concentration in BALF. The HDM
group demonstrated elevated BAL protein levels. e Serum IgE levels in PBS and HDM-treated mice. The
HDM group showed higher serum IgE levels. f-g Pulmonary mRNA level of Il4 and Il5. HDM group mice
showed significantly higher Il4 and Il5 expression in lung. h-j Pulmonary mRNA(h) and protein(i,j) level of
Adra2a. HDM group mice showed significantly higher Adra2a expression in lung compared to PBS group
mice at both mRNA and protein levels. k Immunofluorescence staining of lung sections, nuclei were
stained with DAPI (blue), α2AR (red). Immunofluorescence indicated α2AR expression on epithelial cells
and lymphocytes. l Immunofluorescence staining of mediastinal lymph node, showing relationship
between α2AR+ and TH+ cells in mouse lymph nodes (Blue-DAPI; Green-α2AR; Purple-TH). m
Immunofluorescence staining of mediastinal lymph node, showing relationship betweenα2AR+ and

CD4+ cells in the germinal center of lymph nodes (Blue-DAPI; Yellow-α2AR; Red-CD4). n Flow cytometry
analysis of α2AR+ Tfh cell in mouse mediastinal lymph nodes. α2AR+ Tfh numbers significantly
increased in DEX+HDM mice, with marked reduction upon BRL addition. Data are presented as individual
values with mean ± SEM.
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Figure 4

Levels of neurotransmitters and their metabolites in plasma from HDM-group mice and PBS-group
mice. a Scatter plot showing the differential expression of catecholamine metabolates in the HDM
versus PBS-treated groups. The plot highlights specific proteins that were upregulated. Vanillylmandelic
acid, a key metabolite of norepinephrine and epinephrine, was significantly higher in HDM-group mouse
plasma than in PBS-group mice. Glutathione, 3,4-dihydroxyphenylacetic acid, histidine, 3-hydroxy-o-
aminobenzoic acid, L-histine showed an upward trend. b Heat map of VMA, Asp, NAS, NME expression
profile in PBS- and HDM-treated mice. c NAS and NME were lower in HDM group (P=0.02, 0.046
respectively), whereas VMA higher in the HDM group(P=0.03), indicating enhanced catecholamine
metabolism in HDM-treated mice. d Asp, an excitatory neurotransmitter, showed a down-regulated trend
in HDM group(P=0.07). VMA-Vanillylmandelic acid; NAS-Normetanephrine; NME-Noremetadrenaline;
Asp-Aspartic acid.
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Figure 5

Analysis of Adra2a expression on non-Tfh and Tfh cells, based on GSE266438. a Heat map of top 20
differentially expressed genes between non-Tfh and Tfh cells. Adra2a expression was significantly higher
in Tfh cells than in non-Tfh cells, while chemokines and inflammatory markers were also elevated in Tfh
cells. b Protein interaction network indicated interaction between Adra2a and metabolic enzymes of
sympathetic neurotransmitters, inflammatory chemokines. c GO biological process count analysis. d GO
biological process ratio analysis.

Figure 6
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Analysis of non-Tfh, Tfr, Tfh-like, and GCB-Tfh subpopulations. a Target gene expression analysis of
non-Tfh, Tfr, Tfh-like, and GCB-Tfh subpopulations. Adra2a was significantly elevated in GCB-Tfh cells. b
Heat map of gene expression correlation suggested positive correlations between Adra2a and
catecholamine metabolism-related genes (Comt) and type II inflammation-related genes (Il4, Il13, Il33,
Cxcr5, Cxcl9). c Gene set expression analysis showed that compared to GCB-Tfh cells showed higher
expression of catecholamine metabolism gene sets and significantly higher expression of type II
inflammatory gene sets, non-Tfh cells. d Gene correlation network demonstrated relationships between
Adra2a and other adrenergic receptors, as well as connections to catecholamine metabolism pathways
and type II inflammatory factor genes.

Figure 7

α2AR activation aggravates allergic airway inflammation, and promotes Tfh development. a Gating
strategy of Tfh. Tfh cells were marked as CD4+CD44+PD1+CXCR5+ cells. b Flow cytometry analysis
showed that Tfh levels in DEX+HDM group were higher than PBS+HDM group, and were significantly
decreased after BRL addition. c Gating strategy of GC B. GC B cells were marked as CD19+GL-7+FAS+

cells. d Flow cytometry analysis showed that GC B levels in DEX+HDM group were higher than PBS+HDM
group, and were significantly decreased after BRL addition. e-g Pulmonary Il4, Il5, and Il13 mRNA level of
DEX+HDM group mice were significantly higher than in PBS+HDM group, with a marked decrease with
BRL administration. h Plasma IgE levels in DEX+HDM group mice were significantly higher than in
PBS+HDM group, with a marked decrease after BRL administration. i, j Flow cytometry analysis of α2AR
expression in non-Tfh cells, CXCR5+ cells, and Tfh cells. k α2AR expression in different T cell subsets.
Tfh cells demonstrated the highest α2AR expression among non-Tfh, CXCR5+ T and Tfh cells. l
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Relationship analysis of α2AR expression and Tfh development score in different T cell subsets. Data are
presented as individual values with mean ± SEM. ns, no significance; *, P < 0.05; **, P < 0.01; ***, P <
0.001; ****, P < 0.0001. DEX: dexmedetomidine, ADRA2a agonist. BRL: BRL-44408, ADRA2a antagonist.

Figure 8

Conditional knockout of Adra2a decreases the levels of Tfh and GCB, alleviates inflammation, reduces
pulmonary type II inflammatory cytokines, and lowers plasma IgE levels. a Gating strategy of Tfh. Tfh
cells were marked as CD4+CD44+PD1+CXCR5+ cells. b Flow cytometry analysis showed an obvious
reduction in Tfh cells following Adra2a knockout under HDM stimulation. c Gating strategy of GC B. GC B
cells were marked as CD19+GL-7+FAS+ cells. d Flow cytometry analysis showed an obvious reduction in
GC B cells following Adra2a knockout under HDM stimulation. e HE staining of lung sections
demonstrated alleviation of pulmonary inflammation following Adra2a knockout under HDM stimulation.
f-h mRNA analysis showed marked downregulation of pulmonary Il4, Il5, and Il13 expression following
Adra2a knockout under HDM stimulation. i Plasma IgE levels were significantly decreased following
Adra2a knockout under HDM stimulation Data are presented as individual values with mean ± SEM. ns,
no significance; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 9

α2AR activation leads to increase amount of IgE+ B cells and IgE+ GC B cells. a Gating strategy of IgE+ B
cells and IgE+ GC B cells. b Ratio of IgE+ B cells in the mediastinal lymph nodes. c Number of IgE+ GC B
cells in the mediastinal lymph nodes. Data are presented as individual values with mean ± SEM. ns, no
significance; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Figure 10
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Akt1 conditional knockout results in a significant attenuation of α2AR-mediated airway inflammation. a
Gating strategy for pAKT+ Tfh cells, marked as CD4+CD44+CD62L-PD1+CXCR5+pAKT+ cells. b Flow
cytometry analysis of CD4+ cells proportion among Akt1fl/fl and Cd4creAkt1fl/fl mice with HDM or DEX +

HDM treatment. c Flow cytometry analysis of CD44+CD62L- cells proportion among Akt1fl/fl and
Cd4creAkt1fl/fl mice with HDM or DEX + HDM treatment. d Flow cytometry analysis of CXCR5+PD1+ cells
proportion among Akt1fl/fl and Cd4creAkt1fl/fl mice with HDM or DEX+HDM treatment. e Flow cytometry

analysis of p-AKT+ Tfh cells proportion among Akt1fl/fl and Cd4creAkt1fl/fl mice with HDM or DEX+HDM
treatment. f Gating strategy of GC B cells, marked as CD19+GL-7+FAS+ cells. g Flow cytometry analysis
indicated that GCB levels in Cd4creAkt1fl/fl mice were significantly lower than in Akt1fl/fl mice. h Western-
blot analysis of AKT phosphorylation, when lymph node cells were isolated, cultured in vitro, and
stimulated with DEX combined with CD3/28. Phosphorylation levels of p-AKT at S473 were significantly
increased under DEX+CD3/28 trantment. i HE staining of lung sections. Following HDM stimulation,
Cd4creAkt1fl/fl mice developed focal inflammatory lesions in the lungs. However, the extent of
inflammatory lesions expanded upon addition of DEX. Data are presented as individual values with mean
± SEM. ns, no significance; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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