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Abstract: Allergic rhinitis (AR) is a chronic airway disease characterized by immunoglobulin E (IgE)-mediated inflammation
of the nasal mucosa, featuring complex pathogenesis where current therapeutic approaches remain insufficient to fully control
symptoms and disease progression. The Janus kinase (JAK)/signal transduction and activator of transcription (STAT) pathway,
a core signaling cascade ubiquitously expressed in cells, demonstrates multidimensional and multitargeted involvement in
immunopathological processes of AR, including immune balance regulation, epithelial barrier impairment, and tissue remodeling.
Recent advances reveal that JAK/STAT pathway-targeted inhibitors and herbal components exhibit therapeutic potential for AR
by modulating Th1/Th2 immune imbalance, reducing mucus hypersecretion, and mitigating local inflammation. This review
systematically summarizes the multidimensional regulatory network of the JAK/STAT pathway in AR and its targeted therapeutic
strategies, aiming to provide theoretical foundations for elucidating AR pathogenesis, optimizing treatment approaches through
immune microenvironment remodeling, and proposing novel insights for JAK/STAT-targeted therapeutic interventions.
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1. Introducti clarification.
) ntrocuction This review will focus on elucidating the multifaceted

Allergic rhinitis (AR) is a chronic inflammatory airway regulatory roles of the JAK-STAT pathway in AR by

disorder driven by a T helper 2 (Th2) cell-mediated immune integrating findings from emerging research areas, including
response. It affects 10%-40% of the global population, with pathway-targeted therapies. It aims to provide a theoretical
prevalence rates reaching up to 24% in certain regions of foundation for clarifying the pathogenesis of AR and
China, posing a significant public health burden [1]. The developing more effective treatments capable of remodeling
disease is characterized by immunoglobulin E (IgE)-mediated its immune microenvironment. Furthermore, it seeks to offer
inflammation of the nasal mucosa. Its cardinal symptoms novel per.spectives.for JAK/STAT signaling pathway-targeted
include nasal itching, sneezing, nasal congestion, and watery therapeutic strategies.

rhinorrhea. The characteristic seasonal recurrence of 2.1 tholosical Feat f
symptoms leads to a substantial decline in patients' quality of - lmmunopathological keatures o

life and contributes to a "unified airway" vicious cycle with Allergic Rhinitis (AR)

comorbidities such as asthma [2]. Although current .
therapeutic ~ options (e.g., antihistamines, intranasal 2.1. Cascade of the Canonical Th2-Type

corticosteroids) can provide temporary symptomatic relief, Immune Response
they are ineffective for some patients and fail to halt tissue The pathogenesis of AR initiates when allergens (e.g., dust
remodeling during disease progression[3]. Consequently, mites, pollen) penetrate the nasal mucosal barrier, triggering
elucidating the key signaling pathways involved in AR epithelial cells to release alarmins such as thymic stromal
pathogenesis and exploring more effective treatment lymphopoietin (TSLP), interleukin (IL)-25, and IL-33. These
strategies represent pressing clinical challenges. factors drive dendritic cells (DCs) toward Th2-polarized
In recent years, the Janus kinase (JAK)/signal transducer differentiation [6]. Activated DCs migrate to draining lymph
and activator of transcription (STAT) pathway, a central hub nodes, where they present antigens to naive T cells (Th0) via
for cytokine signaling, has achieved breakthrough progress in major histocompatibility complex (MHC) class II molecules;
the treatment of autoimmune diseases [4]. This pathway also under IL-4 stimulation, ThO cells differentiate into Th2
plays a significant role in the immunopathology of AR. A key effector cells, thereby initiating AR [7]. This process
mechanism involves the JAK-STAT6 signaling axis driving culminates in a biphasic reaction: Th2-derived IL-4 and IL-

Th2 cell polarization [5]. Although the regulatory 13 promote B cell production of allergen-specific IgE, which
mechanisms of the JAK-STAT pathway have been  binds to the high-affinity receptor FceRI on mast cells to form

extensively studied in other inflammatory diseases, its IgE-FceRI complexes, establishing host sensitization. Upon
specific functions in AR—particularly concerning immune re-exposure to allergens, mast cell degranulation releases
cell regulation, epithelial barrier integrity, and tissue histamine and leukotrienes, provoking immediate symptoms
remodeling—remain to be fully elucidated. Furthermore, the (sneezing’ nasal pruritus) in the IgE_mediated early phase[8]'
distinct roles of different JAK and STAT protein isoforms in Concurrenﬂy’ Th2-secreted IL-5 recruits eosinophﬂs’ whose
the immune mechanisms underlying AR require further cytotoxic proteins (eosinophil cationic protein and major
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basic protein) drive persistent nasal congestion and airway
inflammation during the eosinophil-dominated late phase [7,
8].

2.2. Epithelial Barrier Dysfunction

Recent studies reveal significantly reduced expression of
tight junction proteins (including claudin-1, claudin-4,
claudin-7, and occludin) in the nasal mucosa of AR patients.
This barrier defect facilitates allergen penetration and
amplifies local inflammation[9]. The core mechanism
involves damaged epithelial cells releasing cytokines such as
TSLP, IL-25, and IL-33. Specifically, TSLP activates
dendritic cells (DCs) to upregulate the T-cell co-stimulatory
receptor OX40 ligand (OX40L), thereby enhancing Th2 cell
effector functions[10]; concurrently, TSLP induces STAT6
phosphorylation to promote expression of the pro-
inflammatory chemokine CCL17, intensifying inflammatory
responses[11]. Meanwhile, IL-25—a member of the IL-17
cytokine family—binds to IL-17A/IL-17B receptors,
activating and upregulating the expression of transcription
factors STAT6, GATA-3, and nuclear factor kappa-B (NF-kB)
to stimulate memory Th2 cells [12]. Furthermore, IL-25
suppresses Th1/Thl7-associated transcription factors (T-bet
and STAT4), reducing secretion of IL-17A, tumor necrosis
factor-a (TNF-a), and interferon-y (IFN-y), which disrupts
Th1/Th2 equilibrium and further aggravates Th2-polarized
immunity [13]. Additionally, impaired epithelial cells release
IL-33 to stimulate goblet cell metaplasia and mucus
hypersecretion, further compromising mucosal integrity [14].

2.3. Neuroimmune Regulation

Research reveals that hallmark symptoms of AR—such as
paroxysmal sneezing and nasal pruritus—represent a form of
neurogenic inflammation. In humans, nasal nociceptors
primarily consist of C-fibers, which typically respond to
chemical and physical stimuli. These nerve endings express
multiple receptors and ion channels, including the transient
receptor potential vanilloid 1 (TRPV1) channel. Upon
allergen exposure, TRPV1 activation triggers the release of
substance P (SP) and calcitonin gene-related peptide (CGRP)
[15]. Mechanistically, SP binds to neurokinin-1 receptors
(NK-1R) on mast cells, inducing inflammatory mediator
release and recruiting immune cells to provoke innate
immune responses [16]. Concurrently, CGRP stimulates type
2 innate lymphoid cells (ILC2s) to secrete IL-5, thereby
promoting eosinophil infiltration and amplifying allergic
inflammation [17].

3. JAK-STAT Pathway and
Immunoregulatory Mechanisms

3.1. Pathway Signaling and Immune
Modulation

The JAK-STAT signaling cascade, activated by cytokine
stimulation, comprises non-receptor tyrosine kinases of the
JAK family (JAK1, JAK2, JAK3, TYK2) and transcription
factors of the STAT family (STAT1-6) [18]. When
cytokines—including interferons (IFNs), interleukins, or
growth factors—bind to their receptors, they activate single
or multiple JAKs. These kinases phosphorylate residues on
the receptor’s cytoplasmic tail, creating docking sites for
STAT proteins [19]. Prior to activation, STATs exist as
antiparallel dimers constantly shuttling between the
cytoplasm and nucleus [18]. Following JAK-mediated
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receptor phosphorylation, cytoplasmic STATs are recruited to
the receptor, undergo tyrosine phosphorylation, and undergo
structural reorganization into active parallel dimers. These
dimers dissociate from the receptor, translocate to the nucleus,
bind specific DNA sequences, and initiate transcription of
target genes. Subsequently, STATs are dephosphorylated in
the nucleus and return to the cytoplasm. This cyclical process
regulates diverse cellular functions—including immune
modulation, inflammation, hematopoiesis, tissue repair, and
apoptosis—notably driving the development of T/B cells,
modulating inflammatory cytokine secretion, and shaping
immune tolerance [18-20]. Critically, in AR-related immune
dysregulation, the JAK-STAT pathway exerts two core effects:
IL-4/IL-13-stimulated =~ STAT6  nuclear translocation
upregulates Th2 transcription factors to perpetuate IgE
production, while IL-5-driven STATS activation promotes
eosinophil maturation and chemotaxis, exacerbating nasal
inflammation [21].

3.2. Negative Regulators

The JAK-STAT pathway exhibits rapid activation and
inactivation dynamics, tightly controlled by inhibitory factors.
Three primary classes of negative regulators modulate this
signaling: suppressors of cytokine signaling (SOCS), protein
inhibitors of activated STATs (PIAS), and protein tyrosine
phosphatases (PTPs) [20]. Notably, the SOCS family—
comprising SOCS1-SOCS7 and cytokine-inducible SH2-
containing protein (CIS)—serves as the dominant inhibitory
mechanism. SOCS proteins suppress JAK-STAT signaling
through three strategies: (i) competing with STATs for
phosphorylated tyrosine residues on cytokine receptors, (ii)
directly binding JAKSs to inhibit their kinase activity, or (iii)
inducing ubiquitin-mediated degradation of JAKs/STATSs [22-
24]. Critically, SOCS3 inhibits IL-2 signaling to reduce Th2
cytokines (IL-4, IL-5, IL-10), positioning it as a potential
therapeutic target for AR [22]. Conversely, the PIAS family
(PIASI, PIAS3, PIASx, PIASy) blocks STAT function by
preventing dimerization or obstructing DNA binding of STAT
dimers [25]. Additionally, PTPs dephosphorylate either
receptor-bound JAKs or nuclear STAT dimers, terminating
signal transduction [26].

3.3. Crosstalk with Other AR-Associated
Pathways

JAKs activate non-canonical signaling beyond the classical
JAK-STAT axis, forming multipathway crosstalk critically
involving the MAPK and PI3K/Akt pathways—both essential
for cell growth, differentiation, and immune homeostasis in
AR [27, 28]. Mechanistically, JAK-phosphorylated receptors
recruit SH2 domain-containing proteins (including STATs,
SHP2, and PI3K)). SHP2 then mobilizes GRB2 to activate Ras,
thereby initiating the MAPK cascade; concurrently, upstream
RTK/Ras signaling elevates MAPK activity, which enhances
STAT transcriptional potency via C-terminal serine
phosphorylation [28]. Meanwhile, PI3K binding activates the
PI3K-Akt pathway, suppressing pro-apoptotic proteins to
prolong eosinophil survival and tissue infiltration [29]. This
intricate JAK-STAT-MAPK-PI3K network constitutes a
complex signaling web that complicates AR pathogenesis,
demanding further research for therapeutic interventions.



4. JAK-STAT Regulation of AR
Immune Balance

4.1. Immune Cells

Cytokine-induced JAK-STAT activation critically drives
AR inflammation by regulating the proliferation,
differentiation, and inflammatory cytokine expression of
multiple immune cells—including T-cell subsets, B cells,
eosinophils, and mast cells. Furthermore, this pathway
transduces signals for cytokines (e.g., IL-4, IL-6, IL-13) that
disrupt Th1/Th2 balance and broader immune homeostasis,
thereby serving as a central driver of AR inflammatory
initiation, persistence, and tissue remodeling [30].

4.1.1. T Helper Cell Subsets

The Th1/Th2 immune imbalance and Th2-dominant
response are pivotal in AR pathogenesis, with Th17 and
regulatory T cells (Tregs) also playing critical roles.
Specifically, Thl cytokines (e.g., IFN-y) bind receptors
alongside IL-12 to activate JAK1/JAK2, phosphorylating
STAT1/STAT4 and inducing the Thl-specific transcription
factor T-bet—thereby forming a positive feedback loop that
amplifies IFN-y secretion and Th1 responses [31]. Conversely,
Th2 cytokines IL-4 and IL-13 trigger STAT6 phosphorylation,
upregulating GATA3 (the master Th2 transcription factor),
which further enhances IL-4/IL-13 production and drives Th2
polarization [32]. Meanwhile, Thl7 differentiation—
primarily regulated by IL-6 and TGF-B—involves IL-6-
induced STAT3 activation via gpl30 receptors, boosting
expression of the pro-inflammatory cytokine IL-17 and its
key transcription factor RORyt; this cascade exacerbates AR
by activating Th2 cells, recruiting neutrophils, stimulating
macrophages, and increasing mucus secretion [33-35].
Notably, while TGF-3 modulates both RORyt and the Treg-
specific factor Foxp3, high TGF-§ levels promote ThO-to-
Treg  differentiation.  Additionally, IL-2  activates
JAK1/JAK3-STATS signaling to directly induce Foxp3
transcription and Treg development. Critically, Tregs exert
immunosuppressive effects in AR through anti-inflammatory
cytokines like IL-10, which collaborates with IL-33 to sustain
Treg-mediated immune inhibition [36, 37].

4.1.2. B Cells

B cells differentiate into plasma cells upon cytokine
stimulation, producing allergen-specific IgE that binds mast
cells to sensitize the host—a core mechanism in AR’s
immediate-phase reaction [8]. Critically, the JAK-STAT
pathway regulates B-cell development and differentiation: IL-
4 activates JAK1/JAK3 upon binding B-cell surface receptors,
phosphorylating STAT6 to promote its nuclear translocation,
thereby upregulating CD23 (low-affinity IgE receptor) and
MHC class II molecules to enhance antigen presentation [38].
Furthermore, cytokines like IL-21 from follicular helper T
cells (Tfh) are essential for B-cell maturation; IL-21 drives
plasma cell differentiation via JAK1-STAT3 signaling, while
IL-6 cooperates with IL-12 to modulate Tth differentiation
through STAT3 [39]. Notably, STAT3 deficiency—as
demonstrated by Ma et al.—compromises Tth differentiation
and reduces B-cell activity [40].

4.1.3. Eosinophils

IL-5-driven eosinophil precursors differentiate and mature,
subsequently infiltrating nasal mucosa  alongside
lymphocytes, monocytes, and plasma cells to amplify
inflammation—constituting the core process of AR’s late-
phase reaction [8]. Specifically, IL-5 binding to eosinophil
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surface receptors activates the JAK2-STATS5 pathway, which
upregulates anti-apoptotic proteins BCL-2 and MCL-1 to
promote bone marrow differentiation/maturation while
suppressing apoptosis via cyclin D and Pim-1 genes [41, 42].
Meanwhile, IL-4-induced STAT6 activation translocates to
the nucleus and binds the CCL11 promoter, enhancing this
chemokine’s expression to recruit eosinophils to
inflammatory sites [43]. Furthermore, STAT3 activation
upregulates CCL8 and other chemokines, amplifying
eosinophil infiltration into nasal mucosa and exacerbating
local inflammation [44].

4.1.4. Mast Cells

Re-exposure to allergens binding the IgE-FceRI complex
on mast cells triggers degranulation, releasing TNF-a,
leukotriene B4, IL-5, and IL-6 to activate inflammatory
cells—a hallmark of allergic responses [45]. Critically, the
JAK-STAT pathway regulates mast cell proliferation and
survival: IL-3 activates STATS to induce nuclear
translocation and upregulate anti-apoptotic proteins, while
stem cell factor (SCF, mast cell growth factor) binding to its
receptor  c-Kit  activates = JAK2-STATS5  signaling,
synergistically promoting mast cell proliferation/survival
with IL-3 [46]. Moreover, STATS cooperates with NF-kB p65
to bind the TNF-a promoter, enhancing its transcriptional
activity;  dihydromyricetin = (DHM) inhibits STATS
phosphorylation, thereby significantly reducing TNF-o and
IL-6 secretion in IgE-activated mast cells [47, 48].

4.2. Epithelial-Immune Regulation

Nasal epithelial cells (NECs), comprising basal, ciliated,
and functional goblet cells, constitute the first-line physical
barrier of the nasal cavity. Notably, Th2 cytokines dominate
goblet cell metaplasia: IL-4 and IL-13 activate STAT6 to
promote goblet cell hyperplasia and mucus hypersecretion—
both elevated in AR, driving pathological overproliferation
[49]. Concurrently, IL-6 activates JAKI1/JAK2-STAT3
signaling to further stimulate goblet cell proliferation and
differentiation [50]. Mechanistically, loratadine alleviates AR
symptoms partly by inhibiting IL-6 transcription, thereby
downregulating this signaling axis to suppress goblet cell
hyperplasia and mucus production [51]. Additionally, IL-
Ip—a potent proinflammatory cytokine secreted by
lymphocytes, macrophages, and monocytes—exacerbates
inflammation via the STAT1 pathway, inducing NECs to
release mediators (e.g., IL-6, IL-8, GM-CSF) [52]. In contrast,
IL-22 activates JAKI1/JAK2-STAT3 to promote NEC
repair/regeneration, attenuate goblet cell hyperplasia, and
restore normal mucosal function [50].

4.3. Tissue Remodeling Mechanisms

Chronic and seasonally recurrent AR drives structural
airway changes through repeated inflammation-repair cycles,
with the JAK-STAT6 pathway critically implicated in airway
remodeling—primarily via hyperplasia and activation of
airway fibroblasts [53]. Specifically, IL-13 activates STAT6
to induce platelet-derived growth factor AA (PDGF-AA)
production by fibroblasts, which via autocrine/paracrine
mechanisms activates the ERK signaling pathway in
fibroblasts, promoting their pathological activation [53-55].
Meanwhile, IL-4 upregulates mucin genes MUCSAC and
MUC4 (mediating mucus hypersecretion) through JAK3-
dependent signaling; notably, MUC4 acts as a ligand for
human epidermal growth factor receptor 2 (HER2), regulating
epithelial proliferation during airway injury [56, 57].



Furthermore, STAT6 activated by IL-13 binds to promoter
sequences of collagen genes COL1A1 and COL1A2,
inducing their transcription [58], while blocking IL-13-
STAT6 signaling suppresses fibroblast proliferation,
activation, and collagen production [59].

5. Clinical Prospects of JAK-STAT
Pathway-Targeted Therapy

JAK inhibitors are clinically approved for autoimmune
diseases including rheumatoid arthritis, psoriasis, and atopic
dermatitis [4], with emerging applications in Th2-driven
airway inflammation. The selective JAKI inhibitor GDC-
0214 significantly reduced IL-4/IL-13 secretion and
decreased fractional exhaled nitric oxide (FeNO) levels in
mild asthma patients, demonstrating targeted Th2
immunomodulation [60]. Although not yet clinically
implemented for allergic rhinitis (AR), preclinical evidence
reveals that CYT387 suppresses JAK-STAT signaling in AR
murine models, reducing MHC II expression and impairing
ThO-to-Th2 differentiation, thereby attenuating eosinophil
infiltration [10]. Concurrently, JAK-STATG6 inhibitors SOCS1
and AS1517499 downregulate goblet cell-derived MUCSAC
expression and ameliorate airway mucus hypersecretion [61,
62], while ruxolitinib inhibits JAK2-STATS phosphorylation
to diminish mast cell accumulation and mediator release [63].
Beyond synthetic agents, traditional Chinese medicine (TCM)
compounds exhibit regulatory effects: Astragaloside [V—the
primary bioactive component of Astragalus in Buzhong Yiqi
Decoction—inhibits STAT6 phosphorylation in AR mice,
reducing eosinophils, mast cells, [L-4/IL-13, and p-JAK2
while elevating IFN-y, thereby restoring Th1/Th2 balance
[64]; o-linolenic acid suppresses serum IgE and rectifies
Th1/Th2 imbalance by upregulating T-bet/STAT1 and
downregulating GATA3/STAT6 [65]; and the formula
Chuanxiong Chatiao Powder alleviates nasal inflammation
and mucus hypersecretion via T-bet induction and STAT6
suppression [66]. Collectively, the JAK-STAT pathway
represents a promising therapeutic target for AR by
modulating immune dysregulation, particularly Th1/Th2
polarization in inflammatory responses.

6. Conclusion and Future Directions

Allergic rhinitis (AR) is a chronic airway inflammatory
disease dominated by Th2-type immune responses,
characterized pathologically by IgE-mediated inflammation,
nasal mucosal barrier dysfunction, neurogenic hyperreactivity,
and airway remodeling. As a central hub for cytokine signal
transduction, the JAK-STAT signaling pathway critically
contributes to AR immunopathology by regulating Th2
polarization, eosinophil  differentiation/survival, and
epithelial barrier integrity. This review systematically
delineates the multidimensional regulatory roles of JAK-
STAT signaling in AR, encompassing STAT6-mediated Th2
polarization and IgE production, STATS-driven eosinophil
infiltration, and STAT3-associated mucus hypersecretion,
while highlighting the therapeutic potential of pathway
inhibition for symptom alleviation and immune
microenvironment modulation. However, current research
exhibits significant limitations: the crosstalk between JAK-
STAT and other pathways (e.g., MAPK, PI3K/Akt) remains
incompletely elucidated, rendering single-target approaches
inadequate for deciphering complex regulatory networks;
moreover, most evidence derives from animal or cellular
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models, lacking clinical validation and large-scale cohort
studies. Future investigations should prioritize clinical
trials—employing rigorous methodologies (large-scale,
multicenter, randomized controlled trials) and advanced
techniques (bioinformatics, multi-omics integration)—to
elucidate AR pathogenesis and enhance real-world
translatability. Additionally, the multicomponent, multitarget
nature of traditional Chinese medicine (TCM) and its
interactions with JAK-STAT signaling require systematic
exploration. Integrative strategies (e.g., gene editing,
combined agonist/inhibitor applications) are warranted to
dissect how TCM formulas modulate JAK-STAT pathways to
ameliorate AR, with parallel clinical validation of efficacy. In
conclusion, targeting JAK-STAT signaling offers novel
avenues for immune modulation and precision therapy in AR,
wherein the multitarget properties of TCM may overcome
current therapeutic bottlenecks, though mechanistic and
clinical substantiation demands further refinement.
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