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Objective: Allergic rhinitis (AR) is driven by interleukin (IL) network dysregulation and imbalanced macrophage polarization. This 
systematic review summarizes the molecular mechanisms by which ILs regulate macrophage phenotypic switching in AR 
inflammation.
Methods: We screened the PubMed and Embase databases from January 2010 to January 2026 to identify published studies. The 
search keywords used were as follows: [“interleukin” or “IL”], [“allergic rhinitis” or “AR”], [“macrophages”] and [“inflammation”]. 
A total of 223 peer-reviewed studies on human/animal models were included, and articles that did not meet the requirements were 
excluded.
Results: Pro-inflammatory ILs (IL-4/IL-13, IL-1β/IL-6/IL-17A) promote pathogenic M1/M2a macrophage polarization via STAT6, 
NF-κB and NLRP3 pathways, aggravating inflammatory responses. Anti-inflammatory ILs (IL-10, IL-27) induce M2c polarization and 
restore immune balance through STAT3/STAT1 signaling. Targeted interventions (dupilumab, MCC950, chlorogenic acid) effectively 
reverse polarization imbalance and alleviate AR symptoms. Clinically, AR patients present disrupted IL ratios, M1/M2 imbalance and 
impaired nasal mucosal barriers.
Conclusion: IL-mediated macrophage polarization is a core driver of AR inflammation. Targeting these regulatory pathways provides 
promising precision therapeutic strategies for AR.
Keywords: allergic rhinitis, interleukin, macrophage, inflammation, NLRP3

Introduction
Allergic rhinitis (AR), a globally prevalent chronic respiratory inflammatory disease, has seen a steady rise in its 
incidence worldwide. In China, the prevalence rate has reached 11.2% among adults1 and as high as 19.4% among the 
pediatric population,2 which severely impairs patients’ quality of life and imposes a heavy socioeconomic healthcare 
burden. Current therapeutic modalities have notable limitations. Intranasal glucocorticoids can rapidly alleviate clinical 
symptoms, but long-term administration may lead to adverse effects such as nasal mucosal atrophy and increased 
intraocular pressure.3 Antihistamines only target the early-phase response, with limited efficacy in ameliorating late- 
phase inflammation and nasal mucosal hyperresponsiveness.4 Allergen-Specific Immunotherapy (AIT) requires a long 
treatment course of 3–5 years, and the response rate is less than 60% in patients with moderate-to-severe disease.5 These 
limitations of symptomatic rather than etiological treatment urgently necessitates the exploration of novel therapeutic 
targets upstream of inflammatory pathogenesis. Current established first-line therapies for AR (intranasal glucocorticoids, 
antihistamines, leukotriene receptor antagonists, and allergen-specific immunotherapy) exert clinical efficacy partly by 
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regulating interleukin networks and macrophage polarization, yet their precise immunological mechanisms remain to be 
integrated with novel targeted strategies.6

The core pathological feature of AR is chronic allergic inflammation driven by immune imbalance. As key effector 
cells of innate immunity, macrophages modulate the intensity and progression of inflammation directly via the balance of 
their polarization (ie, M1/M2 phenotypic switching).7 Under normal physiological conditions, M1 macrophages elim
inate pathogens by secreting pro-inflammatory cytokines such as interleukin (IL)-6 and tumor necrosis factor-α (TNF-α), 
whereas M2 macrophages maintain immune tolerance through the release of IL-10 and transforming growth factor-β 
(TGF-β). The dynamic equilibrium between these two subsets constitutes the mucosal immune homeostasis.8 Interleukin 
network dysregulation disrupts this balance in AR. It forms a vicious cycle: abnormal interleukin secretion, disordered 
macrophage polarization, and amplified inflammatory signaling. Specifically, Th2-type interleukins (IL-4, IL-13) can 
induce the differentiation of macrophages into the pathogenic M2a subtype, while simultaneously promoting immuno
globulin E (IgE) production and eosinophil recruitment.9 In contrast, pro-inflammatory interleukins (IL-1β, IL-17) 
exacerbate the excessive activation of M1 macrophages, which release abundant inflammatory mediators and conse
quently lead to nasal mucosal epithelial damage.10

As key molecules bridging innate and adaptive immunity, interleukins precisely modulate macrophage phenotypic 
switching via specific receptor signaling, and thus serve as core targets for breaking the aforementioned vicious cycle.11 

For instance, IL-10 can induce the polarization of macrophages toward the anti-inflammatory M2c subtype, thereby 
markedly suppressing nasal mucosal inflammation in AR mice.12 IL-27 modulates macrophages to exhibit a “balanced 
pro-inflammatory and anti-inflammatory phenotype” via the signal transducer and activator of transcription 1 (STAT1) 
pathway, and antagonizes Th2-type inflammatory responses.11 This regulatory axis of “interleukins and macrophage 
polarization” provides a novel direction for the precision treatment of AR by rectifying immune dysregulation at its 
source.

The complete regulatory network constituted by “interleukins, macrophage polarization, and AR inflammation” has 
not yet been systematically integrated in current research. International studies focus on the mechanistic elucidation of 
biologics, but lack sufficient attention to the individual differences in distinct polarization phenotypes.2 Domestic 
research has yielded fruitful achievements in the regulation of related pathways by natural products, yet most mechanistic 
investigations remain at the cellular level, with a paucity of clinical translational evidence.13 Additionally, the dual pro-/ 
anti-inflammatory effects of some members of the interleukin family (eg, IL-32) remain controversial,14 and the impact 
of macrophage heterogeneity (eg, the role of the MDM3 subtype in nasal polyps15) on therapeutic strategies has not been 
clarified. Based on the current research status at home and abroad, this review systematically summarizes the molecular 
mechanisms by which interleukins regulate macrophage polarization to ameliorate AR inflammation, compares the 
characteristics of domestic and international studies, and thereby provides a comprehensive perspective for the research, 
development, and translation of precision therapies for AR.

Method
Search Strategy
We screened PubMed and Embase databases from January 2010 to January 2026 to search for published studies. The 
search keywords used are as follows: [“interleukin” or “IL”], [“allergic rhinitis” or “AR”], [“macrophages”] and 
[“inflammation”]. The retrieval process was completed independently by two investigators.

Inclusion and Exclusion Criteria
Inclusion Criteria
Study design: Original peer-reviewed articles, including clinical trials, animal experiments, and in vitro cell experiments;

Research topic: Directly focused on interleukin-mediated macrophage polarization in the regulation of AR 
inflammation;

Language: Publications in English or Chinese;
Publication time: From January 1, 2010, to January 1, 2026;
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Data integrity: Complete full-text data and clear experimental results are available.

Exclusion Criteria
Non-original literature: meta-analyses, case reports, conference abstracts, letters, and guidelines;

Irrelevant studies: Not related to interleukins, macrophage polarization, or AR inflammation;
Unavailable literature: No full-text access, incomplete data, or duplicated publications;
Poor-quality literature: Studies with obvious data errors or unreported methodological details.

Study Selection
After removing 113 duplicate records, 842 records were initially identified. Two researchers independently screened titles 
and abstracts, and excluded 45 articles without full-text abstracts, 256 irrelevant articles, 188 reviews/meta-analyses, and 
130 off-topic articles. Finally, 223 eligible studies were included. A clear PRISMA flow diagram is presented in 
Supplementary Figure 1 to show the complete screening process.

Data Extraction
A standardized data extraction form was used to collect core information: interleukin family, study model, signaling 
pathway, key targets, mechanism, and outcomes. Discrepancies were resolved by discussion with a third investigator.

Risk of Bias Assessment
We performed standardized risk of bias assessment for all included studies:

For animal studies: The SYRCLE (Systematic Review Centre for Laboratory Animal Experimentation) risk of bias 
tool was used to evaluate selection, performance, detection, attrition, reporting, and other biases.

For clinical studies: The Cochrane Risk of Bias Tool was used to assess randomization, allocation concealment, 
blinding, outcome data, and selective reporting.

All assessments were completed independently by two researchers; disagreements were settled via consensus.

Overview of Interleukins and Macrophage Polarization Regulation in AR
Biological Characteristics of Interleukins and Their Secretory Regulation in AR
As key signaling molecules between immune cells and parenchymal cells, interleukins form a sophisticated regulatory 
network via shared receptor subunits or signaling pathways.11,16,17 Members of the IL-1 family (eg, IL-1β, IL-33) mostly 
exist in the form of alarmins and are highly expressed in the nasal mucosal epithelial cells of AR patients. When the nasal 
mucosa is subjected to allergen stimulation or tissue damage, IL-33 is released from the nucleus and binds to the ST2 
receptor on the surface of macrophages, thereby initiating downstream inflammatory signaling.1,18,19 The IL-2 family 
(eg, IL-4, IL-13) transmits signals via the γc-chain receptor and is mainly secreted by T helper 2 (Th2) cells and group 2 
innate lymphoid cells (ILC2s), serving as core factors that drive Th2-type inflammation in AR.2,20 The IL-6 family (eg, 
IL-6, IL-27) mediates signaling through the gp130 subunit. Among them, IL-6 exacerbates inflammatory amplification, 
while IL-27 exerts anti-inflammatory regulatory effects, thus forming a functional antagonism.11,21 The IL-10 family (eg, 
IL-10, IL-22) takes immune suppression as its core function and maintains immune homeostasis via activating the STAT3 
pathway.12,22,23

The molecular pathogenesis of allergic rhinitis is illustrated in Figure 1. In the context of AR, the secretory regulation of 
interleukins is characterized by multi-cellular synergistic activation. For instance, upon stimulation by allergens such as 
house dust mites and pollen, nasal epithelial cells secrete IL-33 and thymic stromal lymphopoietin (TSLP) via the TLR4/NF- 
κB pathway,24 which further induces macrophages and mast cells to produce IL-4 and IL-1β.9,25 Th2 cells and macrophages 
amplify inflammatory signals through a “histamine-IL-4” positive feedback loop.9 The functional deficiency of regulatory 
T cells (Tregs) leads to insufficient IL-10 secretion, which fails to inhibit the excessive production of pro-inflammatory 
interleukins.5,26 Mendelian randomization studies have confirmed that elevated circulating levels of IL-18 and macrophage 
inflammatory protein-1α (MIP-1α) are significantly associated with an increased risk of AR onset, whereas elevated levels of 
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TNF-related apoptosis-inducing ligand (TRAIL) exert a protective effect. These findings suggest that the dysregulated 
secretion of interleukins is a causal factor rather than a secondary effect in the pathogenesis of AR.27

Core Features of Inflammation and the Critical Role of Macrophage Polarization in AR
The core feature of AR inflammation is characterized by the trinity of “Th2-type inflammation predominance, mucosal 
barrier damage, and inflammatory cell infiltration”. Disruption of tight junctions in nasal mucosal epithelial cells leads to 
allergen translocation.28 A large number of inflammatory cells such as eosinophils, mast cells, and macrophages infiltrate 
the lesion site, releasing mediators including eosinophil cationic protein (ECP), histamine, and tryptase.8,29 The inter
action between Th2 cells and B cells promotes IgE class switching, thereby inducing the formation of allergic 
memory.30,31 In this pathological process, macrophage polarization exerts a pivotal regulatory role. As the most abundant 
innate immune cells in the nasal mucosa, macrophages integrate interleukin signals through phenotypic switching, and 
then modulate the intensity of inflammation and the direction of immune responses.7

M1 macrophages are hyperactivated in AR. Upon activation by factors such as IL-1β and lipopolysaccharide (LPS), 
they secrete pro-inflammatory mediators including IL-6, TNF-α, and nitric oxide (NO) via the NF-κB and MAPK 
pathways, thereby exacerbating the apoptosis of nasal mucosal epithelial cells and the recruitment of inflammatory 
cells.8,32 Clinical sample analysis has shown that the expression of M1 markers, including inducible nitric oxide synthase 
(iNOS) and cyclooxygenase-2 (COX-2), is significantly upregulated in the nasal mucosa of AR patients, and positively 
correlates with the severity of nasal congestion and rhinorrhea symptoms.13

In contrast, M2 macrophages exhibit a characteristic of “functional differentiation”. Under normal physiological 
conditions, M2 macrophages inhibit inflammation and promote tissue repair by secreting IL-10 and TGF-β.33 However, 
in AR, M2 macrophages are induced by IL-4 and IL-13 into the pathogenic M2a subtype, which highly expresses CD206 
and arginase 1 (Arg1), thereby promoting Th2 cell polarization and IgE production.7,34 The proportion of the M2a 

Figure 1 Molecular Pathogenesis of allergic rhinitis. This schematic depicts the stepwise cellular and molecular events driving allergic rhinitis. Inhaled allergens cross the 
nasal epithelial barrier, triggering nasal epithelial cells to release alarmins (IL-33, TSLP). These alarmins promote Th2 cell differentiation. Th2 cells secrete key cytokines. IL-4 
and IL-13 drive B-cells to produce allergen-specific IgE antibodies, which bind to mast cells. IL-5 mediates eosinophil recruitment and activation in the submucosa. IL-33 also 
activates macrophages, amplifying inflammation. Mast cell-bound IgE cross-links upon repeat allergen exposure, triggering degranulation and release of histamine (and other 
mediators), which causes the classic symptoms of allergic rhinitis.
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subtype (CD44+CCR2+CD64−) is increased in nasal polyp tissues, and positively correlates with the Lund-Mackay score, 
suggesting its involvement in the chronicization of AR.15

Disruption of macrophage polarization balance is a key driver of AR recurrence. The M1/M2 imbalance leads 
to sustained activation of inflammatory signaling, and repeated damage and repair of nasal mucosal epithelial cells 
induce tissue remodeling.35 Co-culture of macrophages with nasal epithelial cells can trigger epithelial- 
mesenchymal transition (EMT), thereby aggravating nasal mucosal fibrosis.7 Furthermore, efferocytotic dysfunc
tion of macrophages results in impaired clearance of apoptotic cells, which further amplifies the inflammatory 
response. Knockdown of the myeloid cell-specific pyruvate kinase M2 (PKM2) gene was found to significantly 
suppress the pro-inflammatory activation of macrophages and reduce inflammatory infiltration in the nasal mucosa 
of AR mice, validating that disordered macrophage polarization is a core pathogenic driver of AR inflammation.36

Dual Roles of Interleukins in Regulating Macrophage Polarization in AR
The regulation of macrophage polarization by interleukins exhibits a “bidirectional regulation” feature, encompassing both 
“pathological polarization” induced by pro-inflammatory interleukins and “homeostatic repair” mediated by anti-inflammatory 
interleukins. Pro-inflammatory interleukins drive macrophages toward pro-inflammatory phenotypes through specific signal
ing pathways. IL-4 and IL-13 bind to macrophage IL-4Rα. They activate the STAT6 pathway, induce M2a polarization, and 
promote IL-13 and CCL17 secretion.9,37 IL-1βactivates the NLR family pyrin domain containing 3 (NLRP3) inflammasome, 
promotes macrophage pyroptosis, and triggers the release of IL-18, thereby further amplifying M1-type inflammation.8,38 IL- 
17A enhances macrophage M1 polarization through the NF-κB pathway and synergizes with IL-4 to exacerbate Th2-type 
inflammation.39,40 Clinical studies have confirmed that the expression levels of IL-4 and IL-17A in the nasal mucosa of AR 
patients exhibit a significant positive correlation with the expression of M2a and M1 markers, respectively.10,39

Anti-inflammatory interleukins maintain macrophage polarization balance through dual mechanisms of “direct 
inhibition and phenotypic switching”. IL-10 binds to the IL-10 receptor (IL-10R) on macrophages, activates the STAT3 
pathway, inhibits NF-κB activity, and induces M2c polarization along with the secretion of anti-inflammatory 
factors.12,41 IL-27 downregulates the expression of the M2 marker CD206 via the STAT1 pathway, while promoting 
the secretion of interferon-gamma (IFN-γ) to antagonize Th2-type inflammation.11,42 IL-35 inhibits the excessive 
activation of T cells by inducing macrophages to express programmed death-ligand 1 (PD-L1).5,43 Bioactive compo
nents of traditional Chinese medicine (TCM), such as Xiaoqinglong Decoction and Melastoma dodecandrum poly
saccharide, can remodel the M1/M2 balance of macrophages by upregulating IL-10 and downregulating IL-4 
expression,13,44 confirming that anti-inflammatory interleukin-mediated polarization repair is an effective therapeutic 
approach for AR.

Controversies persist in the polarization-regulating effects of certain interleukins. In human AR patient samples 
(limited human observational data), IL-32 is highly expressed in the nasal mucosa.45 In in vitro cellular models 
(preclinical mechanistic data), IL-32 promotes macrophage pro-inflammatory activation by activating caspase-1; how
ever, the anti-inflammatory effect of the IL-32γ isoform is only observed in tumor models (non-AR preclinical evidence) 
and represents an emerging, unconfirmed hypothesis in AR.14,43 No in vivo animal studies have validated the function of 
IL-32 in AR, so its definitive regulatory mechanism remains to be established.

For IL-33, it can induce M2 polarization to exacerbate inflammation on the one hand, and alleviate inflamma
tion by promoting regulatory T cells (Tregs) to secrete IL-10 on the other hand.46 This dual role and contradictory 
conclusions may stem from three key factors. First, IL-33 exhibits concentration-dependent effects (low concen
trations promote M2 polarization, high concentrations activate M1 polarization), which are rarely controlled 
consistently across studies. Second, methodological gaps exist: most evidence is derived from murine AR models, 
while few human nasal mucosal ex vivo studies are available, and animal strain differences lead to heterogeneous 
immune responses. Third, the relative levels of other cytokines (eg, IL-10, TNF-α) in the local inflammatory 
microenvironment differ significantly between studies, resulting in opposite polarization outcomes.
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Mechanistic Specificity of Different Interleukins in Regulating Macrophages 
to Ameliorate AR Inflammation
IL-1 Family: Dual Regulation of Inflammation Initiation and Polarization Orientation
As a classic pro-inflammatory cytokine, IL-1β binds to IL-1 receptor type 1 (IL-1R1) on macrophages to activate the NF- 
κB pathway, thereby promoting M1 polarization and the secretion of IL-6 and TNF-α, which exacerbates inflammatory 
cell infiltration and tissue damage in the nasal mucosa.8,10,47 Clinical sample studies have shown that IL-1β expression in 
the nasal mucosa of AR patients is significantly correlated with NLRP3 inflammasome activation; inhibiting NLRP3 can 
reduce IL-1β release and reverse macrophage M1 polarization.48 IL-33 regulates macrophage polarization balance via the 
ST2 receptor: low concentrations of IL-33 induce M2 polarization and the secretion of IL-4 and IL-13, while high 
concentrations activate the NF-κB pathway to promote M1 activation.18,49 Serum IL-33 levels are significantly elevated 
in AR patients and positively correlate with the expression of the M2 marker CD206 in the nasal mucosa. The clinical 
potential of anti-IL-33 antibodies demonstrated in asthma and chronic obstructive pulmonary disease (COPD) suggests 
that IL-33 may serve as a novel therapeutic target for AR.

IL-18 drives the production of IL-1β and granulocyte-macrophage colony-stimulating factor (GM-CSF) by macro
phages, enhances their antigen-presenting capacity, and amplifies Th2-type inflammatory responses.50 Mendelian rando
mization studies have confirmed that genetically predicted elevated IL-18 levels are associated with an increased risk of 
AR onset,27 while IL-18 binding protein (IL-18BP) can inhibit macrophage activation by neutralizing IL-18.50 As an IL- 
1 receptor antagonist (IL-1Ra), IL-1Ra competitively binds to IL-1 receptors, suppresses the pro-inflammatory activation 
of macrophages, and reduces the release of pro-inflammatory cytokines, thereby providing a “receptor blockade” strategy 
for AR treatment.51

IL-2 Family (γc Chain Family): Core Regulation of Th2 Inflammation Dominance and 
Polarization Balance
IL-4, a key factor inducing macrophage M2 polarization, upregulates the expression of CD206 and arginase 1 (Arg1) via 
the IL-4Rα/STAT6 pathway, promotes the secretion of IL-13 and C-C motif chemokine ligand 2 (CCL2), and recruits 
Th2 cells and eosinophils.9,52 Clinical data confirm positive correlations between IL-4/IL-13 levels and M2a abundance 
in AR nasal mucosa.7,53 Knockdown of IL-4 or blockade of IL-13Rα1 (via miR-31/miR-143) effectively inhibits M2a- 
mediated EMT and inflammatory amplification.54,55

IL-2 inhibits macrophage M2 polarization by activating the STAT5 pathway, promotes IFN-γ secretion, and 
antagonizes Th2-type inflammatory responses.5,56 Immunostimulatory sequence oligodeoxynucleotide (ISS-ODN) can 
enhance anti-inflammatory effects by inducing macrophages to produce IL-2, and its efficacy is superior to that of 
dexamethasone57 Although IL-5 does not directly regulate macrophage polarization, it can enhance the chemotactic and 
activating capacities of macrophages toward eosinophils, and amplify Th2-type inflammation via paracrine effects.58 

Montelukast can reduce inflammatory infiltration by inhibiting IL-5-mediated macrophage-eosinophil interaction.59

IL-6 Family: Functional Antagonism Between Pro-Inflammatory Amplification and 
Anti-Inflammatory Regulation
IL-6 promotes macrophage M1 polarization via the gp130/JAK/STAT3 pathway, induces the secretion of TNF-α and IL- 
1β, and exacerbates nasal mucosal inflammatory damage.60 The expression of IL-6 in the nasal mucosa of AR patients is 
positively correlated with the M1 marker inducible nitric oxide synthase (iNOS). Chlorogenic acid can block IL-6- 
mediated macrophage activation by inhibiting the TLR4/MAPK/NF-κB pathway.32 As an anti-inflammatory member of 
this family, in animal and in vitro preclinical models (established preclinical mechanism), IL-27 inhibits macrophage M2 
polarization by activating the STAT1 pathway, downregulates the expression of IL-4 and IL-13, and simultaneously 
promotes IFN-γ secretion.11 Preclinical studies (AR mouse model) have confirmed that IL-27 pretreatment significantly 
reduces nasal mucosal inflammatory infiltration (animal data only). In human AR patients, the immunomodulatory role of 
IL-27 remains an emerging hypothesis with no clinical or ex vivo human data to validate it.
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IL-31 enhances the release of pro-inflammatory cytokines by activating the MAPK pathway in macrophages, thereby 
aggravating pruritus-associated inflammatory responses of the nasal mucosa.61 Serum IL-31 levels in AR patients are 
positively correlated with nasal pruritus symptom scores. The success of IL-31-targeted biologics in atopic dermatitis 
(AD) provides a cross-disease reference for AR treatment.

IL-10 Family: Core Mediators of Anti-Inflammatory Polarization and Immune 
Tolerance
IL-10 is the primary anti-inflammatory interleukin governing M2c polarization, upregulates the secretion of IL-10 and 
TGF-β, and inhibits the activation of NF-κB and the NLRP3 inflammasome.8,62 The peroxisome proliferator-activated 
receptor gamma (PPAR-γ) agonist ciglitazone can inhibit M2 polarization and alleviate nasal symptoms in AR mice by 
inducing macrophages to secrete IL-10.12 IL-22 synergizes with IL-10 to enhance the tissue repair capacity of macro
phages, suppress M1 polarization, and protect the integrity of the nasal mucosal epithelial barrier.63 IL-22 expression is 
downregulated in the nasal mucosa of AR patients, and exogenous supplementation of IL-22 can significantly improve 
the tight junction function of the nasal mucosa.28

Other Key Interleukins: Complementary Mechanisms of Inflammatory Amplification 
and Regulation
The IL-17 family (including IL-17A and IL-17F) promotes macrophage M1 polarization by activating NF-κB pathway, 
enhances the release of IL-6 and TNF-α, and recruits neutrophil infiltration.10,39 AR symptoms are significantly alleviated 
in IL-17A-deficient mice. Melastoma dodecandrum polysaccharide can inhibit macrophage pyroptosis by regulating the 
NLRP3/IL-17 axis.44 IL-32 promotes the pro-inflammatory activation of macrophages by activating caspase-1 and 
upregulates the expression of IL-1β and TNF-α.45,64 Bamboo salt can alleviate macrophage-mediated inflammatory 
responses by inhibiting IL-32 signaling.64 GM-CSF promotes macrophage M2 polarization, enhances antigen-presenting 
capacity, and synergizes with IL-5 to maintain eosinophil survival.65 Specific immunotherapy can reduce GM-CSF 
expression in nasal polyp tissues and alleviate macrophage-mediated inflammation.66 We have summarized the research 
on the regulation of macrophages by different interleukins to improve allergic rhinitis inflammation, as shown in Table 1.

Interaction Mechanisms Between Aberrant Macrophage Polarization and 
the Interleukin Network in AR
Polarization Characteristics and Functional Imbalance of Macrophages in AR
In the context of AR, allergens (eg, house dust mites and pollen) activate macrophages via the TLR4/NF-κB pathway, 
inducing their polarization toward the M1 phenotype32 Meanwhile, pro-inflammatory cytokines such as IL-1β and TNF-α 
form a positive feedback loop that sustains the persistent activation of M1 macrophages8 By secreting mediators 
including IL-6, IL-12, and NO, M1 macrophages directly impair the tight junctions of nasal mucosal epithelial cells 
(as evidenced by the downregulated expression of ZO-1 and occludin), and recruit neutrophils and Th17 cells via the 
secretion of chemokines such as CCL2 and macrophage inflammatory protein-2 (MIP-2)28,39 Clinical sample analyses 
have shown that the proportion of M1 macrophages in the nasal mucosa of AR patients is 23-fold higher than that in 
healthy individuals, and positively correlates with nasal mucosal thickness and the number of infiltrating inflammatory 
cells69 In vitro experiments have confirmed that M1-conditioned medium can significantly promote the apoptosis of nasal 
epithelial cells, whereas blockade of IL-6 and TNF-α can reverse this effect, suggesting that M1 macrophage hyper
activation is a direct cause of nasal mucosal damage.32

Under normal physiological conditions, M2 macrophages inhibit inflammatory responses and promote nasal mucosal 
epithelial repair by secreting IL-10 and transforming growth factor-β (TGF-β) Whereas in AR, M2 macrophages exhibit 
a feature of pathogenic activation: they are induced into the M2a subtype by IL-4 and IL-13, highly express CD206 and 
arginase 1 (Arg1), and promote Th2 cell polarization and IgE production via the secretion of IL-4 and IL-13. Meanwhile, 
co-culture of M2a macrophages with nasal epithelial cells can induce epithelial–mesenchymal transition (EMT), thereby 
facilitating nasal mucosal fibrosis and tissue remodeling.7 In nasal polyp tissues, the proportion of the M2a subtype 
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Table 1 Summary of Studies on Different Interleukins Regulating Macrophages to Improve Allergic Rhinitis Inflammation

Interleukin Family Model Signaling 
Pathway

Key 
Molecular 
Targets

Main Mechanism of 
Action

Result Reference

IL-1β IL-1 

Family

OVA-stimulated 

BMDMs; OVA- 
exposed AR mouse

NLRP3/ 

caspase-1

NLRP3, 

ASC, 
caspase-1, 

gasdermin 

D

OVA activates NLRP3 

inflammasome in BMDMs, 
elevates IL-1β and induces 

macrophage lysis

Inhibiting NLRP3- 

mediated 
pyroptosis 

improves AR 

inflammation

Zhou 

et al,20228

IL-1β IL-1 

Family

AR patients - IL-17, ROS, 

NLRP3

IL-1β/IL-17 are elevated in 

AR patients; mitochondrial 

ROS upregulates IL-1β

IL-1β participates in 

AR via regulating IL- 

17

Shi et al, 

201810

IL-33 IL-1 

Family

AR patients; 

AR mice

Myd88- 

dependent

ST2 IL-33 released from injured 

cells activates ST2/Myd88 

signaling

IL-33 regulates 

tissue homeostasis 

and type 2 
inflammation in AR

Cayrol 

et al, 20221

IL-33 IL-1 

Family

AR patients; 

normal HNECs

ERK/p38 

MAPK/ 
JNK/NF- 

κB

ST2, IL-8, 

IFN-γ
IL-33/ST2 promotes IL-8/ 

GM-CSF secretion in 
HNECs

IL-33/ST2 axis is 

a potential target 
for AR treatment

Kamekura 

et al, 
202218

IL-4 IL-2 

Family

AR patients; 

OVA-induced AR 

mice

IL4I1/AhR IL13, IL-33, 

STAT6, 

CD206

IL4I1/AhR axis promotes 

M2 polarization and 

exacerbates EMT in AR

IL4I1/AhR drives 

macrophage M2 

polarization in AR

Liu et al, 

20257

IL-4 IL-2 

Family

LPS-stimulated 

RAW2647 cells/ 

mouse peritoneal 
macrophages and 

MSCs; 

OVA-induced AR 
mice

NF-κB IgE, IgG1 hNMSCs/hUCMSCs inhibit 

NF-κB and reduce IgE/Th2 

cytokines in AR mice

hNMSCs exert 

better anti- 

inflammatory 
effects in AR than 

hUCMSCs

Liu et al, 

202467

IL-6 IL-6 

Family

LPS-stimulated 

RAW2647 cells; 
OVA-induced AR 

mice

MAPK/NF- 

κB

IL-1β, TNF- 

α
Compound 11g regulates 

MAPK/NF-κB via CB1R to 
reduce inflammatory 

factors

Compound 11g 

alleviates 
inflammatory 

infiltration in AR 

mice

Wang et al, 

202560

IL-6 IL-6 

Family

RAW2647 cells were 

treated with LPS; 

OVA-induced AR 
mice

TLR4/ 

MAPK/NF- 

κB

NO, TNF-α, 

IL-6, p-p38, 

p-p65, p-IκB

CGA inhibits TLR4/MAPK/ 

NF-κB to reduce LPS- 

induced inflammation

CGA exerts anti- 

inflammatory 

effects in AR via 
TLR4 pathway

Xu et al, 

202532

IL-10 IL-10 

Family

AR patients; 

OVA was used to 
treat macrophages

- miR-214-3p, 

GSK3B

miR-214-3p targets GSK3B 

to facilitate macrophage 
M2 polarization

miR-214-3p 

promotes M2 
polarization in AR

Ling et al, 

202268

IL-17A IL-17 

Family

OVA-induced AR 

mice

NLRP3/ IL- 

17,

IL-1β, IL-18 MDP inhibits NLRP3/IL-17 

axis to reduce IgE/IL-17/IL- 
1β in AR mice

MDP alleviates AR 

symptoms via 
NLRP3/IL-17 

pathway

Xu et al, 

202544

IL-17A IL-17 
Family

OVA-induced AR 
mice

- IL-5, TNF-α IL-17A deficiency reduces 
IL-5 level in AR mice

IL-17A contributes 
to AR via regulating 

pro-inflammatory 

cytokines

Quan et al, 
201239

IL-32 IL-32 

Family

AR patients - IL-1β, IL-18, 

Caspase-1, 

GM-CSF

IL-32 upregulates IgE and 

inflammatory cytokines in 

AR via GM-CSF/caspase-1

IL-32 is a key 

inflammatory 

mediator in AR

Jeong et al, 

201145

(Continued)
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(CD44+CCR2+CD64−) is significantly increased, and positively correlates with the number of infiltrating eosinophils as 
well as IL-5 expression.15 In SENP3-deficient mice, enhanced M2 polarization elevates the risk of nasal polyp formation, 
confirming that pathogenic M2 macrophages are a key driver of AR chronicization.35

As an anti-inflammatory member of the M2 subset, the M2c subtype exhibits functional deficiency in AR. In the nasal 
mucosa of AR patients, the expression of the M2c marker CD163 is downregulated, accompanied by insufficient IL- 
10 secretion, which fails to inhibit the hyperactivation of M1 and M2a macrophages. The functional impairment of 
regulatory Tregs serves as a critical factor contributing to insufficient M2c activation. Allergen immunotherapy (AIT) can 
promote M2c polarization by restoring Treg function.5

Disruption of M1/M2 polarization balance contributes to the persistent and recurrent features of AR inflammation: 
M1 hyperactivation triggers acute inflammatory responses (eg, sneezing, nasal pruritus), while pathogenic differentiation 
of M2a sustains chronic inflammation (eg, nasal congestion, nasal mucosal hypersecretion). Their synergistic effect 
induces nasal mucosal hyperresponsiveness, characterized by excessive responses to non-specific stimuli such as cold air 
and odors.69 Long-term polarization imbalance also leads to the formation of immune memory. M2a macrophages 
enhance antigen-presenting capacity to promote the formation of Th2 cell memory, resulting in AR patients triggering 
inflammatory responses even upon exposure to low-dose allergens. Clinical studies have confirmed that AR patients have 
a high recurrence rate after discontinuing medication after drug withdrawal, and the M1/M2 ratio in their nasal mucosa 
remains significantly imbalanced, suggesting that the failure to restore polarization balance is the core cause of 
recurrence.3,70 AR patients have a high recurrence rate after discontinuing medication.

Regulatory Effects of the Interleukin Network on Macrophage Polarization
Th2-type interleukins (IL-4 and IL-13) serve as the core signals inducing macrophage polarization toward the M2a 
subtype. IL-4 binds to IL-4Rα on the macrophage surface, activates the STAT6 pathway, and upregulates the expression 
of M2a markers such as CD206 and arginase 1 (Arg1).7 IL-13 acts via the IL-13 receptor alpha 1 (IL-13Rα1)/STAT6 
pathway, synergizes with IL-4 to enhance M2a polarization, and simultaneously promotes the expression of mucus- 
related genes.54 The expression levels of IL-4 and IL-13 in the nasal mucosa of AR patients are 3.1-fold and 2.7-fold 
higher than those in healthy individuals, respectively, and positively correlate with the proportion of M2a macrophages.55 

MicroRNA-143 (miR-143) can block IL-13-mediated M2a polarization by inhibiting IL-13Rα1 expression, confirming 
that Th2-type interleukins are key drivers of M2a polarization.55

Pro-inflammatory interleukins (IL-1β, IL-6, IL-17) synergistically induce macrophage polarization toward the M1 
phenotype. IL-1β promotes macrophage pyroptosis and triggers the release of IL-18 by activating the NLRP3 inflamma
some, thereby further enhancing M1 activation.8 IL-6 upregulates the expression of iNOS and COX-2 via the JAK/ 
STAT3 pathway, strengthening the pro-inflammatory function of M1 macrophages.32 IL-17A synergizes with IL-4 
through the NF-κB pathway to not only promote M1 polarization but also augment Th2-type inflammation.39 These 
interleukins exert a cascade amplification effect: IL-1β induces macrophages to secrete IL-6 and IL-17, which in turn 
recruit Th17 cells to secrete IL-17, exacerbating M1 polarization.7

Table 1 (Continued). 

Interleukin Family Model Signaling 
Pathway

Key 
Molecular 
Targets

Main Mechanism of 
Action

Result Reference

IL-32 IL-32 

Family

LPS-stimulated THP- 

1 cells

NF-κB IL-1β, IL-6, 

IL-8, TNF-α, 

NO, 
caspase-1

Bamboo salt inhibits NF- 

κB/p38/caspase-1 to block 

IL-32-induced inflammation

Bamboo salt 

suppresses IL-32- 

mediated 
inflammation in AR

Nam et al, 

201464

Abbreviations: AR, allergic rhinitis; AhR, aryl hydrocarbon receptor; CD206, M2 macrophage marker; CGA, Chlorogenic acid; OVA, ovalbumin; BMDMs, bone marrow- 
derived macrophages; LPS, lipopolysaccharide; HNECs, human nasal epithelial cells; hNMSCs, human nasal mucosa-derived mesenchymal stem cells; hUCMSCs, human 
umbilical cord-derived mesenchymal stem cells; GSK3B, glycogen synthase kinase 3 beta; MDP, Melastoma dodecandrum polysaccharide; THP-1, the human monocyte cell 
line.

Journal of Inflammation Research 2026:19                                                                                          https://doi.org/10.2147/JIR.S607167                                                                                                                                                                                                                                                                                                                                                                                                       9

Luan et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



The IL-10 family restores macrophage polarization balance via dual mechanisms of direct inhibition + phenotypic 
switching. IL-10 binds to the IL-10R on macrophages, activates the STAT3 pathway, inhibits NF-κB activity, down
regulates the expression of M1 markers, and simultaneously induces M2c polarization.12 IL-10 expression is down
regulated in the nasal mucosa of AR patients, and exogenous supplementation of IL-10 can significantly reduce the M1/ 
M2a ratio and alleviate inflammatory symptoms.12 IL-27 induces macrophages to exhibit an “M1/M2 balanced pheno
type” by activating the STAT1 pathway, which not only reduces the secretion of IL-6 and TNF-α but also decreases the 
expression of CD206 and IL-13.11 IL-22 synergizes with IL-10 to enhance the tissue repair capacity of macrophages and 
protect the integrity of the nasal mucosal epithelial barrier.14

Other anti-inflammatory mediators (eg, TRAIL, IL-35) are also involved in polarization regulation: TRAIL reduces 
the secretion of pro-inflammatory cytokines by macrophages via inhibiting the NF-κB pathway.27 IL-35 indirectly 
restores polarization balance by inducing macrophages to express PD-L1 and inhibiting excessive T cell activation.5

Vicious Cycle Between Macrophage Polarization and Interleukins
A closed loop of “aberrant macrophage polarization-interleukin imbalance” is formed in AR. Allergen stimulation 
induces M1/M2 imbalance in macrophages: M1 macrophages secrete IL-1β and IL-6, while M2a macrophages secrete 
IL-4 and IL-13, and these interleukins further exacerbate the disorder of macrophage polarization.9 Meanwhile, macro
phages with abnormal polarization enhance their antigen-presenting capacity to promote Th2 cell activation and 
interleukin secretion, amplifying inflammatory signals. For instance, Th2 cells and macrophages mutually activate 
each other through a histamine-IL-4 loop. Histamine secreted by macrophages promotes Th2 cells to secrete IL-4 via 
the histamine H4 receptor, and IL-4 further induces M2a polarization of macrophages and histamine release.9 Activation 
of the NLRP3 inflammasome leads to macrophage pyroptosis, and the released IL-1β induces Th17 cells to secrete IL-17, 
which in turn exacerbates M1 polarization.8

This vicious cycle leads to sustained amplification of inflammatory signals (as shown in Figure 2). Damage to nasal 
mucosal epithelial cells induces allergen translocation, which further activates macrophages and the interleukin 
network.24 Inflammatory cell infiltration exacerbates tissue damage, forming a “damage-inflammation-re-damage” 
cycle.28 Ultimately, this drives AR to progress from acute inflammation to chronic inflammation, and may even develop 
into complications such as asthma and nasal polyps.2

Core Mechanisms of Interleukin-Regulated Macrophage Polarization for 
Ameliorating AR Inflammation
Targeting Pro-Inflammatory Interleukins: Blocking Abnormal Polarization-Inducing 
Signals
As the core inducing signals for M2a polarization, IL-4/IL-13 and their receptor IL-4Rα represent important therapeutic 
targets.71 Dupilumab, an anti-IL-4Rα monoclonal antibody, has been confirmed in phase III clinical trials to significantly 
reduce the expression of the M2a marker CD206 in the nasal mucosa of AR patients, decrease IL-4/IL-13 levels, and 
improve nasal mucosal hyperresponsiveness.2,72 Semi-quantitative synthesis shows a consistent effect trend: By regulat
ing CD206/TLR2, eosinophil infiltration was reduced by ≥55% and AR pathology in mice was effectively improved.73 

Animal experiments have shown that anti-IL-13 antibodies can inhibit macrophage M2a polarization and reduce 
eosinophil recruitment.54 In addition, miRNA-based regulatory strategies have also shown promising potential. miR-31 
and miR-143 can block IL-13-mediated macrophage activation by inhibiting IL-13Rα1 expression.74,75 Intranasal 
delivery of miR-31 mimics can significantly alleviate symptoms in AR mice.55

IL-1β-mediated M1 polarization and macrophage pyroptosis serve as crucial initiating events in AR inflammation.76 

MCC950, a selective NLRP3 inhibitor, can suppress macrophage pyroptosis, reduce IL-1β release, reverse M1 polariza
tion, and alleviate nasal mucosal inflammation in AR mice.8,77 Melastoma dodecandrum polysaccharide inhibits macro
phage pyroptosis and IL-17 secretion by downregulating the expression of NLRP3 and gasdermin D (GSDMD).44,78 

Canakinumab, a monoclonal antibody against IL-1β, has been confirmed in AR animal models to inhibit M1 macrophage 
activation and reduce pro-inflammatory cytokine release, thereby providing a solid basis for clinical translation.10,79
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IL-17A synergistically promotes M1 polarization and Th2-type inflammation, and therapeutic strategies targeting IL- 
17 have demonstrated efficacy. In IL-17A-deficient mice, AR symptoms are significantly alleviated, with reduced levels 
of M1 markers and Th2 cytokines in the nasal mucosa.39,80 Traditional Chinese medicine (TCM) components (eg, 
bamboo salt, Nanhuzhu herb) can reduce the pro-inflammatory activation of macrophages by inhibiting the IL-32/IL-17 
axis.64,81

Enhancing Anti-Inflammatory Interleukins: Activating Polarization-Balancing Signals
IL-10-induced M2c polarization is key to restoring immune homeostasis.82 Ciglitazone, a peroxisome proliferator- 
activated receptor gamma (PPAR-γ) agonist, can inhibit M2a polarization and alleviate symptoms in AR mice by 
inducing macrophages to secrete IL-10.12,83 Mesenchymal stem cell-derived exosomes (MSC-Exos) carry miR-146a- 
5p, which can upregulate IL-10 expression in macrophages and promote M2c polarization.84 IL-35 indirectly promotes 
anti-inflammatory polarization of macrophages by enhancing regulatory T cell (Treg) function, and its mimetics have 
shown favorable safety profiles in preclinical studies.5

IL-27-mediated balanced polarization exhibits unique advantages.85 It not only inhibits M2a polarization but also 
does not exacerbate M1 activation; instead, it induces macrophages to adopt an anti-inflammatory phenotype. Intranasal 
administration of IL-27 analogs can significantly reduce IL-4 and IL-6 levels in the nasal mucosa of AR mice and 
ameliorate their symptoms.11,86 Natural products (eg, chlorogenic acid) can regulate macrophage polarization by 
upregulating IL-27 expression, which provides insights into the development of multi-targeted therapy.32

Figure 2 The polarization of macrophages in the nasal mucosa of allergic rhinitis is imbalanced. This schematic illustrates the dysregulation of macrophage polarization in 
allergic rhinitis (AR), depicting how unpolarized (M0) macrophages differentiate into functionally distinct subsets and their contributions to allergic inflammation. M1 (Pro- 
Inflammatory) Macrophages: Induced by triggers including IL-1β, IL-6, and LPS via the NF-κB pathway, these cells produce pro-inflammatory mediators (TNF-α, reactive 
oxygen species [ROS], iNOS, and NLO) and interact with the NLRP3 inflammasome. This drives epithelial cell apoptosis and acute mucosal inflammation. M2a (Allergic/ 
Type 2) Macrophages: Polarized by IL-4 and IL-13 through the STAT6 signaling cascade, M2a macrophages express markers CD206 and Arg1, and secrete chemokines 
CCL17/CCL22. They promote allergic pathology by driving collagen deposition (fibrosis/epithelial-mesenchymal transition, EMT), Th2 cell recruitment, and IgE antibody 
production. M2c (Anti-Inflammatory/Pro-Resolution) Macrophages: Normally induced by IL-10 and IL-27 via the STAT3 pathway to produce anti-inflammatory cytokines IL- 
10 and TGF-β, this homeostatic subset is suppressed or insufficient in AR.
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Downstream Anti-Inflammatory Effects: Ameliorating Core Pathological Features of 
AR
Modulation of macrophage polarization significantly reduces the recruitment of inflammatory cells such as eosinophils 
and mast cells: inhibition of M2a polarization decreases the secretion of CCL17 and CCL22, thereby reducing the 
infiltration of Th2 cells and eosinophils.7 Activation of M2c polarization suppresses mast cell degranulation via IL-10, 
leading to a reduction in histamine release.12

Animal experiments have shown that Xiaoqinglong Decoction markedly decreases the numbers of eosinophils and 
macrophages in the nasal lavage fluid of AR mice by inhibiting M1 polarization and the transient receptor potential 
vanilloid 1 (TRPV1) pathway.13 MP-AzeFlu (azelastine + fluticasone propionate) synergistically inhibits the secretion of 
pro-inflammatory cytokines by macrophages and reduces eosinophil viability.87

Restoration of polarization balance can promote the recovery of nasal mucosal epithelial barrier function. TGF-β 
secreted by M2c macrophages can facilitate epithelial cell proliferation and tight junction reconstruction.12,88 IL-22 
synergistically enhances the expression of the tight junction proteins ZO-1 and occludin in epithelial cells together with 
IL-10.28,89 Asarum sieboldii oil (ASO) improves tight junction function of the nasal mucosa in AR mice and reduces 
allergen translocation by modulating macrophage polarization.28 Psoralen inhibits macrophage inflammation and mucus 
production in nasal epithelial cells via activating the SIRT1/Nrf2 pathway.90

The core mechanism of interleukin-regulated macrophage polarization to improve AR inflammation is shown in 
Figure 3. Modulation of macrophage polarization can indirectly restore Treg/Th2 balance. IL-10 secreted by M2c 
macrophages can promote Treg proliferation and functional activation.5 Inhibition of M2a polarization reduces Th2 
cell activation and IgE production. Allergen immunotherapy (AIT) restores immune tolerance by decreasing GM-CSF 
and IL-5 expression and reshaping macrophage polarization balance.66 Immunostimulatory sequence oligodeoxynucleo
tides (ISS-ODN) induce macrophages to produce IFN-γ, antagonize Th2-type inflammation, and exert a superior efficacy 
over dexamethasone.57

Figure 3 Molecular mechanism of Interleukin-targeted therapies regulating Macrophage Polarization in AR. This diagram outlines macrophage-targeted therapies for AR. 
The left panel depicts inhibition of pathogenic M1 (via NLRP3 inflammasome blockade) and M2a (via IL-4/IL-13/STAT6 inhibition) macrophage phenotypes. The right panel 
shows activation of pro-resolving M2c macrophages by IL-10, IL-27, IL-35, or MSC-exosomes (via STAT3/STAT1 signaling), which drive nasal epithelial barrier repair and 
immune tolerance.
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Current Status and Characteristic Comparison of Domestic and 
International Research
International Research Progress: In-Depth Mechanism Elucidation and Biologic Agent 
Development
International research has focused on the in-depth elucidation of interleukin-macrophage polarization pathway mechan
isms, with particular emphasis on signaling pathway regulation and molecular target mining. It has been clarified that IL- 
4/IL-13 regulate Arg1 expression in macrophages via the JAK1/STAT6 pathway, IL-10 inhibits the transcription of M1- 
associated genes through the STAT3 pathway,12 and activation of the NLRP3 inflammasome is a critical step in 
macrophage pyroptosis.8,91 The development of biologic agents represents the core direction of international research. 
The anti-IL-4Rα monoclonal antibody (dupilumab) has been approved for the treatment of AR, and phase III clinical 
trials have demonstrated that it can significantly ameliorate symptoms in patients with moderate-to-severe AR.2 Anti-IL 
-33 antibodies have shown clinical potential in asthma and chronic obstructive pulmonary disease (COPD), and their 
therapeutic efficacy for AR is currently being validated in clinical trials.1,33 IL-10 fusion proteins have exhibited 
favorable anti-inflammatory effects in preclinical studies by targeting M2c polarization of macrophages.12

Exploration of precision medicine constitutes another distinctive feature of international research. Personalized 
treatment regimens have been formulated based on the macrophage polarization phenotypes of AR patients, namely M1- 
dominant, M2a-dominant, and mixed types.2 Heterogeneous subtypes of nasal mucosal macrophages (eg, MDM3) have 
been identified via single-cell RNA sequencing (scRNA-seq), providing novel targets for targeted therapy.15 Mendelian 
randomization studies have clarified that IL-18 and MIP-1α are causal risk factors for AR, offering clear directions for 
drug development.27

Domestic Research Progress: Regulation by Natural Products and Features of Clinical 
Translation
Domestic research has achieved remarkable outcomes in the regulation of the interleukin-macrophage polarization 
pathway by natural products (including traditional Chinese medicine [TCM] and plant extracts). TCM formulae (eg, 
Xiaoqinglong Decoction and modified Yupingfeng Powder) can reshape the macrophage M1/M2 ratio by regulating the 
IL-6/IL-10 balance, thereby ameliorating symptoms in AR patients without significant side effects.13,46

Active TCM components (eg, Melastoma dodecandrum polysaccharide, chlorogenic acid, and psoralen) inhibit the 
pro-inflammatory activation of macrophages by suppressing pathways such as NLRP3 and NF-κB.32,44,90 Ethnic 
medicinal materials (eg, bamboo salt and Nanhuzhu herb) alleviate macrophage-mediated inflammatory responses via 
inhibiting IL-32 signaling.64,81

Clinical translation and population-specific research represent the advantages of domestic studies. Cohort studies on 
macrophage polarization phenotypes of AR patients in the Chinese population have been conducted, which clarified that IL- 
17 and IL-33 act as drivers of aberrant macrophage polarization in domestic AR patients.39,46 Derivatives of natural products 
(eg, astragalus polysaccharide nanoparticles) have been developed to enhance the targeting efficiency toward macrophages.92

The gut microbiota-interleukin-macrophage polarization axis has been explored, and it was found that probiotics can 
improve macrophage function in AR by upregulating IL-10 expression.84 In addition, research on cell therapy has been 
gradually advanced: human nasal mucosa-derived mesenchymal stem cells (hNMSCs) suppress macrophage inflamma
tion via the NF-κB pathway, and their anti-inflammatory efficacy is superior to that of human umbilical cord-derived 
mesenchymal stem cells.67 Mesenchymal stem cell-derived exosomes carry miR-146a-5p, which can modulate macro
phage polarization.84

Challenges and Future Perspectives
Core Challenges in Clinical Translation
Macrophage polarization phenotypes in AR patients exhibit substantial interindividual heterogeneity. Approximately 
35% of patients present with M1-dominant inflammation, 42% with M2a-dominant inflammation, and 23% with a mixed 
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phenotype, resulting in limited response rates to single interleukin-targeted drugs. For instance, anti-IL-4Rα monoclonal 
antibodies exert significant therapeutic efficacy in M2a-dominant patients but yield limited improvement in M1-dominant 
patients.2 NLRP3 inhibitors are effective in M1-dominant patients but show poor efficacy in M2a-dominant patients.8 In 
addition, factors such as age, allergen type, and comorbidities (eg, asthma, nasal polyps) of AR patients can also affect 
macrophage polarization phenotypes, further increasing the difficulty of treatment.

Existing biologic agents are unable to specifically act on local macrophages in the nasal mucosa. Monoclonal 
antibodies such as anti-IL-4Rα and anti-IL-1β are administered systemically, which may impair the function of peripheral 
macrophages and thereby increase the risk of infection.2

Although nasal preparations (eg, glucocorticoids) can exert local effects, they lack targeting ability toward macro
phages, resulting in relatively limited efficacy in restoring polarization balance.3 How to achieve targeted delivery 
characterized by nasal mucosal locality and macrophage specificity is the key to improving therapeutic efficacy and 
reducing adverse effects.

Although domestic research on natural products is abundant, it is confronted with problems such as inadequate in- 
depth mechanism elucidation and insufficient standardization. The exact targets of action for most active TCM 
components remain unclear; it is only known that they regulate pathways such as NF-κB and NLRP3, whereas their 
specific binding sites and molecular interactions are yet to be identified.93

TCM formulae have complex compositions and lack unified quality control standards, which leads to poor reprodu
cibility of clinical efficacy.13 In addition, the pharmacokinetic properties of natural products (eg, low bioavailability and 
rapid metabolism) also limit their clinical application.90

Most studies remain at the cellular and animal model levels, lacking high-quality clinical data. Domestic research on 
natural products is mostly limited to small-sample clinical observations, with a shortage of large-sample, long-term 
follow-up phase III clinical trials.13 Real-world treatment considerations further restrict translational value, including 
variable patient adherence to nasal preparations, comorbidity interactions (asthma, conjunctivitis), economic burden of 
biologics, and regional differences in clinical practice, which are rarely combined with interleukin-macrophage targeted 
strategies in current research.94,95 While international biologic agents have been tested in clinical trials, subgroup 
analyses targeting patients with different polarization phenotypes are insufficient.2 In addition, clinical detection methods 
for macrophage polarization-related biomarkers (eg, CD206, iNOS, IL-10) have not been standardized, which prevents 
their application in therapeutic efficacy monitoring.5

Future Research Directions
Combination therapeutic strategies should be formulated based on polarization phenotypes. For patients with M1- 
dominant inflammation, “anti-IL-1β monoclonal antibody in combination with IL-10 mimetic” is recommended, which 
not only inhibits M1 activation but also induces M2c polarization.8,12 For patients with M2a-dominant inflammation, 
“anti-IL-4Rα monoclonal antibody in combination with IL-27 analog” is proposed to block M2a polarization and restore 
a balanced phenotype.2,11 For patients with the mixed phenotype, “multi-targeted nanocarriers” can be employed to 
simultaneously deliver IL-4Rα inhibitors and NLRP3 inhibitors.84 Machine learning algorithms can be used to integrate 
patients’ polarization phenotypes, genetic backgrounds, and clinical characteristics to construct therapeutic efficacy 
prediction models, thus enabling personalized treatment.96

Construct nasal macrophage-targeted delivery systems. Liposomes and nanoparticles modified with macrophage- 
targeting peptides (eg., CD206 ligands) can be used to load interleukin inhibitors or natural products, achieving targeted 
delivery to local nasal mucosal macrophages.84

Develop stimuli-responsive nanocarriers (eg., pH-sensitive and ROS-sensitive ones) that specifically release drugs in 
the inflammatory microenvironment to enhance targeting precision.90 Intranasal administration not only avoids systemic 
adverse effects but also acts directly on nasal mucosal macrophages, thereby improving therapeutic efficacy.28

Multi-omics technologies (transcriptomics, proteomics, metabolomics) should be applied to screen the core targets of 
active TCM components. The binding mode of chlorogenic acid to TLR4 needs to be clarified,32 and the molecular 
mechanism by which dried ginger in Xiaoqinglong Decoction inhibits TRPV1 should be elucidated.13 Standardized 
extraction processes and quality control standards for active TCM components should be established to ensure the 

https://doi.org/10.2147/JIR.S607167                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2026:19 14

Luan et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



stability of clinical efficacy.93 Structural modifications (eg., esterification and glycosylation) can be performed to improve 
the bioavailability and metabolic stability of natural products.90

Multi-center, large-sample clinical trials of natural products and biologic agents should be conducted, with a focus on 
therapeutic efficacy differences among subgroups with distinct polarization phenotypes.13 Detection kits for macrophage 
polarization-related biomarkers (eg., serum IL-10/IL-4 ratio, nasal mucosal CD206/iNOS expression ratio) should be 
developed for patient stratification and therapeutic efficacy monitoring.5 Early intervention strategies should be explored, 
targeting populations with allergic diathesis (eg., children), to prevent the onset of AR or delay disease progression by 
modulating the interleukin-macrophage polarization pathway.96

The relationship between macrophage heterogeneity and AR should be further explored. It is necessary to clarify the 
role of subtypes such as MDM3 in nasal polyp formation and identify novel therapeutic targets.15 The epigenetic 
mechanisms underlying interleukin-mediated regulation of macrophage polarization (eg., DNA methylation and non- 
coding RNA) should be investigated.97 The regulatory effect of the gut-nasal mucosa axis on macrophage polarization 
should be explored to provide new insights into AR treatment.98

Conclusions
The core pathological mechanism of allergic rhinitis (AR) revolves around interleukin (IL)-mediated immune dysregula
tion and mucosal inflammatory cascades, driven by disrupted network balance between pro-inflammatory and anti- 
inflammatory ILs rather than a single factor. This review systematically summarizes the key regulatory roles of the IL 
network in AR, providing a mechanistic basis for understanding AR pathogenesis and developing targeted therapies.

Th2-type ILs (IL-4, IL-5, IL-13) act as pivotal pathogenic factors: IL-4 promotes IgE production and mast cell 
degranulation; IL-5 drives eosinophilic infiltration; IL-13 disrupts nasal mucosal tight junctions. Anti-inflammatory ILs 
(IL-10, IL-35) maintain immune homeostasis by suppressing Th2 inflammation and pro-inflammatory cytokine release, 
while IL-6/IL-17 amplifies inflammatory cascades via immune subset regulation.

This review systematically clarifies the synergistic mechanisms of IL network-mediated immune dysregulation and 
mucosal barrier injury, complementing previous single-factor studies and providing an integrated view of AR pathogen
esis. Clinically, it supports the translational potential of IL-targeted agents (IL-4/IL-13 receptor antagonists, anti-IL-5 
biologics) and links these novel strategies to established AR therapies (intranasal glucocorticoids, antihistamines, 
allergen-specific immunotherapy). Real-world challenges including patient phenotypic heterogeneity, administration 
routes, cost accessibility, and long-term safety should be integrated into future therapeutic development to overcome 
the limitations of low efficacy and high recurrence of conventional treatments. This review provides a mechanistic 
foundation for AR precision therapy and supports the optimization of clinical treatment strategies.
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