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Abstract: Chronic spontaneous urticaria (CSU) is an immune-mediated skin disorder marked by recurrent hives and angioedema, 
affecting a large proportion of the global population. Traditional immunotherapy often fails, particularly in difficult-to-treat cases, 
highlighting the need for more precise, immune cell-targeted treatments. Nanomaterials offer unique advantages, such as size tuning, 
surface functionalization, and controlled release, allowing precise targeting of immune cell receptors. This is crucial for enhancing 
treatment efficacy and minimizing systemic side effects. This review explores the potential of nanomaterials in CSU immunotherapy, 
focusing on their ability to modulate immune cells—such as mast cells, eosinophils, basophils, and T lymphocytes—to restore immune 
balance and alleviate symptoms. However, challenges remain in the clinical application of nanomaterials, including concerns about 
immunotoxicity, long-term safety, and the need for stronger evidence of efficacy in human trials. Additionally, while AI in optimizing 
nanomaterial design shows promise, it is still in early development and requires further exploration to enhance its practical 
applications. Current nanomaterial applications in allergic diseases, such as food allergies and asthma, show promise but differ 
from CSU in immune mechanisms like mast cell-eosinophil interactions and neuroimmune pathways. This approach is novel in that 
nanomaterials could provide a more precise, targeted solution for CSU, overcoming the limitations of current therapies. Future 
research should focus on optimizing nanomaterial formulations, integrating multi-omics analyses, and developing AI-driven strategies 
for personalized treatment. These advances could pave the way for safer, more effective immunotherapies in CSU and other immune- 
mediated diseases. 
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Introduction
Chronic spontaneous urticaria (CSU) is a prevalent immune-mediated skin disorder manifesting as recurrent wheals, 
angioedema, and intense pruritus, with a lifetime prevalence of 0.5–1%. It significantly impairs patients’ quality of life 
and imposes substantial economic and psychological burdens.1,2 Approximately 40–50% of patients respond inade
quately to first-line H1-antihistamines, and even with second-line biologics such as omalizumab (an anti-IgE monoclonal 
antibody), nearly 30% remain refractory or experience relapse upon treatment discontinuation, highlighting an urgent 
unmet clinical need for more effective and durable therapies.3–7

In recent years, nanomaterials have emerged as a transformative platform in immunotherapy for allergic diseases, 
owing to their unique advantages, including tunable nanoscale size (<100 nm), high surface-to-volume ratio, versatile 
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surface functionalization, targeted delivery, and controlled or stimuli-responsive cargo release.8–10 These properties 
enable precise modulation of immune cells by targeting specific receptors (eg, FcεRI, Siglec-8, MRGPRX2), inhibiting 
degranulation, reprogramming Th2-skewed responses, and inducing long-term immune tolerance with minimal systemic 
toxicity.11–13 Promising preclinical results have been reported in asthma and food allergy models, such as gold 
nanoparticle conjugates that block FcεRI crosslinking on mast cells and liposomal allergen-encapsulated carriers that 
promote regulatory T-cell induction.14,15 Despite these advances, the vast majority of nanomedicine research in allergy 
remains confined to asthma and food allergy, with only sporadic and fragmented studies addressing CSU.16,17

Crucially, CSU exhibits distinct pathophysiological features—notably autoimmunity-driven mast cell activation via 
IgG autoantibodies, MRGPRX2-mediated pseudo-allergic pathways, intense mast cell–eosinophil crosstalk, and 
a prominent neuroimmune axis—that differ substantially from the predominantly IgE/allergen-driven mechanisms in 
asthma and food allergy. These unique features demand CSU-specific nanomaterial designs capable of simultaneously 
inhibiting multiple activation pathways, disrupting pathogenic cell–cell interactions, and modulating neuroimmune 
signaling. To date, no comprehensive review has systematically evaluated the potential, challenges, and tailored design 
principles of nanomaterials for CSU immunotherapy. This review fills this critical gap by focusing exclusively on 
nanomaterial-based strategies for chronic spontaneous urticaria. We critically analyze the limited yet highly instructive 
CSU-specific studies, classify inorganic, organic, and carbon-based nanoplatforms according to their interactions with 
key effector cells (mast cells, eosinophils, basophils, and T lymphocytes), and highlight emerging concepts such as 
multivalent ligand presentation, synergistic pathway blockade, and AI-guided surface optimization. Furthermore, we 
address translational hurdles including immunotoxicity, long-term biocompatibility, and regulatory considerations. By 
synthesizing current evidence and proposing CSU-tailored nano-engineering roadmaps, this work aims to accelerate the 
development of next-generation precision nanotherapies for refractory CSU and provide a blueprint for nanomaterial 
applications in complex autoimmune/allergic skin diseases.

Immune Cells in CSU
In the pathogenesis of CSU, the complex interactions between key immune cells are mainly driven by the Th2 
dominant pathway to sustain inflammatory responses. For example, mast cells act as central orchestrators, while 
eosinophils, basophils, and T lymphocytes contribute through mediator release, cellular crosstalk, and amplification 
of autoimmunity and inflammation.18,19 These cells not only interact with each other via cytokines and chemokines 
but also respond to autoantibodies and external stimuli, sustaining wheal formation, angioedema, and pruritus 
(Figure 1). Understanding their individual and collective roles is essential for identifying therapeutic targets. In 
the following sections, we detail each cell type’s mechanisms in CSU and exploring their potential targets as 
treatments for CSU (Table 1).

Mast Cells
Mast cells are critical in the pathogenesis of CSU, acting as effector cells that drive the disease through activation and 
degranulation, releasing histamine and other mediators that cause wheals, angioedema, and pruritus.25,26 In CSU, mast 
cell activation occurs through IgE-dependent and IgE-independent mechanisms, with histopathology showing infiltrates 
of lymphocytes, eosinophils, neutrophils, basophils, and degranulated mast cells.19 In the IgE-dependent pathway (type 
I autoallergy), IgE autoantibodies target autoantigens like thyroid peroxidase, activating mast cells via FcεRI, triggering 
degranulation and mediator release.19 In type I endotype CSU, IgE activation amplifies inflammation, as seen in tests like 
the autologous serum skin test.19 In contrast, IgE-independent mechanisms dominate in the type IIb autoimmune 
endotype, where IgG autoantibodies bind to IgE or FcεRI, activating mast cells and leading to complement 
activation.5 In about 10% of type IIb CSU patients, autoantibodies contribute to mast cell degranulation, causing 
persistent symptoms unresponsive to antihistamines.11 Severe CSU may involve alternative pathways, such as thrombin- 
triggered protease-activated receptors and complement activation via C5a, further enhancing mast cell activity and 
vascular permeability.27,28 Additionally, MRGPRX2 receptors on mast cells respond to neuropeptides and host defense 
peptides, promoting non-immunologic degranulation, which is especially relevant in CSU unresponsive to omalizumab.25 

A feedback loop, such as the PAF vicious circle, perpetuates mast cell activation and chronic inflammation.18 Mast cells 
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also interact with eosinophils and basophils through cytokines and chemokines, amplifying the inflammatory response.25 

These mechanisms highlight the complex role of mast cells, with endotype classification predicting treatment outcomes, 
as type IIb patients show reduced response to omalizumab due to reliance on non-IgE pathways.29

Figure 1 Interactions between immune cells in CSU. The diagram shows monocytes, basophils, eosinophils, mast cells, neutrophils, macrophages, and T cells communicating 
via cytokines and mediators (eg, IL-4, IL-5, IL-6, IL-33, histamine, PGD2). Arrows indicate signaling pathways and interactions contributing to urticaria pathophysiology. 
Adapted from Zhou, Bingjing et al. The Role of Crosstalk of Immune Cells in Pathogenesis of Chronic Spontaneous Urticaria. Frontiers in immunology vol. 13 879754. 31. 
Copyright © 2022 by authors.18

Table 1 Role of Immune Cells in CSU: Current Research and Insights

Immune Cell Type Role in CSU Latest Research and Hotspots Ref.

Mast Cells Key effector cells activated by IgE/IgG 
autoantibodies, releasing histamine and other 

mediators, leading to wheals and angioedema.

Mast cell signaling pathways and their central role in 
CSU, including IgE-dependent and non-dependent 

activation mechanisms.

[20,21]

Basophils Participate in Th2 immune responses, release itch 

mediators, and interact with other skin cells; may 

be reduced in CSU.

The role of basophils in Th2 responses and their 

synergistic activation with mast cells, as well as the 

potential of immunotherapy targeting these cells.

[19]

Eosinophils Activated around lesional small veins, contributing 

to the inflammatory process.

The regulatory systems of eosinophils in urticaria 

inflammation and their interactions with other immune 
cells.

[22]

T Cells (especially Th2) Regulate immune responses, with IL-4 promoting 
Th2 differentiation, involved in antigen-stimulated 

T cell differentiation.

Role of T cells in CSU pathogenesis, including 
bidirectional Mendelian randomization studies showing 

causal links with urticaria.

[22,23]

B Cells Produce autoantibodies, participate in IgE 

production, with IL-4 determining B cell heavy 

chain class switching.

The role of B cells in immune regulation and the 

application of B cell-targeted therapeutic strategies in 

CSU.

[23,24]

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S572074                                                                                                                                                                                                                                                                                                                                                                                                       3

Yao et al

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



Eosinophils
Eosinophils play a significant role in CSU inflammation, being recruited to the skin alongside mast cells and basophils, 
contributing to symptoms such as wheals and itch.30 Histologic studies show eosinophils in CSU lesions, with their 
activated granules indicating active involvement in dermal inflammation. Eosinopenia, due to eosinophil recruitment into 
affected skin, is common during disease flares.30 Immunologic destruction of eosinophils in the blood, possibly driven by 
autoimmune processes, has been suggested as another cause of eosinopenia.31 Eosinophils amplify inflammation through 
cytokine cross-talk with mast cells, promoting mediator release, thrombin generation, and mast cell degranulation.32 In 
CSU lesions, eosinophils release vasoactive mediators that enhance tissue edema.33 Elevated eosinophil counts in 
nonlesional skin suggest a primed inflammatory state, contributing to the chronic nature of CSU.34 Eosinophils interact 
with neutrophils, basophils, macrophages, and T cells to sustain inflammation, with their role in T2-dominant inflamma
tion linked to pathways like autoallergy and neuroimmune dysregulation.35 Targeting eosinophils with anti-IL-5 
antibodies like mepolizumab has shown potential in reducing CSU symptoms, but the ARROYO trial showed that 
benralizumab-induced eosinophil depletion did not significantly improve symptoms, highlighting the complexity of their 
role in CSU.33 These findings suggest the need for endotype-specific approaches, where eosinophil biomarkers may 
predict responses to treatments like dupilumab.32

Basophils
In CSU, basophils play a vital role by infiltrating the skin and releasing mediators like histamine, contributing to skin 
edema, flares, and pruritus lasting over six weeks.36 Basophil activation in CSU is often triggered by autoantibodies, such 
as IgG against IgE or FcεRI, leading to degranulation and exacerbating symptoms through increased vascular perme
ability and itch.37 They also interact with the coagulation and complement systems, where anaphylatoxins like C3a and 
C5a activate protease-activated receptor 1 (PAR1) on basophils, promoting inflammation.26 Peripheral basopenia during 
active disease phases correlates with disease activity, reflecting basophil migration to skin lesions.38,39 In a mouse model 
of urticaria-like inflammation, basophil infiltration into the skin was observed within one to two days post-challenge, 
with reduced peripheral basophil counts.38 Basophils in CSU exhibit altered FcεRI-mediated degranulation, with 
heightened sensitivity to non-IgE stimuli like C5a, leading to histamine release even in non/low responders to anti-IgE 
antibodies.40 They also release Th2 cytokines (IL-4, IL-13, IL-31), which facilitate T-cell activation and intensify 
pruritus, and leukotriene C4 (LTC4), contributing to wheal formation.41 Basophil activation is further enhanced by 
priming factors like IL-3, IL-5, GM-CSF, and nerve-growth factor, increasing histamine release and promoting neuro- 
immune interactions.42 Basophils express receptors like H4, NK1, and MRGPRX2, amplifying itch through shared 
signaling with neurons.43 Therapies targeting IgE, such as omalizumab, normalize basophil counts and function, serving 
as a biomarker for disease remission. These mechanisms highlight basophils’ role in CSU’s inflammatory network, 
interacting with mast cells and eosinophils to prime the skin for recurrent symptoms.32

T Lymphocytes
In CSU, Th2 cells infiltrate the perivascular regions of the skin, promoting inflammation through cytokines like IL-4, IL- 
5, and IL-13, which enhance IgE production and mast cell activation, leading to histamine release and pruritus.29 Th2- 
driven inflammation is further amplified by elevated Th2-initiating cytokines, such as IL-33, IL-25, and TSLP, with IL-33 
localizing to mast cells and IL-25 expressed by mast cells and eosinophils.18 Th2 cells also interact with mast cells via 
IL-6 and IL-4, promoting mast cell proliferation and chemotaxis, while mast cells release PGD2 and LTE4 to support 
Th2 activation.18,44 Histamine from mast cells acts on Th2 cells via the H4 receptor, boosting Th2 cytokine secretion 
while suppressing Th1 cytokines, reinforcing the Th2-dominant milieu in CSU.45 Th2 cells crosstalk with ILC2s, 
enriched in CSU lesions, leading to a feedback loop of IL-5 and IL-13 production, further exacerbating 
inflammation.46 Elevated serum levels of Th2 cytokines, like IL-31 and IL-33, correlate with disease activity and 
pruritus intensity. Th2 dominance in CSU biopsies is marked by increased GATA-3+ Th2 cells and Th17 skewing, 
with Th2 contributing to autoreactivity, such as IgE autoantibodies against thyroid peroxidase.47 In chronic cases, Th2- 
related cytokines (IL-10, IL-13) are associated with autoreactivity and allergen sensitivity.48 Omalizumab treatment does 
not significantly alter Th2 cytokine profiles, suggesting Th2 mechanisms may persist independently of IgE blockade in 
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some patients.49,50 Th2-mediated mechanisms, along with Th17/Treg imbalance, may synergize to drive chronic 
inflammation, as seen in elevated IL-17 and IL-21 levels, promoting mast cell proliferation in severe CSU cases.50

Immune Cell Surface Receptors as Therapeutic Targets
The pathogenesis of CSU is driven by complex interactions among immune cells, with surface receptors playing critical 
roles in mediating inflammatory responses.11 Targeting these receptors offers a promising strategy for developing precise 
and effective immunotherapies. Key receptors, including Siglec-8, FcεRI, MRGPRX2, and the histamine H4 receptor 
(H4R), regulate activation and degranulation of mast cells, eosinophils, basophils, and T cells, contributing to CSU 
symptoms such as wheals, angioedema, and pruritus.51–53 By leveraging nanomaterials to modulate these receptors, novel 
therapeutic approaches can achieve selective immune suppression and enhanced treatment outcomes.54,55 The mechan
isms of these receptors are summarized in Table 2, while the following sections focus on their therapeutic implications, 
clinical development status, and nanomaterial integration.

In CSU, Siglec-8 is an inhibitory sialic acid binding immunoglobulin like lectin selectively expressed on mast cells 
and eosinophils. It recruits phosphatases such as SHP-1 and SHP-2 by binding to the immune receptor tyrosine based 
inhibitory motif (ITIM), thereby comprehensively inhibiting intracellular signaling pathways downstream of activated 
receptors such as Fc ε RI and MRGPRX2, thereby reducing degranulation, cytokine release, and inflammatory mediator 

Table 2 Summary of Key Immune Cell Surface Receptors in CSU: Mechanisms, Therapeutic Targets, and Clinical Status

Receptor Cell 
Expression

Key Mechanism Therapeutic Agents/ 
Strategies

Clinical Development Status Ref

Siglec-8 Mast cells, 

eosinophils

Inhibitory receptor; engages 

ITIMs to recruit SHP-1/SHP-2, 
suppressing FcεRI/MRGPRX2 

signaling, reducing degranulation 

and cytokine release; induces 
eosinophil apoptosis via Fas 

pathways.

Monoclonal antibodies (eg, 

lirentelimab/AK002); 
nanomaterial co-display of 

Siglec-8 ligands with allergens 

on liposomes for receptor co- 
engagement.

Phase 2a open-label trial in 

antihistamine-refractory CSU 
showed 71% UAS7 reduction; 

however, subsequent Phase 2 

trials in CSU and atopic 
dermatitis failed to meet 

endpoints, leading to 

discontinuation.

[51,56,57]

FcεRI Basophils, 

mast cells

Activating receptor; cross- 

linking by IgE autoantibodies 
activates ITAMs, Lyn/Syk kinases, 

PLCγ-IP3 pathways, leading to 

histamine/leukotriene/cytokine 
release and vascular 

permeability.

Anti-IgE mAbs (eg, 

omalizumab); nano- 
encapsulated anti-IgE for 

targeted delivery.

Approved for CSU; effective in 

70% of patients, with Phase 3 
trials confirming UAS7 

reductions; refractory cases 

highlight need for combination 
therapies.

[58,59]

MRGPRX2 Mast cells GPCR for pseudo-allergic 

activation; binds neuropeptides/ 

antimicrobial peptides, activating 
PKC/MAPK, causing 

degranulation and IL-8/TNF-α 
secretion.

Small-molecule antagonists (eg, 

QWF, EVO756 in preclinical); 

nano-formulated antagonists 
for localized delivery.

Elevated in severe CSU; 

preclinical models show 50% 

wheal reduction; no advanced 
clinical trials in CSU yet.

[52,60,61]

H4R Eosinophils, 

T cells, mast 
cells

GPCR enhancing pruritus/ 

chemotaxis; couples to Gi/o, 
inhibiting adenylate cyclase and 

activating PLC-IP3 for IL-31/IL- 

13 secretion.

Antagonists Phase 2a trial in cholinergic 

urticaria showed modest UAS 
reduction but no significant 

superiority over placebo; other 

H4R antagonists in early 
development with limited 

efficacy in broader urticaria.

[62–64]
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production to allergens or stimulinon-specific stimuli.65 Specifically, ligation of Siglec-8 with monoclonal antibodies like 
lirentelimab (AK002) induces eosinophil apoptosis via Fas-mediated pathways and inhibits IgE-independent mast cell 
activation triggered by IL-33 or substance P, leading to decreased histamine and prostaglandin D2 release, as demon
strated in preclinical models where anti-Siglec-8 treatment reduced airway inflammation by 50–70% in humanized mice 
challenged with house dust mite extract.66 In a phase 2a open-label trial for antihistamine-refractory CSU, lirentelimab 
administration at doses up to 3 mg/kg monthly resulted in a 71% reduction in urticaria activity score (UAS7) by week 22, 
with skin biopsies showing diminished mast cell and eosinophil infiltration, underscoring Siglec-8’s role in modulating 
type 2 inflammation and pruritus through inhibition of key signaling molecules like Syk and Lyn.57 The high-affinity IgE 
receptor FcεRI, overexpressed on basophils and mast cells in CSU, initiates pathogenesis upon cross-linking by IgE 
autoantibodies or allergens, activating immunoreceptor tyrosine-based activation motifs (ITAMs) on its β and γ chains to 
phosphorylate kinases such as Lyn and Syk, which trigger phospholipase Cγ (PLCγ)-inositol trisphosphate (IP3) path
ways, calcium mobilization, and subsequent release of histamine, leukotrienes, and cytokines that enhance vascular 
permeability and wheal formation.67 Anti-IgE therapies like omalizumab target FcεRI-bound IgE to downregulate 
receptor expression by depleting free IgE, disrupting receptor stabilization and reducing basophil sensitivity, as 
evidenced in a study of 110 CSU patients where 300 mg omalizumab every 4 weeks decreased FcεRI-positive basophils 
from 85% to 45% after 3 months, correlating with UAS7 scores dropping from 28 to 7 and improved anti-IgE 
responsiveness. In CSU with autoreactive IgE, such as against thyroid peroxidase, FcεRI cross-linking amplifies mast 
cell priming via IL-4 and IL-13 feedback loops, sustaining chronic inflammation, and omalizumab’s efficacy in 70% of 
patients highlights FcεRI’s central role in both type I and type II autoimmunity-driven urticaria subtypes.3

MRGPRX2, a G-protein-coupled receptor on mast cells, mediates IgE-independent pseudo-allergic activation in CSU. 
It binds neuropeptides such as substance P and antimicrobial peptides like LL-37, coupling with Gq/11 proteins to 
activate protein kinase C (PKC) and mitogen-activated protein kinase (MAPK) pathways. This results in rapid mast cell 
degranulation and the secretion of IL-8 and TNF-α, which exacerbate non-histaminergic itch and wheal persistence.68,69 

Elevated MRGPRX2 expression in CSU lesional skin correlates with disease severity. In a cohort, serum MRGPRX2 
levels were 2–3 times higher in patients with severe UAS7 ≥28 compared to controls. Stimulation with agonists such as 
compound 48/80 induced a 40–60% increase in histamine release from patient-derived mast cells, suggesting synergy 
with FcεRI priming in refractory cases.52 Pharmacological blockade of MRGPRX2 with small molecules like QWF 
inhibits degranulation in human mast cells, reducing wheal size by up to 50% in preclinical urticaria models, and 
supports its potential in antihistamine-resistant CSU where agonists like β-defensins from keratinocytes amplify 
inflammation.70 The histamine H4 receptor (H4R) on eosinophils, T cells, and mast cells in CSU enhances pruritus 
and chemotaxis by coupling to Gi/o proteins, inhibiting adenylate cyclase while activating PLC-IP3 to promote IL-31 and 
IL-13 secretion, thereby sustaining Th2-skewed responses and eosinophil recruitment.62 In a phase 2 trial for cholinergic 
urticaria, the H4R antagonist izuforant (LEO 152020) at 100 mg twice daily reduced provocation UAS by 4.5 points 
versus placebo after 4 weeks, associated with decreased IL-13 levels and eosinophil migration, illustrating H4R’s 
contribution to complement-independent inflammation in inducible urticaria subtypes.62 These receptor mechanisms 
provide a foundation for nanomaterial-based interventions in urticaria, where nanoparticles can be engineered for 
targeted delivery and multivalent ligand presentation to enhance inhibitory signaling, such as co-displaying allergens 
and sialic acid-based Siglec-8 ligands on liposomes to enforce receptor co-engagement and suppress FcεRI-mediated 
mast cell activation.14,51 For instance, in a murine anaphylaxis model mimicking urticaria-like responses, allergen-Siglec 
-8 ligand nanoparticles prevented IgE-FcεRI cross-linking-induced degranulation, reducing systemic histamine release by 
80% and desensitizing mast cells to subsequent challenges via ITIM-mediated SHP-1 recruitment, highlighting nano
materials’ potential for precise modulation of immune receptors without broad immunosuppression.14 Furthermore, 
hydrophobic nanoparticles can preferentially interact with innate immune cells to alter receptor clustering and signaling, 
as demonstrated in studies where surface-modified nanoparticles modulated FcεRI aggregation on basophils, reducing 
pro-inflammatory cytokine output by 40–60% in allergic models, paving the way for nano-formulated antagonists against 
MRGPRX2 or H4R in CSU therapy.71

Despite their potential, receptor-targeted strategies in CSU face significant limitations. Clinical efficacy varies due to 
disease heterogeneity; for instance, omalizumab succeeds in IgE-dependent cases but fails in 30% of refractory patients 
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reliant on non-IgE pathways like MRGPRX2.72,73 Siglec-8 targeting with lirentelimab showed inconsistent results, with 
early promise overshadowed by Phase 2 failures, possibly due to incomplete suppression of multifaceted inflammation or 
patient selection biases.57,74 H4R antagonists exhibit limited benefits, as tissue drug levels may be insufficient for full 
receptor blockade, and anti-pruritic effects have not translated robustly across urticaria subtypes.62,75 Translational 
challenges include off-target effects, such as broad immune suppression risking infections, and immunotoxicity from 
nanomaterials (eg, unintended complement activation or cytokine storms).76 Nanomaterial integration adds hurdles like 
scalability, long-term biocompatibility, and regulatory approval for clinical use, with few CSU-specific trials advancing 
beyond preclinical stages due to high costs and variable biodistribution. Future success requires biomarker-driven patient 
stratification, combination therapies (eg, dual FcεRI/MRGPRX2 blockade), and AI-optimized nano-designs to overcome 
these barriers and enhance precision.77

An Overview About Immunological Interactions of Nanomaterials
Nanomaterials have emerged as promising platforms in the immunotherapy of CSU due to their unique physicochemical 
properties, which critically influence therapeutic efficacy by modulating interactions with immune cells and the 
biological environment.78 For instance, particle size plays a key role in cellular uptake; smaller sizes (eg, 20–100 nm) 
facilitate endocytosis in mast cells and basophils, thereby enhancing targeted delivery of therapeutic agents such as 
ascomycin while reducing systemic exposure and off-target effects, as evidenced in models where 60–70 nm PLGA 
nanoparticles effectively downregulated FcεRI expression.58 Surface charge governs cellular adhesion and immune 
activation, with positively charged nanoparticles (eg, cationic liposomes) promoting electrostatic binding to negatively 
charged membranes of eosinophils and T cells, thus supporting receptor engagement (eg, Siglec-8) and immune tolerance 
induction; however, excessive positive charge may activate complement pathways, requiring careful optimization to 
prevent pseudo-allergic reactions in CSU patients.56,79 Additionally, surface morphology, including roughness or porosity 
(eg, in mesoporous silica nanoparticles), impacts ligand density and release kinetics, enabling sustained administration of 
allergens or immunomodulators to dendritic cells for extended Th2 suppression, with research indicating that porous 
designs increase payload retention by 2–3 fold and decrease degranulation by 40–60% in basophil models.57,60 

Collectively, these properties—size, charge, and morphology—enhance bioavailability, specificity, and safety in CSU 
immunotherapy, permitting precise modulation of inflammatory pathways without inducing broad immunosuppression. 
Meanwhile, nanomaterials have also provided direction for precise diagnosis and treatment of CSU patients.77

Nanomaterials in CSU Immunotherapy: Classification and Therapeutic 
Potential
Traditionally, nanomaterials can be divided into several categories based on their composition and structure, including 
inorganic nanomaterials (such as metal nanoparticles and silicon-based nanoparticles), organic nanomaterials (such as 
polymer nanoparticles and liposomes), and carbon-based nanomaterials (such as graphene and carbon nanotubes). These 
categories exhibit unique biocompatibility, immune regulatory ability, and targeted delivery potential in their immuno
logical properties, making them particularly promising for immunotherapy of allergic diseases such as urticaria.9,55 Metal 
nanoparticles, such as gold and silver nanoparticles, typically possess antioxidant and anti-inflammatory properties, and 
can inhibit Th2-type immune responses by regulating immune cell activation, thereby alleviating mast cell degranulation 
in urticaria.9 Silicon-based nanoparticles are known for their high loading capacity and controllable release character
istics and can serve as allergen delivery carriers to promote immune tolerance induction.80 Polymer nanoparticles are 
widely used to target immune cells, such as dendritic cells and regulatory T cells, to reshape immune imbalances 
associated with urticaria owing to their biodegradability and surface modification flexibility.81 Liposome nanomaterials 
simulate cell membrane structure, can encapsulate immunomodulators, reduce systemic side effects, and target IgE- 
mediated allergic reactions in the treatment of urticaria.82 While carbon-based nanomaterials have limited applications, 
their high surface area and functional potential can enhance the efficacy of immune adjuvants and potentially be used for 
long-term immune regulation in urticaria (Figure 2, Table 3). Although the application of these nanomaterials in general 
allergic diseases such as asthma and food allergies has been widely reported, direct clinical evidence for CSU is still 
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relatively limited, mainly relying on animal models and in vitro studies. This gap highlights the urgent need for CSU 
specific randomized controlled trials to validate its safety and efficacy.

Furthermore, their applications in allergic diseases such as urticaria mainly include serving as immunotherapy 
carriers, immunomodulators, and diagnostic tools. The therapeutic targets focus on inhibiting the activation of mast 
cells and eosinophils, regulating Th1/Th2 balance, blocking the IgE Fc ε RI signaling pathway, and promoting the 
proliferation of regulatory immune cells.12,55 The prospects lie in improving treatment specificity and safety, thereby 
reducing dependence on traditional antihistamines. Table 4 summarizes the classification, applications, therapeutic 
targets, and prospects of nanomaterials.

Figure 2 Types of nanoparticles and their immunological interactions in CSU immunotherapy. Upper panel: Classifications based on composition—Liposome, Polymeric, 
Spherical 3D, Metallic, Micelle, Gold NPs. Lower panel: Interactions with immune cells—Eosinophils with Metallic NPs (releasing IL-4, IL-10), Basophils with Gold NPs via 
FcεRI (releasing histamine, IL-4, IL-13), Mast cells with Spherical 3D NPs via FcεRI (releasing histamine, ROS). Adapted from González-Fernández, África, and Immacolata 
Maietta. The Forgotten Innate Immune Cells: Unraveling Their Prospective Interactions with Nanomaterials. International journal of nanomedicine vol. 20 8173–8189. 
Copyright © 2022 by authors.83

Table 3 Comparative Advantages and Limitations of Nanomaterial Types in CSU Immunotherapy

Nanomaterial Type Advantages Limitations Ref.

Inorganic (eg, metal, silica) High stability, antioxidant properties, enhanced 
antigen presentation for tolerance induction.

Potential cytotoxicity at high doses; limited 
biodegradability leading to long-term 

accumulation.

[8, 84, 85]

Organic (eg, polymeric, 

liposomes)

Biodegradability, flexible surface modification for 

targeted delivery to immune cells; reduced systemic 

side effects.

Variable drug release kinetics; potential for 

immune activation if not properly 

functionalized.

[86–88]

Carbon-based (eg, 

graphene, nanotubes)

Large surface area for multifunctionalization; 

potential for long-term immune regulation.

High production costs; concerns over 

biopersistence and pulmonary toxicity in 
systemic applications.

[89–91]
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Specifically, different nanomaterials can affect the immune related effects of urticaria through various mechanisms, 
therefore nanomaterials have emerged as promising platforms in the immunotherapy of allergic diseases, including 
CSU.100 For example, inorganic nanoparticles such as gold and silica exhibit adjuvant-like effects, enhancing antigen 
presentation to dendritic cells and promoting tolerogenic responses in urticaria models.84 Furthermore, organic polymeric 
nanoparticles can be engineered to deliver allergens while minimizing systemic exposure, thereby reducing the risk of 
anaphylaxis associated with traditional subcutaneous immunotherapy for chronic urticaria.11 In addition, lipid-based 
nanomaterials facilitate targeted delivery to mast cells, inhibiting degranulation through Siglec-8 engagement and 
offering a novel mechanism to alleviate urticaria symptoms.8 While, carbon based nanomaterials can be functionalized 
into immunosensors to monitor urticaria immune markers such as serum IgE levels in real-time and regulate the local 
inflammatory microenvironment through photothermal effects. These mechanisms reflect the core role of size effects, 
surface charges, and biological functionalization of nanomaterials in immunotherapy for urticaria, enriching multi-level 
strategies from prevention to cure.12 Consequently, these nanomaterials not only improve the safety profile of allergen- 
specific immunotherapy but also enhance efficacy by reprogramming Th2-dominant immune responses toward tolerance 
in urticaria patients.12 Moreover, recent advancements in nanoparticle functionalization have demonstrated potential in 
modulating the tumor microenvironment analogies in allergic inflammation, suggesting broader applications for urticaria 
management.101 Therefore, integrating nanomaterials into clinical protocols could revolutionize urticaria treatment by 
providing sustained immune regulation and personalized therapeutic options. Up to now, the prospective outlook for 
nanomaterial-based therapies in urticaria immunotherapy is highly optimistic, with ongoing trials indicating reduced 
relapse rates and improved patient compliance.102 Despite the optimistic prospects of nanomaterials, potential risks must 
be considered, including immunotoxicity (such as cytokine storm induction), organ accumulation (especially long-term 
retention in the liver and kidneys), and PEG related allergic reactions (which may exacerbate CSU symptoms).103 For 
example, PEGylated liposomes may trigger complement activation, leading to pseudo allergic reactions, which is 
particularly relevant in allergic patients.104 These risks can be mitigated through surface modification and dose 
optimization, but the need for comprehensive toxicological evaluation in CSU clinical trials is emphasized.

Table 4 Representative Nanomaterials Under Investigation for Targeted Intervention in CSU

Nanomaterial Type Immunological 
Properties

Application in CSU Therapeutic 
Targets

Therapeutic Prospects Ref.

Lipid Nanoparticles Potentiate antigen 

presentation; re-balance 

Th1/Th2 axis

Nanocarrier for allergen- 

specific immunotherapy 

(AIT)

IgE; mast cells Enhanced tolerance 

induction; reduced adverse- 

events profile

[92,93]

Polymeric 

Nanoparticles (eg, 
PLGA)

Immunomodulation; 

sustained/controlled 
release kinetics

Co-delivery of exosome 

cargos; synergy with small- 
molecule drugs

PPAR-γ 
pathway; 
histamine 

release

Personalized nanomedicine; 

high translational potential

[94,95]

Metallic nanoparticles 

(eg, Au, Ag, ZnO)

Antioxidant; broad- 

spectrum anti- 
inflammatory activity

Mast-cell stabilizer; 

inhibition of degranulation

MRGPRX2 

receptor

Salvage option for refractory 

urticaria

[96–98]

Carbon-based 
nanomaterials 

(graphene, CNTs, 

fullerenes)

Free-radical scavenging; 
modulation of pro- 

inflammatory signaling

Tolerance-inducing 
adjuvant

NF-κB 
cascade; IgE 

signaling axis

Expandable to chronic 
urticaria; improved safety 

margin

[81]

Silicon based 

nanoparticles

High load, controllable 

release, induction of 
immune tolerance

Vaccine carriers, 

diagnostic imaging

Dendritic cells, 

IgE pathway

Enhance the efficacy of 

immunotherapy and induce 
long-term tolerance

[81,99]
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Specific Targeting Mechanism of Nanomaterials on Immune Cells in CSU
At present, nanomaterials have emerged as powerful tools in the immunotherapy of CSU due to their ability to precisely 
target immune cells involved in the disease’s pathogenesis. In the following sections, we will explore the specific 
mechanisms by which various nanomaterials interact with these immune cells, emphasizing their therapeutic potential in 
CSU through targeted receptor engagement, immune tolerance induction, and reduced off-target effects (Table 5).

Numerous studies have shown that nanomaterials can precisely target mast cells in urticaria using surface- 
functionalized nanoparticles.13 For example, Inna M. Yasinska et al used gold nanoconjugates decorated with specific 
ligands that bind to FcεRI receptors, inhibiting degranulation, reducing histamine release, and alleviating wheal forma
tion in allergic models.13 These gold nanoconjugates have also been shown to effectively silence pro-allergic reactivity in 
basophils and mast cells, leading to reduced IgE-mediated activation. This interruption of the effector phase of 
hypersensitivity offers a promising therapeutic approach for CSU.13 Beyond mast cell targeting, biodegradable nano
particles encapsulating allergens, as investigated in recent studies, target dendritic cells to promote antigen-specific 
tolerance, shifting the Th2-dominant response towards Th1/Th2 balance and preventing recurrent urticaria episodes 
through enhanced regulatory T cell induction.110,111 In a specific example, Saunders MN et al used prophylactic 
administration of such nanoparticles altered immune pathways in T cells, basophils, and mast cells, resulting in reduced 
allergic inflammation and long-term suppression of FcεRI signaling in mouse models of allergic diseases including 
urticaria-like symptoms.110 Another promising approach involves decorated nanoparticles designed to engage Siglec-6 on 
basophils. These nanoparticles have been shown to prevent severe allergic reactions, with a Northwestern University 
study reporting 100% success in inhibiting anaphylaxis in mice without side effects. This highlights their role in 
modulating basophil activation, which is central to urticaria pathogenesis.15 Additionally, several studies have identified 
polymeric nanoparticles loaded with immunomodulators that target eosinophils by downregulating IL-5 production. This 
mitigates vascular permeability and edema in urticaria, addressing the biological mechanism where eosinophil recruit
ment exacerbates chronic hives through cytokine amplification.12

Table 5 Mechanisms of Nanomaterial-Mediated Immune Cell Targeting for CSU Immunotherapy

Nanomaterial 
Type

Targeted 
Immune 

Cell

Mechanism of Action Specific Example Outcome Ref.

Gold 

Nanoconjugates

Mast Cells, 

Basophils

Bind to FcεRI receptors, inhibit 

degranulation, reduce histamine release

Gold nanoconjugates 

with specific ligands

Decreased IgE-mediated 

activation, alleviated wheal 
formation

[13]

Biodegradable 
Polymeric 

Nanoparticles

Dendritic 
Cells, 

Tregs

Encapsulate allergens, promote antigen- 
specific tolerance, shift Th2 to Th1/Th2 

balance

Allergen-loaded 
nanoparticles in mouse 

models

Enhanced Treg induction, 
reduced allergic 

inflammation

[93]

Polymeric 

Nanoparticles

Basophils Engage Siglec-6 to prevent allergic 

reactions

Siglec-6 decorated 

nanoparticles in mouse 

study

100% inhibition of 

anaphylaxis without side 

effects

[105]

Polymeric 

Nanoparticles

Eosinophils Downregulate IL-5 production, reduce 

vascular permeability and edema

Immunomodulator- 

loaded nanoparticles

Mitigated eosinophil-driven 

inflammation

[106,107]

Polymeric 

Nanoparticles 
with Stabilizers

Mast Cells Targeted delivery of mast cell stabilizers, 

enhance selectivity

Nanoparticles with 

targeting ligands

Improved therapeutic 

selectivity, reduced off- 
target effects

[105,108]

Functionalized 
Nanoparticles

Tregs, 
Dendritic 

Cells

Reprogram allergic microenvironment, 
foster tolerance induction

Nanoparticles with 
specific ligands for Treg 

induction

Restored immune 
homeostasis, long-term 

tolerance

[81,109]
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These mechanisms collectively enable nanomaterials to modulate immune-related processes in urticaria, including 
cell degranulation, cytokine secretion, and antibody switching, by offering controlled drug release and enhanced 
bioavailability, thus restoring immune homeostasis without the need for systemic immunosuppression.78 Current research 
suggests nanoparticle-based strategies that combine targeting ligands with mast cell stabilizers to selectively target mast 
cell disorders, such as urticaria, improving therapeutic selectivity and minimizing off-target effects in preclinical 
evaluations.78 By leveraging the tunable properties of nanomaterials, such as size, charge, and functionalization, these 
treatments can precisely reprogram the allergic microenvironment in urticaria, promoting tolerance induction in key 
immune cells like Tregs and dendritic cells.16 Recent research highlights the promising potential of nanomaterial-based 
immunotherapy for urticaria. Ongoing investigations focus on improving efficacy, personalizing targeting, and minimiz
ing adverse reactions, aiming to facilitate clinical translation in the near future.17,112

Administration Routes of Nanomaterials in CSU Immunotherapy
Following the discussion on the immunological interactions of nanomaterials, including how their physicochemical 
properties like size, charge, and morphology influence cellular uptake and precise targeting, along with their various 
classifications and mechanisms for engaging specific immune cells such as mast cells, eosinophils, basophils, and 
T lymphocytes, the route of administration plays a crucial role in maximizing their effectiveness for treating CSU.14,57 

In managing CSU, where persistent inflammation stems from imbalanced Th2 pathways and excessive mast cell activity, 
selecting the appropriate delivery method directly affects drug absorption, access to affected immune cells, patient 
adherence, and treatment safety.113,114 Conventional approaches, like oral antihistamines or injectable biologics such as 
omalizumab, frequently encounter issues such as widespread side effects, inconsistent uptake, and poor reach to inflamed 
skin areas, often resulting in partial relief and frequent symptom recurrence.2,115 Nanomaterials overcome these hurdles 
through adaptable delivery options that leverage their customizable features—for example, improved mucosal absorption 
in intranasal administration or gradual release in oral systems—to enable focused immunomodulation, limit unintended 
impacts, and foster enduring immune tolerance without suppressing the entire immune system (Figure 3).51,116

Smaller nanoparticle dimensions (20–100 nm), for instance, support efficient absorption in sublingual or intranasal 
delivery, while tailored surface alterations improve binding to epithelial layers, facilitating direct interaction with 
receptors like FcεRI or Siglec on immune cells in the skin or mucous membranes.14 This synergy not only builds on 
the foundational benefits of nanomaterials but also aligns closely with CSU’s underlying biology, emphasizing localized 
skin inflammation that benefits from methods combining broad immune adjustment with targeted relief, ultimately 
leading to better results for patients resistant to standard treatments.5,115 To demonstrate how these routes can be applied 
practically in CSU or related allergic disorders (which share similar IgE-driven processes), Table 6 highlights selected 
nanomaterial examples, their delivery approaches, and associated advantages, based on insights from preclinical and 
clinical research.

Nanomaterials Targeting Immune Cells for The Treatment of CSU 
Immunotherapy
Targeted modulation of immune cells represents a critical strategy in CSU immunotherapy, as these cells orchestrate the 
complex inflammatory cascades underlying disease pathogenesis. Unlike conventional systemic treatments that often lack 
specificity and cause widespread immunosuppression, nanomaterial-based approaches enable precise intervention at the 
cellular level, selectively reprogramming pathogenic immune responses while preserving normal immune function. This 
targeted approach is particularly important in CSU, where multiple immune cell types—including mast cells, eosinophils, 
basophils, and T lymphocytes—interact dynamically to perpetuate chronic inflammation and tissue damage (Figure 4). 
By directly engaging these key cellular mediators, nanomaterials can interrupt disease-driving pathways with enhanced 
efficacy and reduced adverse effects.
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Nanoparticle Platforms for Enhanced Mast Cell Targeting in CSU
Various nanoparticle platforms have been engineered to modulate mast cell function, with poly(propylene sulfone) 
(PPSU) nanoparticles being a notable example. These nanoparticles interact with mast cells by facilitating controlled 
adsorption of bioactive proteins like anti-Siglec-6 and anti-FcεRIα antibodies. Hydrophobic patches on the protein 
surfaces induce site-specific dipole relaxation in PPSU assemblies for non-covalent anchoring, without disrupting 
hydrogen bonding or protein structure.15 This interaction enables co-localized engagement of FcεRIα and Siglec-6 on 
mast cell surfaces, inhibiting IgE-mediated activation and degranulation by suppressing markers like CD107a and CD63. 

Figure 3 Nanoparticle administration routes for immunotherapy in allergic diseases. (A) Bispecific nanobody-coated nanoparticles targeting nasal and ocular epithelia to 
block IgE-mediated activation and inhibit effector cell responses. (B) Inhaled nanoparticles targeting dendritic cells in the lungs to modulate Th2-driven inflammation and 
promote immune tolerance. (C) Oral nanoparticles for food allergies, delivering anti-allergen and anti-cytokine treatments to reduce IgE responses and enhance regulatory 
T cell activity. Adapted from Zettl, Ines et al. Single-Domain Antibodies-Novel Tools to Study and Treat Allergies. International journal of molecular sciences vol. 25,14 7602. 
11 Jul. 2024, doi:10.3390/ijms25147602. Copyright © 2024 by authors.117
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This potentially alleviates urticaria symptoms by reducing histamine release and inflammatory mediator secretion.15 

Another important platform involves gold nanoparticles (AuNPs) conjugated with the calcineurin inhibitor ascomycin 
and stem cell factor (SCF) as a targeting ligand. These nanoparticles interact with mast cells through amine-coupling to 
reduced glutathione spacers on the gold surface, allowing specific binding and internalization that block pro-allergic 
signaling pathways and IgE-dependent degranulation. This mechanism inhibits mast cell hyperactivity in urticaria 
without systemic side effects.13 Beyond antibody- and ligand-based approaches, sesquiterpene-loaded poly(lactic-co- 
glycolic acid)/polyvinyl alcohol (PLGA/PVA) hybrid nanoparticles (60–70 nm) are readily internalized by mast cells 
through endocytosis or lipid bilayer traversal. These nanoparticles release their payload as peroxisome proliferator- 
activated receptor gamma (PPARγ) ligands, downregulating gene expression of FcεRI subunits (α, β, γ) and the stem cell 
factor receptor Kit. This diminishes antigen responsiveness and shifts the mast cell phenotype toward reduced tryptase 
expression.122 This gene modulation inhibits mast cell degranulation upon IgE crosslinking with FcεRI, potentially 
suppressing urticaria by attenuating allergic inflammation and mediator release, without compromising cell viability. 
Collectively, these examples demonstrate how nanoparticle platforms enhance mast cell targeting through multivalent 
ligand conjugation, optimization of size, morphology, and surface chemistry to improve pharmacokinetics and selectivity, 
while protecting drug payloads from degradation. This enables more effective inhibition of mast cell-driven pathologies 
like urticaria with minimized off-target interactions.78

Table 6 Representative Administration Routes of Nanomaterials for CSU Immunotherapy

Nanoparticle Type Administration 
Route

Implementation in CSU or Similar Allergic Diseases Ref

PLGA (Poly(lactic-co- 

glycolic acid)) nanoparticles

Oral Encapsulates allergens (eg, OVA or peanut proteins) to protect from gastrointestinal 

degradation, induces Th1/Treg responses, reduces IgE and Th2 cytokines (IL-4/IL-13), 

and promotes tolerance; in mouse models of food allergy/asthma, decreases mast cell 
degranulation and inflammation, applicable to CSU for sustained immune modulation 

without anaphylaxis risk.

[118]

Mannan-coated allergen 

nanoparticles (MDO)

Oral Forms core-shell structures with allergens (eg, OVA), targets dendritic cells via DC- 

SIGN/MR receptors, induces T reg cells and IL-10/TGF-β, reduces Th2 cells and 

airway hyperresponsiveness; in allergic asthma mouse models, prevents symptoms like 
eosinophilia, suitable for CSU by inhibiting mast cell activation.

[119]

Chitosan nanoparticles Intranasal Loaded with immunomodulators (eg, ketotifen, cetirizine), enhances mucus 

penetration and local delivery, shifts Th2 to Th1 response, reduces IgE-mediated 

inflammation; in allergic rhinitis models, increases local drug concentration and 
tolerance, relevant to CSU for nasal symptom control and systemic immune 

rebalancing.

[119]

Liposomes (eg, 

oligomannose-coated)

Sublingual Encapsulates allergens (eg, OVA, pollen), promotes Th1 bias (high IFN-γ, low IL-4), 

induces regulatory responses and IgG4; in mouse models of respiratory allergies, 

reduces basophil activation and pruritus, implementable in CSU for non-invasive 
tolerance induction targeting oral mucosa.

[12]

Polyanhydride nanoparticles 
(eg, mannosylated)

Subcutaneous Conjugated with allergens (eg, peanut), facilitates APC uptake, boosts Th1/Treg, 
lowers Th2 activation and IgE; in peanut allergy mouse models, prevents anaphylaxis 

and enhances long-term tolerance, applicable to CSU for refractory cases via targeted 

mast cell/eosinophil suppression.

[120]

Silica nanoparticles (eg, 

amorphous)

Epicutaneous/ 

Transdermal

Functionalized for allergen delivery, modulates dendritic cell maturation, suppresses 

IgE responses; in contact dermatitis models, reduces inflammation and cytokine 
storms, feasible for CSU in topical applications to alleviate skin wheals and pruritus.

[11]
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The Role of Nanomaterials in Eosinophil Regulation
Eosinophil-targeted nanomaterial platforms have shown significant therapeutic potential by utilizing various mechanisms 
to regulate eosinophil function and reduce allergic inflammation.123 Liposomes co-displaying allergen and Siglec-8 
ligands interact with eosinophils by binding to the inhibitory Siglec-8 receptor, selectively expressed on these cells. This 
suppresses IgE-mediated activation and induces eosinophil apoptosis, potentially alleviating allergic inflammation in 
conditions like urticaria by reducing eosinophil survival and effector functions.14,51 Building upon this receptor-targeting 
approach, bio-mimetic nanoparticles modulate eosinophil responses in models of allergic airway disease by mimicking 
natural cellular interactions, resulting in decreased eosinophil infiltration and attenuation of Th2-driven inflammation, 
thus offering a mechanism for inflammation relief in urticaria by inhibiting eosinophil recruitment and cytokine 
release.124,125 Complementary immunomodulatory strategies include curcumin-loaded nano-formulations combined 
with allergens. These formulations reduce eosinophil counts in nasal lavage fluid and downregulate Th2 cytokines like 
IL-4 and IL-5, inhibiting eosinophil activation. This provides a pathway for alleviating allergic symptoms in urticaria 
through targeted delivery and enhanced bioavailability.126 Similarly, peptide-based lipid nanodiscs, functioning as 
synthetic high-density lipoproteins, suppress eosinophil recruitment and chemotaxis via targeted receptor interactions 
and signaling modulation, leading to decreased migration and adhesion, which could translate to urticaria treatment by 
limiting eosinophil-mediated histamine release and tissue inflammation.127 Indirect modulation approaches have also 
shown promise.128 Dendritic cell-targeted gold nanoparticles act as biocompatible carriers for sublingual immunotherapy, 
modulating allergic responses by indirectly influencing eosinophil activation through enhanced antigen presentation and 
tolerance induction. This may reduce eosinophil degranulation and inflammatory mediator secretion in urticaria.128

Organic sheet-like nanosheets, designed as inorganic-free nanomaterials, address allergic airway inflammation by 
interacting with eosinophils to reduce their activation. This leads to decreased inflammatory cell infiltration and cytokine 
storms, suggesting their potential role in urticaria by promoting inflammation resolution through eosinophil phenotype 

Figure 4 Nanomaterials targeting immune cells in urticaria immunotherapy. Nanoparticles interact with neutrophils (modulating migration and drug delivery), monocytes/ 
macrophages (inhibiting production and recruitment), T/B lymphocytes (inducing tolerance and depleting autoreactive cells), dendritic cells (promoting tolerogenic 
phenotype), and NK cells (enhancing cytotoxicity). They also neutralize cytokines, scavenge ROS/RNS, inhibit MPO, and eliminate cell-free DNA. Adapted from Liu, Jin 
et al. The interaction between nanoparticles and immune system: application in the treatment of inflammatory diseases. Journal of nanobiotechnology vol. 20,1 127. 12 
Copyright © 2022 by authors.121
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modulation.129 Furthermore, nanoparticle-conjugated immunomodulators enhance the effects of allergen-specific therapy 
by facilitating pulmonary delivery and modulating eosinophil responses in the lungs, leading to decreased airway 
hyperresponsiveness and eosinophilia, with implications for urticaria management via systemic or localized suppression 
of eosinophil-driven allergic cascades.130,131 Additionally, PLGA-encapsulated mesenchymal stem cell exosomes exhibit 
immunomodulatory effects by reducing eosinophil infiltration in nasal mucosa. This is achieved through the delivery of 
anti-inflammatory factors that inhibit eosinophil activation and goblet cell hyperplasia, providing a novel nanomaterial- 
based strategy for inflammation relief in allergic diseases, including urticaria.132 These nanomaterial platforms improve 
eosinophil targeting through optimized size, surface functionalization, and controlled release profiles, enhancing phar
macokinetics and minimizing off-target effects. This enables precise regulation of eosinophil activation inhibition and 
overall allergic inflammation alleviation in urticaria, without compromising host immunity.123,133

The Role of Nanomaterials in the Regulation of Eosinophils
Recent advances in targeted basophil modulation show that functionalized nanoparticle platforms can precisely regulate 
IgE-mediated allergic responses through multiple complementary mechanisms.134 AuNPs functionalized with calcineurin 
inhibitors like ascomycin and targeting ligands such as stem cell factor interact synergistically with basophils by binding 
to surface receptors and delivering inhibitors. This suppresses IgE-mediated signaling and reduces pro-allergic mediator 
release, potentially alleviating urticaria symptoms through decreased histamine and cytokine secretion.13 This targeted 
approach inhibits basophil activation without systemic toxicity. The AuNPs’ biocompatibility and specific conjugation 
prevent off-target effects while promoting controlled release of the inhibitor to reduce allergic inflammation in urticaria.13 

Fullerene nanomaterials (C60) preincubated with basophils inhibit IgE-dependent mediator release by regulating allergic 
signaling cascades. This suppresses degranulation and may alleviate urticaria-associated wheal formation through 
reduced vasoactive mediator levels.135 Poly(lactic-co-glycolic acid) (PLGA) nanoparticles encapsulating allergens for 
immunotherapy reduce basophil degranulation by shielding allergens from IgE recognition on basophil surfaces. This 
shifts immune responses toward tolerance and inhibits mediator release in allergic conditions like urticaria.136,137 

Liposomes as nanoparticle carriers in allergen-specific immunotherapy enhance the tolerance-inducing effect. They 
modulate basophil responses by delivering immunomodulators that downregulate FcεRI-mediated activation, resulting 
in decreased histamine release and improved inflammation resolution in urticaria models.55,138 For diagnostic and 
therapeutic applications, dendrimeric antigen-silica nanoparticle composites enhance basophil activation test sensitivity 
for diagnostics but, in therapeutic contexts, can be engineered to inhibit basophil reactivity by optimizing surface 
chemistry to prevent epitope crosslinking and subsequent mediator liberation in urticaria immunotherapy.139,140 

However, not all nanomaterial designs yield beneficial effects.141 Certain lipid nanoparticles (LNPs) may inadvertently 
enhance basophil activation through anti-PEG antibody induction and complement pathway stimulation, potentially 
exacerbating mediator release in susceptible individuals with urticaria, highlighting the need for careful nanomaterial 
design to avoid such proinflammatory effects.9 Chitosan-based nanoparticles loaded with histamine release inhibitors like 
ketotifen target basophils to suppress degranulation through prolonged mucosal retention and sequential drug release. 
This provides a mechanism to inhibit allergic cascades in urticaria without mucosal irritation.55 Mesoporous silica 
nanoparticles conjugated with IgE aptamers specifically target basophils to deliver payloads that disrupt diselenide 
bridges and inhibit activation. This reduces tryptase and histamine release, potentially controlling urticaria symptoms.11

The Role of Nanomaterials in The Regulation of T Lymphocytes
Therapeutic modulation of T lymphocyte responses is a critical frontier in CSU immunotherapy, as these cells drive Th2- 
dominant inflammatory cascades in chronic allergic reactions.16 By redirecting T cell differentiation toward regulatory 
phenotypes and restoring Th1/Th2 balance, nanoparticle-based interventions aim to address the underlying immune 
dysregulation, rather than merely suppressing symptoms.16 Biodegradable poly(lactic-co-glycolic acid) (PLGA) nano
particles encapsulating antigens target antigen-presenting cells like dendritic cells, inducing antigen-specific tolerance. 
This suppresses Th2-mediated responses and may alleviate urticaria by reducing IgE production and inflammatory 
cytokine release.142,143 These PLGA nanoparticles shift the Th1/Th2 balance by enhancing regulatory T cell (Treg) 
differentiation and inhibiting Th2 cell activation, offering an innovative immunotherapy pathway for urticaria with 
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minimal systemic effects.142 Gold nanoparticles conjugated with aryl hydrocarbon receptor (AhR) ligands and antigens 
complement this tolerogenic approach by modulating T cell responses via dendritic cell uptake. This induces tolerogenic 
phenotypes, expanding FoxP3+ Tregs and downregulating Th2 cytokines like IL-4 and IL-5, thus restoring Th1/Th2 
equilibrium in allergic conditions like urticaria.121 pMHCII-coated nanoparticles specifically target autoreactive T cells, 
triggering TR1-like cell expansion and IL-10 secretion to suppress Th2-driven inflammation. This offers a targeted 
strategy for modulating T lymphocyte immunity in urticaria without broad immunosuppression.121,144 Surface modifica
tion strategies have further enhanced dendritic cell interactions. Mannose-modified PLGA nanoparticles loaded with 
allergens enhance dendritic cell phagocytosis and IL-10 production while reducing IL-6. This induces a tolerogenic shift, 
biasing T cell polarization away from Th2 dominance toward Th1 and Treg responses, potentially mitigating urticaria 
flares through balanced immune modulation.81 In a distinct approach, cellulose nanofibers as nanomaterials inhibit 
dendritic cell maturation and weaken Th1/Th17 responses while inducing Tregs, thereby facilitating a Th1/Th2 rebalan
cing that could inhibit mast cell activation indirectly in urticaria via altered T cell cytokine profiles.81 Liposomal nano- 
delivery systems with adjustable charges optimize dendritic cell targeting to suppress Th2 cell proliferation and enhance 
Treg-mediated tolerance. This offers a versatile platform for urticaria treatment by preventing excessive Th2 cytokine- 
driven histamine release.81,134

Nanomaterials Targeting Immune Cell Surface Receptors: Functional Design and 
Therapeutic Delivery System
Immune cell surface receptors play a key role in urticaria development. The high-affinity IgE receptor (FcεRI) on mast 
cells, basophils, and eosinophils, along with inhibitory receptors like Siglec-6 and Siglec-8, trigger IgE-mediated 
activation, degranulation, and the release of inflammatory substances like histamine and cytokines.14,145 When these 
receptors malfunction, they worsen allergic inflammation in urticaria, making them ideal targets for treatments that 
control overactive cells and restore immune balance without suppressing the entire immune system.145 Nanomaterials 
with specific surface molecules interact with these receptors, enabling precise drug delivery and immune modulation in 
allergic diseases.15 For example, in food allergies, nanoparticles block Th2-driven responses and promote regulatory 
T cells, reducing symptoms.93 These nanomaterial methods have effectively prevented severe allergic reactions, such as 
anaphylaxis, by deactivating mast cells and eosinophils through receptor-targeted blocking, reducing substance release 
and systemic inflammation in lab models.15,93 Similarly, nanoparticle-based allergen immunotherapy has enhanced 
treatment for allergic rhinitis and asthma by targeting dendritic cell receptors, shifting immune responses toward 
tolerance, reducing Th2 cytokine dominance, and improving long-term desensitization.17 New nanomaterial designs 
with anti-inflammatory drugs regulate innate immune cell receptors in atopic dermatitis, suppressing chronic inflamma
tion and barrier issues through controlled release.146,147 These applications suggest that by using nanomaterials to target 
immune cell surface receptors, we can develop new treatments for urticaria that may achieve better results in blocking 
allergic reactions and resolving wheal formation with better safety.148

Building on receptor-targeting principles, several nanoparticle platforms have been developed for urticaria treatment. 
Poly(propylene sulfone) nanoparticles with anti-Siglec-6 antibodies target Siglec-6 on mast cells using non-covalent 
anchoring that preserves protein structure. This blocks IgE-mediated degranulation, suppressing urticaria symptoms by 
reducing substance release.149,150 This design enhances selective delivery to mast cells, reducing off-target effects and 
promoting inflammation resolution in urticaria by engaging inhibitory receptors to reduce cell activation.149 In a different 
approach, mannan-coated allergen nanoparticles target dendritic cell receptors like DC-SIGN and the mannose receptor 
through sugar molecules. This aids antigen presentation and induces regulatory T cell tolerance. This could reduce 
urticaria by modulating Th2-driven immune responses and decreasing IgE production.119 More broadly, engineered 
nanomaterials with specific properties like surface charge and ligand density interact with immune cell receptors to guide 
immune stimulation or suppression, enabling targeted therapy for urticaria by changing distribution and receptor 
signaling in effector cells. Several immunotherapy platforms have integrated these targeting strategies. Nanoparticle- 
based allergen immunotherapy platforms, such as polyesters and liposomes with specific molecules, engage immune cell 
surface receptors to disrupt Th2 cell dominance and improve tolerance. This potentially reduces urticaria flares by 
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lowering allergen-specific IgE binding and effector cell activation.17 Similarly, biodegradable nanoparticles containing 
allergens like galactose-alpha-1,3-galactose target antigen-presenting cell receptors to increase immune tolerance. This 
reduces IgE-mediated reactions and offers a new delivery system for urticaria management through controlled adaptive 
immunity.110,151 Alternatively, nanoparticle-allergen complexes designed for receptor targeting on mast cells and 
basophils block degranulation through receptor crosslinking and signal disruption. This prevents histamine release in 
urticaria without suppressing the entire immune system.136 For T cell targeting, nanoparticles with antibodies against 
CD90 or CD45 on T cells enable precise delivery of immune-controlling drugs to restore Th1/Th2 balance. This 
modulates urticaria immunotherapy by suppressing pro-allergic cytokines and improving regulatory responses.152 

Additionally, nanoparticles designed to interact with pattern recognition receptors on innate immune cells control 
inflammatory processes, providing a treatment delivery system that reduces urticaria symptoms through controlled 
receptor engagement and reduced inflammatory effects.103,121

Future Perspectives and Emerging Strategies
Clinical Translation
Although conventional treatment strategies for CSU, such as antihistamines (eg, H1-receptor antagonists like cetirizine), 
biologics (eg, omalizumab targeting IgE), and immunosuppressants (eg, cyclosporine), provide symptomatic relief, they 
face significant challenges including limited efficacy in refractory cases (eg, only 40–50% complete response rate to 
omalizumab in type IIb autoimmune CSU), development of resistance over time (eg, tachyphylaxis with prolonged 
antihistamine use), systemic side effects (eg, sedation, gastrointestinal disturbances, or increased infection risk with 
immunosuppressants), and poor patient adherence due to frequent dosing requirements and incomplete symptom 
control.153,154 These limitations often result in persistent disease burden, high relapse rates (up to 60% post-treatment), 
and the need for escalated therapies, underscoring the demand for more targeted approaches.2,155 At present, although the 
development of CSU immunotherapy based on nanomaterials continues, there remains a need for innovative strategies to 
bridge the gap between preclinical prospects and clinical translation.156,157 While current applications, such as targeted 
modulation of mast cells and eosinophils via functionalized nanoparticles, have demonstrated efficacy in alleviating Th2- 
driven inflammation, several challenges persist, including immunotoxicity, variable patient responses, and limited long- 
term safety data.158 To address these limitations, we propose a clearer clinical translation roadmap that outlines the 
sequential steps from preclinical studies, animal models, Phase I/II, and Phase III clinical trials. This roadmap could 
ensure systematic evaluation, beginning with laboratory validation of nanomaterials and progressing through controlled 
animal trials, followed by human clinical studies in progressive phases to monitor safety, efficacy, and long-term 
effects.159 Regulatory frameworks such as FDA and EMA guidelines are critical for nanomedicines, especially with 
respect to long-term safety monitoring.160 The development of nanotherapies must adhere to specific safety and efficacy 
endpoints established for Phase I/II trials, while the FDA and EMA provide guidance on nanomaterial toxicity, 
biocompatibility, and post-market surveillance.161 Addressing ethical concerns, such as equitable access to treatment 
and informed consent, particularly in vulnerable CSU populations, is essential for translating these therapies into 
practice.162 For instance, biodegradable PLGA nanoparticles exhibit low immunogenicity in recent airway allergy 
studies, with no systemic toxicity in long-term exposures.124,163 However, lipid nanoparticles in mRNA vaccines have 
been linked to urticaria flares, thereby emphasizing the need for optimized formulations to avoid MRGPRX2 
activation.164,165 Moreover, rigorous evaluations, including ISO-compliant cytotoxicity tests, show >85% safety scores 
for functionalized variants, yet chronic accumulation risks persist for metallic nanoparticles, potentially exacerbating 
eosinophilia. Additionally, long-term immunological impacts balance substantial benefits against risks.166,167 Specifically, 
nanomaterials induce durable tolerance, as demonstrated by 2025 nanoparticle vaccines that prevent severe allergic 
reactions via sustained Treg expansion and IgE reduction. Benefits include 60–90% relapse prevention over 12 months in 
models, but risks like immune exhaustion or paradoxical inflammation necessitate monitoring.168,169 Furthermore, a risk- 
benefit matrix, quantifies high efficacy (benefit: 8.5/10) against moderate toxicity (risk: 3.5/10) for polymeric systems, 
yielding net positives in probabilistic models (eg, 80% favorable outcomes for Siglec-targeted nanoparticles in refractory 
CSU).12 Ethical and regulatory considerations are critical for translation. In particular, frameworks in the EU and US 
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emphasize GLP toxicology and phase-specific endpoints for nanomedicines, addressing persistence risks through post- 
market surveillance.162,170 Consequently, ethics demand equitable access and consent for long-term exposures, especially 
in vulnerable CSU populations.76 Lipid nanoparticles in mRNA vaccines have been implicated in urticaria via PEG- 
induced complement pathways, providing key lessons for CSU nanomaterial safety.171 For instance, delayed systemic 
urticarial reactions post-mRNA vaccination have been reported, often treatable with antihistamines but indicative of non- 
life-threatening hypersensitivity, highlighting the need for alternative surface modifications in CSU-targeted nanomater
ials to avoid similar flares in sensitive patients.172 Furthermore, chronic urticaria onsets following repeated mRNA 
immunizations, particularly with Moderna mRNA-1273 occurring on average 10 days post-vaccination, serve as 
a cautionary example of how nanoparticle formulations might exacerbate underlying autoimmune endotypes in CSU, 
advocating for pre-clinical screening of MRGPRX2 activation and anti-PEG antibody responses in future designs.173 

Additionally, cohort analyses associate mRNA COVID-19 vaccination with increased urticaria risk, including persistent 
features over time, emphasizing translational gaps and the importance of long-term monitoring in nanomedicine trials, 
with parallels to CSU’s refractory cases where biologics like omalizumab fail, suggesting biomarker-guided patient 
stratification to exclude high-risk individuals.174

Additionally, a key challenge in CSU therapy is differentiating between Type I and Type IIb endotypes. The 
importance of stratifying patients based on their immune profiles, such as distinguishing omalizumab responders from 
non-responders, is crucial for guiding personalized nanotherapy.175,176 By using endotype-driven models, we can tailor 
the use of nanomedicines, enhancing efficacy and minimizing adverse effects. This approach aligns with emerging trends 
in precision medicine, ensuring that patients receive the most suitable therapy based on their immune system 
characteristics.77,113 To contextualize the translational value of nanomedicine in CSU, it is essential to compare these 
strategies with existing biologics like omalizumab, dupilumab, and benralizumab.177 While biologics have shown 
effectiveness in certain patient populations, nanomedicine offers the potential for more targeted, less invasive interven
tions. Nanomaterials may have advantages in terms of cost-efficiency, especially considering the high cost of biologics, 
and they may offer better control over side effects due to their precision in targeting immune cells.178 However, the 
comparison of safety, efficacy, and cost between nanomedicine and biologics is an essential area of ongoing research, as 
nanotherapy is still in its early stages.179

Future Perspectives
To address these limitations, the use of artificial intelligence (AI), multi-omics analyses, and biomarkers can enhance 
personalized medicine in nanomedicine.180 These strategies not only aim to optimize nanomaterial design but also to 
enhance safety profiles and therapeutic precision, thereby paving the way for more effective CSU management. First, AI- 
guided optimization of nanomaterials represents a pivotal frontier in enhancing their immunological interactions.181 

Machine learning algorithms can predict nanoparticle properties, such as size, surface ligand density, and release kinetics, 
to maximize targeting efficiency toward CSU-specific immune cells like mast cells and basophils.182 For instance, AI 
models have been employed to simulate nano-immune interfaces, enabling the design of multivalent ligand-displaying 
nanoparticles that co-engage inhibitory receptors (eg, Siglec-8) and FcεRI, thereby suppressing degranulation with 
minimal off-target effects.183 Recent studies in nanomedicine emphasize the use of deep learning for high-throughput 
screening of nanomaterial formulations, which could accelerate the development of CSU-tailored therapies by reducing 
experimental iterations and predicting patient-specific responses based on endotype classifications.184 Furthermore, 
integrating AI with computational modeling of protein-nanoparticle interactions may facilitate the creation of adaptive 
nanomaterials that respond dynamically to inflammatory cues, such as elevated IL-4 or histamine levels in CSU flares.185

In addition, biomarker-driven safety assessments play a crucial role in mitigating the risks associated with nanoma
terial use, particularly in immune-mediated disorders such as CSU.186 Biomarkers like serum IgE levels, MRGPRX2 
expression on mast cells, and eosinophil-derived proteins (eg, major basic protein) serve as valuable tools for persona
lized dosing and real-time monitoring of nano-immune interactions.187 Emerging strategies include the use of diagnostic 
nanoparticles, also known as “theranostics”, which combine therapeutic delivery with imaging capabilities. These 
nanoparticles enable non-invasive tracking of biodistribution and immune activation, offering an innovative approach 
for monitoring treatment effects.188 For example, recent advancements in silica-based nanoparticles functionalized with 
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fluorescent probes have made it possible to target biomarkers specifically in allergic models, shedding light on potential 
exacerbations like complement activation or cytokine storms.189 As a result, prospective clinical trials can utilize these 
assessments to stratify CSU patients, ensuring safer administration of nanomaterials, especially in refractory cases that do 
not respond to biologics like omalizumab.189 This approach aligns with ongoing nanomedicine research, which 
emphasizes regulatory compliance, where biomarker validation through phase I/II studies is essential to address concerns 
over long-term immunotoxicity, such as unintended Th1/Th2 shifts or nanoparticle accumulation in lymphoid tissues.190

Finally, multi-omics studies provide a comprehensive framework to unravel the complex nano-immune dynamics in 
CSU, integrating genomics, proteomics, and metabolomics to better understand the mechanisms underlying therapeutic 
efficacy and potential risks.191 By analyzing omics data from nanomaterial-exposed immune cells, researchers can 
identify novel pathways, such as epigenetic modifications in Tregs or metabolic reprogramming in eosinophils, that 
play a crucial role in tolerance induction.192 Recent studies demonstrate the utility of single-cell RNA sequencing in 
mapping nano-induced transcriptomic changes, revealing how lipid nanoparticles might enhance Treg proliferation while 
suppressing basophil hyperactivity.192 To this end, future strategies could involve omics-informed nanomaterial redesign, 
including the incorporation of CRISPR-edited payloads for gene silencing of pro-inflammatory cytokines (eg, IL-13), 
thereby promoting durable immune tolerance in CSU.193 Additionally, combining multi-omics with AI analytics could 
enable the prediction of exacerbation risks, such as MRGPRX2-mediated pseudo-allergic reactions, allowing for 
proactive adjustments in nanomaterial composition for vulnerable patient subsets.194

Beyond these core strategies, emerging hybrid approaches, such as nanomaterial-vaccine conjugates and bio-mimetic 
systems, hold significant promise for proactive CSU prevention.120 For instance, allergen-encapsulated nanoparticles, 
which mimic extracellular vesicles, could induce preemptive tolerance in high-risk individuals, drawing from recent 
successes in food allergy models.93 However, addressing exacerbation risks remains critical, and therefore, rigorous 
preclinical testing in humanized mouse models is necessary to simulate the heterogeneity of CSU.195 Overall, these 
forward-looking perspectives emphasize a multidisciplinary paradigm, where collaboration between nanotechnologists, 
immunologists, and clinicians will drive the translation of nanomaterials from bench to bedside. This approach aims to 
revolutionize CSU immunotherapy, offering enhanced specificity, reduced relapse rates, and improved patient quality of 
life.9,196 We believe that more effective methods will emerge in the future to harness nanomaterials for the precise 
treatment of CSU patients. Meanwhile, to date, fundamental and clinical research exploring the interaction between 
nanomaterials and urticaria, particularly CSU, remains extremely limited. Future studies are urgently needed to validate 
these proposed targeting strategies in CSU-specific animal models and, ultimately, in clinical settings.

Conclusion
In conclusion, nanomaterials represent a transformative platform for precision immunotherapy in CSU, with substantial 
promise in achieving targeted modulation of key immune cells, including mast cells, eosinophils, basophils, and 
T lymphocytes. Their inherent tunability—encompassing particle size, surface functionalization with ligands such as 
Siglec-8 or FcεRI inhibitors, and controlled drug release profiles—facilitates precision targeting of pathogenic pathways 
like FcεRI signaling and Th2-dominant inflammation, thereby enhancing bioavailability, inducing antigen-specific 
immune tolerance through regulatory T cell expansion, and enabling personalization based on CSU endotypes (eg, 
Type I autoallergy versus Type IIb autoimmunity). These attributes position nanomaterials as potential superior alter
natives to existing biologics, such as omalizumab, particularly in refractory cases where they could offer reduced dosing 
frequency, minimized systemic immunosuppression, and improved symptom control, as evidenced by preclinical models 
demonstrating 60–90% inhibition of degranulation and mediator release. Nevertheless, significant limitations must be 
acknowledged, including safety concerns such as potential immunotoxicity from complement activation or pseudo- 
allergic reactions triggered by components like PEGylated lipids, translational gaps arising from the predominance of 
in vitro and animal studies over human trials, and a notable lack of CSU-specific clinical evidence, which currently relies 
heavily on extrapolations from broader allergic disease models. Addressing these challenges will require rigorous 
advancements in AI-driven design for predictive toxicity modeling, multi-omics integration to delineate nano-immune 
interactions, and focused clinical investigations to validate efficacy in stratified patient cohorts, ultimately paving the way 
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for safer, more effective interventions that extend beyond CSU to other allergic disorders and enhance overall patient 
outcomes.
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