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Öz

Ovalbümin (OVA), yapısal olarak karmaşık ve immünolojik açıdan güçlü 
bir glikoprotein olup, yumurta akı proteinlerinin baskın olanıdır ve im-
münoloji araştırmalarında yaygın olarak kullanılan bir model alerjendir. 
Deneysel alerji modellerinde değerli bir yere sahip olmasına rağmen, 
embriyolu tavuk yumurtaları kullanılarak üretilen aşılarda artık olarak 
bulunması nedeniyle klinik açıdan da bir endişe kaynağıdır. İz miktardaki 
OVA, duyarlı bireylerde IgE aracılı aşırı duyarlılık reaksiyonlarını tetikleye-
bilir ve bu durum aşı güvenliği, etiketleme tutarlılığı ve risk iletişimi gibi 
konularda önemli soruları gündeme getirmektedir. Bu derleme, OVA’yı 
moleküler, klinik ve düzenleyici bakış açılarından kapsamlı şekilde analiz 
etmektedir. Alerjenitesine katkıda bulunan yapısal belirleyicileri, aşı üre-
tim süreçleri boyunca kalıcılığını ve artık düzeylerin tespiti konusundaki 
analitik zorlukları inceliyoruz. Ayrıca, gelişmiş işleme yöntemleri, rekom-
binant aşı platformları ve epitop-maskeleme teknolojileri gibi ortaya 
çıkan alerjen azaltma stratejilerini değerlendiriyoruz. Hücre kültürü ve 
mRNA tabanlı aşılar gibi alternatif üretim sistemleri de OVA maruziyetini 
tamamen ortadan kaldırma potansiyelleri açısından değerlendirilmek-
tedir. Yapısal biyoloji, klinik immünoloji ve halk sağlığı politikalarından 
elde edilen verileri entegre ederek, bu derleme artık OVA’nın oluştur-
duğu çevirimsel riskleri ve bu riskleri azaltabilecek yenilikçi yaklaşımları 
vurgulamaktadır. Bulgular, hassasiyete dayalı aşı tasarımına geçişi ve kü-
resel bağışıklama programlarında alerjen yönetim stratejilerinin yeniden 
tanımlanmasını desteklemektedir.

Anahtar Kelimeler: Ovalbümin, alerji riski, aşı güvenliği, regülasyon ek-
siklikleri, alerjen içermeyen aşılar

Abstract

Ovalbumin (OVA), a structurally complex and immunologically potent 
glycoprotein, is the predominant egg white protein and a widely used 
model allergen in immunological research. Despite its value in experi-
mental allergy models, OVA also represents a clinical concern due to 
its residual presence in vaccines produced using embryonated hen 
eggs. Trace amounts of OVA can trigger IgE-mediated hypersensitivity 
reactions in sensitized individuals, raising critical questions about vac-
cine safety, labeling consistency, and risk communication. This review 
presents a comprehensive analysis of OVA from molecular, clinical, and 
regulatory perspectives. We explore the structural determinants of its 
allergenicity, its persistence across vaccine production pipelines, and 
the analytical challenges in detecting residual levels. Furthermore, we 
assess emerging allergen-reduction strategies, including advanced pro-
cessing methods, recombinant vaccine platforms, and epitope-masking 
technologies. Alternative production systems such as cell-culture and 
mRNA-based vaccines are also evaluated in terms of their potential to 
eliminate OVA exposure entirely. By integrating data from structural biol-
ogy, clinical immunology, and public health policy, this review highlights 
both the translational risks posed by residual OVA and the innovations 
that may mitigate them. The findings support a shift toward preci-
sion-based vaccine design and a redefinition of allergen management 
strategies in global immunization programs.
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Introduction

Among food-derived allergens, ovalbumin (OVA) emerges 
as one of the most structurally complex and immunologically 
potent glycoproteins. With a molecular weight of 
approximately  45 kilodaltons  and an isoelectric point (pI) 
ranging from  4.5 to 4.9, OVA exhibits high solubility under 
physiological conditions and strong binding affinity to 
immune receptors features that underpin its long-standing 
use as a model antigen in allergy and immunology research (1). 
Its combination of conformational and linear IgE-binding 
epitopes enables robust activation of Th2-skewed immune 
responses, including mast cell degranulation, eosinophilia, 
and elevated IgE titers  (2). Beyond its experimental utility, 
OVA has clinical relevance due to its inadvertent presence 
in vaccines manufactured using embryonated hen eggs. 
Although purification methods substantially reduce egg 
protein content, trace levels often in the nanogram range  
may remain. Clinical evidence suggests that these low-level 
residues are generally well tolerated, even in individuals 
with severe egg allergy, including those with a history of 
anaphylaxis (3). However, the residual presence of OVA, despite 
being minimal, remains a subject of clinical scrutiny due to its 
theoretical potential to trigger IgE-mediated hypersensitivity 
in highly sensitized individuals. Recent evaluations also 
suggest that immunogenic risk cannot be entirely excluded, 
particularly in the context of inconsistent labeling and the 
absence of universally accepted thresholds for residual OVA 
in inactivated egg-based vaccines (4). While international 
consensus reports, such as that by Dreskin et al. indicate that 
live attenuated vaccines like measles and mumps, which 
are produced using chick embryo fibroblasts, contain only 
picogram quantities of residual egg protein levels considered 
clinically insignificant even for highly sensitized individuals 
a universally accepted threshold for OVA content across all 
vaccine platforms, particularly inactivated egg-based vaccines, 
remains undefined. Inconsistent labeling further complicates 
clinical guidance for egg-allergic individuals (5). Adding to 
this, recent studies highlight how environmental and dietary 
co-factors can amplify or attenuate OVA-triggered immune 
responses. Notably, aflatoxin B1, a common foodborne 
mycotoxin, has been shown to exacerbate OVA-induced 
allergic sensitization in BALB/c mice via activation of the TSLP-
IL-33 axis (6). Conversely, fructooligosaccharides (FOS) may 
dampen allergic inflammation by enhancing oral tolerance 
through modulation of the gut microbiota (7). Collectively, 
these findings underscore the dual role of OVA as both a 
valuable scientific model and a potential immunological 
hazard in modern vaccine platforms. The convergence of trace 
exposure, individual sensitivity, and inconsistent regulatory 
thresholds reveals a critical gap in vaccine safety frameworks. 
This review integrates current insights into OVA’s biochemical 

profile, clinical relevance, and regulatory implications, aiming 
to expose unresolved challenges and inform future strategies 
for allergen-free vaccine production.

Ovalbumin: Structure and Immune Response

Immunodominant Epitopes and Allergenicity 

OVA exhibits potent immunogenicity due to its structurally 
complex tertiary architecture, which displays both linear and 
conformational IgE-binding epitopes on its globular surface. 
These epitopes are predominantly surface-exposed and 
exhibit resistance to gastrointestinal degradation, allowing 
sustained immune recognition even after food processing. 
Structural and immunochemical analyses have demonstrated 
that these epitopes bind with high affinity to FcεRI receptors on 
mast cells and basophils, facilitating crosslinking and initiating 
rapid degranulation characteristic of type I hypersensitivity 
reactions (8). In murine models, oral administration of OVA 
consistently induces hallmark features of Th2-driven allergic 
responses, including elevated serum histamine, OVA-specific 
IgE, murine mast cell protease-1, and Th2 cytokines such as 
IL-4, IL-5, and IL-13. These responses are further accompanied 
by mucosal mast cell infiltration and epithelial inflammation 
(9). Beyond immune interaction, the allergenic potential 
of OVA is modulated by its biophysical properties namely, 
thermal stability, aggregation propensity, and resistance 
to proteolysis. While heating can disrupt conformational 
epitopes, partial denaturation and enzymatic digestion 
may paradoxically expose cryptic IgE-binding sites, thereby 
enhancing immunogenicity under certain conditions (10). 
Crystallographic studies have identified a stabilized β-barrel 
core and glycosylated surface residues that contribute to the 
preservation of epitope conformation, even during processing 
(11). Furthermore, exposure to protease-activated epithelial 
environments such as those triggered by environmental 
co-allergens like house dust mite extract has been shown 
to increase epithelial permeability and facilitate enhanced 
epitope presentation, exacerbating allergic responses even at 
trace OVA concentrations (12).

Antigen Presentation and Th2 Polarization 

Following mucosal entry, OVA is rapidly taken up by 
antigen-presenting cells (APCs), predominantly dendritic 
cells. These cells process OVA and present its derived peptides 
via MHC class II complexes to naïve CD4⁺ T cells in the regional 
lymph nodes, initiating antigen-specific adaptive immunity 
(13). This interaction is a key driver of Th2 polarization, a central 
mechanism in allergic sensitization. The resulting Th2 effector 
cells secrete a characteristic cytokine profile, including IL-4, IL-
5, and IL-13, which collectively promote IgE class switching, 
eosinophilic infiltration, and mucus hypersecretion, particularly 
in mucosal tissues such as the lungs and gut (14). Crucially, the 
quality of antigen presentation, not only antigen load but also 
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costimulatory signaling and cytokine environment, shapes 
the intensity and direction of the immune response. In vitro 
studies using human monocyte-derived dendritic cells have 
demonstrated that OVA exposure increases expression of key 
costimulatory molecules such as CD86 and OX40L, thereby 
enhancing Th2 polarization through secondary signaling 
pathways (15). In vivo murine models have further revealed 
that the route of OVA administration significantly influences 
immune outcomes. Intranasal delivery induces pronounced 
pulmonary eosinophilia and airway remodeling, whereas oral 
administration results in gastrointestinal Th2 responses marked 
by epithelial barrier dysfunction and localized inflammation 
(16). Recent findings suggest that environmental co-factors 
such as diesel exhaust particles or protease-rich allergens 
can synergize with OVA to amplify allergic responses. These 
co-exposures activate epithelial stress pathways, increasing 
the release of cytokines like IL-25, IL-33, and thymic stromal 
lymphopoietin, which enhance Th2 stabilization and tissue-
level inflammation (17). Taken together, these observations 
delineate a robust antigen-driven cascade that underlies Th2 
polarization and IgE-mediated hypersensitivity, schematically 
summarized in Figure 1.

Mucosal and Systemic Immune Effects

Beyond localized immune responses, OVA induces 
widespread immunopathological effects across mucosal 
barriers, culminating in systemic hypersensitivity. Repeated 
exposure to OVA disrupts epithelial homeostasis, promotes 
leukocyte infiltration, and impairs barrier integrity in both 
respiratory and gastrointestinal tissues.

In murine models of food allergy, oral administration of 
OVA has been shown to cause marked intestinal villus blunting, 
goblet cell hyperplasia, and a significant downregulation 
of tight junction proteins hallmarks of mucosal barrier 
dysfunction (18). These structural alterations coincide with 
elevated levels of IL-4 and IL-13 and increased circulating 
OVA-specific IgE, indicative of systemic Th2 sensitization. 
Respiratory models complement these findings. Inhalational 
or intranasal exposure to OVA provokes hallmark features of 
allergic asthma, including pulmonary eosinophilia, excessive 
mucus secretion, and bronchial wall remodeling (19). Clinically, 
elevated egg white-specific IgE which encompasses reactivity 
to OVA has been linked to persistent allergic phenotypes 
and a greater overall allergic disease burden in children, 

Figure 1. Immunological mechanism of ovalbumin-induced Th2 sensitization and IgE-mediated cross-reactivity (created by the author using BioRender).
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indicating that sensitization to dietary antigens such as OVA 
may contribute to systemic immune activation that primes 
the airways (20). Emerging evidence highlights the role of the 
gut-lung axis in orchestrating compartmentalized immune 
responses to OVA. Probiotic-based interventions particularly 
with  Lactobacillus rhamnosus have demonstrated dual-site 
efficacy: Reducing gut inflammation while concurrently 
mitigating airway hyperresponsiveness (21). 

Immunomodulation by Nutrients and Bioactives

The allergenic potential of OVA is not fixed, but dynamically 
shaped by physicochemical and dietary interventions that 
alter its structural conformation and epitope accessibility. 
One well-characterized example is chitosan a biocompatible 
polysaccharide derived from crustacean exoskeletons 
which has been shown to stabilize OVA fibrils under alkaline 
conditions. This conformational stabilization mitigates 
aggregation and preserves native-like structure, thereby 
reducing in vitro IgE-binding affinity (22). Similarly, selective 
partial unfolding through gamma irradiation has been 
demonstrated to enhance the functional properties of OVA, 
such as foaming and emulsification, while simultaneously 
decreasing its immunogenicity. This controlled denaturation 
exposes non-allergenic regions and disrupts conformational 
epitopes, representing a promising strategy for hypoallergenic 
formulation design (23). High-pressure homogenization 
further supports this concept, as it has been shown to disrupt 
OVA’s tertiary structure and conceal immunoreactive domains, 
thereby lowering IgE-binding potential (24). Emerging non-
thermal processing techniques such as pulsed electric fields 
and high-intensity ultrasound offer scalable alternatives 
that modulate protein conformation without compromising 
structural integrity or nutritional value. These technologies 
preserve OVA’s functional capacity while attenuating 
allergenicity, making them attractive candidates for industrial 
application (25). From a nutritional standpoint, naturally 
occurring polyphenols such as catechins and anthocyanins 
engage in non-covalent interactions with surface-exposed 
residues on OVA, effectively masking key epitopes and 
diminishing IgE reactivity (26). Furthermore, ionic strength 
modulation has been implicated as a key determinant of 
OVA’s immunological profile. Exposure to monovalent (Na⁺) 
and divalent (Mg²⁺) ions alters protein surface hydrophobicity 
and aggregation dynamics, which in turn may affect epitope 
accessibility and immunogenic potential (27).

Ovalbumin in Egg-Based Vaccine Manufacturing

Egg-based vaccine production remains the predominant 
global platform for manufacturing influenza, measles, mumps, 
rubella (MMR), and yellow fever vaccines due to its scalability, 
cost-efficiency, and reliable viral yield (28). However, the use 
of embryonated chicken eggs inherently introduces trace 

amounts of egg proteins chiefly OVA into the final formulations. 
OVA, the most abundant protein in egg white, possesses well-
characterized IgE-binding properties and has been implicated 
in hypersensitivity reactions among sensitized individuals. An 
overview of residual ovalbumin’s origin, immunogenicity, and 
mitigation approaches is summarized in Figure 2.

Although purification procedures are implemented to 
reduce OVA content, studies report that licensed vaccines may 
retain residual OVA levels ranging from 0.1 to 1.0 µg per dose, 
depending on the manufacturer and production process 
(29). This variability underscores the importance of rigorous 
quantification methods and transparent labeling, especially 
for egg-allergic individuals who may react to even minimal 
exposures. Analytical methods for OVA detection differ in 
sensitivity and resolution. Enzyme-linked immunosorbent 
assay (ELISA) remains widely used for routine batch testing 
due to its cost-effectiveness and practicality, but it may 
underestimate low-level or structurally masked epitopes. In 
contrast, liquid chromatography coupled with tandem mass 
spectrometry (LC-MS/MS) provides higher resolution and 
batch-to-batch consistency, particularly in highly purified 
vaccine preparations (30). Despite theoretical safety concerns, 
real-world clinical data remain reassuring. In a multicenter 
study involving 58 pediatric patients with confirmed egg 
allergy, yellow fever vaccines containing residual OVA were 
administered safely without requiring premedication or 
desensitization protocols (31). Similarly, MMR vaccines owing 
to the use of recombinant stabilizers and minimal egg protein 
content have been shown to be well tolerated in egg-allergic 
individuals (32). These findings are further corroborated 
by broader population studies. For instance, concurrent 
administration of COVID-19 and influenza vaccines in egg-
allergic patients resulted in no serious allergic reactions, 
reinforcing the low anaphylaxis risk when OVA content 
remains under control (33). As a result, current Centers for 
Disease Control and Prevention and the Advisory Committee 
on Immunization Practices (ACIP) recommendations 
no longer classify egg allergy as a contraindication for 
influenza vaccination, provided that residual OVA levels 
remain below 1 µg per dose (34). In pediatric vaccination 
programs, maintaining clarity regarding vaccine composition 
is vital for fostering caregiver trust and enabling informed 
clinical decisions. From a biochemical perspective, OVA is 
considered less allergenic than ovomucoid (Gal d 1) due to 
its lower glycosylation, diminished thermal stability, and 
greater susceptibility to gastrointestinal digestion. These 
properties collectively contribute to a milder allergic profile 
though severe reactions may still occur in highly sensitized 
hosts (35). Allergy counseling plays a crucial role in vaccine 
acceptance, particularly within pediatric settings. Structured 
pre-vaccination risk assessments and open communication 
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with caregivers have been shown to significantly enhance 
confidence among egg-allergic families (36). Moreover, 
pharmacovigilance systems such as the VAERS continue to 
monitor rare adverse events. Current surveillance data confirm 
that severe OVA-induced anaphylaxis remains exceedingly 
rare and is often confounded by coexisting allergic conditions 
(37). Advances in vaccine manufacturing platforms further 
mitigate this risk. Cell-based expression systems (e.g., 

MDCK and Vero lines) and recombinant technologies (e.g., 
FluBlok) now enable the production of completely OVA-free 
vaccines. These approaches enhance both allergenic safety 
and responsiveness to antigenic shifts. However, economic 
and infrastructural considerations continue to support the 
dominance of egg-based systems in many low- and middle-
income countries (38).

Figure 2. Graphical abstract illustrating the origin, immunogenicity, detection, and mitigation strategies of residual ovalbumin in egg-based vaccines 
(created by the author using BioRender).
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Detection and Quantification of Residual Ovalbumin 
in Vaccine Products

Accurate quantification of residual OVA in egg-based 
vaccines remains a critical component of immunization safety, 
particularly for individuals with confirmed IgE-mediated egg 
allergy. Recognizing this, regulatory bodies such as the U.S. 
Food and Drug Administration and the EMA have underscored 
the necessity of validated analytical methods in vaccine 
quality control systems, especially for trace-level allergens like 
OVA (39). Among currently employed assays, ELISA remains 
the most widely utilized method, favored for its operational 
simplicity, affordability, and adaptability to high-throughput 
batch testing. However, ELISA is subject to several limitations 
including matrix interference, thermal and enzymatic epitope 
alteration, and conformational masking which may result 
in underestimation of allergenic potential in processed 
formulations (40). To overcome these constraints, LC-MS/MS 
has emerged as a preferred technique, offering enhanced 
specificity and detection precision in complex vaccine 
matrices (41). The incorporation of isotopologue-labeled 
internal standards now enables quantification of OVA down to 
the nanogram-per-milliliter range. Importantly, clinical studies 
have demonstrated that residual OVA concentrations within 
this analytical range spanning from approximately 30 ng/mL 
to 1 µg/mL per dose are generally well tolerated, even in egg-
allergic individuals with prior anaphylaxis, without provoking 
systemic reactions (42-44). These findings indicate that while 
ultra-sensitive detection improves analytical reliability, the 
clinical risk at such concentrations remains low. Additionally, 
chromatographic enrichment steps are now routinely used 
to reduce matrix-derived background noise, significantly 
enhancing the signal-to-noise ratio in low-abundance 
analyte detection (45). Beyond centralized laboratories, next-
generation biosensing technologies  are expanding the 
frontiers of decentralized allergen monitoring. Aptamer-
based fluorescent biosensors, for instance, have shown 
exceptional selectivity for OVA, with stable performance 
under thermally or chemically denatured conditions (46). 
In parallel,  epitope-imprinted polymeric electrochemical 
sensors  have achieved detection limits below 1 ng/mL 
while maintaining minimal cross-reactivity (47). Colorimetric 
nanoparticle-based sensors, leveraging plasmonic signal 
shifts, also enable rapid visual detection of OVA without 
requiring sophisticated instrumentation (48). Spectroscopic 
methods, particularly surface-enhanced Raman spectroscopy, 
have gained attention for their multiplexing capability 
and ultrasensitive detection of allergens in heterogeneous 
matrices (49). A critical emerging focus involves the 
interplay between  OVA’s structural conformation and its 
immunoreactivity. Controlled unfolding through heat and pH 
modulation has been shown to selectively expose or shield 
IgE-binding epitopes, thereby modulating both allergenic 

potential and detection efficiency (50). Similarly, disruption of 
OVA’s tertiary structure alters epitope accessibility, reducing 
mast cell activation and improving hypoallergenicity (51). 
These findings suggest that allergen detection protocols must 
evolve beyond protein quantification to integrate structural 
analysis. Importantly, recombinant and native forms of OVA 
exhibit distinct immunogenic profiles, complicating assay 
standardization and result interpretation. Hence, analytical 
platforms must select appropriate reference standards that 
reflect clinically relevant conformational states (52). In light 
of these complexities, regulatory frameworks must shift 
from simple mass-based thresholds to functionally informed 
criteria grounded in structural immunogenicity. Accordingly, 
hybrid workflows combining immunoaffinity enrichment 
with LC-MS are increasingly adopted in reference laboratories 
to provide both sensitivity and specificity for trace allergens 
(53). Nevertheless, analytical sensitivity alone does not equate 
to clinical safety. Detection results must be interpreted within 
the context of patient-level immune risk. Sensitivity thresholds 
should be aligned with real-world outcomes, such as 
symptom severity and sensitization profiles, and harmonized 
with current regulatory standards, including the EMA’s ≤1 µg/
dose limit for influenza vaccines and ACIP recommendations 
supporting the safety of vaccines within this range for egg-
allergic individuals (54,55). Future advancements will likely 
incorporate real-time allergen quantification and stratified risk 
algorithms, paving the way for a new era of precision allergen 
analytics in vaccine safety evaluation (56).

Clinical Risk and Population-Based Guidelines on 
Ovalbumin Residues

Although residual OVA in vaccines typically exists at 
nanogram-to-microgram concentrations,  robust clinical 
evidence continues to support their safety, including in 
individuals with documented IgE-mediated egg allergy. In 
a large multicenter cohort study involving 830 egg-allergic 
patients, Gagnon et al. demonstrated that trivalent influenza 
vaccines containing trace amounts of OVA were  safely 
administered without prior skin testing, dose adjustment, or 
desensitization protocols, and no significant hypersensitivity 
reactions were reported (57). These findings reinforce the 
notion that, under proper clinical supervision, OVA-containing 
vaccines pose minimal immunologic risk even in sensitized 
populations. At the  molecular level, the immunogenicity 
of OVA is closely linked to its structural features. Claude et 
al. reported that  thermal aggregation of OVA reduces IgE-
binding capacity and mast cell degranulation in murine 
models, indicating that physical denaturation may be 
leveraged to attenuate allergenicity (58). Complementing 
this, Cao et al. developed  glycosylation-modified vaccine 
antigens that selectively mask IgE epitopes while preserving 
T-cell immunogenicity, demonstrating potential as a 



J Pediatr Inf 2025;19(4):e267-e277 Ovalbumin in Vaccines and Allergy Risk e273
Bülbül and Kara

platform for  tolerance induction in high-risk individuals. 
Together, these mechanistic and clinical insights support 
a paradigm shift in vaccine design from passive avoidance of 
allergenic components toward  precision-based modulation 
of immunogenicity. In this context, OVA serves not only as 
a residual impurity, but as a  model antigen for translational 
innovation  in allergen management and risk stratification 
strategies (59).

Alternative Technologies for Ovalbumin-Free Vaccine 
Manufacturing

The continued reliance on embryonated hen eggs for 
vaccine production inevitably introduces residual OVA into 
final formulations. Although typically present in trace amounts, 
this protein poses a theoretical risk to individuals with IgE-
mediated egg allergy, particularly in pediatric and high-risk 
populations. As a result, this longstanding manufacturing 
model has catalyzed a global push toward OVA-free vaccine 
platforms  that combine safety, scalability, and adaptability 
(60).

Among the earliest and most clinically validated 
alternatives are recombinant protein vaccines, especially those 
developed using the  baculovirus expression vector system 
(BEVS). Baxter et al. demonstrated that  FluBlok, a trivalent 
recombinant hemagglutinin influenza vaccine produced 
in insect cells, achieves high antigen purity and  complete 
elimination of egg proteins, showing favorable tolerability 
even in egg-sensitized individuals (61). Similarly,  cell-
based vaccine platforms  utilizing  MDCK  or  Vero  cells have 
gained prominence for producing both seasonal influenza 
and pandemic-response vaccines. These systems allow for 
enhanced batch consistency, faster production timelines, and 
better adaptation to antigenic drift compared to egg-based 
platforms (62). The most transformative advance, however, 
has been the  widespread deployment of mRNA vaccine 
technologies, as exemplified by  Comirnaty  and  Spikevax. 
These vaccines deliver lipid nanoparticle-encapsulated mRNA 
to host cells, enabling  in vivo antigen expression  without 
introducing any egg-derived proteins. Anderson et 
al. demonstrated that mRNA vaccines elicit  robust 
immunogenicity and favorable safety profiles, even in 
recipients with allergic predispositions (63). Bordry et al. 
further confirmed durable humoral responses with minimal 
hypersensitivity reactions across demographically diverse 
cohorts (64). Beyond these major platforms,  novel antigen 
delivery strategies  are being actively explored. Park et al. 
demonstrated that multivalent nanoparticles functionalized 
with OVA could bias the immune response toward a  Th1 
phenotype, effectively minimizing IgE involvement and 
promoting a  tolerance-oriented immunogenic profile  (65). 
From a real-world safety perspective,  post-marketing 
surveillance has reinforced these findings. Woo et al. analyzed 

population-level safety data from recombinant influenza 
vaccines and reported  minimal allergic adverse events, 
supporting the practical utility of these platforms in allergy-
vulnerable populations (66). These results are aligned with 
policy recommendations from the World Health Organization, 
which emphasizes continued investment in recombinant 
and cell-derived vaccine infrastructure to reduce global 
dependency on egg-based production especially in the 
context of future pandemic preparedness and allergen-
sensitive populations (67).

Redesigning Ovalbumin Immunogenicity: 
Translational Pathways and Precision Strategies

Vaccine development is undergoing a strategic shift from 
passive allergen elimination toward  active immunological 
reengineering in response to residual OVA concerns. Once 
considered an unavoidable contaminant in egg-based 
vaccines, OVA is now recognized as a modulable antigen with 
novel potential enabled by nanotechnology, immunology, 
and synthetic biology. A cornerstone of this innovation is 
the  use of OVA-functionalized nanomaterials  designed to 
dissociate allergenicity from immunogenicity. McCright et 
al. demonstrated that polymeric nanocarriers conjugated 
with OVA can reprogram dendritic cell activation, promoting 
Th1-skewed responses and  suppressing IgE-mediated 
reactivity in murine models (68). Complementing this, dietary 
immunomodulators  such as  narirutin  and  FOS have been 
shown to reinforce gut epithelial barriers and downregulate 
Th2 cytokine responses, thereby facilitating  oral tolerance 
induction in food allergy models (69). Similarly, microbiota-
targeted strategies notably  L. rhamnosus supplementation 
have been found to suppress IL-4 and IL-5 secretion, 
reduce eosinophil infiltration, and restore regulatory T cell 
activity in models of OVA-induced airway hypersensitivity, 
confirming their utility in respiratory allergy mitigation (70). 
At the antigenic level, epitope engineering has enabled the 
rational design of hypoallergenic OVA variants. Dona and 
Suphioglu illustrated that  site-directed mutagenesis  can 
effectively silence IgE-binding motifs while preserving T-cell 
immunogenicity, laying the groundwork for next-generation 
hypoallergenic vaccine formulations (71). Meanwhile, 
advances in  computational immunology  are enabling 
preclinical allergenicity prediction through  machine 
learning and epitope scanning arrays. Grewal et al. proposed 
an integrative algorithm combining bioinformatics tools 
and curated allergen databases to pinpoint allergenic 
hotspots and stratify antigenic candidates for early-stage 
evaluation (72). In formulation science, injectable controlled-
release platforms such as in situ–crosslinked hydrogels offer 
kinetic control of antigen delivery. Lee et al. reported 
that hyaluronic acid-based hydrogels loaded with OVA 
significantly attenuated allergic responses in murine models 
of allergic rhinitis by reducing serum IgE, Th2 cytokines, and 
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eosinophilic inflammation (73). These findings underscore 
the utility of  physiochemically tuned antigen delivery 
systems  in modulating immune response kinetics and 
improving safety profiles. Despite these innovations,  real-
world data reaffirm that trace OVA exposure in vaccines, when 
managed under clinical protocols, presents negligible risk to 
sensitized individuals. In a cohort study, Kim et al. found that 
even among patients with confirmed egg allergy, adverse 
reactions following influenza vaccination were rare and 
generally mild, with severe outcomes being both predictable 
and preventable  through appropriate pre-screening and 
observation (74). 

Discussion
This review has comprehensively examined OVA as 

a paradigmatic residual allergen in egg-based vaccine 
formulations, illustrating its far-reaching implications 
across immunology, vaccine production, and public health 
regulation. Historically considered a trace contaminant, OVA 
is increasingly recognized as a molecular indicator of broader 
challenges in allergen quantification, vaccine safety analytics, 
and precision immunoprophylaxis. The dual nature of OVA as 
both a clinically relevant allergen and a structurally informative 
model protein offers a unique vantage point for understanding 
the intersection of biopharmaceutical processing and 
immunological reactivity. From the evidence reviewed, it is 
clear that allergenicity is not a unidimensional function of 
protein concentration but emerges from complex, multiscale 
interactions involving epitope structure, glycosylation state, 
matrix context, and host-specific immune predisposition.

Technological advances have yielded new opportunities 
to manage this risk more precisely. Mass spectrometry, 
epitope-imprinting, and aptamer biosensing now allow 
for high-resolution detection at thresholds meaningful for 
patient safety. In parallel, recombinant and mRNA-based 
platforms demonstrate that OVA-free vaccine production is 
not only feasible but scalable, particularly critical for allergen-
vulnerable populations and pandemic preparedness. A 
particularly compelling direction emerging from current 
research is the concept of immunological reengineering. 
Instead of focusing solely on the elimination of OVA, recent 
strategies such as epitope silencing, conformational masking, 
and immunomodulatory conjugation demonstrate that 
antigens can be structurally modified to retain immunogenic 
efficacy while significantly reducing hypersensitivity risks. 
These methods signal a shift from reactive allergen removal 
to proactive immunotolerance design a transition from 
threshold-based risk to systems-based immunological 
literacy. Regulatory frameworks must keep pace with these 
innovations. Labeling precision, batch-level disclosure, and 
harmonized detection standards remain variably implemented 
across jurisdictions. Integrating structural allergenicity metrics 
into regulatory pathways and aligning these with real-world 

clinical outcomes will be key to future progress. In essence, 
OVA is no longer just a residual concern; it is a lens through 
which the future of allergen-safe, structurally informed, and 
patient-centric vaccinology can be envisioned. Through 
molecular scrutiny, translational insight, and regulatory 
refinement, the trajectory of vaccine safety can be redirected 
from precautionary avoidance to intelligent integration.

Conclusion
OVA, long utilized as a model allergen in immunological 

research, has transitioned from a passive trace component in 
egg-based vaccines to a molecular fulcrum in the evolving 
discourse on vaccine safety and precision immunology. 
Despite being present only in residual quantities, its capacity to 
provoke IgE-mediated hypersensitivity in sensitized individuals 
positions it as both a scientific tool and a regulatory challenge. 
This review demonstrates that allergenicity is not governed by 
concentration alone, but by a constellation of factors including 
molecular structure, glycosylation status, epitope accessibility, 
host immune context, and formulation variables. These 
insights underscore the limitations of static safety thresholds 
and argue for structure-function-informed immunogenic risk 
assessments. Technological innovation is rapidly transforming 
the vaccine landscape. Recombinant, cell-culture, and mRNA-
based platforms now provide egg-independent solutions, 
enabling OVA-free formulations that enhance safety while 
offering scalability and pandemic responsiveness. In parallel, 
analytical advances such as LC-MS/MS, immunoaffinity 
enrichment, and aptamer-based biosensors enable sensitive, 
reliable detection of trace allergens, strengthening quality 
assurance and risk communication. More progressively, the 
field is witnessing a paradigm shift: from allergen removal 
to immunoengineering. Epitope silencing, conformational 
masking, and computational allergenicity prediction have 
reframed OVA not as an inert residual, but as a modifiable 
antigen one that can be reprogrammed to preserve 
immune stimulation while minimizing allergenic risk. This 
positions OVA as a platform for testing broader strategies 
in precision vaccinology. Ultimately, the case of OVA serves 
as a compelling example of how residual proteins should 
not merely be eliminated but understood. A systems-level 
perspective integrating molecular immunology, analytical 
science, and regulatory policy is essential for future vaccine 
design. Rather than a contaminant, OVA becomes a paradigm: 
a molecular signal that urges us toward smarter, safer, and 
more transparent immunization strategies.
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