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A B S T R A C T

Although inactivated vaccines remain the primary strategy for preventing and controlling avian influenza virus, 
they fail to induce durable and systemic immune protection. Adjuvants are crucial for enhancing antigen 
immunogenicity and improving immune responses. In this study, we evaluated the adjuvant activity of nar
ingenin (Nar) for H9N2 inactivated vaccine by detecting humoral immunity, cellular immunity, and viral 
challenge. The results demonstrated that Nar/H9N2 co-administration significantly increased IgG levels and 
hemagglutination inhibition (HI) titers. Nar/H9N2 promoted the formation of high-affinity antibodies by 
upregulating the expression of genes associated with B cell activation and germinal centers (GCs) formation, thus 
facilitating humoral immune responses. Concurrently, Nar/H9N2 vaccine enhanced T cell proliferation, 
CD4+and CD8+ T cell differentiation, and the expression of Th1/Th2 cytokines, thereby promoting cellular 
immunity. Crucially, compared to the inactivated H9N2 vaccine alone, viral challenge experiments confirmed 
that Nar-adjuvanted immunization confers superior protection, markedly reducing viral shedding and mini
mizing damage to the trachea and lungs. These findings elucidate the capacity of naringenin to synchronize 
multifaceted immune activation through GCs optimization and T-cell modulation, establishing Nar as a viable 
candidate for poultry vaccine adjuvants.

Introduction

Since its initial isolation in Guangdong Province, China (Guo et al., 
2003; Sun and Liu, 2015; Sun, et al., 2010), the H9N2 avian influenza 
virus (AIV) has become one of the predominant low-pathogenic avian 
influenza (LPAI) subtypes in Chinese avian populations (Gu, et al., 2017; 
Liu, et al., 2024b), characterized by rapid transmission, low pathoge
nicity, and minimal mortality (Tan, et al., 2023; Yang, et al., 2023). 
H9N2 infection typically induces mild respiratory and gastrointestinal 
symptoms in poultry, and thus, due to its predominantly subclinical 
presentation, H9N2 has been excluded from national mandatory vacci
nation programs (Li, et al., 2014). However, H9N2 infection imposes 
significant economic burdens on the poultry industry by reducing 

poultry weight gain (12-26 % in broilers) (Bin Aslam, et al., 2024) and 
egg production efficiency (15-38 % in layers) (Bonfante, et al., 2018; 
Dharmayanti, et al., 2020; Shin, et al., 2016; Sun and Liu, 2015). 
Notably, H9N2 exhibits substantial potential for cross-species trans
mission to mammals, including pigs (Xu, et al., 2004; Yu, et al., 2008), 
dogs (Borland, et al., 2020; Zhang, et al., 2013), minks (Xue, et al., 2018; 
Yong-feng, et al., 2017), and humans (Tan, Zeng, Xie, Li, Liu, Yang, Yang 
and Wang, 2023). Genomic surveillance reveals that H9N2 viruses 
continuously undergo antigenic drift and genetic reassortment events 
(Sun, et al., 2012; Zhu, et al., 2022). These viruses donate internal genes 
to novel highly pathogenic avian influenza (HPAI) strains (e.g., H5N1 
clade 2.3.4.4b and H7N9 fifth-wave variants)(Castro-Sanguinetti, et al., 
2024; Liu, et al., 2024a), elevating zoonotic risk. These challenges 
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underscore the urgent need for innovative immunization strategies, 
particularly adjuvanted vaccines, to enhance protective immunity and 
mitigate the risk of zoonotic spillover.

Vaccination serves as the cornerstone prophylactic measure against 
H9N2 AIV, complementing active biosecurity surveillance systems 
(Sagong, et al., 2023). Current vaccine preparations against H9N2 AIV 
encompass inactivated whole-virus vaccines (Dong, et al., 2022; Liu, 
et al., 2023b), live attenuated strains (Choi, et al., 2015; Wang, et al., 
2018), recombinant subunit proteins (Li, et al., 2024), virus-like particle 
(VLP) platforms (Li, et al., 2017; Xu, et al., 2020), and nucleic 
acid-based vaccines including both DNA and mRNA platforms (Xu, et al., 
2023; Zhang, et al., 2023, 2024). While inactivated formulations remain 
predominant in field applications due to their established safety profiles 
and manufacturing feasibility, suboptimal immunogenicity frequently 
necessitates elevated antigen concentrations and repeated adjuvanted 
boosters (Xie, et al., 2025). Live attenuated vaccines, although capable 
of eliciting superior immunogenicity, carry risks of virulence reversion 
and environmental shedding (Subbarao, 2021). Meanwhile, recombi
nant, VLP-based candidates, and nucleic acid vaccines demonstrate high 
safety and antigenic specificity but face constraints in industrial - scale 
bioprocessing and barriers to economic viability (Qian, et al., 2020).

Adjuvant-mediated immunomodulation presents a pivotal avenue 
for surmounting the limitations of existing vaccines by enhancing 
immunogenicity and the durability of the immune response (Shichinohe 
and Watanabe, 2023; Tregoning, et al., 2018). Conventional adjuvant 
systems, such as oil-in-water emulsions (Camilloni, et al., 2015), 
aluminum-based formulations (Marrack, et al., 2009), and CpG oligo
nucleotides (Pan, et al., 2023), have been proven to be efficacious in 
elevating H9N2-specific antibody titers and cellular immune responses. 
Nevertheless, the implementation of these adjuvants is often encum
bered by off-target immunostimulation, manifested by injection-site 
granuloma formation, Th2 polarization, or systemic cytokine storm 
that undermine both safety profiles and protective longevity (Bernstein, 
et al., 2008; Feltelius, et al., 2015; Sturkenboom, 2015). To overcome 
the limitations of traditional adjuvants, significant efforts have been 
devoted to the development of novel adjuvant platforms. Emerging 
systems, including chitosan-based nanocomposites (Jia, et al., 2025; Lai, 
et al., 2025), modified aluminum salts (Jin, et al., 2025; Liu, et al., 
2023a), and molecular pattern-based immunostimulators, have 
demonstrated potent immunoenhancing effects in H9N2 and other 
influenza vaccine models. However, many synthetic or 
nanoparticle-based adjuvants continue to face translational challenges 
related to cost, formulation stability, and biocompatibility. Conse
quently, plant-derived adjuvants with intrinsic immunomodulatory 
properties have garnered increasing attention as promising alternatives 
for enhancing vaccine efficacy while ensuring safety and 
biocompatibility.

Naringenin (Nar) is a flavonoid compound primarily detected in 
citrus fruits, tomatoes, and traditional herbs such as citrus aurantium L. 
and Dendrobium nobile (Zhao, et al., 2021). Naringenin demonstrates 
multimodal pharmacological activities encompassing potent antioxi
dant, anti-inflammatory, antimicrobial, anticancer, and immunomodu
latory effects (Rehman, et al., 2018; Singh, et al., 2023). Notably, 
naringenin has demonstrated broad antiviral potential, with efficacy 
against viruses such as hepatitis C virus (HCV), herpes simplex virus 
(HSV), dengue virus, severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), and influenza viruses (Morimoto, et al., 2022; Ninfali, 
et al., 2020). More importantly, the plant-derived naringenin exhibits 
excellent biosafety and potent immunomodulatory properties compared 
to conventional aluminum-based adjuvants. Despite these pleiotropic 
properties, the application of naringenin as an immunostimulatory 
adjuvant—specifically its capacity to enhance H9N2 influenza vaccine 
immunogenicity while maintaining biocompatibility—remains 
conspicuously unexplored, particularly regarding its mechanistic basis 
and translational potential in poultry vaccinology.

In this study, we conducted a systematic evaluation of Nar as an 

adjuvant for the H9N2 inactivated vaccine. Our findings demonstrate 
that the administration of Nar/H9N2 synergistically amplifies both hu
moral and cellular immune responses elicited by the H9N2 vaccine, 
promoting a robust systemic immune activation without triggering 
immunopathology reactions. Moreover, our results indicate that Nar/ 
H9N2 vaccination confers effective protection against influenza virus 
challenge under cold stress conditions, leading to a significant reduction 
in viral load within the trachea and lungs while mitigating virus-induced 
pulmonary and tracheal damage. Collectively, these findings spotlight 
Nar as a phytogenic adjuvant candidate that strikes a balance between 
immunopotentiation and biocompatibility, providing new insights for 
the development of plant-derived adjuvants against avian influenza 
threats.

Materials and methods

Preparation of H9N2 antigen

The H9N2 AIV strain (AV1563, National Veterinary Microbiology 
Center, Beijing, China) was propagated in 9-day-old specific-pathogen- 
free (SPF) chicken embryos (Nanjing Tegeili Poultry Farm). Allantoic 
fluid was harvested to obtain H9N2 virus, and the viral titer was 
determined by calculating the 50 % embryo infectious dose (EID₅₅₀₀). The 
virus was then inactivated by adding 0.05 % formaldehyde (4◦C, 48 
hours) to yield the inactivated H9N2 antigen. The hemagglutination 
assay (HA) was performed using chicken red blood cells (Senbeijia 
Biotech Co., Ltd) to assess the viral titer of the inactivated antigen.

Preparation of vaccine adjuvant

The naringenin-adjuvanted H9N2 inactivated vaccine (Nar/H9N2): 
DMSO (50 µL, 5 %), PEG400 (50 µL, 5 %), and PBS (400 µL) were 
sequentially added to 20 mg of naringenin (MedChemExpress Co., Ltd), 
followed by sonication to ensure complete dissolution of naringenin. 
The mixture was mixed 1:1 (v/v) with inactivated H9N2 antigen (HI 
titer 2⁸) to obtain Nar/H9N2 vaccine. Naringenin had a final concen
tration of 20 mg/mL.

The non-adjuvanted H9N2 inactivated vaccine (H9N2): The H9N2 
vaccine was prepared by identical methodology, substituting naringenin 
with equivalent volumes of DMSO-PEG400-PBS vehicle. An equal vol
ume of inactivated H9N2 antigen (HI titer 2⁸) was then added to the 
mixture to obtain H9N2 vaccine.

The aluminum-adjuvanted H9N2 inactivated vaccine (Alum/ 
H9N2): Alum adjuvant (Biodragon Technology Co., Ltd) was diluted 
with PBS and mixed with an equal volume of inactivated H9N2 antigen 
(HI titer 2⁸) to obtain Alum/H9N2 vaccine. Aluminum hydroxide had a 
final concentration of 1 mg/mL.

PBS group: For the PBS control group, DMSO, PEG400, and PBS were 
mixed in the same proportion as used in the vaccine formulations. Then, 
the antigen was replaced with an equal volume of PBS to serve as a 
negative control.

Immunization protocol

A total of 180 one-day-old female brown broiler chickens (Nanjing 
Tegeili Poultry Farm) were housed at the Experimental Animal Facility 
Center of Nanjing Agricultural University. During the initial rearing 
phase, chickens were maintained at 32◦C for 3 days, and then the tem
perature was gradually decreased by 0.5◦C per day. After two weeks, the 
room temperature was maintained at about 24◦C. The chickens were 
provided with a regular 12-hour light cycle, and had unrestricted access 
to sufficient feed and drinking water. Once maternal antibodies were 
undetectable, chickens were randomly assigned into 4 groups: PBS 
group, H9N2 group, Nar/H9N2 group, and Alum/H9N2 group, with 30 
chickens in per group. Each chick was immunized via intramuscular 
injection with 500 µL of the respective vaccine formulation. A booster 
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immunization was administered on day 14 post-primary immunization.
All experimental procedures were conducted in accordance with the 

guidelines outlined in the Guide for the Care and Use of Laboratory 
Animals by the National Research Council and were reviewed and 
approved by the Institutional Animal Care and Use Committee (IACUC) 
of Nanjing Agricultural University (NJAU.No20231120171).

Antibody and hemagglutination inhibition assay

On days 21, 28, and 35 after the initial immunization, 6 chickens 
were randomly selected from each group to collect blood samples for 
evaluating antibody response.

To assess H9N2-specific IgG antibody levels, an enzyme-linked 
immunosorbent assay (ELISA) was carried out in the following 
manner: Inactivated H9N2 antigen was coated onto 96-well plates and 
incubated for 12 hours (4◦C). The plates were then incubated with 5 % 
skim milk for 2 hours at 37◦C to perform the blocking step. The serum 
samples that have been diluted were added and incubated for 1 hour at 
37◦C, followed by incubation with anti-chicken IgG secondary antibody 
(Beijing Boaosen Biotech Co., Ltd) for another hour at 37◦C. At each 
interval between steps, PBST was used to wash the plates three times. 
Finally, a substrate solution (Solarbio Science & Technology Co., Ltd) 
was added for color development, followed by a stop solution, and the 
microplate reader was used to measure OD450.

To determine hemagglutination inhibition (HI) antibody titers, 
serum samples were heat-inactivated at 56◦C for 30 minutes. The 
inactivated serum was serially two-fold diluted in a 96-well microplate, 
followed by the addition of an equal volume of inactivated H9N2 anti
gen (4 HA units) and incubation at 25◦C for 30 minutes. Then, 1 % 
chicken red blood cell suspension was incubated for 30 minutes, and the 
highest dilution of the serum that entirely prevented hemagglutination 
was recorded as the HI titer.

Peripheral blood lymphocyte proliferation assay

On day 21 post-primary immunization, 6 chickens were randomly 
chosen from each group to collect blood samples with anticoagulant 
tubes. The collected blood was diluted with PBS 1:1 (v/v) and gently 
added onto the lymphocyte separation medium (Solarbio Science & 
Technology Co., Ltd). The mixture was centrifuged (2000 rpm, 30 min) 
and the intermediate lymphocyte layer was carefully collected. The 
isolated lymphocytes were washed twice with PBS RPMI 1640 and 
transferred into RPMI 1640 complete medium fortified with 10 % fetal 
bovine serum (FBS, Suzhou Excell Biotechnology Co., Ltd), 1 % 
penicillin-streptomycin (Yeasen Biotech Co., Ltd), and 5 % inactivated 
H9N2 antigen. The cell suspension (1 × 10⁶ cells/mL) was plated and 
incubated for 48 hours (37◦C). Lymphocyte proliferation in each group 
was tested using the Cell Counting Kit-8 (CCK-8, Yeasen Biotech Co., 
Ltd) assay.

Immunofluorescence analysis

On day 21 post-primary immunization, spleens were collected from 
chickens in each group and fixed in 4 % paraformaldehyde for immu
nofluorescence histological analysis.

Evaluation of immune organ index

On day 21 post-primary immunization, the body weight of each 
chicken was recorded, and the thymus, spleen, and bursa of Fabricius 
were collected and weighed. The immune organ index was calculated 
using the following formula: 

Immune organ index (g / kg) = Organ weight (g)/Body weight(kg)

PCR analysis

Thymus samples, spleens and peripheral blood samples were 
collected after the primary immunization. The collected tissues were 
ground in liquid nitrogen and transferred to centrifuge tubes containing 
Trizol (Yeasen Biotech Co., Ltd) for total RNA extraction. Subsequently, 
the extracted RNA underwent reverse transcription and was analyzed 
using quantitative real - time PCR (qPCR). The primer sequences are 
shown in Table 1.

Safety evaluation

On day 42 post-primary immunization, thymus, spleen, bursa of 
fabricius, liver, and kidney samples were collected. Each organ was 
flushed with pre-chilled PBS. Subsequently, the organ was immersed in 
4 % paraformaldehyde (PFA) for histopathological examination.

Challenge protection experiment

Immunization and challenge protocol. Female chickens were 
randomly assigned to five groups: PBS group, H9N2 group, Nar/H9N2 
group, Alum/H9N2 group, and Blank group, with 12 chickens in each 
group. The Blank group served as a negative control without immuni
zation or viral challenge. Chickens in the immunization groups received 
an intramuscular injection of 500 µL of the respective vaccine formu
lation on days 0 and 14. On day 28 post-primary immunization, all 
chickens in the immunized groups underwent a 12-hour cold stress 
exposure before and after viral challenge. Subsequently, each chicken 
was intranasally inoculated with 0.1 mL of H9N2 virus (10⁶ EID₅₀).

Body weight monitoring. Following the viral challenge, body weight 
was measured and recorded every other day.

Histopathological analysis. On day 4 post-challenge, trachea and 
lung tissues were collected, and macroscopic changes were recorded. 
The collected tissues were immersed in 4 % PFA, followed by H&E 
staining for histopathological examination to assess tracheal and pul
monary lesions.

Viral shedding assessment. On day 4 post-challenge, trachea and 
lung tissues were harvested, and these tissues were then homogenized 
(4◦C) in PBS supplemented with 2000 U/mL penicillin- streptomycin. 
The homogenized suspensions were centrifuged (10000 rpm, 10 min), 
and the supernatants were collected. The supernatants were then sub
jected to serial 10-fold dilutions and inoculated into 9-day-old SPF 
chicken embryos (37◦C, 48 hours). Allantoic fluid was harvested, and 
the viral shedding was determined by calculating the EID₅₀.

Statistical analysis

All the data obtained in this test were analyzed and plotted with the 
software Graphpad prism 10.0, and P < 0.05 was set as the significant 
difference and denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001. 
The results were expressed as means ± SEM.

Result and discussion

Naringenin enhances the antibody response of H9N2 vaccine

Antibody levels serve as a key indicator of the ability of vaccine to 
elicit antigen-specific immune responses and are directly correlated with 
the long-term protective efficacy of vaccination. To comprehensively 
evaluate the immunostimulatory potential of naringenin as an adjuvant 
for the inactivated H9N2 vaccine, we measured serum H9N2-specific 
IgG antibody levels on days 21, 28, and 35 following primary immuni
zation (Fig. 1A). The results demonstrated that the Nar/H9N2 group 
consistently elicited higher IgG antibody levels than that in H9N2 group 
within 35 days, with levels comparable to or exceeding those observed 
in the Alum/H9N2 group (Fig. 1B). These findings suggest that Nar, as a 
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Table 1 
The primer sequences.

Gene Sense strand (5′− 3′) Antisense strand (5′− 3′)

CD40 GGGCTCGTGGTGAAGGTGAAAG GGATCAGCACTGACAGCGATGAG
AID GCGTAACAAGATGGGTTGCC GGGTAGGCACGAAGGAAGTC
TGF-β ACCTCGACACCGACTACTGCTT ATCCTTGCGGAAGTCGATGT
BCL6 GCAGTTCAGAGCCCACAAAA GTTCAGACGGGAGGTGTACA
Blimp-1 ACACAGCGGAGAGAGACCAT GCACAGCTTGCACTGGTAAG
IRF4 GTGTGGGAGAATGACGAGAAG AAGGAGATGTGATTGGGAAGG
XBP1 GTGCGAGTCTACGGATGTGA GTGCGAGTCTACGGATGTGA
IFN-γ ACGACACCATCCTGGACACC TTTGGCGTTGGCTGTCGTTC
IL-4 GTGCCCACGCTGTGCTTAC AGGAAACCTCTCCCTGGATGT
IL-6 AAATCCCTCCTCGCCAATCT CCCTCACGGTCTTCTCCATAAA
IL-1β CATCACCAACCAACCCGA ACGAGATGGAAACCAGCAA
CCR7 CCTGCATGGGACGGGAGGGA GCTCTGCTGGCCGCCGTTAT
IL-10 CGCTGTCACCGCTTCTTCA TCCCGTTCTCATCCATCTTCTC
TNF-α CAGCCCTCACATCACCTC GCTGCCACTCCAGCAATA
β-actin AAGCCAACAGAGAGAAGATGACACA TACAGATCCTTACGGATATCCACAT

Fig. 1. Naringenin enhances the antibody response of H9N2 vaccine. (A) Schedule of H9N2 immunization program and analysis of antibody. Blood samples 
were collected on days 21, 28, and 35 post-immunizations, and serum was isolated to assess H9N2-specific IgG antibody levels (B) and HI titers (C). Dates are shown 
as the mean ± SEM; n = 6 independent experiments (*** p < 0.001, and ns = no significant differences between groups).

Fig. 2. Naringenin promotes the expression of genes related to germinal centers. (A) Schedule of the H9N2 immunization program and analysis of GCs for
mation. (B) On day 7 post-immunization, bursae of fabricius were collected from each group to assess the mRNA expression levels of GCs, including CD40, AID, TGF- 
β, BCL6, Blimp-1, IRF4, and XBP1. Dates are shown as the mean ± SEM; n = 6 independent experiments (* p < 0.05, *** p < 0.001, and ns = no significant differences 
between groups).
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natural flavonoid compound, effectively enhances vaccine-induced 
antibody production by accelerating the initiation and amplifying the 
magnitude of the humoral immune response.

IgG antibody quantification primarily assesses the capacity of vac
cine to induce specific humoral immunity, whereas HI titers specifically 
measure functional antibodies targeting viral HA, which is the gold- 
standard correlate of influenza vaccine efficacy (Heeringa, et al., 
2020). A protective HI threshold (≥4 log₂) reflects antibody-mediated 
blockade of HA-receptor binding, a critical determinant of viral 
neutralization and transmission suppression (Roubidoux, et al., 2021; 
Zhou, et al., 2024). In this study, the Nar/H9N2 group significantly 
enhanced HI titers within 35 days (Fig. 1C), which confirms that nar
ingenin effectively promotes the generation of protective antibodies.

Collectively, these findings underscore naringenin as a promising 
natural adjuvant candidate for the H9N2 inactivated vaccine. By facil
itating and potentiating the humoral immune response, naringenin not 
only enhances IgG antibody titers but also improves antibody func
tionality and neutralization capacity.

Naringenin promotes the expression of genes related to germinal centers

Following vaccination, germinal centers (GCs) constitute a pivotal 
phase in generating an effective humoral immune response, determining 
the magnitude and affinity of antibodies (Bhagchandani, et, al.; Viant, 
et al., 2020). Given the observed enhancement of H9N2-specific IgG and 
HI titers by Nar, its immunomodulatory impact on GCs dynamics was 
systematically interrogated (Fig. 2A). During the production of anti
body, T follicular helper (Tfh) cells orchestrate B cell activation through 
CD40-CD40L costimulatory interactions, initiating clonal expansion and 
affinity maturation (Luo, et al., 2018; Watanabe, et al., 2017). This 
priming enables activated B cells to undergo GCs reactions mediated by 
activation-induced cytidine deaminase (AID), transforming growth 
factor β (TGF-β), and B-cell lymphoma 6 (BCL6) transcriptional regu
lation, which were essential for somatic hypermutation and plasma cell 
differentiation (Hu and Zhao, 2016; Sun, et al., 2021). Notably, the 
H9N2 inactivated vaccine failed to upregulate these GCs-associated 
genes, reflecting its limited capacity to initiate GCs reactions. In 
contrast, Nar/H9N2 vaccine demonstrated potent upregulation of CD40, 
AID, TGF-β, and BCL6 expression (Fig. 2B), outperforming Alum/H9N2 
group, suggesting that Nar/H9N2 vaccine exerts a beneficial influence 
on the formation of GCs and the generation of functional antibodies, 
contributing to a more robust and effective immune response.

Furthermore, during the late stages of the GCs response, the terminal 
differentiation of B cells into antibody-secreting plasma cells or memory 
B cells is governed by a transcriptional regulatory axis involving BCL6 
(Shehata, et al., 2024), B-lymphocyte induced maturation protein-1 
(Blimp-1) (Angelin-Duclos, et al., 2000), interferon regulatory factor 4 
(IRF4) (Bollig, et al., 2012; Ochiai, et al., 2013), and X-box binding 
protein 1 (XBP1) (Rau, et al., 2009). Differentiated plasma cells migrate 
to the bone marrow to establish sustained antibody production, while 
memory B cells retain antigenic specificity for rapid recall (Amanna and 
Slifka, 2010; Cancro and Tomayko, 2021). Compared with the PBS 
group, the H9N2 inactivated vaccine failed to enhance the mRNA 
expression of BCL6, Blimp-1, IRF4, and XBP1, indicating a limited 
ability of the H9N2 inactivated vaccine to drive B cell differentiation 
into effector cells. Crucially, Blimp-1, IRF4, and XBP1 levels in the 
Nar/H9N2 group were significantly higher than those in the H9N2 and 
Alum/H9N2 groups (Fig. 2B), demonstrating the superior capacity of 
Nar to drive B cell terminal differentiation. Collectively, these findings 
underscore the superior capacity of the Nar/H9N2 vaccine to potentiate 
GC-associated immunity compared to the conventional alum adjuvant. 
Nar/H9N2 orchestrates B cell activation, promotes the generation of 
high-affinity antibodies, and enhances the differentiation of both plasma 
cells and memory B cells, thereby improving both the durability and 
overall efficacy of the H9N2 inactivated vaccine.

Naringenin upregulates the cellular immune response of H9N2 vaccine

Cell-mediated immunity is a critical determinant of vaccine efficacy. 
Following vaccination, lymphocyte proliferation and activation serve as 
fundamental processes for initiating cellular immunity (Hivroz and 
Saitakis, 2016). Moreover, upon antigen restimulation, lymphocyte 
proliferation not only reflects the degree of adaptive immune activation 
but also indicates the establishment and recall of immune memory 
(Santosa and Sun, 2023). To assess the capacity of Nar/H9N2 to 
potentiate cellular immunity, peripheral blood mononuclear cells 
(PBMCs) were isolated at 21 days post-immunization and subjected to 
ex vivo H9N2 antigen recall challenge (Fig. 3A). The PBMCs prolifera
tion index in the Nar/H9N2 group was higher compared to the PBS, and 
H9N2 (Fig. 3B). It is well established that aluminum-based adjuvants 
primarily elicit humoral immune responses but have limited capacity to 
induce cellular immunity. Our results demonstrate that Nar/H9N2 
vaccine compensates for this limitation of Alum/H9N2 vaccine by 
significantly enhancing PBMCs proliferation (Fig. 3B), thereby pro
moting cellular immune activation.

As the principal secondary lymphoid organ coordinating peripheral 
T cell priming, the spleen provides critical insights into vaccine-induced 
cellular immunity, with splenic CD4⁺ and CD8⁺ T lymphocyte pop
ulations serving as quantitative metrics of the dynamic response of im
mune system to vaccination (Arsenio, 2020; Pereira, et al., 2024). 
Despite its widespread use, alum exhibits intrinsic limitations in eliciting 
robust cellular immunity especially in priming of CD8⁺ T cells. Immu
nofluorescence analysis of the spleen revealed that the H9N2 inactivated 
vaccine elicited a slight CD4⁺ T cell expansion. Compared to the H9N2 
group, the Alum/H9N2 group exhibited a significant increase in CD4⁺ T 
cells but failed to substantially enhance the proportion of CD8⁺ T cells, 
indicating the limited capacity of aluminum-based adjuvants to elicit 
CD8⁺ T cell-mediated cellular immunity. Strikingly, the Nar/H9N2 
group demonstrated significantly higher fluorescence intensity for both 
CD4⁺ and CD8⁺ T cells compared to the H9N2 and Alum/H9N2 groups 
(Fig. 3C-F), indicating that the Nar/H9N2 vaccine has a dual activation 
profile transcending traditional adjuvant limitations, particularly in 
promoting CD8⁺ T cell-mediated cellular immunity.

Collectively, these findings indicate that naringenin serves as an 
effective adjuvant for the H9N2 inactivated vaccine, overcoming the 
suboptimal cellular immunogenicity inherent to inactivated vaccine and 
Alum adjuvant. By augmenting PBMCs proliferation and expanding 
splenic CD4⁺ and CD8⁺ T cell populations, naringenin orchestrates co
ordinated activation of adaptive immunity to achieve superior vaccine- 
mediated immunological protection.

Naringenin promotes the occurrence of Th1 and Th2 immune responses

Cytokines serve as key mediators of immune responses, and the 
expression levels of cytokines directly reflect the type, magnitude, and 
balance of immune response (Cui, et al., 2024; Jiang, et al., 2021). IFN-γ, 
a hallmark cytokine of Th1-type immunity, is critical for CD8⁺ T 
cell-mediated cellular immune responses, playing a central role in 
combating intracellular pathogens and eliminating infected cells (Seyed 
and Rafati, 2021). In contrast, Th2-associated cytokines IL-4 and IL-6 
primarily promote antibody production through B cell-mediated im
mune responses (Ansel, et al., 2006; Zeng, et al., 2024). To evaluate the 
immunomodulatory effects of naringenin, we analyzed mRNA expres
sion levels of key cytokines in the spleen and PBMCs on day 21 
post-primary immunization (Fig. 4A). Compared to the H9N2 and 
Alum/H9N2 groups, the Nar/H9N2 group upregulated the expression of 
IFN-γ (Fig. 4B and 4C), indicative of enhanced Th1-polarized cellular 
immunity and cytotoxic CD8⁺ T cell activation. Concomitantly, IL-4 and 
IL-6 expression levels in the Nar/H9N2 group were significantly higher 
than those in the H9N2 group, with expression levels paralleling or 
exceeding the Alum/H9N2 group (Fig. 4B and 4C). This balanced 
cytokine induction profile reveals the unique capacity of naringenin to 
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Fig. 3. Naringenin upregulates the cellular immune response of H9N2 vaccine (A) Schedule of H9N2 immunization program and analysis of cellular immunity. 
(B) On day 21 post-primary immunization, PBMCs were isolated and restimulated with H9N2 antigen in vitro for 48 hours. Lymphocyte proliferation was assessed 
using the CCK-8 assay. Dates are shown as the mean ± SEM; n = 6 independent experiments (*** p < 0.001). (C–F) On day 21 post-immunization, spleens were 
collected for immunofluorescence staining to analyze CD4⁺ T cells (E) and CD8⁺ T cells (F). Fluorescence intensity for CD4⁺ T cells (C) and CD8⁺ T cells (D) was 
quantified using ImageJ software. Scale bar = 200 μm. Dates are shown as the mean ± SEM; n = 3 independent experiments (*** p < 0.001, and ns = no significant 
differences between groups).

Fig. 4. Naringenin enhances both Th1- and Th2-mediated immune responses. (A) Schematic representation of the H9N2 immunization protocol and cytokine 
analysis. (B) On day 21 post-immunization, spleens were collected to assess the mRNA expression levels of cytokines, including IFN-γ, IL-4, IL-6, IL-1β, CCR7, and IL- 
10. (C) On day 21 post-immunization, PBLs were collected and restimulated in vitro for 48 hours, followed by the analysis of cytokine mRNA expression levels, 
including IFN-γ, IL-4, IL-6, IL-1β, TNF-α, and IL-10. Dates are shown as the mean ± SEM; n = 6 independent experiments (* p < 0.05, ** p < 0.01, and *** p < 0.001, 
and ns = no significant differences between groups).
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concomitantly potentiate IFN-γ-driven Th1-type cellular immunity and 
IL-4/IL-6-mediated Th2-type humoral immunity, achieving coordinated 
immune programming unattainable with conventional adjuvant 
systems.

In addition, IL-1β and TNF-α, as prototypical pro-inflammatory cy
tokines, are essential for inflammatory responses and immune activation 
(Guo, et al., 2016; Mujal, et al., 2025; Trevejo, et al., 2001). CCR7, a 
chemokine receptor associated with lymphocyte migration and homing, 
exerts a beneficial influence on immune priming and memory formation 
(Comerford, et al., 2013). The Nar/H9N2 group significantly upregu
lated the expression levels of IL-1β, TNF-α, and CCR7 in both the spleen 
and PBMCs, highlighting the ability of naringenin to enhance immune 
activation. More importantly, Nar/H9N2 vaccine markedly upregulated 
the expression of anti-inflammatory cytokine (IL-10), suggesting that 
naringenin not only enhances immune responses but also maintains 
immune homeostasis, reducing the risk of immunopathology (Moore, 
et al., 2001; Saxton, et al., 2021).

Collectively, these findings emphasize the balanced ability of nar
ingenin in immune activation and homeostatic regulation, effectively 
mitigating vaccine-associated immunopathology risks while maintain
ing antigen-responsive immune activation.

Naringenin promotes the development of immune organs

The indices of primary lymphoid tissues (thymus, bursa of fabricius) 
and secondary lymphoid organs (spleen) can provide valuable insights 
into the activation of immune responses(Ashby and Hogquist, 2024; Ko, 
et al., 2018; Lewis, et al., 2019). To evaluate the impact of Nar/H9N2 
vaccination on overall immune function, immune organ indices were 
assessed on day 21 post-primary immunization (Fig. 5A). Compared 
with the H9N2 group, the Nar/H9N2 group exhibited a significant in
crease in spleen indices, while showing an upward trend in the thymus 
and bursa indices (Fig. 5B-D). These findings suggest that naringenin 
enhances the immunogenicity of the inactivated H9N2 vaccine by pro
moting both T and B cell development, thereby systematically 
strengthening the vaccine-induced immune response.

Biological safety of naringenin as adjuvant for H9N2 Vaccine

Biosafety is a critical consideration in the design and application of 
vaccine adjuvants. To assess the biosafety of Nar/H9N2 vaccine, histo
pathological analysis was performed on the spleen, thymus, Bursa of 
fabricius, liver, and kidney on day 42 post-primary immunization 
(Fig. 6A). H&E staining revealed that the organ structures in the Nar/ 
H9N2 group remained intact, with no observable pathological abnor
malities, suggesting that naringenin demonstrates a promising biosafety 
characteristic as an adjuvant for the H9N2 vaccine.

Naringenin enhances the protective efficacy of H9N2 vaccine

Viral challenge experiments serve as the gold standard for evaluating 
the protective efficacy of vaccines (Yang, et al., 2017). The protective 
efficacy of Nar/H9N2 vaccination was evaluated by conducting a viral 
challenge under controlled hypothermic conditions, simulating natural 
environmental stressors. To minimize interference from maternally 
derived antibodies, chickens were immunized at 28 days of age, which 
maternal antibody levels had declined to the lowest detectable 
threshold, and challenged with a low-virulence H9N2 vaccine strain at 
28 days post-immunization (at 56 days of age) (Fig. 7A). Unvaccinated 
and unchallenged chickens served as the Blank group. Following the 
challenge, chickens in the PBS and H9N2 group exhibited growth 
retardation versus pre-infection baselines, suggesting that viral infection 
negatively impacted growth performance. In contrast, the Nar/H9N2 
group maintained steady weight gain trajectories (Fig. 7B) and out
performed the Alum/H9N2 group in growth preservation, indicating 
that Nar/H9N2 vaccination contributed to mitigating the adverse effects 
of viral infection on growth performance.

On day 4 post-challenge, trachea and lung tissues were collected for 
viral shedding analysis (Wu, et al., 2024). The positive of the virus was 
confirmed in the PBS and H9N2 groups, with average viral titers of 7.56 
log₁₀ EID₅₀/mL and 5.7 log₁₀ EID₅₀/mL in the trachea and lungs of the 
PBS group, respectively. Similarly, in the H9N2 group, viral titers were 
4.06 log₁₀ EID₅₀/mL and 3.25 log₁₀ EID₅₀/mL in the trachea and lungs, 
respectively. In contrast, viral titers in the Alum/H9N2 and Nar/H9N2 
groups were below the detection threshold (Fig. 7C and 7D), indicating 
that Nar/H9N2 vaccination significantly inhibited viral shedding, 
thereby enhancing vaccine-mediated protection.

To further evaluate vaccine-mediated protection, macroscopic 
morphological and histopathological analyses of the trachea and lungs 
were conducted (Yan, et al., 2024). Macroscopic morphological analysis 
revealed that no apparent pathological changes were observed in the 
trachea across all groups. However, H&E staining revealed severe 
pathological damage in the tracheal mucosal layer of the PBS and H9N2 
groups (Fig. 7E), characterized by epithelial detachment (red arrows), 
mucosal edema (yellow arrows), and infiltration of blood and inflam
matory cells (green circles). In contrast, the tracheal structure remained 
intact in the Alum/H9N2 and Nar/H9N2 groups, showing no significant 
pathological abnormalities compared to the Blank group. Meanwhile, 
multifocal necrosis (blue arrows) was observed in the lung tissues of PBS 
and H9N2 groups, with H&E visualization demonstrating extensive in
flammatory exudates (yellow arrows), infiltration of inflammatory cells 
(red arrows), and alveolar collapse (black arrows). Conversely, no sig
nificant pathological alterations were observed in the lung tissues of the 
Alum/H9N2 and Nar/H9N2 groups, further confirming the protective 
effects of Nar/H9N2 vaccination against H9N2-induced pulmonary 
damage.

Fig. 5. Naringenin promotes the development of immune organs. (A) Schedule of H9N2 immunization program and analysis of immune organ index. Evaluation 
of thymus index (B), spleen index (C), and bursa of fabricius index (D) on day 21 post-primary immunization. Dates are shown as the mean ± SEM; n = 6 independent 
experiments (**p < 0.01, and ns = no significant differences between groups).
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Fig. 6. Biological safety of naringenin as adjuvant for H9N2 Vaccine. (A) Schematic representation of the H9N2 immunization protocol and biosafety analysis. 
(B) Histopathological examination of the spleen, thymus, bursa of Fabricius, liver, and kidney collected on day 42 post-immunization using H&E staining. Scale bar =
50 μm.

Fig. 7. Naringenin enhances the protective efficacy of H9N2 vaccine. (A) Schematic representation of the H9N2 immunization protocol and viral challenge 
experiment. (B) Changes in body weight were monitored following viral challenge. On day 4 post-challenge, trachea and lung tissues were collected, homogenized, 
and inoculated into 9-day-old SPF chicken embryos. Viral shedding of trachea (C) and lung (D) were assessed by EID₅₀ after 48 hours of incubation. Macroscopic 
morphological and H&E histopathological analysis of tracheal (E, scale bar = 200 μm) and lung (F, scale bar = 50 μm) tissues to assess pathological changes. Dates 
are shown as the mean ± SEM; n ≥ 4 independent experiments (** p < 0.01, and *** p < 0.001).
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These findings collectively demonstrate that naringenin significantly 
enhances the immune protection of the H9N2 vaccine, effectively 
mitigating the negative impact of viral challenge on growth perfor
mance and preventing pathological damage to the respiratory organs.

Conclusion

In summary, our study demonstrates that naringenin significantly 
enhances IgG levels and HI titers induced by the inactivated H9N2 
vaccine, while promoting germinal centers formation. Nar/H9N2 im
munization markedly increases T cell differentiation and induces a 
balanced Th1/Th2 immune response. Importantly, the viral challenge 
experiment confirmes the protective efficacy of Nar/H9N2 vaccine, 
which reduces viral shedding and mitigates tracheal and pulmonary 
damage. Given its natural origin, immunomodulatory potential, and 
biosafety, naringenin represents a novel plant-derived adjuvant for 
avian influenza vaccines.
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