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A B S T R A C T

Exosomes are emerging as key mediators of host–pathogen interactions, particularly as carriers of viral com
ponents during infection. This study aims to examine the immunomodulatory effects of serum-derived exosomes 
from Brown Leghorn chickens infected with low pathogenic avian influenza virus (LPAIV) or highly pathogenic 
avian influenza virus (HPAIV). These exosomes (CTRL-EXO [noninfected], LPAIV-EXO, and HPAIV-EXO) were 
intramuscularly injected into naïve chickens, after which tissues and serum were collected. Cytokine gene 
expression in immune-related tissues (lung, spleen, and trachea) was quantified through reverse transcription- 
quantitative polymerase chain reaction to evaluate the immune response. Unlike the lung and trachea, the 
spleen showed the strongest immune response following exosome injection, associated with elevated antiviral 
cytokines and interferons in the AIV-exosome group. In parallel, these exosomes were applied to chicken 
macrophage HD11 cells to determine cellular uptake and cytokine expression using reverse transcription- 
quantitative polymerase chain reaction. Furthermore, immunocytochemistry was performed to detect 
exosome-delivered viral nucleoprotein and nonstructural protein 1 proteins in HD11 cells. LPAIV-EXO induced 
the strongest immune activation, evidenced by increased cytokine expression and immunochemical detection of 
viral proteins. Collectively, these findings indicate that AIV-derived exosomes modulate host immune responses 
in vivo and in vitro, underscoring their potential in immune regulation and vaccine development.

Introduction

Avian influenza virus (AIV) remains a major threat to global poultry 
production and public health. AIV are classified into subtypes according 
to the antigenicity of their hemagglutinin (HA) and neuraminidase 
proteins. Among the HA subtypes, H5, H7, and H9 are the most 
frequently detected in wild birds. (Shi et al., 2023). The predominant 
subtypes, H5 and H7, are typically identified as low pathogenic avian 
influenza virus (LPAIV) with few or no clinical signs but can mutate into 
highly pathogenic avian influenza virus (HPAIV), causing severe illness 
and high mortality in galliformes (Luczo et al., 2015). AIV outbreaks 
have caused devastating poultry losses, with millions of birds reported 
dead. Additionally, studies report AIV infections in non-avian species, 
including pigs (Meseko et al., 2018), dairy cattle (Garg et al., 2025), and 
humans (Subbarao et al., 1998), underscoring the need for rigorous 

control measures against this zoonotic disease.
Exosomes are small (30 to 200 nm) membrane-bound vesicles 

released by all cell types that transport biomolecules—including pro
teins, lipids, mRNAs, miRNAs, and other noncoding RNAs—between 
cells (Bobrie et al., 2011; Wang et al., 2022). They are key mediators of 
intercellular communication in health and disease (Gurung et al., 2021). 
Exosomal cargo mirrors the molecular profile of the originating cell; 
consequently, exosomes from virus-infected cells can transfer viral 
proteins and RNA to recipient cells (Bedford et al., 2020; Hong et al., 
2022; Peng et al., 2023). These features indicate that exosomes may 
critically influence immune responses (Dreux et al., 2012a; Luong et al., 
2021a). However, studies investigating exosomes derived from 
AIV-infected chickens, especially their immunomodulatory functions in 
the host, remain limited. Studies show that exosomes derived from 
virus-infected cells can modulate or trigger immune responses, 

Abbreviation: AIV, Avian influenza virus; HPAIV, Highly pathogenic AIV; LPAIV, Low pathogenic AIV; RT-qPCR, Reverse transcription-quantitative polymerase 
chain reaction; Days-post infection, dpi; HA, Hemagglutinin; NA, Neuraminidase.
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highlighting their potential as immunoregulatory mediators. For 
instance, exosomes released by influenza A virus-infected A549 cells 
suppress immune responses in neighboring uninfected cells by deliv
ering viral mRNA or immunosuppressive proteins, thereby promoting 
viral replication (Zabrodskaya et al., 2022). Similarly, exosomes from 
Theiler’s murine encephalomyelitis virus-infected microglia deliver 
viral RNA to bystander central nervous system cells, triggering neuro
inflammation through innate immune receptors and increasing inter
feron, cytokine, and chemokine expression (Luong et al., 2021b). A 
previous study shows that exosomes derived from HPAIV H5N1-infected 
chickens trigger antiviral responses in multiple chicken immune cells, 
including macrophages, fibroblasts, and T and B cell lines, by activating 
type I interferons, pro-inflammatory cytokines, and immune signaling 
pathways (Hong et al., 2022). However, although exosome-mediated 
delivery of viral proteins is linked to antiviral activity, these findings 
are restricted to in vitro analyses, and the mechanisms underlying 
exosome function in vivo remain unclear.

Therefore, this study aims to assess the immunomodulatory potential 
of exosomes derived from LPAIV- and HPAIV-infected chickens by 
transferring them to naïve chickens or cultured immune cells. Exosomes 
were intramuscularly administered to naïve chickens to determine sys
temic immune responses in vivo. We also examined whether the injected 
exosomes altered the content of re-isolated exosomes, including viral 
components. In parallel, exosome uptake and immunological effects 
were examined in a chicken macrophage cell line.

Additionally, by combining in vivo and in vitro approaches, this 
study aims to clarify how virus-associated exosomes modulate host 
immunity. Understanding their immunomodulatory role could support 
the development of extracellular vesicle-based diagnostics and vaccines.

Materials and methods

Animal experiment and exosome injection

In total, 21 4-week-old specific-pathogen-free Brown Leghorn 
chickens were employed in animal experiments conducted in a biosafety 
level 2 plus facility at the Department of Biochemistry and Immunology, 
National Institute of Veterinary Research, Vietnam.

Three groups of seven chickens—each noninfected, LPAIV-infected, 
and HPAIV-infected—were used. The LPAIV group was administered 
200 µL intranasal inoculation of allantoic fluid containing 1 × 104 50% 
egg infectious dose (EID50) (Huprikar et al., 1980) of A/Chick
en/Vietnam/NA11/2021 (H5N6). The HPAIV group was similarly 
challenged with the same dose of A/Chicken/Vietnam/NA01/2019 
(H5N1). Blood samples for exosome extraction were collected from the 
wing vein of chickens 3 days post-infection.

Exosomes were isolated from noninfected (CTRL-EXO), LPAIV- 
infected (LPAIV-EXO), and HPAIV-infected (HPAIV-EXO) chickens 
and injected into 30 naïve chickens (Table 1). Six uninjected chickens 
served as negative controls (NC). Each exosome group included eight 
chickens: four were administered 100 μg, and four were administered 
200 μg of exosomes via intramuscular injection. At 3 days post-infection, 
blood was collected for exosome isolation from CTRL-EXO-, LPAIV-EXO- 
, and HPAIV-EXO-injected chickens. Finally, the spleen, lungs, and tra
chea were harvested from all four groups (NC, CTRL-EXO, LPAIV-EXO, 
and HPAIV-EXO). All animal experiments complied with the World 
Organization for Animal Health (OIE) guidelines. Figure 1A schemati
cally illustrates all experimental procedures. This study was conducted 
in accordance with institutional guidelines for the care and ethical use of 
laboratory animals under a protocol approved by the Ministry of Agri
culture and Rural Development, Vietnam (TCVN 8402:2010/TCVN 
8400-26:2014).

Exosome isolation and characterization

Exosomes from CTRL-EXO, LPAIV-EXO, and HPAIV-EXO serum were 

isolated and characterized for size and marker expression, as previously 
described (Kim et al., 2025). Influenza A virus nucleoprotein (NP; 
#PA5-32242, Thermo Fisher Scientific, Waltham, MA, USA) and 
nonstructural protein 1 (NS1; #GTX125990, GeneTex, Irvine, CA, USA) 
were detected using western blotting following established protocols 
(Hong et al., 2021).

RNA extraction from exosomes and tissues and detection of viral RNA

Total exosomal RNA was extracted using TRIzol reagent (Thermo 
Fisher Scientific), following the protocol of the manufacturer. cDNA was 
synthesized from 2 μg of RNA using the RevertAid First-Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific). H5 was amplified with 
DreamTaq polymerase (Thermo Fisher Scientific) with primers listed in 
Table 2, following the recommended procedure (Chaharaein et al., 
2009). PCR products were separated on a 2% agarose gel stained with 
Dyne STAR (Dyne Bio, Seongnam, South Korea), an ethidium bromide 
alternative.

Total RNA was extracted from lung, spleen, and trachea tissues 
through homogenization with a tissue grinder motor (Taeshin Bio Sci
ence, Korea). Following homogenization, 1 mL of TRIzol reagent 
(Thermo Fisher Scientific) was added. Phase separation by adding 200 
µL of chloroform, followed by RNA precipitation with 500 µL of iso
propanol. Finally, the RNA pellet was washed with 75% ethanol.

Western blotting

Approximately 40 µg of exosome samples were loaded onto a 15% 
SDS gel for electrophoresis, and the separated proteins were transferred 
to a polyvinylidene difluoride membrane (Invitrogen). The membrane 
was blocked with 5% skim milk in phosphate-buffered saline containing 
0.05% Tween-20 (PBST; Sigma-Aldrich, St. Louis, MO, USA) and 

Table 1 
Number of chickens used for exosome injection.

Chicken No Exosome injection 1Day 1 Day 2 Day 3

1 Control-exo (100 μg)-1 ​ ​ ​
2 Control-exo (100 μg)-2 ​ ​ ​
3 Control-exo (100 μg)-3 ​ ​ ​
4 Control-exo (100 μg)-4 ​ ​ ​
5 Control-exo (200 μg)-1 ​ ​ ​
6 Control-exo (200 μg)-2 ​ ​ ​
7 Control-exo (200 μg)-3 ​ ​ ​
8 Control-exo (200 μg)-4 ​ ​ ​
9 2LPAI-exo (100 μg)-1 ​ ​ ​
10 LPAI-exo (100 μg)-2 ​ ​ ​
11 LPAI-exo (100 μg)-3 ​ ​ ​
12 LPAI-exo (100 μg)-4 ​ ​ ​
13 LPAI-exo (200 μg)-1 ​ ​ ​
14 LPAI-exo (200 μg)-2 ​ ​ ​
15 LPAI-exo (200 μg)-3 ​ ​ ​
16 LPAI-exo (200 μg)-4 ​ ​ ​
17 HPAI-exo (100 μg)-1 ​ ​ ​
18 HPAI-exo (100 μg)-2 ​ ​ ​
19 HPAI-exo (100 μg)-3 ​ ​ ​
20 HPAI-exo (100 μg)-4 ​ ​ ​
21 HPAI-exo (200 μg)-1 ​ ​ ​
22 HPAI-exo (200 μg)-2 ​ ​ ​
23 HPAI-exo (200 μg)-3 ​ ​ ​
24 HPAI-exo (200 μg)-4 ​ ​ ​
25 Negative control ​ ​ ​
26 Negative control ​ ​ ​
27 Negative control ​ ​ ​
28 Negative control ​ ​ ​
29 Negative control ​ ​ ​
30 Negative control ​ ​ ​

1 A slash (/) in Day 1 columns for numbers 12 and 15 individuals indicates the 
death of the animal.

2 Abbreviations: LPAI, low pathogenic avian influenza; HPAI, highly patho
genic avian influenza; exo, exosomes
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incubated overnight at 4◦C with primary antibodies against Influenza A 
NP Polyclonal Antibody (#PA5-32242, Thermo Fisher Scientific) or 
Influenza A virus NS1 (#GTX125990, Irvine, CA, USA), diluted in PBST 

containing 2% skim milk. After washing with PBST, the membrane was 
incubated for 1 h at room temperature (RT) of 23◦C with horseradish 
peroxidase-conjugated anti-rabbit secondary antibody (Thermo Fisher 
Scientific) diluted in 2% skim milk. Protein bands were detected using 
the Western Lightning Plus ECL substrate (Thermo Fisher Scientific).

Cell culture and exosome treatment

The chicken HD11 macrophage cell line (Klasing et al., 1987) was 
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 
(Thermo Fisher Scientific) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS) (Thermo Fisher Scientific), 100 IU/mL peni
cillin, and 100 µg/mL streptomycin. HD11 cells (8 × 105 cells/well) 
were seeded in 12-well plates (SPL Life Sciences, Pocheon, Korea) and 
incubated overnight at 41◦C in a humidified 5% CO2 incubator. The 
medium was then replaced with exosome-depleted RPMI 1640 con
taining 10% exosome-depleted FBS (#EXO-FBSHI-250A-1; System Bio
sciences, Palo Alto, CA) and 100 IU/mL penicillin with 100 µg/mL 
streptomycin. Cells were treated with 50 µg/mL exosomes (CTRL-EXO, 
LPAIV-EXO, and HPAIV-EXO) for 4 h. Total RNA was extracted from 
culture supernatants using TRIol reagent (Thermo Fisher Scientific) 
following the protocol of the manufacturer. cDNA was synthesized from 
2 μg of RNA using the RevertAid First-Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific) following the instructions of the 
manufacturer.

Reverse transcription quantitative real-time PCR (RT-qPCR)

Oligonucleotide primers for reverse transcription quantitative real- 
time PCR (RT-qPCR) were designed with Primer-BLAST (http://www. 
ncbi.nlm.nih.gov/tools/primer-blast/) and synthesized by Genotech 

Fig. 1. Experimental workflow. (A) Animal experiments: chickens were divided into three groups (control, LPAIV, and HPAIV). Exosomes were extracted from CTRL- 
EXO, LPAIV-EXO, and HPAIV-EXO chickens and subsequently injected into naïve chickens. (B) Cell experiments: CTRL-EXO, LPAIV-EXO, and HPAIV-EXO exosomes 
were labeled with DiI and incubated with HD11 cells to assess exosome internalization.

Table 2 
Primer sequences for RT-qPCR.

Genes Sequences (5′→3′) Accession number

H5 F: ACAAAGCTCTATCAAAACCCAAC (Chaharaein et al., 2009)
R: TACCCATACCAACCATCTACCAT

IFN-α F: GAGCAATGCTTGGACAGCAG GU119896.1
R: GAGGTTGTGGATGTGCAGGA

IFN-β F: CTTGCCCACAACAAGACGTG NM_001024836.1
R: TGTTTTGGAGTGTGTGGGCT

IFN-γ F: AACAACCTTCCTGATGGCGT NM_205149.1
R: TGAAGAGTTCATTCGCGGCT

IL-1β F: TGCCTGCAGAAGAAGCCTCG NM_204524.1
R: CTCCGCAGCAGTTTGGTCAT

IL-4 F: TTGTTTGGGAGAGCCAGCA NM_001007079.1
R: GACATGGTGCCTTGAGGGAG

IL-6 F: GCAGGACGAGATGTGCAAGA NM_204628.1
R: ATTTCTCCTCGTCGAAGCCG

IL-8 F: GGCTTGCTAGGGGAAATGA NM_205498.1
R: AGCTGACTCTGACTAGGAAACTGT

IL-10 F: GCTTCTACACAGATGAGGTCC NM_001004414.4
R: TCCCGTTCTCATCCATCTTC

IL-18 F: GGAATGCGATGCCTTTTG NM_204608.1
R: ATTTTCCCATGCTCTTTCTCA

TNFα F: CGCTCAGAACGACGTCAA (Rohde et al., 2018)
R: GTCGTCCACACCAACGAG

1GAPDH F: TGCTGCCCAGAACATCATCC NM_204305
R: ACGGCAGGTCAGGTCAACAA

1 Abbreviations: RT-qPCR, reverse transcription-quantitative polymerase 
chain reaction; GADPH, glyceraldehyde-3-phosphate dehydrogenase
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(Daejeon, South Korea; Table 2). RT-qPCR was performed on a CFX 
Connect Real-Time PCR System (Bio-Rad, Hercules, CA, USA) using a 
SYBR Green PCR assay, and cytokine expression was validated using 
Dyne qPCR 2X PreMix (Dyne Bio). Amplification was performed for 40 
cycles at 95◦C, 56◦C to 60◦C, and 72◦C for 30, 30, and 30 s, respectively. 
GAPDH served as the housekeeping gene, and relative expression was 
calculated using the 2− ΔΔCt method (Livak et al., 2001). All RT-qPCR 
analyses were performed in triplicate.

Cellular uptake of CTRL-EXO, LPAIV-EXO, and HPAIV-EXO

To assess exosome internalization (CTRL-EXO, LPAIV-EXO, and 
HPAIV-EXO), exosomes were labeled with DiI (#D3911; Sigma-Aldrich) 
and incubated with HD11 cells cultured in Nunc™ Lab-Tek™ Chamber 
Slides (#177380; Thermo Fisher Scientific). Exosomes (50 µg/mL) were 
diluted in 200 µL PBS and 2 µL of 1 mM DiI (in methanol) and incubated 
for 2 h at RT, protected from light. After three centrifugation cycles 
(18,000 × g, 20 min), the supernatant was discarded, and the pellet was 
washed with 200 µL PBS. DiI-labeled exosomes were added to HD11 
cells cultured in exosome-free medium and incubated for 12 h at 41◦C 
with 5% CO2. Cells were fixed with 4% paraformaldehyde in PBS (pH 
7.4) for 15 min at RT in the dark and stained with DAPI (#P6966; 
Thermo Fisher Scientific) for 5 min. Fluorescence images were captured 
using an EVOS FLoid Cell Imaging Station (Thermo Fisher Scientific; 
Fig. 1B).

Immunocytochemistry

HD11 cells (6 × 105 cells/well) were cultured in exosome-free 
complete RPMI 1640 in Nunc™ Lab-Tek™ Chamber Slides (#177380; 
Thermo Fisher Scientific) for 4 h at 41◦C (5% CO2), then treated with 
exosomes (50 µg/mL; CTRL-EXO, LPAIV-EXO, and HPAIV-EXO) or left 
untreated (NC) for 24 h.

For viral NP detection, cells were fixed with 4% paraformaldehyde in 
PBS (pH 7.4) for 15 min at RT and permeabilized with ice-cold methanol 
(Sigma-Aldrich) for 10 min at − 20◦C. For viral NS1 detection, cells were 
fixed with 100% methanol (Sigma-Aldrich) for 5 min at RT and per
meabilized with ice-cold methanol for 10 min at − 20◦C. After overnight 
incubation at 4◦C with primary antibodies (NP, NS1), cells were incu
bated with Alexa Fluor® 488-conjugated secondary antibodies (Thermo 
Fisher Scientific) for 1 h at RT. Nuclei were stained with DAPI for 5 min. 
Immunostained slides were imaged using a confocal microscope 
(LSM800, Carl Zeiss, Germany) and analyzed with ZEN v2.6 software.

Statistical analyses

Statistical analyses were performed using SPSS software (IBM SPSS 
Statistics 28.0 for Windows; Chicago, IL, USA). Data are presented as 
mean ± SEM (N = 3). Differences among groups were assessed using 
one-way ANOVA followed by Tukey's post hoc multiple-comparison test. 
A P < 0.05 was considered statistically significant. Error bars represent 
fold changes from three technical replicates.

Results

Detection of viral components in exosomes

To identify viral particles in exosomes, PCR and western blot ana
lyses were performed on exosomes isolated from CTRL-EXO, LPAIV- 
EXO, and HPAIV-EXO chicken serum. H5 AIV RNA was detected in lanes 
2, 3, 5, 6, and 10 (Fig. 2A). Spleen samples injected with AIV exosomes 
(lanes 2 and 3) exhibited stronger H5 RNA amplification with LPAIV- 
EXO than with HPAIV-EXO. Conversely, exosomes alone (lanes 5 and 
6) showed stronger H5 signals with HPAIV-EXO than with LPAIV-EXO. 
Among exosomes isolated from chickens injected with CTRL-EXO, 
LPAIV-EXO, HPAIV-EXO, or left uninjected (lanes 7 to 10), the H5 
RNA band was detected only in the HPAIV-EXO sample (lane 10).

Figure 2B shows that exosomes contained influenza A NP and NS1 
during infection. Only LPAIV-EXO showed a clear NP band, whereas 
HPAIV-EXO exhibited a weaker band. NS1 was analyzed under identical 
conditions, but reliable results were not obtained (data not shown).

Immune responses induced in chicken tissues through AIV exosomes 
injection

To examine exosome-mediated immune responses in vivo, naïve 
chickens were intramuscularly injected with exosomes from NC, CTRL- 
EXO, LPAIV-EXO, and HPAIV-EXO groups. Cytokine expression was 
measured using RT-qPCR (Fig. 3).

In the lungs of AIV-exosome-injected chickens, IFN-β, IFN-γ, and IL- 
10 showed similar expression patterns and were most highly upregu
lated in the CTRL-EXO group (2.73-, 3.44-, and 2.26-fold increases, 
respectively). No significant differences were observed between CTRL- 
EXO and HPAIV-EXO, although HPAIV-EXO showed the second- 
highest expression for these cytokines. Compared with NC, IL-4 
expression increased 1.12-fold in LPAIV-EXO and decreased by 0.19- 
and 0.18-fold in CTRL-EXO and HPAIV-EXO, respectively, although the 
difference between NC and LPAIV-EXO was not statistically significant. 

Fig. 2. (A) RT-qPCR detection of H5 avian influenza viral RNA in spleen, exosomes, and exosome-injected chicken samples. Lanes 1 to 3 (spleen): 1, control; 2, 
LPAIV; 3, HPAIV. Lanes 4 to 6 (exosomes): 4, CTRL-EXO; 5, LPAIV-EXO; 6, HPAIV-EXO. Lanes 7 to10 (exosome-injected chickens): 7, NC; 8, CTRL-EXO; 9, LPAIV- 
EXO; 10, HPAIV-EXO. Lane M indicates a 100-bp DNA ladder. (B) Western blot analysis of viral NP in exosomes. Exosome samples were transferred to membranes 
and probed with an influenza A NP polyclonal antibody, followed by a horseradish peroxidase-conjugated anti-rabbit secondary antibody.
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Fig. 3. Cytokine expression in exosome-injected chicken (A) lung, (B) spleen, and (C) trachea tissues using RT-qPCR. NC represents samples from non–exosome- 
injected chickens, whereas CTRL-EXO, LPAIV-EXO, and HPAIV-EXO represent samples from chickens injected with the corresponding exosome preparations. 
Chickens were administered a 200 µg exosome dose, and tissues were collected at 3 dpi. Different lowercase letters indicate statistically significant differences (p <
0.05) as determined using one-way analysis of variance followed by Tukey’s multiple comparison test. Data values are presented as mean ± SEM (n = 3), normalized 
to GAPDH from three independent experiments.
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IFN-α showed a similar expression pattern to that of IL-4. IL-6 expression 
decreased by 0.54-, 0.39-, and 0.89-fold in CTRL-EXO, LPAIV-EXO, and 
HPAIV-EXO, respectively. IL-1β was significantly downregulated in the 
LPAIV-EXO and HPAIV-EXO groups (Fig. 3A).

Cytokine expression was highest in the spleens of AIV exosome- 
injected chickens (Fig. 3B). IFN-α, IFN-β, IFN-γ, IL-1β, and IL-6 were 
most strongly upregulated in the HPAIV-EXO group, with fold increases 
of 1.44, 2.38, 4.96, 1.78, and 2.48, respectively. In contrast, the anti- 
inflammatory cytokines IL-4 and IL-10 were most upregulated in the 
LPAIV-EXO group, with 4.18- and 6.13-fold increases, respectively.

IL-1β expression in the trachea mirrored the downregulation 
observed in the lungs after AIV exosome injection (Fig. 3C). IFN-α 
exhibited a similar pattern, whereas IL-6 levels did not differ signifi
cantly among groups. IFN-β and IFN-γ were most highly expressed in the 
LPAIV-EXO group, whereas IL-4 and IL-10 showed the lowest expression 
in the LPAIV-EXO and HPAIV-EXO groups, respectively. Overall, cyto
kine expression suggests that the spleen mounts a stronger immune 
response than that of the lung or trachea.

Cellular uptake of AIV exosomes in chicken immune cell lines

To determine whether exosomes from AIV-infected chickens trans
mit viral particles and induce immune responses, HD11 cells were 
treated with 50 µg/mL exosomes. DiI-labeled CTRL-EXO, LPAIV-EXO, 
and HPAIV-EXO were internalized into the HD11 cell cytoplasm (Fig. 4).

HD11 macrophage cell treated with AIV exosomes induced cytokine 
expression

To assess exosome-induced immune responses, HD11 cells were 
treated with 50 µg/mL exosomes for 4 h. Subsequently, mRNA levels of 
type I (IFN-α, IFN-β) and type II (IFN-γ) interferons, pro-inflammatory 
cytokines (IL-1β, IL-18, and tumor necrosis factor α [TNF-α]), anti- 
inflammatory cytokines (IL-4), and chemokine IL-8 (CXCL8) were 
measured. The LPAIV-EXO groups had the highest expression (Fig. 5), 
with no significant difference between CTRL-EXO and HPAIV-EXO. 
These findings suggest that LPAIV-EXO elicits a stronger immune 
response than that of HPAIV-EXO, likely due to differences in viral 
components delivered via exosomes.

Viral proteins were delivered via AIV exosomes in chicken macrophage cell 
lines

Immunocytochemistry was used to confirm NP and NS1 in AIV-EXO- 
treated cells (LPAIV-EXO and HPAIV-EXO), indicating successful 

exosome-mediated viral delivery. NP signals were stronger in the LPAIV- 
EXO group than in the HPAIV-EXO group (Fig. 6A). NS1 was detected in 
LPAIV-EXO but weakly expressed in HPAIV-EXO, with nuclear locali
zation observed (Fig. 6B). These findings suggest a stronger immune 
response in the LPAIV-EXO group, consistent with RT-qPCR cytokine 
profiles in exosome-treated HD11 cells (Fig. 6). They also indicate that 
NP is expressed more strongly and consistently than NS1, and that 
LPAIV-EXO exerts a greater immunomodulatory effect than that of 
HPAIV-EXO.

Discussion

Exosomes are gaining interest as biomarkers and diagnostic tools 
because they reflect physiological and pathological states of their 
cellular origin. However, their role in immune regulation— particularly 
in chickens at the whole-animal level—remains underexplored. This 
study investigated whether exosomes derived from LPAIV- or HPAIV- 
infected chickens can modulate immune responses in recipient hosts 
and immune cells. Bedford et al. report that airway exosomes in bron
choalveolar lavage fluid from influenza-infected mice transferred viral 
proteins (HA, neuraminidase, NP, M1, and NS1) to uninfected mice and 
activated antigen-presenting cells (Bedford et al., 2020). 
Exosome-induced pulmonary inflammation is associated with cytokine 
release, type I and II interferon induction, and neutrophil recruitment 
(Bedford et al., 2020). Viral RNA in exosomes is typically recognized by 
Toll-like receptors (TLR), particularly TLR7, which detects viral RNA in 
endosomal compartments after exposure (Blasius et al., 2010; Kawai 
et al., 2011). For instance, exosomes from Human immunodeficiency 
virus type-1-infected macrophages induce pro-inflammatory cytokine 
production via TLR recognition of their RNA cargo (Sampey et al., 
2016). This mechanism allows host cells to package viral RNA into 
exosomes, thereby modulating innate immunity and influencing path
ogenesis in nearby uninfected cells.

Our findings indicate that exosomes from virus-infected chickens can 
transmit viral components, including H5 viral RNA, as observed in 
exosomes from AIV-EXO-injected chickens (Fig. 2). These findings sug
gest that exosomes deliver viral genetic material, not merely act as 
intracellular signaling messengers, implicating them in viral infection 
pathways. Moreover, the findings indicate that viral components may 
influence the cellular state of other organisms without viral infection, 
though the precise role of exosomes in viral transmission requires 
further investigation.

We examined cytokine expression in the lung, spleen, and trachea of 
naïve chickens after exosome injection. The spleen showed robust im
mune activation, especially following HPAIV-EXO treatment (Fig. 3B). 

Fig. 4. Internalization of DiI-labeled exosomes purified from the serum of CTRL-EXO, LPAIV-EXO, and HPAIV-EXO chickens following incubation with HD11 cells. 
Cell nuclei were stained with DAPI (blue), and Dil-labeled exosomes are shown in red. Scale bar = 10 um.
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HPAIV-EXO significantly upregulated IFN-α, IFN-β, IFN-γ, IL-1β, and IL- 
6. Type I and II interferons are key antiviral defenses, with IFN-β and 
IFN-α subtypes inducing antiviral molecules encoded by IFN-stimulated 
genes (Lee et al., 2018; McNab et al., 2015). IL-6, a pleiotropic cytokine, 
is produced in response to tissue damage and viral infection, modulating 
host immune responses (Velazquez-Salinas et al., 2019). Along with 
TNF-α and IL-1 (including IL-1β), IL-6 ranks among the most important 
cytokines in viral infections. IL-1β, an inflammatory plasma marker, was 
upregulated in cells treated with AIV H7N9-derived HA protein (Slaats 
et al., 2016; Zhang et al., 2015), indicating splenic immune cells respond 
strongly to HPAIV-derived exosomal cargo. Anti-inflammatory cyto
kines IL-4 and IL-10 were markedly upregulated in the LPAIV-EXO 
group. These cytokines primarily mediate the Th2 response and regu
late inflammatory balance during acute viral infection, protecting host 
tissues (Rojas et al., 2017; van den Broek et al., 2000). Overall, 
pro-inflammatory cytokines (IL-1β, IL-6) and antiviral interferons 
(IFN-α, IFN-β, and IFN-γ) were expressed at higher levels in HPAIV-EXO 
than in LPAIV-EXO. Mo et al. (2024) reports higher pro-inflammatory 
gene expression in HPAIV-infected bone marrow-derived dendritic 
cells than in LPAIV-infected cells. This suggests that HPAIV-EXO carries 
cytokine-rich cargo that elicits an immune response similar to direct 
HPAIV infection. Conversely, anti-inflammatory cytokines (IL-4 and 
IL-10) were elevated in LPAIV-EXO, suggesting that cytokine responses 
vary with pathogenicity. Unlike HPAIV, which triggers a strong in
flammatory response and severe symptoms due to high mortality, LPAIV 
appears to promote immune homeostasis.

Although uninfected exosomes were not expected to modulate im
munity, some cytokines differed between NC and CTRL-EXO. This sug
gests that exosomes from uninfected hosts may either carry bioactive 
molecules that elicit minor immune effects or function as foreign par
ticles that induce mild immune activation. Alternatively, variation may 
result from injection or subtle physiological differences in donor 
chickens.

Exosomes carrying viral RNA and proteins act as pathogen- 
associated molecular patterns, triggering innate immunity via pattern 
recognition receptors such as TLR, RIG-I, MDA5, and NLR (Dreux et al., 
2012b; Kawai et al., 2009). Our findings indicate that the AIV-derived 
exosomes exert tissue-specific immunomodulatory effects dependent 
on viral pathogenicity. HPAIV-EXO strongly stimulates systemic im
mune responses in lymphoid organs such as the spleen while limiting 
inflammation in mucosal tissues, including the lung and trachea. 
Although derived from AIV infection, these exosomes elicit weaker im
mune responses than the virus itself. However, in the spleen— the 

second largest lymphoid tissue rich in immune cells (Lewis et al., 
2019)—both AIV-EXOs strongly activated immune responses. These 
findings suggest that, unlike primary respiratory organs (lungs and 
trachea), viral molecules delivered via exosomes act as viral antigens 
that preferentially activate immune organs.

Furthermore, immune responses may differ based on organ type. The 
lungs, as primary respiratory and mucosal immune organs, protect the 
host by eliminating pathogens and foreign particles via the mucosal 
barrier and epithelial cells (Gopallawa et al., 2023; Sato et al., 2012). 
Thus, intramuscularly injected exosomes may be recognized as foreign 
substances. Unlike the lungs and trachea—mucosa-associated lymphoid 
tissues directly exposed to external antigens—the spleen efficiently de
tects circulating exosomes and activates a systemic immune response via 
innate immune cells.

Accumulating evidence shows that exosomes derived from virus- 
infected cells play a key role in orchestrating cellular immune re
sponses. For example, respiratory syncytial virus infection triggered an 
immune response in human monocytes and airway epithelial cells by 
delivering viral components via exosomes, leading to cytokine and 
chemokine release (Chahar et al., 2018). Similarly, plasma vesicles from 
SARS-CoV-2-infected patients activate peripheral immune cells, with 
viral dsRNA recognized by TLR3 inducing IL-6, IL-8, and TNF-α pro
duction, contributing to the cytokine storm (Chen et al., 2022).

Our study confirmed exosome-mediated immune responses by 
showing elevated cytokine levels in exosome-treated chicken macro
phages. Type I (IFN-α, IFN-β) and type II (IFN-γ) interferons, pro- 
inflammatory cytokines (IL-1β, IL-18), anti-inflammatory cytokine IL- 
4, TNF-α, and chemokine IL-8 were detected, with especially high 
levels in LPAIV-EXO-treated cells (Fig. 5). TNF-α, produced by macro
phages and monocytes, acts early to limit immunopathology during 
H1N1 influenza infection (Mohd Zawawi et al., 2023; Savenkova et al., 
2024). IL-8, a CXC chemokine, activates neutrophils by binding to 
CXCR1 and CXCR2 and, along with IL-6, is highly expressed in patients 
infected with SARS-CoV-2 (Cesta et al., 2022; Lee et al., 2021; Zhu et al., 
2021; Zimmermann et al., 2011). IL-18, the “IFN-γ-inducing factor,” is 
an IL-1 family cytokine that regulates innate and adaptive immunity by 
activating macrophages synergistically with IL-12 (Ihim et al., 2022; 
Munder et al., 1998).

In Fig. 6, NP and NS1 showed stronger signals in LPAIV-EXO than in 
HPAIV-EXO, consistent with the western blot results (Fig. 2B). Similarly, 
RT-qPCR revealed higher cytokine expression in LPAIV-EXO, supporting 
its stronger immunomodulatory effect.

However, NP was more strongly expressed than NS1 in LPAIV-EXO 

Fig. 5. RT-qPCR analysis of cytokine expression in chicken macrophage cells treated with 50 µg/mL CTRL-EXO, LPAIV-EXO, and HPAIV-EXO and incubated for 4 h. 
Data are presented as mean ± SEM from three independent experiments (n = 3), with expression normalized to GAPDH. Different lowercase letters above the error 
bars indicate statistically significant differences (p < 0.05) as determined through one-way analysis of variance followed by Tukey’s multiple comparison test.
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Fig. 6. Confocal immunocytochemistry of viral NP and NS1 in HD11 macrophage cells. HD11 cells were incubated with 50 µg/mL CTRL-EXO, LPAIV-EXO, and 
HPAIV-EXO or NC for 24 h. Immunodetection was performed using primary antibodies against (A) NP and (B) NS1, followed by Alexa Fluor®488-conjugated 
secondary antibodies (green). Cell nuclei were stained with DAPI (blue). Scale bar = 50 µm.
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and HPAIV-EXO, indicating that NP is an essential structural protein 
with “high and sustained” expression, whereas NS1, a functional pro
tein, shows "low and early" expression, regulating host immunity 
(Turrell et al., 2013; Yang et al., 2023). Therefore, NP and NS1 proteins 
are believed to differ within exosomes.

These findings suggest that stronger viral protein signals in LPAIV- 
EXO drive elevated cytokine expression. NP, secreted by influenza 
virus-infected cells, is essential for viral replication and induces pro- 
inflammatory cytokines IL-1β and IL-6 through TLR4 and NLRP3 
inflammasome activation (Eisfeld et al., 2015; Kim et al., 2022). NS1 
counters host antiviral responses by suppressing type I interferons and 
blocking RIG-I signaling pathways during influenza A virus infection 
(Koliopoulos et al., 2018; Zhang et al., 2022). However, NS1 in exo
somes may modulate immune activation rather than fully suppress it, 
depending on the balance between immune evasion and recognition in 
recipient cells. For instance, Dengue virus-derived NS1 induces 
pro-inflammatory cytokine production in human dendritic cells (Alayli 
et al., 2016). Upon AIV-EXO treatment, NS1 localized to the nucleus in 
HD11 cells (Fig. 6B), consistent with previous studies showing that the 
influenza A H3N2 subtype virus NS1 protein contains a C-terminal 
NLS2/NoLS domain facilitating nuclear import and interaction with 
proteins such as nucleolin and fibrillarin (Melén et al., 2012).

Variations in exosomal NP and NS1 levels directly affect the host 
immune response. NP-rich exosomes typically stimulate immunity, 
whereas NS1-rich exosomes suppress it (Jiang et al., 2020). These im
mune effects always depend not only on the content of NP and NS1, but 
also on (i) the substances contained in the exosome (viral mRNA/
miRNA/host regulatory factors), (ii) the cell/host (chicken vs. 
mammal), and (iii) the viral strain (e.g., H5N1 vs. H9N2) (Zabrodskaya 
et al., 2022; Hong et al., 2022; Kim et al., 2025). Immunocytochemistry 
revealed higher NP and NS1 levels in HD11 cells treated with 
LPAIV-EXO than in cells treated with HPAIV-EXO, suggesting that 
elevated NP and NS1 in LPAIV-EXO may boost immune responses, 
including cytokine expression.

A study reports that exosomal miRNAs from LPAIV- or HPAIV- 
infected chickens are associated with the MAPK signaling pathway, a 
key regulator of host immunity. Additionally, we detected viral RNA and 
proteins in the exosomes, suggesting that viral molecules and small non- 
coding RNAs, such as miRNAs, contribute to the immune response. Since 
miRNAs regulate host gene expression via immune-related pathways, 
their delivery via exosomes—whether viral or host-derived miR
NAs—may further modulate immune activation (Chandan et al., 2020; 
Vu et al., 2023a; Vu et al., 2023b). Therefore, the immunostimulatory 
effects observed in this study likely arise from the combined actions of 
viral proteins, RNA, and regulatory noncoding RNAs carried within 
exosomes.

In summary, this study shows that exosomes from AIV-infected 
chickens carry viral RNA and proteins and modulate host immune re
sponses in vivo and in vitro. Furthermore, these exosomes can inde
pendently induce immune responses in naïve chickens without direct 
viral infection. This finding indicates the functional role of exosomes in 
actively modulating immune responses in living hosts. HPAIV-derived 
exosomes triggered a strong splenic immune response, whereas LPAIV- 
EXO strongly stimulated HD11 cells. These findings suggest that 
splenic immune homeostasis and cell interactions may limit excessive 
inflammation, while macrophages directly activate immune genes in 
response to exosomal viral proteins, including NP and NS1. Overall, 
these findings indicate that exosomal immunomodulatory effects 
depend on cargo and the specific immune environment. Therefore, 
further research is needed to clarify how viral components engage 
innate immune receptors to modulate immunity. Understanding these 
processes will enhance knowledge of viral pathogenesis and inform the 
development of exosome-based diagnostics, vaccines, and therapeutic 
strategies in the poultry industry.
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