f animals

Article

Effect of Chicken AvBD11 on the Cytokines in the Erythrocytes
of Chickens Infected with the Avian Influenza Virus of the

Subtype HIN2

Jie Yu

, Sheng-Qing Luo, Wen-Jun Xiang, Zi-Xuan Meng, Ying Wang, Jian-Le Ren

, Yu-Jun Zhao, Rui-Wen Fan,

Sheng Niu * and Wen-Xia Tian *

check for
updates

Academic Editor: Giovanni Franzo

Received: 18 March 2025
Revised: 31 March 2025
Accepted: 31 March 2025
Published: 2 April 2025

Citation: Yu,].; Luo, S.-Q.; Xiang,
W.-J.;Meng, Z.-X.; Wang, Y.; Ren, J.-L.;
Zhao, Y.-].; Fan, R.-W.; Niu, S.; Tian,
W.-X. Effect of Chicken AvBD11 on the
Cytokines in the Erythrocytes of
Chickens Infected with the Avian
Influenza Virus of the Subtype HON2.
Animals 2025,15,1023. https://
doi.org/10.3390/ani15071023

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

College of Veterinary Medicine, Shanxi Agricultural University, Jinzhong 030801, China; yuj126315@163.com (J.Y.);
shenggingluo@163.com (5.-Q.L.); 15955526515@163.com (W.-].X.); mengzx2025@163.com (Z.-X.M.);
wangying@sxau.edu.cn (Y.W.); renjianle0615@163.com (J.-L.R.); tgzhaoyujun@163.com (Y.-].Z.);
ruiwenfan@163.com (R.-W.F.)

* Correspondence: niusheng@sxau.edu.cn (S.N.); wenxiatian@126.com (W.-X.T.)

Simple Summary: AvBD11 is an atypical, double-sized defensin predicted to have two
motifs associated with (3-defensins and six disulfide bonds. We expressed AvBD11 using
Escherichia coli and examined the effects of different concentrations of AvBD11 on cytokine
expression in ex vivo and in vivo erythrocytes from chickens infected with avian influenza
subtype HIN2. The results showed that the addition of different concentrations of AvBD11
caused changes in cytokine expression at different times. It is suggested that AvBD11 is not
only an antimicrobial peptide but may also be an immunomodulator.

Abstract: (1) The aim of this study was to elucidate the role of the Gallus gallus avian
-defensin 11 (AvBD11) in the immune response induced by the avian influenza virus
HON2. (2) AvBD11 was expressed using E. coli, and the effects of different concentrations of
AvBD11 on cytokine expression in the ex vivo and in vivo erythrocytes of chickens infected
with the avian influenza subtype HIN2 were detected by using fluorescence quantification.
(3) The results showed that cytokine expression varied among the test groups compared to
the control group in the in vitro assay at 2, 6, and 10 h. Lipopolysaccharide induced TNF factor
(LITAF) and Interferon--y (IFN-7) were significantly increased in the AvBD11 group with the
addition of the final concentration of 15 pg/mL at 6 h. At 10 h, Interleukin-18 (IL-13) and
IFN-y were both more significantly increased in the 15 and 10 ug/mL groups than in the
HON2 group alone. In the in vivo test, [FN-y and Interleukin-10 (IL-10) were significantly
increased in the high-dose group than in the HON2 group at 3 d and 7 d. (4) In conclusion,
the ability of AvBD11 to induce the expression of more cytokines by chicken erythrocytes
in a short period of time suggests that it is not only an antimicrobial peptide but also a
possible immunomodulator.

Keywords: AvBD11; chicken erythrocytes; HIN2; cytokines

1. Introduction

The HIN2 AIV was initially isolated from turkeys in Wisconsin in the United States
of America in 1966 (A /turkey/Wisconsin/1/1966(H9N2) [1]. The HON2 subtype of low-
pathogenic avian influenza (LPAIV) is the most common LPAIV in poultry worldwide [2].
HON?2 viruses can cause harm to avian species through direct pathology, co-infection, and
immunosuppression [3,4]. At the same time, the HIN2 virus not only directly infects
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humans but also contributes some or all of its internal genes to the emerging lethal variants
of H5N1, H7N9, H10N8, and H5NG®6 [5], which pose a threat to public health. Therefore,
research on the HON2 virus deserves great attention.

Defensin proteins are small in size (less than 10 kDa), rich in cysteine (forming 3 to
6 disulfide bonds), and typically cationic (with a net charge interquartile range of +1 to
+5) [6]. The defensins can be divided into the following three groups on the basis of their
structure: o-, 3-, and 0-defensins [7]. Avian (3-defensins (AvBDs) are small, positive, non-
glycosylated polypeptides with three lamellar structures attached to an o-helical loop [8,9],
similar in structure to mammalian (3-defensins [10]. Gallus gallus avian (-defensin 11
(AvBD11) is an atypical defensin found in birds, primarily expressed in the oviduct [11]
and also present in eggshells and albumen. It constitutes one of the main components of
the outer layer of the yolk membrane (VM), serving as the final protective barrier for the
embryo [12].

Defensins have not only antibacterial but also antiviral properties. Human 3-defensins
have been reported to have direct inhibitory activity against a variety of viruses, including
human immunodeficiency virus (HIV) [13] and influenza virus [14]. Co-incubation of
pBD-3 with PRRSV significantly inhibited viral infectivity in MARC-145 cells. In the PAMs
model, pBD-3 and PG-4 at concentrations of 5-40 ng/mL consistently suppressed PRRSV
titers [15]. Cytokines are secreted or membrane-spanning molecules that mediate a wide
range of cellular functions, including development, differentiation, growth, and survival.
Therefore, the regulation of cytokine activity is important in both physiology and pathol-
ogy [16]. In addition to carrying oxygen, erythrocytes participate in the body’s immune
regulatory responses and can exert their immune functions through immuno-adhesion
and other effects [17]. Human erythrocytes have been the focus of research in the field of
erythrocyte immunity, while studies on the immune function of nuclear erythrocytes in
animals have focused on fish and reptiles, but there are fewer studies on the involvement
of chicken erythrocytes in the immune response of the organism. The HA protein of the
highly pathogenic avian influenza virus (HPAI) is readily cleavable and exhibits robust
hemagglutination activity. In contrast, HON2, which falls under the LPAI category, pos-
sesses an HA protein with restricted cleavage capacity and a diminished ability to bind to
red blood cells. Consequently, when compared to HPAI, there are notable differences in
the mechanisms of red blood cell invasion and the subsequent immune responses elicited
by the virus. The long-term epidemic of the HIN2 subtype AIV poses a significant threat
to livestock, poultry production, and human health. This ongoing situation creates an
environment that facilitates the emergence and spread of highly pathogenic or novel in-
fluenza strains. Based on the immune function of defensins, this experiment was proposed
to investigate the changes of avian AvBD11 on the expression levels of various cytokines in
H9N2-infected chicken erythrocytes, which will help in studying the antiviral function and
immune mechanism of chicken defensin protein against HON2 in more depth.

2. Materials and Methods
2.1. The Cloning of AvBD11

The pCold-AvBD11 plasmid was constructed using standard molecular biology tech-
niques, with the pCold vector plasmid (TAKARA, Dalian, China) as the template. Total RNA
from Hyland Brown egg yolks was extracted and reverse-transcribed for amplification of the
AvBD11 coding sequence. Primers were designed using DNASTAR to amplify the mRNA
coding region sequence of AvBD11, i.e., the mature sequence of AvBD11 (NM_001001779). The
PCR product was amplified using the following specific primers: the forward primer was 5'-
CATATGGAGCTCGGTACCCTCGAGTTACCGCGTGATACCAGCC-3, and the reverse primer
was 5'-CTGCAGGTCGACAAGCTTGAATTCTCAGATTTCTTTGCAGCAGGTCCAAC-3'.
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These primers contain restriction enzyme sites for both the Xhol and EcoRI enzymes
(TAKARA, Dalian, China), which are underlined in the above sequences. The reaction was
carried out using Phanta Max Super-Fidelity DNA Polymerase (Vazyme, Nanjing, China).
The following conditions were used for PCR amplification: a pre-denaturation step at 95 °C
for 3 min, a denaturation step at 95 °C for 15 s, an annealing step at 70 °C for 15 s, and
an extension step at 72 °C for 35 cycles and finally 72 °C for 5 min. PCR products were
recovered using the Omega Gel Extraction Kit and cloned into pCold vectors using the
In-Fusion HD Cloning Kit (TAKARA, Dalian, China),and transformed E. coli DH5« (Sangon
Biotech, Beijing, China) recipient cells according to the manufacturer’s instructions. The
cells were cultured in Luria—Bertani (LB) solid medium (containing 100 pug/mL ampicillin)
at 37 °C for a period of 12 h. Positive clones were isolated and cultured overnight in LB
liquid medium (containing 100 pg/mL ampicillin). Plasmids were extracted using the
Plasmid DNA Extraction Mini Kit (Tiangen, Beijing, China) and sequenced by Sangon
Biotech (Shanghai, China). The successfully constructed plasmids were then transformed
into E. coli DE3 (Sangon Biotech, Beijing, China) and sequenced.

2.2. Production of Recombinant AvBD11 Protein

E. coli DE3 was grown in LB liquid culture medium (containing 100 pg/mL ampicillin)
at 220 r/min and 37 °C until the optical density (OD) reached 0.6 to 0.8. Subsequently,
the recombinant protein expression was induced in bacterial cultures by the addition
of 1 mM IPTG (Solarbio, Beijing, China) at 16 °C for 16 h. Following this, the bacterial
cultures were subjected to centrifugation at 8000 r/min for 15 min. The bacteria were
collected. Bacteria were resuspended in Tris-HCI (pH 8.0) and PMSF was added at a final
concentration of 1 mM. Bacteria were fragmented using ultrasound and then centrifuged
at 8000 r/min for 15 min to collect the upper layer of liquid, which was purified with
His-labeled purification resin, and the target protein was eluted with 100 mM imidazole.
Subsequently, the recombinant fusion protein AvBD11 was detected by Western blotting
using His-Tag mouse monoclonal antibody (Huaxinbio, Beijing, China). The protein was
then treated with HRV3C protease (TAKARA, Dalian, China), stirred at 4 °C overnight, and
separated using Superdex™ 75 Increase (Cytiva, Uppsala, Sweden). Finally, SDS-PAGE
was used for further analysis.

2.3. Cell Culture and Virus Strains

HO9N2 viruses were obtained from our laboratory stock [18]. Specific pathogen-
free (SPF) embryonated eggs used for virus propagation were purchased from Beijing
Boehringer Ingelheim Vital Biotechnology Co., Ltd. (Beijing, China). The selected hemag-
glutination titer was 7 log, (TCIDsy = 10493 /mL). All experiments in this study were
approved by the Institutional Animal Care and Use Committee of Experimental Animal
Management at the Shanxi Agricultural University, China (Approval No SXAU-EAW-
2019-C002006). Five milliliters of fresh blood was collected from SPF chicks placed in
anticoagulation tubes, after which the erythrocytes were washed in an equal volume of
PBS. ISA brown SPF chicks were purchased from Longkol Company (Taigu, Shanxi, China).
Pure erythrocytes were obtained according to the procedure described by Niu et al. [19].
The purity of erythrocytes was determined as described by Khan et al. [20]. The erythro-
cytes obtained were equally divided into five groups; the first group was a control group
containing 50 pL of erythrocytes and 100 pL of PBS, the second group was HIN2 group
containing 50 uL of erythrocytes and 100 puL of HON2 virus, and the third, fourth, and fifth
groups were supplemented with AvBD11 at final concentrations of 5, 10, and 15 ug/mL,
respectively, based on the second group. DMEM was added to each group, and the final
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volume of each group was 1050 puL. After 2, 6, and 10 h, the red blood cells were centrifuged
and washed for RNA extraction.

2.4. Quantitative PCR Analysis

Erythrocytes were washed three times with ice-cold PBS, and total RNA was extracted
using TAKARA'’s RNAiso Plus Total RNA Extraction Kit (TAKARA, Dalian, China), the
RNA concentration was measured using spectrophotometry, and the RNA quality was
determined based on the absorbance ratio from 260 nm to 280 nm. Reverse transcrip-
tion was performed using the PrimeScript™ RT Reverse Transcription Kit (TAKARA,
Dalian, China). The relative mRNA expression levels of selected genes were determined
using quantitative real-time polymerase chain reaction (qQPCR). Table 1 lists the primers
for both the target genes and the reference genes. The relative expression level of each
target gene was calculated by the 2-A8Ct method. ACt = Ct (target gene) — Ct (B-actin),
ANACt = ACt (test group) — ACt (control group).

Table 1. The information on the primers used in quantitative PCR.

GenBank Accession

: / /
Gene Primer Sequence (5'-3') Number
LITAF F:CTGAGGCATTTGGAAGCAGC NM_204267.2
R:GACAGGGTAGGGGTGAGGAT
IL-10 F:AGGAGCAAAGCCATCAAGCA NM_001004414.4
R:ACCGAACGTTAAGCTGCCAT
IL-6 F:GCTTGGTTAACCCTGGCTCT NM_204628.2
R:AAAGTGCAGAGTGTCCGACC
IL-1B F:GCCTGCAGAAGAAGCCTCG XM_015297469.3
R:GTGACGGGCTCAAAAACCTC
CD40 FTCCAAAACTGAGCCATGCCA NM_204665.3
R:GTGTGCACCAGGCAGTAGAT
IFN-v F:CCACACCTTCCTCCAAGACA NM_205149.2
R:GCCTGTGAGGTTGTGGATGT
B-actin F:ATTGTCCACCGCAAATGCTTC NM_205518.2

R:AAATAAAGCCATGCCAATCTCGTC

2.5. Experimental Animals

A total of seventy-five 15-day-old ISA brown SPF chicks from the same batch were
randomly assigned to five groups (15 chicks per group) and reared under specific pathogen-
free conditions. The experiment lasted for 14 days. All experiments in this study were
approved by the Institutional Animal Care and Use Committee of Experimental Animal
Management at the Shanxi Agricultural University, China (Approval No SXAU-EAW-2019-
C002006). These experiments were conducted according to the ARRIVE (Animal Research:
Reporting of in vivo Experiments) guidelines. Group 1 was the control group (injected
PBS); group 2 was the HIN2 group; groups 3, 4, and 5 were injected intramuscularly with
different doses of AvBD11 (2, 4, and 8 mg/kg) according to the body weight of the chickens
every day during the 3 days prior to infection with the HON2 virus, referred to as the low-,
medium-, and high-dose groups. Groups 1 and 2 were injected daily with the same dose
of PBS in the same way during these three days. The route of infection and dose were the
same for each test group, and 200 uL of the virus dilution was dropped into the nasal cavity
of each chick. The same dose of PBS was dropped into the control group. Four chicks were
randomly selected on days 3, 7, and 14 after infection for wing vein blood sampling and
erythrocyte isolation.
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2.6. Statistical Analysis

Statistical analysis was performed using SPSS 22.0 software. Duncan’s multiple
comparison and one-way analysis of variance (ANOVA) were used for significance testing.
The different letters above the bar graph indicate significant differences between groups.
p < 0.05 was used as the standard for significant differences.

3. Results
3.1. Recombinant Construction Plasmid and Protein Expression

Mature Gga-AvBD11 is a cationic peptide composed of 82 amino acids, containing
12 cysteine residues and 6 disulfide bonds (LPRDTSRCVGYHGYCIRSKVCPFAAFGTC-
SWRQTCCCVDTTSDFHTCKDGGHCVSPKKIRCLEEQLGLCPLKRWTCCKEI) [11]. Firstly,
we amplified the AvBD11 gene fragment (Figure 1A, lane 1); pCold-TF was double-digested
in order to obtain a linear vector (Figure 1B, lane 1). We recombined the AvBD11 fusion gene
fragment with the pCold linear vector and transferred it to E. coli DHb5a. After extraction
of the plasmid, it was identified by double digestion with Xhol and EcoRI, and two linear
fragments of the expected size were obtained (Figure 1C, lane 1). Following the induction of
protein expression in recombinant E. coli DE3, the bacteria underwent ultrasound treatment,
and recombinant AvBD11 (approximately 70 kDa) matching the expected target protein
size was identified through Western blotting (Figure 1D). Subsequently, AvBD11 protein
(approximately 11 kDa) was isolated using HRV3C protease (Figure 1E, lane 2).

A B

Maker 1 Maker 1

Maker 1

bp bp

7500—]
5000

500—

250— 250—

100—

kDa
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55—

Figure 1. Construction of plasmid pCold-AvBD11 expressing AvBD11 fusion protein and induction
of recombinant AvBD11 expression. (A) PCR amplification of the AvBD11 fragment; 1 lane: 246 bp.
(B) The pCold-TF plasmid was digested to obtain a linear plasmid; 1 lane: 5769 bp. (C) The recom-
binant plasmid pCold-AvBD11 was digested with two enzymes; 1 lane: The two fragments after
enzymatic cleavage. (D) 1 lane: identification of the recombinant protein pCold-AvBD11 by Western
blot analysis. (E) 1 lane: enzymatic digestion of recombinant proteins; 2 lane: AvBD11 protein
obtained after purification.
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3.2. Effect of AuBD11 on the Expression of Several Cytokines in HIN2-Infected Chicken Erythrocytes

The relative expression of different cytokines varied with the time of analysis (Figure 2).
At 2 h, IL-1p and Interleukin-6 (IL-6) were more significantly increased in all test groups
than in the control group (p < 0.05). The addition of AvBD11 at a final concentration of
15 ug/mL resulted in significantly increased LITAF, IFN-y, and CD40 compared to the
control groups (p < 0.05). At 6 h, IL-13, IL-6, LITAF, and CD40 were more significantly
increased in all experimental groups than in the control group (p < 0.05). IL-13, IL-6, and
CD40 were more significantly increased in the 15 ug/mL AvBD11 group than in the H9
and 5 ug/mL groups (p < 0.05), and IL-6 was significantly more increased in the 10 pg/mL
AvBD11 group than in the H9 and 5 ug/mL groups (p < 0.05); At 10 h, IL-133, IL-6, IL-10, and
CD40 were more significantly increased in all test groups than in the control group (p < 0.05).
IL-1B and IFN-y were more significantly increased in the 15 ug/mL and 10 pg/mL groups
than in the H9 group. IL-13, LITAF, IFN-y, and CD40 were more significantly increased in
the 15 pg/mL group than in the 10 ug/mL group (p < 0.05).

A

" w

—
Relative LITAF mRNA expression
o

Relative Ji-1f mRNA expression

)

Relative FAy mRNA expression
Relative {2~/ mRNA expression
¢ [ h
g2 i
1
Relative CD40mRNA expression

==}

N w S

[

Relative -6 mRNA expression

Relative -1 mRNA expression
Relative LITAF mRNA expression

Relative IFN-y mRNA exprassion
Relative JZ-J0mRNA expression
Relative CD40 mRNA expression

o

Y 9
SR
¥ oY K

Figure 2. Cont.



Animals 2025, 15, 1023

7 of 12

6= 4 =4_
g g E
g 3 £ 3]
g £ g3 be
s =
= < z T
z zZ % 2 be
£ s 2 £ be
= o E T
= = c
= = =
2 2 e 11
= s g
= = =
od ~ I
0 = -
R R
& PSS SIS o
< PRI R IR
- _ 34
E £ £
= =5 =9
5 5 5, b b
=< < - b
z
2 S % 1 T
I £ S S
= =
g 3 g 11
g B e
E z 2
2 A =
& o
>
&Y & &
N
E S¥ ¥ ¥

Figure 2. Effect of AvBD11 recombinant protein on the expression of various cytokines in HON2-
infected chicken erythrocytes. Cytokine expression was determined by qPCR. n = 4. All culture
conditions were tested in triplicate. Data are expressed as mean &+ SEM and represent three indepen-
dent experiments. The different letters above the bar graph indicate significant differences between
groups (p < 0.05). (A-C) Relative cytokine expression in chicken erythrocytes after 2, 6, and 10 h.

3.3. Effect of AvBD11 on the Expression of Various Cytokines in Erythrocytes from HIN2-Infected
Chickens In Vivo

Three days after HIN2 infection (Figure 3A), IL-18, IL-6, and IL-10 were more signif-
icantly increased in all test groups than in the control group (p < 0.05). IL-13 was more
significantly increased in the H9 group than in the AvBD11-treated group (p < 0.05). IFN-y
and IL-10 were more significantly increased in the mid- and high-dose groups than in
the H9 and low-dose groups (p < 0.05). After 7 days of infection (Figure 3B), cytokine
expression levels were more significantly increased in all test groups than in the control
group (p < 0.05). IL-1B, IL-6, LITAF, IFN-v, and IL-10 were more significantly increased in
the high-dose group than in the H9 group (p < 0.05). IL-13, LITAF, and IL-10 were more
significantly increased in the mid-dose group than in the H9 group (p < 0.05). After 14 days
of infection (Figure 3C), IL-18, IL-6, and LITAF were significantly increased in the H9 group
compared with the other groups (p < 0.05).
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Figure 3. Effect of AvBD11 recombinant protein on the expression of various cytokines in erythrocytes
from HIN2-infected chickens in vivo. Cytokine expression was determined by qPCR. n = 4. All
culture conditions were tested in triplicate. Data are expressed as mean + SEM and represent three
independent experiments. The different letters above the bar graph indicate significant differences
between groups (p < 0.05). (A—C) Relative cytokine expressions of chicken erythrocytes at 3, 7, and
14 days.

4. Discussion

When the virus enters the host, the innate immune system is first activated by pattern
recognition receptors. Cytokines produced at the site of infection recruit innate immune
cells and antigen-presenting cells, which then transmit antigenic signals to adaptive im-
mune cells, triggering specific humoral and cellular immune responses [21]. Cytokines play
pivotal roles in immune regulation, disease defense, and tissue repair. Understanding how
the chicken immune system responds to HIN2 is paramount to effectively controlling virus
transmission and developing vaccines. The presence of the AvBD11 protein is predicted
from the vast majority of avian genomes [22]. There are many reports on 3-defensins
as an assay for positive correlation with cytokine secretion produced by host cells after
stimulation by bacteria or other PAMPs [23].

In this study, we investigated the effect of AvBD11 on the relative expression of cy-
tokines (IL-1pB, IL-6, IL-10, LITAF, IFN-v, and CD40) in H9N2-infected chicken erythrocytes,
both in vivo and in vitro. IL-13 is a potent pro-inflammatory cytokine that plays a critical
role in the host’s defense response to infection and injury [24]. IL-6 is produced rapidly
and transiently in response to infection and tissue injury and promotes host defense by
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stimulating the acute phase response, hematopoiesis, and immune response [25]. LITAF
is a key transcriptional regulator of tumor necrosis factor-alpha (TNF-o) and can pro-
mote its transcription and expression. TNF-« is a key component of normal immune
response, which can activate and regulate the immune system. However, improper or
excessive production of TNF-« may cause harm, and it is known to trigger various inflam-
matory molecules, including other cytokines and chemokines, functionally [26]. IFN-y is a
pleiotropic cytokine with antiviral, antitumor, and immunomodulatory functions. Thus, it
plays an important role in the coordination of innate and adaptive immune responses [27].
In inflammatory environments, IFN-y triggers the activation of immune responses and
stimulates the elimination of pathogens; it also prevents immune overactivation and tissue
damage [28]. The main function of IL-10 is to inhibit the production and release of Th1l-type
immune responses and inflammatory cytokines and to exert negative immunomodula-
tion. IL-10 targets include lymphocytes, monocytes, macrophages, mast cells, neutrophils,
and eosinophils as well as releasing inflammatory mediators and Th1 immune responses.
Meanwhile, IL-10 promotes antigen presentation and has an immunostimulatory effect.
IL-10 acts as an anti-inflammatory factor and has important immunomodulatory effects on
the body [29]. In an in vitro assay, the mRNA levels of several cytokines were significantly
upregulated in chicken erythrocytes individually infected with HIN2 at different times
of infection. The expression levels of IL-18, IL-6, LITAF, IFN-v, IL-10 and CD40 mRNA
were significantly upregulated by the addition of HIN2 and high-dose AvBD11 treatment
at 6 h. The relative expressions of IL-1f, IL-6, LITAF, IFN-vy, and CD40 were significantly
increased at 10 h. This suggests that the addition of 15 ug/mL AvBD11 promotes cytokine
expression during HON2 infection. The increase in cytokines in the short term can improve
the progression of the innate immune response. On the third day of infection, IL-18 was
more significantly increased in the HON2-infected group than in the other test groups in the
in vivo test. In contrast, both IFN-y and IL-10 were more significantly increased in erythro-
cytes from chickens treated with the medium and high doses than in the HON2-infected
group; after 7 days of infection, IL-18, LITAF, and IL-10 were more significantly increased
in the medium- and high-dose groups than in the untreated and H9N2-infected groups;
after 14 days of infection, the expression of IL-1f, IL-6, and LITAF was more significantly in-
creased in the H9N2-infected group than in the other test groups. During the longer period
of LPAI infection, AvBD11 itself or immune cells in the chicken may have cleared some of
the pathogen, resulting in lower levels of pro-inflammatory cytokine expression during this
period, consistent with the process of innate immune response occurring in the organism.
IL-6 has been shown to have potent bio-adjuvant activity that is an enhancer of the body’s
immune function [30]. It has been reported that IL-6 can effectively ameliorate lung injury
caused by influenza virus infection [31], and it is hypothesized that the mRNA expression
level of IL-6 is elevated in the pre-infection period, which, on the one hand, ameliorates the
damage to the organism caused by viral infection and, on the other hand, strengthens the
immune function of the organism and plays a regulatory role in maintaining the immune
homeostasis of the organism. IFN-y can orchestrate multiple protective functions to en-
hance immune responses in infection and cancer. It can exert its immunomodulatory effects
by improving antigen processing and presentation, increasing leukocyte trafficking, induc-
ing an antiviral state, enhancing antimicrobial function, and influencing cell proliferation
and apoptosis [32]. AvBD11 can activate a large amount of cytokine expression in a short
period of time, enabling the body to mount a rapid immune response. IL-1§3 acts as an
amplifier of the immune response, and IL-1 is widely recognized as effective initiator of the
innate immune response and the development of adaptive immune responses to address
acute inflammation [33]. However, excessive IL-1f3 production can lead to autoimmune
diseases and cause autoinflammatory disorders [34]. In in vivo tests, the AvBD11-treated
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groups had significantly lower IL-1§ than the HIN2-infected group after 14 days. How do
chicken AvBDs exert their immune functions? Hong et al. [35] showed that avian AvBDS8
modulates immune responses in chicken macrophages by upregulating pro-inflammatory
cytokines (IL-18, IFN-v, and IL-12p40) and chemokines (CCL4, CXCL13, and CCL20). Ad-
ditionally, Western blotting and immunocytochemistry confirmed that AvBDS8 activates
the MAPK signaling pathway through ERK1/2 and p38. Yang et al. [36] discovered that
AvBD13 activates NF-«B, induces the inflammatory cytokines IL-12 and IFN-«, and upreg-
ulates co-stimulatory molecules such as CD80 and monocyte proliferation. These effects
were significantly inhibited by anti-TLR4 antibodies. In the presence of AvBD13, TLR4
expression was rapidly downregulated. AvBD13 can directly regulate monocytes and acts
as an endogenous ligand for TLR4, upregulating co-stimulatory molecules and promoting
monocyte proliferation. Similar to AvBD8 and AvBD13, AvBD11 is also a chicken-derived
defensin. The binding of AvBD11 can influence cytokine changes in red blood cells infected
with the HIN2 subtype of avian influenza virus, suggesting that AvBD11 may play an
important role as an immunomodulatory factor.

5. Conclusions

The immune response of chicken AvBD11 to the HIN2 avian influenza virus appears
to be closely associated with alterations in erythrocyte cytokine production. These cytokines
play a crucial role in resisting viral infections and preserving the stability of immune system.
Understanding the dynamics of this immune response could provide valuable insights
into developing better strategies for combating avian influenza in chicken. To enhance
poultry health and reduce the economic impact of viral infections, further investigation into
the mechanisms behind these cytokine alterations may identify new targets for enhancing
immune resilience.
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Abbreviations

The following abbreviations are used in this manuscript:

LITAF Lipopolysaccharide-induced TNF factor
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IL-6 Interleukin-6

IL-13  Interleukin-1p

IFN-y  Interferon-y

References

1. Homme, PJ.; Easterday, B.C. Avian influenza virus infections. I. Characteristics of influenza A /Turkey/Wisconsin/1966 virus.
Avian Dis. 1970, 14, 66-74. [CrossRef]

2. Igbal, M.; Yaqub, T.; Mukhtar, N.; Shabbir, M.; McCauley, J. Infectivity and transmissibility of HIN2 avian influenza virus in
chickens and wild terrestrial birds. Vet. Res. 2013, 44, 100. [CrossRef] [PubMed]

3. Zhu, R; Xu, D; Yang, X.; Zhang, J.; Wang, S.; Shi, H.; Liu, X. Genetic and biological characterization of HIN2 avian influenza
viruses isolated in China from 2011 to 2014. PLoS ONE 2018, 13, €0199260. [CrossRef] [PubMed]

4. Zhang, P; Tang, Y,; Liu, X,; Peng, D.; Liu, W.; Liu, H.; Lu, S.; Liu, X. Characterization of HIN2 influenza viruses isolated from
vaccinated flocks in an integrated broiler chicken operation in eastern China during a 5 year period (1998-2002). J. Gen. Virol.
2008, 89, 3102-3112. [CrossRef] [PubMed]

5. RahimiRad, S.; Alizadeh, A.; Alizadeh, E.; Hosseini, S.M. The avian influenza HIN2 at avian-human interface: A possible risk for
the future pandemics. J. Res. Med. Sci. 2016, 21, 51. [CrossRef]

6. Shafee, TM.A,; Lay, F; Phan, T.; Anderson, M.; Hulett, M. Convergent evolution of defensin sequence, structure and function.
Cell. Mol. Life Sci. 2017, 74, 663—-682. [CrossRef]

7.  Selsted, M.; Ouellette, A. Mammalian defensins in the antimicrobial immune response. Nat. Immunol. 2005, 6, 551-557. [CrossRef]

8. Cheng, Y.; Prickett, M.; Gutowska, W.; Kuo, R.; Belov, K.; Burt, D. Evolution of the avian 3-defensin and cathelicidin genes. BMC
Evol. Biol. 2015, 15, 188. [CrossRef]

9.  Sugiarto, H.; Yu, P. Avian antimicrobial peptides: The defense role of beta-defensins. Biochem. Biophys. Res. Commun. 2004, 323,
721-727. [CrossRef]

10. Dijk, V.; Hedegaard, C.; Haagsman, H.; Heegaard, P. The potential for immunoglobulins and host defense peptides (HDPs) to
reduce the use of antibiotics in animal production. Vet. Res. 2018, 49, 68. [CrossRef]

11. Guyot, N.; Meudal, H.; Trapp, S.; Iochmann, S.; Silvestre, A.; Jousset, G.; Labas, V.; Reverdiau, P.; Loth, K.; Hervé, V,; et al.
Structure, function, and evolution of Gga-AvBD11, the archetype of the structural avian-double-p3-defensin family. Proc. Natl.
Acad. Sci. USA 2020, 117, 337-345. [CrossRef] [PubMed]

12. Mann, K. Proteomic analysis of the chicken egg vitelline membrane. Proteomics 2008, 8, 2322-2332. [CrossRef]

13.  Quifiones-Mateu, M.; Lederman, M.; Feng, Z.; Chakraborty, B.; Weber, J.; Rangel, H.; Marotta, M.; Mirza, M.; Jiang, B.; Kiser, P.;
et al. Human epithelial beta-defensins 2 and 3 inhibit HIV-1 replication. AIDS 2003, 17, F39-F48. [CrossRef]

14. Othumpanga, S.; Noti, J. f-Defensin-1 Regulates Influenza Virus Infection in Human Bronchial Epithelial Cells through the
STATS3 Signaling Pathway. Pathogens 2023, 12, 123. [CrossRef] [PubMed]

15. Sang, Y.; Ruchala, P.; Lehrer, R.; Ross, C.; Rowland, R.; Blecha, F. Antimicrobial host defense peptides in an arteriviral infection:
Differential peptide expression and virus inactivation. Viral Immunol. 2009, 22, 235-242. [CrossRef]

16. Leonard, W,; Lin, J. Strategies to therapeutically modulate cytokine action. Nat. Rev. Drug Discov. 2023, 22, 827-854. [CrossRef]
[PubMed]

17.  Siegel, I; Liu, T.; Gleicher, N. The red-cell immune system. Lancet 1981, 2, 556-559. [CrossRef]

18.  Zhou, J.; Qiao, M.; Jahejo, A.; Han, X.; Wang, P.; Wang, Y.; Ren, J.; Niu, S.; Zhao, Y.; Zhang, D.; et al. Effect of avian influenza
virus subtype HIN2 on the expression of complement-associated genes in chicken erythrocytes. Br. Poult. Sci. 2023, 64, 467-475.
[CrossRef]

19. Niu, S,; Jahejo, A; Jia, F; Li, X.; Ning, G.; Zhang, D.; Ma, H.; Hao, W.; Gao, W.; Zhao, Y.; et al. Transcripts of antibacterial peptides
in chicken erythrocytes infected with Marek’s disease virus. BMC Vet. Res. 2018, 14, 363. [CrossRef]

20. Khan, A;Jahejo, A.; Qiao, M.; Han, X.; Cheng, Q.; Mangi, R.; Qadir, M.; Zhang, D.; Bi, Y.; Wang, Y.; et al. NF-kB pathway genes
expression in chicken erythrocytes infected with avian influenza virus subtype HIN2. Br. Poult. Sci. 2021, 62, 666—671. [CrossRef]

21. Yang, W,; Liu, X.; Wang, X. The immune system of chicken and its response to HIN2 avian influenza virus. Vet. Q. 2023, 43, 1-14.
[CrossRef]

22.  Albert, v.; Rodrigo, G.; Geoffrey, B.; Catherine, S.; Henk, P.; Anne-Christine, L. Evolutionary diversification of defensins and

cathelicidins in birds and primates. Mol. Immunol. 2023, 157, 53-69. [CrossRef]


https://doi.org/10.2307/1588557
https://doi.org/10.1186/1297-9716-44-100
https://www.ncbi.nlm.nih.gov/pubmed/24134616
https://doi.org/10.1371/journal.pone.0199260
https://www.ncbi.nlm.nih.gov/pubmed/29969454
https://doi.org/10.1099/vir.0.2008/005652-0
https://www.ncbi.nlm.nih.gov/pubmed/19008399
https://doi.org/10.4103/1735-1995.187253
https://doi.org/10.1007/s00018-016-2344-5
https://doi.org/10.1038/ni1206
https://doi.org/10.1186/s12862-015-0465-3
https://doi.org/10.1016/j.bbrc.2004.08.162
https://doi.org/10.1186/s13567-018-0558-2
https://doi.org/10.1073/pnas.1912941117
https://www.ncbi.nlm.nih.gov/pubmed/31871151
https://doi.org/10.1002/pmic.200800032
https://doi.org/10.1097/00002030-200311070-00001
https://doi.org/10.3390/pathogens12010123
https://www.ncbi.nlm.nih.gov/pubmed/36678471
https://doi.org/10.1089/vim.2009.0005
https://doi.org/10.1038/s41573-023-00746-x
https://www.ncbi.nlm.nih.gov/pubmed/37542128
https://doi.org/10.1016/s0140-6736(81)90941-7
https://doi.org/10.1080/00071668.2023.2191308
https://doi.org/10.1186/s12917-018-1678-7
https://doi.org/10.1080/00071668.2021.1902478
https://doi.org/10.1080/01652176.2023.2228360
https://doi.org/10.1016/j.molimm.2023.03.011

Animals 2025, 15, 1023 12 of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Constantinou, A.; Polak-Witka, K.; Tomazou, M.; Oulas, A.; Kanti, V.; Schwarzer, R.; Helmuth, J.; Edelmann, A.; Blume-Peytavi,
U.; Spyrou, G.; et al. Dysbiosis and Enhanced Beta-Defensin Production in Hair Follicles of Patients with Lichen Planopilaris and
Frontal Fibrosing Alopecia. Biomedicines 2021, 9, 266. [CrossRef]

Dinarello, C. Biologic basis for interleukin-1 in disease. Blood 1996, 87, 2095-2147. [CrossRef] [PubMed]

Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol. 2014,
6,a016295. [CrossRef] [PubMed]

Jang, D.; Lee, A; Shin, H.; Song, H.; Park, J.; Kang, T.; Lee, S.; Yang, S. The Role of Tumor Necrosis Factor Alpha (TNF-«x) in
Autoimmune Disease and Current TNF-« Inhibitors in Therapeutics. Int. J. Mol. Sci. 2021, 22, 2719. [CrossRef]

Mendoza, J.; Escalante, N.; Jude, K.; Bellon, J.; Su, L.; Horton, T.; Tsutsumi, N.; Berardinelli, S.; Haltiwanger, R.; Piehler, J.; et al.
Structure of the IFNy receptor complex guides design of biased agonists. Nature 2019, 567, 56—60. [CrossRef]

Ivashkiv, L. IFNYy: Signalling, epigenetics and roles in immunity, metabolism, disease and cancer immunotherapy. Nat. Rev.
Immunol. 2018, 18, 545-558. [CrossRef]

Li, J.; Lin, W,; Chen, H.; Xu, Z; Ye, Y.; Chen, M. Dual-target IL-12-containing nanoparticles enhance T cell functions for cancer
immunotherapy. Cell. Immunol. 2020, 349, 104042. [CrossRef]

Sun, J; Yan, Y,; Jiang, J.; Lu, P. DNA immunization against very virulent infectious bursal disease virus with VP2-4-3 gene and
chicken IL-6 gene. ]. Vet. Med. Ser. B Infect. Dis. Vet. Public Health 2005, 52, 1-7. [CrossRef]

Yang, M.; Wang, C.; Yang, S. IL-6 ameliorates acute lung injury in influenza virus infection. Sci. Rep. 2017, 7, 43829. [CrossRef]
[PubMed]

Kak, G.; Raza, M.; Tiwari, B. Interferon-gamma (IFN-v): Exploring its implications in infectious diseases. Biomol. Concepts 2018, 9,
64-79. [CrossRef] [PubMed]

Garlanda, C.; Dinarello, C.; Mantovani, A. The interleukin-1 family: Back to the future. Immunity 2013, 39, 1003-1018. [CrossRef]
[PubMed]

Dinarello, C. An expanding role for interleukin-1 blockade from gout to cancer. Mol. Med. 2014, 20 (Suppl. S1), S43-S58.
[CrossRef]

Hong, Y.; Lee, J.; Vu, T, Lee, S.; Lillehoj, H.; Hong, Y. Chicken avian 3-defensin 8 modulates immune response via the mitogen-
activated protein kinase signaling pathways in a chicken macrophage cell line. Poult. Sci. 2020, 99, 4174—4182. [CrossRef]

Yang, Y,; Jiang, Y.; Yin, Q.; Liang, H.; She, R. Chicken intestine defensins activated murine peripheral blood mononuclear cells
through the TLR4-NF-kappaB pathway. Vet. Immunol. Immunopathol. 2010, 133, 59-65. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/biomedicines9030266
https://doi.org/10.1182/blood.V87.6.2095.bloodjournal8762095
https://www.ncbi.nlm.nih.gov/pubmed/8630372
https://doi.org/10.1101/cshperspect.a016295
https://www.ncbi.nlm.nih.gov/pubmed/25190079
https://doi.org/10.3390/ijms22052719
https://doi.org/10.1038/s41586-019-0988-7
https://doi.org/10.1038/s41577-018-0029-z
https://doi.org/10.1016/j.cellimm.2020.104042
https://doi.org/10.1111/j.1439-0450.2004.00813.x
https://doi.org/10.1038/srep43829
https://www.ncbi.nlm.nih.gov/pubmed/28262742
https://doi.org/10.1515/bmc-2018-0007
https://www.ncbi.nlm.nih.gov/pubmed/29856726
https://doi.org/10.1016/j.immuni.2013.11.010
https://www.ncbi.nlm.nih.gov/pubmed/24332029
https://doi.org/10.2119/molmed.2014.00232
https://doi.org/10.1016/j.psj.2020.05.027
https://doi.org/10.1016/j.vetimm.2009.07.008

	Introduction 
	Materials and Methods 
	The Cloning of AvBD11 
	Production of Recombinant AvBD11 Protein 
	Cell Culture and Virus Strains 
	Quantitative PCR Analysis 
	Experimental Animals 
	Statistical Analysis 

	Results 
	Recombinant Construction Plasmid and Protein Expression 
	Effect of AvBD11 on the Expression of Several Cytokines in H9N2-Infected Chicken Erythrocytes 
	Effect of AvBD11 on the Expression of Various Cytokines in Erythrocytes from H9N2-Infected Chickens In Vivo 

	Discussion 
	Conclusions 
	References

