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Preface

Due to several epidemic outbreaks caused by numerous avian viruses, the threat of pathogenic

avian diseases to human health and the food industry has become an emergent issue within the

framework of One Health. Recently, experts around the world have developed various novel

strategies, innovative approaches, and state-of-the-art techniques devoted to studying different

aspects of these important avian viruses. The major mission for research teams is to maintain the

health of humans and birds in order to ensure the safety of public health and a sufficient food

supply for our community. Therefore, the accumulated knowledge regarding molecular virology,

viral immunology, viral pathogenesis, epidemiology, antivirals, novel vaccines, and applications of

avian viral vectors, established by various international expert research groups, has advanced the

global understanding of these pathogens. This Special Issue includes all research aspects of avian

virus research, which provides an exceptional example that will lead to more excellent studies in the

future.

Chi-Young Wang

Guest Editor
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Editorial

Recent Advances of Avian Viruses Research
Chi-Young Wang

Department of Veterinary Medicine, College of Veterinary Medicine, National Chung Hsing University,
250 Kuo Kuang Road, Taichung 40227, Taiwan; cyoungwang@dragon.nchu.edu.tw

The outbreaks of several epidemics caused by pathogenic avian viruses pose significant
threats to the poultry industry. Nowadays, this problem also becomes an emergent issue to
human health within the framework of One Health. Thus, more and more avian virologists
have devoted themselves to exploring innovative approaches and strategies to study
important pathogens, to gain the newest and valuable knowledge in order to assist in
the control of those diseases. Therefore, several high-quality papers are assembled in this
Special Issue.

The first paper in this Special Issue concerned avian influenza virus (AIV). The cur-
rent AIV diagnostic process is to identify the virus via real-time reverse transcription–
polymerase chain reaction (rRT-PCR). The virus is subsequently characterized by using
whole-genome sequencing. This two-step diagnostic process takes days to weeks, but it
can be expedited by using some novel sequencing technologies. The authors optimized a
nucleic acid extraction setup from Oxford Nanopore Technologies for the rapid identifi-
cation of AIV from clinical samples. The results showed that the magnetic-particle-based
method was the most consistent regarding CT value, purity, total yield, and AIV reads, and
that it was less error-prone [1].

The second paper focused on the development of rapid, accurate, and cost-effective
on-site diagnostic methods for the detection of avian leukosis virus (ALV) subgroups. The
distinct trans-cleavage activity of Cas13, an RNA-guided RNA endonuclease, has been
exploited in the molecular diagnosis of several viruses. The development and application
of a Cas13a-based molecular test for the specific detection of the proviral DNA of ALV-A, B,
and J subgroups were demonstrated. This novel system is based on the isothermal detection
at 37 ◦C with a color-based lateral flow readout. The detection limit of the assay for ALV-
A/B/J subgroups was 50 copies with no cross-reactivity with ALV-C/D/E subgroups and
other avian oncogenic viruses, such as reticuloendotheliosis virus and Marek’s disease
virus. It will benefit ALV detection in eradication programs [2].

The third paper explored whether the p17 protein of oncolytic avian reovirus (ARV) me-
diates cell migration and invadopodia formation. ARV p17 activates the p53/phosphatase
and tensin homolog (PTEN) pathway to suppress focal adhesion kinase (FAK)/Src signal-
ing and downstream signal molecules, thus inhibiting cell migration and the formation
of invadopodia in murine melanoma cancer cell lines (B16-F10). It also suppresses the
formation of the TKs5/NCK1 complex. This work provided new information about the
p17-modulated suppression of invadopodia formation by activating the p53/PTEN path-
way, suppressing the FAK/Src pathway, and inhibiting the formation of the TKs5/NCK1
complex [3].

The fourth paper in the Special Issue explored the prevalence of parrot bornavirus
(PaBV) in Taiwan. Among 124 psittacine birds tested, 57 were PaBV-positive, a prevalence
rate of 45.97%. Most of the PaBV infections were adult psittacine birds with a low survival
rate (8.77%). A year of parrot bornavirus surveillance presented a seasonal pattern, with a

Viruses 2025, 17, 99 https://doi.org/10.3390/v17010099
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peak infection rate in spring, indicating the occurrence of PaBV infections linked to seasonal
factors. Severe meningoencephalitis and dilated cardiomyopathy in psittacine birds that
suffered from proventricular dilatation disease were evident. PaBV-2 and PaBV-4 viral
genotypes were found in the phylogenetic analyses [4].

The fifth paper in the Special Issue characterized the impact of infectious bronchitis
virus (IBV) Delmarva/1639 and IBV Massachusetts 41 on chicken tracheal epithelial cells
(cTECs) in vitro and the trachea in vivo. cTECs and young specific pathogen-free chickens
were inoculated with IBV DMV/1639 or IBV Mass41, along with mock-inoculated con-
trols, and the transcriptome was studied by using RNA-sequencing (RNA-seq) at 3 and
18 h post-infection for cTECs and at 4 and 11 days post-infection in the trachea. It was
shown that IBV DMV/1639 and IBV Mass41 replicate in cTECs in vitro and in the trachea
in vivo, inducing host mRNA expression profiles that are strain- and time-dependent. The
different gene expression patterns between in vitro and in vivo tracheal IBV infection were
demonstrated [5].

The sixth paper in the Special Issue characterized the impact of IBV Delmarva
(DMV)/1639 and IBV Massachusetts (Mass) 41 on chicken tracheal epithelial cells (cTECs)
and the trachea of chickens. cTECs and young specific pathogen-free chickens were inocu-
lated with IBV DMV/1639 or IBV Mass41 and their transcriptomes were studied by using
RNA-sequencing (RNA-seq) for cTECs and the trachea. It was shown that IBV DMV/1639
and IBV Mass41 replicate in cTECs and the trachea, inducing host mRNA expression pro-
files that were shown to be both strain- and time-dependent. The different gene expression
patterns between in vitro and in vivo tracheal IBV infection were observed [6].

The seventh paper in the Special Issue studied interferon-inducible transmembrane
protein 3 (IFITM3), which is an antiviral factor that plays an important role in the host innate
immune response against viruses. In this study, the role of chicken IFITM3 in ARV infection
was explored to show that this protein was localized in the cytoplasm. The homology
analysis and phylogenetic tree analysis showed that the IFITM3 genes of different species
exhibited great variation during genetic evolution, and chicken IFITM3 shared the highest
homology with that of Anas platyrhynchos and displayed relatively low homology with
those of birds such as Anser cygnoides and Serinus canaria. An analysis of the distribution
of chicken IFITM3 in tissues and organs revealed that the IFITM3 gene was expressed
at its highest level in the intestine and in large quantities in immune organs, such as the
bursa of Fabricius, thymus, and spleen. Further studies showed that the overexpression of
IFITM3 in chicken embryo fibroblasts (DF-1) could inhibit the replication of ARV, whereas
the inhibition of IFITM3 expression in DF-1 cells promoted ARV replication. In addition,
chicken IFITM3 exerted negative feedback regulatory effects on the expression of TBK1,
IFN-γ, and IRF1 during ARV infection [7].

The eighth paper in the Special Issue examined how infectious bursal disease (IBD)
is an immunosuppressive disease causing significant damage to the poultry industry
worldwide. In Egypt, very virulent strains (such as genotype A3B2), responsible for typical
IBD signs and lesions and high mortality, have historically prevailed. The present molecular
survey, however, suggests that a major epidemiological shift might be occurring in the
country. Out of twenty-four samples collected in twelve governorates in 2022–2023, seven
tested positive for IBDV. Two of them were A3B2 strains related to other very virulent
Egyptian isolates, whereas the remaining five were novel variant IBDVs (A2dB1b), reported
for the first time outside of East and South Asia. This emerging genotype spawned a
large-scale epidemic in China during the 2010s, characterized by subclinical IBD with
severe bursal atrophy and immunosuppression. Its spread to Egypt is even more alarming
considering that, contrary to circulating IBDVs, the protection conferred by available
commercial vaccines appears suboptimal [8].
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The ninth paper in the Special Issue combined transcriptome and translatome se-
quencing to investigate the mechanisms of transcriptional and translational regulation in
the spleen after ARV infection. On a genome-wide scale, ARV infection can significantly
reduce the translation efficiency (TE) of splenic genes. Differentially expressed transla-
tional efficiency genes (DTEGs) were identified, including 15 upregulated DTEGs and
396 downregulated DTEGs. These DTEGs were mainly enriched in immune regulation
signaling pathways, which indicates that ARV infection reduces the innate immune re-
sponse in the spleen. In addition, combined analyses revealed that the innate immune
response involves the effects of transcriptional and translational regulation. Moreover, the
key gene IL4I1 was discovered, which was the most significantly upregulated gene at both
the transcriptional and translational levels. Further studies on DF1 cells showed that the
overexpression of IL4I1 could inhibit the replication of ARV, while inhibiting the expression
of endogenous IL4I1 with siRNA promoted the replication of ARV. The overexpression of
IL4I1 significantly downregulated the mRNA expression of IFN-β, LGP2, TBK1, and NF-κB;
however, the expression of these genes was significantly upregulated after the inhibition of
IL4I1, suggesting that IL4I1 may be a negative feedback effect of innate immune signaling
pathways. In addition, there may be an interaction between IL4I1 and ARV σA protein,
and it was speculated that the IL4I1 protein plays a regulatory role by interacting with the
σA protein. This study not only provided a new perspective on the regulatory mechanisms
of the innate immune response after ARV infection but also enriched the knowledge of the
host defense mechanisms against ARV invasion and outcomes of ARV evasion of a host’s
innate immune response [9].

The tenth paper in the Special Issue compared IBV pathogenesis and host immune
responses in young male and female chickens. One-week-old specific pathogen-free
(SPF) White Leghorn male and female chickens were infected with Canadian Delmarva
(DMV)/1639 IBV variant via the oculo-nasal route while maintaining uninfected controls,
and these chickens were sampled at 4 and 11 days post-infection (dpi). No significant
differences were observed between the infected male and female chickens in regard to IBV
shedding, the IBV genome loads in all organs, and lesions in all tissues. The percentages of
B lymphocytes were not significantly different between infected male and female chickens
in all of the examined tissues. The percentages of CD8+ T cells were not significantly
different between infected male and female chickens in all of the examined tissues, except
in the trachea at 11 dpi, where female chickens had higher recruitment when compared
with male chickens. Overall, the sex of chickens did not play a significant role in the
pathogenesis of IBV, and only marginal differences in viral replication and host responses
were observed that suggested more severity in male chickens infected by IBV [10].

The final paper reviews the current understanding about the use of antiviral chemother-
apeutics in both farm poultry and companion birds. Some antiviral drugs, repurposed
drugs originally used as antiparasitic drugs, other substances exhibiting antiviral activity,
and novel peptides were described. Despite some drugs without pharmacokinetic and
safety data having already been widely used in daily practice, the possible direction of
further research on these drugs remains to be highlighted [11].

In conclusion, this Special Issue offers appealing portraits of recent advances in avian
virus research. Its contents, encompassing molecular virology, viral immunology, viral
pathogenesis, epidemiology, and antivirals, indeed provide some state-of-the-art advances
in this field that can contribute to sustaining the health of poultry and humans to ensure the
safety of public health and a sufficient food supply for the community. It surely provides a
stellar example that will result in more exciting studies on this area in the near future.

Conflicts of Interest: The author declare no conflicts of interest.
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Influenza Virus Using Nanopore Metagenomic Sequencing
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Abstract: Avian influenza virus (AIV) is a significant threat to the poultry industry, necessitating
rapid and accurate diagnosis. The current AIV diagnostic process relies on virus identification
via real-time reverse transcription–polymerase chain reaction (rRT-PCR). Subsequently, the virus
is further characterized using genome sequencing. This two-step diagnostic process takes days to
weeks, but it can be expedited by using novel sequencing technologies. We aim to optimize and
validate nucleic acid extraction as the first step to establishing Oxford Nanopore Technologies (ONT)
as a rapid diagnostic tool for identifying and characterizing AIV from clinical samples. This study
compared four commercially available RNA extraction protocols using AIV-known-positive clinical
samples. The extracted RNA was evaluated using total RNA concentration, viral copies as measured
by rRT-PCR, and purity as measured by a 260/280 absorbance ratio. After NGS testing, the number
of total and influenza-specific reads and quality scores of the generated sequences were assessed. The
results showed that no protocol outperformed the others on all parameters measured; however, the
magnetic particle-based method was the most consistent regarding CT value, purity, total yield, and
AIV reads, and it was less error-prone. This study highlights how different RNA extraction protocols
influence ONT sequencing performance.

Keywords: avian influenza; metagenomic sequencing; nanopore sequencing; nucleic acid extraction

1. Introduction

Avian influenza is an infectious disease that significantly impacts human and animal
health and the economy worldwide [1]. The disease is caused by a segmented negative-
sense RNA virus, a member of the influenza A virus (IAV) genus (Orthomyxoviridae
family), and it is classified into different subtypes based on its surface glycoproteins—
hemagglutinin (HA) and neuraminidase (NA) [2]. Wild waterfowl are the main reservoir
for viral strains and are a source of introduction of avian influenza virus (AIV) outbreaks to
poultry. The 2015–2016 highly pathogenic avian influenza (HPAI) outbreak was considered
the most impactful foreign animal disease in U.S. history at the time. However, the current
2022–2024 outbreak has already surpassed this outbreak in the number of affected animals,
including dairy cattle [3,4].

The antigenic drift and shift of avian influenza viruses (AIVs) are a significant con-
cern to both animal and human health, leading to constant viral monitoring at a global
scale [1,5–8]. Current monitoring strategies focus on tracking viral mutations by performing
molecular analyses, such as rRT-PCR (quantitative real-time reverse-transcription poly-
merase chain reaction) and the amplicon-based gene sequencing of its surface glycoproteins
HA and NA [9]. Additionally, there is a rising demand and expectation for full-length viral

Viruses 2024, 16, 1429. https://doi.org/10.3390/v16091429 https://www.mdpi.com/journal/viruses5
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genome characterization to comprehend the viral evolution and epidemiology of newly
emerging and re-emerging AIV strains. Phylogenetic analysis of all genomic segments of
the Eurasian A/goose/Guangdong/1/1996 (GsGd) lineage detected in late 2021 in North
America demonstrated the transatlantic spread of the H5N1 strain from Europe, associated
with wild bird migration [10,11].

Improved Sanger sequencing and the introduction of second-generation sequencing
platforms allow the comprehensive genomic characterization of AIVs from isolates and
clinical samples, contributing to a better understanding of human and animal infectious
diseases [12–16]. However, these current technologies have limitations, such as a long
turn-around time, extensive protocols, high cost per sample, and the need for large bench
equipment [17,18]. On the other hand, the advent of the Oxford Nanopore Technology
(ONT) platform, a third-generation sequencing platform, circumvents these limitations and
further facilitates the use of whole genome sequencing (WGS) in infectious disease diagnos-
tics [19]. ONT has provided cost- and time-effective solutions for sequencing workflows
that require a lower cost per sample, fewer initial investments, and less complex library
preparation procedures, leading to a shorter time from sample to results. Additionally,
the sequencing can be run on a USB-connected sequencer using laptop computers and
analyzed with user-friendly data analysis tools [20–22]. ONT’s portable devices, such as
the MinION, have enabled the remote, real-time analysis of sequencing data outside the
laboratory setting [23,24]. However, the technology has several limitations, such as a higher
error rate compared to short-read sequencing [25], constant updates of kits and software,
and the short shelf life of flow cells and reagents, making selecting the most appropriate
workflow more challenging [26].

The features of ONT, particularly the real-time access to the sequence results, make
the technology suitable for metagenomic next-generation sequencing (mgNGS), in which
AIV nucleic acid can quickly be identified and characterized directly from clinical samples.
The success of viral WGS using ONT directly from clinical samples primarily hinges on a
multi-step preparation process. This process includes nucleic acid extraction, sequencing
library preparation, and the subsequent assembly and analysis of the generated reads,
culminating in sequence results [27]. Nucleic acid extraction is the first and critical step
to maximize the applicability of ONT in diagnostics settings. There are multiple available
nucleic acid extraction protocols, and the selection of the optimal method is complex and
depends on the sample type and the desired outcome [28]. Therefore, multiple studies
have been conducted to assess the impact of different extraction procedures in nucleic
acid recovery from clinical samples using ONT [27,29–31]. Previous work that analyzed
complex microbial diversity and the metagenomic use of Nanopore sequencing has shown
that the yield and length of DNA extracted by different protocols impacted the microbial
abundance from urine and tongue dorsum samples [29,30]. Another study has assessed the
impact of different extraction procedures in AIV RNA recovery from nasal samples using
the Illumina MiSeq platform. The research compared five extraction protocols, and the
protocol MagNA pure compact RNA isolation (automated extraction based on the magnetic
isolation of nucleic acids) consistently gave the best results in AIV segment coverage depth
at different time points after inoculating the virus in ferrets [32].

Even though similar work has been conducted on comparing different extraction
protocols for AIV recovery from clinical samples using Illumina (short-read sequencing),
no data are available for a similar evaluation using ONT (long-read sequencing). Therefore,
the objective of this study is to compare four commercially available and commonly used
RNA extraction protocols (magnetic particle-based, spin column, liquid-phase separation,
and the enzymatic method) and evaluate their performance in terms of concentration and
purity, followed by metagenomic nanopore sequencing for their comprehensive evaluation.
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2. Materials and Methods
2.1. Clinical Samples

The samples used in the study (n = 24) were received at the Iowa State University
Veterinary Diagnostic Laboratory (ISU-VDL) in 2022. The samples were confirmed positive
at the National Veterinary Services Laboratory (NVSL) in Ames, IA, for Influenza A by (rRT-
PCR) targeting Eurasian lineage goose Guangdong H5 clade 2.3.4.4b. As a tier 1 member
of the National Animal Health Laboratory Network (NAHLN), the samples received in
ISU-VDL were handled and disposed of according to the Guidelines for Avian Influenza
viruses established by the U.S. Department of Agriculture and Animal and Plant Health
and Inspection Service (USDA-APHIS). A complete list of samples and their details is
presented in Table 1. All samples were further flushed and manually homogenized using
3 to 5 mL of phosphate-buffered saline (PBS) to elute the tissues. PBS was selected in
our methodology because it is a widely available transport media, it is compatible with
ONT downstream applications (no interference in the following steps), non-toxic, presents
buffering capability and pH stability, and it has been widely used for AIV transport and
storage [33–35]. The liquid from each sample was then collected and aliquoted into 1.5 mL
Eppendorf tubes and briefly centrifuged at 12,000 rpm for 30 s. Then, total RNA was
extracted from the supernatant obtained from the samples.

Table 1. Description of samples used in the study.

Sample ID Sample Type Host Date of Collection

1 Assorted tissues a Turkey vulture (Cathartes aura) 04/28/2022
2 Brain Red-tailed hawk (Buteo jamaicensis) 04/27/2022
3 Respiratory tissues b Red-tailed hawk (Buteo jamaicensis) 04/27/2022
4 Respiratory tissues b Great horned owl (Bubo virginianus) 04/28/2022
5 Brain Great horned owl (Bubo virginianus) 04/28/2022
6 Brain Turkey vulture (Cathartes aura) 04/28/2022
7 Respiratory tissues b Turkey vulture (Cathartes aura) 04/28/2022
8 Brain Great horned owl (Bubo virginianus) 05/12/2022
9 Respiratory tissues b Great horned owl (Bubo virginianus) 05/12/2022
10 Intestine American green-winged teal (Anas crecca carolinensis) 04/26/2022
11 Respiratory tissues b American green-winged teal (Anas crecca carolinensis) 04/26/2022
12 Intestine Falcon 04/18/2022
13 Respiratory tissues b Falcon 04/18/2022
14 Trachea Chicken (Gallus gallus domesticus) 04/01/2022
15 Lung Chicken (Gallus gallus domesticus) 04/01/2022
16 Brain Chicken (Gallus gallus domesticus) 04/01/2022
17 Spleen swabs Chicken (Gallus gallus domesticus) 04/01/2022
18 Air sac swabs Chicken (Gallus gallus domesticus) 04/01/2022
19 Liver Eagle (Haliaeetus leucocephalus) 05/01/2022
20 Trachea Eagle (Haliaeetus leucocephalus) 05/01/2022
21 Brain Eagle (Haliaeetus leucocephalus) 05/01/2022
22 Liver Eagle (Haliaeetus leucocephalus) 05/01/2022
23 Intestine Eagle (Haliaeetus leucocephalus) 05/01/2022
24 Lung Eagle (Haliaeetus leucocephalus) 05/01/2022

a Assorted tissues = combination of multiple organs, including respiratory (lung, trachea), enteric (intestine), and
central nervous system. b Respiratory tissues = combination of trachea and lung.

Nucleic acid extraction was carried out twice on each sample using each protocol
(two sections), resulting in 48 individual observations per kit. These two sets of experiments
were conducted to test the repeatability of the results (Supplementary Figure S1).

2.2. Nucleic Acid Extraction Kits Used in This Study

Four different nucleic acid extraction methods were tested using different commer-
cial extraction kits: magnetic particle-based, silica column, liquid-phase separation, and
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enzymatic extraction methods (Table 2). Each method is fully described below, and the
experimental workflow is shown in Figure 1.
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Table 2. Description of the four protocols regarding technical (method, cost, equipment required,
automation) and functional aspects (starting and elution volume).

Protocol Extraction Method
Cost Per
Sample
(US$)

Equipment
Requirement

Automation
Potential

Starting
Volume

(µL)

Elution
Volume

(µL)

MagMAX Pathogen
RNA/DNA™ Magnetic particle-based 4.60 Magnetic robot Yes 100 90

QIAamp® Viral RNA Silica membrane 5.50 Centrifuge Available 140 40–60
TRIzol™ LS Reagent

(DNA/RNA) Liquid-phase separation 1.90 Centrifuge No 250 50

SwiftX™ Swabs
(DNA/RNA) Enzymatic 1.30 Thermal block No 100 200

(1) Method (A): Magnetic particle-based method using MagMAX™ Pathogen RNA/DNA
Kit (Thermo Fisher Scientific, Waltham, MA, USA)

One aliquot of the supernatant from each sample (100 µL) was used to extract the viral
RNA following the manufacturer’s instructions. Briefly, the steps consisted of the lysis of
the samples using 240 µL of the lysis buffer for bead beating, two washing steps, and a final
elution step in 90 µL. For the lysis buffer preparation, RNA carrier was not included to
avoid sequencing the extraneous RNA. Extraction was performed using the KingFisher™
Flex Purification System (Thermo Fisher Scientific, Waltham, MA, USA).

(2) Method (B): Silica column using QIAamp® Viral RNA (QIAGEN, Hilden, Germany):

A 140 µL aliquot from the supernatant of each sample was used to extract viral RNA
following the manufacturer’s instructions with a few modifications. First, the carrier
RNA was not added to the viral lysis (AVL) buffer to avoid sequencing the extraneous
RNA. Additionally, the elution step was modified to increase the RNA elution volume,
and it consisted of (1) the addition of 30 µL of the elution buffer, (2) incubation at room
temperature for one minute, and (3) centrifuging at 8000 rpm for one minute. These
sequential steps were performed twice, resulting in a 60 µL total eluate.

(3) Method (C): Liquid-phase separation using TRIzol™ LS Reagent (Invitrogen, Waltham,
MA, USA)

A 250 µL aliquot of the supernatant from each sample was homogenized with 750 µL
of TRIzol reagent for cell lysis, followed by chloroform addition and phase separation
(a lower red phenol–chloroform phase, white interphase, and a colorless upper aqueous
phase containing the RNA). Following this step, the RNA was collected from the aqueous
phase, precipitated in 500 µL of isopropanol, and centrifugation was performed for 15 min
at 18,400× g at 4 ◦C for pellet formation. The pellet was resuspended in 1 mL of 75%
ethanol and centrifuged for 5 min at 7500× g at 4 ◦C. The dried pellet was eluted in 50 µL
of nuclease-free water.

(4) Method (D) Enzymatic extraction SwiftX™ Swabs (Xpedite Diagnostics GmbH, Hall-
bergmoos, Germany)

The extraction buffer (component E) was activated by dissolving two enzyme blends
(components C and P) following the manufacturer’s instructions. Subsequently, extraction
was performed from the liquid samples by mixing 100 µL of the activated component E
with 100 µL of each sample. The solution was incubated for 15 min at 90 ◦C and then
cooled down and homogenized by vortexing the final elution.

Extracted RNA from all methods was kept at 4 ◦C till further rRT-PCR testing and
evaluation. All analyses were performed within a week to preserve RNA integrity.
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2.3. Evaluation of the Extracted RNA
2.3.1. Viral-Specific RNA Quantification

To assess the performance of each method in detecting viral-specific RNA, samples
extracted from each method were tested for IAV using rRT-PCR targeting the virus Matrix
gene. Testing was performed on the ABI 7500 Fast Real-Time PCR system (Applied Biosys-
tems, Foster City, CA, USA) using a 20 µL total reaction volume containing 8 µL of RNA
extract, 0.8 µL of Influenza Virus primers and probe mix (Avian Influenza Virus RNA Test
kit—VetMAXTM Gold AIV Detection kit, Thermo Fisher Scientific, Waltham, MA, USA),
5 µL TaqMan Fast Virus 1-Step Master Mix (Life Technologies. Carlsbad, CA, USA), and
6.2 µL of nuclease-free water. The cycling conditions were 50 ◦C for 5 min and 95 ◦C for
20 s, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Samples with CT (cycle
threshold) values equal to or higher than 40 were considered negative. The CT value was
used to approximate the IAV RNA concentration within each sample. The rRT-PCR detec-
tion rate was used as an evaluation parameter. This was a binary classification: samples
with a CT value less than 40 were assigned the value 1 (positive), while those with a CT
value of 40 or higher were assigned the value 0 (negative).

2.3.2. Total RNA Quantification and Purity Evaluation

The RNA concentration was assessed using the Qubit 4.0 Fluorometer and Qubit™
RNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer’s protocol. Left-side censoring was established at 0.25 ng/µL for all samples with
concentration values below the assay’s limit of detection (0.25 ng/µL). The purity of each
extract was verified using the NanoDrop Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) based on an A260/A280 ratio, and sample values between 1.9 and 2.2
were considered to have a high RNA purity.

2.3.3. Generation of MinION Nanopore Libraries, Sequencing, and Data Analysis

After extracting and evaluating the extracts, three samples (sample numbers five,
fourteen, and sixteen—Table 1) were selected, extracted by the four protocols (n = 12),
and used to prepare sequencing libraries. These samples were selected based on their
tissue type, with the trachea representing the respiratory tract and the brain representing
the neurological system, two systems commonly affected by the highly pathogenic avian
influenza. Additionally, the selected samples had a variety of total and viral-specific (rRT-
PCR CT value) RNA concentrations (CT values from 11.4 to 23; total RNA concentration
from 378 to 1975 ng/µL) to evaluate the performance of ONT across a wide range of
concentrations in the tested samples.

Two separate sequencing libraries were prepared with ONT’s PCR-cDNA sequencing–
barcoding protocol (SQK-PCB109) following the manufacturer’s instructions. Briefly, the
steps included (1) reverse transcription and strand switching, (2) a PCR step and the
addition of barcoding to the transcripts, and (3) adapter ligation to the amplified cDNA
library. After library preparation, each sequencing library was pooled and loaded onto
a separate MinION R9.4.1 (FLO-MIN106D) flow cell (ONT) after priming with the Flow
Cell Priming Kit (EXP FLP002) according to the manufacturer’s instructions. The library
containing sample 14 was run in a flow cell with 1141 pores, with 100 fmol of the library
loaded. In contrast, for samples 5 and 16, the flow cell had 1314 pores, and 260 fmol of the
library was loaded. The flow cells ran for 14 and 12 h, respectively, using the MinION Mk1B
sequencer. MinKNOW software (21.06.0 version) was used to start and monitor the progress
of the sequencing run. Guppy (5.0.11 version) within MinKNOW was used for base calling
(fast accuracy base calling mode) and demultiplexing. The quality filtering employed a
minimum score of seven, whereas length filtering applied to sequences within the range of
50 to 3000 bases. The generated FASTQ files were further analyzed using the WIMP tool
within EPI2ME (Agent version 3.6.2) to calculate the total yield (in millions of bases), read
length, read quality, and the number of specific AIV reads generated during the runs, to
compare the effect of the four extraction methods on the generated sequences. Additionally,
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the Nanoplot [36] tool provided by Galaxy software v 22.05 (https://usegalaxy.org/) was
used to assess the N50 from the generated FASTQ files. This sequencing approach is a
mgNGS without prior enrichment. Although mgNGS is known for its poor sensitivity
in viral detection, we chose not to apply any enrichment to ensure a fair comparison
between methods.

2.3.4. Protocol Applicability and Sample Type Comparison

Establishing an applicable extraction process with the MinION nanopore sequencing
platform will create an easy operational protocol for identifying and characterizing AIV
from clinical samples. In our study, we assessed the protocol’s applicability based on several
key factors, including its flexibility (such as the ability to extract from various sample types),
reproducibility, susceptibility to personal bias, the balance between hands-on and passive
time, cost considerations, and input/output volumes. Our study’s primary objective was to
identify the most suitable protocol; therefore, we examined the applicability characteristics
of the methods to guide our selection. The sample types are another crucial element
influencing the extracted RNA and generated reads. As a result, we also compared the
performance of the extraction protocols with different tissue types by contrasting the total
RNA concentration and rRT-PCR detection rates.

2.4. Statistical Analysis

All statistical analyses were performed on the R statistical software [37]. Tables and
figures were used to describe and assess the performance of the extraction protocols;
figures were generated using the ggplot2 package [38] in R statistical software. Mixed-
effects regression models were used to evaluate statistical differences in the performance of
the extraction protocols for each variable assessed.

2.4.1. Statistical Analysis of RNA Quantification and Evaluation of Purity

Tables 3 and S1 and Figures 2–6 illustrate and compare the extraction protocols’
performances in quantifying the total and IAV-specific RNA, extract purity, and rRT-PCR
detection rates.

Table 3. Description of the selected samples for nanopore sequencing.

Sequencing Sample 1 2 3

Animal ID CN GHO CN
Tissue type Trachea Brain Brain

Protocol A (MagMAX™)

Av conc 9.8 32.5 35.7
CT 18.8 11.4 23.0

Purity 1.6 2.1 2.0
Total number of reads (Mb) 41.3 44.1 54.2

AIV reads (count) 7 3340 3
N50 (bases) 177 143 254

Protocol B
(QIAamp® Viral RNA)

Av conc 21.8 15.55 66.5
CT 19.3 12.9 19.5

Purity 1.9 2.0 1.9
Total number of reads (Mb) 8.5 2.3 22.4

AIV reads (count) 5 157 4
N50 (bases) 187 139 228

Protocol C
(TRIzol™ LS Reagent)

Av conc 368 1975 985
CT 17.4 6.9 18.8

Purity 1.8 2.0 1.9
Total number of reads (Mb) 26.1 46.4 33.6

AIV reads (count) 49 5833 6
N50 213 180 196

Protocol D
(SwiftX™ Swabs)

Av conc 9.5 41.5 20.6
CT 27.2 13.2 25.3

Purity 2.1 1.5 1.6
Total number of reads (Mb) 6.8 19.8 10

AIV reads (count) 5 778 2
N50 149 142 204

CN: chicken. GHO: great horned owl.
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SwiftX™ Swabs (D). Statistical differences between protocols are indicated atop the boxplots using
the results from a mixed-effect regression model (protocol as a fixed effect and tissue type nested
within bird as a random effect). No significance “ns”; “****” indicate p-values > 0.05 and ≤0.0001,
respectively. An alpha value of 0.05 was used, and p-values were adjusted using the Sidak method
for 6 tests.
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nested within bird as a random effect). No significance “ns”, “*”, and “****” indicate p-values > 0.05,
≤0.05, and ≤0.0001, respectively. An alpha value of 0.05 was used, and p-values were adjusted using
the Sidak method for 6 tests.
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Viruses 2024, 16, x FOR PEER REVIEW 10 of 21 
 

 

 
Figure 5. The distribution of purity values for each extraction protocol is represented as MagMAX 
Pathogen RNA/DNA™ (A), QIAamp® Viral RNA (B), TRIzol™ LS Reagent (C), and SwiftX™ Swabs 
(D). Statistical differences between protocols are indicated atop the boxplots using the results from 
a mixed-effect regression model (purity (pure or impure) was the response variable, the extraction 
protocol was the fixed effect, and tissue type nested within the bird was used as a random effect). 
“ns” and “*” indicate p-values > 0.05 and ≤0.05 respectively. An alpha value of 0.05 was used, and p-
values were adjusted using the Sidak method for 6 tests. The red dashed lines indicate the range of 
absorbance ratio values between 1.9 and 2.2 within which an extract is considered pure. 

 
Figure 6. The count (numbers within the bars) of pure and impure extracts by extraction protocol, 
represented as MagMAX Pathogen RNA/DNA ™ (A), QIAamp® Viral RNA (B), TRIzol™ LS Rea-
gent (C), and SwiftX™ Swabs (D). An extract is considered pure if the absorbance ratio values lie 
between 1.9 and 2.2. “NA”: purity could not be assessed due to insufficient extract volume. 
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Pathogen RNA/DNA™ (A), QIAamp® Viral RNA (B), TRIzol™ LS Reagent (C), and SwiftX™ Swabs
(D). Statistical differences between protocols are indicated atop the boxplots using the results from
a mixed-effect regression model (purity (pure or impure) was the response variable, the extraction
protocol was the fixed effect, and tissue type nested within the bird was used as a random effect).
“ns” and “*” indicate p-values > 0.05 and ≤0.05 respectively. An alpha value of 0.05 was used, and
p-values were adjusted using the Sidak method for 6 tests. The red dashed lines indicate the range of
absorbance ratio values between 1.9 and 2.2 within which an extract is considered pure.
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Figure 6. The count (numbers within the bars) of pure and impure extracts by extraction protocol,
represented as MagMAX Pathogen RNA/DNA ™ (A), QIAamp® Viral RNA (B), TRIzol™ LS Reagent
(C), and SwiftX™ Swabs (D). An extract is considered pure if the absorbance ratio values lie between
1.9 and 2.2. “NA”: purity could not be assessed due to insufficient extract volume.

Linear mixed regression models were used to assess the least squares mean differences
in the log mean RNA concentration and least squares mean differences in CT values between
protocols. In these models, the listed variables were each used as response variables, the
extraction protocol was the fixed effect, and tissue type nested within each animal ID was
used as a random effect to account for sample-specific attributes that could influence the
performance of the extraction protocols.

The values obtained from the purity assessment were discretized into two categorical
groups (pure or impure) based on having an A260/A280 ratio value within the range
of 1.9–2.2 (inclusive) or not. Similarly, rRT-PCR CT values below 40 were considered
positive; otherwise, they were negative, hence also discreet. Logistic mixed regression
models were thereafter used to assess purity and IAV rRT-PCR detection rates across the
extraction protocols.

2.4.2. Statistical Analysis of the Generated Nanopore Sequencing Data

Table 3 and Figure 6 also illustrate and compare the extraction protocols’ performances
in quantifying the total yield (in a million bases), read length, read quality, and the number
of specific IAV reads generated during the runs.

As all the listed variables are continuous, linear mixed regression models assessed
the least squares mean differences between the extraction protocols. The total yield, read
length, read quality, and the natural log of the IAV reads were each used as the response or
dependent variables in the mixed models, the extraction protocols were the fixed effects,
and the tissue type nested within each animal ID was used as the random effect.

3. Results
3.1. IAV Detection Rate and RNA Concentration

TRIzol demonstrated statistically significant superiority in terms of the mean log
concentration of total RNA compared to all other methods across different samples (with
a mean log concentration of 202.74 ng/µL) and a lower AIV-specific CT value compared
to the magnetic particle-based and enzymatic methods (mean CT of 19.49), as shown in
Figures 2 and 3. However, its ability to extract AIV from clinical samples was inconsistent,
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reflected by its lower detection rate in rRT-PCR results (Figure 4) compared to MagMAX
and QIAmp. TRIzol had false negative results in 12 out of 48 extracts, while MagMAX
and QIAmp had false negative results in 4 and 3 extracts, respectively. MagMAX and
QIAamp performed similarly regarding their total RNA concentration and qPCR results.
There was no statistically significant difference between the MagMAX and QIAmp mean
log concentration results, with MagMAX showing a mean log concentration of 23.57 ng/µL
and QIAmp 21.40 ng/µL. Additionally, there was no statistical difference regarding the
MagMAX and QIAmp mean CT values. It was also noteworthy that viral-specific concen-
tration did not follow the same tendency as total concentration (i.e., some samples with
a high total RNA concentration showed low AIV copy numbers, as predicted by high CT
values rather than low CT values, Supplementary Material, Table S1). Other samples, such
as spleen and air sac swabs, had a low total concentration and high AIV copy numbers.
This difference may be due to the RNA in clinical samples representing the host rather than
viral RNA. SwiftX Swabs consistently performed the worst, showing the lowest mean log
concentration and the lowest detection rate by qPCR (with a mean log concentration of
1.8 ng/µL and mean CT of 26.86), statistically inferior to the other protocols in both the
evaluated parameters.

3.2. Purity Analysis

Regarding purity evaluation between the protocols, QIAamp exhibited the best perfor-
mance across different samples, resulting in higher log odds of observing outcomes within
the desirable range of 1.9–2.2 of RNA extracts (a probability of 72.66% of the occurrence of
a pure sample in our logistic regression model). On the other hand, there was no significant
statistical difference in the mean purity ratio between TRIzol and MagMAX (Figure 5),
and both presented a similar number of samples classified as “impure” from our analysis.
Finally, the Swift Swabs protocol presented the highest number of samples classified as
“impure” and statistically lower log odds for the purity analysis (Figure 6).

3.3. Sequencing Performance

Although there were no statistical differences among the total yields (i.e., total gener-
ated bases from the sequencing run presented in million bases (Mb)) between MagMAX,
TRIzol, and Swift Swabs, MagMAX had a higher read count than the other methods, re-
sulting in an average of 46.53 million bases. In contrast, QIAmp showed the lowest yield,
averaging 11.07 Mb.

Although most reads were from the host genome, there was a correlation between the
number of total bases and the number of AIV-specific reads generated. As observed for
QIAmp (B) and Swift Swabs (D), they showed fewer total bases and fewer logAIV reads
(Figure 7d). The summary of the extraction evaluation and sequencing data is expressed in
Table 3.

To assess the fragment length of the sequences, we compared the N50 generated by
each protocol using the Nanoplot tool in Galaxy. N50 is a commonly used parameter
for assessing the contiguity of ONT-generated sequencing data, and it is defined as the
read length that 50% of the reads are equal to or more than. A higher N50 reflects a
corresponding increase in the average read length and suggests a greater likelihood of
contiguity in the assembly of reads. TRIzol produced longer reads, with a mean N50 of
196 bases, and Swift Swabs, the shortest reads, with a mean N50 of 165 bases. However, the
kits had no significant length difference (Figure 7c).

To address the wide range of AIV reads obtained across the samples, we applied
a log transformation to the read counts, compressing higher values and increasing the
distribution of small values (Figure 7b). TRIzol showed the highest log-transformed AIV
read counts (mean log reads of 4.78 and a median of 3.89). QIAmp produced fewer AIV
reads, with the lowest mean AIV log reads of 2.68 and a median of 1.61.
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Figure 7. Metagenomic nanopore sequencing results by protocol. A-D plots of the different aspects
evaluated to assess the sequence performance of the extraction protocols, represented as MagMAX
Pathogen RNA/DNA™ (A), QIAamp® Viral RNA (B), TRIzol™ LS Reagent (C), and SwiftX™ Swabs
(D). The boxplots represent the results from the three samples selected for mNGS. (a) Quality scores
from the generated reads. (b) Log-transformed number of Influenza A reads generated. (c) Length of
the generated reads expressed in bases. (d) Total yield (number of total reads) generated by protocol.
Statistical differences between protocols are indicated atop the boxplots using the results from a
mixed-effect regression model (read quality/log number of reads/read length, yield as the protocol
as a fixed effect, and tissue type nested within bird as a random effect). “ns,” “*”, and “**”indicate
p-values > 0.05, ≤0.05, and ≤0.0001 respectively. An alpha value of 0.05 was used, and p-values were
adjusted using the Sidak method for six tests.

Finally, to evaluate the accuracy of the generated reads, we assessed the mean read
quality score using the WIMP tool. The quality score is based on the Phred score, and across
the different samples we evaluated, all four protocols exhibited an average quality score
above 12, representing an accuracy higher than 90%. Furthermore, when comparing the
mean read quality among the protocols for each sample, there was no statistical difference
between their mean quality score, indicating a comparable read quality performance
(Figure 7a).

3.4. Applicability of Different Extraction Protocols

The extraction procedure applicability was also established as a comparison parameter,
considering that we aimed to combine the MinION’s practicality with a suitable extraction
workflow for AIV. Applicability in the current study was associated with the simplest,
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most reproducible method (reducing individual bias while performing the method), cost,
flexibility with different tissue types, the equipment needed to execute each protocol, and
input/output volumes.

Overall, MagMAX and Swift Swabs were the least time-consuming, with a reduced
hands-on time of 25 min. Despite needing specific extraction equipment (Kingfisher
Flex) for MagMAX, it would concomitantly allow the extraction of 96 samples, which is
convenient for a diagnostic laboratory setting with a high caseload. The SwiftX Swabs
method is advantageous overall because it only requires a regular heat block. In contrast,
QIAmp and TRIzol were the most time-consuming; they included sequential centrifuging
steps and presented less passive time because they required multiple pipetting and mixing
steps. It is noteworthy that QIAmp was performed manually during this study. However,
automation of the protocol is possible, which would significantly reduce the time, especially
for extracting a high number of samples.

Additionally, there were specific limitations associated with some methods. For
instance, the TRIzol method is highly error-prone because it depends on personal decisions
during aqueous phase pipetting and pellet visualization, leading to inconsistencies and
inaccuracies. Meanhile, Swift Swabs presented a limitation considering the final aspect of
the extract; some of the extracts solidified and prevented the separation of a clear solution
for further application. This condition might have affected the rRT-PCR results and the
purity of the samples extracted by Swift Swabs.

3.5. Sample Type Comparison

Considering that different sample types were included in the study, the CT value
and rRT-PCR detection rate were evaluated across these samples to assess the extraction
protocols’ performance (Table S1 and Figure S2 in the Supplementary Materials). Brain
and lung tissues consistently tested positive (detection rate = 1) across different protocols,
except for a single brain sample (sample #21) that showed a CT value greater than 40
(detection rate = 0) when extracted with TRIzol (Method C). Notably, brain tissue exhibited
the lowest mean CT value across all extraction protocols. TRIzol had a lower detection rate
for swab samples (air sac and spleen swabs), with three out of four extracts testing negative
in the rRT-PCR test. Additionally, the SwiftX Swabs (Method D) showed a lower detection
rate in liver and trachea samples, with all six extracts testing negative in the rRT-PCR test.

4. Discussion

As a foreign animal disease (FAD), avian influenza impacts the poultry industry and
brings economic and social requirements for its detection and control [1]. The output of
a nanopore sequencing run is strongly influenced by all the preceding steps, including
the nucleic acid extraction, enrichment, and library preparation steps. Therefore, all the
procedures involved in sample preparation for AIV detection and sequencing must be
evaluated to establish a reproducible, rapid, and accurate diagnostic workflow using
ONT. Extraction is the base step upon which all the other steps for an optimal sequencing
run are built, and it is essential for obtaining high-quality nucleic acid. Thus, in this
study, we evaluated the extraction step by comparing four commercial extraction kits. The
extraction is based on three main steps: the disruption of cells and tissue, denaturation
of nucleoprotein complexes, and inactivation of nucleases (DNase and RNase) [39]. After
extraction, the target nucleic acid should be in a high concentration and free of contaminants
such as proteins, carbohydrates, or lipids [40]. The different principles, reagents, and
procedures used by each protocol impact the RNA recovery and purity, interfering with
pathogen detection and characterization with NGS. Additionally, input and output sample
volume, throughput, automation, and cost differ across the methods, leading to differences
in the suitability for diagnostics settings.
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4.1. Performance of the Kits—Evaluating the Extracts’ Concentration (Total and Viral-Specific)
and Purity

We evaluated the RNA concentration obtained from four extraction methods, catego-
rizing our results into total RNA concentration assessed by fluorometry, and AIV-specific
concentration by rRT-PCR. As shown in Figure 3 and Table S1 TRIzol LS (Method C) had
the highest RNA recovery efficiency across different tissue types. Other studies comparing
RNA concentrations between QIAmp (Method B) and acid guanidium thiocyanate–phenol–
chloroform extraction (a similar extraction principle as TRIzol) procedures used different
sample types (blood, tissues, exhaled breath, and airborne environment) and revealed
similar outcomes [41–43]. Although TRIzol had the lowest CT values in tissue samples, it
had a lower rRT-PCR detection rate in swab samples than the other kits (Table S1). Knepp
et al. (2003) reported comparable results after examining various nucleic acid extraction
methods for Enterovirus RNA recovery from cell culture [44]. This difference in the TRI-
zol LS recovery rate can be attributed to the method’s superior performance with tissue
samples but not with relatively cell-free samples such as swabs [45,46]. The inconsistent
detection rate of TRIzol LS is a significant limitation of this method in a diagnostic setting,
since swabs are the primary sample type for AIV detection and monitoring.

Our investigation showed that SwiftX™ Swabs’ efficacy in RNA extraction was lower
than the other evaluated kits. This led to a reduced recovery rate indicated by a lower log
concentration and higher CT values. This protocol has been validated as a tool for RNA
extraction from fresh swabs and saliva samples. It is intended to work best when swabs
are placed directly into the reagent solution without prior dilution in transport media [47].
In our study, we utilized tissue samples with a high cell concentration, and the swabs
were subjected to freezing before extraction. To date, no further studies have assessed the
potential of this method for AIV extraction. Hence, additional research is needed before
recommending incorporating this approach as a standard diagnostic procedure.

Our study found that the magnetic particle-based method (MagMAX) and the silica
column (QIAmp) had similar results in total RNA concentration and rRT-PCR performance
for different sample types. However, previous studies have reported that the magnetic
bead method was more effective in extracting nucleic acids from fecal samples for gut
microbiota profiling [28] and yielded lower CT values for detecting SARS-CoV-2 [48] when
compared to the silica method. Nevertheless, in agreement with our PCR detection rates
results, the silica column and magnetic particle-based methods presented high agreement
between positive and negative results in the previous study, while TRIzol showed an
inferior performance in detecting the viral RNA from the cell culture samples tested [48].
Both methods (MagMAX and QIAmp) are widely used in diagnostic settings, and based
on our findings, they are effective approaches for RNA recovery from tissue samples.

As measured by the 260/280 ratio, the RNA purity was also evaluated between the
different extraction methods. QIAamp (spin column) produced the best results, but that
did not directly correlate with better sequence results. Deng et al. (2005) also compared
RNA extraction methods regarding purity by assessing A260/A280, and the spin column
procedure had the optimal ratio for most of the tested samples when compared to TRIzol
LS [41]. However, another study found comparable purity results when assessing the
performance of both methods [43]. The differences in purity results between these studies
might be related to a higher efficiency achieved during the washing steps for the TRIzol
procedure, which increased the purity of the extraction outcome. In addition, avoiding
pipetting contaminants accidentally from the interphase would prevent RNA contamination
with protein or phenol [49]. Conversely, a decrease in QIAGEN purity might happen due
to the silica membrane clogging. This is more frequent when extracting tissue samples with
higher amounts of particles/cells, as demonstrated by Muyal et al. 2009, obtaining a lower
A260/A280 ratio [43].
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4.2. Sequencing Performance Evaluation

This study aimed to select the optimum extraction protocol for AIV recovery from
clinical samples that would be applied for mNGS with ONT. We compared the sequencing
results of three samples extracted using each protocol to complete the evaluation of the
four commercial extraction methods. We assessed the total number of reads generated, the
number of specific AIV reads, and the sequences’ length and quality to determine the best
extraction protocol.

The outcome of ONT sequencing relies on the extracted RNA’s quality and quantity.
Our study found that TRIzol had the highest viral concentration, as evidenced by a lower
CT value, and resulted in a high number of avian influenza reads. Obtaining a high number
of viral reads is crucial, given that the accurate identification and characterization of the
pathogen depends on the depth and breadth of coverage, which can be increased with
high-throughput sequencing platforms like ONT. Moreover, the higher error rate of ONT
compared to Illumina can be overcome by increasing coverage depth, which allows for
confident variant calling [32,50]. Therefore, selecting an extraction protocol that yields more
AIV reads is necessary. Previous studies have shown the importance of protocol selection
to the final AIV genome assembly for NGS outcome, highlighting that the magnetic particle
protocol outperformed regarding AIV segments coverage depth [32].

Regarding the quality impact on ONT data, we hypothesized that the purity of the
original samples would not have significantly affected our results, given that we used
a library preparation kit (SQK-PCB109) incorporating a PCR step. PCR can be used to
select successfully barcoded nucleic acids and amplify them, which, in turn, can dilute and
decrease impurities in the samples. This process may explain why other low-purity samples
extracted with MagMax and TRIzol protocols still outperformed QIAgen, which had better
purity results. Therefore, the purity of the samples may have been improved during the
library preparation step. However, ONT offers a wide range of library preparation kits,
and for the PCR-free protocols, the original purity from the samples may play a role in
sequencing data generation.

Although ONT is a long-read NGS platform, the average length of the generated
reads was relatively short. This may be due to several factors in our study, including the
freezing–thawing process (as the samples were not fresh), the presence of RNases, and
multiple pipetting and vortexing steps throughout the process [51,52]. However, given the
segmented genome of IAV, fragment length was not a major concern in our study.

The major limitation of our sequencing outcome was the low amount of AIV reads
generated from the clinical samples tested. This limitation can be attributed to most
nucleic acid in the samples being from the host genome. Furthermore, the lack of target
enrichment strategies and host depletion procedures compromised the assay’s sensitivity.
Previous research has shown that DNase treatment is necessary for successful AIV RNA
sequencing from clinical samples [32]. Additionally, other studies have described various
protocols for AIV NGS directly from clinical samples. These protocols include amplicon
sequencing [19,23,53] or sequence-independent enrichment [54] approaches to increase the
number of viral reads and improve genome coverage. Although mgNGS is known for its
poor sensitivity in viral detection, we chose not to apply any enrichment to ensure a fair
comparison between methods.

4.3. Sample Type Impact

Based on our results, brain samples presented the highest total RNA and specific
viral concentration. These findings are explained by the fact that HPAI viral strains have
a systemic distribution in chicken visceral organs, and brain neurons are commonly af-
fected [55]. HPAIV had not previously been associated with clinical signs and lesions in
wild birds until the H5N1 Eurasian–African lineage altered the pathobiological dynamics
of the disease in these species [56]. In our clinical cases, the birds showed neurological
signs and microscopic lesions compatible with a systemic viral infection, including brain
inflammation. Those findings also support the higher viral load in brain samples.
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Respiratory samples, especially oropharyngeal swabs, are the most common sample
type used in the AIV diagnostic routine; therefore, evaluating the extraction step impact in
these samples would be more beneficial. Given the limitations of our study, where access to
oropharyngeal swabs was unavailable, we conducted the extraction using air sac and spleen
swabs instead. These two alternatives share similarities, such as having fewer host cells and
serving as tissues suitable for viral detection because HPAIV strains can be systemically
distributed throughout the infected birds [2]. In our work, the respiratory tissues showed a
high total RNA concentration, except for in the case of Swift Swabs (as shown in Table S1).
Furthermore, the swabs had the lowest concentration values, which is explained by less
cellularity in this sample type, reducing the amount of host RNA. However, even with a
lower total RNA concentration, air sac swabs presented a high viral load, reflected by its
low mean CT value obtained with both the MagMAX and QIAmp protocols. TRIzol was
unable to detect AIV from air sac swab samples. One possible explanation is that the air
sac swab sample type may have a lower cellularity, resulting in less RNA extraction and
a smaller pellet forming, which could affect RNA visualization and capture, highlighting
a major limitation of TRIzol extraction. Moreover, SwiftX Swabs was less efficient than
MagMAX and QIAmp, as evidenced by its higher CT value.

4.4. The Applicability of the Kits

Further comparison between the four methods was implemented based on the suit-
ability of the workflow, to assess their applicability as a standard diagnostic procedure. The
automated MagMAX presented many advantages, such as removing consecutive centrifu-
gation steps, column separation, and using hazardous chemicals [40]. In addition, it allows
the simultaneous extraction of up to 96 samples in a 25 min reaction. Conversely, it had a
higher cost per sample and required a specific instrument for its performance. TRIzol and
QIAmp, on the other hand, were more time-consuming and did not allow high-throughput
viral RNA extraction in our conditions. TRIzol specifically presented critical stages during
the manual extraction of the samples, such as the phase separation step and the need
for visual pellet formation. In addition, it was laborious and prone to personal bias due
to multiple steps, which limits its large-scale routine application [57]. We recognize that
QIAmp is also compatible with automated extraction, which would benefit its application
in diagnostic laboratories.

Finally, we identified SwiftX™ Swabs as a promising procedure due to its cost-
effectiveness, decreased hands-on time, and minimal steps and equipment required, making
it a good candidate for point-of-care diagnostics. However, due to the sample type (tissue
samples) we included in the study, the extraction output was unsuitable for AIV detection,
considering that after being heated with the extraction solution, some samples clotted (e.g.,
became solid instead of an aqueous solution), leading to extracts of worse quality and
quantity. In addition, the swabs utilized in the study were frozen, and the kit was intended
to be performed on fresh swabs, which could explain its inferior performance with the
swabs. Notably, there is a different extraction kit offered by Xpedite Diagnostics, SwiftX™
DNA, which could be utilized to extract DNA or RNA from complex (high cellularity)
samples. This protocol has additional lysing steps, and a cellular capture based on adding
beads suspension and further heat lysis and releasing the nucleic acids in the sample.
Additional analysis should be conducted to evaluate the suitability of SwiftX™ DNA or
similar technologies for AIV recovery from tissues.

While our study found that TRIzol yielded superior results in total and viral-specific
concentrations, it is important to note that this kit had several drawbacks. These disad-
vantages included inconsistencies in viral detection when using swab samples (commonly
used for routine avian influenza virus diagnostics), a lengthy protocol, and susceptibility
to personal bias. In contrast, the QIAmp kit excelled in purity but underperformed in
various sequencing parameters across different samples. Lastly, although MagMAX did
not outperform the other methods in our evaluation, it offers several advantages. It is
an automated protocol, allowing for the simultaneous processing of up to 96 samples
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in the KingFisher. MagMAX demonstrated consistency and reproducibility, with a viral
concentration and purity comparable to other methods. Furthermore, MagMAX performed
well with the MinION sequencing platform, yielding a high number of total and specific
AIV reads.

5. Limitations

This study had some limitations. Firstly, the different extraction methods used in
this study had varying input and output volumes, which could affect the final RNA
concentration. Our primary aim was to evaluate commercially available methods based on
the routine protocols established by their manufacturers. Future studies can be performed
to compare different input and output volumes to optimize each method further. Secondly,
although nasal and cloacal swabs are the most common sample types for AIV diagnosis,
they were not the majority of samples tested in this study. This is due to the study’s
circumstances (e.g., a veterinary diagnostic laboratory receiving birds for necropsy and
submitting swabs for NVSL Laboratory AIV confirmation tests). However, since AIV
causes systemic disease in various bird species, testing different tissue types remains
valuable for diagnosing this virus and other systemic diseases affecting poultry. Regarding
the comparison between the automated MagMAX extraction protocol and other manual
procedures, we acknowledge that an automated option is available for the Qiagen protocol,
which could enhance both the speed and consistency of the results. However, we included
only the automated MagMAX protocol in our study because it was readily available
in our laboratory, as well as in other veterinary diagnostic laboratories across the U.S.
Lastly, we did not pursue additional host depletion strategies to enhance the sensitivity
of the metagenomic NGS (e.g., a higher centrifugation speed and time, DNase and RNase
depletion). Consequently, the number of AIV reads from clinical samples using ONT was
limited. Therefore, it was not possible to properly compare the final mapping or assembly
results obtained from each RNA sample. It is possible that extending the sequencing
run could have improved the recovery of the avian influenza virus genome from the
samples; however, this was not performed in the current study. Further testing with host
depletion approaches is necessary to improve mNGS for more effective virus identification
and characterization.

6. Conclusions

None of the protocols evaluated was superior for all the aspects assessed in this
study. Different choices regarding the suitability of each method in different situations
could be made based on the data presented in this manuscript, which highlights the
advantages and disadvantages for each method. However, in our hands, the MagMAX™
Pathogen RNA/DNA Kit overall had many advantages in its applicability (speed and
scalability) and consistent sequencing performance (yield, compatible number of AIV-
specific reads, and segment length) that would allow it to be routinely used for the first
step of an NGS workflow. TRIzol™ LS Reagent performed better regarding the RNA
and viral concentration, while the best purity ratios were obtained with QIAamp® Viral
RNA, but both kits encountered issues regarding their ease of use and speed. Finally,
although SwiftX™ Swabs had promising performance features related to its simplified
processing steps and time, the performance was not comparable to the other protocols. We
recognize the limitation of not using swabs as the primary sample type in our study, given
the significance of this sample type for AIV diagnosis, and the fact that SwiftX™ swabs
were specifically designed for use with such samples. We emphasize that our findings were
related specifically to AIV samples, and these methods could perform differently when
used for different pathogens that are not segmented or have longer genome sizes; therefore,
they should be evaluated based on the intended target.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v16091429/s1, Table S1: Mean total RNA concentration, expressed
in nanograms per microliters, and CT value from each sample by protocol. Samples are ordered
according to the animal species, and number IDs are added corresponding to the numbering described
in Table 1; Figure S1: Mean cycle threshold (CT values, log concentration, and purity for each protocol
in the two experimental sessions (1 and 2); Figure S2: The count of positive samples by rRT-PCR
by sample type and by extraction protocol, represented as MagMAX Pathogen RNA/DNA™ (A),
QIAamp® Viral RNA (B), TRIzol™ LS Reagent (C), and SwiftX™ Swabs (D). An extract has a positive
detection (1) when the CT value is less than (<) 40 and a negative detection (0) when the CT value is
equal to or higher than 40. AGT: American green-winged teal. CN: chicken. EE: eagle. FN: falcon.
GHO: great horned owl. HK: hawk. TV: turkey vulture.
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Abstract: Avian leukosis viruses (ALVs) include a group of avian retroviruses primarily associated
with neoplastic diseases in poultry, commonly referred to as avian leukosis. Belonging to different
subgroups based on their envelope properties, ALV subgroups A, B, and J (ALV-A, ALV-B, and ALV-J)
are the most widespread in poultry populations. Early identification and removal of virus-shedding
birds from infected flocks are essential for the ALVs’ eradication. Therefore, the development of
rapid, accurate, simple-to-use, and cost effective on-site diagnostic methods for the detection of
ALV subgroups is very important. Cas13a, an RNA-guided RNA endonuclease that cleaves target
single-stranded RNA, also exhibits non-specific endonuclease activity on any bystander RNA in close
proximity. The distinct trans-cleavage activity of Cas13 has been exploited in the molecular diagnosis
of multiple pathogens including several viruses. Here, we describe the development and application
of a highly sensitive Cas13a-based molecular test for the specific detection of proviral DNA of
ALV-A, B, and J subgroups. Prokaryotically expressed LwaCas13a, purified through ion exchange
and size-exclusion chromatography, was combined with recombinase polymerase amplification
(RPA) and T7 transcription to establish the SHERLOCK (specific high-sensitivity enzymatic reporter
unlocking) molecular detection system for the detection of proviral DNA of ALV-A/B/J subgroups.
This novel method that needs less sample input with a short turnaround time is based on isothermal
detection at 37 ◦C with a color-based lateral flow readout. The detection limit of the assay for
ALV-A/B/J subgroups was 50 copies with no cross reactivity with ALV-C/D/E subgroups and
other avian oncogenic viruses such as reticuloendotheliosis virus (REV) and Marek’s disease virus
(MDV). The development and evaluation of a highly sensitive and specific visual method of detection
of ALV-A/B/J nucleic acids using CRISPR-Cas13a described here will help in ALV detection in
eradication programs.

Keywords: avian leukosis viruses; CRISPR-Cas13a diagnosis; RPA; Lateral flow detection; ALV detection
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1. Introduction

Avian leukosis virus (ALV) is a major group of avian pathogens associated with
severe neoplastic disease affecting multiple cell types commonly referred to as avian
leukosis. The prevalence of multiple ALV envelope subgroups together with widespread
diversity and recombination make the detection of ALV very challenging [1]. Among
the commercial poultry populations, ALV subgroups A, B, and J (ALV-A, ALV-B, and
ALV-J) are the most common ALVs. Viruses belonging to ALV-A and ALV-B, widespread
in some countries, are primarily associated with lymphoid leukosis (LL) and sarcomas.
While diseases caused by ALV-C and ALV-D are less commonly reported, ALV-E is the
ubiquitous endogenous retrovirus of low pathogenicity [1]. ALV-J was first isolated from
meat-type chickens in 1988, primarily causing myeloid leukosis in chickens [2]. Although
ALV-J has been eradicated from most countries, it continues to induce diseases in poultry
populations in China. Co-infections of ALV-A, ALV-B, and ALV-J can occur in the same
chicken, including commercial laying hens [3,4]. Such co-infections provide a potential
opportunity for recombination between different subgroups of ALVs [5,6]. As a pathogen
that is predominantly transmitted vertically through the eggs, the control of ALV in poultry
populations is mainly achieved through eradication programs where the efficient and
accurate detection and removal of carrier birds are crucial to prevent ALV transmission
in the flocks. Successful ALV eradication is thus very much dependent on the efficacy of
specific, sensitive, and reliable diagnostic methods for detecting ALV-positive carrier birds.

In the past two decades, a number of routine ALV detection methods including
enzyme-linked immunosorbent assay (ELISA), immunofluorescence assay (IFA), and dif-
ferent types of PCR together with virus isolation protocols have been widely used in ALV
eradication programs. However, these methods have advantages as well as drawbacks.
For example, the widely used group-specific antigen detection ELISA cannot differentiate
between exogenous and endogenous ALV as it detects the conserved p27 antigen [7]. While
PCR and IFA can be used to detect and differentiate between endogenous and exogenous
ALV, both techniques are not used widely in the field due to the requirement of sophisti-
cated instrumentation [8,9]. Virus isolation in cell culture is used and considered as the
gold standard diagnostic test. However, virus isolation is time-consuming, requiring at
least 6 days to obtain the results, with additional time required for the identification of
the ALV subgroups. Current PCR-related assays and isothermal methods such as RPA
(recombinase polymerase amplification) and LAMP (loop-mediated isothermal amplifica-
tion) also suffer from limitations including low specificity and the requirement of complex
instrumentation [10,11].

Recently, orthologs of CRISPR-associated enzymes such as Cas13a nuclease have
shown great promise in nucleic acid detection assays in different biological systems, includ-
ing many viruses [12,13]. Cas13a is an RNA-guided RNA nuclease that targets and cleaves
the RNA. After Cas13a cleaves its target RNA, it adopts an enzymatically “active” state
and binds and cleaves neighboring non-targeted RNA regardless of homology, which is
referred to as “collateral cleavage”. It is this property of Cas13a that led to the establishment
of SHERLOCK (specific high-sensitivity enzymatic reporter unlocking), a Cas13a-based
molecular detection platform. SHERLOCK combines RPA (recombinase polymerase am-
plification) with the T7 transcription of amplified DNA to RNA and the collateral effect
of CRISPR-Cas13a. The assay starts with pre-amplification of either a DNA (RPA) or
RNA (RT-RPA) target input, followed by the conversion of amplified DNA to RNA via T7
transcription and then detection by Cas13−crRNA complexes, which activate and cleave
RNA reporters that are used to create a signal after being cleaved if the target sequence is
present in the pool of amplified nucleotides. Detection can be performed as a colorimetric
lateral flow reaction with the RNA reporter flanked by a fluorescein and biotin on separate
ends or a fluorescence-based reaction with the reporter sequence coupled to a fluorophore
on one end and a quencher on the other end [14]. While the performance of RPA-based
assays is variable and influenced by multiple factors including primers, template sequence,
and amplicon length, SHERLOCK is fairly robust. In combination with lateral flow RNA
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reporters or quenched fluorescent RNAs, SHERLOCK can generate a colorimetric lateral
flow or fluorescent readout, respectively, upon Cas13a recognition of target nucleic acid
species with high specificity at single-nucleotide level discrimination and single-molecule
sensitivity. SHERLOCK has been successfully applied for the detection of multiple viruses
including Avian influenza A (H7N9) virus, Dengue virus (DENV), Zika virus (ZIKV),
Ebola virus, SARS-CoV-2, Feline calicivirus (FCV), Porcine reproductive, and respiratory
syndrome virus (PRRSV), as well as other molecules such as N1-methyladenosine and
miRNA [15–21]. In the present study, the Cas13a detection using the purified Leptotrichia
wadei Cas13a (LwaCas13a), a custom FAM-Biotin reporter and in vitro transcribed target
RNA corresponding to the viral glycoprotein gp85 gene with a lateral flow readout, was
developed for the visual detection of proviral DNA extracted from ALV-A-, ALV-B-, and
ALV-J-infected DF-1 cells (Figure 1). The assay has proved to be sensitive and specific.
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Figure 1. SHERLOCK detection of DNA from ALV-infected DF-1 cells. The region of interest is
isothermally amplified by the RPA assay from DNA extracted from ALV-infected DF-1, then converted
to RNA by T7 transcription. Cognate binding of the Cas13a–crRNA complex to amplified RNA targets
triggers the collateral activity of Cas13a, which cleaves RNA reporters tagged with a fluorescein (F)
and biotin (B) at each end. Detection is then performed as a colorimetric lateral flow reaction by
placing the lateral flow strip into the reaction tube. The result can be visualized by the accumulation of
the FAM/Biotin ssRNA reporter that conjugates to anti-FAM gold nanoparticles at the control or test
lines depending on whether the reporter is intact. In the absence of reporter RNA cleavage, the RNA
reporter is absorbed at the streptavidin line and captures anti-FAM antibodies. If the RNA reporter is
destroyed by the collateral effect, then antibodies will flow through to a second capture line.

2. Materials and Methods
2.1. Viruses and Nucleic Acid Extraction

Virus stocks of prototype ALV subgroups ALV-A (RAV-1), ALV-B (RAV-2), ALV-C
(RAV-49), ALV-D (RAV-50), ALV-E (RAV-0), and ALV-J (HPRS-103) maintained in the Viral
Oncogenesis group at the Pirbright Institute were used in the experiments. ALV stocks were
inoculated into DF-1 cells cultured in T25 flasks with Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS) at 38.5 ◦C in a 5% CO2 incubator. Passaging of the infected DF-1 cells was carried
out two times in DMEM containing 2% FBS at 38.5 ◦C in a 5% CO2 incubator for 5 days.
The harvested cells were lysed in 1× Proteinase K-based DNA extraction buffer (10 mM
Tris-HCl, pH 8, 1 mM EDTA, 25 mM NaCl, and 200 µg/mL Proteinase K) at 65 ◦C for 30 min
for the extraction of ALV subgroup-specific proviral DNA for RPA amplifications. DNA
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extracted from REV- and MDV-transformed cell lines was used as controls to determine the
specificity of the assay.

2.2. RPA Primer Design and crRNA Preparation

For designing the RPA primer sets (between 30 and 35 nt), the previously published
ALV sequences from NCBI were first aligned using DNASTAR. Based on the results of the
sequence comparison, specific primers mainly targeting the gp85 gene were designed for
discrimination of the three subgroups with amplicon sizes between 100 and 200 nt. The
T7 promoter sequence was appended to the 5’end of the RPA forward primers. Primers
were synthesized by Integrated DNA Technologies (IDT). To generate a complete crRNA
template, the 28 nt spacer sequence was joined with a 5′direct repeat (DR) sequence with
an additional upstream T7 RNA polymerase promoter sequence (T7-3G) to allow for T7
transcription [14]. The entire sequence was synthesized as the DNA reverse complement
and the crRNAs were generated through in vitro transcription (IVT) according to the in-
structions of the HiScribe T7 Quick High Yield RNA Synthesis Kit (New England Biolabs,
Ipswich, MA, USA). Briefly, the crRNA templates and T7-3G oligonucleotides were an-
nealed after a 5 min denaturation at 95 ◦C in a PCR thermocycler and slow cooling to 4 ◦C.
Double-stranded DNA was then transcribed to crRNA by incubation for 4 h at 37 ◦C and
purified using Agencourt RNA Clean XP Kit (Beckman Coulter, Brea, CA, USA) according
to the manufacturer’s instructions.

2.3. Expression and Purification of LwaCas13a

LwaCas13a protein expression and purification were carried out as previously re-
ported with modifications [14]. Rosetta (DE3) competent cells transformed with the pC013-
TwinStrep-SUMO-huLwaCas13a plasmid (https://www.addgene.org/90097/, accessed on
5 October 2019) were grown up and 20 mL of overnight culture was added into two liters of
Luria Broth (LB) medium and incubated in a shaking incubator at 37 ◦C. When the OD600
value of the culture reached 0.6, protein expression was induced using IPTG to a final
concentration of 500 µM and the cells were grown at 25 ◦C for 16 h. Cell pellets obtained
after centrifugation at 3000× g for 20 min at 4 ◦C were crushed and resuspended in lysis
buffer (250 mM NaCl, 20 mM Tris-HCl, 1 mM DTT, and pH 8.0). The suspension was
sonicated on ice followed by centrifugation. The supernatant containing the protein was
incubated with 5 mL of Strep-Tactin Sepharose (GE Healthcare, Chicago, IL, USA) for 2 h at
4 ◦C by gentle shaking and protein-bound Strep-Tactin resin was washed three times with
cold lysis buffer. The resin was then resuspended in SUMO digest buffer (30 mM Tris-HCl,
500 mM NaCl, 1 mM DTT, 0.15% NP-40, and pH 8.0), along with 250 U of SUMO protease
to cleave overnight at 4 ◦C with gentle rotation. To maximize protein elution, the resin was
washed twice with one column volume of lysis buffer following the separation of the resin
from the suspension by gravity flow. For cation exchange and gel filtration purification,
250 mM of elute diluted in cation exchange buffer (5% glycerol, 1 mM DTT, 20 mM HEPES,
and pH 7.0) was loaded into a 5 mL HiTrap SP HP cation exchange column (GE Healthcare)
via fast protein liquid chromatography (FPLC; AKTA PURE, GE Healthcare). The protein
was then eluted over a salt gradient with 250 mM to 2 M NaCl in the elution buffer/cation
exchange buffer. The presence of recombinant protein in the resulting fractions was tested
by SDS-PAGE. The protein-containing fractions were pooled and concentrated to 1 mL
in S200 size-exclusion buffer (1 M NaCl, 10 mM HEPES, 2 mM DTT, 5 mM MgCl2, and
pH 7.0) using a centrifugal filter unit (Millipore, Burlington, MA, USA). The concentrated
protein was then loaded onto a gel filtration column (Superdex 200 Increase 10/300 GL;
GE Healthcare) for FPLC. Fractions containing protein were pooled and the buffer was
exchanged with storage buffer (50 mM Tris-HCl, 600 mM NaCl, 5% glycerol, and 2 mM
DTT) and stored at −80 ◦C.
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2.4. LwaCas13a Detection Assay

Detection reactions, consisting of RPA pre-amplification and T7 transcription for the
detection of Cas13a function, were performed as described in Max et al. [14] with a few
modifications. An amount of 3 µL of 10 µM forward primer, 3 µL of 10 µM reverse primer,
30 µL TwistAmp Rehydration Buffer, and 6 µL nuclease-free water were added to the RPA
strips containing a dried enzyme pellet to prepare four individual RPA reactions that can
be scaled up according to the reactions needed, followed by adding 1 µL of DNA template
extracted from infected DF-1 cells to each reaction. Reactions were allowed to proceed
for between 10 min and 40 min at 37 ◦C according to the instructions of the TwistAmp®

Basic kit (TwistDx, Maidenhead, UK). To establish the Cas13a lateral flow detection with
a visual readout, 10 µL of LwaCas13a assay reaction consisting of 1.0 µL RPA product,
0.25 µL HEPES (1M, pH 6.8), 0.1 µL MgCl2 (1M), 0.4 µL rNTP solution mix (25 mM each),
1.0 µL LwaCas13a (63.3 µg/mL), 0.5 µL Murine RNase inhibitor (40 U/µL), 0.25 µL T7 RNA
polymerase (5 U/µL), 0.5 µL crRNA (10 ng/µL), 0.1 µL LF-RNA reporter 1 (100 µM), and
6.25 µL nuclease-free water was first prepared. Following the addition of 50 µL HybriDetect
assay buffer, the HybriDetect 1 lateral flow strip (TwistDx) was dipped into the solution
and incubated for 3 min for the readout. After incubation, the images were taken using
a smartphone.

2.5. Specificity and Sensitivity of the Assay

DNA samples containing the proviral DNA of the different ALV subgroups extracted
from DF-1 cells infected with the prototype strains, together with REV and MDV as negative
controls, were used to determine the specificity of the assay.

In order to determine the sensitivity of the assay, gel-extracted PCR amplicons of
ALV-A/B/J amplified by specific primers targeting the gp85 region (Table 1) were used
for cloning into a plasmid as standard references. Concentrations of all three standard
references were determined by UV spectrophotometry. DNA copy numbers (copies/µL)
were calculated using the formula (6.02 × 1023) × (ng/µL × 10−9)/(DNA length × 660).
An amount of 1 µL of each serial dilution containing 104 to 101 copies/µL DNA was used
as the input DNA template to detect the sensitivity of this method.

Table 1. Specific primers for ALV-A/B/J identification.

Targets Sequences (5′-3′) Product Sizes (bp)

ALV-A
H5: GGATGAGGTGACTAAGAAAG

694envA: AGAGAAAGAGGGGCGTCTAAGGAGA

ALV-B
H5: GGATGAGGTGACTAAGAAAG

846envB: ATGGACCAATTCTGACTCATT

ALV-J
H5: GGATGAGGTGACTAAGAAAG

545H7: CGAACCAAAGGTAACACACG

2.6. Application of the Assay on Field Samples

In order to verify the application of the LwaCas13a assay for diagnostic purposes on
field samples, 23 validated ALV-A/B/J-positive hepatic tissue samples collected from dif-
ferent chicken farms were used for the extraction of DNA and RNA by using a AxyPrepTM

Body Fluid Viral DNA/RNA Miniprep Kit (AXYGEN, 20019KC5, New York, USA). An
amount of 1 µL of DNA extracted from each specimen was used as a template in the PCR
and RPA reactions, respectively. The presence of ALV-A/B/J proviral DNA was confirmed
with subgroup-specific primers targeting the gp85 gene (Table 1) using the following cycle
conditions: pre-denaturation at 95 ◦C for 5 min; 30 cycles of denaturation at 95 ◦C for
20 s, annealing at 58 ◦C for 30 s, extending at 72 ◦C for 1 min. Samples were assayed and
analyzed following the previously described Cas13a detection and lateral flow methods.
The images were taken using a smartphone.
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3. Results
3.1. Design of Primers and crRNAs and crRNA Preparation

As described above, the assay starts with pre-amplification of either a DNA (RPA) or
RNA (RT-RPA) target input. For RPA, primers are typically designed with NCBI Primer-
BLAST to be 30~35 nt and the amplicon sizes are 100~200 bp. In order to target a broad
range of ALV strains in the same subgroup, the conserved crRNA sequences were identified
by the alignment of multiple gp85 gene sequences within each ALV subgroup retrieved from
the NCBI. To identify the best primers and crRNA, we designed one crRNA with six pairs
of RPA primers for ALV-A, one crRNA with three pairs of RPA primers for ALV-B, and two
crRNAs for ALV-J, one with three pairs and the other one with two pairs of RPA primers,
respectively. The sequences of the designed RPA primers and crRNA IVT templates are
listed in Table 2. Each of the ALV subgroup-specific crRNAs were generated by IVT from
DNA templates, and 5 µL per aliquot (300 ng/µL concentration in nuclease-free water) was
stored at −80 ◦C.

Table 2. The sequences of primers and crRNAs designed for Cas13a detection in this study.

Primer Sequence (5′-3′) Sizes

ALV-A1-F GAAATTAATACGACTCACTATAGGGACTGGCGGTCCTGACAACAGCACCACCCTCACT 143 bp
ALV-A1-R GTAATATTAGTAATGTTAGGGAGAGACTGGGAAC
ALV-A2-F GAAATTAATACGACTCACTATAGGGGATATGTCTCTGATACAAATTGCGCCACCT 170 bp
ALV-A2-R CAGCTGTAGTTCAGGTGGCTCATCCCACATAG
ALV-A3-F GAAATTAATACGACTCACTATAGGGCGGAAACTGACCGGTTAGTCTCGTCAGCTGACT 147 bp
ALV-A3-R AACCTAACAGCTGTAGTTCAGGTGGCTCATCC
ALV-A4-F GAAATTAATACGACTCACTATAGGGATATGTCTCTGATACAAATTGCGCCACCTCGGA 176 bp
ALV-A4-R AACCTAACAGCTGTAGTTCAGGTGGCTCATCCCA
ALV-A5-F GAAATTAATACGACTCACTATAGGGCTGATACAAATTGCGCCACCTCGGAAACTGAC 165 bp
ALV-A5-R CTAACAGCTGTAGTTCAGGTGGCTCATCCCA
ALV-A6-F GAAATTAATACGACTCACTATAGGGAAACTGACCGGTTAGTCTCGTCAGCTGACT 165 bp
ALV-A6-R TAATGTTAGGGAGAGACTGGGAACCTAACAG
crRNA IVT template for
A1-A6

CTGACAACAGCACCACCCTCACTTATCGGTTTTAGTCCCCTTCGTTTTT
GGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

ALV-B1-F GAAATTAATACGACTCACTATAGGGCTAATATTACTCAGATCCCTAGTGTGGCTGG 134 bp
ALV-B1-R AGGATTGCTCCCTGGGTCAGTCAAGAGGATG
ALV-B2-F GAAATTAATACGACTCACTATAGGGTGGGACCGGAGACAAGTTACACACATCCTCTTG 157 bp
ALV-B2-R TGTAGCCATATGCACCGCAATATTCACTTCCCAT
ALV-B3-F GAAATTAATACGACTCACTATAGGGCTCTTGACTGACCCAGGGAGCAATCCTTTC 155 bp
ALV-B3-R GAGCAATTGTACATCTCCCAAAATCTGTAG
crRNA IVT template for
B1-B3

TCTAACTCCTCGAAACCGTTTACAGTAGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAA
TCCCCTATAGTGAGTCGTATTAATTTC

ALV-J1-F GAAATTAATACGACTCACTATAGGGGATATTTTAGGGTCTCAGATGATCAAGAACGGAAC 142 bp
ALV-J1-R CTTCCACCCCACCAGTCCCATTAAAATTCCCATCA
ALV-J2-F GAAATTAATACGACTCACTATAGGGCTTGATAAAGGCTCTTAACACAAACCTCCCTTG 191 bp
ALV-J2-R CTTCCACCCCACCAGTCCCATTAAAATTCCCATCA
ALV-J3-F GAAATTAATACGACTCACTATAGGGGTACGTGTGTTACCTTTGGTTCGATGTGCT 172 bp
ALV-J3-R GATTGGTTGACATAGGGTCTTATACGAGGGTC
crRNA IVT template for
J1-J3

GCTATAAAGAGAACAATCACAGCAGAGTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCC
CCTATAGTGAGTCGTATTAATTC

ALV-J4-F GAAATTAATACGACTCACTATAGGGCATTTCTGACTGGGCACCCTGGGAAGGTGAGC 147 bp
ALV-J4-R TAACCACGCACACAAGTATCATTTGAAAGAAG
ALV-J5-F GAAATTAATACGACTCACTATAGGGGGATGAGGTGACTAAGAAAGATGAGGCGAGC 183 bp
ALV-J5-R ACACAAGTATCATTTGAAAGAAGAAGTAACC
crRNA IVT template for
J4-J5

CAAGAAAGACCCGGAGAAGACACCCTTGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAAT
CCCCTATAGTGAGTCGTATTAATTTC

3.2. Expression and Purification of LwaCas13a

Rosetta E. coli cells transformed with TwinStrep-SUMO-LwaCas13a protein expression
plasmid were induced with 500 µM IPTG and grown for 16 h at 25 ◦C. The harvested cells
were resuspended, sonicated, and centrifuged to remove the debris. After IPTG induction,
the LwaCas13a protein was expressed (Figure 2A), and the target protein was mainly in the
supernatant. The recombinant protein was enriched from the total cell protein by affinity
Strep-Tactin purification. The native LwaCas13a was obtained following removal of the
SUMO tag after digestion with SUMO protease and further purified using ion-exchange
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(IEC) and size-exclusion chromatography (SEC) on an FPLC system. The expression and
purification of the LwaCas13a protein was determined by SDS-PAGE and Coomassie blue
staining as shown in Figure 2. The purified 138.5 kD LwaCas13a was then diluted to a final
concentration of 2 mg/mL in protein storage buffer and stored as 5 µL aliquots at −80 ◦C.
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Figure 2. Expression and purification of LwaCas13a. (A) LwaCas13a expression detection. Lane
M, protein marker; lane 1, IPTG-induced bacterial sample (the LwaCas13a band is indicated by the
arrow); lane 2, uninduced bacterial sample. (B) LwaCas13a purification. Lane M, protein marker;
lane 1, Strep-Tactin resin post SUMO cleavage; lane 2, eluted fraction post SUMO protease cleavage;
lane 3, Strep-Tactin resin before SUMO protease cleavage; lane 4, flow-through following Strep-Tactin
batch binding; lane 5, cell pellet after clearing of lysate; lane 6, cleared cell lysate; lane 7, final product
after SEC; lane 8, concentrated sample post IEC.

3.3. Validation of the LwaCas13a Lateral Flow Detection

Lateral flow strips from TwistDx are designed to detect biotin and FAM-labeled RNA
reporter. As shown in Figure 1, the first line (control line) with streptavidin will bind
to biotin, capturing all the intact probes. Anti-fluorescein antibodies labeled with gold
nanoparticles (NPs) will bind the fluorescein end of the reporter and form a dark purple
color at this first line. When RNA reporters are cleaved because of target presence and
collateral activity, gold NP–labeled antibodies will flow over to a second line of anti-rabbit
secondary antibody (test line), capturing all the antibodies and forming a dark purple color
at the second line that indicates the presence of the target. As a result, the negative sample
only forms one band at the control line as all reporter molecules are intact and captured at
this line. As shown and described by others, a faint band may appear at the test line for the
non-target control or the negative strips are allowed to sit at room temperature for over
10 min, but this signal is much fainter than a true positive signal [22–24]. For the positive
samples, there could be one test line present when the RNA reporter is fully cleaved or
both a control and test line present if the RNA reporter is partially cleaved.

Optimal RPA was performed for different amplification durations ranging from 20
to 60 min. Each reaction includes 9 µL of the reconstituted RPA mixture and 1 µL of
tested sample in a PCR strip tube. In RPA pre-amplification, the negative control with
the target molecule known to be absent was also included. The assay using the DNA
extracted from prototype strains of ALV-A-, B-, and J- (RAV-1, RAV-2, and HPRS-103,
respectively)-infected DF-1 cells showed that A6F/A3R, B3F/B3R, and J4F/J4R primer
sets were efficient and capable of specific amplification producing the expected test bands
(Figure 3A, top panel). The binding sites of these RPA primers and crRNAs which are used
in the subsequent LwaCas13a lateral flow detection are shown in Figure 4. To optimize the
reaction conditions, different temperatures and incubation times were examined. While the
test bands that correlated to 10 min of RPA were weak, extending the amplification time
to 30 min and longer increased the intensity of the test band. Based on the optimization
data, the amplification duration was set at 40 min for ALV-A and 30 min for ALV-B/J RPA
reactions. Since the RPA amplification reaction is initiated following MgOAc addition, we
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also want to know if the nucleic acid amplification was initiated during sample preparation
at room temperature. We prepared two pairs of RPA reactions consisting of one positive and
one negative for each pair and allowed one pair to be at room temperature and the other
pair to be at 37 ◦C for 30 min. The crude RPA products were examined on a 2% agarose gel.
As shown in Figure 3B, no significant changes between positive and negative samples of
ALV-A and J were observed on the gel at room temperature amplification. However, the
detection of the amplicons at 37 ◦C indicated apparent differences.
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Figure 3. Validation of the LwaCas13a lateral flow detection. (A) Top panel: agarose gel electrophore-
sis of RPA products using specific primers A6F/A3R for ALV-A, B3F/B3R for ALV-B, and J4F/J4R for
ALV-J. Bottom panel: the corresponding Cas13a assay result of ALV/A/B/J by imaging of the lateral
flow dipstick is displayed. T: test line, C: control line. (B) RPA pre-amplifications optimization. RPA
reactions were run for ALV-A/B/J at room temperature (RT) or 37 ◦C with proviral DNA and water
control with primer pairs A6F/A3R, B3F/B3R, and J4F/J4R for subgroups ALV-A/B/J, respectively.
Proviral DNAs of RAV-1, RAV-2, and HPRS-103 extracted from infected DF-1 were used as templates
for ALV-A, ALV-B, and ALV-J, respectively.
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Figure 4. Binding sites of RPA primers and crRNAs. The RPA primers and crRNA sequences
targeting gp85 of the ALV-A/B/J genome selected through experimental optimization are shown. The
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ALV-B, and ALV-J, respectively.
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Having obtained the specific RPA bands for the ALV-A, B, and J subgroups, the Cas13a
assay was performed in a total volume of 10 µL. For this, Cas13a-SHERLOCK master mix
was prepared by adding the components as described in Section 2. Subsequently, 50 µL
HybriDetect assay buffer was added to the 10 µL Cas13a detection products followed by
placing a HybriDetect 1 lateral flow strip (TwistDx) into the solution and incubation in
an upright position. After 3 min incubation, the images of dipsticks were taken using a
smartphone. As shown in Figure 3A, bottom panel, a strong band appeared in the test
line region for all three samples tested, demonstrating the successful establishment of the
Cas13a lateral flow detection of proviral DNA for the ALV-A/B/J subgroups.

3.4. Specificity and Sensitivity of the Cas13a Lateral Flow Detection

The specificity of the assay for the detection of ALV-A, B, and J subgroups was deter-
mined by examining the signals for ALV subgroups C, D, and E and other avian oncogenic
viruses REV and MDV. Results of the specificity test clearly demonstrated that the assay
was ALV A, B, and J subgroup-specific with no cross reactivity (Figure 5). In order to deter-
mine the sensitivity of the assay, 10-fold serial dilutions containing 104 to 102 copies/µL
followed by two 2-fold dilutions to make 50 and 25 copies/µL (an additional dilution
to 10 copies/uL was made to ALV-J). Each of the individual DNA templates were tested
as shown in Figure 6. Results of the sensitivity test demonstrated that each assay could
reliably detect a minimum of approximately 50 copies of the respective DNA targets in
each reaction.
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3.5. Assay Performance on Field Samples

Finally, the assay was evaluated for its efficacy for the detection of ALV-A-, B-, and
J-specific DNA in field samples of naturally infected cases. For this, we used 5 ALV-A-
positive, 6 ALV-B-positive, and 12 ALV-J-positive field samples to determine the efficacy
of detection of specific DNA, in comparison to PCR tests. As shown in Figure 7, lateral
flow detection strips of ALV-A, B, and J subgroups demonstrated clear positive bands,
correlating with the PCR tests carried out on these field samples, confirming the use of
the Cas13a lateral flow assay for the specific proviral DNA detection of ALV-A, B, and J
subgroups from field samples.
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4. Discussion

Avian leukosis viruses, the common naturally occurring avian retrovirus pathogens,
are associated with neoplastic diseases and other production problems in chickens [1].
With no effective vaccine or medication available, control of ALV infection is achieved
mainly through systematic eradication program consisting of the early detection and
removal of virus-shedding birds to break the chain of transmission that occurs through the
congenital route and contact infections [25]. Several methods for ALV detection have been
established. While antigen–antibody reaction-based detection can be used in the field with
minimal equipment, the method has relatively low sensitivity [7,26]. PCR and RT-qPCR, the
highly sensitive nucleic acid-based detection assays, are not suitable for poorly equipped
laboratories or field diagnosis due to the requirement of expensive equipment [8,9,26].
Considering the importance of the accurate and sensitive detection of virus-infected birds
for successful eradication, the availability of rapid, accurate ALV diagnostic tools is key for
the success of the eradication.

In this study, a LwaCas13a detection assay was developed and optimized to detect
viruses belonging to the common pathogenic subgroups ALV-A, ALV-B, and ALV-J. Primer
sets and crRNAs specific for these subgroups were designed based on the consensus from
the alignment of the nucleotide sequences of the viral gp85 gene published in GenBank.
Only the most distinct region that differed between different subgroups, but was highly
conserved within gp85 sequences of the same subgroup, was used to design the specific
RPA primers. While the sequences of ALV-J gp85 differed greatly from those of the other
ALV subgroups, it has close sequence identity to env-like sequences of the EAV family
of endogenous avian retroviruses [27,28]. As the ancient EAV-HP retroviral elements are
present in all gallus species, these could interfere with the specific amplification of the ALV-J
gp85 gene. Thus, the chosen primers need to selectively amplify only the region specific
to the exogenous ALV-J sequences. The H5/H7 primer set has been used successfully for
detection of ALV-J [29]. The forward primer H5, located on the 3’ region of the pol gene,
was conserved across several ALV subgroups. The reverse primer H7, located on a well-
conserved region of the ALV-J gp85 gene, could distinguish ALV-J from other subgroups.
In our study, the primer pairs J1, J2, and J3 were first designed mainly focusing on the
region around the H7 primer binding sequences. Although the experiments generated
RPA amplification products, the Cas13a detection assay could not distinguish ALV-J from
other exogenous ALV proviral DNA, probably due to the interference with the EAV-HP
sequences. Hence, for the ALV-J detection, we modified the assay using another forward
(JF4) and reverse (JR4) primer pair located at the 3’end of the pol and at the 5’end of the
gp85, respectively. Tests using this new primer pair showed a good specificity to ALV-J
amplification. Thus, the primer sets A6F/A3R, B3F/B3R, and J4F/J4R for RPA with the
corresponding crRNAs for LwaCas13a detection performed accurately for the detection of
the respective ALV subgroups.

In order to evaluate the specificity of the LwaCas13a detection method, we extracted
proviral DNA from DF-1 cells infected with prototypes of ALV subgroups A, B, C, D, E, and J.
In addition, DNAs from cells infected with Marek’s disease virus and reticuloendotheliosis
virus were extracted for use as controls. As expected, only the ALV-A/B/J subgroup-
infected DNA samples could be detected with the corresponding RPA primers and crRNAs
by this method, demonstrating the specificity of the test (Figure 5). The LwaCas13a
detection assay also showed a detection limit of 50 copies per reaction for each of the
subgroups. Perhaps due to this limited sensitivity of the assay, no significant difference in
intensity was observed between the T and C lines in the lateral flow strip-based readout
of the assay, when a number of reporter RNAs were cleaved. Despite this, we have
demonstrated that the LwaCas13a lateral flow can be used for specific and sensitive proviral
DNA detection of the major ALV subgroups A, B, and J. When the turnaround time
was considered, the described method in this study requires 1.5 h of average assay time
including 30 min of rapid DNA extraction, 30 min of RPA for DNA amplification, and
40 min of LwaCas13a detection.
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Unlike PCR-based DNA amplification assays, there are no rules for the design of RPA
primers other than the suggestion from the TwistDx website (www.twistdx.co.uk/rpa/).
Besides genuine amplifications, RPA also allows for undesired primer interactions such as
hairpins and primer dimer formation. Some of such artefacts will serve as templates for
further recombination/extension events and enter an exponential amplification. Then, the
detectable low-molecular-weight DNA consisting of a primer-derived sequence (“prime
noise”) will be generated (Figure 3B). The sensitivity of amplification and speed of RPA
are directly affected by the amplicon size due to the effects of primer noise. An amplicon
length ideally is between 100 and 200 bp, which tends to have an improved product/noise
ratio. At low temperatures, amplicon doubling times lengthen more rapidly than energy
consumption rates, which can result in fuel “burn-out”. The observations of our study
are consistent with the information given by the manufacturer that RPA amplification
occurs over a broad range of temperatures (25 to 42 ◦C), making the assay robust against
inadvertent temperature changes. It has also been reported that RPA is quite robust to
mismatches even with 5~9 base pair mismatches in the primers [30]. However, this is not the
case with the mismatches in the crRNA:target duplex, where even two or more mismatches
can prevent the activation of Cas13a. As a result, SHERLOCK can easily distinguish the
sequences of similar viruses. Furthermore, due to the additional specificity of the crRNA, it
is not necessary to evaluate primer sets for specific amplicons using gel electrophoresis.

Although the efficiency of RPA is variable and influenced by factors such as primer
and template sequence, the collateral cleavage activity of Cas13a can compensate for the
low efficiency of RPA, making this assay achieve satisfactory results [31]. Moreover, as both
reactions can occur at 37 ◦C, the method only demands simple heat source systems such as
chemical heaters, water baths, or even body heat, and the results can be visualized with
naked eye [16,20]. Furthermore, the method is not dependent on the cold chain as all the
critical RPA reagents can be provided as a single lyophilized pellet. The entire procedure
can be completed within 1.5 h and requires only a small sample volume of 10 µL for both
RPA and SHERLOCK. Requiring only a basic heat source for incubation and a simple
lateral flow readout, the LwaCas13a assay developed in this study can be considered as a
rapid, efficient, and accurate field test for the diagnosis of ALV in low-resource settings.

5. Conclusions

A visual nucleic acid detection method based on CRISPR-LwaCas13a was established
for the common pathogenic ALV subgroups A, B, and J. The method which combines
RPA pre-amplification with the identification of a specific crRNA sequence makes the
LwaCas13a lateral flow detection more accurate. The current study presented for the first
time an alternative tool for the rapid, sensitive, and specific detection of ALV, particularly
in resource-poor settings.
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Abstract: To explore whether the p17 protein of oncolytic avian reovirus (ARV) mediates cell migra-
tion and invadopodia formation, we applied several molecular biological approaches for studying the
involved cellular factors and signal pathways. We found that ARV p17 activates the p53/phosphatase
and tensin homolog (PTEN) pathway to suppress the focal adhesion kinase (FAK)/Src signaling and
downstream signal molecules, thus inhibiting cell migration and the formation of invadopodia in
murine melanoma cancer cell line (B16-F10). Importantly, p17-induced formation of invadopodia
could be reversed in cells transfected with the mutant PTENC124A. p17 protein was found to signifi-
cantly reduce the expression levels of tyrosine kinase substrate 5 (TKs5), Rab40b, non-catalytic region
of tyrosine kinase adaptor protein 1 (NCK1), and matrix metalloproteinases (MMP9), suggesting
that TKs5 and Rab40b were transcriptionally downregulated by p17. Furthermore, we found that
p17 suppresses the formation of the TKs5/NCK1 complex. Coexpression of TKs5 and Rab40b in
B16-F10 cancer cells reversed p17-modulated suppression of the formation of invadopodia. This
work provides new insights into p17-modulated suppression of invadopodia formation by activating
the p53/PTEN pathway, suppressing the FAK/Src pathway, and inhibiting the formation of the
TKs5/NCK1 complex.

Keywords: avian reoviruses; p17; p53/PTEN; FAK/Src; TKs5/NCK1 complex; Rab40b; MMP9;
invadopodia
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1. Introduction

Invadopodia are actin-rich protrusions of the plasma membrane that are associated
with sites of proteolytic degradation of the extracellular matrix (ECM) in cancer invasive-
ness and metastasis [1,2]. Invadopodia are found in invasive cancer cells and are important
for their ability to invade through the ECM [3]. Invadopodia are generally visualized by
the holes they create in ECM-coated plates, in combination with immunohistochemistry for
the invadopodia localizing proteins including actin, cortactin, and tyrosine kinase substrate
5 (Tks5) [1,2,4]. The large scaffolding protein TKs5 is phosphorylated by Src kinase and
is important for invadopodia maturation and formation [5,6]. Tks5 functions as a tether
mediating the targeting of transport vesicles containing matrix metalloproteinases (MMPs;
MMP2 and MMP9) and Tks5 to the extending invadopodia [7]. A previous study suggested
that the small GTPase Rab40b levels are increased in metastatic breast cancers and are
required for MMP2 and MMP9 secretion from the invadopodia in breast cancer cells [8]. It
is also crucial for breast tumor growth and metastasis in vivo [8]. Furthermore, a recent
study revealed that the Rab40b-TKs5-dependent transport pathway mediates invadopodia
extension [7]. MMPs are able to degrade many components of ECM and are important
for normal processes, including tissue remodeling and wound healing. The matrix degra-
dation activity of invadopodia is attributed to the targeted secretion of matrix-degrading
enzymes such as MMPs. MMP2, MMP9, and MMP14 have been shown to enhance cancer
progression due to their ability to degrade basement membrane components. These MMPs
are enriched at the invadopodia and are necessary for cancer metastasis [9–15]. It was
reported that MMP2 and MMP9 are not transported to invadopodia by endosomes, but
instead are targeted directly from the Golgi [8] through microtubule motors (kinesin) and
by actin regulators (cortactin), suggesting that these MMPs are targeted to invadopodia
through at least two different membrane transport pathways.

Avian reovirus (ARV) is nonenveloped and belongs to the family Reoviridae. Several
reports have demonstrated that ARV is an oncolytic virus which induces apoptosis of
cancer cells, regulates cell immune response, and exposes tumor-associated antigens to
the immune system [16–22]. ARV has 10 double-stranded RNA genome segments. It can
replicate in the cytoplasm of infected cells. The S1 genome segment of ARV has three
open reading frames that are translated into proteins σC, p10, and p17, respectively. It was
found that p17 is a nucleocytoplasmic shuttling protein [23] that has been demonstrated to
regulate several cellular signal pathways to modulate cell cycle retardation, the formation
of autophagy, angiogenesis, viral protein synthesis, and virus replication [23–28]. To date,
although recent studies have suggested that p17 retards the cell cycle of several cancer cell
lines [17,25], reduces tumor size in vivo [17], and suppresses angiogenesis by promoting
DPP4 secretion [21], it is unclear whether p17 protein modulates cell migration and the
formation of invadopodia. The aim of this work was to perform a comprehensive study to
investigate whether p17 protein modulates cell migration and the formation of invadopodia
and its involved mechanisms. This work reveals, for the first time, that p17 suppresses the
formation of invadopodia in B16-F10 cancer cells by activation of the p53/PTEN pathway,
inhibition of the FAK/Src pathway, and enhancement of the formation of the TKs5/ non-
catalytic region of tyrosine kinase adaptor protein 1 (NCK1) complex.

2. Materials and Methods
2.1. Virus and Cells

In the present study, the S1133 strain of ARV was used. Murine melanoma cancer cell
line (B16-F10) [19] was cultured in Dulbecco’s modified Eagle’s Medium (DMEM) with
5–10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT, USA) and 1% penicillin
(100 IU/mL)/streptomycin (100 g/mL) (Gibco, Grand Island, NY, USA). B16-F10 cells were
propagated in a 37 ◦C, 5% CO2 humidified incubator. Cells were seeded in 10 cm culture
dishes one day before each experiment until they reached about 75% confluence.
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2.2. Reagents and Antibodies

The Akt III inhibitor, specific for Akt, was purchased from Enzo Life Science (New York,
NY, USA). To examine whether p17-modulated decreased levels of TKS5 are regulated by
the ubiquitin-proteasome-mediated degradation pathway, cells were transfected with the
pCI-neo-p17 plasmid DNA for 6 h followed by treatment with MG132 (1 mM). MG132
was from Calbiochem Co. (San Diego, CA, USA). Gelatin and Alexa-Fluor-gelatin were
from Cell Signaling (Danvers, MA, USA). The catalog numbers and dilution factors of the
primary and secondary antibodies used in this study are shown in Supplementary Table S1.
Antibodies against ARV p17 protein were our laboratory stocks [17].

2.3. Reverse Transcription (RT), Polymerase Chain Reaction (PCR) and Plasmid Construction

Total RNA was extracted from B16-F10 cells using TRIzol kit (Thermo Fisher Scientific
Inc. Waltham, MA, USA) based on the manufacturer’s procedures. The primer pairs used
in this work are shown in Supplementary Table S2. The PCR products were subcloned into
the corresponding sites of the pcDNA3.1 vector. In the present study, RT was performed
at 42 ◦C for 15 min and 72 ◦C for 15 min. PCR was performed with 1 µL of cDNA,
1 µL of each primer, 2 µL of PCR mix, and 15 µL of ddH2O, in a total volume of 20 µL.
The PCR conditions for amplification were 95 ◦C for 5 min, 35 cycles of 95 ◦C for 30 s,
55 ◦C for 60 s or 90 s, and extension at 72 ◦C for 1 min, followed by 72 ◦C for 10 min
for a final extension. To investigate whether p17-modulated expression of TKs5 and
Rab40b is regulated transcriptionally, total RNA was isolated from p17-transfected cells
using TRIzol kit. Quantitative real time RT-PCR with iQTM SYBR® Green Supermix
kit (Bio-Rad, Hercules, FL, USA) was described previously [16]. The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene was used as an internal control.

In order to understand how p17 regulate the formation of invadopodia in B16-F10 can-
cer cells, pcDNA3.1-PTENC124A (a dominant-negative), pcDNA3.1-Rab40b, and pcDNA3.1-
TKs5 were constructed. If this position is mutated, PTEN will lose its function of removing
phosphate groups. The pCI-neo-p17 and pcDNA3.1-p17 plasmids have been described
previously [17,26]. PCR products were purified and subcloned into the respective sites of
the pcDNA3.1 vector.

2.4. shRNAs

The shRNAs were obtained from the RNAi core facility (Academia Sinica, Taipei,
Taiwan). shRNA sequences are shown in Supplementary Table S3. In this work, B16-F10
cancer cells were seeded into 6 cm cell culture dishes. At about 75% confluence, cells were
transfected with respective plasmids or shRNAs using Lipofectamine reagent according to
the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA).

2.5. Transient Transfection

In this work, cells were transfected or cotransfected with the respective shRNAs or
plasmids for 24 h. The scramble plasmid was used as a negative control. Cell viability mea-
surements with the MTT assay were conducted following transfections with the respective
shRNAs or plasmids. The transfection efficiency was confirmed either by Western blot or
immunofluorescence staining to ensure that the transfection efficiency reached 80–90%.
The inhibitory effects of Tpr, p53, PTEN, Rak, and ROCK shRNAs were tested in cells. After
transfecting different shRNAs into cells, samples were collected at 0, 6, 12, 18, and 24 h,
respectively. The inhibitory effect was confirmed by Western blotting. Additionally, the
GFP of pGFP-V-RS vector was expressed, and the transfection efficiency can be confirmed
by fluorescence.

2.6. Wound Healing Assays, Invadopodia Detection and Gelatin Degradation Assay

To investigate whether p17 inhibits the migration of B16-F10 cancer cells, the wound
healing assay was performed using the pipette tip scratching method. Then, 24 h after
transfection with pcDNA3.1-p17, scratch lines were recorded and cells were photographed
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and recorded. B16-F10 cells were cotransfected with the pcDNA3.1-p17 or shRNAs (Tpr,
p53, PTEN, Rak, or ROCK) for 24 h. Since p53, Rak, and ROCK have been suggested to
be positive regulators of PTEN, knockdown of these molecules with shRNAs was carried
out [26]. The scratch test was used to test and record the migration distances of B16-F10 at
12 and 24 h post transfection. Scratch lines were recorded and cells were photographed
and recorded at 0, 12, and 24 h, respectively.

To explore how p17 protein modulates signaling pathways to affect the formation of
invadopodia, colocalization of cortactin and β-actin by immunofluorescence staining and
gelatin degradation assays were carried out as described previously [29]. B16-F10 cells
were cultured on 18 by 18 mm coverslips, followed by transfection with the respective
plasmids. Cells were washed twice with 1× PBS and then fixed at the indicated times with
4% paraformaldehyde (Alfa Aesar, Haverhill, MA, USA) for 20 min at room temperature.
Next, fixed cells were incubated in PBS with 0.1% Triton X-100 for 10 min. The cells were
washed twice with 1× PBS and blocked with Superblock T20 solution (Thermo Scientific,
Bellefonte, PA, USA) at room temperature for 1 h. After two washes with 1× PBS, cells
were incubated with the cortactin primary antibodies at 4 ◦C overnight. The solution
was removed, and cells were washed three times in PBS, 5 min for each wash. Next,
the cells were incubated with β-actin primary antibody (DyLight 554 Phalloidin) and
the secondary antibodies overnight at 4 ◦C overnight (in the dark). Cell nuclei were
stained with 49,6-diamidino-2-phenylindole (DAPI) for 10 min. The cells were washed
three times with 1× PBS and observed under the confocal microscope (Olympus FV1000,
Tokyo, Japan). The gelatin degradation assay makes it possible to assess and quantify
cellular protrusions and is crucial in the study of cell invasion. In the process of this assay,
fluorophore-conjugated gelatin coated coverslips were prepared and the gelatin coating
was carried out as homogeneously as possible. Briefly, the coverslips were washed with
1N hydrochloric acid for 12–16 h, washed with water and sterilized with 70% ethanol. The
coverslips were then incubated with 50 µg/mL poly-L-lysine (Merck Ltd. Taipei, Taiwan)
for 20 min at room temperature. The coverslips were washed twice with PBS and fixed with
ice-cold 0.5% glutaraldehyde (Alfa Aesar) for 15 min, followed by washing with PBS. The
coverslips were placed upside down on 80 µL of fluorescent gelatin matrix (0.2% gelatin
and Alexa-Fluor-gelatin; 8:1) and incubated at room temperature for 15 min. The coverslips
were washed twice with PBS and incubated with the remaining reaction matrix with PBS
containing 5 mg/mL sodium borohydride for 10 min followed by two rounds of washing
with PBS. B16-F10 cells were then seeded in coverslips containing gelatin matrix until
cell confluence reached about 70%. Cells were cotransfected with p17 and the respective
plasmids and shRNAs for 24 h. The cells on the coverslip were washed twice with PBS
and fixed with 4% formaldehyde at room temperature for 20 min. Next, the fixed cells
were washed twice with PBS and blocked in commercially available blocking buffer with
final concentration (0.1–0.3%) of Triton X-100 at room temperature for 10–20 min. The
cells were washed twice with 1× PBS to remove the remaining Triton X-100 and were
immunostained with β-actin primary antibody (DyLight 554 Phalloidin) overnight. Finally,
cells were observed under a confocal microscope (Olympus FV1000, Tokyo, Japan) for
β-actin, to determine whether the fluorescent matrix was decomposed by invadopodia (no
fluorescence produced) and to record and measure regions where the cells degraded the
matrix, leaving behind areas that lacked fluorescence.

2.7. Coimmunoprecipitation (Co-IP) Assay

Coimmunoprecipitation assays were performed using a Catch and Release Reversible
Immunoprecipitation System (Millipore, Merck Ltd., Taipei, Taiwan), as described pre-
viously [17]. Briefly, 6-well plates were seeded with 5 × 105 B16-F10V cancer cells. The
cells were cultured in DMEM containing 10% FBS overnight. Cells were transfected with
the respective plasmids. Cell lysates were collected 24 h post transfection and washed
twice with 1× PBS and scraped in 200 µL of CHAPS lysis buffer (40 mM HEPES (pH 7.5),
120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 50 mM
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NaF, and 0.3% CHAPS). Then, 1000µg of cellular proteins were incubated with 4 ug of the
respective antibodies at 4 ◦C overnight. The immunoprecipitated proteins were analyzed
by SDS-PAGE and Western blot assay with the respective antibodies.

2.8. Cell Lysate Preparation and Western Blot Analysis

The B16-F10 cancer cell line was cultured in 6-well culture plates one day before
infection with ARV or transfection with the respective constructs, as described above.
Cells were collected and washed twice with 1× PBS with lysis buffer (Cell signaling). The
concentration of proteins in cell lysates was determined by Bio-Rad Protein assay (Bio-Rad,
USA). The sample was mixed with 2.5× sample buffer dye, boiled in the water bath for
15 min, and electrophoresed in 10–15% sodium dodecyl sulphate (SDS)-polyacrylamide gel.
Western blot assay was performed with the respective primary antibody and horseradish
peroxidase secondary antibody conjugate to analyze expression levels of each individual
protein. After membrane incubation with enhanced chemiluminescence (ECL plus) regent
(Amersham Biosciences, Little Chalfont, UK, the Western blot bands were detected on X-ray
film (Kodak, Rochester, NY, USA).

2.9. Statistical Analysis

Data obtained from three independent experiments are expressed as mean ± standard
errors (SE). The results were analyzed for statistical significance using Duncan’s multiple
range test (MDRT) using Prism 8 software (GraphPad, San Diego, CA, USA). Similar letters
(a, b, c) denote no significance.

3. Results
3.1. The ARV p17 Protein Downregulates Nucleoporin Tpr and Activates the p53/PTEN Pathway
in B16-F10 Cancer Cells

Our previous study confirmed that p17 inhibits nucleoporin Tpr, thereby promoting
the accumulation of p53 in the nucleus and further activating p53, PTEN, and p21 [26].
In order to confirm whether p17 has similar functions in murine melanoma cancer cells,
Western blotting was used to analyze the signal changes of p17-transfected or Tpr shRNA
cotransfected cells. Our results show that p17 reduces the level of nucleoporin Tpr, and
the PTEN expression level and phosphorylated form of p53 are significantly increased
(Figure 1A,B). If Tpr shRNA is cotransfected with pCI-neo-p17, the increased levels of
PTEN p-p53(S15) are even greater (Figure 1A,B).

3.2. p17 Inhibits Cell Migration of B16-F10 Cancer Cells

To explore whether p17 can inhibit the cell migration of B16-F10 cancer cells, wound
healing assays were used. The scratch test was used to test and record the migration
distances of B16-F10 at 12 and 24 h post transfection. Our results show, that compared with
the control group, p17 can inhibit the migration of B16-F10 cells. Since we demonstrated
previously that p17 positively regulates p53 and Rak and drives β-arrestin-mediated PTEN
translocation from the cytoplasm to the plasma membrane via a ROCK-1 rependent man-
ner [26], depletion of p53, PTEN, Rak, and ROCk-1 by the use of shRNAs was carried out.
Our findings reveal that depletion of p53, PTEN, Rak, and ROCK-1 reversed p17-modulated
inhibition of cell migration (Figure 2), suggesting that p17 modulated suppression of cell
migration via the p53/PTEN-dependent pathway. Conversely, depletion of Tpr did not
affect the p17-modulated inhibition of cell migration (Figure 2).
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Figure 1. The ARV p17 protein upregulates the p53/PTEN pathway in B16-F10 cancer cells. (A) The 
expression levels of Tpr, PTEN, and p-p53 in p17-transfected cells were analyzed by Western blot. 
Cells were transfected with shRNAs for 6 h followed by transfection with the pCI-neo-p17 plasmid 
for 24 h. β-actin was included as a loading control. The image shown is from a single experiment 
that is representative of at least three separate experiments. Immunoblots were quantitated by den-
sitometric analysis using ImageJ software version 1.53e and normalized to β-actin. Numbers below 
each lane are relative fold of the control level of a specific protein in mock-treated cells. (B) Densi-
tometry analysis results for Western blotting are shown in panel A. Each value represents mean ± 
SE from three independent experiments, determined using Duncan’s multiple range test. Similar 
letters (a, b, c) denote no significance at p < 0.05. 
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Figure 1. The ARV p17 protein upregulates the p53/PTEN pathway in B16-F10 cancer cells. (A) The
expression levels of Tpr, PTEN, and p-p53 in p17-transfected cells were analyzed by Western blot.
Cells were transfected with shRNAs for 6 h followed by transfection with the pCI-neo-p17 plasmid for
24 h. β-actin was included as a loading control. The image shown is from a single experiment that is
representative of at least three separate experiments. Immunoblots were quantitated by densitometric
analysis using ImageJ software version 1.53e and normalized to β-actin. Numbers below each lane
are relative fold of the control level of a specific protein in mock-treated cells. (B) Densitometry
analysis results for Western blotting are shown in panel A. Each value represents mean ± SE from
three independent experiments, determined using Duncan’s multiple range test. Similar letters
(a, b, c) denote no significance at p < 0.05.

3.3. p17 Inhibits the FAK/Src Pathway and Reduces the MMP9 Level in a PTEN-Dependent
Manner

As shown in Figure 3, an increase in the PTEN level and a decreased level of
p-FAK (Y397) in B16-F10 cancer cells were observed in pCI-neo-p17 transfected cells
(Figure 3A,B). We next wanted to examine whether dephosphorylation of FAK by p17
occurs through a PTEN-dependent manner. Previous reports suggested that FAK is
cis- or trans-phosphorylated at Tyr-397, which provides a critical binding site for Src
family kinases [30], the p85 regulatory subunit of phosphatidylinositol 3-kinase [31], and
phospholipase Cγ [32]. Especially, Src binding to Tyr-397 is required for phosphorylation
of Y576/Y577, which is important for full FAK activation. Subsequently, an activated
FAK/Src complex mediates the phosphorylation of multiple adhesion components in-
volved in the dynamic regulation of cell motility and invadopodia formation [8,33,34]. In
this study, we found that p17 reduces levels of p-FAK(Y379), p-Src (Y416), and MMP9
(Figure 4A,B) and can be reversed in PTEN knockdown cells (Figure 4A,B), suggest-
ing that p17 inhibits the FAK/Src pathway and reduces the MMP9 level in a PTEN-
dependent manner.
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Figure 2. p17 inhibits cell migration of B16-F10 cancer cells. (A) To explore whether p17 inhibits cell
migration of B16-F10 cancer cells, wound healing assays were used. Cells were transfected with the
pcDNA3.1-p17 or cotransfected with shRNAs (p53, Tpr, PTEN, Rak, or ROCK-1) for 24 h. Scratch
lines were recorded at 0, 12, and 24 h, respectively. The inhibitory effects of Tpr, p53, PTEN, Rak,
and ROCK shRNAs were tested in cells, as shown in Supplementary Figure S1. (B)The scratch test
was used to analyze the migration distances of B16-F10 at 0, 12, and 24 h post transfection. Scratch
lines were recorded at 0, 12, and 24 h, respectively. Each value represents mean ± SE from three
independent experiments, determined using Duncan’s multiple range test. Similar letters denote no
significance at p < 0.05.

3.4. p17 Inhibits the Formation of the FAK/Src Complex

A previous report indicated that the major autophosphorylation site of FAK (Y397)
is responsible for the initial in vivo association of PTEN with FAK, a prerequisite for FAK
dephosphorylation by PTEN [35]. PTEN interacts with FAK and reduces its tyrosine
phosphorylation at Tyr 397 [36], thereby impeding Src binding to FAK. Thus, we next
investigated the molecular interaction of FAK and Src in B16-F10 cancer cells. As shown in
Figure 4A, p17 significantly reduces the phosphorylation of FAK and Src, but it has not yet
been confirmed whether the formation of the FAK/Src complex is inhibited. Therefore, a
coimmunoprecipitation assay was used to analyze the effect of coexpression of PTEN and
PTENC124A mutant in p17-transfected cells. Our coimmunoprecipitation results confirmed
that p17 reduces the formation of the FAK/Src complex (Figure 5, left panel). The results
show that, compared with the mock group, overexpression of p17 significantly reduced
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FAK tyrosine phosphorylation and reduced the amount of FAK/Src complex, while co-
overexpression of PTEN can make the inhibitory effect more significant (Figure 5, left and
right panels). This inhibitory effect was not altered in cells coexpressing PTENC124A mutant
and p17 (Figure 5, left and right panels). Taking all findings together, p17 activates the
p53/PTEN pathway to reduce levels of p-FAK(Y379), thereby reducing Src binding to
Tyr-397 and the amount of the FAK/Src complex.
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B16-F10 cancer cells in a time-dependent manner. (A) The expression levels of PTEN and p-FAK in
pCI-neo-p17-transfected cancer cells were analyzed. Whole cell lysates were collected at 0, 6, 12, 18,
and 24 h post transfection for Western blot assays. β-actin was included as a loading control. The
fold activation and inactivation indicated below each lane were normalized against the 0 h sample.
The levels of indicated proteins at 0 h were considered to be 1-fold. Immunoblots were quantitated
by densitometric analysis using ImageJ software and normalized to β-actin. (B) Densitometry
analysis results for Western blots are shown in panel A. Each value represents mean ± SE from three
independent experiments, determined using Duncan’s multiple range test. Similar letters (a, b, c)
denote no significance at p < 0.05.

3.5. p17 Reduces the Expression Levels of TKs5, Rab40b, NCK1, and MMP9 and Suppresses the
Formation of the TKs5/NCK1 Complex

Previous reports have shown that Src can phosphorylate TKs5 at Y557 to promote cell
migration and invadopodia formation [4,34]. TKs4 and TKs5 are Src substrates. They have
been identified as invadopodia organizers [34]. The initiation of invadopodia assembly has
been related to the PI3K activity. Cells treated with PI3K inhibitors or PI3K-specific siRNA
reduced ECM degradation and invadopodia formation [37,38]. Class I PI3K can phospho-
rylate phosphatidylinositol 4,5-bisphosphate [PIP (3.4)2] to create phosphatidylinositol
(3,4,5)-trisphosphate (PIP3) [39] which will recruit kinases involved in invadopodia regula-
tion, such as Akt [38,40]. A previous study suggested that PIP 3 can function as a precursor
lipid for PIP (3.4)2, which localizes to invadopodia in Src-transformed fibroblasts [41]. As
shown in Figure 6A (left and right panels), the levels of p-PI3K, p-Akt, TKs5, Rab40b,
NCK1, and MMP9 all showed a downward trend compared with the control group after
transfection with the pCI-neo-p17 construct. These findings reveal that p17 downregulates
PI3K, Akt, TKs5, Rab40b, NCK1, and MMP9. Moreover, coexpressing the Rab40b protein
in p17-transfected cells reversed the p17-modulated suppression of TKs5 and MMP9, while
the decrease in the p-PI3K and p-Akt levels were slightly reversed (Figure 6A, left panel).
The decreased level of TKs5 by p17 was not altered. Furthermore, by coexpressing the TKs5
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protein, p17-modulated downregulation of MMP9 could be reversed, while the decreased
level of NCK1 by p17 was not altered (Figure 6A, right panel). Interestingly, the decreased
levels of TKs5 and MMP9 were also seen in Akt III-treated cells (Figure 6B), suggesting that
the PI3K/Akt pathway may upregulate TKs5 and MMP9. These findings are consistent
with the previous report suggesting that PTEN dephosphorylates PIP3 and FAK, and it can
inhibit cell growth, invasion, migration, and focal adhesions [35]. To further study whether
depletion of TKS5 and Rab40b affects the downstream MMP9, TKS5 and Rab40b shRNAs
were used. The results showed that p17 reduces the levels of MMP9 and this inhibitory
effect could be further elevated in TKS5 and Rab40b knockdown cells (Figure 6C).
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munoprecipitation assay was used to analyze the effect of coexpression of PTEN and 
PTEN C124A mutant in p17-transfected cells. Our coimmunoprecipitation results confirmed 

Figure 4. ARV p17 protein upregulates PTEN to inhibit the FAK/Src/MMP9 pathway in B16-F10
cancer cells. (A) The expression levels of PTEN, p-FAK, FAK, p-Src, Src, and MMP9 in pCI-neo-
p17-transfected cells were analyzed by Western blots. Whole cell lysates were collected at 24 h post
transfection. β-actin was used as a loading control. The fold activation and inactivation indicated
below each lane were normalized against the mock control. The levels of the indicated proteins in
mock treated cells were considered to be 1-fold. (B) Immunoblots from panel A were quantitated by
densitometric analysis using ImageJ software and normalized to β-actin. Each value represents mean
± SE from three independent experiments, determined using Duncan’s multiple range test. Similar
letters (a, b, c) denote no significance at p < 0.05.
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Figure 5. The ARV p17 activates PTEN, leading to inhibition of the FAK/Src complex formation
in B16-F10 cancer cells. Coimmunoprecipitation experiments of FAK, FAK-pTyr, and Src were
performed. The levels of indicated proteins in cell alone or mock transfection were considered to be
1-fold. Immunoblots from the left panel- were quantitated by densitometric analysis using ImageJ
software. Each value represents mean ± SE from three independent experiments, determined using
Duncan’s multiple range test. Similar letters (a, b, c) denote no significance at p < 0.05.

A previous study suggested that PIP(3.4)2 may recruit the scaffold protein Tks5 by
binding its PX domain, which will target it for localization with cortactin to the cell mem-
brane [42]. After localization, it is thought that Tks5 regulates invadopodia formation by
binding to key actin regulators such as Nck1, Nck2, NWASP, and Grb2, via its third SH3
domain [4,41]. To investigate whether p17 modulates the formation of the TKs5/NCK1
complex, a coimmunoprecipitation assay was carried out. Our data reveal that p17 reduces
the amounts of the TKs5/NCK1 complex, and the inhibitory effect could be moderately
reversed in cells coexpressing p17 and NCK1 (Figure 6D). The results indicate that p17
suppresses the formation of the TKs5/NCK1 complex. Having shown that the p17 protein
downregulates TKs5, Rab40b, and NCK1, we next explored whether p17-modulated de-
creased levels of TKS5 and Rab40b are regulated by the ubiquitin-proteasome-mediated
degradation pathway. Thus, the protease inhibitor MG132 was used to analyze the effect
of MG132 on TKS5 expression levels. The results showed that in the presence of MG132,
the expression levels of TKs5 were not altered in p17-transfected and MG132-treated cells
compared with the p17 transfection group (Figure 6E). To further study whether p17 tran-
scriptionally downregulates the TKs5 and Rab40b genes, the mRNA levels of these genes
in p17-transfected B16-F10 cancer cells were quantified by qRT-PCR. As shown in Figure 6F,
the mRNA levels of TKs5 and Rab40b genes were significantly reduced in p17-transfected
cells, suggesting that p17 transcriptionally downregulates these genes.
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Figure 6. p17 reduces the expression levels of TKs5, Rab40b, NCK1, and MMP9 and suppresses
the formation of the TKs5/NCK1 complex in B16-F10 cancer cells. (A) The levels of p-PI3K, p-Akt,
TKs5, Rab40b, NCK1, and the downstream MMP9 were analyzed by Western blot assays in p17-
transfected or p17/Rab40b and p17/TKs5 cotransfected cells, respectively. The level of indicated
proteins in cell alone was considered to be 1-fold. The fold activation and inactivation indicated
below each lane were normalized against the cell alone group. Immunoblots were quantitated by
densitometric analysis using ImageJ software and normalized to β-actin. (B) The levels of TKs5 and
MMP9 were analyzed in p17-transfected and Akt III-treated cells. (C) The levels of Rab40b, TKs5,
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NCK1, and MMP9 were analyzed by Western blot assays in p17-transfected or p17/Rab40b shRNA
and p17/TKs5 shRNA cotransfected cells, respectively. (D) To examine whether p17 modulates
the formation of the TKs5/NCK1 complex, coimmunoprecipitation assay was performed in p17-
transfected or p17/Tks5-cotransfected cells. (E) To examine whether p17-modulated decreased levels
of TKS5 are regulated by the ubiquitin-proteasome-mediated degradation pathway, the protease
inhibitor MG132 (1 mM) was used to analyze the effect of MG132 on the TKS5 expression level.
The levels of TKs5 were analyzed by Western blot. Cells were transfected with the pCI-neo-p17
plasmid DNA for 6 h, followed by treatment with MG132 (1 mM). (F) The mRNA levels of TKs5 and
Rab40b genes in mock, vector, and p17-transfected cells were analyzed by qRT-PCR. The levels of the
mock group in cell alone were considered to be 1-fold. Each value represents mean ± SE from three
independent experiments, determined using Duncan’s multiple range test. Similar letters (a, b, c)
denote no significance at p < 0.05. Immunoblots from panels (A–E) were quantitated by densitometric
analysis using ImageJ software. The results are shown in Supplementary Figure S2.

3.6. p17 Inhibits the Formation of Invadopodia in B16-F10 Cancer Cells

Even though it has been demonstrated that p17 modulates suppression of TKs5, NCK1,
Rab40b, and MMP9 and reduces complex formation of FAK/Src and TKs5/NCK1 in B16-
F10 cancer cells, the impact of p17 on the formation of invadopodia is not yet clear. Thus,
we next wanted to examine whether p17 inhibits the formation of invadopodia. Colocal-
ization of cortactin and β-actin by immunofluorescence staining and gelatin degradation
assays were performed to analyze whether p17 inhibits the formation of invadopodia, as
described in the Methods section. The results of colocalization of cortactin and β-actin
by immunofluorescence staining reveal that the amount of invadopodia formation was
significantly reduced in the pcDNA3.1-p17-transfected cells compared with the mock
control group (Figure 7A). Coexpression of PTEN in p17-transfected cells significantly
reduced the formation of invadopodia compared with the mock control group (Figure 7A).
Overexpression of PTENC124A, TKs5, and Rab40b significantly increased the formation
of invadopodia (Figure 7A), while coexpression of p17 showed a reversion to invadopo-
dia production (Figure 7A). These findings further confirmed the impact of p17 on the
formation of invadopodia. In gelatin degradation assays, we found that the fluorescent
matrix was decomposed by invadopodia (no fluorescence produced) in cells overexpress-
ing PTENC124A, TKs5, and Rab40b (Figure 7B). The formation of invadopodia could be
reversed in cells coexpressing the p17 protein. p17-modulated suppression of invadopodia
formation was reversed in Csk-knockdown cells. Taken together, our results reveal that
the p17 protein inhibits invadopodia formation by activating the p53/PTEN pathway,
suppressing the FAK/Src pathway, and downregulatingTKs5, Rab40b, NCK1, and MMP9.
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Figure 7. The ARV p17 protein inhibits invadopodia formation in B16-F10 cancer cells. The role of
PTEN or PTENC124A mutant protein in p17-transfected cells was examined. (A) Cells were then fixed
and processed for immunofluorescence staining of DAPI. β-actin staining (red), cortactin (green), and
nuclei (blue) were observed under a confocal microscope. The invadopodia are composed of cortactin
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and β-actin. The yellow dots in the merged panels show invadopodia underneath the cells. The
square shows the further enlargement area (100×). For quantifying the colocalization of cortactin
and β-actin, at least 10 fields of 1 to 2 cells per field were taken for each sample per experiment.
Each experiment was performed at least three times, while the exposure settings were unchanged
during acquisition of various samples. (B) Images showing fluorescent gelatin (green) are from a
gelatin degradation assay performed in B16-F10 cells. To quantify invadopodia activity, black areas of
gelatin degradation were analyzed using ImageJ. The percent of area corresponds to degradation on
a given image and normalized to β-actin. At least 10 fields of 1 to 2 cells per field were taken for each
sample per experiment. Quantification of the degradation area was performed with ImageJ software.
Each value represents mean ± SE from three independent experiments, determined using Duncan’s
multiple range test. Similar letters (a, b, c) denote no significance at p < 0.05. In this study, all original
images are shown in Supplementary Figure S3.

4. Discussion

We previously demonstrated that the ARV p17 protein functions as a nucleoporin Tpr
suppressor resulting in p53 accumulation in the nucleus, thereby activating the downstream
molecules p21 and PTEN [26]. p17-modulated suppression of cell cycle CDK–cyclin com-
plexes results in cell cycle retardation [17,25]. An in vivo tumorigenesis assay also showed
that p17 causes a significant reduction in tumor size [17]. It was also found that p17 sup-
presses angiogenesis by promoting DPP4 secretion [21]. This work provides novel insights
into the mechanisms underlying p17-modulated regulation of related signal pathways to
suppress invadopodia formation.

Our findings reveal that p17-modulated inhibition of the formation of invadopodia
in B16-F10 cancer cells relies on several different mechanisms. First, p17 activates the
p53/PTEN pathway to dephosphorylate FAK at Y397 to inhibit Src binding to FAK at Y397,
which prevents Src phosphorylation of TKs5 at Y557 to promote cell migration and in-
vadopodia formation [34,37]. It was demonstrated that Tks5 functions as a tether mediating
the targeting of transport vesicles containing MMP2 and MMP9 [7]. TKs5 depletion inhib-
ited secretion of MMP2 and MMP9, suggesting that it directly mediates MMP2 and MMP9
secretion [7]. The upstream FAK signaling is involved in functions such as adhesion to the
matrix and cell migration [43]. An earlier report confirmed that PTEN can compete with
other signals at the FAK Y397 phosphorylation site and remove FAK phosphorylation [35],
inhibiting downstream signals. In PTEN-mutated cells, regardless of whether the cells are
in contact with the matrix, FAK will continue to activate Src and other pathways. If a large
amount of exogenous PTEN is expressed, it can inhibit the continued activation of FAK.
Clinical medicine has confirmed that in many malignant tumors, FAK mRNA transcript
levels are 25% to 37% higher than those in normal cells [44]. Since FAK is involved in
many cancers, in recent years, there has been a focus on developing anticancer drugs that
inhibit FAK [45]. The scaffoldings protein TKs5 is essential for the assembly and function
of invadopodia, and it has been confirmed that the TKs5 protein is not required for the
structural composition of invadopodia, but is a key protein for stabilizing invadopodia;
deletion of TKs5 in Src3T3 cells inhibits the stability of podosomes/invadopodia [6,46–48].
It was found that TKs5/FGD1 forms a complex, and activated CDC42 affects cell migration.
If the function of these proteins is lost, MT1-MMP will be unable to function normally.
Therefore, the assembly and matrix degradation of collagenolytic pseudopodia are inhibited,
and the directionality and speed of tumor cell invasion through the ECM are reduced [49].
Furthermore, several studies have confirmed that reducing TKs5 protein in cancer cells
in vitro or in vivo results in reduced cell invasion ability [50,51]. A decrease in Tks4 or Tks5
in cancer cells leads to reduced cell metastasis, suggesting that inhibition of pseudopodia has
an additional antimetastatic effect, leading to further reduction in metastasis efficiency [52].

Second, p17 transcriptionally downregulates TKs5, Rab40b, and NCK1 to reduce the
formation of TKs5/NCK1 or TKs5/Rab41b complexes, thereby suppressing the formation
of invadopodia. It was found that TKs5 forms a complex with Rab40b or NCK1 to regulate
invadopodia production and maturation [37]. A previous study suggested that NCK1
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activity is important for invadopodia formation and degradation of the external matrix
in metastatic breast cancer cells and melanoma cells [53]. TKs5 regulates invadopodia
formation by binding to key actin regulators such NCK1 [4,34]. Third, in addition to the
p53/PTEN and FAK/Src/Tsk5 signaling axis, our results suggest a mechanism whereby
p17 exerts a negative effect on the PI3K/Akt pathway. PI3K can phosphorylate PIP (3.4)2
to generate phosPIP3 [39], which will recruit kinases involved in invadopodia regulation,
such as Akt [38,40]. A recent study suggested that Rab40b can recognize and bind to TKs5
located at the end of invadopodia, and will carry MMPs to vesicles to guide the release of
invadopodia [7]. TKs5 prompts Rab40b to intervene in the transport of MMP2/MMP9 in
the formation of invadopodia [7].

Previous studies have confirmed that highly invasive cancer cells form protruding
structures called invadopodia that aggregate actin and degrade ECM [54]. The structure
of invadopodia is mainly composed of two different types of actin, β-actin, and cortactin,
surrounded by a ring structure rich in actin-binding proteins, N-WASP, and cofilin [3,55].
The resulting invadopodia penetrates deep into the ECM and breaks it down to assist cell
migration. In this work, wound healing assays, invadopodia detection by ß-actin and cor-
tactin immunofluorescence staining, and gelatin degradation assays clearly demonstrated
that p17 inhibits cell migration and the formation of invadopodia. It was suggested that
after cofilin and Arp2/3 conjugates polymerize downstream proteins and actin, cortactin is
dephosphorylated, which is necessary to stabilize the invadopodium precursor. In turn,
stabilization is required to enable invadopodium [56]. Future studies can further explore
whether p17 protein is a cofilin and Arp2/3 complex.
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Abstract: Parrot bornavirus (PaBV) is an infectious disease linked with proventricular dilatation
disease (PDD) with severe digestive and neurological symptoms affecting psittacine birds. Despite
its detection in 2008, PaBV prevalence in Taiwan remains unexplored. Taiwan is one of the leading
psittacine bird breeders; hence, understanding the distribution of PaBV aids preventive measures
in controlling spread, early disease recognition, epidemiology, and transmission dynamics. Here,
we aimed to detect the prevalence rate of PaBV and assess its genetic variation in Taiwan. Among
124 psittacine birds tested, fifty-seven were PaBV-positive, a prevalence rate of 45.97%. Most of the
PaBV infections were adult psittacine birds, with five birds surviving the infection, resulting in a low
survival rate (8.77%). A year of parrot bornavirus surveillance presented a seasonal pattern, with peak
PaBV infection rates occurring in the spring season (68%) and the least in the summer season (25%),
indicating the occurrence of PaBV infections linked to seasonal factors. Histopathology reveals severe
meningoencephalitis in the cerebellum and dilated cardiomyopathy of the heart in psittacine birds
who suffered from PDD. Three brain samples underwent X/P gene sequencing, revealing PaBV-2 and
PaBV-4 viral genotypes through phylogenetic analyses. This underscores the necessity for ongoing
PaBV surveillance and further investigation into its pathophysiology and transmission routes.

Keywords: parrot bornavirus; proventricular dilatation diseases; prevalence rate; infectious disease
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1. Introduction

Parrot bornaviruses (PaBV), namely parrot bornaviruses 1 to 8, are from the family
of Bornaviridae, and the genus of Orthobornavirus has two viral species: Orthobornavirus
alphapsittaciforme and Orthobornavirus betapsittaciforme [1]. Orthobornavirus alphapsittaciforme
has six genotypes, which are PaBV-1 to -4, -7, and -8, while Orthobornavirus betapsittaciforme
has two genotypes, PaBV-5 and -6 [1]. Although PaBV-1 to -8 are known in psittacine/parrot
birds (order Psittaciformes), other avian bornaviruses host specific orders of birds. Canary
bornaviruses 1 to 3 (CnBV-1 to CnBV-3) and munia bornavirus 1 (MuBV-1) belong to
Orthobornavirus serini and estrildid finch bornavirus 1 (EsBV-1) belongs to Orthobornavirus
estrildidae for passerine birds (order Passeriformes). In aquatic birds (orders Anseriformes
and Charadriiformes), aquatic bornaviruses 1 and 2 (ABBV-1 and ABBV-2) are viral species
of Orthobornavirus avisaquaticae [1]. Aside from avian host species, orthobornaviruses of
mammalian and reptilian species were also reported. Orthobornaviruses of mammals
such as Borna disease viruses 1 and 2 (BoDV-1 and -2) are viral species of Orthobornavirus
bornaense, and variegated squirrel bornavirus 1 (VSBV-1) is a viral species of Orthobornavirus
sciuri. Lastly, orthobornaviruses in snakes such as Caribbean watersnake bornavirus
(CWBV) and Mexican black-tailed rattlesnake bornavirus (MRBV) are viral species of
Orthobornavirus caenophidiae and Loveridge’s garter snake virus 1 (LGSV-1) is a viral species
of Orthobornavirus elapsoideae [1]. Recently, a new avian bornavirus was reported, barn
owl bornavirus 1 (BoBV-1), with 83% viral sequence similarity with CnBV-2 and being
detected in a barn owl (Tyto alba), suggesting a wider host range of Orthobornavirus serini [2].
Another report detected that avian bornaviruses in rgw Himalayan monal (Lophophorus
impedance) and white-bellied caique (Pionites leucogaster) housed outside with eight other
parrots (Amazona spp. and Cacatua spp.) have 100% matrix gene similarity with PaBV-4 [3].
Further surveillance, prevalence, and sequence reports on avian bornavirus are beneficial
in further classifying and understanding their host range.

Parrot bornavirus is the causative agent of proventricular dilatation disease (PDD),
and infection leads to a chronic neurological and digestive disorder in psittacine birds.
PaBV presence has been reported in Brazil [4–6]; Germany [7–11]; France and Spain [9];
Portugal [12]; the Netherlands [8]; Sweden [13]; Austria, Switzerland, Hungary, and
Australia [14]; the United States [15–18]; Canada [19,20]; South Africa [21]; the Czech
Republic and Slovakia [22]; Qatar [23]; Israel [18]; Malaysia [24]; Thailand [25]; China [26];
South Korea [27]; and Japan [28,29]. The detection rates of PaBV vary significantly among
these countries. Viral RNA detection through RT-qPCR has become the standard due to
its low contamination risk and high sensitivity and specificity, while feces samples have
been the most available for PaBV detection [1,30]. Currently, no studies have been available
regarding the detection of PaBV infection cases in Taiwan.

In Taiwan, psittacine birds are the main pet birds and the majority of psittacine bird
owners have more than one psittacine bird. Taiwan is also one of the leading exporters of
parrots in global trade and has the largest number of naturalized or breeding psittacine
birds [31,32]. With the great population of psittacine birds and the global lead in breeding,
it is essential to understand the presence of infectious-disease-causing agents such as
PaBV. This will provide insight into initial evidence of the potential risk that PaBV carries,
especially in Taiwan’s psittacine birds.

In Taiwan, there has been scarce available information regarding PaBV infection
cases. Moreover, due to the high economic value of psittacine birds which are favored as
companion pets in Taiwan, it is essential to further investigate the infectious virus, thus
highlighting the importance of PaBV investigation. Hence, the presence and surveillance of
PaBV across Taiwan are of significant importance in PaBV investigations and prevention. In
this study, we screened one hundred twenty-four feces of captive psittacine birds collected
for a year to report the prevalence rate of PaBV infection cases in Taiwan. Likewise, the
sequencing of the PaBV X/P gene from a brain sample revealed the genotypes present
in Taiwan. Furthermore, histopathology and radiograph images provide some insight
into the nature of the proventriculus, cerebellum, and heart due to PaBV infection. This
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study underscores the critical need for ongoing surveillance and investigation into PaBV
infection cases in Taiwan, particularly given the economic significance and popularity of
psittacine birds as companion pets. By understanding the prevalence rates, genotypes, and
pathological effects of PaBV, we can better inform prevention strategies and safeguard both
psittacine birds of Taiwan.

2. Materials and Methods
2.1. Sample Collection

One hundred twenty-four psittacine feces samples used in this study were freshly
collected by the veterinarian at Xing Yu Animal Hospital, Linyuan District, Kaohsiung
City, Taiwan, or directly from the private psittacine owner’s or breeder’s house where
the psittacine bird is housed and following the permission of the psittacine owners. For
psittacine birds housed together, they were separated first and fresh feces were collected
immediately after dropping. Clinal organs such as the brain, lung, pancreas, stomach,
intestine, liver, eye, kidney, heart, muscle, and proventriculus from three psittacine birds
that suffered from PaBV were donated for necropsy and RT-qPCR detection in different
organ tissue. All the samples were placed in an ice bath right after collection and stored in a
−80 ◦C Ultra-Low-Temperature Freezer (MDF-DU302VX-PA, TwinGuard, PHCBI, Gunma,
Japan). The collection and sample handling guidelines were followed and approved
by NPUST-IACUC. The sample collection started in June of 2022 and lasted until May
2023. Several psittacine birds with severe clinical symptoms of proventricular dilation
disease (PDD) were screened through X-ray scans (E7239X, RotanodeTM, Toshiba, Otawara,
Japan) for their proventriculus size. Feces or clinical organ samples were prepared as
20% homogenates with 1x Phosphate-Buffered Solution (PBS), incubated for 30 min, and
centrifuged (Centrisart A-14C, Sartorius, Göttingen, Germany) for 12,000× g for 15 min at
4 ◦C, and then the clarified supernatants were collected for RNA extraction and the excess
was stored at −80 ◦C.

The 124 collected feces samples were as follows: 2 were from Taipei City (2/124;
1.61%), 2 were from Taoyuan City (2/124; 1.61%), 9 were from Taichung City (9/124; 7.26%),
1 was from Changhua County (1/124; 0.81%), 3 were from Yunlin County (3/124; 2.42%),
1 was from Nantou County (1/124; 0.81%), 7 were from Chiayi City (7/124; 5.65%), 3 was
from Chiayi County (3/124; 2.42%), 16 were from Tainan City (16/124; 12.9%), 48 were from
Kaohsiung City (48/124; 38.71%), and 32 were from Pingtung County (32/124; 25.81%).
Altogether, the species of psittacine birds sampled were as follows: 2 Agapornis sp. (2/124;
1.61%), 1 Agapornis pullarius (1/124; 0.81%), 2 Amazona aestiva (2/124; 1.61%), 9 Amazona
ochrocephala (9/124; 7.26%), 2 Ara severus (2/124; 1.61%), 3 Ara auricollis (3/124; 2.42%),
2 Cacatua alba (2/124; 1.61%), 3 Cacatua ducorpsii (3/124; 2.42%), 3 Cacatua ophthalmica
(3/124; 2.42%), 1 Cacatua moluccensis (1/124; 0.81%), 10 Diopsittaca nobilis (10/124; 8.06%),
11 Aratinga solstitialis (11/124; 8.87%), 7 Eclectus roratus (7/124; 5.65%), 1 Eolophus roseicapil-
lus (1/124; 0.81%), 1 Ara ararauna (1/124; 0.81%), 4 Melopsittacus undulatus (4/124; 3.23%),
7 Myiopsitta monachus (7/124; 5.65%), 16 Nymphicus hollandicus (16/124; 12.9%), 4 Pionites
leucogaster (4/124; 3.23%), 2 Pionus maximiliani (2/124; 1.61%), 1 Poicephalus gulielmi (1/124;
0.81%), 5 Psittacula krameri (5/124; 4.03%), 26 Psittacus erithacus (26/124; 20.97%), and
1 Pyrrhura molinae (1/124; 0.81%).

2.2. Detection of Parrot Bornavirus
2.2.1. RNA Extraction

The RNA was extracted from the supernatant samples of 1XPBS homogenized feces
of 124 psittacine birds following the manufacturer’s instructions of R.T.U REzolTM C&T
(Protech, Taipei, Taiwan, KP200CT) with slight modification. An amount of 500 µL of the
feces supernatant was mixed with 500 µL of REzolTM C&T in 1.5 mL sterile microcentrifuge
tubes (JetBiofil, Guangzhou, China, CFT100015), shaken vigorously for 15 s, and incubated
for 5 min, and then 100 µL of chloroform was added, shaken for 15 s, incubated for 2 min,
and centrifuged for 12,000× g for 15 min at 4 ◦C. A 500 µL colorless upper aqueous
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phase was collected and transferred in a new microcentrifuge tube, added with 500 µL
of isopropanol (Honeywell Burdick & Jackson, Ulsan, Republic of Korea, AH323-4) with
gentle mixing, incubated for 10 min, and centrifuged for 12, 000× g for 10 min at 4 ◦C,
and isopropanol supernatant was discarded. The RNA precipitate pellets were washed
with 1 mL of 75% ethanol (Echo, Miaoli, Taiwan) by vortex-mixing for 2 s and centrifuged
for 5 min at 12,000× g for 4 ◦C, ethanol supernatant was discarded, and RNA pellets
were air-dried for 15 min or more if required. Dried RNA pellets were dissolved in
50 µL of UltraPure DEPC (Protech, Taipei, Taiwan, PT-P560-500) and quantified using
NanoDrop2000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).

2.2.2. Reverse Transcription–Quantitative Polymerase Chain Reaction

The 124 freshly collected feces samples were extracted for RNA immediately and
tested for PaBV through RT-qPCR. Clinical organ samples such as the brain, kidney, eyes,
stomach, lung, intestine, liver, pancreas, and heart from three psittacine birds donated to our
lab were also subjected to RT-qPCR. The RT-qPCR detection for parrot bornavirus (PaBV)
was performed in a StepOne™ Real-Time PCR System Thermal Cycling Block (Applied
Biosystems, Thermo Fisher Scientific, Marsiling, Singapore) using the qPCRBIO Probe 1-
Step Go Hi-ROX kit (PCR Biosystems, London, UK, PB25.42) following the manufacturer’s
instructions with slight modification. Each reaction contained 5 µL of 2x qPCRBIO Probe
1-Step Go Mix, 0.4 µL of reverse and forward primers each with concentrations of 10 µM,
0.2 µL of the probe at 10 µM concentration, 1.5 µL of UltraPure DEPC water (Protech,
Taipei, Taiwan, PT-P560-500), and 2.5 µL of RNA extracted from feces samples in a total
reaction volume of 10 µL. The thermal cycle was as follows: 45 ◦C for 10 min for reverse
transcription, 95 ◦C for 2 min for polymerase activation, and 40 cycles of 95 ◦C for 5 s
and 60 ◦C for 30 s for denaturation and annealing/extension. The primers and the probe
(Genomics BioSci & Tech, New Taipei City, Taiwan) used for RT-qPCR detection were
as follows: for the forward primer, BornaPCA3 (5′-GATCCGCAGACAGYACGT-3′) was
used; for the reverse primer; BornaPCA6 (5′-GAGATCATGGANGGRTTCTT-3′) was used;
and for the probe, BornaP_Fam (5′-FAM-CGAATWCCCAGGGAGGCYCT-BHQ1-3′) was
used, specific for PaBV-1, PaBV-2, PaBV-4, and PaBV-7 detection with a product size of
125 bp [30].

2.2.3. Gel Electrophoresis

The RT-qPCR products underwent gel electrophoresis to further confirm the detection
of parrot bornavirus. An amount of 1.5 g of Biotechnology Grade Agarose I (VWR Chemi-
cals, Solon, OH, USA, 97062-250) was dissolved in 100 mL of 0.5x Tris-borate-EDTA (TBE)
solution, microwave-heated (RE-0711, Sampo, Taoyuan, Taiwan) for 2 min, shaken for
10 s, microwaved-heated for 2 min, shaken for 10 s, added with 5 µL of EtB”Out” Nucleic
Acid Staining Solution 2.0 (Yeastern Biotech, Taipei City, Taiwan, FYD007-200P), shaken
for 10 s to mix, and placed in a mold to solidify for 15 min. A Mupid®-2plus Submarine
Electrophoresis System (Advance, Tokyo, Japan) was used for gel electrophoresis with a
run time of 5 min for half voltage followed by 25 min for full voltage with 0.5x TBE running
buffer, enough to submerge and cover the gel. The RT-qPCR products were added with
1 µL of 6x DNA Loading Dye (GeneMarkbiolab, Taichung, Taiwan, DL02), and 100 bp of
DNA Ladder (Bio-Van, New Taipei City, Taiwan, M0100) was used. The gel band was
viewed through a UV Transilluminator (MUV21-312, Major Science, Taoyuan City, Taiwan)
compound with UV Imager (CI-01, Major Science, Taoyuan City, Taiwan), visualized with
Major Science 1D Analysis software version 1.0 at 24x integration, and the gel band image
was captured using a mono camera (MTV-12V6HE-R, Mintron, New Taipei City, Taiwan)
with an 8.5–51 mm F1.2 lens (SSL85051M, Avenir Lens, Seiko, Tokyo, Japan).

2.3. Histopathological Examination

Donated clinical cerebellum and heart samples of deceased psittacine birds due to
proventriculus dilatation disease were fixed with 10% phosphate buffer formalin solution
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and embedded in paraffin. A hematoxylin–eosin (H&E) stain was used for every 5 µm
thick tissue sample. The samples were observed under a light microscope (Eclipse E200,
Nikon, Shonan, Japan), and images were obtained using a Nikon DS-L2 camera (Nikon,
Shonan, Japan).

2.4. Transmission Electron Microscope

1x PBS-homogenized brain samples were centrifuged for 10 min at 4000× g at 4 ◦C
followed by 12,000× g at 4 ◦C for 30 min. The supernatant was passed through a 0.22 µm
Millex®-GV filter (Merck Millipore, Carrigtwohill, Ireland, PR05099). Then, the virus was
concentrated through polyethylene glycol 6000 (Alfa Aesar, Karlsruhe, Germany, 10212393)
with 10% w/v, centrifuged at 3500× g for 5 min, and then 1.45 g of NaCl (Showa Chemical,
Tokyo, Japan, KGE-343A) at 1 M was added for every 20 mL of virus supernatant. It was
incubated overnight with shaking at 4 ◦C. Afterwards, it was centrifuged in 10,000× g
for 30 min, the supernatant was discarded, and pellets were dissolved with 1x PBS. The
virus solution was allowed to settle in a formvar/carbon 200-mesh copper grid (Ted Pella,
Redding, CA, USA, 01800-F) for 30 s and coated with 2% aqueous uranyl acetate solution
(Spi-Chem, Structure Probe, West Chester, PA, USA, 02624-AB) for 45 s. Excess stain
was removed and the specimen was examined using an H-7500 transmission electron
microscope (Hitachi, Tokyo, Japan).

2.5. PCR Amplification of the X/P Region and Sequencing

Following the manufacturer’s instruction, RNA-extracted residue from three PaBV-
positive donated brain samples was converted to cDNA using the qScript® cDNA Syn-
thesis Kit (Quantabio, Hilden, Germany, 95047). PaBV X/P region primer (forward:
5′-CTCAATGGCACGGCCCTC-3′ and reverse: 5′-GGCCATCCAGGAACAATTACC-3′)
was designed through NCBI Primer-BLAST using PaBV sequences with accession ID
NC_039189.1, NC_028106.1, FJ620690.1, EU781967.1, NC_030688.1, JX065209.1, GU249596.2,
and NC_030689.1. The P Fast-Pfu 2X PCR SuperMix (AllBio, Taichung, Taiwan,
ABTGMBP03-100) produced X/P amplicons following the manufacturer’s instructions.
Each reaction has 1 µL of forward and reverse primer at 10 µM concentrations, 25 µL of
P Fast-Pfu 2X PCR SuperMix, 18 µL of UltraPure DEPC water (Protech, Taipei, Taiwan,
PT-P560-500), and 5 µL of cDNA in a total reaction of 50 µL. A Blue-Ray Biotech Turbo
Cycler (Blue-Ray Biotech, Taipei City, Taiwan) was used for the PCR with thermal cycling
conditions of 94 ◦C for 5 min as the initial denaturation, followed by 40 cycles of 94 ◦C for
30 s, 60 ◦C for 30 s, 72 ◦C for 1 min, and a final extension at 72 ◦C for 10 min. The PCR
amplicon product size was 682 pb, amplicons were run in 1.5% agarose gel electrophoresis,
and the band was sliced with a 200 mg weight and then sent to Genomics BioSci & Tech,
New Taipei City, Taiwan, for sequencing. X/P amplicons were sequenced through the
Sanger sequencing approach (Genomics BioSci & Tech, New Taipei City, Taiwan).

2.6. Phylogenetic Analysis

Alignments of X/P gene sequences were performed using the MUSCLE algorithm
at 1000 bootstrap replicates of MEGA 11.0.13 software. Using available Orthobornavirus
sequences, phylogenetic analyses were performed through the maximum likelihood algo-
rithm and GTR + I model at 1000 bootstrap replicates.

3. Results

One hundred twenty-four (124) fecal samples were tested for PaBV, of which 2 were
from Taipei City, 2 were from Taoyuan City, 9 were from Taichung City, 1 was from
Changhua County, 3 were from Yunlin County, 1 was from Nantou County, 7 were from
Chiayi City, 3 was from Chiayi County, 16 were from Tainan City, 48 were from Kaohsi-
ung City, and 32 were from Pingtung County (Figure 1). Altogether, the feces-sampled
psittacine birds were privately owned or breeding birds and were mostly contained in their
appropriate cages. Not long after testing positive with PaBV RT-qPCR detection, the birds
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passed away (around 1 week–2 months). Most PaBV-positive birds were observed with
digestive symptoms (loss of appetite, weight loss, emaciation, undigested seeds shedding
in feces, diarrhea, proventriculus dilation, and delayed crop emptying) and neurological
symptoms (incoordination, seizure, tremor, lameness, and retinitis).
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A total of 124 psittacine birds were subjected to PaBV detection, and 57 (57/124;
45.97%) were positive for PaBV. The CT values ranged from 19.93 to 31.81. PaBV-positive
cases were as follows: 2 from Taoyuan City (2/2; 100%), 1 from Taichung City (1/9; 11.11%),
2 from Yunlin County (2/3; 66.67%), 6 from Chiayi City (6/7; 85.71%), 1 from Chiayi County
(1/1; 100%), 14 from Tainan City (14/16; 87.5%), 17 from Kaohsiung City (17/48; 35.42%),
and 14 from Pingtung County (14/32; 43.75%) (Figure 1). Only five out of the fifty-seven
PaBV-positive birds (5/57; 8.77%) survived PaBV infection, with observed proventricular
dilatation, of which there were 2 from Tainan, 1 from Kaohsiung, and 2 from Pingtung,
suggesting a high fatality rate (52/57; 91.23%) and mortality rate (52/124; 41.94%). Sample
collection started from June of 2022 to May of 2023. The highest PaBV-positive rate was
observed in April of 2023 (21/25; 84%) followed by October of 2022 and February of
2023 (2/3; 66.67% and 5/7; 71.4%), while zero positive cases were observed in January
of 2023 (Figure 2). During the summer season (June to August), there were 25% (8/32)
PaBV-positive cases, with 32% (8/25) during the fall season (September to November) and
41% (7/17) during the winter season (December to February), and an increasing trend was
observed up to 68% (34/50) in the spring season (March to May). Most psittacine birds were
companion birds, spending most of their time indoors or housed outdoors. These findings
underscore the significant impact of PaBV infection on psittacine birds, highlighting the
importance of continued monitoring and preventive measures to mitigate the high fatality
and mortality rates associated with the disease.
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PaBV-infection cases were found to be highest with Psittacus erithacus psittacine bird
species (11/57; 19%) followed by Nymphicus hollandicus (8/57; 14%) and Aratinga solstitialis
(8/57; 14%) (Table 1). The rest of the PaBV-positive rates per psittacine species were as
follows: 7% (4/57) for each species of Myiopsitta monachus, Diopsittaca nobilis, and Amazona
ochrocephala; 4% (2/57) for each species of Cacatua ophthalmica, Eclectus roratus, Ara severus,
Pionites leucogaster, Amazona aestiva, Agapornis sp., and Psittacula krameri; and 2% (1/57)
for each species of Poicephalus gulielmi, Pyrrhura molinae, Melopsittacus undulatus, and
Cacatua moluccensis.
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Table 1. List of PaBV-positive rates in different psittacine species.

Psittacine Species of PaBV-Positive Count Rate

Psittacus erithacus 11 19%

Nymphicus hollandicus and Aratinga solstitialis 8 14%

Diopsittaca nobilis, Myiopsitta monachus, and Amazona ochrocephala 4 7%

Cacatua ophthalmica, Eclectus roratus, Ara severus, Pionites leucogaster,
Amazona aestiva, Agapornis sp., and Psittacula krameri 2 4%

Poicephalus gulielmi, Pyrrhura molinae, Melopsittacus undulatus, and
Cacatua moluccensis 1 2%

The ambiguity surrounding the age and sex of the psittacine birds often reflects on their
adoption, mostly without prior information. Most of the PDD-suffering birds were adults,
1 year old and up. Based on thirty-one (31) identified sexes of the psittacine birds, 64.52%
(20/31) were male and 35.48% (11/31) were female (Table 2). Mutual symptoms were
weight loss, crop stasis, maldigestion, and proventriculus dilation followed by depression
and regurgitation. Seizure was only observed in one identified male bird (case no. 2302013),
while both ataxia and tremor were observed in 25% (5/20) of the males, and for females,
and 18.18% (2/11) ataxia and 45.45% (5/11) tremor symptoms were observed.
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Table 2. Summary of information for PaBV-positive cases. CT values were obtained from
feces samples.

Case
Number Bird Species Location Age Sex CT Symptoms

2206003 Myiopsitta monachus Renwu, Kaohsiung 1 y - 27.47 a b c d e

2208002+ Amazona ochrocephala Changjhih, Pingtung 3.5 y Female 27.83 a b d e

2208008+ Amazona ochrocephala Changjhih, Pingtung 3.5 y Male 24.54 a b d e

2208023 Diopsittaca nobilis Changjhih, Pingtung 2 y - 23.99 a b c d e

22080061+ Cacatua ophthalmic Yongkang, Tainan 1 y - 28.43 a b d e

22080071 Cacatua ophthalmica Yongkang, Tainan 1 y - 27.30 a b d e h

22080091 Diopsittaca nobilis Changjhih, Pingtung 2 y - 27.26 a b c d e h

2208013+ Psittacus erithacus Renwu, Kaohsiung 4 y Male 27.38 a b c d

2209009 Pionites leucogaster Taibao, Chiayi - - 27.54 a b d e

2210003 Nymphicus hollandicus Yongkang, Tainan 3 y Male 26.81 a b c d e

2210004 Eclectus roratus Linyuan, Kaohsiung - Male 27.89 a b d e

22110011 Amazona ochrocephala Changjhih, Pingtung 3.5 y Male 26.43 a b d e

22110012 Ara severus Changjhih, Pingtung 1.5 y Male 27.48 a b d e

22110013 Ara severus Changjhih, Pingtung 1.5 y Female 29.00 a b d e

22110014 Amazona ochrocephala Changjhih, Pingtung 3.5 y Female 27.40 a b d e

2301024 Nymphicus hollandicus Gangshan, Kaohsiung 4 y Female 26.36 a b c d e h

2212037 Poicephalus gulielmi Alian, Kaohsiung - - 29.34 a b c d e

2212064 Pyrrhura molinae Dapi, Yunlin - - 30.29 a b c d e

2302010 Diopsittaca nobilis Pingtung, Pingtung - Female 23.47 a b c d e

2302013+ Psittacus erithacus Yongkang, Tainan 5 y Male 27.88 a b d e f g

2302017 Psittacus erithacus Yongkang, Tainan 3 y Female 27.66 a b c d e h

2302025 Nymphicus hollandicus Gangshan, Kaohsiung 1 y Female 28.25 a b c d e

2302026 Nymphicus hollandicus Gangshan, Kaohsiung 1 y Male 28.48 a b c d e h
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Table 2. Cont.

Case
Number Bird Species Location Age Sex CT Symptoms

2303007 Psittacus erithacus Yongkang, Tainan 3 y Male 27.68 a b c d e

2303008 Melopsittacus undulatus Chiayi, Chiayi - Female 28.31 a b c d e

2303013 Agapornis sp. Gangshan, Kaohsiung - Male 29.30 a b d e g h

2303014 Agapornis sp. Gangshan, Kaohsiung - Male 28.97 a b d e

2303017 Eclectus roratus Linyuan, Kaohsiung - Male 24.34 a b c d e

2303019 Psittacus erithacus Fengshan, Kaohsiung 3 y Female 27.66 a b c d e h

2303023 Nymphicus hollandicus Nanzi, Kaohsiung - Male 29.80 a b c d e

2303030 Psittacula krameri Taoyuan, Taoyuan - Male 25.13 a b d e

2304002 Nymphicus hollandicus Fengshan, Kaohsiung - - 22.80 a b c d e

2304003 Psittacus erithacus Yongkang, Tainan 4 y Male 31.32 a b d e

2304004011 Myiopsitta monachus Xiaogang, Kaohsiung - - 24.91 a b c d e

2304004021 Myiopsitta monachus Xiaogang, Kaohsiung - - 19.93 a b c d e

2304005 Myiopsitta monachus Wantan, Pingtung - - 26.25 a b d e

2304006 Aratinga solstitialis Wantan, Pingtung - - 23.51 a b d e

2304007 Diopsittaca nobilis Taoyuan, Taoyuan - Male 28.68 a b c d e

2304008 Psittacus erithacus Yanchao, Kaohsiung - Female 27.76 a b c d e g h

2304015 Psittacula krameri Yongkang, Tainan - - 28.30 a b d e

2304018 Pionites leucogaster Yongkang, Tainan - - 28.93 a b d e

2304019 Aratinga solstitialis Yongkang, Tainan - - 29.78 a b d e

2304020 Amazona aestiva Yongkang, Tainan - - 30.05 a b d e

2304021 Aratinga solstitialis Yongkang, Tainan - - 30.15 a b d e

2304022 Amazona aestiva Yongkang, Tainan - - 28.79 a b c d e

2304025 Nymphicus hollandicus Wujih, Taichung - - 29.32 a b c d e

2304026 Nymphicus hollandicus Qianzhen, Kaohsiung - - 29.49 a b c d e

2304028 Aratinga solstitialis Chiayi, Chiayi - - 28.46 a b d e g h

2304029 Aratinga solstitialis Chiayi, Chiayi - - 28.87 a b d e

2304030 Aratinga solstitialis Chiayi, Chiayi 3 y Male 28.94 a b d e

2304031 Aratinga solstitialis Chiayi, Chiayi - - 31.15 a b d e

2304032 Aratinga solstitialis Chiayi, Chiayi - - 30.16 a b d e

23050071 Psittacus erithacus Wantan, Pingtung - Male 30.40 a b c d e g h

23050081 Psittacus erithacus Wantan, Pingtung - Male 31.81 a b c d e g h

2305009 Psittacus erithacus Wantan, Pingtung - Male 27.25 a b c d e g h

2305025 Psittacus erithacus Dapi, Yunlin - Female 28.92 a b c d e g h

2305026 Cacatua moluccensis Yanshui, Tainan - - 28.57 a b c d e g h

(-) The information is unknown. Symptoms: weight loss (a), crop stasis (b), regurgitation (c), maldigestion (d),
depression (e), seizure (f), ataxia (g), and tremors (h). (+) The bird successfully recovered from the infection.

Additionally, psittacine birds with obvious and severe PDD clinical symptoms were
subjected to X-ray scans to screen digestive organs, specifically proventriculus dilatation,
observed in Figure 3A, while Figure 3B displays a proventriculus of a healthy psittacine bird.
The proventriculus diameter could determine the short-term survival of psittacine birds
with gastric implications. The normal range of the proventricular diameter-to-dorsoventral
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keel height ratio score was 0.200–0.476 [33,34], among the PDD-suffering birds a range from
the proventricular diameter-to-dorsoventral keel height recorded exceeded the normal
range, from 0.681–0.981 implying their poor survival.
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Figure 3. (A) X-ray scan of a proventriculus dilation (PD), 31.4 mm, and intestine, 6.4 mm and 6.1 mm;
and (B) a normal proventriculus. Two radiographic images clearly illustrate the difference in the
proventriculus diameter of a PDD-suffering psittacine bird compared to a healthy psittacine bird.

The elevated presence of lymphocytes in the cerebellum as shown in Figure 4A uncov-
ers that PaBV-positive birds had a severe and diffused meningoencephalitis in contrast with
a PaBV-negative cerebellum of a psittacine bird in Figure 4B. In Figure 4C, the psittacine
bird suffered from PDD/AGN and PaBV-positive birds demonstrate dilated cardiomyopa-
thy in the heart and extensive degeneration to necrosis of the myocardium. A transmission
electron image of the PaBV is observed in Figure 5A, where the size ranges from 82.9 nm to
113 nm. Parrot bornaviruses are membrane viruses that allow them to enlarge or contract
in size. The shedding of undigested seeds and diarrhea symptoms in feces were observed
among PDD-suffering psittacine birds as a clinical symptom of gastric implications or
digestive disorder (Figure 5B). At the same time, physiological symptoms such as tilting
of the head, twitching of the eyes, and loss of balance were observed (Figure 5C,F). The
twitching of the eyes and the rousing of the feathers indicate the discomfort of the bird
(Figure 5C). Typical loss of balance is due to ataxia or loss of muscle, limiting the bird from
grabbing and climbing. A 125 bp RT-qPCR product for PaBV detection was further con-
firmed in gel electrophoresis for gel band viewing. Figure 5D displays the gel band image
for the lung, intestine, brain, eye, proventriculus, stomach, heart, kidney, liver, pancreas,
muscle, and feces samples. Likewise, a clinical symptom of proventriculus dilation causing
thinning of the gastrointestinal wall with undigested seeds was observed in Figure 5E of
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a PaBV-positive bird after suffering from PDD. The proventriculus measured about 6 cm
in length over one-third to the overall length of the bird (about 18 cm) and had a 0.915
proventricular diameter-to-dorsoventral keel height ratio, exceeding the normal range
for the proventricular diameter-to-dorsoventral keel height score. The diverse clinical
manifestations observed in PaBV-positive psittacine birds, ranging from severe menin-
goencephalitis to gastrointestinal complications, underscore the multifaceted nature of the
disease and the need for comprehensive veterinary care and management strategies.
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Figure 4. (A) Histopathological image at 10× and 40×magnification of the cerebellum with severe
and diffuse lymphocytes indicating severe meningoencephalitis of PaBV-infected psittacine bird
suffering from PDD/AGN (a: lymphocytes and b: red blood cells), and (B) histopathological image of
the cerebellum of psittacine birds negative to PaBV infection or any signs of digestive or neurological
disorders. (C) Histopathological image at 10× and 40× magnification of the heart from a PaBV-
positive psittacine bird suffering from PDD/AGN with extensive degeneration to necrosis of the
myocardium and dilated cardiomyopathy can be observed.
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Figure 5. (A) Transmission electron microscopy image of the PaBV at 200,000× magnification, with 
a diameter of 82.9 nm and 113 nm. (B) Feces droppings with shedding of undigested seeds (red Figure 5. (A) Transmission electron microscopy image of the PaBV at 200,000× magnification, with a

diameter of 82.9 nm and 113 nm. (B) Feces droppings with shedding of undigested seeds (red arrow).
(C) Red-shouldered macaw (Diopsittaca nobilis) suffering from proventriculus dilation and showing
neurological signs; discomfort can be seen in the twitching of the eyes. (D) Gel band image of the
RT-qPCR product, 125 bp, for PaBV detection in lung, intestine, brain, eye, proventriculus, stomach,
heart, kidney, liver, pancreas, muscle, and feces samples from case number 2301024. (E) Dilated
proventriculus with a thin wall containing undigested seeds, about 6 cm in length, of a red-shouldered
macaw (Diopsittaca nobilis) enduring proventriculus dilatation disease. (F) Photo of an African grey
parrot (Psittacus erithacus) unable to balance right before it fell due to loss of control of the left leg
(red arrow).

70



Viruses 2024, 16, 805

For further analysis, the three brain samples (Bird cases 2208023, 2301024, and 2302010)
were amplified for their X/P gene with 682 bp in length. Prior to X/P gene amplifications,
the brain samples were tested for PaBV through RT-qPCR with CT values of 18.59, 12.49, and
5.15 (Table 3 and Figure 5D). The organs were collected several days after the decease of the
psittacine birds affecting viral RNA load and CT values in different organs. The brain has
consistently low CT values reflecting high viral load and a much more suitable source for
PCR amplification of the X/P gene. Therefore, it was selected for X/P gene amplification.

Table 3. Summary of the CT values in different organs for PaBV detection.

Case No. Genotype Brain Lung Pancreas Stomach Intestine Liver Eye Kidney Heart Muscle Proven.

2208023 PaBV-4 18.59 23.3 23.38 23.98 24.29 27.98 - - - - -

2301024 PaBV-2 12.94 24.35 25.3 26.43 25.76 29.17 18.52 21.6 24.15 29.24 20.22

2302010 PaBV-4 5.15 6.09 7.88 4.27 7.57 7.75 4.94 4.4 25.97 - -

(-) The information is unknown as the organ is not tested or the organ is unavailable.

NCBI BLASTn search provided the homology analysis, which revealed that two of the
Taiwan strains (NPUSTIAVT-PaBV/Brain-2208023 and NPUSTIAVT-PaBV/Brain-2302010)
were PaBV-4, with both originating from Changzhi, Pingtung, and isolated from Diopsittaca
nobilis (red-shouldered macaw), and one (NPUSTIAVT-PaBV/Brain-2301024) PaBV-2 was
isolated from Nymphicus hollandicus (cockatiel) in Kangshan, Kaohsiung. The sequences
were submitted and deposited in GenBank with accession numbers PP529446-PP529448.

The Taiwan strain PaBV-2 X/P gene (PP529446.1: NPUSTIAVT-PaBV/Brain-2301024)
has 99.41% sequence similarity with the Germany strain PaBV-2 X/P gene (KU748803.1:
L55595) from a Psittacus erithacus (African grey parrot). The two Taiwan strain PaBV-4
X/P genes, NPUSTIAVT-PaBV/Brain-2208023 (PP529447.1) and NPUSTIAVT-PaBV/Brain-
2302010 (PP529448.1), have 95.89% sequence similarity with each other, with 85.51% and
84.77% sequence similarity with the Taiwan strain PaBV-2 X/P gene. The Taiwan strain
PaBV-4 X/P gene, NPUSTIAVT-PaBV/Brain-2208023 (PP529447.1), has 99.71% sequence
similarity with the Japan strain (LC486412.1: AR18A) isolated from the brain of an Ara ara-
rauna (blue-and-yellow macaw), Germany strains (MK291400.1: L62637) from a Psittacula
cyanocephala (plum-headed parakeet), (MK291396.1: DR-15) Cacatua galerita (sulfur-crested
cockatoo), (KU748815.1: TiHo-154) Ara glaucogularis (blue-throated macaw), (KU748814.1:
TiHo-40) Ara chloroptera (red-and-green macaw), Spain strain (MK291399.1: G-18720)
from a Psittacula alexandri (red-breasted parakeet), and South Korea strains (MZ310179.1:
CBNU_PaBV_04 and MZ310182.1: CBNU_PaBV_07) from an Amazona ochrocephala (yellow-
crowned amazon). Lastly, the Taiwan strain PaBV-4 X/P gene, NPUSTIAVT-PaBV/Brain-
2302010 (PP529448.1), has a 99.85% sequence similarity with Germany strain (KU748811.1:
L63115) from an Ara macao (scarlet macaw).

A phylogenetic tree was applied, using our sequenced X/P gene and all the available
X/P gene sequences (682 nucleotides) of Orthobornavirus alphapsittaciformes, Orthobornavirus
betapsittaciformes, and other genotypes of Orthobornavirus, with one representative per
species isolates in each country. The analysis conclusively shows that our X/P gene
sequence, Taiwan strain NPUSTIAVT-PaBV/Brain-2301024, belongs to the PaBV-2 geno-
type, and Taiwan strains NPUSTIAVT-PaBV/Brain-2302010 and NPUSTIAVT-PaBV/Brain-
2208023 belong to the PaBV-4 genotype (Figure 6).
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green), and Orthobornavirus elapsoideae (dark green). The Taiwan strain X/P genes are highlighted
in bold.

4. Discussion

Since the first report of avian bornaviruses in 2008, there has been an increase in
the number of countries reporting the presence of PaBV, a novel infectious viral agent
causing proventricular dilatation disease affecting psittacine birds [1,11,14,16–19,21,35–41].
In Taiwan, the presence of PaBV has been known through the submitted sequences of the
matrix protein (M) gene (MK736729.1-MK736782.1), nucleoprotein (N) gene (MK770085.1-
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MK770118.1), and PaBV-2 (OM933586.1), PaBV-4 (OM939725.1), and PaBV-5 (OM777141.1)
complete genome in GenBank [42]. To further elucidate the PaBV presence in Taiwan, we
screened feces samples from 124 psittacine birds collected for a year (June 2022 to May
2023), and demonstrated that 57 were PaBV-positive, with a prevalence of 45.97% and a
low survival rate of 8.77%. Feces samples were collected freshly and tested for RT-qPCR
immediately to secure the presence of PaBV in the feces and reduce false negative results.
The majority of the tested feces were collected in a local animal hospital where the psittacine
owners brought them for either regular health evaluation or veterinary care concerns due
to diarrhea or loss of appetite. This may influence the prevalence rate determined in this
study, which may require further surveillance of parrot bornavirus in Taiwan.

In the detection of PaBV through RT-qPCR assay, CT < 21 is strongly positive [30];
however, viral RNA present in the feces samples were observed to have a higher CT, carried
out with the impurities in feces samples [11]. In the RT-qPCR detection, CTs higher than
21 were also observed as a possible outcome [20,30]. Gel electrophoresis of the RT-qPCR
product may be suitable in securing and further confirming detection results to reduce
false-negative or -positive results. Tissue samples such as the proventriculus, kidney, colon,
cerebrum, and cerebellum have the most viral RNA, much more suitable for RT-qPCR
detection [20]. However, viral RNA extraction and PCR detection should be performed
promptly to minimize false results due to the unstable nature of the virus as single-strand
negative-sense RNA. Delays can lead to degradation of the RNA, potentially yielding
inaccurate results. Due to the sampling limitations, it is crucial to conduct further surveil-
lance studies of PaBV in Taiwan. This would help in understanding the transmission
dynamics and potential impact of PaBV on parrot populations, especially in Taiwan. En-
hanced surveillance can provide valuable insights for disease management and prevention
strategies, safeguarding both companion and wildlife psittacine birds.

Young psittacine birds are the most vulnerable to PaBV infection or PDD [43,44];
however, they may have no clinical signs but are the probable source of seroconversion
and PaBV-RNA shedding [45]. In most cases, psittacine birds are housed together with
other birds. Viral transmission sources to housed birds may come from newly introduced
young bird/s in the enclosure, a potential carrier of PaBV. Then, PaBV shedding in the
enclosure infects adult birds and possibly introduces the PaBV to the brood or clutch [44,46].
Adult psittacine birds appeared to have more clinical symptoms [43] and sex appeared to
have no significant influence on PaBV infection. The age and sex of psittacine birds are
often unknown to owners since most were adopted without any preexisting information.
Moreover, among the tested PaBV-positive psittacine birds in Taiwan, it was more common
in Psittacus erithacus or the African grey parrots (19%). Similar PaBV host species cases were
reported in the United States, Japan, South Korea, China, Portugal, Thailand, Germany,
Canada, Austria, Hungary, Switzerland, and Israel [10,12,14,25–28].

PDD affects the overall digestive health of the psittacine bird such as body weight,
crop emptying, and seed digestion, alongside neurological problems such as severe menin-
goencephalitis [27,43,47]. Proventriculus dilation displayed thinning of the gastrointestinal
wall and a build-up of undigested seeds that may cause pain and discomfort to psittacine
birds, leading to a loss of appetite and further causing malnutrition, weight loss, depression,
loss of balance, and tremors. Through radiograph scans, the proventricular diameter-to-
dorsoventral keel height is determined, from 0.681 to 0.981, indicating the poor survival
of the psittacine birds. The highly enlarged proventriculus and thinning wall are clinical
signs of neurogenic atrophy. Histopathology of the cerebellum in deceased psittacine birds
due to PaBV infection elucidates severe diffuse meningoencephalitis due to accumulated
lymphocytes. The PaBV infection could cause PDD due to gastrointestinal crisis; however,
neurological damage was more likely to appear in PaBV infection. Recently, it has become
more appropriate to address this neurological crisis as avian ganglioneuritis (AGN) [48,49].
Probable mechanisms of PaBV leading to PDD/AGN were attributed to CD8+ T-cells, caus-
ing injury to neurons and ganglia recruiting CD4 T-cells, facilitating the antibody-mediated
phagocytosis of axons [48]. This leads to persistent damage in the nervous system, suggest-
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ing an autoimmune response to gangliosides [48]. Histopathology of the heart showed a
dilated cardiomyopathy or myocardium. This highlights the etiological implications of
PaBV in neurological disorders other than PDD [38].

The spring season (68%) has the highest cases of PaBV infection while the summer
season (28%) has the least, which might suggest that PaBV has a cycle transmission with
regard to the season. Low PaBV infection during the summer season could be due to dry
air, while the fall season could potentially allow the spread of PaBV in the environment,
most probably due to dry feces particles in the air or fecal–oronasal route [11], viral trace
contamination of waters, and residues of PaBV that are already present in the surround-
ings [1]. An increase in moisture or humidity during the winter season could contribute
to viral persistence, spread, and incubation leading to contamination in feeds or drinking
water, resulting in high cases of PaBV in the spring season and permitting a continuous
incubation life cycle of PaBV [1]. The presence of PaBV in the environment and horizontal
transmission to companion psittacine birds is still a challenge to understand [8]. Potential
viral reservoirs such as wild free-ranging psittacine birds or other potential host carriers
have not been fully illustrated, similar to PaBV host species which are most prevalent,
and surveillance reports were carried out in captive, breeding, or companion psittacine
birds [1,2,4–29,39,42,44,50,51]. In Taiwan, all psittacine birds were introduced, mostly kept
as captive, companion, or breeding birds. Certainly, preventive measures targeting both
horizontal and vertical transmission are vital for successfully managing PaBV infection
cases [8,17,44,46,52,53], particularly in Taiwan.

Furthermore, our X/P gene sequences confirmed the presence of PaBV-2 and PaBV-4
genotypes in Taiwan strains. The two identified PaBV-4 X/P genes have 95.89% similarity
from each other. Among our sequenced X/P genes, Germany strains were found to be
consistently similar to our sequences. Taiwan strain NTUCL7 PaBV-4 has 95.89% sequence
similarity with NPUSTIAVT-PaBV/Brain-2208023 and 99.7% sequence similarity with
NPUSTIAVT-PaBV/Brain-2302010, while Taiwan strain NTUCL51 PaBV-2 has 97.80%
sequence similarity with NPUSTIAVT-PaBV/Brain-2301024. Recently, phylogeographic
analysis revealed that the South American ancestor could be the origin of PaBV-1, -2, and
-8 genotypes [42]. This highlights the importance of further surveillance of Orthobornavirus
for captive Psittaciformes, similar to Taiwan.

Moreover, avian bornavirus, specifically parrot bornavirus, causes severe neurological
and digestive disorders or death in infected birds [14,16,36,54], a threat to psittacine birds
of Taiwan. Additionally, it could disrupt local ecosystems affecting unique and vulnerable
bird species and have economic implications for industries reliant on bird populations,
such as agriculture, bird breeding farms, and tourism.

The findings of this study highlight the importance of the ongoing monitoring of
Parrot bornavirus in Taiwan’s psittacine populations to monitor new strains or potential
recombinants, as demonstrated in a recent report [2].
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22. Vondráčková, M.; Tukač, V.; Grymová, V.; Hájková, P.; Knotek, Z.; Dorrestein, G.M. Detection of Anti-Avian Bornavirus Antibodies
in Parrots in the Czech Republic and Slovakia. Acta Veter. Brno 2014, 83, 195–199. [CrossRef]

23. Hammer, S.; Watson, R. The Challenge of Managing Spix Macaws (Cyanopsitta spixii) at Qatar—An Eleven-Year Retrospection.
Zool. Garten N.F 2012, 81, 81–95. [CrossRef]

24. Lutpi, S.M.; Abu, J.; Arshad, S.S.; Rahaman, N.Y. Molecular Detection, Risk Factors and Public Awareness of Avian Bornavirus
among Captive and Non-Captive Birds in Peninsular Malaysia. J. Veter. Res. 2022, 66, 523–535. [CrossRef] [PubMed]

25. Sa-Ardta, P.; Rinder, M.; Sanyathitiseree, P.; Weerakhun, S.; Lertwatcharasarakul, P.; Lorsunyaluck, B.; Schmitz, A.; Korbel, R.
First Detection and Characterization of Psittaciform Bornaviruses in Naturally Infected and Diseased Birds in Thailand. Veter.
Microbiol. 2019, 230, 62–71. [CrossRef] [PubMed]

26. Zhang, L.-N.; Huang, Y.-H.; Liu, H.; Li, L.-X.; Bai, X.; Yang, G.-D. Molecular Detection of Bornavirus in Parrots Imported to China
in 2022. BMC Veter. Res. 2023, 19, 259. [CrossRef]

27. Hong, S.S.; Kim, S.; Seo, M.-K.; Han, M.-N.; Kim, J.; Lee, S.-M.; NA, K.-J. Genetic Trends in Parrot Bornavirus: A Clinical Analysis.
J. Veter. Med Sci. 2024, 86, 239–246. [CrossRef]

28. Sassa, Y.; Bui, V.N.; Saitoh, K.; Watanabe, Y.; Koyama, S.; Endoh, D.; Horie, M.; Tomonaga, K.; Furuya, T.; Nagai, M.; et al. Parrot
Bornavirus-2 and -4 RNA Detected in Wild Bird Samples in Japan are Phylogenetically Adjacent to Those Found in Pet Birds in
Japan. Virus Genes 2015, 51, 234–243. [CrossRef]

29. Horie, M.; Ueda, K.; Ueda, A.; Honda, T.; Tomonaga, K. Detection of Avian bornavirus 5 RNA in Eclectus Roratus with Feather
Picking Disorder. Microbiol. Immunol. 2012, 56, 346–349. [CrossRef]

30. Sigrist, B.; Geers, J.; Albini, S.; Rubbenstroth, D.; Wolfrum, N. A New Multiplex Real-Time RT-PCR for Simultaneous Detection
and Differentiation of Avian Bornaviruses. Viruses 2021, 13, 1358. [CrossRef]

31. Chan, D.T.C.; Poon, E.S.K.; Wong, A.T.C.; Sin, S.Y.W. Global Trade in Parrots—Influential Factors of Trade and Implications for
Conservation. Glob. Ecol. Conserv. 2021, 30, e01784. [CrossRef]

32. Preston, C.E.C.; Pruett-Jones, S. The Number and Distribution of Introduced and Naturalized Parrots. Diversity 2021, 13, 412.
[CrossRef]

33. Dennison, S.E.; Paul-Murphy, J.R.; Adams, W.M. Radiographic Determination of Proventricular Diameter in Psittacine Birds.
J. Am. Vet. Med. Assoc. 2008, 232, 709–714. [CrossRef] [PubMed]

34. Dennison, S.E.; Adams, W.M.; Johnson, P.J.; Yandell, B.S.; Paul-Murphy, J.R. Prognostic Accuracy of the Proventriculus: Keel
Ratio for Short-Term Survival in Psittacines with Proventricular Disease. Veter. Radiol. Ultrasound 2009, 50, 483–486. [CrossRef]
[PubMed]

35. Gancz, A.Y.; Kistler, A.L.; Greninger, A.L.; Farnoushi, Y.; Mechani, S.; Perl, S.; Berkowitz, A.; Perez, N.; Clubb, S.; DeRisi, J.L.;
et al. Experimental Induction of Proventricular Dilatation Disease in Cockatiels (Nymphicus hollandicus) Inoculated with Brain
Homogenates Containing Avian Bornavirus 4. Virol. J. 2009, 6, 100–111. [CrossRef] [PubMed]

36. Hoppes, S.M.; Tizard, I.; Shivaprasad, H.L. Avian Bornavirus and Proventricular Dilatation Disease: Diagnostics, Pathology,
Prevalence, and Control. Veterinary Clinics of North America. Exot. Anim. Pract. 2013, 16, 339–355, Update on Exot. Anim. Pract.
2020, 23, 337–351.

37. Weissenböck, H.; Fragner, K.; Nedorost, N.; Mostegl, M.; Sekulin, K.; Maderner, A.; Bakonyi, T.; Nowotny, N. Localization of
Avian Bornavirus RNA by In Situ Hybridization in Tissues of Psittacine Birds with Proventricular Dilatation Disease. Veter.
Microbiol. 2010, 145, 9–16. [CrossRef] [PubMed]

38. Ouyang, N.; Storts, R.; Tian, Y.; Wigle, W.; Villanueva, I.; Mirhosseini, N.; Payne, S.; Gray, P.; Tizard, I. Histopathology and the
Detection of Avian Bornavirus in the Nervous System Of Birds Diagnosed with Proventricular Dilatation Disease. Avian Pathol.
2009, 38, 393–401. [CrossRef]

39. Heffels-Redmann, U.; Enderlein, D.; Herzog, S.; Herden, C.; Piepenbring, A.; Neumann, D.; Müller, H.; Capelli, S.; Müller, H.;
Oberhäuser, K.; et al. Occurrence of Avian Bornavirus Infection in Captive Psittacines in Various European Countries and Its
Association with Proventricular Dilatation Disease. Avian Pathol. 2011, 40, 419–426. [CrossRef]

76



Viruses 2024, 16, 805

40. Wünschmann, A.; Honkavuori, K.; Briese, T.; Lipkin, W.I.; Shivers, J.; Armien, A.G. Antigen Tissue Distribution of Avian
Bornavirus (ABV) in Psittacine Birds with Natural Spontaneous Proventricular Dilatation Disease and ABV Genotype 1 Infection.
J. Veter. Diagn. Investig. 2011, 23, 716–726. [CrossRef]

41. Payne, S.; Shivaprasad, H.L.; Mirhosseini, N.; Gray, P.; Hoppes, S.; Weissenböck, H.; Tizard, I. Unusual and Severe Lesions of
Proventricular Dilatation Disease in Cockatiels (Nymphicus hollandicus) Acting as Healthy Carriers of Avian Bornavirus (ABV)
and Subsequently Infected with a Virulent Strain of ABV. Avian Pathol. 2011, 40, 15–22. [CrossRef] [PubMed]

42. Chacón, R.D.; Sánchez-Llatas, C.J.; Forero, A.J.D.; Guimarães, M.B.; Pajuelo, S.L.; Astolfi-Ferreira, C.S.; Ferreira, A.J.P. Evolutionary
Analysis of a Parrot Bornavirus 2 Detected in a Sulphur-Crested Cockatoo (Cacatua galerita) Suggests a South American Ancestor.
Animals 2024, 14, 47. [CrossRef]

43. Petzold, J.; Gartner, A.M.; Malberg, S.; Link, J.B.; Bücking, B.; Lierz, M.; Herden, C. Tissue Distribution of Parrot Bornavirus
4 (PaBV-4) in Experimentally Infected Young and Adult Cockatiels (Nymphicus hollandicus). Viruses 2022, 14, 2181. [CrossRef]
[PubMed]

44. Link, J.; Herzog, S.; Gartner, A.M.; Bücking, B.; König, M.; Lierz, M. Factors Influencing Vertical Transmission of Psittacine
Bornavirus in Cockatiels (Nymphicus hollandicus). Viruses 2022, 14, 2721. [CrossRef]

45. Gartner, A.M.; Link, J.; Bücking, B.; Enderlein, D.; Herzog, S.; Petzold, J.; Malberg, S.; Herden, C.; Lierz, M. Age-Dependent
Development and Clinical Characteristics of an Experimental Parrot Bornavirus-4 (PaBV-4) Infection in Cockatiels (Nymphicus
hollandicus). Avian Pathol. 2021, 50, 138–150. [CrossRef] [PubMed]

46. Delnatte, P.; Nagy, É.; Ojkic, D.; Crawshaw, G.; Smith, D.A. Investigation into the Possibility of Vertical Transmission of Avian
Bornavirus in Free-Ranging Canada Geese (Branta canadensis). Avian Pathol. 2014, 43, 301–304. [CrossRef]

47. Jorge, K.; Loeber, S.; Hawkins, S.; Elsmo, E.; Mans, C. Computed Tomography Enterography of Jejunal Infarction in a Timneh
African Grey Parrot (Psittacus timneh). J. Exot. Pet Med. 2022, 41, 62–66. [CrossRef]

48. Boatright-Horowitz, S.L. Avian Bornaviral Ganglioneuritis: Current Debates and Unanswered Questions. Veter. Med. Int. 2020,
2020, 6563723. [CrossRef] [PubMed]

49. Rossi, G.; Dahlhausen, R.D.; Galosi, L.; Orosz, S.E. Avian Ganglioneuritis in Clinical Practice. Veter. Clin. N. Am. Exot. Anim. Pr.
2018, 21, 33–67. [CrossRef]

50. de Kloet, A.H.; Kerski, A.; de Kloet, S.R. Diagnosis of Avian Bornavirus Infection in Psittaciformes by Serum Antibody Detection
and Reverse Transcription Polymerase Chain Reaction Assay Using Feather Calami. J. Veter. Diagn. Investig. 2011, 23, 421–429.
[CrossRef]

51. Chen, D.-S.; Wu, Y.-Q.; Zhang, W.; Jiang, S.-J.; Chen, S.-Z. Horizontal Gene Transfer Events Reshape the Global Landscape of Arm
Race between Viruses and Homo Sapiens. Sci. Rep. 2016, 6, 26934. [CrossRef]

52. Rubbenstroth, D.; Brosinski, K.; Rinder, M.; Olbert, M.; Kaspers, B.; Korbel, R.; Staeheli, P. No Contact Transmission of Avian
Bornavirus in Experimentally Infected Cockatiels (Nymphicus hollandicus) and Domestic Canaries (Serinus canaria forma domestica).
Veter. Microbiol. 2014, 172, 146–156. [CrossRef]

53. Nielsen, A.M.W.; Ojkic, D.; Dutton, C.J.; Smith, D.A. Aquatic Bird Bornavirus 1 Infection in a Captive Emu (Dromaius novaehollan-
diae): Presumed Natural Transmission from Free-Ranging Wild Waterfowl. Avian Pathol. 2018, 47, 58–62. [CrossRef]

54. de Araujo, J.L.; Rech, R.R.; Heatley, J.J.; Guo, J.; Giaretta, P.R.; Tizard, I.; Rodrigues-Hoffmann, A. From Nerves to Brain to
Gastrointestinal Tract: A Time-Based Study of Parrot Bornavirus 2 (PaBV-2) Pathogenesis in Cockatiels (Nymphicus hollandicus).
PLoS ONE 2017, 12, e0187797. [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.

77



Citation: O’Dowd, K.; Isham, I.M.;

Vatandour, S.; Boulianne, M.; Dozois,

C.M.; Gagnon, C.A.; Barjesteh, N.;

Abdul-Careem, M.F. Host Immune

Response Modulation in Avian

Coronavirus Infection: Tracheal

Transcriptome Profiling In Vitro and

In Vivo. Viruses 2024, 16, 605.

https://doi.org/10.3390/v16040605

Academic Editor: Chi-Young Wang

Received: 21 March 2024

Revised: 5 April 2024

Accepted: 10 April 2024

Published: 14 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, 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/).

viruses

Article

Host Immune Response Modulation in Avian Coronavirus
Infection: Tracheal Transcriptome Profiling In Vitro and In Vivo
Kelsey O’Dowd 1, Ishara M. Isham 1 , Safieh Vatandour 2, Martine Boulianne 3,4, Charles M. Dozois 3,5 ,
Carl A. Gagnon 3,6 , Neda Barjesteh 3,† and Mohamed Faizal Abdul-Careem 1,*

1 Health Research Innovation Centre, Faculty of Veterinary Medicine, University of Calgary,
Calgary, AB T2N 4N1, Canada; kelsey.odowd@ucalgary.ca (K.O.);
fathimaishara.muhamm@ucalgary.ca (I.M.I.)

2 Department of Animal and Poultry Science, Islamic Azad University, Qaemshahr Branch,
Qaem Shahr 4765161964, Iran; svatandour@gmail.com

3 Swine and Poultry Infectious Diseases Research Centre–Fonds de Recherche du Québec (CRIPA-FRQ),
Faculty of Veterinary Medicine, Université de Montréal, Saint-Hyacinthe, QC J2S 2M2, Canada;
martine.boulianne@umontreal.ca (M.B.); charles.dozois@inrs.ca (C.M.D.);
carl.a.gagnon@umontreal.ca (C.A.G.); neda.barjesteh@zoetis.com (N.B.)

4 Department of Clinical Sciences, Faculty of Veterinary Medicine, Université de Montréal,
Saint-Hyacinthe, QC J2S 2M2, Canada

5 Institut National de Recherche Scientifique-Centre Armand-Frappier Santé Biotechnologie,
Laval, QC H7V 1B7, Canada

6 Molecular Diagnostic and Virology Laboratories, Centre de Diagnostic Vétérinaire de l’Université de
Montréal (CDVUM), Faculty of Veterinary Medicine, Université de Montréal,
Saint-Hyacinthe, QC J2S 2M2, Canada

* Correspondence: faizal.abdulcareem@ucalgary.ca; Tel.: +1-(403)-220-4462
† Current address: Global Companion Animal Therapeutics, Zoetis, Kalamazoo, Michigan, MI 49007, USA.

Abstract: Infectious bronchitis virus (IBV) is a highly contagious Gammacoronavirus causing moderate
to severe respiratory infection in chickens. Understanding the initial antiviral response in the
respiratory mucosa is crucial for controlling viral spread. We aimed to characterize the impact of IBV
Delmarva (DMV)/1639 and IBV Massachusetts (Mass) 41 at the primary site of infection, namely, in
chicken tracheal epithelial cells (cTECs) in vitro and the trachea in vivo. We hypothesized that some
elements of the induced antiviral responses are distinct in both infection models. We inoculated cTECs
and infected young specific pathogen-free (SPF) chickens with IBV DMV/1639 or IBV Mass41, along
with mock-inoculated controls, and studied the transcriptome using RNA-sequencing (RNA-seq)
at 3 and 18 h post-infection (hpi) for cTECs and at 4 and 11 days post-infection (dpi) in the trachea.
We showed that IBV DMV/1639 and IBV Mass41 replicate in cTECs in vitro and the trachea in vivo,
inducing host mRNA expression profiles that are strain- and time-dependent. We demonstrated the
different gene expression patterns between in vitro and in vivo tracheal IBV infection. Ultimately,
characterizing host–pathogen interactions with various IBV strains reveals potential mechanisms for
inducing and modulating the immune response during IBV infection in the chicken trachea.

Keywords: transcriptome; tracheal epithelial cell; trachea; infectious bronchitis virus; chicken; im-
mune response

1. Introduction

Infectious bronchitis virus (IBV) is a highly contagious virus that causes mild to severe
respiratory infections in chickens. The severity of the disease is dependent on several
factors, such as environment, IBV strain, vaccination program, and coinfections [1]. The
resulting disease is known as infectious bronchitis (IB) and is characterized by tracheitis
and loss of ciliary activity in the upper respiratory tract of chickens [2]. Chickens of
all ages are susceptible to IBV infection; however, the disease is more severe in young
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chicks [3]. IB is an acute disease transmitted via the respiratory tract by inhalation or by
direct contact with contaminated poultry, litter, or equipment. The incubation period is
short, 18 to 36 h, and clinical signs develop around 24 to 48 h post exposure [3,4]. Clinical
manifestations of the respiratory tract include sneezing, gasping, coughing, tracheal rales,
nasal discharge, and dyspnea [5]. In older chickens and in laying hens, respiratory signs can
be mild or even absent [1]. Although initial infection typically occurs in the epithelial layer
of the upper respiratory tract, IBV can disseminate and infect the gastrointestinal, renal,
reproductive, and immune systems [5–10], potentially via the lymph or blood [6,11,12].
Depending on the IBV strain, this can lead to other clinical and pathological manifestations,
such as nephritis [13], a decline in egg production and quality of the egg and egg shell in
layer/breeder flocks [14–16], and a depletion of immune cells [7].

IBV is a positive-sense, single-stranded RNA virus and, typical of many RNA viruses,
it is associated with rapid mutation rates and recombination in the genome, leading to
the emergence of genetically diverse strains at a global level [17,18]. Vaccination with
live attenuated/killed vaccines is one of the most important methods for the control of
IB, along with rigorous biosecurity measures, but the aforementioned genetic diversity of
these viruses is a significant obstacle for efficient and effective protection of flocks from
potential outbreaks, as there is poor cross protection between heterologous strains [19].
A novel IBV variant, IBV Delmarva (DMV)/1639, emerged in 2011 [20]. Since 2015, IBV
DMV/1639 strains have become more prevalent in Eastern Canada, namely in Quebec
and Ontario [21–23]. Recent work has been conducted to characterize the underlying
immunopathogenesis of this Canadian IBV DMV/1639 strain [21,24,25]. This DMV strain,
among other IBV strains, such as the Massachusetts (Mass)-type IBVs, have been asso-
ciated with the failure of a previously infected flock to reach peak lay due to a vari-
able number of birds with severe developmental oviduct lesions, also known as false
layers [14,23,24,26–28]. In addition, flock depopulation and secondary bacterial infections
of the respiratory system following IBV infection cause significant economic losses to
the poultry industry [1]. This highlights the importance in understanding the detailed
mechanism of pathogenesis and host defense during IBV infection at the primary site of
infection, namely, the airway epithelial cells.

The chicken immune system is a complex system designed to fight off invading
pathogens, including viruses such as IBV. When the virus crosses the primary mucosal
barriers, the innate immune responses provide the first line of defense and the airway
epithelial cells become the primary target for the pathogen. In birds and mammals alike,
airway epithelial cells have many important immune functions, which include the secretion
of antimicrobial substances, cytokines and growth factors, cell-to-cell communication with
immune cells, and modulation of early adaptive immunity during viral infections [29,30].
The induction of the innate response is dependent on many factors, including the detec-
tion of viral pathogen-associated molecular patterns (PAMPs) through pattern recognition
receptors (PRRs), including Toll-like receptors (TLRs) [31]. The primary antiviral innate
immune responses are characterized by this recognition and activation, resulting in the
transcriptional activation of type I interferons (IFNs) and IFN-stimulated genes (ISGs),
such as IFN-induced proteins with tetratricopeptide repeats (IFIT), myxovirus-resistance
protein (MX), protein kinase R (PKR), and 2′-5′ oligoadenylate synthase-like (OASL)
proteins [32,33]. These proteins are important for protecting the host and conferring
resistance to RNA viral infections [34,35]. On the other hand, IBV has been shown to inhibit
type 1 IFN response in primary chicken renal and tracheal epithelial cells and a chicken
fibroblast cell line [36].

Since the early 2000s, researchers have aimed to map the host gene expression patterns
involved in IBV infection [37–39]. More recent transcriptomic studies have looked at
chicken spleen tissues [40–42], tracheal tissues [43–45], lung tissues [41], human lung
epithelial-like cells [46], chicken kidney tissues and cells [47–51], dendritic cells [52,53],
macrophages [54], and fibroblasts [55] upon infection with various strains of IBV. Currently,
there are no RNA-seq studies specifically looking at IBV infection in chicken tracheal
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epithelial cells (cTECs), nor using the IBV DMV/1639 strain, which has been the dominant
IBV genotype circulating in Canada [21,22] and the United States of America (USA) in
recent years [20,56]. Despite extensive research on the pathogenicity of these different
strains of the virus [7,24,28,57–60], there is a lack of knowledge regarding the regulation of
molecular mechanisms involved in the initial induction of the host antiviral responses at
the level of the trachea and tracheal epithelial cells upon infection with different strains
of IBV, which may help to explain the differing pathogenesis in the tracheal tissues of
infected birds. To this end, we aimed to characterize the impact of IBV DMV/1639 and IBV
Mass41 at the primary site of infection, namely, in cTECs in vitro and the trachea in vivo,
and to evaluate the impact of infection on the host gene expression. We hypothesized
that the host antiviral reactions elicited by IBV DMV/1639 and IBV Mass41 exhibit unique
characteristics in terms of differential expression of immune-related genes in the infection
models presented in this study.

2. Materials and Methods
2.1. Virus Propagation and Titration

The Canadian IBV DMV/1639 clinical isolate IBV/Ck/Can/17-036989 (GenBank ac-
cession no. MN512435), isolated from the kidneys of infected layers (Ontario, Canada) [21],
and the Canadian IBV Mass41 clinical isolate IBV/Ck/Can/21-2455844 (GenBank accession
no. PP373115), obtained from a pool of tissues from infected broilers (Quebec, Canada)
(Dr. Carl A. Gagnon, CDVUM), were propagated by inoculation in 10-day-old specific-
pathogen-free (SPF) embryonated chicken (layer chickens, white Leghorn) eggs obtained
from the Canadian Food Inspection Agency (CFIA), Ottawa, ON, Canada [61,62]. Allantoic
fluid was harvested at 3 days post-infection (dpi) and viral titers were determined by
50% embryo infectious dose (EID50), as described previously [21,61]. The viral titer was
calculated using the Reed and Muench method and expressed as EID50/mL [63]. The viral
titers were determined to be 106.0 EID50/mL for IBV DMV/1639 and 106.5 EID50/mL for
IBV Mass41.

2.2. cTEC Preparation

Primary cTEC isolation was performed as previously described with some modifica-
tions [64–66]. Briefly, tracheas were aseptically dissected from 19-day-old SPF chicken em-
bryos (CFIA, Ottawa, ON, Canada) and digested with filter-sterilized protease from Strep-
tomyces griseus (Pronase, Sigma-Aldrich Oakville, ON, Canada) (2 mg/mL) in complete
Medium 199 (Sigma-Aldrich Oakville, ON, Canada) supplemented with 2 mM GlutaMax
supplement, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer,
100 U/mL penicillin/100 µg/mL streptomycin, 50 µg/mL gentamicin, and 0.25 µg/mL am-
photericin B (Gibco, Burlington, ON, Canada). The cells were treated with a filter-sterilized
0.5 mg/mL DNase solution (Deoxyribonuclease I from bovine pancreas, Sigma-Aldrich,
Oakville, ON, Canada) in complete Medium 199, followed by a brief incubation period
in complete Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12),
containing 10% FBS, 2 mM GlutaMax supplement, 100 U/mL penicillin/100 µg/mL strep-
tomycin, 50 µg/mL gentamicin, 0.25 µg/mL amphotericin B, 1 mM β-mercaptoethanol
(BME), and 1% non-essential amino acids (MEM NEAA) (Gibco, Burlington, ON, Canada),
as a negative selection step for fibroblast growth. Finally, the cells were resuspended in com-
plete DMEM/F-12 medium supplemented with 10% chicken embryo extract. The chicken
embryo extract was prepared in-house from 11-day-old SPF chicken embryos as previously
described in the protocol developed by Pajtler and colleagues [67]. The cTECs were seeded
at a viable cell density (determined by trypan blue exclusion test) of 3 × 105 cells per well
into wells of 5% MatriGel-coated (Corning Inc., Corning, NY, USA) 24-well culture plates.
After 4 days of incubation at 37 ◦C 5% CO2, the cells were subjected to further experiments
as described in Section 2.3 below.
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2.3. Infection of cTECs with IBV

Tracheal epithelial cells were cultured in complete DMEM/F-12 (serum-free) infection
medium containing 2 mM GlutaMax supplement, 100 U/mL penicillin/100 µg/mL strepto-
mycin, 50 µg/mL gentamicin, 25 mM HEPES buffer, and 2.5% bovine serum albumin (BSA
7.5% solution) (Gibco, Burlington, ON, Canada) and incubated at 37 ◦C 5% CO2 for all steps.
Prior to infection, cells were washed twice with medium and then infected with 200 µL with
a low (2 × 104 EID50/mL), intermediate (1 × 105 EID50/mL), or high (5 × 105 EID50/mL)
dose, diluted in phosphate-buffered saline (PBS), of either IBV DMV/1639 or IBV Mass41.
The control groups received DMEM/F-12 infection medium only. Subsequently, cells were
washed twice two hours post-infection (hpi) following the adsorption period and incubated
in fresh DMEM/F-12 infection medium. These doses were selected in part based on a
previous study [65]. At 0, 18, 24, and 48 h, supernatants were collected in TRIzol™ LS
reagent (Invitrogen, Burlington, ON, Canada), to determine viral genome load. Based on
the results of this preliminary study, in a separate experiment, the cells were infected with
the different IBV isolates at a high (5 × 105 EID50/mL) dose and the cells were collected
in QIAzol™ reagent (QIAGEN, Toronto, ON, Canada) at an early time point, 3 h, and at a
later time point near the peak of viral genome load detected, 18 h, for RNA sequencing.

2.4. Chickens

One-day-old SPF chickens (layer chickens, white Leghorn) (n = 60) were purchased
from the CFIA, Ottawa, ON, and housed and closely monitored in the animal facilities by
staff at the National Experimental Biology Laboratory (NEBL) of the Institut national de
la recherche scientifique (INRS) Armand-Frappier Santé Biotechnologie Research Centre,
where the experiments were conducted in temperature-controlled poultry isolators in
negative pressure rooms. The chickens were divided into 5 groups (n = 12 chickens/group).
The groups were named as follows: IBV DMV/1639 low dose, IBV DMV/1639 high dose,
IBV Mass41 low dose, IBV Mass41 high dose, and uninfected control. The experimental
protocols were approved by the Institutional Animal Care and Use Committee (IACUC)
of the Université de Montréal (ethics protocol no. 21-Rech-2120) and the INRS (ethics
protocol no. 2106-03). The tracheal tissue samples used for the real-time quantitative
polymerase chain reaction (qPCR) mRNA gene expression validation experiments were
from chickens that were housed at the Veterinary Science Research Station (VSRS), Spyhill,
Campus, University of Calgary, and subjected to the same experimental conditions as
those in the NEBL INRS Armand-Frappier Santé Biotechnologie Research Centre animal
facility. The experimental protocols for these experiments were approved by the Veterinary
Science Animal Care Committee (VSACC) and the Health Science Animal Care Committee
(HSACC) of the University of Calgary (ethics protocol no. AC22-0012).

2.5. Infections of Chickens with IBV

The IBV stocks were diluted in PBS to the appropriate doses for inoculation. Six-
day-old SPF chickens were inoculated with a low dose (104 EID50/bird) or a high dose
(105 EID50/bird) of either IBV DMV/1639 or IBV Mass41 through the intranasal and
intraocular routes (100 µL). The negative control group received PBS. Samples from the
upper half of the trachea were collected at 4 (n = 6 chickens/group) and 11 dpi (n = 6
chickens/group) and stored in RNAlater® (Invitrogen, Burlington, ON, Canada).

2.6. Quantification of IBV Viral Genome Load and Host mRNA Gene Expression

From cTEC cell culture supernatants, total RNA was extracted from the samples
using the TRIzol™ LS reagent (Invitrogen, Burlington, ON, Canada), according to the
manufacturer’s protocol. For the tracheas collected from IBV DMV/1639-infected chickens
at 4 dpi and 11 dpi, the samples were lysed in TRIzol™ reagent (Invitrogen, Burling-
ton, ON, Canada) and homogenized using 0.5 mm glass beads and a tissue homogenizer
(MP FastPrep-24 Classic Instrument, MP Biomedicals, Solon, OH, USA). Total RNA was
extracted according to the manufacturer’s protocol. Isolated RNA was resuspended in
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20 µL RNase-free water. Assessment of RNA concentration and quality was performed
using the NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE,
USA). Using the High-Capacity Reverse Transcription Kit with random primers (Applied
Biosystems, Waltham, MA, USA) according to manufacturer’s instructions, complementary
deoxyribonuclease (cDNA) synthesis was performed for 500 ng (cTEC supernatants) or
2000 ng (tracheas) of RNA per sample. qPCR targeting the IBV nucleoprotein gene (N)
was performed for quantification of IBV viral genome load in cTEC supernatants and
trachea and for host mRNA gene expression in the tracheal tissues, using gene-specific
primers (Table S1, [68–75]) at a final concentration of 5 nM (Sigma-Aldrich, Saint-Louis,
MO, USA) and PowerUp SYBR Green Master Mix (Applied Biosystems, Burlington, ON,
Canada) in a 20 µL reaction according to the manufacturer’s instructions. Furthermore,
a 10-fold dilution series of the IBV-N gene plasmid was used to generate the standard
curve, as previously described [68]. The IBV-N gene plasmid DNA was generated from
a stock prepared in-house. IBV-N plasmid transformation was performed using the Sub-
cloning Efficiency™ DHα Competent cells (Thermo Scientific, Burlington, ON, Canada)
and purification was performed using the GeneJET Plasmid miniprep kit (Thermo Scientific,
Burlington, ON, Canada), according to manufacturers’ instructions. The qPCR cycling
program for quantification of all genes consisted of a pre-incubation at 95 ◦C for 20 s, and
amplification/extension at 95 ◦C for 3 s and 60 ◦C for 30 s, repeated for 40 cycles. Melting
curve analysis was assessed at 95 ◦C for 10 s (segment 1), 65 ◦C for 5 s (segment 2), and
9 ◦C for 5 s (segment 3). Fluorescence acquisition was performed at 60 ◦C for 30 s and
the results for IBV genome load are presented as log10 IBV genome copies per 1 µL of
reaction/cDNA [68]. Fold-changes for host mRNA gene expression were calculated using
the 2−∆∆Ct method [76] and quantified relative to the β-actin housekeeping gene.

2.7. RNA Isolation, cDNA Library Preparations and High-Throughput Sequencing

For the RNA-sequencing (RNA-seq) experiments, total RNA was isolated from cTECs,
and lysed and homogenized tracheal tissues using QIAzol™ reagent (QIAGEN, Toronto,
ON, Canada) and the miRNeasy Mini Kit (QIAGEN, Toronto, ON, Canada) according
to the miRNeasy Mini Kit Quick-Start protocol. The purified RNA was eluted in 30 µL
RNase-free water. Prior to sequencing, RNA quality control was performed by auto-
matic electrophoresis-based analysis (TapeStation RNA Screen Tape, Agilent, Santa Clara,
CA, USA).

For the cTEC samples, RNA library preparations and sequencing were performed at
Plateforme de séquençage de nouvelle génération of the Université Research Center of the
CHU de Québec-Université Laval. Twenty-four libraries were prepared for RNA-seq, with
4 replicates per treatment group: IBV DMV/1639 3 h, IBV DMV/1639 18 h, IBV Mass41 3 h,
IBV Mass 18 h, control (CTRL) 3 h, CTRL 18 h. Each replicate consisted of a pool of cells
from 2 individual embryos. Infected samples are from cTECs infected with a high dose
(5 × 105 EID50/mL) of IBV.

For the tracheal samples, RNA library preparations and sequencing were performed
at the McGill Applied Genomics Innovation Core (MAGIC) of the McGill Genome Centre,
McGill University. Eighteen libraries were prepared for RNA-seq, with 3 replicates per
treatment group: IBV DMV/1639 4 dpi, IBV DMV/1639 11 dpi, IBV Mass41 4 dpi, IBV
Mass41 11 dpi, control (CTRL) 4 dpi, CTRL 11 dpi. Each replicate consisted of a pool of
tracheal tissue from 2 individual chickens. Infected samples were from tracheal tissues
that originated from chickens infected with a high dose (105 EID50/bird) of IBV. The RNA
libraries were sequenced on a NovaSeq 6000 S4 (Illumina, San Diego, CA, USA) platform
to generate 100 base pair (bp) paired-end reads.

2.8. RNA-Seq Differential Expression, Gene Ontology (GO), and Pathway Analysis

Analysis for RNA-seq data was performed using the open-source framework Gen-
Pipes [77]. Analyses were conducted using RStudio [78,79], unless stated otherwise. The
R packages knitr [80], ggrepel [81], tibble [82], tidyverse [83], magrittr [84], hablar [85],
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and kableExtra [86] were used for analysis and formatting. RNA-SeQC [87] was used to
assess the quality of the generated reads. Trimmomatic [88] was used to process raw se-
quencing reads and trim adaptor sequences and low-quality score-containing bases (Phred
score < 30) from reads. The resulting reads were aligned to the Ensembl chicken (Gallus
gallus) reference genome (ASM223467v1, GRCg6a, INSDC Assembly GCA_000002315.5)
from http://aug2020.archive.ensembl.org/Gallus_gallus/Info/Index (accessed on 7 June
2022). This was conducted using Spliced Transcripts Alignment to a Reference (STAR) [89]
and read counts were obtained using HTSeq [90]. The R package DESeq2 [91] was then used
to identify differences in expression levels between the groups using negative binomial
generalized linear model (GLM) fitting and Wald statistics: nbinomWaldTest. Data were
batched normalized and log transformed. The R package “ashr” [92] was used to shrink
log2 fold-changes (log2FC) for gene expression data. For the purpose of this study, differen-
tial gene expression was based on an infected group compared to the uninfected control
group at the same time point and genes were considered differentially expressed (DE) if
the adjusted p-value was <0.05 and log2FC was ≥|1| or fold-change (FC) ≥ |2|. Principle
Component Analysis (PCA) plots, heatmaps using the R packages ComplexHeatmap [93]
and tidyHeatmap [94], and volcano plots using the R package EnhancedVolcano [95] were
created in R [78,79]. Venn diagram analysis and visualization were created using the on-
line tools https://bioinformatics.psb.ugent.be/webtools/Venn/ and Venny (accessed on 9
January 2024) [96].

All genes that were DE were considered (separated by down- and up-regulated genes)
for further analyses. GO functional enrichment analyses, or over-representation analyses
(ORA), and visualizations for Biological Process (BP), Molecular Function (MF), and Cellular
Component (CC) were performed using the R packages gprofiler2 (g:Profiler) [97,98],
enrichplot [99], DOSE [100], and ggplot2 [101]. Enrichment p-values were based on a
hypergeometric test, the g:GOSt method, using the default g:SCS method applied for
multiple testing correction. This corresponds to an experiment-wide threshold of α = 0.05,
wherein at least 95% of matches above the threshold are statistically significant. The
background used was the set of known genes and terms with GO evidence codes Inferred
from Electronic Annotation (IEA) were excluded. The R package GOfuncR [102] was used
to investigate relationships between enriched GO term parent and child nodes. Kyoto
Encyclopedia of Genes and Genomes (KEGG) [103] pathway analysis and visualization for
key enriched pathways was performed using the R packages gprofiler2 (g:Profiler) [97,98],
pathview [104], and org.Gg.eg.db [105].

2.9. Statistical Analysis

Statistical analysis for IBV genome loads for each strain was assessed using two-
way analysis of variance (ANOVA), followed by Tukey’s post hoc test. The differences
were considered significant if the p-value was <0.05. Statistical analysis was performed
using GraphPad Prism 10 software (GraphPad, La Jolla, CA, USA). Statistical methods for
sequence data analysis are contained within the software used.

3. Results
3.1. IBV Genome Load in cTEC Supernatants and the Trachea

The effects of the different doses and time points on IBV genome loads in the cTEC
supernatants were assessed by qPCR for both IBV strains and are shown in Figure 1. No IBV
genome was detected for the uninfected controls. Upon cTEC infection with different doses
of IBV DMV/1639 (Figure 1a) or IBV Mass41 (Figure 1b), it was found that there was a
significant increase in IBV genome load between the time point 0 h and the time points
18 h, 24 h, and 48 h for the three doses evaluated (p-value < 0.05). No significant differences
were observed between the time points 18 h, 24 h, and 48 h within each respective dose
(p-value > 0.05). In addition, a significantly higher IBV genome load was observed with the
IBV DMV/1639 high dose group compared to the low dose group at 24 h (p-value < 0.05).
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The IBV genome loads in the trachea samples collected during the in vivo experiment
are shown in Figure 2. The samples from all infected groups were IBV-positive. No IBV
was detected in uninfected controls at 4 dpi and 11 dpi. The IBV genome load in the trachea
was significantly higher (p-value < 0.05) in high dose IBV DMV/1639-infected chickens
at 4 dpi compared to 11 dpi (Figure 2a). In the IBV Mass41-infected group, there was a
significant decrease (p-value < 0.05) in viral genome load from 4 dpi to 11 dpi in the tracheas
of chickens challenged with a low dose of virus (Figure 2b).
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or high (5 × 105 EID50/mL) dose of either IBV DMV/1639 (a) or IBV Mass41 (b). At 0, 18, 24, and 48 h, 
supernatants were collected, RNA extracted, and cDNA synthesized to determine viral genome 
loads using a qPCR assay. Statistical analysis for IBV viral genome loads for each strain was assessed 
using two-way ANOVA followed by Tukey’s post hoc test. Significant differences (p-value < 0.05) 
are denoted by *. The error bars represent standard deviation (SD). 

The IBV genome loads in the trachea samples collected during the in vivo experiment 
are shown in Figure 2. The samples from all infected groups were IBV-positive. No IBV 
was detected in uninfected controls at 4 dpi and 11 dpi. The IBV genome load in the tra-
chea was significantly higher (p-value < 0.05) in high dose IBV DMV/1639-infected chick-
ens at 4 dpi compared to 11 dpi (Figure 2a). In the IBV Mass41-infected group, there was 
a significant decrease (p-value < 0.05) in viral genome load from 4 dpi to 11 dpi in the 
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Figure 2. IBV viral genome in tracheal tissues from chickens infected with IBV DMV/1639 or IBV
Mass41. Six-day-old chickens were infected with a low (104 EID50/bird) or a high (105 EID50/bird)
dose of either IBV DMV/1639 (a) or IBV Mass41 (b). At 4 dpi and 11 dpi, tracheal tissue samples
were collected, RNA extracted, and cDNA synthesized to determine viral genome load using a qPCR
assay. Statistical analysis for differences in IBV genome loads for each strain was conducted using
two-way ANOVA followed by Tukey’s post hoc test, and significant differences (p-value < 0.05) are
denoted by *. The error bars represent SD.
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3.2. mRNA Expression and Functional Profiles from cTECs Infected with Different IBV Strains

The mRNA expression profiles of cTECs infected with the high dose (5× 105 EID50/mL)
of IBV DMV/1639 or IBV Mass41 at 3 h and 18 h were evaluated to determine strain-specific
and temporal-related changes in gene expression. All RNA-seq differential expression
results are compiled in Table S2, which includes the following comparisons: CTRL 18 h
vs. CTRL 3 h, IBV DMV/1639 3 h vs. CTRL 3 h, IBV DMV/1639 18 h vs. CTRL 18 h, IBV
DMV/1639 18 h vs. IBV DMV/1639 3 h, IBV Mass41 3 h vs. CTRL 3 h, IBV Mass41 18 h
vs. CTRL 18 h, IBV Mass41 18 h vs. IBV Mass41 3 h. For this study, comparisons of the
treatment groups and the control groups at the same respective time point were considered
(IBV DMV/1639 3 h vs. CTRL 3 h, IBV DMV/1639 18 h vs. CTRL 18 h, IBV Mass41 3 h vs.
CTRL 3 h, IBV Mass41 18 h vs. CTRL 18 h). The results filtered for significantly DE mRNAs
(defined by an adjusted p-value < 0.05 and a log2FC ≥ |1|) are summarized in Table S3.

The variance in log counts across all samples by group is shown in Figure 3a. In ad-
dition, the heatmaps provided in the Supplementary Files (Figure S1) demonstrate the
relationships between cTECs infected with IBV DMV/1639 at 3 h (Figure S1a) and 18 h
(Figure S1b) or IBV Mass41 at 3 h (Figure S1c) and 18 h (Figure S1d), relative to their
respective control groups. The clustering is based on the similarity of normalized log
counts, rather than differential expression, and there are differences in counts between the
virus-treated groups and uninfected control groups. Overall, there are a higher number of
DE mRNAs at 18 h as compared to the 3 h groups for both virus strains (Figure 3b). Among
all treatment groups, including IBV DMV/1639- and IBV Mass41-infected cTECs at 3 h
and 18 h, a total of 1653 DE mRNAs were identified among all treatment groups (Table S3).
Figure 3c–f shows the number of down- and up-regulated mRNAs per group which passed
the adjusted p-value < 0.05 and log2FC ≥ |1| thresholds. Briefly, a total of 248 and 1322
DE mRNAs, 30 and 821 down-regulated mRNAs, and 218 and 501 up-regulated mRNAs
were identified for IBV DMV/1639 3 h and IBV DMV/1639 18 h, respectively. Furthermore,
114 and 1093 DE mRNAs, 32 and 628 down-regulated mRNAs, and 82 and 465 up-regulated
mRNAs were identified for IBV Mass41 3 h and IBV Mass41 18 h, respectively. At the 3 h
time point, fewer genes were down-regulated than up-regulated, while at the 18 h time
point, more genes were down-regulated than up-regulated.

Some DE mRNAs were present in several treatment groups, as shown in Figure 4a,
for down-regulated mRNAs, and in Figure 4b for up-regulated mRNAs. Details of the
Venn diagram results are summarized in Table S4. There were 3 down-regulated mRNAs,
namely solute carrier family 6 member 4 (SLC6A4), Kruppel-like factor (KLF) 1 (KLF1),
and ENSGALG00000008599, and 35 up-regulated mRNAs common to all treatment groups
(for both IBV strains at both time points). The commonly up-regulated mRNAs among
all groups included immune response-related genes zinc finger NFX1-type-containing
1 (ZNFX1), poly(adenosine diphosphate-ribose) polymerase family member 9 (PARP9),
deltex E3 ubiquitin ligase 3L (DTX3L), tripartite motif-containing 25 (TRIM25), IFIT5, MX1,
OASL, IFN regulatory factor (IRF)7, TLR3, DExH-box helicase 58 (DHX58), also known
as Laboratory of Genetics and Physiology 2 (LPG2), IFN induced with helicase C domain
1 (IFIH1), also known as melanoma differentiation-associated protein 5 (MDA5), radi-
cal S-adenosyl methionine domain-containing 2 (RSAD2), also known as viperin, and
eukaryotic translation initiation factor 2 α kinase 2 (EIF2AK2), also known as PKR. Further-
more, IFN-induced transmembrane protein 3-like (IFITM3) is down-regulated in the IBV
DMV/1639 and IBV Mass41 3 h groups but up-regulated in the IBV DMV/1639 and IBV
Mass41 18 h groups. In addition, signal transducer and activator of transcription (STAT) 1
(STAT1), STAT2, tumor necrosis factor (TNF) receptor-associated factor (TRAF)-type zinc
finger domain-containing 1 (TRAFD1), IFITM5, adenosine deaminase that acts on RNA
(ADAR), Moloney leukemia virus 10 (MOV10), and DExD/H box helicase 60 (DDX60)
were up-regulated in the IBV DMV/1639 3 h, IBV DMV/1639 18 h, and IBV Mass41 18 h
groups, while suppressor of cytokine signaling (SOCS) 1 (SOCS1) was up-regulated in the
IBV DMV/1639 3 h, IBV Mass41 3 h, and IBV Mass41 18 h groups. Moreover, myeloid
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differentiation primary response (MYD)88 was up-regulated in the IBV DMV/1639 3 h and
IBV Mass41 18 h groups.
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Figure 3. Differential expression of mRNAs from cTECs infected with IBV DMV/1639 or IBV Mass41.
The PCA plot (a) evaluates the variance across all samples based on the log counts of all mRNAs.
The histogram (b) represents the log2FC distribution of fluorescence signal intensity ratios for DE
mRNAs of cTECs infected with IBV DMV/1639 or IBV Mass41 at 3 h and 18 h. The volcano plots
show DE mRNAs of cTECs infected with IBV DMV/1639 at 3 h (c) and 18 h (d) or IBV Mass41 at 3 h
(e) and 18 h (f), relative to their respective control groups. The horizontal dotted line represents the
adjusted p-value < 0.05 threshold. The vertical dotted lines represent the log2FC ≥ |1| (FC ≥ |2|)
threshold. The x-axis limits are set from −10 to 10 log2FC. Down-regulated mRNAs are represented
by purple data points and up-regulated mRNAs are represented by yellow data points. The list of all
up- and down-regulated mRNAs for each treatment group are shown in Table S3.

Few common DE mRNAs were identified between time points for the same IBV
strains. Protein phosphatase 4 regulatory subunit 4 (PPP4R4) was down-regulated, and two
mRNAs, complement component 1r (C1R) and ENSGALG00000046098, were up-regulated
in the IBV DMV/1639 3 h and 18 h groups. Furthermore, TNF superfamily member (TNFSF)
15 (TNFSF15) was down-regulated in the IBV DMV/1639 18 h group but up-regulated in
the IBV DMV/1639 3 h group. Potassium voltage-gated channel subfamily D member 2
(KCND2) was up-regulated in the IBV Mass41 3 h and 18 h groups. The IBV DMV/1639
3 h and IBV Mass41 3 h groups shared 8 down-regulated mRNAs and 33 up-regulated
mRNAs, including IRF1 and IRF8. Of all the intersecting groups, the IBV DMV/1639 18 h
and IBV Mass41 18 h groups had the highest number of common DE mRNAs, with 527
down-regulated mRNAs and 326 up-regulated mRNAs.
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Figure 4. Common and unique DE mRNAs of cTECs infected with IBV DMV/1639 or IBV Mass41.
The Venn diagram illustrates common and unique down-regulated (a) and up-regulated (b) DE
mRNAs among cTECs infected with IBV DMV/1639 or IBV Mass41 at 3 h and 18 h. Lists of common
and unique DE mRNAs are found in Table S4.

At 18 h, the common down-regulated mRNAs included interleukins (IL)-1β (IL1B),
IL-21 receptor (IL21R), IL-8-like 1 (IL8L1), IL-2 receptor subunit α (IL2RA), IL-31 receptor
subunit α (IL3RA), IL-10 receptor subunit α (IL10RA), ISG20, TNF receptor superfamily
(TNFRSF) 18 (TNFRSF18), TNFRSF1B, TNFRSF8, TRAF3, tripartite motif-containing 9
(TRIM9), SOCS3, activator protein (AP)-1 transcription factor subunits Jun proto-oncogene
(JUN) and Fos proto-oncogene (FOS), and nuclear factor of κ light polypeptide gene
enhancer in B-cells (NFKB) inhibitor, α (NFKBIA), also known as IκBα. The common
up-regulated mRNAs at 18 h included IFNω 1 (IFNW1), IFN α-inducible protein 6 (IFI6),
IFN α-inducible protein 27-like 2 (IFI27L2), IL-18 receptor 1 (IL18R1), thioredoxin reduc-
tase 1 (TXNRD1), and sterile αmotif and histidine–aspartate domain-containing protein
1 (SAMHD1).

In total, 17, 286, 18, and 95 mRNAs were uniquely down-regulated and 101, 99, 7, and
56 mRNAs were uniquely up-regulated in the IBV DMV/1639 3 h, IBV DMV/1639 18 h,
IBV Mass41 3 h, and IBV Mass41 18 h groups, respectively. Up-regulated mRNAs in the
IBV DMV/1639 3 h group included TNFRSF4, TLR21, IRF9, IL-6 (IL6), colony-stimulating
factor 3 (CSF3), chemokine ligand (CCL) 4 (CCL4), nucleotide-binding oligomerization
domain (NOD)-like receptor family caspase activation and recruitment domain (CARD)-
containing (NLRC) 5 (NLRC5), inducible nitric oxide synthase (iNOS or NOS2), and
aconitate decarboxylase 1 (ACOD1). FOSB was down-regulated in the IBV DMV/1639
18 h group. Up-regulated mRNAs in the IBV DMV/1639 18 h group included cathepsin S
(CTSS) and cluster of differentiation (CD) 38 (CD38). For the IBV Mass41 3 h group, IL-19
(IL19) was down-regulated. Finally, IL-8 (IL8) and transforming growth factor beta receptor
III (TGFBR3) were down-regulated and IL-7 (IL7) and C5 were up-regulated in the IBV
Mass41 18 h group.

Figure 5 illustrates the enriched GO terms (BP) for DE RNAs. The full details for the
GO enrichment analysis are summarized in Table S5. At the earlier time point, 3 h, GO
terms associated with the down-regulated RNAs (Figure 5a,c) tended to be more associated
with cell signaling and metabolism, while those associated with the up-regulated RNAs
(Figure 5e,g) tended to be associated with defense responses. For example, some of the top
GO terms included response to stimulus, regulation of the immune response, and response
to virus. At the 18 h time point, the GO terms for down-regulated RNAs (Figure 5b,d)
were generally associated with cell signaling and metabolism, or development and cell
proliferation. For up-regulated RNAs (Figure 5f,h), GO terms were also associated with
defense responses. Pathways are considered enriched when multiple genes from that
pathway are up- or down-regulated upon IBV infection.
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Figure 5. GO functional enrichment analysis for DE mRNAs from cTECs infected with IBV
DMV/1639 or IBV Mass41. The dot plots represent the enriched GO Biological Process terms
for down-regulated mRNAs from the IBV DMV/1639 at 3 h (a), IBV DMV/1639 at 18 h (b), IBV
Mass41 at 3 h (c), and IBV Mass41 at 18 h (d) groups, and for up-regulated mRNAs from the IBV
DMV/1639 at 3 h (e), IBV DMV/1639 at 18 h (f), IBV Mass41 at 3 h (g), and IBV Mass41 at 18 h (h)
groups. Count is the number of genes enriched in a GO term and GeneRatio is the percentage of total
DE mRNAs in the given GO term. The color intensities represent the adjusted p-values. The list of all
GO terms for DE mRNAs is found in Table S5.

All treatment groups, except the IBV Mass41 3 h group, were significantly enriched in
immune signaling pathways such as TLR signaling, cytokine–cytokine receptor interaction,
RIG-I-like receptor signaling, and cytosolic DNA-sensing. At 3 h, the differences between
the enriched pathways of the different strains were marked. The subset of DE genes for the
IBV DMV/1639 group was enriched for many pathways, including the ones mentioned
above and the NOD-like receptor signaling, calcium signaling, C-type lectin receptor
signaling, mitogen-activated protein kinase (MAPK) signaling, and focal adhesion, while
the IBV Mass41 group was enriched only for the RIG-I-like receptor signaling pathway.
At 18 h, necroptosis was enriched for the IBV DMV/1639 group, while regulation of actin
cytoskeleton and TGFβ signaling pathways were enriched for the IBV Mass41 group. The
enriched pathways showing the specifically enriched genes for IBV DMV/1639 18 h and
IBV Mass41 18 h for the TLR signaling pathway are shown in Figure 6. While many of
the DE genes in this pathway are common to both treatment groups, we can observe
that, for example, IFN α and β receptor subunit 1 (IFNAR1) and MAPK10, also known
as c-Jun N-terminal kinase 3 (JNK3), are down-regulated only in the IBV DMV/1639 18 h
group and that inhibitor of nuclear factor κ-B kinase subunit ε (IKBKE) and MYD88 are
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up-regulated only in the IBV Mass41 18 h group. Full details for KEGG enrichment analysis
are summarized in Table S5.
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3.3. mRNA Expression and Functional Profiles in the Tracheal Tissues of IBV DMV/1639- and IBV
Mass41-Infected Chickens

The mRNA expression profiles in tracheal tissues from chickens infected with a high
dose (105 EID50/bird) of IBV DMV/1639 or IBV Mass41 collected at 4 dpi and 11 dpi were
evaluated to determine the effect of the IBV virus strain and collection time point on gene
expression. The heatmaps (Figure S2) provided in the Supplementary Files demonstrate the
relationships between samples from chickens infected with IBV DMV/1639 at 4 (Figure S2a)
and 11 dpi (Figure S2b) or IBV Mass41 at 4 (Figure S2c) and 11 dpi (Figure S2d), relative to
their respective control groups (based on differences in mRNA normalized log counts).

For the trachea, the RNA-seq differential expression results are compiled in Table S6.
Included in this table are the following comparisons: CTRL 11 dpi vs. CTRL 4 dpi, IBV
DMV/1639 4 dpi vs. CTRL 4 dpi, IBV DMV/1639 11 dpi vs. CTRL 11 dpi, IBV DMV/1639
11 dpi vs. IBV DMV/1639 4 dpi, IBV Mass41 4 dpi vs. CTRL 4 dpi, IBV Mass41 11 dpi
vs. CTRL 11 dpi, IBV Mass41 11 dpi vs. IBV Mass41 4 dpi. Only the comparisons of the
treatment groups and the control groups at the same respective time point were considered
(IBV DMV/1639 4 dpi vs. CTRL 4 dpi, IBV DMV/1639 11 dpi vs. CTRL 11 dpi, IBV
Mass41 4 dpi vs. CTRL 4 dpi, IBV Mass41 11 dpi vs. CTRL 11 dpi). The results filtered for
significantly DE mRNAs (defined by an adjusted p-value < 0.05 and a log2FC ≥ |1|) are
summarized in Table S7.

The variance in log counts across all tracheal samples, shown in Figure 7a, demon-
strates the differences in normalized log counts between the virus-treated groups and
uninfected control groups. Among all treatment groups, including IBV DMV/1639- and
IBV Mass41-infected samples at 4 dpi and 11 dpi, a total of 751 DE mRNAs were identified
(Table S7). Overall, there are a lower number of down-regulated mRNAs as compared
to up-regulated mRNAs at both the 4 dpi and 11 dpi time points for both virus strains
(Figure 7b). The numbers of DE mRNAs which passed the adjusted p-value < 0.05 and
log2FC ≥ |1| thresholds were 479 and 335 DE mRNAs, 25 and 88 down-regulated mRNAs,
and 454 and 247 up-regulated mRNAs for the IBV DMV/1639 4 dpi and IBV DMV/1639
11 dpi groups, respectively (Figure 7c,d). Furthermore, 536 and 110 DE mRNAs, 60 and 53
down-regulated mRNAs, and 476 and 57 up-regulated mRNAs were identified for the IBV
Mass41 4 dpi and 11 dpi groups, respectively (Figure 7e,f).

Seven down-regulated (Figure 8a) and forty-four up-regulated (Figure 8b) mRNAs
were identified in all the treatment groups, for both IBV strains at both time points. De-
tails of the Venn diagram trachea results are summarized in Table S8. The commonly
down-regulated mRNAs included contactin-associated protein 1 (CNTNAP1) and fibro-
modulin (FMOD). On the other hand, the commonly up-regulated mRNAs among all
groups included IFI6, MX1, CD8 subunit α (CD8A), CD8 subunit β family member 2
(CD8BP), CD3 δ subunit of T cell receptor complex (CD3D), CD7, IL21R, IL-12 recep-
tor subunit β 2 (IL12RB2), CCL19, CX3C motif chemokine receptor 1 (CX3CR1), C-C
chemokine receptor (CCR) 8 (CCR8), chemokine (C motif) ligand (XCL1), STAT1, cyti-
dine/uridine monophosphate kinase 2 (CMPK2), NLRC3, granzyme K (GZMK, ENS-
GALG00000013546), granzyme A (GZMA), granulysin (GNLY), epithelial stromal inter-
action 1 (EPSTI1, ENSGALG00000016964), 9L sterile a motif domain-containing 9 like
(SAMD9L, ENSGALG00000009479), ζ chain of T cell receptor-associated protein kinase
70 (ZAP70), lymphocyte antigen 6 family member E (LY6E), T cell receptor (TCR) β chain
(TCRB, ENSGALG00000014754), cytotoxic and Regulatory T cell molecule (CRTAM), and
TCR γ alternate reading frame protein (TARP).

Furthermore, there were 125 mRNAs up-regulated in the IBV DMV/1639 4 dpi and
11 dpi and IBV Mass41 4 dpi groups but not in the IBV Mass41 11 dpi group, which included
IRF4, IRF8, STAT4, Burton’s tyrosine kinase (BTK), IFI27L2, Eomesodermin (EOMES), LY96,
also known as myeloid differentiation factor 2 (MD-2), IL-2 receptor subunit β (IL2RB),
IL-2 receptor subunit γ (IL2RG), IL-4 inducible 1 gene (IL4I1), IL7, IL-7 receptor (IL7R),
TNFRSF18, TNFR13B, TNFRSF8, CCL21, CCR2, CCR5, CCR7, C-X-C chemokine receptor
(CXCR) 4, CXCR5, C-X-C chemokine ligand (CXCL) 13 (CXCL13), CXCL13-like (CXCL13L)
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2 (CXCL13L2), and CD proteins (CD247, CD28, CD38, CD3 ε/CD3E, CD4, CD48, CD72,
CD74, CD79 β/CD79B, and CD83). In addition, OASL and DDX60 were the only up-
regulated mRNAs shared among the IBV DMV/1639 4 dpi and 11 dpi and IBV Mass41 11
dpi groups, and IFIT5 was the only up-regulated mRNA shared among the IBV DMV/1639
4 dpi and IBV Mass41 4 dpi and 11 dpi groups.
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Figure 7. Differential expression of mRNAs in tracheal tissues from chickens infected with IBV
DMV/1639 or IBV Mass41. The PCA plot (a) evaluates the variance across all samples based on
the log counts of all mRNAs. The histogram (b) represents the log2FC distribution of fluorescence
signal intensity ratios for DE mRNAs in tracheal tissues from chickens infected with IBV DMV/1639
or IBV Mass41 at 4 dpi and 11 dpi. The volcano plots show DE mRNAs in tracheal tissues from
chickens infected with IBV DMV/1639 at 4 (c) and 11 dpi (d) or IBV Mass41 at 4 (e) and 11 dpi
(f) relative to their respective control groups. The horizontal dotted line represents the adjusted
p-value < 0.05 threshold. The vertical dotted lines represent the log2FC ≥ |1| (FC ≥ |2|) threshold.
The x-axis limits are set from −10 to 10 log2FC. Down-regulated mRNAs are represented by purple
data points and up-regulated mRNAs are represented by yellow data points. The list of all up- and
down-regulated mRNAs for each treatment group are shown in Table S7.

Few similarities in gene expression were observed between the different time points
for each IBV strain. For the IBV DMV/1639-infected tissues, there were two commonly
down-regulated mRNAs, namely, fibroblast growth factor receptor 1 (FGFR1) and collagen
(COL) type XVI α 1 chain (COL16A1, ENSGALG00000026836), and three commonly up-
regulated mRNAs, including placenta-associated 8-like 1 (PLAC8L1) and hepatitis A virus
cellular receptor 1 (HAVCR1), also known as T cell immunoglobulin. As for the IBV Mass41-
infected groups, COL type I α 2 chain (COL1A2) was the only down-regulated mRNA, and
no mRNAs were commonly up-regulated at both the 4 dpi and 11 dpi time points.

At 4 dpi, 4 mRNAs were down-regulated, and 201 mRNAs were up-regulated (the
largest intersecting group) in both the IBV DMV/1639 and IBV Mass41-infected groups.
Up-regulated mRNAs from this group included IRF1, IRF9, TLR1A, TLR2B, TLR3, TLR4,
TLR15, IFIH1 (MDA5), IFN-γ (IFNG), IL-1β, IL-22, IL-6, IL-8, IL10RA, IL18R1, IL-18 recep-
tor accessory protein (IL18RAP), IL-1 receptor 2 (IL1R2), IL-20 receptor subunit α (IL20RA),
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IL-22 receptor subunit α 1 and 2 (IL22RA, IL22RA2), IL8L1, TNFRSF25, TNFRSF4, TN-
FRSF6B, PARP9, RSAD2 (viperin), MOV10, DTX3L, SAMHD1, NLRC5, TNF α-induced
protein 3 (TNFAIP3), TNFAIP3-interacting protein 2 (TNIP2), a disintegrin and metallopro-
teinase (ADAM) domain 8 (ADAM8), Spi-1 proto-oncogene/hematopoietic transcription
factor PU.1 (SPI1), Tyrosine-protein kinase Lyn (LYN), negative regulator of reactive oxygen
species (NRROS), ACOD1, CCL4, CD proteins (CD180, CD200R1, CD40 molecule-like fam-
ily member G/CD40LG, and CD72 antigen/CD72AG), complement components (C1QA,
C1QB, C1QC, C1R, and C1S), SOCS1, SOCS3, NFKB inhibitor ε (NFKBIE), and helicase
with zinc finger domain 2 (HELZ2). At 11 dpi, there were 15 down-regulated mRNAs,
including nuclear receptor subfamily 4 group A member 1 (NR4A1), low-density lipopro-
tein receptor-related protein 1 (LRP1), and epithelial cadherin (CDH1), and 6 up-regulated
mRNAs, including activation-induced cytidine deaminase (AICDA) and synaptotagmin
Like 3 (SYTL3), common to the IBV DMV/1639- and IBV Mass41-infected groups.
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Figure 8. Common and unique DE mRNAs in tracheal tissues from chickens infected with IBV
DMV/1639 or IBV Mass41. The Venn diagram shows the common and unique down-regulated (a)
and up-regulated (b) DE mRNAs among tracheal tissues from chickens infected with IBV DMV/1639
or IBV Mass41 at 4 dpi and 11 dpi. Lists of common and unique DE mRNAs are found in Table S8.

In total, 7, 45, 34, and 19 mRNAs were uniquely down-regulated and 78, 30, 68, and
3 mRNAs were uniquely up-regulated in the IBV DMV/1639 4 dpi, IBV DMV/1639 11 dpi,
IBV Mass41 4 dpi, and IBV Mass41 11 dpi groups, respectively. The 78 up-regulated
mRNAs in the IBV DMV/1639 4 dpi group included IRF7, TLR1B, STAT2, CD80, CD300LG,
CXCR1, IFI35, TRIM25, TNFSF10, TRAFD1, ZNFX1, MAP3K8, IKBKE, DHX58 (LPG2), and
EIF2AK2 (PKR). The 30 up-regulated mRNAs in the IBV DMV/1639 11 dpi group included
CXCL13L3 and zinc finger CCCH-type-containing 12D (ZC3H12D). The 68 up-regulated
mRNAs in the IBV Mass41 4 dpi group included TLR2A, TLR7, signal-transducing adaptor
family member 1 (STAP1), CD1C, CD86, cytotoxic T-lymphocyte associated protein 4 (CTLA4),
phospholipase Cg 2 (PLCG2), IL-12 subunit β (IL12B), CCL20, CCR4, and TNFSF11. Finally,
the 22 down-regulated mRNAs in the IBV Mass41 11 dpi group included KLF2 and NR4A2.

Gene ontology (GO) terms associated with the DE mRNAs revealed functional insights
into the gene subsets identified for the different treatment groups (Figure 9). Details of the
GO functional analyses for DE mRNAs from tracheal samples are compiled in Table S9.
Overall, the down-regulated mRNAs from all infected groups relative to the respective
control groups were enriched in BP GO terms mainly related to developmental processes
and anatomical structures (Figure 9a–d). On the other hand, the top BP GO terms associated
with the up-regulated mRNAs from all groups were related to immune system processes
(Figure 9e–j). More specifically, at 4 dpi, the top BP GO terms for both the IBV DMV/1639
(Figure 9e) and IBV Mass41 (Figure 9g) groups included regulation of immune system
process, defense response, cell activation, and leucocyte activation. At 11 dpi, in terms
of the up-regulated mRNAs from the IBV DMV/1639 group (Figure 9f), the top BP GO
terms included lymphocyte activation, leucocyte activation, and T cell response. For the
up-regulated mRNAs from the IBV Mass41 (Figure 9h) group, the top BP GO terms included
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defense response, innate immune response, and cytokine-mediated signaling. Furthermore,
the top enriched BP GO terms for up-regulated mRNAs found in all treatment groups
(Figure 9i) in the 4 dpi groups only (Figure 9j) were associated with immune system
processes and defense response.
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Figure 9. GO functional enrichment analysis for mRNAs in tracheal tissues from chickens infected
with IBV DMV/1639 or IBV Mass41. The dot plots represent the enriched GO Biological Process
terms for down-regulated mRNAs from the IBV DMV/1639 at 4 dpi (a), IBV DMV/1639 at 11 dpi (b),
IBV Mass41 at 4 dpi (c), and IBV Mass41 at 11 dpi (d) groups, and for up-regulated mRNAs from the
IBV DMV/1639 at 4 dpi (e), IBV DMV/1639 at 11 dpi (f), IBV Mass41 at 4 dpi (g), and IBV Mass41 at
11 dpi (h) groups. Enriched GO Biological Process terms for gene subsets common to all treatment
groups (i) and the 4 dpi groups (j) are also shown. Count is the number of genes enriched in a GO
term and GeneRatio is the percentage of total DE mRNAs in the given GO term. The color intensities
represent the adjusted p-values. Full details for mRNA GO enrichment analysis are found in Table S9.
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Upon further KEGG pathway analysis, all treatment groups were found to be en-
riched for the cytokine–cytokine receptor interaction and cell adhesion molecule pathways
(Table S9). The enriched pathways for both 4 dpi groups included TLR signaling, necrop-
tosis, NOD-like receptor signaling, retinoic acid-inducible gene I (RIG-I)-like receptor
signaling, apoptosis, and cytosolic DNA sensing. The p53 signaling pathway was enriched
for the IBV DMV/1639 4 dpi group only, while the regulation of actin cytoskeleton and
focal adhesion pathways was enriched for the IBV Mass41 4 dpi group only. The IBV
DMV/1639 11 dpi group was also enriched for cell adhesion molecules, endocytosis, and
C-type lectin receptor signaling pathways, while the IBV Mass41 11 dpi group for cell adhe-
sion molecules and extracellular matrix (ECM)–receptor interaction pathways. Enrichment
and expression of the specific components in the TLR signaling (Figure 10a,b) and cytokine–
cytokine receptor interaction (Figure 10c,d) pathways are shown for the IBV DMV/1639
4 dpi and IBV Mass41 4 dpi treatment groups. The pathway enrichment analysis revealed
that several DE genes are common to both 4 dpi groups, but some important differences are
observed. For example, IKBKE, IRF7, and STAT2 are up-regulated in the IBV DMV/1639
4 dpi group but not in the IBV Mass41 4 dpi group.
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Figure 10. KEGG pathway analysis for DE mRNAs in tracheal tissues from chickens infected with 
IBV DMV/1639 or IBV Mass41. DE genes in the enriched KEGG pathways are shown for IBV 
DMV/1639 4 dpi TLR signaling (a), IBV Mass41 4 dpi TLR signaling (b), IBV DMV/1639 4 dpi cyto-
kine-cytokine receptor interaction (c), and IBV Mass41 4 dpi cytokine-cytokine receptor interaction 
(d). KEGG pathway analysis figures were generated using the R package pathview. The color inten-
sities represent the expression levels of the DE mRNAs identified in the RNA-seq analysis. Full de-
tails for mRNA KEGG enrichment analysis are found in Table S9. 

3.4. Comparisons of DE mRNAs in In Vitro and In Vivo Infection Models 
Overall, upon comparing the expression patterns in in vitro and in vivo RNA-seq 

datasets, a total of 162 DE mRNAs were found to be common to both infection models in 
at least one treatment group (Table S10). In total, 21 of these DE mRNAs were down-reg-
ulated and 141 were up-regulated. The down-regulated mRNAs included kelch-like fam-
ily member 30 (KLHL30), KLF2, NR4A1, and NR4A2. Up-regulated mRNAs included 
SAMHD1, NLRC5, TRAFD1, IL18R1, IL-6, IRF7, IRF1, ACOD1, TRIM25, CCL4, DDX60, 
DHX58 (LPG2), TLR3, STAT1, STAT2, PARP9, IFIH1 (MDA5), CD38, LY96 (MD-2), SOCS1, 
RSAD2 (viperin), EIF2AK2 (PKR), OASL, MX1, CMPK2, IFIT5, and sodium channel epi-
thelial 1 subunit δ (SCNN1D). 

More specifically, Figure 11 illustrates the gene overlaps at the early time points post-
infection, 3 h (in vitro), or 4 dpi (in vivo), for down-regulated (Figure 11a) and up-regu-
lated (Figure 11b) mRNAs and at the late time points post-infection, 18 h or 11 dpi, for 
down-regulated (Figure 11c) and up-regulated (Figure 11d) mRNAs, for both IBV infec-
tion models. At the earlier time points post-infection, we did not observe any overlap with 
down-regulated mRNAs; however, 27 up-regulated mRNAs were common to all early 
treatment groups, including TLR3, IFIT5, IFIH1 (MDA5), MX1, RSAD2 (viperin), CMPK2, 
SOCS1, and SCNN1D. Two mRNAs were down-regulated in all treatment groups at the 

Figure 10. KEGG pathway analysis for DE mRNAs in tracheal tissues from chickens infected with IBV
DMV/1639 or IBV Mass41. DE genes in the enriched KEGG pathways are shown for IBV DMV/1639
4 dpi TLR signaling (a), IBV Mass41 4 dpi TLR signaling (b), IBV DMV/1639 4 dpi cytokine-cytokine
receptor interaction (c), and IBV Mass41 4 dpi cytokine-cytokine receptor interaction (d). KEGG
pathway analysis figures were generated using the R package pathview. The color intensities represent
the expression levels of the DE mRNAs identified in the RNA-seq analysis. Full details for mRNA
KEGG enrichment analysis are found in Table S9.

3.4. Comparisons of DE mRNAs in In Vitro and In Vivo Infection Models

Overall, upon comparing the expression patterns in in vitro and in vivo RNA-seq
datasets, a total of 162 DE mRNAs were found to be common to both infection models in at
least one treatment group (Table S10). In total, 21 of these DE mRNAs were down-regulated
and 141 were up-regulated. The down-regulated mRNAs included kelch-like family mem-
ber 30 (KLHL30), KLF2, NR4A1, and NR4A2. Up-regulated mRNAs included SAMHD1,
NLRC5, TRAFD1, IL18R1, IL-6, IRF7, IRF1, ACOD1, TRIM25, CCL4, DDX60, DHX58
(LPG2), TLR3, STAT1, STAT2, PARP9, IFIH1 (MDA5), CD38, LY96 (MD-2), SOCS1, RSAD2
(viperin), EIF2AK2 (PKR), OASL, MX1, CMPK2, IFIT5, and sodium channel epithelial
1 subunit δ (SCNN1D).

More specifically, Figure 11 illustrates the gene overlaps at the early time points
post-infection, 3 h (in vitro), or 4 dpi (in vivo), for down-regulated (Figure 11a) and up-
regulated (Figure 11b) mRNAs and at the late time points post-infection, 18 h or 11 dpi, for
down-regulated (Figure 11c) and up-regulated (Figure 11d) mRNAs, for both IBV infection
models. At the earlier time points post-infection, we did not observe any overlap with
down-regulated mRNAs; however, 27 up-regulated mRNAs were common to all early
treatment groups, including TLR3, IFIT5, IFIH1 (MDA5), MX1, RSAD2 (viperin), CMPK2,
SOCS1, and SCNN1D. Two mRNAs were down-regulated in all treatment groups at the
later time points post-infection, namely, CNTNAP1 and NR4A1, while twenty mRNAs
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were up-regulated in all later time point treatment groups, including IFI6, LY6E, MX1,
OASL, STAT1, and CMPK2.
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Figure 11. Common and unique DE mRNAs from cTECs and the trachea in the context of IBV
DMV/1639 or IBV Mass41 infection at early and late time points post-infection. The Venn diagram
illustrates common and unique down-regulated (a) and up-regulated (b) mRNAs at the early time
points post-infection and down-regulated (c) and up-regulated (d) at the late time points post-
infection. Lists of common and unique DE mRNAs are found in Table S10.

Although we observed these important overlaps in gene expression among the two
infection models, 938 down-regulated mRNAs and 567 up-regulated mRNAs were identi-
fied in the IBV-infected cTECs only. Down-regulated mRNAs included SLC6A4, PPP4R4,
TRAF3, JUN, and NFKBIA. Up-regulated mRNAs included IFITM5, ADAR, and MOV10.
In contrast, we observed 132 down-regulated mRNAs and 457 up-regulated mRNAs in the
IBV-infected tracheal tissues only. COL1A2, COL2A1, COL16A1, elastin (ELN), and LRP1
were among the down-regulated mRNAs and TLR4, TLR7, CCR2, CCL17, CCL20, IL-22,
NLRC3, IFN-γ, GZMA, and GNLY were among the up-regulated mRNAs. Finally, we
observed some cases of differential dysregulation for certain mRNAs in vitro versus in vivo.
For example, CDH1 was up-regulated in the cTEC IBV DMV/1639 and IBV Mass41 18 h
groups, but down-regulated in the trachea IBV DMV/1639 and IBV Mass41 11 dpi groups.
IL-1β and SOCS3, on the other hand, were down-regulated in the cTEC IBV DMV/1639
and IBV Mass41 18 h groups and up-regulated in the tracheas of IBV DMV/1639- and IBV
Mass41-infected 4 dpi groups.

3.5. Host mRNA Gene Expression Validation

To validate the RNA-seq results, qPCR was performed to detect expression of a subset
of DE mRNAs using tracheal samples from IBV DMV/1639-infected chickens. Three down-
regulated and four up-regulated mRNAs were selected, and the relative expression of these
genes was measured (Table 1). The qPCR results demonstrate that the patterns of host
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mRNA expression are similar to the patterns determined by RNA-seq, with little variation
in the magnitude of the expressions.

Table 1. Comparison of host mRNA expression fold-changes (FC) of selected genes between RNA-seq
and qPCR in tracheas from IBV DMV/1639-infected chickens relative to the uninfected control group
at 4 dpi and 11 dpi.

IBV DMV/1639 4 dpi IBV DMV/1639 11 dpi

Gene RNA-Seq FC qPCR FC RNA-Seq FC qPCR FC

Down-
regulated

KLHL30 −1.012 −3.230 −1.147 −1.826
FMOD −2.283 −2.987 −2.181 −1.401
NR4A1 −1.005 −3.131 −2.516 −2.829

Up-regulated

SOCS1 6.538 3.030 1.057 1.633
TLR3 2.192 1.697 1.704 1.061
STAT1 6.167 1.636 2.635 1.168
STAT2 2.749 4.224 1.141 2.269

4. Discussion

Understanding the different factors which can affect the underlying mechanisms
of IBV pathogenesis, particularly at the primary site of infection, airway epithelial cells,
is key in developing new strategies for IBV control. In the present study, we aimed to
characterize the induction of the antiviral response following IBV infection in vitro and
in vivo. We expected that IBV infection would impact the overall induction and initiation
of the host immune responses and wanted to investigate the specific factors and mediators
involved. First, we demonstrated that IBV DMV/1639 and IBV Mass41 replicate in cTECs
in vitro and in the trachea in vivo and induce strain- and time-dependent expression of host
mRNAs. Second, these observations also provided insight into the regulation of expressed
transcripts involved in immune system signaling pathways upon IBV infection of cTECs
and the trachea. Finally, we demonstrated the differences in gene expression patterns
between in vitro and in vivo tracheal IBV infection models.

Tracheal organ culture has long been used to investigate IBV infection [106–112].
While this ex vivo model offers many benefits, understanding the mechanisms specifically
at the level of tracheal epithelial cells is useful for studying immediate host responses
under highly controlled conditions. Our findings shed light on the replication dynamics of
IBV in cTECs, providing valuable insights into host–pathogen interactions under specific
conditions. Both IBV DMV/1639 and IBV Mass41 strains demonstrated a comparable
replication capability in this in vitro model. Few studies have evaluated IBV infection in
cTEC models, despite the significance of airway epithelial cells as the primary target for IBV
during initial infection. Shen and colleagues established a primary cTEC culture system
as a means to study viral cytopathogenesis and showed that these cells were susceptible
to IBV Taiwan (TW)-type infection [65]. In addition, Kint and colleagues infected cTECs
with IBV Mass41-type to demonstrate the delayed induction of the type I IFN response [36].
The latter two studies did not provide data of IBV replication kinetics that can be used for
comparison of our IBV replication kinetic data. Although the cTECs were closely monitored
for growth and viability over the course of the experiments, a cell viability assay to confirm
our visual observations would be an important addition for future work.

Generally, the in vivo inoculation doses of IBV used in this study, low (104 EID50/bird)
and high (105 EID50/bird), did not have an impact on the viral genome load detected in
the trachea. This 10-fold difference in IBV inoculation dose may not be enough to see a
difference in resulting viral genome load in the trachea. Several similar studies infecting
young or adult chickens with IBV use an inoculation dose of 106 EID50/bird [24,113,114]
and we may have seen greater differences between the groups if this upper limit had been
used for the high dose. Typically, the highest concentration of IBV is found in the trachea
at 3–5 dpi; however, IBV has been detected as early as 3 dpi in various tissues [115]. As a
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result, we chose the 4 dpi time point and a later time point of 11 dpi for sample collection.
Given that the upper respiratory tract of the chicken is known to mount strong innate an-
tiviral responses against invading respiratory pathogens [6,64,116], the significant decrease
(p-value < 0.05) in viral genome load from 4 dpi to 11 dpi in the trachea for the high-dose
IBV DMV/1639 and low-dose IBV Mass41 groups may indicate the dissemination of the
virus to establish infection and persist at distal sites.

Previously, RNA-seq analyses have been conducted studying the interaction between
IBV strains such as Beaudette, Mass41 strains [49], and K047-12 [51] in chicken kidney cells
and focused on only one time point following IBV inoculation. Our data are different since
we focused on cTECs involved at the IBV entry site (respiratory mucosa) and included
an additional IBV strain which has recently become endemic in North America, IBV
DMV/1639 [21,22]. Furthermore, we included an early time point and a later time point
for both of our in vitro and in vivo studies, which allowed us to observe changes in host
transcripts over the course of IBV infection in different models. The mRNA expression
profiles of IBV DMV/1639- or IBV Mass41-infected cTECs or tracheas provide evidence
that there are distinct interactions between the IBV strains and the host. Collection time
points further separate expression profiles, indicating a switch in gene expression from a
naïve to activated antiviral state.

Dinan and colleagues observed 579 up-regulated and 132 down-regulated genes in
response to IBV Beaudette and Mass41 strains in kidney cells 24 h following infection [49],
whereas Lee and colleagues observed 787 up-regulated and 297 down-regulated genes in
response to IBV K047-12 infection in kidney cells 48 h following infection [51]. In compar-
ison, we observed 30 (3 h) and 821 (18 h) down-regulated genes, and 218 (3 h) and 501
(18 h) up-regulated genes, for IBV DMV/1639 infection of cTECs and 32 (3 h) and 628 (18 h)
down-regulated genes, and 82 (3 h) and 465 (18 h) up-regulated genes, for IBV Mass41
infection of cTECs. Another 2013 microarray study by Cong and colleagues determined
that IL6, STAT1, MYD88, and IRF1, all of which were present in our IBV-infected cTEC
data, were key genes in chicken kidneys during IBV infection [47]. Our data show more
genes are turned on or off as the infection progresses from 3 h to 18 h in cTECs following
IBV DMV/1639 or IBV Mass41 infection. This is expected, as viral infection disturbs the
host homeostasis, triggering the activation of several downstream signaling pathways and
factors involved in host defense against the invading pathogen [117,118].

Downstream of TLR and ligand engagement, two pathways can be activated: MYD88-
dependent and MYD88-independent pathways [119]. In the current study, we observed
that the MYD88 gene is enriched following IBV DMV/1639 infection at 3 h and IBV
Mass41 infection at 18 h. Previously, it has been shown that IBV infection in kidneys and
trachea up-regulates MYD88 expression [47,68]. Up-regulation of IRF7, which is expressed
downstream of both MYD88-dependent and MYD88-independent pathways, was evident
following IBV infection in cTECs. This agrees with the previous observation in tracheas of
resistant and susceptible lines of chickens following IBV infection [43]. One of the antiviral
cytokines enriched during IBV infection in cTECs is IFNβ and this cytokine is up-regulated
downstream of TLR3 and IRF7 activation [120,121]. Our data provide evidence that IBV
infection also up-regulates TLR3 and IRF7 genes in cTEC.

KEGG pathway analyses at the later time point (18 h) indicating enrichment for the
innate immune response, particularly for the TLR signaling pathway following infection
with IBV DMV/1639 or IBV Mass41, is not surprising. The replication of IBV in cTECs leads
to availability of double-stranded RNA intermediates within cTECs (TLR3 ligand) and the
increased TLR3 we observed has been recorded in trachea following IBV infections [38,68].
The increased gene expression of TLR21 following IBV DMV/1639 infection of cTECs at
3 h is difficult to explain since the TLR21 ligand is CpG (cytosine followed by guanine
residues) DNA and IBV is an RNA virus [122,123]; however, there is evidence that CpG
DNA can activate the innate immune response to suppress IBV replication in ovo [124],
which suggests this sensor may play an unknown role during viral infection. In Lee and
colleague’s IBV work in kidney cells, up-regulation of TLR7 has been recorded at 48 h
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following infection [51]. However, we did not see TLR7 up-regulation with IBV strains
in cTECs and, potentially, this discrepancy may be related to the IBV strain used and
differences in host cells and observed time points.

On the other hand, in the trachea, we observed 25 (4 dpi) and 88 (11 dpi) down-
regulated mRNAs, and 454 (4 dpi) and 247 (11 dpi) up-regulated mRNAs, for the IBV
DMV/1639 group, and 60 (4 dpi) and 53 (11 dpi) down-regulated mRNAs, and 476 (4 dpi)
and 57 (11 dpi) up-regulated mRNAs, for the IBV Mass41 group in vivo. Smith and
colleagues identified several important DE genes in IBV Mass41-infected tracheal tissues
from susceptible and resistant birds, such as TLR3, IRF7, STAT1, IFIH1 (MDA5), MX1,
IFIT5, and OASL, which were also up-regulated in our IBV-infected tracheal tissue data [43].
Ghobadian and colleagues indicated that the Iranian variant-2-like IBV strain IS/1494
induced variable host gene expression in different chicken hybrid tracheal tissues but also
demonstrated the importance of certain genes such as TLR3, IFIH1 (MDA5), and IRF7
and the enrichment of the TLR signaling pathways [45]. Many of the important genes
mentioned in the studies above and found in our DE gene data emphasize the importance
of ISGs. For example, in chickens, IFIT5 is expressed downstream of IFNβ expression
following IBV infection in kidneys [125] and is known to sequester viral RNA impacting
viral replication [126]. In other host–viral models, it has been observed that IFIT5 induces
innate responses effective against viral infections [127].

Similar to the results for our cTEC data, KEGG pathway analyses indicated enrichment
for the innate immune response. Once again, the enrichment of the cytokine–cytokine
interaction pathway for all in vivo treatment groups is not surprising given that the sig-
nificant involvement of pro-inflammatory cytokines during IBV infection has been well
documented [7,128–131].

There is a large interest in understanding IBV immunopathogenesis in reproductive
organs due to the detrimental impact of certain strains, including IBV DMV/1639 and IBV
Mass-type strains, on the reproductive tracts. The strains used in our study are different in
terms of their pathogenesis and specific tissue tropism. Decoding the mechanisms during
initial infection may help to explain these differences. Recently, Farooq and colleagues
showed that tracheal lesions in IBV Mass-type-infected chickens are more severe than
those in IBV DMV/1639-infected chickens, while misshaped eggs or eggs with soft shells
were only observed with IBV DMV/1639-infected chickens [59]. The differences in gene
expression observed for our different strains may be related to the variable aspects of
pathogenicity observed. For example, for cTECs at 3 h, the IBV DMV/1639 group is
enriched in a higher number of immune signaling pathways compared to the IBV Mass41
group. Moreover, TGFβ signaling has several roles, including in re-epithelization and
inflammation [132] and the enrichment of TGFβ signaling in the IBV Mass41 18 h group,
but not the IBV DMV/1639 18 h group, may explain the difference in severity of the
tracheal lesions mentioned above. Similarly, for the tracheal tissues at 11 dpi, the IBV
DMV/1639 group is associated with more immune signaling pathways compared to the
IBV Mass41 group, supporting what was observed in cTECs in vitro. It is important to
acknowledge that the differences in enriched KEGG pathways is somewhat dependent on
the different number of DE genes between the treatment groups, which may introduce a
potential bias, and that the variable number of DE genes may be due small differences in
replication kinetics in host cells or tissues. Furthermore, this is the first transcriptomics
study evaluating the mRNA expression profiles during IBV DMV/1639 infection and future
studies are needed to evaluate the expression profiles in different tissues and at other time
points of infection.

While our in vitro and in vivo models for IBV infection provided insights into mRNA
host response regulation in their own respect, this study also allows us to have a head-to-
head comparison of the infection models for the same strains. Overall, there were 1653 DE
mRNA in cTECs and 751 DE mRNA in the trachea for all treatment groups. Although cell
culture systems are considered reliable platforms for studying anything from cell behavior
to detailed molecular mechanisms, it is not surprising that we see differences between our
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infection models at different time points. The most evident difference between our models
is that the tracheal tissues are a mix of different cells and connective tissues, while the cTEC
model is a monolayer of isolated tracheal epithelial cells. It has long been known that the
modulation of gene expression in vitro versus in vivo is distinct [133]. In the in vivo model,
we reported the down-regulation of ECM components such as collagens and elastin. As
the main fibers of the ECM, these components are important for the structural support
in cells and tissues [134] and are linked to the regulation of epithelial cell function [135].
The down-regulation of these ECM genes in the trachea may be explained by the IBV-
induced epithelial changes in the respiratory tract resulting in a loss of ciliary activity
and tracheitis [2]. Furthermore, we observed up-regulated IFN-γ, a type II IFN, in the
trachea in vivo. IFN-γ leads to the activation of the antiviral response through the Janus
kinase (JAK–STAT signaling pathway [136]. Kameka and colleagues showed an initial IBV-
induced down-regulation of IFN-γ in the trachea and lungs of chickens [68] and Ma and
colleagues reported that IBV nsp14 targets JAK1 to inhibit JAK-STAT signaling in chicken
macrophages, but also highlighted the importance of IFN-γ anti-IBV activity through the
induction of ISG expression [137], suggesting that the increase in IFN-γ expression in the
trachea may play a role in the antiviral response in the upper respiratory tract.

Furthermore, infection and sample collection time points are vastly different based on
the nature of the model systems. These expression profiles can only give us a snapshot in
time as the antiviral response against IBV progresses. Nevertheless, 21 down-regulated
mRNAs and 141 up-regulated mRNAs are common to both the cTEC and trachea infection
models. TLR3, IFIH1 (MDA5), SOCS1, OASL, DDX60, STAT1, MX1, CMPK2, LY96 (MD-2),
STAT1, STAT2, TRIM25, IRF7, and IFIT5 are among the up-regulated genes, many of which
have been identified as key genes in previous transcriptomic IBV studies mentioned above.
In addition, SCNN1D was commonly up-regulated for all treatment groups across the cTEC
and trachea data. In multi-ciliated cells, the epithelial sodium channel is located in cilia
and plays an essential role in the regulation of epithelial surface liquid volume necessary
for cilial transport of mucus [138]. In our study, the up-regulation of SCNN1D potentially
contributes to enhanced mucous production in the trachea and the upper respiratory tract
following IBV infection [114,139–141]. Finally, MX1 and CMPK2 are up-regulated in all
treatment groups across both in vitro and in vivo studies. MX1 is an ISG known to have
antiviral activity against a wide range of RNA viruses [142,143]. CMPK2, on the other hand,
can act as a host restriction factor to inhibit the replication of coronaviruses, including
IBV [144,145].

RNA-seq is a powerful tool and host transcriptomic data can be used to evaluate the
effect of pathogen variants on the host mRNA signature to identify key hallmarks of the
resulting disease [146]. With IBV, characterizing the expression of specific host antiviral
factors may be useful for monitoring the disease and distinct pathogenesis induced by
different IBV strains. Additional studies are needed, but the differences in gene expression
induced by IBV DMV/1639 and IBV Mass41 in this study could be correlated with the
well-documented differences in pathogenesis [24,59,147]. Taken together, these host mRNA
expression profiles provide an overview of the response to IBV infection. Furthermore,
we identified key genes that may play a role in regulating IBV infection. In future studies,
these candidate genes must be verified at the protein expression level by conducting
proteomics screening studies, for example. Furthermore, the specific functions of these
candidate genes could be assessed by silencing their expression through RNA interference
(RNAi) experiments in the context of IBV infection, followed by validation of these results
in vivo. This work would help to correlate differential gene expression with strain-specific
tissue tropism, virulence, and immune responses observed both in the laboratory and field
settings. Overall, this study provides a useful framework for examining IBV infection in
tracheal epithelial cells, which could have significant implications for understanding and
treating viral respiratory infections.
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5. Conclusions

Transcriptomic data revealed important patterns of expression key to uncovering
relevant factors in host responses during infection. We reported a total of 248, 1322, 114,
and 1093 DE mRNAs for IBV DMV/1639 at 3 h, IBV DMV/1639 at 18 h, IBV Mass41 at 3 h,
and IBV Mass41 at 18 h post-infection, respectively, and a total of 479, 335, 536, and 110 DE
mRNAs for the IBV DMV/1639 4 dpi, IBV DMV/1639 11 dpi, IBV Mass41 4 dpi, and IBV
Mass41 11 dpi groups, respectively. The findings provide insights into strain-specific and
temporal-related changes in gene expression, which could be valuable in understanding
the molecular mechanisms underlying IBV infection.

We identified important genes DE in both our in vitro and in vivo infection models
consistent with previous studies, namely, TLR3, IFIH1 (MDA5), SOCS1, OASL, DDX60,
STAT1, MX1, CMPK2, LY96 (MD-2), STAT1, STAT2, TRIM25, IRF7, and IFIT5. Further-
more, we characterized key variations in gene expression in the trachea unique to the
in vivo model, such as changes in collagen, elastin, TLR4, TLR7, CCR2, CCL17, and IFN-γ
expression. Future studies should confirm expression of these genes at the protein level.
Overall, the study highlights the complexity of host–virus interactions and emphasizes the
importance of investigating gene expression changes over time to uncover the dynamics of
the infection process.
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Department of Pathology and Veterinary Diagnostics, Warsaw University of Life Sciences, 02-776 Warsaw, Poland;
aleksandra_ledwon@sggw.edu.pl
* Correspondence: ines_daszkowska@sggw.edu.pl

Abstract: This review article describes the current knowledge about the use of antiviral chemother-
apeutics in avian species, such as farm poultry and companion birds. Specific therapeutics are
described in alphabetical order including classic antiviral drugs, such as acyclovir, abacavir, adefovir,
amantadine, didanosine, entecavir, ganciclovir, interferon, lamivudine, penciclovir, famciclovir, os-
eltamivir, ribavirin, and zidovudine, repurposed drugs, such as ivermectin and nitazoxanide, which
were originally used as antiparasitic drugs, and some others substances showing antiviral activity,
such as ampligen, azo derivates, docosanol, fluoroarabinosylpyrimidine nucleosides, and novel
peptides. Most of them have only been used for research purposes and are not widely used in clinical
practice because of a lack of essential pharmacokinetic and safety data. Suggested future research
directions are also highlighted.

Keywords: antiviral; birds; avian medicine; viruses; viral infection; therapy

1. Introduction

Viral diseases are a serious problem in avian species, both poultry and companion
birds. Scientists actively look for methods of prevention and eradication of infectious
diseases caused by viral pathogens, especially those considered emerging diseases, such
as avian influenza, West Nile disease, Newcastle disease, and proventricular dilatation
disease (caused by avian bornaviruses). Different approaches focus on immunoprophylaxis,
biosecurity, and supportive care, and antiviral therapy is possible. Despite the fact that
there is no antiviral drug licensed for use in any avian species, experimental studies
mainly include the efficacy of antiviral drugs in specific viral infections and, to a lesser
extent, safety profiles of these drugs and pharmacokinetics. Some antivirals licensed for
use in human medicine are currently used with the prescribing cascade in therapy for
avian viral diseases. Drugs mentioned in the literature to be used in clinical practice
include acyclovir in psittacines [1], pigeons [1], backyard poultry [2], and birds of prey [1].
For herpesvirus infections, they include interferon-alpha-2 in psittacines and pigeons for
circovirus infections [1], famciclovir in ducklings for duck hepatitis B virus infections [2],
and penciclovir in ducks for herpesvirus and duck hepatitis B virus infections [2].

At present, only three antiviral compounds have been licensed for use in veterinary
medicine in some countries, including feline interferon-omega (IFN-ω), which is used
to reduce mortality and clinical signs of parvovirosis in dogs and to treat cats infected
with feline leukemia virus (FeLV) or feline immunodeficiency virus (FIV) in cats [3], and
remdesivir and GS-441524, which are both used to treat feline infectious peritonitis (FIP) [4].
There are many local regulations aimed at limiting the use of antiviral drugs, e.g., in the UE,
where the use of amantadine, baloxavir marboxil, celgosivir, favipiravir, galidesivir, lak-
timidomycin, laninamivir, metisazone, molnupiravir, nitazoxanide, oseltamivir, peramivir,
ribavirin, rimantadine, tizoxanide, triazavirin, umifenovir, and zanamivir is prohibited
in veterinary medicine since 9 February 2023 [5]. To avoid the development of resistance
to the antiviral drugs that are listed above, they are reserved for the treatment of certain
infections in humans. However, in the 1990s, several reasons for the low use of antiviral
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chemotherapy in veterinary medicine [6–8] were given, including the high cost of devel-
opment of new substances, particularly for use in animal production, use restricted to a
single virus and a specific animal species, difficulties encountered in the development of
broad-spectrum antivirals with low cytotoxicity, and a lack of rapid diagnostic techniques,
allowing for prompt use of a specific antiviral agent in the course of an acute infection.
In avian medicine, two different approaches to antiviral therapy should be considered as
diagnostic and therapeutic possibilities, and their aims are different. One is the treatment
of species used for food production (mainly poultry) and the second is the treatment of
other species kept as pets, such as psittacines and passerines, or for other reasons, like
birds of prey. Also, the most commonly diagnosed viral infections vary between different
species. Nowadays, drug resistance is becoming a serious threat to public health (noted
especially in viruses with zoonotic potential, such as influenza virus) and is monitored
by investigators from the whole world because of the ease with which mutations occur in
many viruses [9–11]. Taking all mentioned above factors into consideration, a review of the
literature to assess current knowledge about antiviral chemotherapy in avian species and
indicate the possible direction of further research in this field was made.

2. Acyclovir

Acycloguanosine (acyclovir [ACV]) is a synthetic acyclic purine nucleoside analog
with an antiviral spectrum essentially limited to herpesviruses [12]. Acyclovir triphosphate
acts as both a substrate for and an inhibitor of viral DNA polymerase, thus blocking DNA
synthesis [13]. The reason for this herpesviruse specificity is that ACV is a substrate for
herpesvirus-encoded thymidine kinase, and production occurs in infected cells. Thymidine
kinase converts ACV to ACV monophosphate, which is subsequently converted to ACV
diphosphate and ACV triphosphate by cellular enzymes. ACV triphosphate is a potent
inhibitor of DNA polymerase, as it competes with d-guanosine triphosphate, which is the
natural substrate for the viral DNA polymerase. ACV triphosphate has a higher affinity
for the enzyme and is preferentially incorporated into the ends of growing DNA chains.
Following the incorporation of acyclovir triphosphate into the growing DNA chain, DNA
synthesis ceases because ACV lacks the necessary 3′-hydroxyl group to react with incoming
nucleotides [12–14]. Because ACV triphosphate has a higher affinity for viral polymerase
than host cellular polymerases, it has limited toxicity for the host cell. Mutations leading
to the development of herpesvirus-resistant strains remain a problem, and ACV does not
prevent nor treat latent infections [15].

Most of the avian veterinary interest in ACV as an antiviral agent has been in its use
to treat herpesviral infections in different bird species. During an outbreak of Pacheco’s dis-
ease, ACV was administered intramuscularly (IM) to potentially infected birds at 25 mg/kg
body weight (BW) and was administered in drinking water at 1 g/L and in food (seed
mixture) at 400 mg/kg BW for 7 days [16]. Although the majority of treated birds survived,
and all untreated birds died; it was not confirmed by any tests that the treated birds were
infected by Pacheco’s disease herpesvirus. In monk parakeets (Myiopsitta monachus), the
pharmacokinetics in healthy specimens and an efficacy in experimentally infected with
Pacheco’s disease herpesvirus of ACV administered orally and intramuscularly [17,18].
The oral form of ACV administered by gavage was most effective, and clinical signs and
death occurred only after the discontinuation of ACV. At the next step of the experiment,
surviving monk parakeets were transferred to cages with seronegative monk parakeets
with no known exposure to herpesvirus. There have been no deaths caused by herpesvirus
infection in a period exceeding 2 years, which suggests that surviving parakeets did not
shed the virus during the time of observation [17]. In a pharmacokinetic study, acyclovir
was administered in single doses (20 mg/kg BW intravenously (IV) at 40 mg/kg BW IM
and 80 mg/kg BW orally (PO) by crop gavage as a sodium salt for intravenous administra-
tion and oral capsule), multiple doses (40 mg/kg BW IM at 8h intervals (q8h) for 7 days,
80 mg/kg BW PO by crop gavage q8h for 4 days), in food (400 mg in 2 qt parrot seed),
and water (1 mg of sodium salt for intravenous administration/mL). Results showed that
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acyclovir reaches therapeutic plasma levels greater than 0.01 pg/mL when administered
PO by gavage to the crop, IM, IV, and in the medicated food and water. No evidence of
drug accumulation or side effects were noted with any route of administration [18].

Acyclovir was administered towards the end of the outbreak of respiratory disease
caused by herpesvirus in a flock of Bourke’s parrots (Neopsephotus bourkii), but it was too
late for its efficacy to be evaluated [19].

The efficacy of ACV was assessed in pigeons (Columbia livia) and budgerigars (Melop-
sittacus undulatus) experimentally infected with pigeon herpesvirus [20]. Intramuscular
injections of ACV at 33 mg/kg BW three times daily did not prevent the appearance of
clinical disease in infected pigeons and did not reduce viral shedding. The same treatment
before infection protected most of the budgerigars for the duration of treatment, but most
of them died soon after treatment was stopped.

The effect of acyclovir on poultry herpesviruses was also investigated [21]. ACV used
in doses below 12.5 micrograms/mL proved to be non-toxic for chick embryo fibroblast
culture and inhibited in vitro replication of turkey herpesvirus and Marek’s disease virus. It
has also been shown to diminish the development of tumors in birds infected with Marek’s
disease virus.

Another study showed that intramuscular administration of ACV at a dose of 10 mg/kg
BW q24h prevents the development of clinical signs in chickens experimentally infected
with Marek’s disease virus if given for 5 days since day 3 after the challenge, which consid-
erably reduces the mortality rate if given for 9 days starting 14 days after the challenge [22].

Plaque reduction assays were used to evaluate possible inhibitory effects of ACV,
phosphonoacetate (PAA), and phosphonoformate (PFA) with a plaque-purified isolate of
anatid herpesvirus-1 (duck plague virus) [23]. Whereas the interaction between PFA and
PAA was additive, synergism occurred with ACV and either PAA or PFA. Drug-resistant
mutants of the virus were isolated.

Results of an ACV pharmacokinetics study in hybrid tragopans (Tragopan caboti x
Tragopan temminckii) where ACV was administered to five healthy adult birds, three males
and two females, in a single dose of 40, 80, or 120 mg/kg BW PO suggest that a dosage
of 120 mg/kg BW PO q12h in tragopans may achieve effective plasma concentrations
(1.0 µg/mL) for potential treatment and prevention of herpesviral infections [24]. Although
the nonlinearity of acyclovir pharmacokinetics in this species makes dose extrapolation
difficult, this suggestion is based on maintaining plasma acyclovir concentrations above
the accepted effective acyclovir plasma level (1.0 µg/mL) for 12 h after administration of
the 120 mg/kg dose. Throughout all treatments, all birds appeared clinically healthy based
on clinical examination and hematologic testing.

3. Abacavir and Its Derivates

Abacavir and its derivates are widely used in human medicine, especially HIV type 1,
in combination with other antiviral drugs to enhance efficacy against HIV [25,26]. Because
of low solubility, high cytotoxicity, low bioavailability, and a lack of target specificity of
many antiviral chemotherapeutics [27], phosphorylation was proposed to increase the
bioavailability and decrease the cytotoxicity of the activated nucleoside analogs in virus-
infected cells [28]. As these phosphorylated nucleosides have high permeability and
bioavailability, the focus is on producing nucleotide prodrugs, which finally release parent
nucleosides at a specific site [25,29–31]. The mechanism proposed for abacavir [32–34]
involves its conversion by cytosolic enzymes to carbovir monophosphate (CBV-MP), which
is subsequently phosphorylated by host cellular kinases to carbovir triphosphate (CBVTP).
Triphosphate is a potent and selective inhibitor of HIV reverse transcriptase by competing
with dGTP for incorporation into viral DNA [32].

There is evidence that abacavir and its derivates showed antiviral activity against
Newcastle disease virus (NDV), which is the cause of Newcastle disease (ND) [25,35]. Due
to its high mortality and morbidity, NDV is a devastating virus and causes huge economic
loss to the poultry industry. One study showed that abacavir and its phosphorylated
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compounds exhibit binding affinity to a fusion protein of Newcastle disease virus, sug-
gesting that these compounds can be considered potent anti-NDV compounds or NDV
inhibitors [25]. Because of the better binding affinity of three compounds, these three com-
pounds were chosen for the synthesis of phosphorylated compounds and further in vitro
studies on DF-1 cells. One of them (ABC-1) showed marked anti-NDV activity compared
to two other compounds and has been further studied [25,35]. The antiviral activity of
ABC-1 was also better than the parent compound, abacavir, which has been evidenced
by its significant decrease in HA titer and lipid peroxidation and increase in antioxidant
enzyme levels. Further studies of ABC-1 showed that tissue oxidative stress has been
reduced and the expression of fusion protein caused by NDV infection has been inhibited
in the NDV-infected chickens treated with ABC-1 in a dose of 2 mg/kg BW PO from the
fourth day post-infection [35]. Immunolocalization, PCR, and flow cytometry analysis also
showed that the novel phosphorylated compounds are effective in inhibiting the fusion
protein expression, which is important in the replication of NDV.

4. Adefovir and Its Derivates

Adefovir and its derivates, such as adefovir dipivoxil, are antiviral drugs used in hu-
man medicine to treat HIV, hepatitis B, and cytomegalovirus infection [36]. The expression
of the antiviral efficacy of adefovir requires phosphorylation to the active adefovir diphos-
phate moiety [37,38]. The diphosphate competitively inhibits deoxyadenosine triphosphate
as a substrate for reverse transcriptase [39,40] and/or causes chain termination when
incorporated into the growing DNA chain [37].

Duck hepatitis B virus (DHBV) is a model for research on the treatment of hepatitis
B virus because of a similar characteristic of both viruses [41,42]. Research on adefovir
antiviral activity against DHBV was performed when given as a single drug [43–45] or
in combination with other therapeutics [46] and vaccines [47]. Both studies conducted
by Heijtink et al. [43,44] showed that adefovir and its derivates have antiviral activity
against DHBV both in vitro (in DHBV-infected duck hepatocytes) and in vivo given to
Pekin ducks at a dose of 30 mg/kg BW q24h. Another study [45] showed that adefovir at a
dosage of 15 mg/kg BW q24h has potent activity against DHBV without any hepatological,
hematological, or biochemical evidence of systemic toxicity at this dose. However, a
rebound of viral replication was observed after drug withdrawal when adefovir was given
as a single drug [43–47]. It has been confirmed that at clinically achievable concentrations,
the antiviral effects of all two-drug combinations containing adefovir, penciclovir, and
lamivudine against DHBV in vitro are additive or synergistic [46]. Also, the anti-DHBV
effect of combinations containing all three drugs is approximately additive, as measured by
the inhibition of intracellular DHBV replication, although this is not consistently reflected
by comparable inhibition of virus-specific protein synthesis. Results obtained by Guerhier
et al. [47] suggest the presence of an additive effect of adefovir and DNA vaccine and a
sustained decrease in intrahepatic DHBV DNA observed 12 weeks after the end of therapy.

5. Amantadine

Amantadine is a water-soluble tricyclic amine used as an antiviral agent for the
prophylaxis and treatment of influenza A virus in human medicine [48]. Amantadines’
antiviral mechanism of action is based on interference with the release of infectious viral
nucleic acid into the host cell through interaction with the transmembrane domain of the
M2 protein of the influenza A virus [49]. Amantadine by an indirect dopamine-releasing
action and direct stimulation of dopamine receptors is also widely used in the treatment of
Parkinson’s disease [50].

In veterinary medicine, amantadine is used mainly to reduce nociception associated
with chronic pain [51,52]. The use of amantadine in antiviral therapy in veterinary medicine
is not common, but the irresponsible use of amantadine in commercial poultry in China [53]
and Egypt [54] allowed for the emergence of drug-resistant mutants among lethal influenza
strains, rendering this drug ineffective for treating human infections [55,56]. Analysis
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of global H5N1 sequencing data (isolated from both human and avian hosts) showed
that the frequency of L26I/V27A mutation in M2, which is the response to resistance to
amantadine, is linearly correlated with the mortality rates of human H5N1 infections [55].
Also, analysis of avian influenza isolates from poultry in Vietnam [10], Southeast Asia, and
North America [57] showed that resistance to amantadine is a real problem. Results of
a study conducted by scientists at the Friedrich–Loeffler–Institut in Germany indicated
that the resistance to amantadine conferred by the presence of the amantadine resistance
marker at position 31 (Ser31Asn) of the M2 protein evolved rapidly after the application of
amantadine in commercial poultry [58]. Asn31 increased virus entry into the cells and cell-
to-cell spread and was genetically stable for several passages in cell culture. The co-infection
of cell culture with resistant and sensitive strains resulted in the dominance of resistant
strains over sensitive viruses, even in the absence of selection by amantadine. Researchers
concluded that the rapid emergence, stability, and domination of amantadine-resistant
variants over sensitive strains limit the efficacy of amantadine in poultry.

However, some attempts to use amantadine in poultry [56,58–63] and pet birds were
made [64–66].

The first study of the prophylactic use of amantadine in poultry was described in
1970 [59]. The optimum prophylactic dosage regimen included the administration of
amantadine (10 mg/kg BW orally once daily or 0.025–0.05% amantadine incorporated into
feed pellets) at least 2 days pre-infection to 23 days post-infection in turkeys experimentally
infected with HPAIV H5N9.

A comprehensive study performed in the 1980s showed that both amantadine and
rimantadine administered in water at a concentration of 0.01% were well accepted by chick-
ens, were characterized by good pharmacokinetic properties, and prevented infection with
H5N2 influenza virus when given concomitantly with the inoculation with the virus [60].
Further parts of this study demonstrated that amantadine administered in water at a con-
centration of 0.01% is effective in the treatment of chickens experimentally infected with
the virulent H5N2 influenza virus, but it did not prevent virus shedding. Moreover, the
majority of contact birds (which were also given amantadine 0.01% in water) died, and the
virus recovered from these birds was resistant to amantadine in the plaque assay. The last
experiment showed that the vaccine administered at the time of contact did not reduce mor-
tality in the contact birds, but when vaccine and amantadine treatment were administered
simultaneously, none of the contact birds died and they all developed antibodies.

Another study also showed rapid development of resistance to amantadine in the
H5N2 avian influenza virus during an experiment that simulated layer flock treatment [61].

A few studies showed that amantadine-resistant strains of the avian influenza virus
were irreversible, stable, and transmissible with pathogenic potential comparable to the
wild-type virus and, even more, amantadine-resistant strains replaced the wild-type virus
and became dominant [56,62,63].

Based on anecdotal reports [64], a group of clinically healthy, seropositive, avian
bornavirus-shedding African gray parrots (Psittacus erithacus) were treated with amantadine
for 6 weeks, with no apparent effect on fecal viral shedding [65].

A pharmacokinetic study showed that once-daily oral administration of amantadine
at 5 mg/kg BW to orange-winged amazon parrots (Amazona amazonica) maintained plasma
concentrations above those considered to be therapeutic for chronic pain in dogs without
any observed adverse effects [66].

6. Ampligen

Ampligen is an immunomodulator and interferon inducer, which in one study was
used alone and in combination with ganciclovir and coumermycin A1 to treat ducks con-
genitally infected with duck hepatitis B virus [67]. When used alone, ampligen decreased
the amount of serum and liver viral DNA. In combination with ganciclovir, the antiviral
effect was additive with a greater inhibition of viral DNA replication within the liver. The
combination of ampligen with coumermycin A1 also resulted in the inhibition of viral
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replication but to a lesser extent than ampligen alone. When all three agents were used
together, viral DNA replication was again inhibited. During all used treatment regimens,
the level of circulating duck hepatitis B surface antigen (DHBsAg) measured in serum
remained unchanged. At the end of the treatment period for all regimes, analysis of viral
DNA forms in the liver showed that the viral relaxed circular and supercoiled DNA forms
had persisted. Within 1 week of cessation of therapy, viral replication had returned to levels
recorded before treatment. Interferon-like activity was detected in the sera of the majority
of the treated ducks during ampligen therapy.

7. Azo Derivates

Azo dyes (-N=N-) are a class of compounds that are used as dyes and pigments
and biomedical applications [68]. Azo derivates show antiviral [69–72], antibacterial [73],
antifungal [74], antitumor [75], hypotensive, anti-inflammatory, and antioxidant effects [76].

In one study, embryonated eggs were inoculated with a Newcastle disease virus and
an avian influenza virus [77]. The results of the hemagglutination (HA) test in the case of
anti-NDV and anti-AIV potential of azo compounds revealed that three of five tested azo
compounds actively inhibited NDV growth at a concentration of 0.1 mg/100 µL, and two
of five compounds were able to inhibit AIV replication.

8. Baloxavir Marboxil

Baloxavir marboxil (BXM) is a prodrug of baloxavir acid used to treat influenza in
human medicine [78]. Baloxavir acid inhibits cap-dependent endonuclease, an essential
protein involved in the initiation of viral transcription by cleaving capped mRNA bound to
basic polymerase 2.

BXM shows antiviral activity against H5 highly pathogenic avian influenza strains [9,79].
In chickens infected with the H5N6 HPAI virus, a single administration of 2.5 mg/kg BW
of BXM immediately after inoculation was determined as the minimum dose required
to fully protect chickens from the HPAI virus [80]. The concentration of baloxavir acid,
the active form of BXM, in chicken blood at this dose was sufficient for a 48 h antiviral
effect post-administration. In a further experiment, when BXM was given at a dose of
20 mg/kg BW q12h PO for 5 days from the moment when clinical signs were noticed at
24 h post-infection to mimic the field situation of an HPAI outbreak, all eight treated birds
died. One chicken survived up to 6 days post-infection.

9. Didanosine

Didanosine (2,3-dideoxyinosine, DDI) is a dideoxy analog of purine nucleoside inosine
that is a reverse transcriptase enzyme inhibitor and inhibits the replication of HIV [81].
Didanosine is metabolized intracellularly by a sequence of cellular enzymes to its ac-
tive part dideoxyadenosine triphosphate, which inhibits reverse transcriptase competi-
tively [82]. Phosphorylated didanosine derivates are designed [29,31,83] to overcome the
disadvantages of didanosine, such as a short plasma half-life, low bioavailability, and
dose-dependent cellular toxicities; it is unstable in its acidic conditions [84] and has poor
permeability through intestinal epithelium and low oral bioavailability [85]. In one study,
phosphorylated didanosine derivate DDI-10 was chosen from a series of designed derivates
and showed antiviral activity against NDV in vitro, as evidenced by a significant reduction
in plaque formation and cytopathic effects [86].

In vivo, in NDV-infected chicken, it was shown that superoxide dismutase and cata-
lase were significantly raised, and lipid peroxidation and HA titer levels were decreased
upon treatment with 1.5 mg/kg BW of DDI-10 compared to 3 mg/kg BW of DDI [86].
Histopathological alterations in NDV-infected tissues were restored in chickens treated
with DDI-10. Another study showed that in NDV-infected chickens treated with DDI-10
glutathione-dependent enzymes, GPx, GST, and GR significantly increased and oxidation
and nitration levels decreased compared to NDV-infected chickens [87].
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10. Docosanol

n-Docosanol is a long-chain (C-22) saturated fatty alcohol with antiviral activity against
herpes simplex virus (HSV), cytomegalovirus, human immunodeficiency virus (HIV), res-
piratory syncytial virus (RSV), influenza A virus, and murine Friend leukemia virus [88,89].
Some studies showed that n-docosanol has no direct antiviral effect [90], but a metabolic
intracellular conversion prevents virus entry and, consequently, allows the cells to abort
the infectious cycle of many enveloped viruses [88,91].

n-Doconasol given for 4 successive days at a dose of 40 and 60 mg/kg BW showed ther-
apeutic activity against velogenic Newcastle disease virus (NDV) in domestic chickens [92].
NDV shedding was also reduced in treated birds.

11. Entecavir

Entecavir (ETV) is a deoxyguanosine analog with activity against hepatitis B virus
(HBV) [93]. ETV inhibits reverse transcription, DNA replication, and transcription in the
viral replication process [94].

Studies showed that ETV is a potent, safe, rapid-acting, and long-term suppressor of
DHBV replication but is not able to eliminate the virus from infected duck organisms [94].
The treatment protocol consists of a DNA vaccine given 50 days post-infection, and ETV
treatment that started 14 days post-infection at a dose of 0.1 mg/kg BW/day for 244 days
did not result in any additional reduction in viral load compared to ETV used alone [95]. A
higher dose (1 mg/kg/day) of ETV and different vaccination protocols lead to the clearance
of DHBV-infected hepatocytes in ~50% of ETV-treated ducks [96]. In this treatment regimen,
ducks were given ETV for 14 days starting from the day when the animals were inoculated
and vaccinated at day “0”, day 7, and day 14 post-infection.

12. Fluoroarabinosylpyrimidine Nucleosides

Three fluoronucleosides, 1-(2-fluro-2-deoxy-13-D-arabinofuranosyl)-5-iodocytosine
(FIAC), 1-(2-fluoro-2-deoxy- [3-D-arabinofuranosyl)-5-iodouracil (FIAU), and its thymine
analog (FMAU) have been shown to have potent anti-herpes simplex virus activity in vitro
and in vivo [97–101].

It was demonstrated that all three fluoroarabinosylpyrimidine nucleosides (FIAC,
FIAU, and FMAU) were potent inhibitors of MDV and HVT in chick kidney cells (CKCs),
but only two of them (FMAU and FIAU) were active against these viruses in chick embryo
fibroblasts (CEFs) and splenic lymphocyte cultures [102].

13. Ganciclovir

Ganciclovir (9-[(1,3-dihydroxy-2-propoxy)methyl]guanine) is a guanosine analog that
is a potent inhibitor of viruses of the family herpesviridae [103] and hepadnaviridae [104].
The primary mechanism of action is inhibition of the replication of viral DNA by ganciclovir-
5′-triphosphate (ganciclovir-TP) by chain termination. This inhibition includes a selective
and potent inhibition of the viral DNA polymerase [103].

Ganciclovir was tested on a duck hepatitis B infection model to assess its safety and
efficacy when given alone [105–109] and with nalidixic acid [109]. In a study conducted
by Wang et al. [105], 5-week-old ducks congenitally infected with DHBV were treated
with 21-day courses of twice-daily intraperitoneal injections of ganciclovir in a dose of
10 mg/kg BW q24h (alone or with pre-treatment with prednisolone 1 mg/kg once daily
IM followed by a 10 mg/kg BW q24h 21-day ganciclovir course) or 30 mg/kg BW q24h
without noticing any side effects in clinical observation and laboratory markers of liver,
renal, and hematological function. In both protocols with only ganciclovir, the level of
viremia rebounded to greater than pre-treatment levels within 2 weeks of cessation of
therapy. This rebound phenomenon was not observed in follow-up samples obtained from
ducks treated with prednisolone and ganciclovir. In the cited study, ganciclovir treatment
failed to produce any consistent or significant reduction in the level of circulating duck
hepatitis B surface antigen (DHBsAg). In other studies, when ganciclovir was given at a
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dose of 10 mg/kg BW q24h for 3 [106] and 4 weeks [107], similar observations were noted.
After cessation of treatment, viremia returned to detectable levels within 4 days, despite
that the treatment resulted in a substantial reduction in both viremia and liver DHBV DNA
replicative intermediates. Also, long-term therapy of congenitally DHBV-infected ducks
with ganciclovir at a dose of 10 mg/kg BW q24h for 24 weeks failed to permanently stop
DHBV replication [108]. A combination of ganciclovir at a dose of 10 mg/kg BW q24h with
nalidixic acid at a dose of 250 mg/kg BW q12h resulted in a substantial decrease in viremia,
with DHBV DNA levels becoming undetectable [109]. However, during the follow-up
period, the DHBV DNA in serum returned to detectable levels. A pharmacokinetic study
showed that ketoprofen given at a dose of 2 mg/kg BW IV at the same time as ganciclovir
at a dose of 10 mg/kg BW IV caused increased plasma concentration and prolonged the
elimination half-life of ganciclovir in chukar partridges (Alectoris chukar) [110].

14. Interferon

Interferons (IFNs) are a class of cytokines elicited on challenge to the host defense
and are essential for mobilizing immune responses to pathogens [111]. Divided into three
classes, type I, type II, and type III, IFNs do not have direct antiviral activity but affect cells,
inducing the synthesis of antiviral agents. Interferons activate a number of enzymes in
the cell that allow the degradation of viral genetic material, causing the so-called antiviral
status [112]. In human medicine, IFNs have been widely used in the treatment of many
diseases, such as hepatitis B, hepatitis C, and multiple sclerosis [112]. IFNs also show
anti-cancer effects. In general, the interferon system is species-specific—it will protect cells
against viruses only in the same or closely related animal species from which it originates
(e.g., interferon produced in rabbit cells will not protect mouse cells, but human interferon
can protect monkey cells from some viral attack) [113].

In avian species, the cross-species antiviral activity of goose interferon-gamma against
duck plague virus in vitro in duck embryo fibroblasts (DEFs) has been confirmed [114].
Recombinant duck interferon-alpha (rDuIFN-α) inhibits avian influenza (AIV) H5N1 virus
in vitro and in vivo [115]. It was demonstrated that the IM administration of 1 × 105 U
rDuIFN-α significantly reduces the morbidity and mortality of H5N1 AIV infection in
Pekin ducks.

There was an attempt to treat circovirus infection in gray parrots (Psittacus erithacus)
with type 1 interferon-alpha of feline origin or avian gamma interferon derived from poultry
cell cultures [116]. In the feline-origin interferon-treated group, there was no improvement
in clinical observations and hematological parameters (severe leukemia) in all 12 birds,
which died or were euthanized within 30 weeks. Avian gamma-interferon seemed to be
effective in the treatment of psittacine beak and feather disease caused by circovirus in gray
parrots. In the avian gamma-interferon-treated group, seven of ten birds were alive after
30 weeks and exhibited normal total white blood cell counts, and samples of blood and
feather pulp taken in week 30 were negative for circovirus by PCR.

It has been demonstrated that the combination of ribavirin with recombinant interferon-
alpha shows a synergistic effect against avian bornaviruses in vitro [117].

A comprehensive study focused on the effects of nitric oxide (NO) and chicken
interferon-gamma on the replication of MDV showed that the addition of S-nitroso-N-
acetylpenicillamine resulted in the production of NO and reduced replication of MDV and
turkey herpesvirus (HVT) in a dose-dependent manner in vitro in chicken embryo fibrob-
lasts [118]. Further experiments demonstrated that recombinant chicken interferon-gamma
and lipopolysaccharide (LPS) inhibited MDV replication in chicken embryo fibroblasts.
The addition of NG-monomethyl L-arginine (NMMA) by blocking the production of NO
reversed the inhibition of viral replication. Additionally, LPS and interferon were tested
when used alone; LPS did not inhibit MDV replication, and recombinant chicken interferon-
gamma caused a nonsignificant inhibition of viral replication.

A few studies demonstrated that chicken interferon-alpha showed an inhibitory effect
on avian influenza viruses in vitro [119], in ovo [120], and in vivo [120–122].
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15. Ivermectin

Recently, drug repurposing became an option for the treatment of emerging diseases,
as developing new effective antiviral drugs against a particular pathogen is very time-
consuming, laborious, and expensive. Ivermectin, an antiparasitic drug, is one of the
recently tested drugs in Flaviviridae [123,124] and SARS-COV-2 [125–128] treatment.

It was shown that ivermectin is a potent inhibitor of Usutu virus (USUV) replication
in vitro [124]. USUV is a mosquito-borne arbovirus within the genus Flavivirus and family
Flaviviridae. Similar to the closely related West Nile virus (WNV), USUV infections are
capable of causing mass mortality in wild and captive birds, especially blackbirds, and both
viruses are able to infect humans [129]. In the last few years, a massive spread of USUV
has been noticed in the avian populations, mainly the common blackbird (Turdus merula)
in Germany and other European countries [130]. Also, some anecdotal reports indicated
improved clinical outcomes in cases of West Nile virus and USUV infections in hawks and
owls treated with ivermectin [131].

16. Novel Peptides

Peptides with antiviral activity characterize biocompatibility, specificity, and effective-
ness, and they also overcome the limitations of existing drugs [132]. Synthetic peptides
are designed using virtual screening technology and molecular docking technology, which
shorten the research cycle and costs and significantly increase the possibility of screening
for desirable results [133,134].

Because hydropericardium hepatitis syndrome (HHS) caused by fowl adenovirus
serotype 4 (FAdV-4) is the cause of significant economic losses to the poultry industry [135,136],
research on treatment possibilities was conducted [137]. Treatment with one (P15) of
eight investigated peptides significantly inhibited virus proliferation in vitro in LMH cells,
probably through the binding of the peptide to the C-terminal knob domain of the FAdV-4
Fiber2 protein.

Another study showed that four peptides derived from the Marek disease virus (MDV)
glycoprotein gH (gHH1, gHH2, gHH3, and gHH5) and one peptide derived from MDV
glycoprotein gB (gBH1) have potent antiviral activity against MDV both in vitro in plaque
formation assays in primary chicken embryo fibroblast cells (CEFs) and in vivo in lesion
formation assays on a chorioallantoic membrane (CAM) [138].

17. Lamivudine

Lamivudine is a nucleoside derivative antiviral drug with a competitive inhibitory
effect on viral DNA synthesis and extension [139]. It has been shown to inhibit reverse
transcriptase and, therefore, inhibits the replication of human immunodeficiency virus
(HIV) by competition binding with cellular nucleotides both in vitro and in vivo [140–144].

As a type of retrovirus, reverse transcriptase also plays a key role in the life cycle of
avian leukosis virus subgroup J (ALV-J). The efficacy of lamivudine against ALV-J was tested
in vivo in chickens [145]. It has been shown that lamivudine could inhibit ALV-J replication
by competing with normal nucleotides for reverse transcriptase binding and inhibit cDNA
transcription and extension with a mechanism similar to that of HIV inhibition, but it
cannot kill the virus completely.

Lamivudine was also confirmed to show an antihepadnaviral effect in primary duck
hepatocytes infected with DHBV in vitro [146]. It has been also shown that the antiviral
activity of lamivudine in combination with adefovir [45] or penciclovir [45,146] against
DHBV in vitro is additive or synergistic.

18. Nitazoxanide

Originally developed and commercialized as an antiprotozoal agent, nitazoxanide
was later identified as a broad-spectrum antiviral drug [147,148]. Nitazoxanide and its
active metabolite tizoxanide show antiviral activity in vitro against influenza A and B [147],
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hepatitis B virus [149], hepatitis C virus [149], paramyxovirus [150], yellow fever virus [151],
HIV [152], and many different mammalian coronaviruses [153].

The efficacy of nitazoxanide against West Nile virus in vitro and in vivo has been
demonstrated [154]. Treatment of two-week-old chickens resulted in a significant reduction
in NDV replication in the trachea and lungs at 72 h post-infection.

19. Oseltamivir

Oseltamivir is the oral prodrug of GS4071, a selective inhibitor of influenza A and B
viral neuraminidase widely used in human medicine [155].

Oseltamivir given at a dose of 120 mg/kg BW q12h from 1 day before inoculation
to 7 days post-infection could not prevent HPAI infection of inoculated chickens, but
treatment limited morbidity, mortality, and chicken-to-chicken transmission of HPAI virus
infection [156]. Another study confirmed that oseltamivir reduces the replication of low
pathogenic AIV, significantly in chickens and completely in domestic ducks [157]. Re-
search on the safety of oseltamivir in chicken embryos demonstrated that it is non-toxic at
concentrations of 0.1, 1.0, and 10.0 mg/kg BW [158].

None of the few mentioned studies conducted to evaluate the efficacy of oseltamivir
in avian species reported the emergence of resistant strains. In contrast to amantadine,
oseltamivir-resistant H5N1 avian influenza viruses isolated from domestic and wild birds prob-
ably emerged due to spontaneous mutations rather than exposure to oseltamivir [159–162].

20. Penciclovir and Famciclovir

Famciclovir (FCV) is the oral form of the potent and selective antiherpesviral and anti-
hepadnaviral agent penciclovir (PCV) and was developed because of the poor absorption
of penciclovir given orally [163–165]. Similarly to acyclovir, guanosine analog penciclovir is
a highly selective inhibitor of herpesviruses DNA polymerase because it is phosphorylated
and thereby only activated in herpesvirus-infected cells [163–167].

In avian species, antiviral activity against duck hepatitis B virus both in vitro [168]
and in vivo [169–173] has been mainly studied. An in vitro study compared the antihep-
adnavirus activities of penciclovir and ganciclovirin primary duck hepatocyte cultures
congenitally infected with the duck hepatitis B virus (DHBV) [168]. Both compounds
inhibited DHBV DNA replication to a comparable extent during continuous short-term
treatment, but penciclovir was more active both during longer-term continuous treatment
and in washout experiments. Based on anti-DHBV activity, it has been demonstrated that
young ducklings efficiently metabolize FCV given orally to the parent compound, PCV,
which is activated to exert an antiviral effect not only in the liver but also in the nonhepatic
tissues (kidney, pancreas, and spleen) [169]. In different studies [170,171], it was demon-
strated that penciclovir given to DHBV-infected ducks in different treatment protocols
(dose ranges from 10 mg/kg BW q24h for 4 weeks to 20 mg/kg BW q12h and 100 mg/kg
BW q12h for 3 weeks) suppress viral replication, but it is not able to completely kill the
virus, and DHBV DNA plasma levels increased after the cessation of treatment, which
indicated that virus replication had resumed. The same effect has been noticed when giving
famciclovir at a dose of 5 mg/kg BW and 25 mg/kg BW q12h for 3 weeks [171]. Long-term
therapy of congenitally DHBV-infected ducks with penciclovir at a dose of 10 mg/kg BW
q24h for 12 or 24 weeks resulted in similar effects—viral replication was inhibited but
during the follow-up period, DHBV DNA returned to pre-treatment levels [172]. Nicoll
et al. [173] found that penciclovir given to congenitally DHBV-infected ducklings at a dose
of 10 mg/kg BW q24h for 17 days controlled viral replication and reduced viral burden in
hepatocytes but not in the bile duct epithelial cells, which might be an important reservoir
of the virus that is relatively unaffected by antiviral treatment and may play a role in relapse
after cessation of therapy. In all mentioned in vivo studies [169–173], no side effects were
observed during and after PCV or ACV therapy.
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21. Ribavirin

Ribavirin is a broad-spectrum antiviral drug that is a purine analog and can potentially
act on numerous steps of the virus life cycle, such as the inhibition of translation due to a
reduction in cellular GTP pools or incorporation as a cap analog, which inhibits translation,
the inhibition of genome or transcript capping by suppression of GTP synthesis or direct
competition, the inhibition of RNA synthesis directly via active-site binding or a reduction
in GTP synthesis, ambiguous incorporation into RNA causing increased mutation and
production of non-viable genomes, enhancement of the antiviral immune response, and the
prevention of spread and pathogenesis [174]. In human medicine, ribavirin is used mainly
to treat hepatitis C virus infections, but there is evidence of a benefit in RSV infection and
Lassa fever [174].

Ribavirin toxicity and efficacy against Newcastle disease virus in ovo has been stud-
ied [175]. Inoculation of a 0.1 mL solution with the lowest used concentration of 10 µg/mL
did not stop the replication of the virus, while inoculation of a 0.1 mL solution with the high-
est used concentration of 40 µg/mL was toxic, and embryos in eggs died. Inoculation of a
0.1 mL solution with a concentration of 20 µg/mL was non-toxic and had antiviral activity.

Ribavirin was proven to inhibit the replication of parrot bornaviruses in vitro but
was not able to eliminate the virus [176,177]. Ribavirin showed synergistic effects against
parrot bornaviruses with recombinant IFN-α in avian cells [122]. Avian bornaviruses
were discovered in 2008 in parrots suffering from proventricular dilatation disease (PDD),
which is a chronic neurologic and gastrointestinal disorder of birds belonging to the
order Psittaciformes [178,179]. Recently, evidence that avian bornaviruses also cause the
disease in canaries (Serinus canaria) was published [180,181]. Bornaviruses that are able to
infect other species of birds, such as ducks, geese, swans, and estrildid finches, were also
described [182]. However, their pathogenicity is still unclear. Because avian bornaviruses
are a common cause of losses in psittacine collections and can be a threat to endangered
species conservation programs, they are currently one of the most intensively studied exotic
bird viruses in the field of treatment and prevention [182].

22. Zidovudine

Zidovudine is an antiviral drug used in HIV infection treatment in human medicine [183].
Mechanism studies show that zidovudine is phosphorylated by the host cell enzymes.
The triphosphate of zidovudine appears to be the active form of the drug and it competes
well with thymidine 5′-triphosphate for binding to the HIV reverse transcriptase and also
functions as an alternative substrate. The incorporation of zidovudine monophosphate
results in chain termination.

Avian leukosis virus (ALV) is an oncogenic virus belonging to alpha retrovirus [184],
which is the cause of avian leukosis in poultry [185]. ALV also cause immunosuppression
in infected birds, resulting in huge economic losses due to secondary infections [186,187].
One study [188] showed that a combination of zidovudine and short hairpin RNA was able
to significantly inhibit ALV subtype J replication in vitro.

23. Conclusions

The main conclusion is that the current knowledge about the use of antiviral drugs in
avian species in clinical practice is poor. However, numerous experimental studies showed
that many antiviral drugs can effectively inhibit the replication of some avian viruses,
depending on the substance and virus species. There are many more in vitro studies than
in vivo experiments. Even promising results of these in vitro studies should be confirmed
in experimentally infected birds if they have not been performed yet. In some studies,
even though they were conducted on birds, the main goal was to determine drug efficacy
on animal models to assess its usefulness in human medicine (e.g., ducks infected with
duck hepatitis B virus, which are animal models of hepatitis B virus infection in human),
not to determine if the drug can be useful in the treatment of disease in birds. There are
a few pharmacokinetic studies of specific antiviral substances in avian species. A small
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number of pharmacokinetic studies makes it difficult to determine dosage and use them
in clinical practice. Dose extrapolation from mammals to avian species is hard because of
many differences in metabolism (e.g., metabolic rate and specific metabolic processes).

Considering antiviral therapy in birds, the risk of drug-resistance development should
also be kept in mind, especially in zoonotic infections, such as HPAI. Antiviral therapy with
classic antiviral drugs in poultry is generally useless because of residues of drugs in tissues
and eggs, and as mentioned above, a high risk of drug-resistant viral strain development.
However, further research on the use of antiviral drugs in birds is warranted because, in
some situations, antiviral therapy can be the only way to save endangered bird species.
Also, some viral infections in birds kept in a zoo and companion animals could be treated.

Future studies in this field should focus on pharmacokinetics in drugs proven to be
effective in specific infections in birds in vitro and in vivo to determine dosage and enable
their wider application in clinical practice. Further studies on substances that were not
tested in avian viral infections yet are also warranted.
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Abstract: Infectious bronchitis virus (IBV) causes a highly contagious respiratory disease in chickens,
leading to significant economic losses in the poultry industry worldwide. IBV exhibits a high mutation
rate, resulting in the continuous emergence of new variants and strains. A complete genome analysis
of IBV is crucial for understanding its characteristics. However, it is challenging to obtain whole-
genome sequences from IBV-infected clinical samples due to the low abundance of IBV relative to
the host genome. Here, we present a novel approach employing next-generation sequencing (NGS)
to directly sequence the complete genome of IBV. Through in silico analysis, six primer pairs were
designed to match various genotypes, including the GI-19 lineage of IBV. The primer sets successfully
amplified six overlapping fragments by long-range PCR and the size of the amplicons ranged from
3.7 to 6.4 kb, resulting in full coverage of the IBV genome. Furthermore, utilizing Illumina sequencing,
we obtained the complete genome sequences of two strains belonging to the GI-19 lineage (QX
genotype) from clinical samples, with 100% coverage rates, over 1000 ×mean depth coverage, and
a high percentage of mapped reads to the reference genomes (96.63% and 97.66%). The reported
method significantly improves the whole-genome sequencing of IBVs from clinical samples; thus, it
can improve understanding of the epidemiology and evolution of IBVs.

Keywords: infectious bronchitis virus; avian coronavirus; GI-19 lineage; whole-genome sequencing;
amplicon-based genome sequencing; next-generation sequencing

1. Introduction

The infectious bronchitis virus (IBV) is the primary cause of infectious bronchitis (IB),
an acute and contagious disease in chickens. The rapid transmission and frequent occur-
rence of the disease have led to huge economic losses for the poultry industry worldwide [1].
IBV belongs to the genus Gammacoronavirus, family Coronaviridae, which is characterized by
viruses possessing a positive single-stranded RNA genome. The IBV genome has a length
of approximately 27.6 kilobases (kb) and comprises 5′ and 3′ untranslated regions and
about 10 open reading frames (ORFs) coding for 4 structural proteins (spike glycoprotein
(S), envelope protein (E), membrane protein (M), and nucleocapsid protein (N)) and other
non-structural proteins [2,3]. The S glycoprotein is cleaved into subunits S1 and S2. The S1
subunit is responsible for host cell attachment and contains a receptor binding domain and
hypervariable regions (HVR) [4–6]. Thus, the S1 gene has been widely used to classify IBV
genotypes and serotypes [7]. Mutations caused by the high error rates of the viral RNA
polymerase and recombination within the S1 unit have led to various strains or genotypes
of IBV worldwide [2].
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According to the most recent classification based on the S1 gene [7], IBVs can be
divided into 6 genotypes (GI–GVI) and 32 distinct lineages. More genotypes (GVII–GIX)
have been found in China and Mexico [8]. Most IBV genotypes are specific to a geographic
region, and some countries have domestic lineages. In particular, the GI-19 lineage, known
as the QX type, is one of the major genotypes worldwide and is the dominant lineage in
Korea [9–11]. In 1991, nephropathogenic IBV of the KM91 type belonging to the GI-19
lineage emerged [12]. Since then, the QX type of the GI-19 lineage has predominated, and
the K40/09 type, a recombinant of the KM91-type and QX-type strains, emerged in 2005 [13].
Previous studies have demonstrated that QX-type IBVs have recombined with various field
strains, including vaccine strains, resulting in the emergence of novel variants and changes
in the antigenic properties of IBV [14–17]. These mutations and recombinations continually
lead to the emergence of new IBV strains, making the virus extremely difficult to identify
and characterize [16,18].

Recently, it was reported that not only the S1 gene but also non-structural proteins
may play critical roles in the replication and pathogenicity of IBV [19,20], suggesting that
whole-genome sequencing is required to fully characterize IBV viruses and understand
their epidemiology, including their antigenicity, tissue tropism, and pathogenicity [21].
Current advances in metagenomic next-generation sequencing (mNGS) technologies com-
bined with Sequence-Independent, Single-Primer Amplification (SISPA) have provided
a useful tool for uncovering the entire genome of IBV [22–25]. Generally, these methods
have been applied to IBV isolates amplified by serial passage in embryonated chicken
eggs [26–28]. However, despite the need for the mNGS of viruses in clinical tissue samples,
variations in amplification due to the low viral genetic load in tissue samples can pose
challenges for metagenomic sequencing [29,30]. To circumvent this difficulty, different
enrichment techniques employing specific primers targeting the whole genome of the
virus have been developed. Specific amplicon-based sequencing approaches have proven
successful since they can generate sufficient amounts of genetic material for whole-genome
sequencing [22,31].

In this study, we developed an amplicon-based sequencing method for the direct
sequencing of the entire genome of IBV in clinical samples. Additionally, we evaluated
whether the method was performant when used with the non-targeted SISPA approach
with Illumina sequencing technology.

2. Materials and Methods
2.1. Virus Isolation and Propagation

The clinical samples, designated as AD04 and AQ10, were collected from the cecal
tonsils of 23-day-old and 29-day-old broiler chicken carcasses, respectively, which were
suspected of harboring IBV in South Korea in 2023. The chicken carcasses from two different
farms were submitted for IBV diagnostic work-up at the Avian Disease Division, Animal
and Plant Quarantine Agency. The chickens displayed evident respiratory symptoms and
depression before death. Subsequently, IBVs were isolated from the clinical samples by
injecting 0.2 mL of 10% tissue homogenates into the allantoic cavity of 10-day-old specific
pathogen-free chicken embryonated eggs and incubating them at 37 ◦C for 72 h. The
allantoic fluid from the inoculated eggs was collected for RNA extraction and stored at
−70 ◦C for further use. The isolated samples were designated as AD04-CE1 and AQ10-CE1,
respectively.

2.2. RNA Extraction and IBV Real-Time RT-PCR Assay

The total RNA was extracted from the clinical samples and allantoic fluid using
the TANBead Nucleic Acid Extraction Kit on an automated TANBead Maelstrom™ 4800
(Taiwan Advanced Nanotech Inc., Taoyuan, Taiwan) according to the manufacturer’s
instructions. Additionally, the genomic DNA was removed from the extracted RNA
using a DNA-free™ Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s guidelines.
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The IBV detection and quantification in the RNA samples were performed using real-
time RT-PCR targeting the 5′-UTR region of IBV, as previously described [32]. The reaction
mixture consisted of 10 µL RealMODTM Probe M2 2X qRT-PCR mix (iNtRON Biotechnology
Inc., Gyeonggi, Republic of Korea), 0.5 µL forward primer, 0.5 µL reverse primer, 0.5 µL
probe, 3 µL RNA, and nuclease-free water in a final volume of 20 µL. Real-time RT-PCR
was performed on a LightCycler®96 Instrument (Roche, Basel, Switzerland) under the
following conditions: reverse transcription at 50 ◦C for 10 min and initial denaturation
at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. The
fluorescence intensities were acquired during the 60 ◦C step of each cycle, and the cycle
threshold (Ct) value was analyzed using the LightCycler®96 SW 1.1 software.

2.3. In Silico Design of the Primer Sets

Full-length sequences of IBV (n = 55) available in the National Center for Biotechnol-
ogy Information (NCBI) GenBank (up until November 2023) were downloaded to design
the universal primers (Table S1). The alignment of the genome sequences was performed
to evaluate the nucleotide conservation across the IBV genomes with CLC Main Work-
bench software version 20.0.4 (Qiagen, Hilden, Germany) using a very accurate alignment
algorithm. Six universal primer sets covering the entire genome (Table 1) were designed
from conservative regions of the IBV genomes. The criteria for the primers were as follows:
amplicon length, 3.7–6.4 kb; primer length, 19–24 nucleotides; number of degenerate bases
< 4; and overlaps between amplicons > 140 bp. The primers were synthesized by Macrogen
Inc. (Seoul, South Korea). The stock concentration was 100 pmol/µL, and working primer
concentrations of 10 pmol/µL were obtained by diluting the stock solution in nuclease-free
water (Table 1).

Table 1. List of primers used to amplify six fragments of IBV.

Name Primer Name Sequence (5′ to 3′) Position * Product Size (bp)

Amplicon 1
IBF1 CTTAACAAAACGGACTTAAATACC 57

6429
IBR1 GCAACYTCRGGAGACATAAATG 6485

Amplicon 2
IBF2 GCAGGDTTYTATTTCTGGC 6226

6165
IBR2 GTATCAGCCGAGCCTCACTG 12390

Amplicon 3
IBF3 GAYCCACCATGTAARTTTGG 11749

5589
IBR3 CRGGCTCRAAATTATTRCC 17337

Amplicon 4
IBF4 GTATGTTRACCAAYTAYGAATTG 16264

3969
IBR4 GTAAATARTTACWATTCCKCC 20232

Amplicon 5
IBF5 GGTGGACAMTGTTYTGTACWG 20083

5719
IBR5 CGMGCTTTTCKYGCTATTGC 25801

Amplicon 6
IBF6 GACCTAARAARTCTGTTTAATG 23849

3721
IBR6 CCCTCGATCGTACTCCGCG 27569

* Nucleotide positions are relative to those of the YX10 strain (NCBI accession no. JX840411).

2.4. cDNA Synthesis and Amplicon Analysis

For the cDNA synthesis, 5 µL total RNA from each sample, together with an IBV
gene-specific primer (5′-TACCGTTCGTTTCCA-3′), was subjected to reverse transcription
using SuperScript IV Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s guidelines. Six individual amplicons were amplified
using the following mixture: 10 µL LongAmp®Taq 2X Master Mix (New England Bio-
labs, Ipswich, MA, USA), 0.5 µL forward primer (10 pmol/µL), 0.5 µL reverse primer
(10 pmol/µL), and 2 µL of cDNA in a final volume of 20 µL. The cycling conditions were
as follows: 95 ◦C for 5 s, followed by 35 cycles of 95 ◦C for 45 s, 53 ◦C for 45 s, and 65 ◦C
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for 5 min, with a final extension at 65 ◦C for 10 min. The PCR products were run on a
1% agarose gel to confirm the presence of amplicons. The amplicons generated for each
primer pair were pooled (in equal volumes) into a single mixture for library preparation
and Illumina sequencing. The pooled mixture was purified/cleaned up using AMPure XP
beads (Beckman Coulter, Brea, CA, USA) following the manufacturer’s instructions.

2.5. SISPA

The total RNA extracted from the clinical samples and isolated samples was used for
SISPA, as previously described [25]. The dsDNA generated by SISPA was quantified using
the Qubit dsDNA HS assay (Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s guidelines.

2.6. Amplicon and Metagenome Sequencing Libraries Preparation

Libraries were prepared using the NEXTFLEX®rapid XP DNA-seq 2.0 kit for Illumina
platforms (PerqkinElmer, Waltham, MA, USA). The quantification of the libraries was
carried out using the Qubit dsDNA HS assay kit (Thermo Fisher Scientific, Waltham,
MA, USA), and the size of the libraries was measured using the Agilent TapeStation 4200
(Agilent Technologies, Santa Clara, CA, USA). High-quality libraries were pooled to achieve
equimolar concentrations, 1% PhiX Control v3 Library (Illumina, San Diego, CA, USA) was
added, and then next-generation paired-end sequencing (2 × 150 bp) was performed on an
Illumina MiniSeq instrument using the 300-cycle MiniSeq Mid Output Reagent Cartridge
(Illumina, San Diego, CA, USA).

2.7. Bioinformatic Analysis

The quality of the raw Illumina sequencing reads was assessed by fastp [33]. Adapter
trimming was performed using Cutadapt and Trimmomatic with the default parame-
ters [34]. The filtered reads were then aligned to the reference genome (IBV strain YX10,
NCBI accession no. JX840411) using BWA-MEM [35] with the default settings. Subse-
quently, the mapped reads were retrieved using the Bamtofastq tool and subjected to de
novo assembly using MEGAHIT software (v. 1.2.9) [36]. To evaluate the quality of the
assembly, the Quality Assessment Tool for Genome Assembly (QUAST, v.5.0.2) was em-
ployed to compare the relative quality of each strain. The average coverage was calculated
using Qualimap (v. 2.2.1) while examining the mapping of the raw sequence reads to the
reference genome using BWA-MEM and Samtools.

For the genome annotation, the GATU program was utilized with the reference genome
of the YX10 strain (accession no. JX840411) [37]. The pairwise identities were determined
using CLC Main Workbench software version 20.0.4 (Qiagen, Hilden, Germany).

2.8. Phylogenetic Analysis and Sanger Sequencing

The alignments of both the full genome and the S1 gene were conducted utilizing pro-
totype strains from various lineages and reference strains. These alignments were executed
using MAFFT version 7.467 software [38]. Phylogenetic trees were then generated by the
neighbor-joining method, with 1000 bootstrap replications, using MEGA 11 software [39].
The nucleotide differences between the clinical and isolated samples based on NGS were
verified by custom Sanger sequencing (Cosmo Genetech, Seoul, Republic of Korea).

3. Results
3.1. RT-qPCR and Generation of Amplicons

The RT-qPCR results showed that all the samples were IBV positive. The range of Ct
values of the four samples ranged from 19.1 to 23.17. The six primer sets were designed to
target highly conserved regions of the IBV genomes (Table 1). The presence of amplicons
of the expected size was confirmed using 1% agarose gel electrophoresis. Six overlapping
fragments were successfully obtained via long PCR amplification from both the clinical
and isolated samples (Figure 1).
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Figure 1. Overview of amplicon-based sequencing. (A) The locations of the six primer pairs on the
IBV genome and their positions relative to those of the IBV genes. The regions amplified by each
primer set and the overlap between the PCR products are also illustrated. (B) PCR results of the IBV
genome amplification from the clinical and isolated samples. (C) PCR products were pooled in equal
amounts, purified, and subjected to library preparation for Illumina sequencing.

3.2. Complete Genome Characterization by Amplicon Sequencing

The full-length IBV genomes of both the clinical samples and their respective isolates
were successfully obtained using amplicon-based Illumina sequencing. The coverage rates
of the IBV were 100% in all four amplicon sequencing samples. There were 13 ORFs
(5′-UTR-1a-1ab-S-3a-3b-E-M-4b-4c-5a-5b-N-6-3′-UTR) identified within the IBV genomes.
The mean depth of coverage of AD04 and AD04-CE1 was 1239 and 2629, respectively.
Similarly, the AQ010 and AQ010-CE1 samples had mean coverage depths of 1069 and 2385,
respectively. The coverage depth across the reference genome of the sequencing samples is
shown in Figure 2.

Phylogenetic analysis of the four amplicon sequencing samples and IBV reference
strains was performed using the full-length S1 gene and full-length IBV genomes, respec-
tively. The results showed that the sequences of AD04, AD04-CE1, AQ10, and AQ10-CE1
were of the GI-19 genotype (Figure 3).
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CE1, AQ10, and AQ10-CE1 obtained by amplicon sequencing, and the reference IBV strains. The
maximum likelihood method in Mega 11 software was used, with 1000 bootstrap replicates.

The full-genome sequences of AD04 and AQ10 shared a 99.58% identity. The S1 genes
of AD04 and AQ10 had high nucleotide and amino acid identities of 99.88% and 99.81%,
respectively. The nucleotide and amino acid sequence identities of the S1 gene between
the AD04 and 18 IBV isolates in the GI-19 branch of the phylogenetic tree (Figure 3) were
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84.75–98.02% and 85–97.59%, respectively, while those between the AD10 and GI-19 IBVs
were 84.69–98.02% and 85.19–97.78%, respectively.

3.3. Comparison of Amplicon Sequencing and Metagenome Sequencing Approaches for IBV

Next, we conducted a comparison between the results of the amplicon sequencing
and metagenome sequencing. Among the four metagenome sequencing samples, the full-
length sequence of IBV was successfully obtained from only the AD04-CE1 and AQ10-CE1
samples. All the isolated samples used for the sequencing showed 100% coverage rates for
the IBV full genome. The sequences of AD04-CE1 and AQ10-CE1 obtained by metagenomic
sequencing were annotated, with the IBV genome structure comprising 13 ORFs, similar
to that of the amplicon-based sequencing samples. The mean coverage depths of AD04-
CE1 and AQ010-CE1 were 864 and 4525, respectively. However, we were unsuccessful in
acquiring the complete genome of IBV from the clinical samples using the SISPA approach.
AD04 (with a Ct value of 22.3) showed a genome coverage of 22.58%, with a mean depth
coverage of 14. The AQ10 (with a Ct value of 19.1) exhibited a genome coverage of 95.37%,
with a mean depth coverage of 1148 (Table 2).

Table 2. Comparison between the amplicon-based sequencing and metagenome sequencing.

Sample Name Number of
Read

Mapped Reads to
Reference

Sequence (%) a
Coverage (%) b Mean of Depth

Coverage c SD

Amplicon-based
sequencing

AD04 271,693 265,341 (97.66%) 100 1239 711
AD04-CE1 577,061 551,186 (95.52%) 100 2629 1313

AQ10 258,588 249,866 (96.63%) 100 1069 714
AQ10-CE1 482,990 470,782 (97.47%) 100 2385 1455

Metagenome
sequencing

AD04 339,616 2,901 (0.85%) 22.58 d 14 98
AD04-CE1 578,112 193,793 (33.52%) 100 864 2170

AQ10 552,618 246,618 (44.63%) 95.37 e 1148 8406
AQ10-CE1 1,218,715 989,833 (81.22%) 100 4525 24,717

a Mapped reads to a reference sequence were calculated using the IBV reference strain YX10 (accession no.
JX840411). b Coverage rate was calculated using the following formula: assembly contigs/reference genome.
c Sequencing depth was calculated using the following formula: average read length × number of reads matching
the reference/reference genome size. d Gaps at nucleotide positions: 1–32; 719–2387; 3486–7466; 7914–8436;
9398–11,769; 12,513–15,290; 16,312–20,627; 20,946–26,083; 27,061–27,674. e Gaps at nucleotide positions: 1–58;
16,933–17,152; 23,347–23,814; 24,106–24,617; 27,652–27,674.

A pairwise comparison of the IBV genome between AQ10 and AQ10-CE1 showed
100% similarity. However, there was a single nucleotide difference. Specific primer pairs
were designed to confirm the substitution by Sanger sequencing. The Sanger sequencing
results confirmed the presence of a single nucleotide substitution of T for C at position 5673
in the ORF1b between AD04 and AD04-CE1. However, this substitution did not lead to an
amino acid change in the 1b polyprotein (Figure 4).
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4. Discussion

Whole-genome sequencing, combined with various NGS protocols, is a powerful tool
for investigating genome epidemiology and understanding the evolutionary dynamics
of viruses [21–25]. Nonspecific amplification of purified nucleic acids in combination
with mNGS allows all the genetic material directly recovered from a sample to be se-
quenced and analyzed, and SISPA represents one such metagenomic approach [23–25].
This method involves random priming and avoids the selection of specific RNA sequences,
thus minimizing the biases associated with amplicon-based sequencing and allowing the
detection of multiple pathogens [22,23]. However, in clinical samples, the low viral ge-
netic loads and the overwhelming proportion of sequencing reads from the host DNA
pose challenges to achieving the complete genome sequences of viruses by metagenomic
sequencing [29,30,40,41]. In this study, the clinical samples, AD04 and AQ10, exhibited
relatively low proportions of mapped reads to the reference genome, at 0.85% and 44.63%,
respectively, demonstrating the limitation in obtaining the complete genome sequences of
IBV directly from clinical samples using SISPA-mNGS.

To overcome these difficulties, the targeted enrichment of viral genomes from clinical
samples using PCR has been used to reduce the nonspecific reads, streamline the bioin-
formatics analysis, and allow greater accuracy compared with metagenomics [31]. Recent
studies have demonstrated that amplicon-based approaches offer greater genome coverage
and higher sensitivity than mNGS [40–43]. These protocols are designed to amplify short
and overlapping amplicons (about 1000 bp or less) across the genome and have been used
to sequence the Zika virus, Crimean–Congo hemorrhagic fever virus, and SARS-CoV-2
from clinical samples [40,41,44,45]. However, they have not been successful in sequencing
coronaviruses because these viruses have a high mutation rate that makes it difficult to
design multiple primer pairs that do not result in primer mismatches [44,45].

In this study, we developed a protocol based on long-amplicon PCR to reduce the
number of reactions. Six primer sets for amplicon sizes of 3.7–6.4 kb were designed to
cover the whole IBV genome across various lineages, including GI-19. The primer sets
successfully amplified bands of the correct size from two IBV strains, and sequencing of
the amplicons using the Illumina MiniSeq platform resulted in high read accuracy and
high levels of sequencing depth. These results indicate that the targeted long-amplicon
PCR method provides high genomic coverage, with a mean depth of genome coverage of
more than 1000-fold and high read mapping percentages ranging from 95.52% to 97.66%,
in clinical and isolate samples.

Until now, mNGS for IBV whole-genome sequencing was usually performed on IBV
isolates amplified by egg inoculation [26–28]. However, it is also important to conduct
mNGS on IBV-infected clinical samples to detect co-infection with various IBV strains [46].
Moreover, there is a concern that viral passage through eggs or cell cultures can introduce
single nucleotide substitutions, insertions, deletions, and recombination not initially present
in the original clinical sample, potentially complicating the analysis [46,47]. The results of
this study also revealed a single nucleotide difference between the genomes of IBV in the
AD04 and AD04-CE1 samples, confirming that genetic variation during egg serial passage
is a real possibility. This suggests that the introduction of a method to directly analyze the
whole-genome sequence of the IBV from clinical samples using the long-amplicon-based
approach would be useful for studying IBV mutations and evolution.

Among the IBVs, the QX-type subgroup belonging to the lineage GI-19 is widely preva-
lent in chicken flocks globally and currently predominant in South Korea [9–11]. In recent
years, a variety of distinct QX-like IBVs (QX-I to IV) have been reported, as well as various
recombinants [16,18]. Previous studies have demonstrated that recombination breakpoints
were detected not only in the S1 gene but also in other parts of the IBV genome [15–18]. The
construction of phylogenetic trees and sequence analysis suggested potential recombinant
strains genetically distinct from others, and then the putative recombination events were
identified using specialized software [16,17]. In this study, sequence comparisons of the S1
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gene and phylogenetic analysis of both the S1 gene and the whole-genome of AD04 and
AQ10 demonstrated that these strains belonged to the QX-type.

We found that the six primer pairs developed in this study are sufficient for the
efficient amplification of viral DNA for whole-genome sequencing analysis of the GI-19
lineage. In the future, it is expected that this protocol will be applied to the genomes of
other subgroups of the GI-19 lineage. Additionally, the protocol may be applicable to
various IBV lineages, such as GI-1 (Mass type), GI-13 (4/91 type), and GVI-1 (TC07-2 type),
since the primer sets were designed for the purpose of detecting various lineages by in
silico analysis. Further evaluations with serial dilutions of viral RNA and clinical samples
exhibiting higher Ct values will also be necessary to assess the sensitivity of the protocol.

In conclusion, we developed a novel method based on long-amplicon-based Illumina
sequencing for high-accuracy whole-genome sequencing of the GI-19 lineage. The results
indicate that this method can be applied for the direct sequencing of the full genomes of
IBV in clinical samples, allowing accurate identification of IBV prevalence patterns. Also, it
could facilitate metagenomic sequencing of an IBV vaccine and/or field strains in multiple
co-infected samples. Additionally, the method is efficient in that it reduces the time and cost
by enabling whole-genome sequencing without the need for a virus isolation procedure,
and it can be used in a wide range of areas, such as diagnosis, study of virus characteristics,
and effective vaccine programs on poultry farms.
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Abstract: Interferon-inducible transmembrane protein 3 (IFITM3) is an antiviral factor that plays an
important role in the host innate immune response against viruses. Previous studies have shown
that IFITM3 is upregulated in various tissues and organs after avian reovirus (ARV) infection, which
suggests that IFITM3 may be involved in the antiviral response after ARV infection. In this study,
the chicken IFITM3 gene was cloned and analyzed bioinformatically. Then, the role of chicken
IFITM3 in ARV infection was further explored. The results showed that the molecular weight of the
chicken IFITM3 protein was approximately 13 kDa. This protein was found to be localized mainly
in the cytoplasm, and its protein structure contained the CD225 domain. The homology analysis
and phylogenetic tree analysis showed that the IFITM3 genes of different species exhibited great
variation during genetic evolution, and chicken IFITM3 shared the highest homology with that of
Anas platyrhynchos and displayed relatively low homology with those of birds such as Anser cygnoides
and Serinus canaria. An analysis of the distribution of chicken IFITM3 in tissues and organs revealed
that the IFITM3 gene was expressed at its highest level in the intestine and in large quantities in
immune organs, such as the bursa of Fabricius, thymus and spleen. Further studies showed that
the overexpression of IFITM3 in chicken embryo fibroblasts (DF-1) could inhibit the replication
of ARV, whereas the inhibition of IFITM3 expression in DF-1 cells promoted ARV replication. In
addition, chicken IFITM3 may exert negative feedback regulatory effects on the expression of TBK1,
IFN-γ and IRF1 during ARV infection, and it is speculated that IFITM3 may participate in the innate
immune response after ARV infection by negatively regulating the expression of TBK1, IFN-γ and
IRF1. The results of this study further enrich the understanding of the role and function of chicken
IFITM3 in ARV infection and provide a theoretical basis for an in-depth understanding of the antiviral
mechanism of host resistance to ARV infection.

Keywords: IFITM3; avian reovirus; bioinformatics analysis; antiviral; innate immunity

1. Introduction

Avian reovirus (ARV) is a pathogen that circulates widely in poultry and can cause
viral arthritis, tenosynovitis and malabsorption syndrome. This virus can also induce
severe immunosuppression, which can easily lead to complications or secondary infection
with other diseases. These effects lead to reduced production performance and increased
mortality in chickens [1–3], resulting in major economic losses in the poultry industry. At
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present, the prevention and control of ARV mainly involve vaccination, but due to contin-
uous mutation of the strain, the expected immune protection effect is not achieved [4–6].
Therefore, in-depth study of the innate immune regulatory mechanism of ARV infection is
highly important for its prevention and control.

Innate immunity is the body’s first line of defense against viral infections. After
viral invasion, the pattern recognition receptor of the host cell specifically recognizes
the molecular pattern associated with the pathogen and thereby activates specific
signaling pathways and induces the production of antiviral cytokines such as interferon
(IFN) and interleukin, which causes the body to enter an antiviral state [7,8]. Among
these, the interferon-mediated antiviral effect is an important part of the host antiviral
response [9]. IFN induces the production of many interferon-stimulated genes (ISGs)
by activating the JAK/STAT signaling pathway [10], and ISGs are the main executors
of IFN antiviral functions [11]. Studies have shown that ARV infection can induce the
transcriptional expression of IFN-α, IFN-β and ISGs such as IFITM1, IFITM3, IFIT5,
Mx, ISG12 and other cytokines in various tissues and organs; at the early stage of ARV
infection, IFITM3 is significantly upregulated in peripheral blood lymphocytes, joints,
the thymus and the bursa of Fabricius and shows a consistent trend with the viral load
of ARV in these tissues and organs, which suggests that IFITM3 plays a crucial role in
ARV infection [12–14].

The IFITM is an important ISG. Different species have different varieties of IFITM
proteins. The human IFITMs include IFITM1-3, IFITM5 and IFITM10. Similar to hu-
mans, chickens also have five IFITM genes. IFITMs play a significant role in bio-
logical activities such as tumorigenesis, cell adhesion and immune signal transduc-
tion [15,16]. According to previous research findings, IFITM1, IFITM2 and IFITM3
are related to immune regulatory processes in the body, and the expression of IFITM3
exerts a certain limiting effect on the replication of a variety of highly pathogenic
viruses [17–19]. IFITM3 is expressed in fish, amphibians, poultry and mammals, and
its antiviral activity is relatively conserved from prokaryotes to vertebrates [20,21].
Early studies have found that IFITM3 can effectively inhibit the replication of a variety
of enveloped viruses, such as influenza A viruses (IAVs), dengue virus (DENV) and
Ebola virus (EBOV) [21–23], mainly by affecting the fusion of the virus to the endo-
somal membrane to prevent the virus from entering cells [24,25]. Additional studies
in this research area revealed that IFITM3 effectively inhibits nonenveloped viruses,
such as foot-and-mouth disease virus (FMDV), norovirus (NoV) and mammalian
orthoreoviruses [18,26,27]. Although nonenveloped viruses cannot mediate membrane
fusion via proteins on the envelope as do enveloped viruses, they still need to enter
cells through endosomes. IFITM3 inhibits viral replication by inhibiting the process of
virus entry from endosomes into the cytoplasm. The antiviral mechanism of IFITM3 in
mammalian orthoreovirus infection has been well described, and IFITM3 restricts the
entry of the virus into host cells by altering the acidic environment of endosomes and
reducing protease activity [18]. However, the mechanism of action of chicken IFITM3
has been relatively poorly studied, and the role of IFITM3 in ARV infection has not
been reported.

Therefore, in this study, we conducted further investigations on the biological role
of chicken IFITM3 in preventing ARV infection. First, we cloned the chicken IFITM3
gene and performed bioinformatic analysis and analyses of its subcellular localization and
tissue-organ distribution. Subsequently, the effect of IFITM3 on ARV replication and the
regulatory effect of IFITM3 on the expression of correlated molecules in the innate immune
signaling pathway were analyzed via overexpression or RNA inhibition assays. The results
of this study will provide new ideas for further exploration of the mechanism of the innate
immune response to host resistance during ARV infection.
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2. Materials and Methods
2.1. Ethics Statement

This study was approved by the Animal Ethics Committee of Guangxi Veterinary
Research Institute. The animal experiments and sample collection were conducted in accor-
dance with the guidance of protocol #2019C0408 issued by the Animal Ethics Committee of
Guangxi Veterinary Research Institute.

2.2. Animals, Virus and Cells

The “white leghorn” specific-pathogen-free (SPF) chicken embryos used in this study
were purchased from Beijing Boehringer Ingelheim Vital Biotechnology Co., Ltd. (Beijing,
China). The ARV S1133 strain was purchased from the China Institute of Veterinary Drug
Control. DF-1 cells were preserved in our laboratory and cultured in DMEM (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco).

2.3. Cloning and Bioinformatics Analysis of the IFITM3 Gene

The nucleotide sequences of IFITM3 genes were downloaded from the National
Center for Biotechnology Information (NCBI) database. Sequence alignment analysis was
performed with DNAStar software (DNAstar 7.1) to design primers (Table 1). Total RNA
was extracted from DF-1 cells and reverse-transcribed into cDNA, and the resulting cDNA
was subsequently used as a template for the amplification of the IFITM3 gene.

Table 1. PCR primers used in this study.

Primers Primer Sequences (5′-3′) Usage

IFITM3-1 F: GCGTCGACCATGCAGAGCTACCCTCAGCAC
R: GCGCGGCCGCTCAGGGCCTCACAGTGTACAA RT–PCR

IFITM3-2 F: GGAGTCCCACCGTATGAAC
R: GGCGTCTCCACCGTCACCA RT–qPCR

ARV σC F: CCACGGGAAATCTCACGGTCACT
R: TACGCACGGTCAAGGAACGAATGT RT–qPCR

MAVS F: CCTGACTCAAACAAGGGAAG
R: AATCAGAGCGATGCCAACAG RT–qPCR

IRF1 F: GCTACACCGCTCACGA
R: TCAGCCATGGCGATTT RT–qPCR

IRF7 F: CAGTGCTTCTCCAGCACAAA
R: TGCATGTGGTATTGCTCGAT RT–qPCR

STING F: TGACCGAGAGCTCCAAGAAG
R: CGTGGCAGAACTACTTTCAG RT–qPCR

TBK1 F: AAGAAGGCACACATCCGAGA
R: GGTAGCGTGCAAATACAGC RT–qPCR

NF-κB F: CATTGCCAGCATGGCTACTAT
R: TTCCAGTTCCCGTTTCTTCAC RT–qPCR

MDA5 F: CAGCCAGTTGCCCTCGCCTCA
R: AACAGCTCCCTTGCACCGTCT RT–qPCR

LGP2 F: CCAGAATGAGCAGCAGGAC
R: AATGTTGCACTCAGGGATGT RT–qPCR

IFN-α F: ATGCCACCTTCTCTCACGAC
R: AGGCGCTGTAATCGTTGTCT RT–qPCR

IFN-β F: ACCAGGATGCCAACTTCT
R: TCACTGGGTGTTGAGACG RT–qPCR

IFN-γ F: ATCATACTGAGCCAGATTGTTTCG
R: TCTTTCACCTTCTTCACGCCAT RT–qPCR

GAPDH F: GCACTGTCAAGGCTGAGAACG
R: GATGATAACACGCTTAGCACCAC RT–qPCR
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The conserved domain was predicted based on the NCBI CD-Search database. SOPMA
software (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html, ac-
cessed on 17 February 2024) was used for secondary structure prediction analysis of the
chicken IFITM3 protein. SWISS-MODEL (https://swissmodel.expasy.org/interactive#
alignment, accessed on 17 February 2024) was used to predict the tertiary structure of the
protein. DNAstar 7.1 and MEGA 11 were used for homology analysis and phylogenetic
tree construction. The GenBank accession numbers of the IFITM3 genes from different
species are shown in Table 2.

Table 2. GenBank accession numbers of the IFITM3 genes used in this study.

Name of Species GenBank Accession Number

Homo sapiens BC070243.1
Gorilla gorilla gorilla KU570011.1

Capra hircus KM236557.1
Gallus gallus KC876032.1

Serinus canaria XM_009102512.1
Anas platyrhynchos KJ739866.1

Mus musculus BC010291.1
Anser cygnoides KX594327.1

Sus scrofa JQ315416.1

2.4. Overexpression of the IFITM3 Protein

The recombinant plasmid pEF1α-Myc-IFITM3 was constructed and transfected into
DF-1 cells using LipofectamineTM 3000 (Invitrogen, Carlsbad, CA, USA) to overexpress
the IFITM3 protein. Twenty-four hours after transfection, the cells were infected with
ARV S1133 (MOI = 1), and cell samples and culture medium supernatant were collected
24 h later. RNA from cell samples was extracted and reverse-transcribed into cDNA.
The changes in the expression of ARV σC gene and innate immune signaling pathway-
correlated molecules were detected by real-time fluorescence quantitative PCR (RT–qPCR).
The utilized primers [12,14,28] were described previously (Table 1). In addition, the above-
mentioned culture medium was diluted for the infection of DF-1 cells. The lesions of
the cells were observed and recorded, and the TCID50 of the virus was calculated by the
Reed–Muench method.

2.5. IFITM3 RNA Interference Assay

Three small interfering RNAs (siRNAs) for the chicken IFITM3 gene were designed
(Table 3), and the utilized primers were synthesized by GenePharma (Suzhou, China). siR-
NAs or siNCs (30 pmol) were transfected separately into DF-1 cells using LipofectamineTM
RNAiMAX (Invitrogen) to inhibit the expression of IFITM3 protein. Twenty-four hours
after transfection, the cells were infected with the ARV S1133 strain, and cell samples
and culture medium supernatant were collected 24 h later. The cell samples were used
to detect the changes in the expression of ARV σC gene and innate immune signaling
pathway-correlated molecules, and the culture supernatant was used for the detection of
viral replication.

Table 3. siRNA sequences targeting the IFITM3 gene.

siRNA Sequences Sequences

siIFITM3-35 GCAUCAACAUGCCUUCUUATT UAAGAAGGCAUGUUGAUGCTT
siIFITM3-200 GGAUCAUCGCCAAGGACUUTT AAGUCCUUGGCGAUGAUCCTT
siIFITM3-242 GGACAGCGAAGAUCUUUAATT UUAAAGAUCUUCGCUGUCCTT

siNC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
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2.6. RNA Extraction and RT–qPCR

Total RNA was extracted from the samples using a TRIzol kit (Invitrogen). The RNA
was reverse-transcribed to cDNA using Maxima™ H Minus cDNA Synthesis Master Mix
(Thermo Fisher Scientific, Boston, MA, USA) and stored at −80 ◦C for subsequent assays.

Based on the gene sequence information in GenBank, primers for ARV σC, IFITM3
and innate immune signaling pathway-related molecules were designed and synthesized
(Table 1). RT–qPCR was performed using PowerUp SYBR Green Master Mix (Thermo
Fisher Scientific), and the GAPDH gene served as an internal control. The reaction program
was as follows: 94 ◦C for 2 min and 40 cycles of 94 ◦C for 15 s and 60 ◦C for 30 s. The
detection results were analyzed by the 2−∆∆Ct method.

2.7. Confocal Microscopy Analysis of the Subcellular Localization of the IFITM3 Protein

The cells were transfected with the recombinant plasmids pEF1α-Myc-IFITM3 and
pEF1α-Myc, respectively. After 24 h of incubation, the culture medium was discarded.
The cells were subsequently washed three times with phosphate-buffered saline (PBS)
(Solarbio, Beijing, China) and fixed with 4% paraformaldehyde (Solarbio) for 30 min at
room temperature. After three washes with PBS, the cells were infiltrated with 0.1% Triton
X-100 (Solarbio) for 15 min and blocked with 5% BSA (Solarbio) for 1 h at room temperature.
The cells were incubated with mouse anti-Myc monoclonal antibody (Invitrogen) as the
primary antibody at 37 ◦C for 2 h and then with Alexa Fluor 488-labeled goat anti-mouse
IgG (Invitrogen) as the secondary antibody at 37 ◦C while protected from light for 1 h.
The nuclei were then stained with DAPI (Solarbio) for 10 min at room temperature while
protected from light. After washing with PBS, 50% glycerol was added to the cell plates,
and the results were observed by laser confocal microscopy.

2.8. Western Blotting

The cells transfected with the recombinant plasmids were washed with PBS and lysed
on ice for 30 min using lysis buffer supplemented with protease inhibitors (Sangon Biotech,
Shanghai, China). The lysate was then boiled at 100 ◦C for 10 min and centrifuged to
obtain protein samples. The proteins were separated by SDS–PAGE and then transferred
to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes
were blocked overnight with 5% skim milk at 4 ◦C and incubated with primary antibody at
37 ◦C for 2 h and then with the secondary antibody for 1 h. Mouse anti-Myc monoclonal
antibody (Invitrogen) and mouse anti-β-actin antibody (Invitrogen) were used as primary
antibodies. AP-labeled goat anti-mouse IgG (H+L) (Beyotime Biotechnology, Beijing, China)
was used as the secondary antibody. The proteins were then visualized using a BCIP/NBT
alkaline phosphatase color development kit (Beyotime Biotechnology).

2.9. Statistical Analysis

All the data were statistically analyzed using Student’s t test and graphed using Graph-
Pad Prism 8. The data were obtained from biological replicates and technical replicates.
The results are expressed as the mean ± standard deviation (SD) of three independent
experiments. Each sample was measured three times during RT–qPCR. * indicates p < 0.05,
** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001.

3. Results
3.1. Cloning, Bioinformatics Analysis and Subcellular Localization of IFITM3

The full-length sequence of chicken IFITM3 (approximately 342 bp) was success-
fully cloned using the IFITM3-1 primers (Figure 1). The sequence was uploaded to
the NCBI-BLAST online website for comparison, and the results confirmed that the
cloned sequence was the full-length sequence encoded by the IFITM3 gene of Gallus
gallus, which consists of 342 bases and encodes a total of 113 amino acids. Based on
the NCBI CD-Search, the CD225 conserved domain in the chicken IFITM3 protein was
predicted (Figure 2A). The secondary structure analysis of the IFITM3 protein showed
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that alpha helices accounted for 42.48%, beta turns accounted for 1.77%, random coils
accounted for 40.71%, and extended strands accounted for 15.04% (Figure 2B). Tertiary
structure prediction showed that the global model quality estimation (GMQE) of the
chicken IFITM3 protein and IFITM3 derived from Northern Bobwhite equaled 0.61, and
the coverage rate was 80.91% (Figure 2C). Homology analysis revealed that chicken
IFITM3 exhibited the highest homology (99.4%) with that of Anas platyrhynchos. The
homologies between chicken IFITM3 and those of Anser cygnoides and Serinus canaria
were 46% and 45.7%, respectively, and the homologies between chicken IFITM3 and
those of Homo sapiens, Gorilla gorilla gorilla, Capra hircus, Sus scrofa and Mus musculus
were 50.4%, 53.5%, 51%, 49% and 46.5%, respectively. We constructed a phylogenetic
tree to explore the genetic relationships between chicken IFITM3 and IFITM3s from
other species (Figure 3). The results showed that chicken IFITM3 is most closely related
to IFITM3 in A. platyrhynchos. A. cygnoides and S. canaria are found in the same group of
birds as chickens, but their IFITM3s are distantly related to chicken IFITM3. Chicken
IFITM3 is most distantly related to IFITM3s in mammals, such as H. sapiens and G. gorilla
gorilla. These results are consistent with the results of the homology analysis described
above. The subcellular localization of the IFITM3 protein in DF-1 cells was analyzed by
immunofluorescence and laser confocal microscopy. The nuclei were labeled with blue
fluorescence, and the IFITM3 protein was labeled with green fluorescence. As shown
in Figure 4, DF-1 cells transfected with the pEF1α-Myc-IFITM3 plasmid exhibit green
fluorescence in the cytoplasm, whereas control cells transfected with the pEF1α-Myc
vector do not show green fluorescence, indicating that the IFITM3 protein is localized
in the cytoplasm of DF-1 cells.

Figure 1. Analysis of the PCR product of the IFITM3 gene via agarose gel electrophoresis. Lane 1:
DL2000 DNA marker; Lane 2: Amplification product of the IFITM3 gene. The size of the amplified
IFITM3 gene fragment is 342 bp.
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Figure 2. Structural analysis of the IFITM3 protein. (A). Schematic diagram of the conserved domain
of the IFITM3 protein. The diagram shows the CD225 conserved domain. (B). Secondary structure of
the IFITM3 protein. The longest lines represent alpha helices (Hh), the second longest lines represent
extended strands (Ee), the third longest lines represent beta turns (Tt), and the shortest lines represent
random coils (Cc). (C). Tertiary structure of the IFITM3 protein. The global model quality estimation
(GMQE) of the chicken IFITM3 protein and IFITM3 derived from Northern Bobwhite equaled 0.61,
and the coverage rate was 80.91%.

Figure 3. Phylogenetic tree analysis of IFITM3 genes in different species. A phylogenetic tree was
constructed using MEGA 11 via the neighbor-joining method. The scale bar indicates the length of
the branches, and the bootstrap confidence values are shown on the nodes of the tree.
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Figure 4. Subcellular localization of the IFITM3 protein (63×magnification). The subcellular local-
ization of the IFITM3 protein in DF-1 cells was observed by laser confocal microscopy. The panels
show nuclei stained with DAPI (blue), the IFITM3 protein labeled with Alexa Fluor 488-labeled goat
anti-mouse IgG (green) and a merged image.

3.2. Distribution Characteristics of IFITM3 in Chicken Tissues and Organs

The distribution of the IFITM3 gene in different tissues and organs of 14-day-old
SPF chickens was determined by RT–qPCR. The results showed that IFITM3 was widely
expressed in a variety of tissues and organs of chickens, and its highest expression was
found in the intestine, followed by the bursa of Fabricius, blood, lung, pancreas, trachea,
thymus and spleen. IFITM3 was expressed at low levels in the liver, skin, heart, glandular
stomach, gizzard, joint and kidney, and its relative expression in muscle and brain tissues
was extremely low (Figure 5).

Figure 5. Analysis of the IFITM3 gene expression in different tissues and organs. RT–qPCR was used
to measure the IFITM3 mRNA levels in the heart, liver, lung, bursa of Fabricius, thymus, spleen,
intestine, glandular stomach, gizzard, skin, muscle, trachea, brain, kidney, joint, blood and pancreas of
14-day-old SPF chickens. The data are presented as the mean± SD of three independent experiments.

3.3. High-Level Expression of IFITM3 Reduces ARV Replication

The effect of IFITM3 on ARV replication was analyzed via overexpression and inter-
ference assays. First, the overexpression of chicken IFITM3 in DF-1 cells was verified by
Western blotting and RT–qPCR. Western blot analysis of DF-1 cell samples transfected
with pEF1α-Myc-IFITM3 revealed that a specific band of approximately 13 kDa could be
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detected by Myc-tagged antibody, whereas no specific bands were detected in cell samples
transfected with the empty vector (Figure 6A). The RT–qPCR results showed that, com-
pared with that in the control group, the expression of IFITM3 in D-F1 cells transfected with
pEF1α-Myc-IFITM3 was significantly upregulated, and its expression increased by approx-
imately 155-fold (Figure 6B). Subsequently, IFITM3 was overexpressed in DF-1 cells, the
resulting cells were subsequently infected with ARV, and the mRNA level of the ARV σC
gene was then detected by RT–qPCR to determine the changes in the viral load. The results
showed that the viral load of ARV was significantly reduced after IFITM3 overexpression
(Figure 6C). Moreover, the detection of viral titers in cell culture supernatants also showed
that the viral titer of ARV after the overexpression of IFITM3 was significantly lower than
that in the control group (Figure 6D). Therefore, we inferred that the overexpression of
chicken IFITM3 could effectively inhibit the replication of ARV, and based on this finding,
we speculated that inhibition of the expression of IFITM3 may be beneficial for ARV replica-
tion. In the following experiments, three siRNAs were designed and synthesized to inhibit
the expression of IFITM3. As shown in Figure 6E, si242 exerted the greatest inhibitory
effect. The expression of IFITM3 in DF-1 cells was inhibited by transfection with si242, and
ARV infection was performed 24 h after transfection. The mRNA level of the ARV σC gene
and the viral titer in the cell supernatant were subsequently measured. The results showed
that the level of ARV replication increased significantly after inhibition of the expression of
IFITM3 (Figure 6F,G). The results were consistent with the expectations.

Figure 6. IFITM3 inhibits the replication of ARV in DF-1 cells. DF-1 cells were transfected with
pEF1α-Myc-IFITM3 or pEF1α-Myc (Vec), and high levels of IFITM3 expression in DF-1 cells were
confirmed by Western blotting (A) and RT–qPCR (B). DF-1 cells were transfected with pEF1α-Myc-
IFITM3 or pEF1α-Myc (Vec) and then infected with the ARV S1133 strain (MOI = 1). After 24 h, the
replication of ARV in DF-1 cells was detected by RT–qPCR (C) and by determining the viral titer (D).
The inhibition efficiency of the three siRNAs on IFITM3 was detected by RT–qPCR (E). DF-1 cells
were transfected with si242 or siNC and then infected with the ARV S1133 strain (MOI = 1). After
24 h, the replication of ARV in DF-1 cells was detected by RT–qPCR (F) and by determining the viral
titer (G). Asterisks indicate significant differences (** p < 0.01, *** p < 0.001, **** p < 0.0001).

3.4. Effect of IFITM3 on Innate Immune Signaling Pathway-Correlated Molecules during
ARV Infection

The above-described test results showed that chicken IFITM3 exerts an inhibitory
effect on the replication of ARV. To further explore the antiviral mechanism of IFITM3 in the
process of ARV infection, we studied the regulatory effect of IFITM3 on the innate immune
response after ARV infection. IFITM3 was overexpressed or inhibited in DF-1 cells, and
24 h later, the cells were infected with ARV. The changes in the expression of molecules
related to the innate immune signaling pathway were then detected by RT–qPCR, and
the results are shown in Figure 7. After infection, the expression of MAVS, IRF7, STING,
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NF-κB, MAD5, LGP2, IFN-α and IFN-β was upregulated compared with that in the control
group, regardless of whether IFITM3 was overexpressed or inhibited. Interestingly, the
expression levels of IRF1, TBK1 and IFN-γ were significantly downregulated after IFITM3
overexpression (p < 0.05 or p < 0.01). However, the expression levels of IRF1, TBK1 and
IFN-γ were significantly upregulated after IFITM3 inhibition (p < 0.05 or p < 0.001). It is
speculated that changes in the expression of IFITM3 during ARV infection may affect the
expression of IRF1, TBK1 and IFN-γ.

Figure 7. Effect of IFITM3 on the expression of molecules associated with innate immune signaling
pathways during ARV infection. DF-1 cells were transfected with pEF1α-Myc-IFITM3 or pEF1α-Myc
(Vec) and then infected with the ARV S1133 strain (MOI = 1). After 24 h of infection, RT–qPCR was
used to measure the changes in the expression of MAVS, IRF1, IRF7, STING, TBK1, NF-κB, MAD5,
LGP2, IFN-α, IFN-β and IFN-γ (A). DF-1 cells were transfected with si242 or siNC and then infected
with the ARV S1133 strain (MOI = 1). After 24 h of infection, RT–qPCR was used to measure the
changes in the expression of MAVS, IRF1, IRF7, STING, TBK1, NF-κB, MAD5, LGP2, IFN-α, IFN-β
and IFN-γ (B). The data are presented as the mean ± SD of three independent experiments. Asterisks
indicate significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001).

4. Discussion

IFITM3 is an important effector of the innate immune system and plays an important
role in host resistance to viral infections. Gene structure is often closely related to biological
function. In this study, we cloned the chicken IFITM3 gene and analyzed this gene via
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bioinformatic approaches. Multiple comparison analyses revealed that the homology
between chicken IFITM3 and A. platyrhynchos was as high as 99.4%. Furthermore, chicken
IFITM3 did not exhibit more than 50% homology with that of A. cygnoides or S. canaria. The
homologies of chicken IFITM3 with those of other mammals did not exceed 55%. The same
results were obtained via phylogenetic tree analysis, which revealed substantial genetic
variation in the IFITM3 genes of different species. The homology between chicken IFITM3
and A. platyrhynchos IFITM3 was high, whereas chicken IFITM3 exhibited low homology
with bird IFITM3s, such as those of A. cygnoides and S. canaria. Studies have shown
that IFITM proteins belong to the CD225 superfamily, and their members share a highly
conserved region of amino acids, the CD225 domain [29]. The CD225 domain was also
identified in the protein structure analysis of chicken IFITM3. The CD225 domain consists of
an intramembrane domain (IMD), cytoplasmic intracellular loop (CIL) and transmembrane
domain (TMD) [30]. Previous studies have shown that the CD225 domain contains multiple
key regions associated with antiviral effects, which are also closely correlated with the
antiviral effects of IFITM3 [31]. The first intramembrane domain (IM1) contains two critical
residues, F75 and F78, which are decisive factors affecting the interaction of the IFITM3
protein with the host [29]. GxxxG is an oligomeric motif in the CD225 domain. The glycine-
95 in GxxxG is closely related to the oligomerization of IFITM3 and its antiviral activity [32].
Therefore, the conserved structure of the CD225 superfamily may cause IFITM3 proteins
derived from different species to exhibit certain similarities in their biological functions.
Additionally, the question of whether IFITM3 proteins from different species have antiviral
specificity deserves in-depth study, as do their mechanisms of action.

The antiviral function of proteins is closely related to their subcellular localization in
cells and their distribution in tissues and organs. The subcellular localization of the chicken
IFITM3 protein in DF-1 cells was analyzed by laser confocal microscopy, and the results
showed that IFITM3 was localized in the cytoplasm of DF-1 cells. Some previous analyses
have investigated the subcellular localization of the IFITM3 protein. S. E. Smith [33]
reported that the IFITM3 protein in chickens localizes to the perinuclear area of DF-1 cells,
and the human IFITM3 protein also localizes to the perinuclear area of human-derived A549
cells. The distribution of IFITM3 in chicken tissues and organs was then analyzed, and the
highest expression of the IFITM3 gene was found in the chicken intestine. This expression
pattern is similar to that of human IFITM3, which is most highly expressed in the ileum and
cecum in the human digestive system [34]. Moreover, IFITM3 is significantly upregulated in
the intestines of pigs infected with porcine circovirus type 2 (PCV2) and porcine parvovirus
virus (PPV) [35]. Zoya Alteber et al. [15] experimented with IFITM3-deficient mice and
revealed that the IFITM3 gene is involved in regulating the stability of the intestinal
environment. IFITM3 also significantly improves the incidence of colitis and prevents
inflammation-associated tumorigenesis. After ARV infection, the virus replicates primarily
in the host’s gut and subsequently spreads through the fecal-oral route and respiratory
tract [1,36,37]. However, whether ARV infection further induces the expression of the
IFITM3 gene in the gut is unknown. Furthermore, IFITM3 was found to be abundantly
expressed in immune organs such as the bursa of Fabricius, thymus and spleen. Studies
have shown that high expression of IFITM3 can be induced in a variety of immune organs
after ARV infection, which is generally consistent with the trend found for the expression
of ARV [12,14].

Further experimental results showed that overexpression of IFITM3 in DF-1 cells
could inhibit the replication of ARV, whereas the inhibition of IFITM3 expression in DF-
1 cells could promote the replication of ARV, indicating that IFITM3 is an important
antiviral factor against ARV infection. Recent studies have shown that IFITM3 can also
inhibit the replication of a variety of avian-derived viruses. Stable expression of the duck
IFITM3 protein in DF-1 cells can significantly limit the replication of H6N2 and H11N9 IAV
strains [38]. Both chicken and duck IFITM3 can effectively inhibit the replication of avian
Tembusu virus (ATMUV) [39].

149



Viruses 2024, 16, 330

To date, studies on the antiviral mechanism of IFITM proteins have focused mainly
on their ability to block contact between viruses and cells and less on their ability to
regulate innate immune signaling pathways. Therefore, in this study, the effect of IFITM3
on the expression of innate immune-related molecules after ARV infection was further
investigated. The results showed that the expression of MAVS, IRF7, STING, NF-κB,
MAD5, LGP2, IFN-α and IFN-β was upregulated compared with that in the control group,
regardless of whether IFITM3 was overexpressed or inhibited after infection. Previous
studies have shown that ARV infection induces the upregulation of these cytokines [12]. It
is hypothesized that changes in IFITM3 expression during ARV infection may not affect the
expression of these molecules. In addition, previous studies revealed that the expression
of TBK1 and IFN-γ is significantly upregulated after ARV infection [12]. However, in the
present study, the expression of TBK1, IFN-γ and IRF1 was significantly downregulated
after the overexpression of IFITM3 and significantly upregulated after the inhibition of
IFITM3. This interesting phenomenon deserves more in-depth discussion. Researchers
have shown that IFITM3 is induced by type I IFNs and can also negatively regulate the
production of type I IFNs [40], indicating that IFITM3 may play a role in innate immunity
as a negative feedback regulator. TBK1 is an important linker molecule that connects
upstream receptor signaling and downstream gene activation in apoptosis, inflammation
and immune responses [41,42]. TBK1 has been found to be involved in lipopolysaccharide
(LPS)-induced IFITM3 expression [43]. This finding suggests a potential link between
IFITM3 and TBK1 in the body’s inflammatory response. Nevertheless, in ARV infection,
IFITM3 may exert a negative regulatory effect on TBK1. IFN-γ is a cytokine with antiviral
activity and immunomodulatory functions that can act on different types of immune cells
to regulate innate and adaptive immunity [44]. IRF1 plays a very important role in the
innate immune response induced by IFN-γ [45,46]. IFN-γ mainly regulates transcription
factors such as IRF1 through the JAK/STAT signaling pathway and thus drives subsequent
transcriptional regulation [47]. In this study, the overexpression of IFITM3 during ARV
infection significantly downregulated the expression of IFN-γ and IRF1, whereas the
inhibition of IFITM3 significantly upregulated the expression of IFN-γ and IRF1. It is
hypothesized that IFITM3 may be involved in the body’s innate immune response by
negatively regulating IFN-γ and IRF1 during ARV infection.

In this study, the chicken IFITM3 gene was cloned and bioinformatically analyzed, and
its role in ARV infection was then further analyzed. The results of this study lay a theoretical
foundation for obtaining an in-depth understanding of the antiviral mechanism of host
resistance to ARV and provide new ideas for the development of new ARV prevention
measures. However, the specific regulatory mechanism of IFITM3 on innate immunity
during ARV infection needs to be further studied.
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Abstract: Infectious bursal disease (IBD) is an immunosuppressive disease causing significant damage
to the poultry industry worldwide. Its etiological agent is infectious bursal disease virus (IBDV),
a highly resistant RNA virus whose genetic variability considerably affects disease manifestation,
diagnosis and control, primarily pursued by vaccination. In Egypt, very virulent strains (genotype
A3B2), responsible for typical IBD signs and lesions and high mortality, have historically prevailed.
The present molecular survey, however, suggests that a major epidemiological shift might be occurring
in the country. Out of twenty-four samples collected in twelve governorates in 2022–2023, seven tested
positive for IBDV. Two of them were A3B2 strains related to other very virulent Egyptian isolates,
whereas the remaining five were novel variant IBDVs (A2dB1b), reported for the first time outside of
Eastern and Southern Asia. This emerging genotype spawned a large-scale epidemic in China during
the 2010s, characterized by subclinical IBD with severe bursal atrophy and immunosuppression. Its
spread to Egypt is even more alarming considering that, contrary to circulating IBDVs, the protection
conferred by available commercial vaccines appears suboptimal. These findings are therefore crucial
for guiding monitoring and control efforts and helping to track the spread of novel variant IBDVs,
possibly limiting their impact.

Keywords: infectious bursal disease virus; Gumboro disease; Egypt; China; very virulent; novel
variant; molecular epidemiology

1. Introduction

Infectious bursal disease (IBD), also known as Gumboro disease, is an immunosuppres-
sive infectious disease of chickens with severe implications for the global poultry industry.
IBD is characterized by high morbidity and mostly occurs in chickens aged 2–6 weeks,
when the bursa of Fabricius, its main target organ, reaches its full development. After
a short incubation period, the disease typically manifests with non-specific signs, such
as depression and dehydration, along with hemorrhagic lesions in the thigh and breast
muscles. The bursa appears enlarged at first due to edema and hyperemia but rapidly
undergoes atrophy, while lymphocyte depletion is observed at the microscopical level.
Alternatively, IBD may follow a subclinical course with lesions limited to the bursa, which
may be harder to diagnose whilst still causing immunosuppression [1]. The disease burden
may be significant both in case of overt clinical outbreaks and due to the impairment of im-
mune status, which may lead to poor productive performance, vaccine failures, secondary
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infections, etc. Rigorous control of the disease, primarily pursued by routine vaccination, is
therefore of utmost importance [2].

The etiological agent of IBD is known as infectious bursal disease virus (IBDV) and
belongs to the species Avibirnavirus gumboroense, genus Avibirnavirus, family Birnaviridae.
IBDV features a non-enveloped virion and a double-stranded RNA genome made of two
segments, named A and B. Segment A (3.2 kb) codes for a capsid protein (VP2), a scaffold
protein (VP3), a protease (VP4) and a non-structural protein with regulatory and anti-
apoptotic functions (VP5), whereas segment B (2.9 kb) encodes the RNA-dependent RNA
polymerase [3]. Two IBDV serotypes (1 and 2) are known, but only serotype 1 is pathogenic.
However, further distinctions are possible, as many different IBDV types have emerged
over time, mainly through mutation and reassortment events [4].

As a matter of fact, although IBDV is globally endemic, different countries and regions
are affected by a range of viral strains, whose diverse features may have profound conse-
quences in terms of disease manifestation and impact. Historically, the first IBDVs, known
as “classical” strains, have been reported in the USA since the late 1950s [5]. Two other
IBDV types were then described throughout the 1980s, one grouping highly pathogenic
strains (classified as “very virulent”) circulating all over Europe, Africa and Asia, and
another comprising the so-called “variant” strains, which were antigenically different from
other IBDVs and circulated mainly in North America [6], although they eventually spread
to Eastern Asia during the 2010s [7].

In recent years, it has become more and more evident that this traditional tripartite clas-
sification, albeit still valuable, is inadequate to fully capture the heterogeneity among IBDV
types. Several atypical IBDVs which hardly fit in any of the three major IBDV types have
been described in different continents [8–12], and reassortant strains are also being reported
with increasing frequency [13–16], further complicating the evolutionary landscape.

The recent proposal of multiple classification systems relying on phylogeny, either
based on a portion of the VP2 [17] or both VP2 and VP1 genes [18,19], has certainly been
instrumental for characterizing such strains while retaining the information provided by
the traditional classification, offering easily applicable guidelines to perform molecular
surveys and generate informative and standardized results. The focus on VP2 and VP1 is
motivated by their functional relevance, which makes their genes the most studied genome
portions. The VP2 has a well-established role in determining antigenicity, containing
the main epitopes that elicit neutralizing antibodies [20], whereas both VP2 and VP1 are
known to contribute to pathogenicity determination [21]. Since they are located in different
segments, considering both genes also allows to detect reassortment events, which may
represent another major source of pathogenic variation [15,22].

The usefulness of this approach is obviously not limited to underinvestigated contexts
for which few or no data on circulating IBDVs are available, since it is also helpful to
revise the existing evidence and improve monitoring activities even in countries where
more information is available. Egypt is certainly an example of the latter case, as the
burden posed by IBD to the national poultry production is well-established. Since their
first identification in 1989 [23], very virulent strains have consistently posed the greatest
threat in the country, as confirmed by several epidemiological studies conducted over
the years [24–26]. Nonetheless, steady surveillance efforts remain crucial to keep the IBD
situation monitored, to assess whether existing control measures are effective and to rapidly
identify new epidemiological threats. Consistent with this rationale, the present study
reports the results of molecular diagnostic activities performed on samples collected in dif-
ferent Egyptian governorates and contextualizes them within the national and international
epidemiological context according to the current classification systems.

2. Materials and Methods
2.1. Sampling Activities

This study was based on molecular diagnostic activities conducted on samples col-
lected in Egypt for IBD investigation. Samples consisted of bursal imprints on FTA™
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cards (GE Healthcare UK Limited, Amersham, UK) and were collected from broiler farms
between February 2022 and August 2023 when IBD was suspected based on clinical signs
(i.e., anorexia, depression, etc.), lesions (i.e., hemorrhages in the thigh and breast muscles,
dehydration, enlarged or atrophic bursa, etc.) and a high mortality rate. Anamnestic infor-
mation such as farm location, age at sampling, administered IBD vaccines and cumulative
mortality up to the sampling date were recorded for all the investigated flocks.

2.2. Samples Processing and Nucleic Acid Extraction

Samples were processed by cutting 5 mm2 fragments from FTA™ card circles, eluting
them into 1.5 mL of 1× PBS and vortexing for 30 s. Nucleic acids were extracted from the
eluates by using the High Pure Nucleic Acids kit (Roche™, Basel, Switzerland) following
the manufacturer’s instructions. Samples were stored at −80 ◦C for the entire duration of
the molecular analyses and subsequently for archival purposes.

2.3. Molecular Investigation

All samples were first subjected to a one-step RT-PCR performed with the primers
743-1 and 743-2 designed by Jackwood and Sommer-Wagner [27] to amplify a portion of the
VP2 gene. Additional RT-PCRs were then conducted on positive samples using multiple
primer pairs partially derived from those listed by Lachheb et al. [28]. In detail, primers
VP5/1+ and VP2/1263- were used to amplify the rest of the VP2 [29], whereas primers
66 and 67 [30], B-Univ-F and B-Univ-R [31], X3 [32] and VP1/1997- [33] and B3-IPP2 and
B3′-P2 [34] allowed to cover the entire VP1 gene (Table 1).

The SuperScript™ III One-Step RT-PCR System with Platinum™ Taq DNA Polymerase
kit (Invitrogen™, Waltham, MA, USA) was used to carry out all molecular assays. When-
ever a positive result was evidenced by gel electrophoresis, amplicons were sent to Macro-
gen Europe Milan Genome Center (Milan, Italy), where Sanger sequencing was performed
using the respective primer pair. The resulting chromatograms were visually inspected
and appropriately trimmed using 4Peaks (Nucleobytes B.V., Aalsmer, The Netherlands),
and then used to generate consensus sequences in ChromasPro (Technelysium Pty Ltd.,
Helensvale, QLD, Australia).

2.4. Phylogenetic Analyses

Sequencing results were used to characterize the detected strains based on the classi-
fication system proposed by Wang et al. [19], considering a portion of the hypervariable
region (HVR) of the VP2 gene (nt 737–1210) and the B marker located in the VP1 gene (nt
328–756) as defined by Alfonso-Morales et al. [35]. For both genomic segments, along with
the reference sequences used by Wang et al. [36], additional strains related to those detected
in the present survey, retrieved through dedicated BLAST queries [37], were also considered.
After aligning the reference datasets with the MUSCLE method in Mega X [38], phylo-
genetic trees were inferred using the same software, adopting the Maximum-Likelihood
method with 1000 bootstraps and the substitution model having the lowest Bayesian infor-
mation criterion (BIC) value. The resulting trees were then visualized using the Interactive
Tree Of Life online tool [39]. The obtained amino acid sequences were also compared with
those of reference isolates when deemed appropriate to identify relevant substitutions.
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3. Results

A total of 24 samples were collected from broiler farms located in 12 different gover-
norates. The age at sampling was between 18 and 30 days (23.2 days on average). All flocks
were reportedly immunized against IBD with a range of vaccination protocols relying on
immune complex, vector or live vaccines (sometimes administered twice or after vector
vaccines). Seven samples (H792, H793, H798, H800, H801, H805 and H812) tested positive
for IBDV (29%). Detailed information on the sampled flocks is provided in Table 2.

Table 2. Anamnestic details recorded for each of the sampled flocks.

Sample ID Collection
Date Farm Location Age at

Sampling
Vaccination

Protocol Mortality * IBDV
Result

H792 February 2023 Cairo 19 d 1 d: vector vaccine 11.2 A2dB1b

H793 March 2023 Giza 21 d 1 d: vector vaccine;
14 d: live vaccine 9.7 A2dB1b

H794 April 2023 Alexandria 23 d 1 d: vector vaccine 13 Negative

H795 August 2022 Damietta 21 d 1d: vector vaccine;
12 d: live vaccine 13 Negative

H796 June 2022 Beheira 25 d 1 d: vector vaccine;
14 d: live vaccine 10.5 Negative

H797 January 2023 Cairo 28 d 14 d: live vaccine;
18 d: live vaccine 12.7 Negative

H798 July 2023 Sharqia 22 d 1 d: vector vaccine;
14 d: live vaccine 9.6 A2dB1b

H799 December 2022 Giza 30 d 12 d: live vaccine;
18 d: live vaccine 22.7 Negative

H800 April 2022 Beheira 24 d 1 d: vector vaccine;
12 d: live vaccine 17 A3B2

H801 August 2023 Asyut 18 d 12 d: live vaccine 9.8 A2dB1b
H802 February 2023 Dakahlia 22 d 1 d: vector vaccine 11.6 Negative

H803 March 2023 Sharqia 25 d 1 d: immune
complex vaccine 8 Negative

H804 March 2023 Sharqia 22 d 1 d: immune
complex vaccine 12.4 Negative

H805 February 2022 Monufia 26 d 12 d: live vaccine;
18 d: live vaccine 13.8 A3B2

H806 February 2022 Dakahlia 26 d 1 d: vector vaccine 13.9 Negative

H807 September 2023 Minya 21 d 1 d: vector vaccine;
14 d: live vaccine 9 Negative

H809 July 2022 Alexandria 20 d 12 d: live vaccine;
20 d: live vaccine 8 Negative

H810 June 2023 Giza 27 d 1 d: immune
complex vaccine 16 Negative

H811 April 2022 Giza 24 d 1 d: immune
complex vaccine 11.5 Negative

H812 August 2023 Beheira 19 d 1 d: vector vaccine;
12 d: live vaccine 8.7 A2dB1b

H813 February 2022 Ismailia 24 d 1 d: vector vaccine;
12 d: live vaccine 14 Negative

H814 April 2023 Ismailia 20 d 1 d: vector vaccine;
12 d: live vaccine 10.7 Negative

H815 June 2022 Port Said 23 d 1 d: vector vaccine 11 Negative

* Cumulative mortality observed from the start of the productive cycle to the sampling date.

Five of the obtained VP2 sequences showed a reciprocal genetic identity ranging from
99.5 to 100% and belonged to genogroup A2 lineage d (novel variant). The remaining two
VP2 sequences were identical to each other and fell within genogroup A3 (very virulent)
(Figure 1).
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Figure 1. Classification of the detected field strains (marked with solid squares, �) at VP2 level
according to Wang et al. [19]. The evolutionary history was inferred with the Maximum Likelihood
Method (1000 bootstraps) applying the K2 + G substitution model [40], based on 74 sequences and
considering a 473 nt long portion. Node support values are shown only when higher than 70.

The detection of two separate strain clusters was confirmed also at the VP1 level. The
five A2d strains had a 99.6–100% reciprocal genetic identity and belonged to VP1 genogroup
B1 lineage b (novel variant), whereas the two A3 ones showed a 99.9% identity and were
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part of genogroup B2 (very virulent) (Figure 2). The two identified genotypes, both having a
field origin, were thus A2dB1b and A3B2. In both cases, the most closely related sequences
retrieved from GenBank belonged to recent Egyptian isolates. VP1 and VP2 sequences were
submitted to GenBank under the accession numbers OR791866-OR791872 and OR79183-
OR791879, respectively.
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Figure 2. Classification of the detected field strains (marked with solid squares, �) at VP1 level
according to Wang et al. [19]. The evolutionary history was inferred with the Maximum Likelihood
Method (1000 bootstraps) applying the K2 + G + I substitution model [40], based on 60 sequences
and considering a 428 nt long portion. Node support values are shown only when higher than 70.

Positive samples were collected from farms located in six different governorates,
namely Asyut, Beheira, Cairo, Giza, Monufia and Sharqia. No IBDV was detected in the
remaining six governorates (Alexandria, Dakahlia, Damietta, Ismailia, Minya and Port
Said). The distribution of the two detected genotypes is shown in Figure 3.
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Figure 3. Distribution of IBDV field genotypes at governorate level according to the present molecular
survey. The map was prepared using QGIS ver. 3.34 [41] based on a shapefile retrieved from the
Dataset of Global Administrative Areas ver. 4.1 (GADM) [42].

The amino acid sequences of the detected A2dB1b strains were compared to those of
other novel variant isolates to establish whether any difference was acquired at relevant
sites. No consistent amino acid substitutions were unique to Egyptian strains compared
to viruses of Asian origin. Nonetheless, multiple changes found in all Egyptian strains,
such as A321V at the VP2 level and R511K, S687P and T859I within VP1, had previously
only been encountered in a handful of Chinese novel variant IBDVs. Moreover, several
substitutions were present only in some of the sequenced strains, both at the VP2 (I15M,
S76N, N97K, A277V, G409A) and VP1 level (E393D, T576S, S596F, G630S, Q832R, Q879P)
(Supplementary Tables S1 and S2).

4. Discussion

Despite the small scale of the study, the present results offer meaningful insights into
the circulation of IBDV in Egypt, which, albeit partly in agreement with the established
epidemiological scenario, also suggest that a change of great concern may be occurring.

Two of the seven field IBDVs detected were characterized as A3B2 strains, commonly
referred to as very virulent strains. The enduring circulation of very virulent IBDVs in
Egypt is well documented [23–25] and is further corroborated by detections in turkeys [43]
and in cattle egret (Bubulcus ibis) [44], which suggest that interspecies transmission may play
a role in their spread and maintenance. The herein described A3B2 viruses clustered with
other Egyptian sequences both at the VP2 and VP1 level, thus confirming the persistence of
very virulent strains with consistent features at national level. According to Samy et al. [26],
very virulent Egyptian IBDVs can further be divided into antigenically typical and atypical
strains based on residue 321 within VP2, with the former group featuring an alanine and
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the latter a threonine. The two detected strains presented an alanine in that position and can
be therefore considered as typical very virulent IBDVs. Although this single mutation was
shown to induce drastic changes in reactivity towards neutralizing monoclonal antibodies
directed against VP2, it seems to have neither positive nor negative effects on viral fitness,
as supported by the long-lasting cocirculation of these two very virulent subtypes in the
country [26].

The detection of five novel variant strains, on the other hand, represents an unexpected
and alarming finding. These strains have been reported since 2015 in China, where they
caused a large-scale epidemic of subclinical IBD [45]. According to phylogenetic analyses,
novel variants are related to North American variant IBDVs (genotype A2B1), but also
sufficiently divergent to be considered as part of segregated lineage A2d [19]. Similarly,
novel variant IBDVs cluster separately from other exponents of genogroup B1, leading to
the definition of lineage B1b [35]. Their emergence seems to have been caused by a spread
of variant IBDVs from North America to China during the 1990s, followed by a period
of latent circulation until A2dB1b broke out in the 2010s [36]. A2dB1b strains were also
involved in a reassortment event with an A3B3 IBDV of Chinese origin, originating a novel
genotype (A2dB3) showing enhanced pathogenicity [46].

Despite their recent identification, novel variant IBDVs rapidly became one of the
dominant IBDV types in Eastern and Southern Asia. Outside of China, they were also found
in Malaysia [47], South Korea [48,49] and likely in Japan [50], although the unavailability of
Japanese VP1 sequences does not allow to confirm this claim. The spread of novel variant
IBDVs to these countries seems to have been favored by strong trade flows of live chickens
and poultry products [36], but their entry into Egypt appears more difficult to explain.
Interestingly, when the diagnostic activities on which this study is based were originally
conducted, all the available A2dB1b sequences with a high genetic identity to the herein
described strains were of Chinese origin. However, when the same BLAST query was later
repeated, a group of highly homologous Egyptian sequences, which were also collected
in 2022 and 2023 based on their metadata, were also retrieved. This information clearly
substantiates the present results, suggesting that novel variant strains might be affirming
themselves as a significant epidemiological threat in Egypt despite an apparently recent
entry in the country.

The comparison of amino acid sequences did not highlight any unique substitution in
the Egyptian strains. Nonetheless, some of the observed changes were only present in a
minority of Asian novel variant IBDVs. Like in the case of Egyptian A3B2 strains, the most
notable mutation involved residue 321 of the VP2, located in the PHI loop and supposedly
involved in antigenicity determination [20,26]. The A321V substitution observed in most
Egyptian novel variant IBDVs was found only in Chinese strain IBD/SD/LY/CN/01/2020,
whereas other novel variant viruses showed an A321T change, corroborating previous
reports that this site may be prone to mutations [17]. At the VP1 level, Egyptian novel
variant IBDVs showed three consistent substitutions compared to most A2dB1b strains,
namely R511K, S687P and T859I. Among these, residue 687 has been proposed to play a role
in the increased pathogenicity of very virulent IBDVs, which feature a proline, compared
to less virulent strains, mostly featuring a serine [51]. In future studies, it will be important
to monitor the evolution of Egyptian novel variant IBDVs to determine if these changes
will become a permanent feature and if others will emerge as a possible consequence to the
adaptation to a new epidemiological context.

Currently, novel variant strains do not seem to be circulating in countries neighboring
Egypt. A recent epidemiological survey conducted in the Near and Middle East highlighted
the circulation of A3B1, A3B2, A4B1 and A6B1 IBDVs [52], whereas the most recent studies
conducted in Northeast Africa suggest that very virulent IBDVs still represent the main
threat in the area [53,54]. Nonetheless, further monitoring activities, to be conducted not
only in Egypt but also in countries where A2dB1b strains may be circulating undetected, are
required to shed light on their diffusion and to track their potential spread to new territories.
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Both A3B2 and A2dB1b were found in multiple governorates in the northern and
central part of Egypt. The limited number of samples collected in different governorates
meant that usually only one of the two genotypes was detected in each of them, with
Beheira being the only exception. However, considering that very virulent IBDVs are
widespread in the country and that the investigated governorates were in proximity to
each other, it might be assumed that very virulent and variant strains are cocirculating in
the same areas. It is also worth noting that field IBDVs have already been detected in all
the governorates from which no positive samples were retrieved [24,26,55–58], suggesting
that this finding was due to the small sample size rather than the actual absence of field
strains in these settings.

Aside from characterizing field strains from a molecular perspective, it is essential
to understand their pathogenic features and ensure that the currently enacted control
measures are effective. A wealth of data has been produced in the Egyptian context on the
pathogenicity of locally circulating very virulent IBDVs, which consistently cause typical
IBD signs and lesions with high mortality rates [59–61], and on the protection induced by
different live [61], vector [62,63] and immune complex [64] vaccines, which appears ade-
quate. Novel variant IBDVs, on the other hand, are associated with subclinical infections
with severe bursal atrophy and lymphocyte depletion [16,46,65,66]. Infections sustained
by these strains may therefore be easily overlooked, favoring their spread and circulation.
Another factor that likely played a role in their evolutionary success is their divergent
antigenic features, which may thwart control measures. As a matter of fact, the effective-
ness of currently marketed vaccines against them has been put into question [67,68]. This
prompted the development of multiple vaccine candidates based on different technolo-
gies, including reassortment [67] and virus-like particle vaccines [69–71], which yielded
promising results in terms of efficacy and safety but are not yet commercially available.

In partial contrast with the literature, the anamnestic information retrieved during
sampling activities suggests that both very virulent and novel variant IBDVs were respon-
sible for severe mortality. This finding might be explained by the immunosuppressive
potential of A2dB1b strains, which may have favored secondary infections and reduced
the efficacy of vaccination against relevant diseases affecting the Egyptian poultry sector,
including avian influenza and Newcastle disease [72]. Nonetheless, it should be noted that
equally high or even higher mortality rates were also encountered in IBDV-negative flocks,
and that no other possible cause (neither primary nor secondary) was investigated, limiting
such conclusions. Since the present research was not originally designed with this aim,
additional studies, which should include viral isolation and standardized experimental
infections, are therefore required to properly evaluate the pathogenic features of Egyptian
novel variant strains.

The complete absence of IBDV vaccine detections represents another noteworthy
finding. Detecting the administered vaccine strains is commonly considered a useful proxy
for vaccine take and coverage, particularly in the case of vaccines relying on bursal colo-
nization (i.e., live and immune complex vaccines) and to a lesser extent for vector vaccines
expressing VP2 inserts, which can still be found in the bursa, although it is not their primary
replication site [73]. Even if the early sampling age likely hampered vaccine detection in
some cases, especially when live vaccines were used, the absence of vaccine-positive flocks
suggests that the conferred protection might have been subpar, and that administration
errors at hatchery or farm level cannot be excluded. On this note, many of the sampled
farms were anecdotally reported to have a multi-age organization and to suffer from man-
agerial and hygiene deficiencies, thus complicating vaccine administration and increasing
the risk of exposure to field IBDVs. Regardless of the circulating field genotypes and used
vaccine types, the optimization of vaccination quality and its continuous assessment should
represent a priority not only to protect the immunized flock against clinical signs, but
also to reduce the circulation and persistence of field viruses in the long term, eventually
favoring the entire epidemiological scenario rather than just the single immunized flock.
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5. Conclusions

The present study provides a crucial update on the IBDV epidemiological situation
in Egypt, capturing the entry of novel variant strains in the country in a timely manner.
Compared to the historically circulating very virulent IBDVs, which were still detected,
such viruses, reported for the first time outside of Asia, pose an entirely different challenge
both in terms of clinical manifestation, as they are mostly subclinical and thus easily
overlooked despite still causing relevant losses, and required control measures, as the
protection conferred by the currently marketed vaccines is likely limited by their antigenic
divergence. Albeit relevant, the identification and molecular characterization of genotype
A2dB1b should be intended as just the first step of a larger-scoped investigation. Its spread
to Egypt could lead to its establishment as a substantial epidemiological threat in the
country and neighboring regions, requiring appropriate studies to track its propagation
and evolution, establish its pathogenicity and ultimately assess its impact in a different
epidemiological context from the one where it originated.
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Abstract: Avian reovirus (ARV) infection is prevalent in farmed poultry and causes viral arthritis
and severe immunosuppression. The spleen plays a very important part in protecting hosts against
infectious pathogens. In this research, transcriptome and translatome sequencing technology were
combined to investigate the mechanisms of transcriptional and translational regulation in the spleen
after ARV infection. On a genome-wide scale, ARV infection can significantly reduce the translation
efficiency (TE) of splenic genes. Differentially expressed translational efficiency genes (DTEGs) were
identified, including 15 upregulated DTEGs and 396 downregulated DTEGs. These DTEGs were
mainly enriched in immune regulation signaling pathways, which indicates that ARV infection
reduces the innate immune response in the spleen. In addition, combined analyses revealed that the
innate immune response involves the effects of transcriptional and translational regulation. Moreover,
we discovered the key gene IL4I1, the most significantly upregulated gene at both the transcriptional
and translational levels. Further studies in DF1 cells showed that overexpression of IL4I1 could inhibit
the replication of ARV, while inhibiting the expression of endogenous IL4I1 with siRNA promoted
the replication of ARV. Overexpression of IL4I1 significantly downregulated the mRNA expression of
IFN-β, LGP2, TBK1 and NF-κB; however, the expression of these genes was significantly upregulated
after inhibition of IL4I1, suggesting that IL4I1 may be a negative feedback effect of innate immune
signaling pathways. In addition, there may be an interaction between IL4I1 and ARV σA protein,
and we speculate that the IL4I1 protein plays a regulatory role by interacting with the σA protein.
This study not only provides a new perspective on the regulatory mechanisms of the innate immune
response after ARV infection but also enriches the knowledge of the host defense mechanisms against
ARV invasion and the outcome of ARV evasion of the host’s innate immune response.

Keywords: translatomics; Ribo-seq; avian reovirus; spleen; innate immunity; IL4I1
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1. Introduction

Avian reovirus (ARV) is part of the genus Orthoreovirus in the Spinareoviridae family,
and the main symptoms it causes include viral arthritis, chronic respiratory disease, growth
retardation and malabsorption syndrome. In addition, ARV infection can cause severe
immunosuppression and predispose patients to other complications or secondary infections.
ARV infection is widespread in the global poultry industry; vaccination is mainly used to
prevent it in the fowl industry, but it is still not well prevented or controlled. ARV infection
causes major economic losses for farmers [1–3].

At present, good progress has been made in the research and development of ARV
vaccines and the establishment of detection methods, but research on the pathogenic
mechanism of ARV and the antiviral response of host innate immunity is still in the
development stage. Furthermore, clarifying the interaction mechanism of ARV is necessary
for its prevention, control and treatment.

Innate immunity is the body’s first line of defense against ARV invasion. The body
activates the production of inflammatory factors and interferons by recognizing pathogenic
pattern-related molecules through pattern recognition receptors and activates acquired
immunity to trigger a comprehensive immune response [4,5]. Many studies have been
conducted on the regulation of innate immune-related pattern recognition receptors and
their effector factors during ARV infection. In the early period of ARV infection, the
PI3K/Akt/NF-κB and STAT3 signaling pathways can be activated to induce an inflam-
matory response [6,7]. Lostalé-Seijo et al. found that ARV infection of chicken embryonic
fibroblasts induced the expression of interferon and interferon-stimulated genes Mx and
double-stranded RNA-dependent protein kinases (PKRs) to exert antiviral effects [8].

In the early stage of ARV infection, the virus can induce the activation of MDA5
signaling pathway-related molecules in chicken peripheral blood lymphocytes, thereby
inducing the production of inflammatory factors and interferons [9]. In a previous study, we
detected the transcriptional expression level changes in interferon and interferon-stimulated
genes (Mx, IFITM3, IFI6 and IFIT5) in several different tissues and organs of ARV-infected
specific pathogen-free (SPF) chickens using real-time PCR, and the results suggested that
ARV infection can cause significant changes in these effector factors, indicating that the
process of ARV infection is closely linked to the recognition of host innate immune-related
model receptors and the production of effector factors [10,11]. However, the limited number
of genes that were tested made it impossible to fully characterize the gene regulation of
innate immunity during ARV infection.

Next-generation sequencing technology has become an effective tool for studying
the interaction between viruses and hosts. However, due to the poor correlations be-
tween mRNA abundance and protein abundance, traditional mRNA sequencing (RNA-seq)
cannot accurately depict the whole realm of gene expression, particularly in regards to
reflecting the actual expression levels of proteins [12]. Ribosome profiling, also known as ri-
bosomal footprint sequencing (Ribo-seq), is a new high-throughput sequencing technology
developed in recent years that sequences ribosome-protected mRNA fragments (RPFs) [13].
Ribo-seq can accurately measure translational activity and abundance genome-wide [14],
making it possible to investigate the ribosome density profile of the translatome [15,16].
Association analysis combined with RNA-seq and Ribo-seq methods can be used to study
post-transcriptional regulation and translational regulation mechanisms. Ribo-seq has
been used to explore the mechanisms of translation regulation in different species, such
as humans [17], mice [18], zebrafish [19], Drosophila [20], rice [21], Arabidopsis [22]
and maize [23]. However, the translational regulation mechanisms in chickens remain
poorly studied.

The spleen is the largest and most important peripheral immune organ in chickens,
and it plays a major role in maintaining the balance of immune function and evading the
invasion of pathogenic microorganisms. Previous studies have found that ARV infection
can cause harm to the spleen, which leads to immunosuppression [24,25]. The results
of our previous study showed that the viral load in the spleen after ARV infection was
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noticeably above those in the thymus and bursa of Fabricius, suggesting that the spleen is
the main immune organ attacked by ARV. In addition, the mRNA expression of various
interferon-stimulated genes in the spleen after ARV infection was rapidly upregulated
in the early stage of infection, indicating that ARV infection can induce a strong innate
immune response in the spleen. Analysis of the pathological changes in the spleen after
ARV infection showed that there were no obvious lesions on days 1 to 2, while generalized
necrotic degeneration of the lymphocytes and homogeneous red staining of the splenic
body were observed on day 3. This pathological injury continued until day 7 and was
gradually relieved. Interestingly, the ARV viral load in the spleen remained high for 1 to
3 days after infection and then decreased sharply on day 4 [11]. Therefore, it is speculated
that the early stage of ARV infection, especially day 3, is a critical period for ARV invasion
of the spleen. Transcriptional and translational regulation play major roles in host innate
immunity against viral infection. In this research, SPF chickens artificially infected with the
ARV S1133 strain were used as subjects. Their splenic tissues were dissected on the third
day after infection, and RNA-seq and Ribo-seq analyses were performed to study chicken
spleen gene regulation after ARV infection at the transcriptional and translational levels.
Finally, functional genes that play an important part in the innate immune response were
identified, and their functions were further analyzed. Our results provide a comprehensive
understanding of the immune evasion of ARVs in the spleen and of the host immune
defense against ARVs.

2. Results
2.1. Overview of High-Throughput Sequencing Data between the Spleens of Control Group and
ARV SPF Chickens

To explore genome-wide innate immune response regulation from a translational
perspective, we compared the ribosomal maps of the spleens of control group (CON)
and ARV SPF chickens using ribosomal footprint sequencing and mRNA sequencing.
The Ribo-seq and RNA-seq libraries of the CON and ARV groups were prepared and
sequenced on HiSeq-2000 platforms, resulting in 13.1–14.8 million and 16–16.2 million
ribosome profiling clean reads for the CON and ARV groups, as well as 17.3–17.8 million
and 14.5–16.5 million RNA-seq clean reads for the CON and ARV groups, respectively
(Supplemental Table S1). RNA-seq identified and quantified 17,721 genes and 17,693 genes
in the CON and ARV groups, respectively (Supplemental Figure S1A,B). Ribo-seq identified
and quantified 15,760 genes and 14,776 genes in the CON and ARV groups, respectively
(Supplemental Figure S1C,D), and their expression abundance levels all had a similar
normal distribution. Supplemental Tables S2 and S3 display the gene expression abundance
information of the transcriptome and translatome. The Pearson correlation analysis of RNA-
seq and Ribo-seq exhibited similarities and differences between the CON and ARV groups
(R2 > 0.92, Supplemental Figure S1E,F). These results indicate that subsequent analyses are
performed on the basis of reliable data.

2.2. Global Translatome Characteristics

To investigate whether the characteristics of the ribosome-protected fragments change
with innate immune response regulation in the spleen, the basic ribosome profiles of
RPFs were compared between the CON and ARV groups. The length distribution of RPF
peaks at 28 nt for both the CON and ARV groups (Figure 1A). Figure 1B shows that the
distribution patterns of RPFs for the CON and ARV groups were similar, with the vast
majority of ribosome footprints located at the CDS of both CON and ARV mRNAs. These
results are similar to those in most eukaryotes, suggesting that the translation process
is highly conserved [26]. However, compared to the CON group, the RPFs of the ARV
group in the CDSs and 5′ UTRs decreased to 3.87% and 3.31%, respectively. The ARV
RPFs in 3′ UTRs increased from 8.02% to 15.19%. These results suggest that the apparent
activation of RPFs in 3′ UTRs may be caused by ARV infection in chickens. In addition,
three-nucleotide periodicity was clearly observed around the start and stop codon regions
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of RPFs at different read lengths of 28 nt. A vast number of RPFs were enriched in the
region approximately from position −12 nt to the annotated start codon (Figure 1C and
Supplemental Figure S1G), indicating that the initiation stage is the principal rate-limiting
stage of translation.
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2.3. Translational Efficiency Significantly Decreased after ARV Infection

TE is an important index of translation that reflects the efficiency of mRNA utilization,
and the formula is as follows: TE = (RPKM from translatome)/(FPKM from transcrip-
tome) [14,27]. The average TE of genes across the whole genome decreased significantly
after ARV infection (log2 mean TE of CON = −0.09297, log2 mean TE of ARV = −0.6425;
Figure 2A). In addition, the ratio of genes with higher TE (log2TE > 1) in the ARV group
was lower than that in the CON group (Figure 2B). Moreover, there were 15 upregulated,
differentially expressed TE genes and 396 downregulated, differentially expressed TE genes
after ARV infection compared to the CON group (Figure 2C). In regard to the functions of
the differentially expressed TE genes, GO and KEGG analyses were conducted. The GO
analysis displayed the top 20 terms, which mainly included cell activation, regulation of
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response to stimulus, regulation of immune system process, etc. (Figure 2D). The KEGG
pathway enrichment analysis showed the top 20 pathways for which gene expression was
enriched. Among the top 20 pathways, 7 pathways belonged to the “immune system” cate-
gory, including the chemokine signaling pathway, Fc epsilon RI signaling pathway, T-cell
receptor signaling pathway, intestinal immune network for IgA production, complement
and coagulation cascades, B-cell receptor signaling pathway and hematopoietic cell lineage.
The rheumatoid arthritis pathway was also among the top 20 pathways and belonged to
the “immune diseases” category (Figure 2E). The above results indicate that after infection
with ARV, gene translation efficiency is reduced at the overall level, and the translation
efficiency of immune-related genes is significantly affected.
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2.4. Regulation Patterns of the Transcriptome and Translatome

Based on both ribosome profiling and RNA sequencing data, the transcriptional and
translational expression differences between the CON and ARV groups were examined. The
CON and ARV groups had high correlations for transcriptome and translatome (R2 = 0.8364
in RNA-seq, R2 = 0.8531 in Ribo-seq; Supplemental Figure S2A,B), which illustrates that
transcriptome analysis and translatome analysis are reliable. The differentially expressed
genes in both the RNA-seq and Ribo-seq data sets were filtered based on the criteria of
|log2 fold change| > 1 and FDR < 0.01. There were 225 transcriptionally upregulated and
439 downregulated DEGs in the ARV group compared to the CON group, corresponding
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to 851 upregulated and 1128 downregulated DEGs at the translational level (Supplemental
Figure S2C,D). The quantities of downregulated genes were much greater than those of
the upregulated genes at two levels, suggesting a global decline in gene expression in the
ARV group.

To explore the relationships and differences in the regulation of gene expression in
the spleen at the transcriptional level and the translation level after ARV infection, we
conducted a combined analysis of the transcriptome and the translatome. Figure 3A
displays the scatter plot of the fold changes in transcriptional and translational expression.
The scatter plot was classified into nine categories based on the criteria of |log2 fold change
in RPKM| > 1 and FDR < 0.01. The gene information of the nine categories can be found in
Supplemental Table S4. Our results revealed that 81.96% of genes were categorized in the
unchanged class (quadrant E), and 14.7% of genes were in the discordant classes (quadrants
A, B, D, F, H, I). Notably, 1.31% (154) and 2.02% (238) of genes were located in quadrants
C and G, respectively, which meant that the expression of genes changed congruously at
the transcriptional and translational levels (upregulation for quadrant C; downregulation
for quadrant G). Furthermore, to explore the synergistic functions of transcription and
translation, GO analysis of the biological processes enriched for the congruous DEGs
(quadrants C and G) was conducted. The results showed that the congruous DEGs were
significantly enriched for terms related to innate immunity such as cell surface receptor
signaling pathway, immune response, innate immune response, immune system process
and regulation of immune system process (Figure 3B). These results suggest that the innate
immune response of the body to ARV infection involves co-regulation of transcription
and translation.

2.5. Screening Functional Genes after ARV Infection

The above association analysis showed that genes in quadrants C and G were mainly
enriched for biological processes related to immune regulation, indicating that these DEGs
may be involved in the innate immune response to ARV infection. We identified 392 DEGs
in quadrants C and G. We compared the top 30 DEGs at the transcriptional and transla-
tional levels (Figure 4A,B). Based on the significance of the DEGs, the most significant
DEG at the transcriptional and translational levels was determined to be IL4I1 (FDR in
transcriptome = 1.85× 10−27, FDR in translatome = 6.2× 10−57). According to the RNA-seq
and Ribo-seq data, the expression level of IL4I1 significantly increased after ARV infection
(Figure 4C). The RT-qPCR results were consistent with the RNA-seq and Ribo-seq results
(Figure 4D).

2.6. IL4I1 Expression Reduced ARV Replication

To verify the effect of IL4I1 overexpression on ARV replication, we transfected the
pEF1α-Myc-IL4I1 recombinant plasmid into DF1 cells, then verified IL4I1 overexpression
by real-time PCR and Western blotting 24 h later. Real-time PCR showed that IL4I1 gene
expression in DF1 cells was significantly upregulated after transfection with the pEF1α-
Myc-IL4I1 (Figure 5A). Detection at approximately 60 kDa using Myc-tagged antibodies
showed that IL4I1 was correctly expressed in DF1 cells transfected with the pEF1α-Myc-
IL4I1, while IL4I1 protein expression was not detected in cells transfected with empty
vectors (Figure 5B). Cells were infected with ARV after 24 h of transfection, and cell samples
and supernatants were collected after another 24 h. Real-time PCR detection showed that
the expression of the ARV σC gene at the mRNA level was significantly reduced (Figure 5C),
and the ARV virus titer in the cell supernatant was also significantly reduced (Figure 5D).
These results suggest that the overexpression of IL4I1 in DF1 cells inhibits the replication
of ARV.
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Therefore, we speculated that IL4I1 can cause negative feedback in the replication of
ARV and that inhibiting the expression of IL4I1 can promote the replication of ARV. We
designed and synthesized three siRNAs against the IL4I1 gene to inhibit the expression of
IL4I1, of which siRNA1357 was the most ideal (Figure 5E). siRNA1357 was transfected into
DF1 cells, and the cells were infected with ARV virus after 24 h of transfection. Then, cell
samples and supernatants were collected at 24 h postinfection to detect ARV replication at
the gene expression and viral titer levels, and the results were consistent with expectations
(Figure 5F,G). The above results show that inhibiting the expression of IL4I1 can promote
the replication of ARV.
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2.7. The Effect of IL4I1 Expression on the Innate Immune Response during ARV Infection

To investigate how IL4I1 regulates the innate immune response induced by ARV
infection, we overexpressed or inhibited IL4I1 and detected the effect of IL4I1 expression
on the expression of innate immune signaling pathway-correlated factors during ARV
infection by real-time PCR. The results showed that the mRNA expression of MDA5,
TRAF3 and TRAF6 was significantly upregulated after overexpression or inhibition of
IL4I1. The mRNA expression of MAVS was upregulated after overexpression of IL4I1 and
downregulated after inhibition of IL4I1. The mRNA expression of IKKε did not differ
significantly after overexpression of IL4I1 and was significantly upregulated after inhibition
of IL4I1. The mRNA expression of IRF7 was significantly upregulated after overexpression
of IL4I1, but there was no significant difference after IL4I1 inhibition. There was no
significant difference in the mRNA expression of IFN-α after overexpression or inhibition
of IL4I1. The mRNA expression of IFN-β, LGP2, TBK1 and NF-κB was significantly
downregulated after overexpression of IL4I1 and upregulated after inhibition of IL4I1
(Figure 6A,B). These results suggest that IL4I1 may be a negative feedback regulator of
innate immune signaling pathways and that IL4I1 expression may reduce IFN-β production
by inhibiting the expression of LGP2, TBK1 and NF-κB.
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2.8. Interaction between IL4I1 and ARV σA/σC Proteins

The σA and σC proteins are important structural proteins of ARV and play a sig-
nificant part in the interaction between ARV and the host. Therefore, we studied the
relationship between IL4I1 and ARV σA/σC. We transfected the eukaryotic expression
plasmids pEF1α-HA-σA and pEF1α-HA-σC into DF1 cells and overexpressed ARV σA
and σC proteins in DF1 cells. Real-time PCR detection showed that the expression of IL4I1
was significantly upregulated after the overexpression of σA and σC proteins in DF1 cells.
The overexpression of σA in particular upregulated IL4I1 by a relatively high fold change
(Figure 7A).

Subsequently, we used Co-IP to determine whether IL4I1 interacted with ARV σA and
σC proteins in vitro. The Co-IP results of IL4I1 protein and ARV σA protein showed that
when Co-IP immobilization used the anti-Myc monoclonal antibody, the σA-HA protein
could be identified by Western blot. However, when Co-IP immobilization used the anti-HA
monoclonal antibody, the IL4I1-Myc protein was not identified by Western blot (Figure 7B).
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Figure 6. Effect of IL4I1 on the innate immune response during ARV infection. DF-1 cells were trans-
fected with pEF1α-Myc-IL4I1 or pEF1α-Myc plasmids and then infected with the ARV S1133 strain
at an MOI of 1. Expression changes in genes associated with the innate immune signaling pathway
were detected by real-time PCR (A) 24 h postinfection. DF1 cells were transfected with si1357 or
siNC and infected with the ARV S1133 strain of virus at an MOI of 1. Expression changes in genes
associated with the innate immune signaling pathway were detected by real-time PCR (B) 24 h
postinfection. Data are represented as the mean ± SD of three independent experiments. Asterisks
indicate significant differences (* p < 0.05, ** p < 0.01).

The Co-IP results of IL4I1 protein and ARV σC protein showed that when Co-IP
immobilization used the anti-Myc monoclonal antibody, no σC-HA protein was identified
by Western blot. IL4I1-Myc protein was also not identified by Western blot when Co-IP
immobilization used the anti-HA monoclonal antibody (Figure 7C). Therefore, there may
be an interaction between the IL4I1 and ARV σA proteins.
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Figure 7. IL4I1 in DF1 cells interacts with ARV σA and σC proteins. PEF1α-HA-σA or pEF1α-HA-σC
were transfected into DF1 cells to overexpress ARV σA or σC proteins, respectively. Determination
of IL4I1 expression by real-time PCR (A). We cotransfected cells with pEF1α-Myc-IL4I1 and pEF1α-
HA-σA/σC in the experimental group and pEF1α-Myc-IL4I1 and pEF1α-HA or pEF1α-Myc and
pEF1α-HA-σA/σC in the control group. After 24 h of transfection, cells were lysed to collect protein
samples, and the interaction of IL4I1 with ARV σA and σC proteins in DF-1 cells was verified by
Co-IP. Verification of IL4I1 interaction with ARV σA by Co-IP (B). Verification of IL4I1 interaction
with ARV σC by Co-IP (C). Asterisks indicate significant differences (* p < 0.05).

3. Discussion

Gene expression is closely related to the occurrence and development of various phys-
iological and pathological activities and diseases. High-throughput sequencing technology
enables the sequencing and identification of millions of nucleotide molecules simultane-
ously. To date, it is widely used in the screening of important functional genes and research
on animal diseases [28]. Translation regulation is a key element in the regulation of gene
expression. Omics studies have shown that translation regulation accounts for more than
half of all regulation overseeing gene expression, and the translational differences better
reflect the expression changes in the proteome than those of the transcriptome [29,30].

In this study, Ribo-seq was conducted to reveal the gene expression profile of the
spleen after ARV infection. We analyzed the characteristics of RPFs in the spleen; after ARV
infection, the abundance of splenic RPFs in the CDS region and the 5’ UTR was lower than
that in the control group, which also indicated that ARV infection inhibited the process of
protein synthesis in the spleen. After ARV infection, the abundance of splenic RPFs in the
3’ UTR was higher than that in the CON group. In the eukaryotic translational process, the
5’ UTR and the 3’ UTR play important roles in post-transcriptional regulation. The 5’ UTR
mediates post-transcriptional regulation through the main elements present in this region,
such as uORFs, secondary structures and RPF-binding motifs, and the 3’ UTR contains a
large number of regulatory elements, such as microRNA binding sites and protein binding
sites [31–33]. After ARV infection, the abundance of splenic RPFs increased significantly in
the 3’ UTR, suggesting that there may be potential translational regulation of ARV infection
in the 3’ UTR, which may be related to the innate immune regulation process of the host
after ARV infection. These complex regulatory mechanisms still need to be further studied.

Studies have confirmed that genes with higher translation efficiency perform more
important biological functions, and in addition, the specific array of genes with high trans-
lation efficiency or upregulated translation efficiency reflect the function and phenotype
of a particular cell [14]. Our sequencing results showed that ARV infection significantly
reduced the overall translation efficiency of splenic genes. Further analysis showed that,
compared with the control group, there were 15 significantly upregulated DTEGs and
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369 significantly downregulated DTEGs in the ARV infection group. These DTEGs were
mainly enriched in signaling pathways related to immune regulation, which led to specula-
tion that ARV infection would reduce the immune response ability of the spleen. Recent
studies have confirmed that ARV infection causes immunosuppression [34]. However,
the specific mechanism of ARV-induced immunosuppression still needs to be studied in
greater depth. After ARV infection, the translation efficiency of immune regulation-related
signaling pathways in the spleen is reduced, which we speculate is one of the important
reasons for immunosuppression caused by ARV infection.

The transcriptome and translatome association data analysis showed that 392 genes
were expressed in common with significant differences at the transcription and translation
levels. GO enrichment analysis showed that the 20 most significant GO terms were all
enriched in signaling pathways related to immune regulation. This suggests that these
DEGs play important roles in the innate immune response to ARV infection. We further
analyzed the significance of these 392 congruous DEGs and screened the 30 genes with the
highest significance. The most significantly differentially expressed gene was IL4I1 in both
the transcriptome and translatome. The expression of IL4I1 was highly induced after ARV
infection, suggesting that IL4I1 plays an important part in the response to ARV infection.
Interleukin-4-induced-1 (IL4I1) is a less-studied amino acid catabolic enzyme that belongs
to the L-amino acid oxidase family. IL4I1 plays an important role in the body’s defense
against infection, regulation of immune homeostasis and injury response. In recent years, it
has been found that IL4I1 is closely related to the regulatory process of human immune
metabolism, and it is an important immunosuppressive factor and a key metabolic immune
checkpoint [35]. Tumor cells produce large amounts of the IL4I1 metabolic enzyme, which
promotes the spread of tumor cells and suppresses the immune system. IL4I1 breaks down
tryptophan to form indole metabolites and kynurequinolinic acid, which are agonists of the
aryl hydrocarbon receptor (AHR). Indole metabolites and kynurequinolinic acid bind to
and activate AHR receptors, thereby mediating the toxic effects of dioxins, which reduces
the utilization of essential or semi-essential amino acids. At the same time, toxic metabolites
are produced, which cause damage to antitumor T lymphocytes and promote the growth
of tumor cells [36].

There are few reports on the role and mechanism of IL4I1 in avian virus infection.
Studies by high-throughput sequencing technology have found that a large amount of
IL4I1 expression can be induced after a variety of viral infections. Hu et al. found that IL4I1
expression was significantly upregulated in chicken embryo fibroblasts infected by the J
subpopulation of avian leukemia virus (ALV-J) by transcriptome sequencing [37]. Feng
et al. used transcriptome sequencing analysis to find that the expression of IL4I1 in chicken
primary mononuclear macrophages infected with ALV-J was significantly upregulated 3 h
and 36 h after infection, and overexpression of IL4I1 at the gene level could facilitate the
replication of ALV-J in chicken macrophages [38]. Dong et al. found that the IL4I1 gene was
upregulated in chicken spleen tissues infected with Marek virus (MDV) by transcriptome
sequencing technology [39]. Conversely, our study showed that IL4I1 inhibits the replica-
tion of the ARV virus. This suggests that there may be differences in the roles of IL4I1 in
the replication of different viruses. We found that IL4I1 was able to prevent the replication
of ARV in DF1 cells by overexpression or inhibition assays. Our previous studies showed
that the ARV viral load in the spleen was high on days 1 to 3 after ARV infection and then
decreased sharply on day 4 [11]. Therefore, we speculate that the rapid upregulation of
IL4I1 expression in the spleen after ARV infection is beneficial to inhibiting the proliferation
of ARV in the spleen. However, IL4I1 was able to promote the replication of ALV-J in
chicken macrophages, suggesting that there may be differences in the roles of IL4I1 in the
replication of different avian viruses. We also detected a regulatory role for IL4I1 on innate
immune signaling pathway-correlated factors during ARV infection by real-time PCR. The
mRNA expression of IFN-β, LGP2, TBK1 and NF-κB was significantly downregulated after
overexpression of IL4I1, and the mRNA expression of IFN-β, LGP2, TBK1 and NF-κB was
significantly upregulated after inhibiting IL4I1. This suggests that IL4I1 may be a negative
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feedback effect of innate immune signaling pathways during ARV infection, and IL4I1 may
reduce the production of IFN-β by inhibiting the expression of LGP2, TBK1 and NF-κB.
The current study has shown that IL4I1 is an important immunosuppressive molecule
that plays a key role in the immune evasion of tumors [36]. Previous studies have also
found that IL4I1 can inhibit the production of IFN-γ and inflammatory cytokines, limit
local Th1 inflammation and inhibit the inflammatory response [40]. ARV is an important
avian immunosuppressive disease, and our sequencing analysis found that ARV infection
can significantly reduce the translational efficiency of immunomodulatory-related genes
in chicken spleen. ARV, ALV-J and MDV infection can cause avian immunosuppressive
diseases, and IL4I1 expression was upregulated after each of these three viral infections.
Whether the regulation of IL4I1 expression is related to the immunosuppressive processes
caused by avian immunosuppressive viruses is an interesting mechanism that deserves
more in-depth study.

Virus-encoded proteins play a crucial part in virus interactions with its host. The σA
protein of ARV plays a vital role in the pathogenesis of ARV infection. A study found
that the ARV σA protein binds irreversibly to viral dsRNA, thereby inhibiting the dsRNA-
dependent protein kinases activation and ultimately interfering with the antiviral effects of
interferon [41,42]. In addition, the ARV σA protein can also activate the PI3K/Akt signal
transduction pathways in cells, increase the expression of phosphorylated Akt (p-Akt)
in cells and, thus, inhibit the apoptosis of infected cells to facilitate ARV infection and
replication [43]. It has also been showed that the ARV σA protein affects the replication
of ARV in DF1 cells by interacting with the NME2 protein of the host [44]. The ARV σC
protein is related to the adsorption and proliferation of virions [45]. The ARV σC protein is
able to induce apoptosis by interacting with the host protein EFF1A1 [46]. In this study, we
found that overexpression of ARV σA and σC proteins in DF1 cells can cause significant
upregulation of IL4I1 expression at the transcriptional level. The interaction between IL4I1
and ARV σC proteins was not found by co-immunoprecipitation experiments, while the
co-immunoprecipitation analysis of IL4I1 protein and ARV σA proteins uncovered an
interesting phenomenon. When we used the anti-Myc antibody to fix IL4I1 protein in the
Co-IP experiment, σA protein interacted with IL4I1 protein, but when we fixed σA protein
using the anti-HA antibody in the Co-IP experiment, the interaction between σA protein
and IL4I1 protein could not be detected. To ensure the rigor of the experimental data, we
performed multiple replicates using antibodies and Co-IP kits of different brands, all with
the same results. We reviewed the literature and found that the human IL4I1 protein is
a glycosylated secreted protein [47]. The structure and function of avian IL4I1 protein
have not been reported, and our online software analysis shows that avian IL4I1 protein
is also a secreted protein. We hypothesize that the IL4I1 protein failed to be detected by
Western blot analysis when the σA protein was immobilized in the Co-IP experiment,
which is related to the fact that IL4I1 is secreted extracellularly after synthesis. Therefore,
we speculate that there may be an interaction between the IL4I1 protein and the ARV σA
protein, and that the IL4I1 protein may actively bind to the σA protein. We speculate that
the IL4I1 protein may play a regulatory role by interacting with the ARV σA protein. We
further speculate that after ARV infection, IL4I1 is modulated and then transcribed and
expressed in large quantities, and the IL4I1 protein competitively binds to the ARV σA
protein, thereby affecting the function of the ARV σA protein and inhibiting the replication
of ARV. However, due to a lack of avian-derived IL4I1 protein-specific antibodies, it is
difficult to further verify the interaction between the IL4I1 and ARV σA proteins. In future
studies, we will prepare monoclonal antibodies against avian IL4I1 protein and conduct
in-depth research on the role and regulatory mechanism of IL4I1 in the interaction network
of ARV or σA protein.
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4. Materials and Methods
4.1. Ethics Statement

This study was approved by the Animal Ethics Committee of Guangxi Veterinary
Research Institute. Animal experiments and sample collection were conducted in accor-
dance with the guidance of protocol #2019C0406 issued by the Animal Ethics Committee of
Guangxi Veterinary Research Institute.

4.2. Viral Inoculations and Animal Experiments

The ARV S1133 strain used in the study was purchased from the China Institute
of Veterinary Drug Control. “White Leghorn” SPF chicken eggs were purchased from
Beijing Boehringer Ingelheim Vital Biotechnology Co., Ltd. (Beijing, China). Incubation
was performed using a fully automated incubator, after which chicks were raised in SPF
chicken isolators. A total of twenty 7-day-old SPF chickens were randomized into two
groups and raised aseptically in an SPF chicken isolator. Group A was the experimental
group (ARV), and each chicken was inoculated with 0.1 mL 104 TCID50/0.1 mL ARV S1133
virus by foot pad injection. Group B was the control group (CON), which was inoculated
with the same amount of PBS via foot pad injection. Samples were collected on day 3 after
infection. The chickens were taken from the ARV infection group and the control group for
dissection and collection of spleens, and then the collected samples were snap-frozen in
liquid nitrogen and stored in a −80 ◦C freezer for subsequent analysis. The standard for
selecting sequencing samples in this study was to use the two samples whose viral load of
spleen was closest to the mean in the group as 2 biological replicates.

4.3. RNA Extraction and Transcriptome Sequencing

Total RNA of the spleen in each group was extracted by using TRIzol® RNA extraction
reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The
integrity of RNA was examined by agarose gel electrophoresis, and the concentration of
RNA was measured by NanoDrop 2000 spectrophotometers (Thermo Fisher Scientific,
Boston, MA, USA). The mRNA was purified by oligo (dT) magnetic beads and fragmented
into short fragments using fragmentation buffer. First-strand cDNA was synthesized with
SuperScript II Reverse Transcriptase (Invitrogen) using random primers, and second-strand
cDNA was synthesized using the synthesized first strand of cDNA as a template. The
obtained double-stranded cDNA was purified by a VAHTS® mRNA-seq V3 Library Prep
Kit for Illumina (Vazyme, Nanjing, China), end repaired, poly(A) added and then ligated
to Illumina sequencing adapters. Sequencing was performed on the Illumina HiSeq-2000
platform for 50 cycles. High-quality reads passed through the Illumina quality filter were
retained in fastq.gz format for sequence analysis.

4.4. Preparation of Ribosome-Protected Fragments and Ribosome Profiling

RPF extraction and sequencing were performed by a commercial company
(Chi-Biotech, Wuhan, China) according to a previous study [17]. Spleen tissue from each
group was added to lysis buffer, ground at low temperature and then low concentrations of
RNase I were added for digestion. The digested samples were pooled and layered on the
surface of 15 mL sucrose buffer (30% sucrose in RB buffer). The ribosomes were pelleted by
ultracentrifugation at 42,500 rpm for 5 h at 4 ◦C. RPF extraction was then performed using
TRIzol, and ribosomal RNA (rRNA) was depleted using the Ribo-off® rRNA Depletion Kit
(Vazyme) following the manufacturer’s instructions. Sequencing libraries of RPFs were
constructed following the VAHTS® Small RNA Library Prep Kit for Illumina (Vazyme).
The library was resolved by a 6% polyacrylamide gel. The fraction with an insertion size of
~28 nt was excised and purified from the gel. This fraction was sequenced by an Illumina
HiSeq-2000 sequencer for 50 cycles. High-quality reads that passed the Illumina quality
filters were kept for sequence analysis.
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4.5. Sequence Analysis

For both mRNA and RPF sequencing data sets, high-quality reads were mapped
to the mRNA reference sequence (GRCg6a) through the FANSe2 algorithm [48] with
the parameters -E5% --indel -S14. The expression abundance of mRNA and RPFs was
normalized by RPKM (reads per kilobase per million reads) [49]. Differentially expressed
genes (DEGs) in RNA-seq and Ribo-seq were identified via the edgeR package [50] with
|log2 fold change| > 1 and false discovery rate (FDR) < 0.01. The quotient of RPFs
and mRNA expression abundance is translation efficiency (TE) [51,52]. Differential TE
genes (DTEGs) were calculated by a t test with |log2 fold change| > 1 and p value < 0.05.
Bioinformatic analysis was performed using Omicsmart, a real-time, interactive online
platform for data analysis (http://www.omicsmart.com, accessed on 20 November 2023).

4.6. Overexpression of IL4I1 Protein

The recombinant plasmid pEF1α-Myc-IL4I1 was constructed from the IL4I1 gene
sequence (Genbank accession number NM_001099351.3) from chicken. DF1 cells were
cultured in 6-well plates. When the cell confluency reached 70–80%, the recombinant IL4I1
plasmid was transfected with liposome LipofectamineTM 3000 (Invitrogen) to overexpress
IL4I1 protein. After 24 h of transfection, DF1 cells were infected with the ARV S1133
strain at a multiplicity of infection (MOI) of 1. Then, the sample of cells and medium
supernatant were gathered at 24 h postinfection. RNA was extracted from the above cell
samples and reverse-transcribed to synthesize cDNA using the GeneJET RNA Purification
Kit and MaximaTM H minus cDNA synthesis master mix (Thermo Fisher Scientific). Real-
time PCR detected the replication of ARV at the gene level and the expression changes in
innate immune signaling pathway-related molecules. The primer sequences of molecules
associated with the innate immune signaling pathway and ARV σC gene are shown in
Table 1 [53]. In addition, the above medium supernatant was used to infect DF1 cells
and the virulence was determined by the Reed–Muench method to detect the replication
of ARV.

Table 1. Primers used in this study.

Gene Genbank Accession
Number Primer Sequences (5′-3′)

ARV σC L39002.1 F: CCACGGGAAATCTCACGGTCACT, R: TACGCACGGTCAAGGAACGAATGT
IL4I1 NM_001099351.3 F: CACGCCGTATCAGTTCACC, R: CCTCACCGCAGCCTTCAT
IFN-α AB021154.1 F: ATGCCACCTTCTCTCACGAC, R: AGGCGCTGTAATCGTTGTCT
IFN-β X92479.1 F: ACCAGGATGCCAACTTCT, R: TCACTGGGTGTTGAGACG
MDA5 NM_001193638 F: CAGCCAGTTGCCCTCGCCTCA, R: AACAGCTCCCTTGCACCGTCT
LGP2 MF563595.1 F: CCAGAATGAGCAGCAGGAC, R: AATGTTGCACTCAGGGATGT
MAVS MF289560.1 F: CCTGACTCAAACAAGGGAAG, R: AATCAGAGCGATGCCAACAG
TRAF3 XM_040672281.1 F: GGACGCACTTGTCGCTGTTT, R: CGGACCCTGATCCATTAGCAT
TRAF6 XM_040673314.1 F: GATGGAGACGCAAAACACTCAC, R: GCATCACAACAGGTCTCTCTTC
IKKε XM_428036.4 F: TGGATGGGATGGTGTCTGAAC, R: TGCGGAACTGCTTGTAGATG
TBK1 MF159109.1 F: AAGAAGGCACACATCCGAGA, R: GGTAGCGTGCAAATACAGC
IRF7 NM_205372.1 F: CAGTGCTTCTCCAGCACAAA, R: TGCATGTGGTATTGCTCGAT
NF-κB NM_205129.1 F: CATTGCCAGCATGGCTACTAT, R: TTCCAGTTCCCGTTTCTTCAC
GAPDH NM_204305.1 F: GCACTGTCAAGGCTGAGAACG, R: GATGATAACACGCTTAGCACCAC

4.7. RNA Interference Assay

According to the sequence of IL4I1 genes, three small interfering RNAs (siRNAs)
(Table 2) were designed and synthesized (GenePharma, Shanghai, China). IL4I1 siRNA
inhibitory molecules were transfected into DF1 cells using Lipofectamine® RNAiMAX
Reagent (Invitrogen) to inhibit IL4I1 protein expression. After 24 h of transfection, cells
were infected with the ARV S1133 strain at a MOI of 1, and after another 24 h, cell samples
and medium supernatants were collected to detect replication of ARV virus.
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Table 2. siRNA sequence targeting the IL4I1 gene.

siRNA Sense Antisense

si108 GCUGCUGAGUAUUGUGAAATT UUUCACAAUACUCAGCAGCTT
si336 GCUGGUGCGUGAGUUUAUATT UAUAAACUCACGCACCAGCTT
si1357 CCGUAUCAGUUCACCGAUUTT AAUCGGUGAACUGAUACGGTT
siNC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

4.8. Real-Time PCR

Real-time PCR was performed using the PowerUpTM SYBRTM Green Master Mix
(Thermo Scientific) via the QuantStudio 5 real-time PCR system (Thermo Lifetech ABI,
Boston, MA, USA).

4.9. Co-immunoprecipitation (Co-IP) Assays

The interactions between IL4I1 and ARV σA or σC protein were detected by Co-IP. We
designed three experimental groups: the test group was cotransfected with pEF1α-Myc-
IL4I1 and pEF1α-HA-σA/σC and the control group was cotransfected with pEF1α-Myc-
IL4I1 and pEF1α-HA or pEF1α-Myc and pEF1α-HA-σA/σC. Three biological replicates
were assigned to each group. After 24 h of transfection, cells were lysed, protein samples
were collected and Co-IP analysis with the Pierce Classic IP Kit (Thermo Scientific) was
performed. The forward Co-IP test used rabbit-derived HA antibody (Invitrogen) for fixed
adsorption samples, and Western blot analysis used murine Myc antibody and murine HA
antibody (Invitrogen) as primary antibodies for detection. The reverse Co-IP used rabbit-
derived Myc antibody (Invitrogen) for fixed adsorbed samples, and Western blot analysis
used murine HA antibody and murine Myc antibody (Invitrogen) as primary antibodies.
Goat anti-murine IgG (Beyotime, Shanghai, China) labeled with alkaline phosphatase was
the secondary antibody.

4.10. Statistical Analysis

At least three valid repeat tests were performed for each treatment, and the results are
expressed as the mean ± SD. Graph analysis and statistical comparisons used GraphPad
Prism statistical software, version 9.5.0. The unpaired two tailed t-test (for two groups) and
one-way ANOVA (for multiple groups) were used to identify the significance of difference.
The results’ difference were considered statistically significant at p < 0.05.

5. Conclusions

In this study, we determined that the spleen produces a strong innate immune response
at both the transcriptional and translational levels after ARV infection and that the spleen
is an important immune response organ in ARV infection. ARV infection reduces the
translation efficiency of innate immunity-related genes, and we speculate that the decrease
in translation efficiency is the key cause of immunosuppression caused by ARV infection.
ARV infection can significantly upregulate the expression of IL4I1, while the upregulation
of IL4I1 helps to inhibit the replication of ARV. IL4I1 may inhibit the innate immune
response triggered by ARV infection. In addition, the IL4I1 protein may interact with the
viral protein σA of ARV. These results provide new insights into ARV–host interactions
and will facilitate the development of new vaccines or other therapeutic agents to control
ARV based on the IL4I1 gene in chickens.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15122346/s1, Figure S1. Overview of transcriptome and trans-
latome. (A–D) Distribution of the mRNA and RPFs abundance in CON and ARV groups.
(E–F) Pearson correlation analysis of RNA-seq and Ribo-seq. (G) The total number of RPFs along CDS
start and stop codon regions in CON group. Figure S2. Differential analysis. (A–B) Venn diagram
showing the distinct and over-lapping genes of the transcriptome and translatome. Scatter diagram
showing the correlation of gene abundance in RNA-seq and Ribo-seq. (C–D) Volcano plots of DEGs
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of the transcriptome and translatome. Table S1. Statistic on the ribosomal profiling data and RNA-Seq
data. Table S2. The identification and quantification information of the transcriptome. Table S3. The
identification and quantification information of the translatome. Table S4. The gene information in
different quadrants.
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Abstract: Infectious bronchitis virus (IBV) is an avian coronavirus that causes a disease in chickens
known as infectious bronchitis (IB). The pathogenesis of IBV and the host immune responses against it
depend on multiple factors such as the IBV variant, breed and age of the chicken, and the environment
provided by the management. Since there is limited knowledge about the influence of the sex of
chickens in the pathogenesis of IBV, in this study we aim to compare IBV pathogenesis and host
immune responses in young male and female chickens. One-week-old specific pathogen-free (SPF)
White Leghorn male and female chickens were infected with Canadian Delmarva (DMV)/1639 IBV
variant at a dose of 1× 106 embryo infectious dose (EID)50 by the oculo-nasal route while maintaining
uninfected controls, and these chickens were euthanized and sampled 4- and 11-days post-infection
(dpi). No significant difference was observed between the infected male and female chickens in IBV
shedding, IBV genome load in the trachea, lung, kidney, bursa of Fabricius (BF), thymus, spleen,
and cecal tonsils (CT), and IBV-induced lesion in all the examined tissues at both 4 and 11 dpi. In
addition, there was no significant difference in the percentage of IBV immune-positive area observed
between the infected male and female chickens in all tissues except for the kidney, which expressed
an increased level of IBV antigen in infected males compared with females at both 4 and 11 dpi.
The percentage of B lymphocytes was not significantly different between infected male and female
chickens in all the examined tissues. The percentage of CD8+ T cells was not significantly different
between infected male and female chickens in all the examined tissues except in the trachea at 11 dpi,
where female chickens had higher recruitment when compared with male chickens. Overall, although
most of the findings of this study suggest that the sex of chickens does not play a significant role in
the pathogenesis of IBV and the host immune response in young chickens, marginal differences in
viral replication and host responses could be observed to indicate that IBV-induced infection in male
chickens is more severe.

Keywords: infectious bronchitis virus (IBV); male chicken; female chicken; pathogenesis; immune response

1. Introduction

Infectious bronchitis virus (IBV) is an avian gamma coronavirus that belongs to the
order Nidovirales, family Coronoviridae, and subfamily Orthocoronavirinae, and it causes
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infectious bronchitis (IB) [1]. IBV was first reported in North Dakota, United States of
America (USA), in young chickens [2]. Although both the chicken (Gallus gallus) and
pheasant (Phasianus spp.) are reported to be natural hosts of IBV, clinical IBV infections are
predominantly reported in chickens [3]. IB is common and has a high morbidity; hence,
it is one of the most frequently reported diseases in chickens. Furthermore, reports state
that IB is second only to highly pathogenic avian influenza (HPAI) virus infection in terms
of poultry diseases causing a significant impact on the global economy [4]. HPAI may
be more frequently reported as it is a regulated and reportable disease. In addition, the
emergence of new strains of IB and the failure of current vaccines to provide efficient and
effective cross-protection to these new strains has led to an increase in the occurrence of IB
in poultry farms. Hence, IB is one of the major challenges faced by the poultry industry,
and major steps are used to control the spread of IB in order to prevent any significant
economic losses [5]. Therefore, a better understanding of the pathogenesis of IBV and the
immune responses generated against IBV is essential to combat IB. The pathogenesis of
IBV and the host’s immune responses against it depend on multiple factors such as the
characteristics of the pathogen (IBV), host (chicken), and environment.

The pathogenesis of IBV in chickens depends on the different variants of the virus,
as different variants can lead to different tropisms of IBV and differing levels of sever-
ity of the disease. The gene coding for the spike (S)1 glycoprotein, which is the IBV
receptor-binding domain (RBD), is a highly variable region in the IBV genome [6,7]. Hence,
variations in the S1 protein can determine the virulence and tissue tropism of IBV as
tissue tropism is determined by the avidity of the S1 protein to the α 2,3-linked sialic
acid receptors in the host tissues [6,7]. The previous literature demonstrates that IBV is
a multisystem disease that affects respiratory, reproductive, and renal tract tissues [8,9].
Some studies have also reported that IBV could infect the lymphoid organs of chick-
ens [5,10,11]. In addition to the tropism of the virus, several comparative studies have
demonstrated that the virulence of the virus differs between different variants within
the respiratory [12,13], reproductive [14,15], and renal [16,17] systems. Studies have also
described that the nutrition provided to chickens and their environmental conditions such
as temperature, air quality, and light could also play some roles in the susceptibility of
chickens to IBV infection [18,19].

Previously, it was shown that the age and breed of a chicken could play a role in the
pathogenesis of IBV. Chickens of all ages are susceptible to IBV infection, but the severity
of the disease is higher in younger chickens [20]. Studies report that with an increase in
the age of chickens, the immune response and, thereby, the resistance to IBV infection and
pathogenesis increases, hence resulting in lower IBV-induced nephropathic effects [16,20]
and oviduct lesions [15]. However, another study by Macdonald and colleagues reported
that younger chickens had a higher resistance to IBV than older chickens [21]. Another
major factor of the host that could determine the pathogenesis of IBV is the breed of the
chicken. Several experimental studies have demonstrated that the breed of the chicken
could play a decisive role in susceptibility to IBV infection [18,22,23]. One such study
reported that line 151 chickens are more susceptible to IBV M41 infection in comparison
with line C White Leghorn chickens [23]. Another study reported that higher mortality was
observed in IBV-infected broilers compared with layers [9].

A few studies have reported that the sex of a chicken could play a role in susceptibility
to Arkansas (Ark), Australian T, and Australian N1/88 strains of IBV infection. A report by
Cumming in 1969 stated that the susceptibility of male chickens is two-fold higher than
that of female chickens [18]. In addition, a study in broiler chickens disclosed that female
chickens developed immune responses faster than males by measuring the production of
antibodies using a hemagglutination-inhibition assay and by evaluating antigen-specific
T-lymphocyte proliferation experiments. Hence, the authors predicted that this difference
in the rate of immune response development could be the leading cause of higher suscep-
tibility to IBV infection in males [24]. Their study further stated that the mortality rate
in male chickens was significantly higher than that of female chickens [24]. In another

187



Viruses 2023, 15, 2285

study on broiler chickens, female chickens had a higher phagocytic activity compared with
male chickens, indicating that the innate immune response in females is more efficient
than that observed in males [25]. However, a study on 18-day-old White Leghorn chickens
hatched from specific-pathogen-free (SPF) fertile eggs reported that there was no significant
difference in Ark-type IBV pathogenesis between sexes by assessing the viral load in the
trachea and cecal tonsil (CT) and by assessing tracheal histomorphometry [26].

The existence of a relationship between steroid sex hormones and host immune
response in humans, mice, and birds has been proclaimed [27–29]. It is widely suggested
that sex hormones such as testosterone have an immunosuppressive effect, while estrogen
has an immunoenhancing effect in hosts. A recent meta-analysis by Foo and colleagues in
2016 supported the past literature indicating that steroid sex hormones in males and females
may affect immune responses in opposite directions, where testosterone in males resulted
in an immunosuppressive effect while estrogen in females had an immunoenhancing
effect [30]. Another review further reported that sex hormones could impact the strength of
immune responses in males and females, where females demonstrated a stronger immune
response than males [31]. In addition, a report on humans, rodents, and birds stated
that estrogen stimulates humoral and cell-mediated immune responses in females, while
testosterone has an opposite function in males [29]. Moreover, a study on broiler chicken
demonstrated that the administration of estradiol 3-benzoate resulted in enhanced immune
responses against Escherichia coli (E. coli) and sheep erythrocytes [24].

In recent years, a high incidence of the Delmarva (DMV)/1639 variant of IBV has
been reported in layer flocks of Eastern Canada [32,33]. The DMV/1639 IBV causes cystic
oviducts and false layer syndrome outbreaks in layers [34]. It is also responsible for a 30%
drop in egg production in adult hens during the peak of lay [35]. Hence, it is imperative
to study the factors that influence the pathogenesis of DMV/1639 in chickens. There is
a scarcity of knowledge regarding the role of the sex of chickens in the pathogenesis of
IBV infection and host immune response. Moreover, there are no studies comparing the
pathogenicity of DMV/1639 IBV variants in young male and female chickens. Hence, in
this study, we aimed to compare the IBV pathogenesis and host immune responses in
young male and female chickens.

2. Materials and Methods
2.1. Virus

The Canadian IBV DMV/1639 strain (IBV/Ck/Can/17-036989) isolated from the
kidney tissues of 22-week-old-infected chickens in a commercial layer flock in Eastern
Canada was used as the challenge virus in this study [33]. The propagation of this viral
strain was conducted by inoculating the allantoic cavities of 9-day-old SPF embryonated
chicken eggs and harvesting the allantoic fluid 48 h post-inoculation after incubation
(37.6 ◦C at 60% relative humidity from day 1 to 18 and 37.2 ◦C at 70% relative humidity
from day 19 to 21). Following this, the virus was titrated, as previously described [34,35],
where the 50% chicken embryo infectious dose (EID50) of the virus was calculated using
the Reed and Muench method [36].

2.2. Experimental Animals

White Leghorn SPF one-day-old chickens were purchased from the Canadian Food
Inspection Agency (CFIA), in Ottawa, Ontario, Canada, and they were sexed as described
in Section 2.3. The male (number of chicken/n = 20) and female (n = 20) chickens were
housed in two separate isolators at the Veterinary Science Research Station (VSRS) facility
at the Spy Hill campus, University of Calgary. The chickens were allowed to adapt to the
new environment for 6 days by providing feed and lighting according to the recommended
management guidelines. The Veterinary Science Animal Care Committee (VSACC) of the
University of Calgary provided ethical approval for this work (Protocol number: AC19-0011).
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2.3. Sex Determination in Chickens

The sex of the chickens was determined using a conventional polymerase chain
reaction (PCR) assay, as previously described by He and colleagues, with some modifica-
tions [37]. Briefly, deoxyribonucleic acid (DNA) was extracted from the feather follicles
of the chickens using a commercial DNA extraction kit (Qiagen, Hilden, North Rhine-
Westphalia, Germany). The extracted DNA was amplified in a CFX 96-c1000 Thermocycler
(Bio- Rad Laboratories, Mississauga, ON, Canada), where each reaction volume consisted
of 2.5 µL 10X PCR buffer, 0.75 µL 50 mM MgCl2, 0.5 µL 10 mM dNTP, 0.5 µL 10 mM forward
primer, 0.5 µL 10 mM reverse primer, and 0.1 µL of Taq DNA polymerase (ThermoFisher
Scientific, Wilmington, DE, USA). The thermal profile for the amplification was, initial
denaturation at 94 ◦C for 2 min; and 35 cycles of amplification with 30 s of denaturation at
94 ◦C, and 30 s of annealing at 55 ◦C and 30 s of elongation at 72 ◦C, followed by a final
extension at 72 ◦C for 5 min. The forward and reverse primers used targeted the SWIM gene
located on the W sexual chromosome, hence serving as a specific marker for females. The se-
quences of the forward and reverse primers were 5′GAGATCACGAACTCAACCAG-3′ and
5′CCAGACCTAATACGGTTTTACAG-3′, respectively [37]. Following the amplification of
DNA, the PCR products were analyzed using agarose gel electrophoresis as described by
He and colleagues [37].

2.4. Experimental Design

One-week-old male and female chickens were each randomly divided into two groups
and housed in four separate isolators. One group of male and female chickens
(n = 10 per each group) were challenged with 100 µL of the IBV DMV/1639 strain at a
dose of 1 × 106 EID50 by the oculo-nasal route, while the other group of male and female
chickens were mock challenged with 100 µL of phosphate-buffered saline (PBS, Invitro-
gen Canada Inc., Burlington, ON, Canada) and maintained as uninfected controls. At
4 and 11 days post-infection (dpi), 1 mL of blood was collected from a randomly selected
subset of chicken (n = 5) from the four experimental groups for the separation of serum.
In addition, oropharyngeal (OP) and cloacal (CL) swabs were procured from the chicken
from all the groups and were stored in 1 mL aliquots of cold PBS. Isoflurane anesthesia was
performed on the chickens before euthanizing them by cervical dislocation. Subsequently,
trachea, lung, kidney, bursa of Fabricius (BF), thymus, CTs, and spleen tissue samples
were collected in ribonucleic acid (RNA) Save® (Invitrogen Canada Inc., Burlington, ON,
Canada) for extraction of RNA and in 10% neutral buffered formalin (VWR International,
Edmonton, AB, Canada) for histopathology. The separated serum samples were stored at
−20 ◦C, while the swab and tissue samples collected for RNA extraction were stored at
−80 ◦C until further processing. The tissue samples fixed in 10% neutral buffered formalin
were stored at room temperature.

2.5. Techniques
2.5.1. Enzyme-Linked Immunosorbent Assay (ELISA)

The ELISA performed to quantify the serum anti-IBV antibody titer in chicken was
performed with a commercial ELISA kit (IDEXX Laboratories, Inc., Westbrook, ME, USA).
The ELISA was carried out according to the manufacturer’s instructions, and the antibody
titers were calculated using the formula provided by the manufacturer. Accordingly, the
titers above 396 (cut-off) were considered positive.

2.5.2. RNA Extraction and cDNA Synthesis

The Trizol LS® reagent (Invitrogen Canada Inc., Burlington, ON, Canada) and the
Trizol reagent (Invitrogen Canada Inc., Burlington, ON, Canada) were used in accordance
with the manufacturer’s instructions to extract RNA from swab and tissue samples, re-
spectively. Then, the amount of extracted RNA was quantified at 260 nm wavelength
with a Nanodrop 1000 spectrophotometer (ThermoFisher Scientific, Wilmington, DE, USA).
Complementary DNA (cDNA) was synthesized using 1000 ng of RNA from swab samples
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and 2000 ng of RNA from tissue samples with the RT random primers high-capacity cDNA
reverse transcriptase kit (Invitrogen Life Technologies, Carlsbad, CA, USA) following the
manufacturer’s guidelines.

2.5.3. IBV Genome Load Quantification

The quantification of IBV genome load in swab and tissue cDNA samples was
performed with quantitative PCR (qPCR) assay using Fast SYBR® Green Master Mix
(Quntabio®, Beverly, MA, USA). Each reaction volume incorporated 10 µL of SYBR Green
master mix, 100 ng of interested cDNA sample, 0.5 µL 10 µM of forward primer, 0.5 µL 10
µM of reverse primer, and molecular biology-grade water to reach a final reaction volume
of 20 µL. The qPCR assays were performed in a CFX 96-c1000 Thermocycler (Bio-Rad
Laboratories, Mississauga, ON, Canada) with a thermal profile of 20 s of initial denat-
uration at 95 ◦C, 40 cycles of amplification with 3 s of denaturation at 95 ◦C, and 30 s
of annealing at 60 ◦C. The forward and reverse primers used in this qPCR assay were
5′GACGGAGGACCTGATGGTAA-3′ and 5′CCCTTCTTCTGCTGATCCTG-3′, respectively,
and they were targeted against the conserved IBV N gene [38].

2.5.4. Immunohistochemistry (IHC)

IHC was performed on the paraffin sections of the tissue samples to quantify IBV
nucleoprotein, CD8+ cells, and B cells. IHC was performed as previously described [10].
Briefly, the paraffin tissue sections on positively charged slides (VWR International, Radnor,
PA, USA) were deparaffinized with xylene and then rehydrated in a descending serial
concentration of alcohol. Subsequently, the endogenous peroxidase activity of the tissue
specimens was blocked by incubating them in a 3% H2O2 solution in methanol for 10 min at
room temperature. Following this, the viral epitopes in the tissue sections were unmasked
by microwaving the sections at 850 W for 10–15 min with a 10 mM citrate buffer at pH 6.0.
Then, the tissue sections were incubated overnight at 4 ◦C in a humidified chamber with
the respective primary antibody. The mouse primary anti-IBV nucleoprotein antibody
(Novus Biological, Bio-Techne, Toronto, ON, Canada) targeting the IBV antigen in cells,
mouse anti-chicken CD8a antibody (SouthernBiotech, Birmingham, AL, USA) targeting
the CD8 positive cells in tissues, and mouse anti-chicken Bu-1 antibody (SouthernBiotech,
Birmingham, AL, USA) targeting the Bu-1 positive cells in tissues at dilutions of 1:400,
1:100, and 1:200 in PBS, respectively, were used for IHC staining. Succeeding this the
tissue sections were incubated with goat anti-mouse IgG (H + L) secondary antibody
(Vector Laboratories Inc., Newark, CA, USA) for 1 h at room temperature. Then, an ABC
peroxidase kit and a 3,3′-Diaminobenzidine (DAB) substrate solution (Vector Laboratories,
Newark, CA, USA) were used according to the manufacturer’s instructions to detect
antibody binding. Washing of the tissue sections with Tris-buffered saline (TBS) for 5 min
was performed following all the incubation steps described above. Then, the slides were
counterstained with hematoxylin (Vector Laboratories, Newark, CA, USA) for 8 min, and
bluing was accomplished by running the tissue sections under tap water for 30 min. Then,
the tissue sections were dehydrated and cleaned with an ascending series of alcohol and
xylene, respectively. The tissue sections were mounted in a toluene mounting solution
(Vector Laboratories, Newark, CA, USA) and cover-slipped.

2.5.5. Histopathology

The formalin-fixed tissue samples were sent to the Diagnostic Services Unit (DSU) at
the University of Calgary, Faculty of Veterinary Medicine (UCVM), to prepare paraffin-
embedded tissue blocks and hematoxylin–eosin (H&E)-stained tissue sections. The H&E
stained tissue sections were examined under the light microscope (Olympus BX51, Center
Valley, PA, USA) for histopathological lesions and scored as previously described with
some modifications [39]. Each organ was scored based on several criteria, and the scoring
system was performed as follows: normal (0), mild (1), moderate (2), and severe (3) for
each criterion. Then, the total score was calculated for each organ per group.
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2.6. Statistical Analyses

The IBV genome load in swabs and tissues, percentage of IBV antigen, and histopatho-
logical lesion scores between the four groups were compared using the Kruskal–Wallis
test followed by Dunn’s multiple comparisons test. The percentage of B (Bu-1+) and T
(CD8+) lymphocytes in the tissues were compared with ordinary one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. All the statistical analyses were performed
with GraphPad Prism 9.2.0 Software (GraphPad Software, San Diego, CA, USA), and this
software was also used to generate graphs. All the IHC images at 20× magnification
stained for the IBV antigen were analyzed with Image J analyzer software version 1.46a
(National Institute of Health, Bethesda, MD, USA). The immunostained B (Bu-1+) and T
(CD8+) lymphocytes were counted at 20×magnification, and the percentage of positive
cells was calculated relative to the total nuclei in each field using Fiji software as per the
prior description [40]. For the analysis of all IHC images, five different fields from each
tissue section were photographed and then analyzed.

3. Results
3.1. Clinical Manifestations

Only the DMV/1639-infected males showed clinical signs such as a mild increase in
respiration at 4 dpi. Furthermore, the DMV1639-infected male or female birds did not reach
the endpoints in the DMV/1639-infected male and female chickens during the period of
this experiment.

3.2. Anti-IBV Antibody Titer

In all four experimental groups, the anti-IBV antibody titers in the serum were ob-
served to be within the negative range (<396) at both 4 and 11 dpi.

3.3. Viral Shedding

The IBV genome was not detected in OP and CL swabs from uninfected male and
female chickens at 4 and 11 dpi, while it was detected in the IBV-challenged chickens
(Figure 1). A statistically significant difference in IBV genome load was not observed
between the infected male and female chickens in the viral shedding via OP and CL swabs
at 4 and 11 dpi (Figure 1, p > 0.05).
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Figure 1. IBV genome load in (a) OP and (b) CL swabs at 4 and 11 dpi following infection with the 
Canadian DMV/1639 strain (IBV/Ck/Can/17–036989) of IBV. The average starting IBV genome load 
was quantified per 100 ng of the extracted RNA, and a comparison between groups was performed 
using the Kruskal–Wallis test followed by Dunn’s multiple comparisons test. The error bars repre-
sent the standard deviation (SD). Statistical significance: * p < 0.05. 
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source of IBV challenge (Figure 2). In addition, a significant difference in quantified IBV 
genome load was not demonstrated in all the targeted organs of the DMV/1639-infected 
male and female chickens at 4 and 11 dpi (Figure 2, p > 0.05). 

Figure 1. IBV genome load in (a) OP and (b) CL swabs at 4 and 11 dpi following infection with the
Canadian DMV/1639 strain (IBV/Ck/Can/17–036989) of IBV. The average starting IBV genome load
was quantified per 100 ng of the extracted RNA, and a comparison between groups was performed
using the Kruskal–Wallis test followed by Dunn’s multiple comparisons test. The error bars represent
the standard deviation (SD). Statistical significance: * p < 0.05.
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3.4. IBV Genome Loads in Tissues

The IBV genome was not detected with qPCR assays in all target organs of the un-
infected male and female control chickens at both 4 and 11 dpi, thus stipulating no other
source of IBV challenge (Figure 2). In addition, a significant difference in quantified IBV
genome load was not demonstrated in all the targeted organs of the DMV/1639-infected
male and female chickens at 4 and 11 dpi (Figure 2, p > 0.05).
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Figure 2. IBV genome loads in (a) trachea, (b) lung, (c) kidney, (d) bursa of Fabricius, (e) thymus, (f) 
spleen, and (g) cecal tonsils at 4 and 11 dpi following challenge with the Canadian DMV/1639 strain of 
IBV. The average starting IBV genome load was quantified per 100 ng of the extracted RNA, and a com-
parison between groups was performed using the Kruskal–Wallis test followed by Dunn’s multiple com-
parisons test. The error bars represent the SD. Statistical significance: * p < 0.05, ** p < 0.01. 
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positive staining of IBV nucleoprotein was observed in the trachea, lung, kidney, BF, and CTs 
of DMV/1639-infected male and female chickens at 4 and 11 dpi (Figures 3–6). The cells exhib-
iting IBV nucleoprotein revealed intra-cytoplasmic, brown fine to coarse crumbs, and IBV im-
mune-positive cells were mostly distributed in the epithelial lining of the mucosa, renal tubu-
lar epithelium, and macrophages. The percentage of IBV immune-positive areas in the kidney 
of infected male chickens was significantly higher than that in infected female chickens at 4 
and 11 dpi (Figure 3, p < 0.05). However, no significant difference was detected in the percent-
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fected male and female chickens at 4 and 11 dpi (Figure 3, p > 0.05). Moreover, immune-posi-
tive staining of IBV nucleoprotein was not observed in the spleen or thymus of DMV/1639-
infected male and female chickens at 4 and 11 dpi.  

Figure 2. IBV genome loads in (a) trachea, (b) lung, (c) kidney, (d) bursa of Fabricius, (e) thymus,
(f) spleen, and (g) cecal tonsils at 4 and 11 dpi following challenge with the Canadian DMV/1639 strain
of IBV. The average starting IBV genome load was quantified per 100 ng of the extracted RNA, and a
comparison between groups was performed using the Kruskal–Wallis test followed by Dunn’s multiple
comparisons test. The error bars represent the SD. Statistical significance: * p < 0.05, ** p < 0.01.

3.5. IBV Antigen in Tissues

IBV immune-positive staining was not observed in all the target organs of the unin-
fected male and female control chickens at both 4 and 11 dpi (Figures 3–6). On the contrary,
immune-positive staining of IBV nucleoprotein was observed in the trachea, lung, kidney,
BF, and CTs of DMV/1639-infected male and female chickens at 4 and 11 dpi (Figures 3–6).
The cells exhibiting IBV nucleoprotein revealed intra-cytoplasmic, brown fine to coarse
crumbs, and IBV immune-positive cells were mostly distributed in the epithelial lining of
the mucosa, renal tubular epithelium, and macrophages. The percentage of IBV immune-
positive areas in the kidney of infected male chickens was significantly higher than that
in infected female chickens at 4 and 11 dpi (Figure 3, p < 0.05). However, no significant
difference was detected in the percentage of IBV immune-positive areas of the trachea,
lung, BF, and CTs between DMV/1639-infected male and female chickens at 4 and 11 dpi
(Figure 3, p > 0.05). Moreover, immune-positive staining of IBV nucleoprotein was not
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observed in the spleen or thymus of DMV/1639-infected male and female chickens at
4 and 11 dpi.
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Figure 3. Percentage of IBV immune-positive area for IBV nucleoprotein in the (a) trachea, (b) lung, 
(c) kidney, (d) bursa of Fabricius, and (e) cecal tonsils at 4 and 11 dpi following challenge with the 
Canadian DMV/1639 strain of IBV. The comparison between groups was performed using the Krus-
kal–Wallis test followed by the Dunn’s multiple comparisons test, and the error bars represent the 
SD. Statistical significance: * p < 0.05 and ** p < 0.01. 
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Figure 3. Percentage of IBV immune-positive area for IBV nucleoprotein in the (a) trachea, (b) lung,
(c) kidney, (d) bursa of Fabricius, and (e) cecal tonsils at 4 and 11 dpi following challenge with
the Canadian DMV/1639 strain of IBV. The comparison between groups was performed using the
Kruskal–Wallis test followed by the Dunn’s multiple comparisons test, and the error bars represent
the SD. Statistical significance: * p < 0.05 and ** p < 0.01.
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Figure 3. Percentage of IBV immune-positive area for IBV nucleoprotein in the (a) trachea, (b) lung, 
(c) kidney, (d) bursa of Fabricius, and (e) cecal tonsils at 4 and 11 dpi following challenge with the 
Canadian DMV/1639 strain of IBV. The comparison between groups was performed using the Krus-
kal–Wallis test followed by the Dunn’s multiple comparisons test, and the error bars represent the 
SD. Statistical significance: * p < 0.05 and ** p < 0.01. 

 
Figure 4. Photomicrograph of IBV nucleoprotein in the trachea and kidney. (A–D) Trachea of IBV 
DMV/1639-infected male, IBV DMV/1639-infected female, uninfected control male, and uninfected Figure 4. Photomicrograph of IBV nucleoprotein in the trachea and kidney. (A–D) Trachea of IBV
DMV/1639-infected male, IBV DMV/1639-infected female, uninfected control male, and uninfected
control female chickens at 4 dpi, respectively. (E–H) Trachea of IBV DMV/1639-infected male, IBV
DMV/1639-infected female, uninfected control male, and uninfected control female chickens at
11 dpi, respectively. (I–L) Kidney of IBV DMV/1639-infected male, IBV DMV/1639-infected female,
uninfected control male, and uninfected control female chickens at 4 dpi, respectively. (M–P) Kidney
of IBV DMV/1639-infected male, IBV DMV/1639-infected female, uninfected control male, and
uninfected control female chickens at 11 dpi, respectively.
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fected control female chickens at 11 dpi, respectively. (I–L) Cecal tonsils of IBV DMV/1639-infected 
male, IBV DMV/1639-infected female, uninfected control male, and uninfected control female chick-
ens at 4 dpi, respectively. (M–P) Cecal tonsils of IBV DMV/1639-infected male, IBV DMV/1639-in-
fected female, uninfected control male, and uninfected control female chickens at 11 dpi, respec-
tively. 

 

Figure 5. Photomicrograph of IBV nucleoprotein in the bursa of Fabricius and cecal tonsils.
(A–D) bursa of Fabricius of IBV DMV/1639-infected male, IBV DMV/1639-infected female, un-
infected control male, and uninfected control female chickens at 4 dpi, respectively. (E–H) bursa
of Fabricius of IBV DMV/1639-infected male, IBV DMV/1639-infected female, uninfected control
male, and uninfected control female chickens at 11 dpi, respectively. (I–L) Cecal tonsils of IBV
DMV/1639-infected male, IBV DMV/1639-infected female, uninfected control male, and uninfected
control female chickens at 4 dpi, respectively. (M–P) Cecal tonsils of IBV DMV/1639-infected male,
IBV DMV/1639-infected female, uninfected control male, and uninfected control female chickens at
11 dpi, respectively.
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Figure 6. Photomicrograph of IBV nucleoprotein in the lung. (A–D) The lungs of IBV DMV/1639-
infected male, IBV DMV/1639-infected female, uninfected control male, and uninfected control
female chickens at 4 dpi, respectively. (E–H) The lungs of IBV DMV/1639-infected male, IBV
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3.6. Histopathology

The control uninfected male and female chickens at 4 and 11 dpi revealed normal histo-
logical architecture of the trachea, lung, kidney, thymus, spleen, BF, and CTs (Figure 7). IBV-
induced lesions were observed in the trachea, lung, kidney, BF, and CTs of IBV-challenged
male and female chickens, and there was no significant difference recorded in lesion scores
between male and female IBV DMV/1639-infected chickens at 4 and 11 dpi (Figure 7,
p > 0.05). IBV-induced lesions were not observed in the thymus or spleen of both IBV
DMV/1639-infected male and female chickens at 4 and 11 dpi.
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The male and female IBV DMV/1639-infected chickens showed mild to moderate tra-
cheal lesions at 4 dpi in the form of loss of cilia, degeneration and necrosis of columnar 
epithelium, mucus cell gland depletion, and lymphocytic infiltration in the mucosa and 
submucosa (Figure 8A,B). While at 11 dpi, the trachea showed focal areas of epithelium 
loss with alternated areas of epithelium and mucus cell gland hyperplasia and mononu-
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The histopathological changes in the lungs of both male and female infected chickens 
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bronchitis was detected in two male chickens and one female chicken in the IBV 
DMV/1639-infected groups at 11 dpi (Figure 9E,F). 

Figure 7. Lesion scores in the (a) trachea, (b) lung, (c) kidney, (d) bursa of Fabricius, and (e) cecal
tonsils at 4 and 11 dpi following challenge with the Canadian IBV DMV/1639 strain. The compar-
ison between groups was performed using the Kruskal–Wallis test followed by Dunn’s multiple
comparisons test, and the error bars represent the SD.

The male and female IBV DMV/1639-infected chickens showed mild to moderate
tracheal lesions at 4 dpi in the form of loss of cilia, degeneration and necrosis of columnar
epithelium, mucus cell gland depletion, and lymphocytic infiltration in the mucosa and
submucosa (Figure 8A,B). While at 11 dpi, the trachea showed focal areas of epithelium loss
with alternated areas of epithelium and mucus cell gland hyperplasia and mononuclear
cell infiltration in the mucosa and submucosa, leading to an increase in tracheal thickness
(Figure 8E,F).
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with mucosal mononuclear inflammatory cell infiltration, (G) an uninfected control male chicken at 
11 dpi, and (H) an uninfected control female chicken at 11 dpi. 
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IBV DMV/1639-infected female chicken at 4 dpi showing mild bronchitis, (C) an uninfected control 

Figure 8. Photomicrographs of the trachea of (A) an IBV DMV/1639-infected male chicken at
4 dpi, (B) an IBV DMV/1639-infected female chicken at 4 dpi showing loss of cilia, degeneration,
and necrosis of the epithelial lining, and mucosal and submucosal inflammatory cell infiltration,
(C) an uninfected control male chicken at 4 dpi, and (D) an uninfected control female chicken at
4 dpi showing a normal histological picture, (E) an IBV DMV/1639-infected male at 11 dpi showing
hyperplasia of the epithelial lining and focal area of epithelial necrosis with mucosal mononuclear
cell aggregation, (F) an IBV DMV/1639-infected female chicken at 11 dpi showing focal epithelial
loss with mucosal mononuclear inflammatory cell infiltration, (G) an uninfected control male chicken
at 11 dpi, and (H) an uninfected control female chicken at 11 dpi.

The histopathological changes in the lungs of both male and female infected chickens
were minimal at 4 dpi with more severe lesions at 11 dpi (Figure 9A,B,E,F). Moderate
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bronchitis was detected in two male chickens and one female chicken in the IBV DMV/1639-
infected groups at 11 dpi (Figure 9E,F).
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Figure 9. Photomicrographs of the lung of (A) IBV DMV/1639-infected male chicken at 4 dpi, (B) IBV
DMV/1639-infected female chicken at 4 dpi showing mild bronchitis, (C) an uninfected control male
chicken at 4 dpi, (D) an uninfected control female chicken at 4 dpi showing a normal histological
picture, (E) an IBV DMV/1639-infected male chicken at 11 dpi, (F) an IBV DMV/1639-infected female
chicken at 11 dpi showing moderate bronchitis, (G) an uninfected control male chicken at 11 dpi, and
(H) an uninfected control female chicken at 11 dpi.

The male and female infected chickens exhibited mild renal tubular degeneration with
focal aggregation of lymphoplasmocytes in the interstitial tissue of the kidney at 4 dpi
(Figure 10A,B). However, moderate to severe lymphoplasmocytic interstitial nephritis was
observed in both male and female infected chickens at 11 dpi (Figure 10E,F).
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dpi showing hyperplasia and squamous cell metaplasia of the plical lining epithelium, (C) an unin-
fected control male chicken at 4 dpi, (D) an uninfected control female chicken at 4 dpi showing 
normal epithelial lining and lymphoid follicles, (E) an IBV DMV/1639 infected male chicken at 11 
dpi, (F) an IBV DMV/1639 infected female chicken at 11 dpi showing marked expansion of sub-
epithelial and interfollicular tissue with mononuclear inflammatory cells, (G) uninfected control 
male chicken at 11 dpi, and (H) an uninfected control female chicken at 11 dpi. 

Figure 10. Photomicrographs of the kidney of (A) an IBV DMV/1639-infected male chicken at 4 dpi,
(B) an IBV DMV/1639-infected female chicken at 4 dpi showing focal interstitial nephritis, (C) an
uninfected control male chicken at 4 dpi, (D) an uninfected control female chicken at 4 dpi showing
a normal histological architecture, (E) an IBV DMV/1639-infected male chicken at 11 dpi, (F) an
IBV DMV/1639-infected female chicken at 11 dpi showing diffuse lymphoplasmocytic interstitial
nephritis, (G) an uninfected control male chicken at 11 dpi, and (H) uninfected control female chicken
at 11 dpi.

The BF of male and female IBV DMV/1639-infected chickens exhibited mild to moder-
ate histopathological changes at 4 and 11 dpi (Figure 11A,B,E,F). Mild to moderate lining
epithelial cells hyperplasia, with degeneration and necrosis of some cells, epithelial and
subepithelial infiltration with heterophils, lymphocytes, and macrophages were recorded
at 4 dpi (Figure 11A,B). Moreover, the expansion of interfollicular and subepithelial tissues
with edema and mononuclear cells and mild lymphoid depletion were also recorded. The
nature of the BF lesions at 11 dpi was less severe (Figure 11E,F).
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Figure 11. Photomicrographs of the bursa of Fabricius of (A) an IBV DMV/1639-infected male
chicken at 4 dpi showing severe hyperplasia of lining epithelium with squamous cell metaplasia with
ballooning and degeneration of some cells, (B) an IBV DMV/1639-infected female chicken at 4 dpi
showing hyperplasia and squamous cell metaplasia of the plical lining epithelium, (C) an uninfected
control male chicken at 4 dpi, (D) an uninfected control female chicken at 4 dpi showing normal
epithelial lining and lymphoid follicles, (E) an IBV DMV/1639 infected male chicken at 11 dpi, (F) an
IBV DMV/1639 infected female chicken at 11 dpi showing marked expansion of sub-epithelial and
interfollicular tissue with mononuclear inflammatory cells, (G) uninfected control male chicken at
11 dpi, and (H) an uninfected control female chicken at 11 dpi.

The histopathological examination of the CTs of IBV DMV/1639-infected chickens
revealed mild to moderate lymphoepithelial necrosis with sub-epithelial mononuclear cell
aggregation, lymphoidal apoptosis, and lymphoidal depletion in interfollicular area at
4 and 11 dpi (Figure 12A,B,E,F).
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groups in comparison with the uninfected control male and female groups at 11 dpi in the 
kidney, CTs, spleen, and thymus (Figure 14, p > 0.05). Furthermore, a significantly higher 
percentage of CD8+ T cells were recorded in IBV-infected male and female chickens in 
comparison with uninfected control male and female chickens at 4 dpi in the trachea, CTs, 
and thymus (Figure 14, p < 0.05). The percentage of CD8+ T cells in IBV-infected female 
chickens was significantly higher in comparison with uninfected control male and female 
chickens at 4 dpi in the spleen, whilst the CD8+ T cell percentage in IBV-infected male was 

Figure 12. Photomicrograph of the cecal tonsils of (A) an IBV DMV/1639-infected male chicken at
4 dpi showing degeneration and necrosis of lining epithelium with vacuolation of sub-epithelial
mononuclear cells, (B) an IBV DMV/1639-infected female chicken at 4 dpi showing mild degeneration
of the epithelium, (C) an uninfected control male at 4 dpi, (D) an uninfected control female chicken
at 4 dpi showing normal epithelial lining and lymphoid follicles, (E) an IBV DMV/1639-infected
male chicken at 11 dpi, (F) an IBV DMV/1639 infected female chicken at 11 dpi show mild epithelial
degeneration and necrosis, (G) an uninfected control male chicken at 11 dpi, and (H) an uninfected
control female at 11 dpi.

3.7. Immunohistochemical Staining of B (BU-1+) and T (CD+8) Cells

Figure 13 illustrates the percentage of B lymphocytes in the trachea, lung, kidney, CT,
spleen, BF, and thymus of IBV-infected groups. No significant difference in B lymphocyte
percentage was observed between the uninfected control male and female groups and the
IBV-infected male and female groups in the trachea and lung at 4 dpi and in the kidney
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at both 4 and 11 dpi (Figure 13, p > 0.05). The percentage of B lymphocytes in the trachea
and lung at 11 dpi was significantly higher in the IBV-infected male and female groups
compared with the uninfected control male and female groups (Figure 13, p < 0.05). In
addition, no significant difference was observed in the percentage of B lymphocytes in the
trachea, lung, and kidney of IBV-infected male and female chickens (Figure 13, p > 0.05).
In the BF, IBV-infected male and female chickens showed a significant reduction in the
percentage of B lymphocytes compared with uninfected control male and female chickens
(Figure 13, p < 0.01) at 11 dpi. However, a significant difference was not observed in the
percentage of B lymphocytes in the BF of IBV-infected male and female chicken at 4 and
11 dpi (Figure 13, p > 0.05). Similarly, there was no significant difference in the percentage
of B lymphocytes in the CT, spleen, and thymus between IBV-infected male and female
chicken at both 4 and 11 dpi (Figure 13, p > 0.05). Figure S1 illustrates the distribution of B
lymphocytes in all the examined tissues, and these B lymphocytes are stained brown and
are indicated by arrows in the figures.

The percentages of T (CD8+) lymphocytes in the trachea, lung, kidney, BF, CTs, spleen,
and thymus of the IBV-infected groups are demonstrated in Figure 14. A significant
difference in the CD8+ T cell percentage was not discerned between the IBV-infected male
and female groups and the uninfected control male and female groups in the lung and BF
at both 4 and 11 dpi (Figure 14, p > 0.05). In addition, there was no statistically significant
difference in the CD8+ T cell percentage in the IBV-infected male and female groups in
comparison with the uninfected control male and female groups at 11 dpi in the kidney, CTs,
spleen, and thymus (Figure 14, p > 0.05). Furthermore, a significantly higher percentage
of CD8+ T cells were recorded in IBV-infected male and female chickens in comparison
with uninfected control male and female chickens at 4 dpi in the trachea, CTs, and thymus
(Figure 14, p < 0.05). The percentage of CD8+ T cells in IBV-infected female chickens was
significantly higher in comparison with uninfected control male and female chickens at
4 dpi in the spleen, whilst the CD8+ T cell percentage in IBV-infected male was significantly
higher than in the uninfected control female chickens at 4 dpi in the kidney (Figure 14,
p < 0.05). However, there was no significant difference in the percentage of CD8+ T cells
recorded between IBV-infected male and female chickens in all the tissues of interest at both
4 and 11 dpi except for the trachea (Figure 14, p > 0.05). The recruitment of CD8+ T cells
in the IBV-infected female chickens was significantly higher than that in the IBV-infected
male chickens in the trachea at 11 dpi (Figure 14, p < 0.05), whilst there was no significant
difference in the levels of CD8+ T cells between IBV-infected male and female chickens
in the trachea at 4 dpi (Figure 14, p > 0.05). Figure S2 shows the distribution of CD8+ T
lymphocytes in all the examined tissues, and these CD8+ T lymphocytes are stained brown
and are indicated by arrows in the figures.
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* p < 0.05, ** p < 0.01 and *** p < 0.001.
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4. Discussion

Due to its high rate of morbidity and challenges with disease control, IBV poses a
significant economic threat to the poultry industry [4]. In addition, the prevalence of
the DMV/1639 IBV strain in poultry farms in Eastern Canada has become alarmingly
high [32,33]. Hence it is essential to understand the factors that govern the pathogenesis of
the DMV/1639 IBV strain in chickens. Therefore, in this study, we aimed to determine if
the sex of a chicken plays a role in the pathogenesis of DMV/1639 IBV and host immune
responses in young male and female chickens. The results of this study were multifold.
There was no significant difference in IBV genome load detected between DMV/1639
infected male and female chickens in viral shedding via OP and CL swabs and in tissue
samples from all the targeted organs at both 4 and 11 dpi. Although no significant difference
was detected in the percentage of IBV immune-positive areas of the trachea, lung, BF,
and CTs between DMV/1639-infected male and female chickens at 4 and 11 dpi, the
percentage of IBV immune-positive areas in the kidney tissues of infected male chickens
was significantly higher than that of infected female chickens. In addition, no significant
difference in IBV-induced lesion scores was detected between DMV/1639-infected male
and female chicken at 4 and 11 dpi for all the targeted tissues. Furthermore, there was
no significant difference in host response in terms of recruitment of B lymphocytes in all
the tissues of interest at both 4 and 11 dpi. Moreover, the percentage of CD8+ T cells was
not significantly different between infected male and female chickens in all the examined
tissues except in the trachea at 11 dpi, where female chickens had higher recruitment of
CD8+ T cells when compared with male chickens.

Although there are several previous studies determining the impact that the IBV
variant [12–17], age of chicken [16,20,21], and breed of chicken [9,18,22,23] have on the
pathogenesis of IBV, there are very limited studies examining the role that the sex of a
chicken plays in the pathogenesis of IBV and host immune response. In order to determine
the role that the sex of a chicken plays in the pathogenesis of IBV and the subsequent
immune response against the virus, we maintained all the other influencing factors at
constant values. Hence, the breed and age of the chickens, the time of challenge, and
the dose of IBV were kept the same between the infected male and female chickens. In
addition, the condition of the isolators that housed these chickens and the feed and water
were also maintained as uniformly as possible throughout the duration of the experiment
for both male and female chickens. Furthermore, in order to minimize the variation in
susceptibility to IBV, purebred White Leghorn chickens were used in this experiment
instead of a crossbred chicken line, similar to a previous study aiming to investigate if sex
influences the pathogenesis of IBV [26].

The anti-IBV antibody titers in the serum of all the experimental groups were within
the negative range at both 4 and 11 dpi. The negative results in the IBV-infected male and
female chickens at 4 dpi could be because the antibody-mediated immune response in
chickens only starts at 4–5 dpi and the level of anti-IBV antibody in serum at this time will
be very low [41,42]. In addition, the anti-IBV antibody titers in the serum of infected male
and female chickens at 11 dpi were also negative. This could be because the birds in this
study are very young, and hence, the amount of antibody produced by these birds will
be low. ELISA has a comparatively lower assay sensitivity, and this could be a reason for
obtaining negative results for infected chickens at 11 dpi [43]. In future studies, different
commercial ELISA kits other than the kit used in this study could be used to quantify the
anti-IBV antibody titers in the serum of young chickens.

In terms of viral shedding, there was no statistically significant difference in the IBV
genome load between the infected male and female chickens in both OP and CL swabs
at 4 and 11 dpi. Although a few studies have reported a significant difference in IBV
pathogenesis in the trachea of male and female chickens, these studies did not analyze viral
shedding from the infected chickens [26,44]. Hence, this study provides some preliminary
data comparing the IBV genome load in male and female chickens during the shedding of
the virus. In addition, a significant difference was not observed in the IBV genome load
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between infected male and female chickens in the trachea, lung, kidney, BF, thymus, spleen,
and CTs at both 4 and 11 dpi. In agreement, a previous study performed on 18-day-old
White Leghorn chickens infected with the Ark type IBV variant also reported that there
was no significant difference in the IBV genome load in the CTs between infected male
and female chickens at 5 dpi [26]. However, in contrast to our finding, that study further
reported that male chickens exhibited significantly higher viral loads in the trachea than
that in females at 5 dpi [26]. This difference in the findings of the IBV genome load data in
the two studies could be due to the difference in the IBV challenge strain (IBV DMV1639 vs.
IBV Ark) and the dose used in the two studies.

To further determine the replication of IBV in the examined tissues, we stained the
tissues for IBV nucleoprotein and analyzed the percentage of immune-positive areas with
Image J software. In general, IBV antigen staining in the trachea was more intense than in
the kidney tissues (Figure 4). In the trachea, lung, BF and CTs, a significant difference was
not detected in the percentage of IBV immune-positive areas in DMV/1639-infected male
and female chickens at 4 and 11 dpi. However, the percentage of IBV immune-positive
areas in the kidney of infected male chickens was significantly higher than that in infected
female chickens at 4 and 11 dpi. This lower percentage of IBV antigen in females could
be due to the ability of females to prevent initial IBV infection. However, further studies
are necessary to conclude if males are more susceptible to IBV DMV/1639 infection in
kidney tissues compared with females. Since there are no past studies comparing and
quantifying the distribution of IBV antigen in tissues of infected male and female chickens,
this study provides some important preliminary data to design future studies. In this study,
we observed a discrepancy in the detection of the IBV genome load and IBV antigen in
the examined tissues. There was no significant difference in the IBV genome load between
infected male and female chickens in all the examined tissues at both 4 and 11 dpi, while
a higher expression of IBV antigen was observed in infected male chickens compared
with the infected females in the kidney at 4 and 11 dpi. Furthermore, although the IBV
genome was detected in all the examined tissues, the IBV antigen was not detected in
the spleen or thymus of infected chickens. This discrepancy is not alarming since the
qPCR technique detects both replicating and non-replicating IBV in tissues, while the
immunohistochemistry technique detects only the IBV antigen expressed by the replicating
IBV [45,46]. In addition, since the qPCR technique has a higher sensitivity compared with
the immunohistochemistry technique, some tissues positive for the IBV viral genome could
be negative for the IBV antigen [47,48].

Furthermore, histopathology was performed to compare IBV-induced lesions in the
trachea, lung, kidney, BF, and CTs, and we observed no significant difference in the lesion
scores between IBV DMV/1639-infected male and female chickens at 4 and 11 dpi. In
agreement with these results, a previous study observing and comparing the tracheal
histomorphometry in terms of mucosal thickness and lymphocyte infiltration in the trachea
of IBV-infected male and female chickens reported that there was no significant difference
in both the thickness of the tracheal mucosa and lymphocytic infiltration in trachea between
the two sexes [26]. However, another study on 65-week-old hens and cockerels, challenged
with T and N1/88 Australian IBV strains, reported that the cockerels had more severe
tracheal lesions in terms of edema in mucosa and alveolar mucous gland hypertrophy com-
pared with the hens [44]. That study further stated that there was no significant difference
in lymphocytic infiltration in the trachea of the challenged hens and cockerels [44]. The
contradiction between the results of that study and our study could be due to the difference
in the age of chickens during the IBV challenge and the difference in the IBV strains used for
the challenge (IBV DMV1639 vs IBV Australian T and N1/88). Moreover, similar to the ob-
servations of our study, that study also reported that no significant difference was observed
in the histopathological lesions between male and female chickens in the kidneys [44].

The host immune response in chickens during an IBV infection is mediated by innate
and adaptive immune responses. The adaptive immune response is essential to reduce and
control an IBV infection in tissues, clearance of IBV, and the reduction in the shedding of
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IBV [49]. Several previous studies have reported the recruitment of lymphocytes in the
target organs following IBV infection [13,35,50]. In this study, the recruitment of B and T
lymphocytes in the target organs was examined and compared between IBV DMV/1639-
infected male and female chickens. Recruitment of B lymphocytes in the trachea and
lung was illustrated with the significant increase in the percentage of B cells at 11 dpi
in IBV-infected male and female chickens compared with uninfected control male and
female chickens. This could be indicative of the initiation of an adaptive immune response
in chickens and the lymphocyte infiltration in infected tissues [51]. On the contrary, a
significant decline was noted in the percentage of B cells in BF of IBV DMV/1639 infected
male and female chickens compared with the uninfected controls at both 4 and 11 dpi. A
prior study reported similar observations of depleted B cells in the BF of IBV-infected birds
due to indirect follicular destruction in the BF [52]. However, no significant difference was
discovered in the percentage of B cells at 4 and 11 dpi between IBV DMV/1639-infected
male and female chickens in all the tissues of interest at both 4 and 11 dpi. These findings
could indicate that there is no difference in the B cell response mounted by the chicken
based on sex. Since there are no past studies comparing the recruitment of B cells in male
and female chickens, the results of this study could be used as basic data to design future
studies to investigate the difference in host immune response in male and female chickens.

Cytotoxic T cells (CD8+ T-cells) are essential in eliminating IBV-infected cells during
an infection [53]. The influx of CD8+ T cells at the site of IBV infection to control the
replication and spread of the virus has been documented in the past literature [35,49,54]. A
significantly higher percentage of CD8+ T cells were recorded in IBV-infected male and
female chickens in comparison with uninfected control male and female chickens at 4 dpi
in the trachea, CTs, and thymus in this study. These observations are in agreement with
the findings reported in previous studies, which showed increased levels of recruitment
of CD8+ T cells in the kidney of infected birds from 3 dpi onward [49,55]. Moreover, no
significant difference was revealed in the percentage of CD8+ T cells between IBV-infected
male and female chickens at both 4 and 11 dpi in all the examined tissues except for the
trachea. This could suggest that no significant difference exists in the host immune response
against IBV infection in most organs. Although there are no prior studies examining and
comparing the recruitment of CD8+ T cells in IBV-infected male and female chickens, a
study by Leitner and colleagues described that there was no significant difference in the T
cells in peripheral blood lymphocytes in infected male and female chickens [24]. However,
in our study, in the trachea of IBV-infected female chickens, the recruitment of CD8+ T cells
was significantly higher than that in IBV-infected male chickens at 11 dpi. This observation
is in support of some previous studies that reported that males are more susceptible to viral
infection than females [18,24].

This study presented some evidence to indicate a difference in the pathogenesis of
IBV DMV/1639 in male and female chickens due to the presence of increased levels of IBV
antigen in the kidneys of infected male chickens compared with females at 4 and 11 dpi
and in the host immune response due to the presence of comparatively higher levels of
CD8+ T cell recruitment in the trachea of infected females compared with males at 11 dpi.
However, these findings alone are not sufficient to suggest that chickens of different sexes
respond differently to an IBV infection. Moreover, the vast majority of the findings of this
study advocate that the sex of a chicken does not play a role in the pathogenesis of IBV
or in the host immune response in young chickens up to 18 days of age. Further studies
comparing the pathogenesis and immune response in chickens of different ages and breeds
challenged with different doses and variants of IBV are essential to conclude if sex plays a
role in influencing the pathogenesis of IBV and immune response against IBV in chickens.

The difference in the IBV antigen and CD8+ T cells found in males and females
must be investigated in the future to determine if male chickens are more susceptible to
IBV DMV1639 infection compared with female chickens, as this could have implications
for the transmission of IBV in poultry farms where both male and female chickens are
housed together for the purpose of breeding. If males are more susceptible to IBV infection,
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they could facilitate the transmission of IB in commercial flocks when housed together
in both layer and broiler chickens. Hence, an understanding of the gender difference in
IBV susceptibility is imperative for the control of IBV in the poultry industry in Canada
and globally. The vast majority of IBV genome load, IBV antigen, and histopathology
data presented in this study, in addition to the B and T cell recruitment results, suggest
that the sex of a chicken does not play an influential role in the pathogenesis of IBV and
the host immune response against IBV infection in young chickens. These preliminary
data could encourage researchers to use young male chickens for experimental purposes
such as infection studies and vaccine efficacy studies instead of or with females and avoid
euthanasia of male chickens. Reports from the Food and Agriculture Organization of
the United Nations suggest that every year, around 6 billion day-old male chickens are
euthanized all over the world as they are considered futile products [37]. This is raising
ethical concerns in both the poultry and research industry. Hence, the use of young
male chickens instead of or with females for suitable research regarding IBV tropism,
IBV pathogenesis, and vaccination trials could be a viable solution to this ethical concern.
However, in comparison with the 6 billion day-old male chickens euthanized every year,
only a small number of male chickens could be used as experimental animals in studies.
Therefore, the use of male chickens in experiments does not completely solve this ethical
problem. Moreover, most experiments require adult chickens, and this study assessed a
gender difference in IBV susceptibility in older chickens. Hence, future studies must be
conducted to compare the pathogenicity of IBV and host immune response against IBV
infection in adult male and female chickens.

In conclusion, a marginal difference was observed between the IBV DMV/1639 in-
fected male and female chickens in the viral replication and host responses and these
observations agree with previous observations of susceptivity of males for IBV infec-
tion [24,44]. Further studies are necessary to elucidate if the increased severity of IBV
infection in males is dependent on the infecting IBV strain.
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www.mdpi.com/article/10.3390/v15122285/s1, Figure S1: Immunohistochemical detection of B (Bu-
1+) lymphocytes in the trachea (A), lung (B), kidney (C), cecal tonsils (D), spleen (E), bursa of Fabricius
(F), and thymus (G) collected at 4 and 11 dpi following infection with the Canadian IBV DMV/1639
strain. Bu-1+ cells were stained with deep brown (indicated with black arrows). Scale bar = 50 µm;
Figure S2: Immunohistochemical detection of CD8+ cells in the trachea (H), lung (I), kidney (J), cecal
tonsils (K), spleen (L), bursa of Fabricius (M), and thymus (N) collected 4- and 11-days following
infection with the Canadian IBV DMV/1639 strain. CD8+ cells were stained with deep brown
(indicated with black arrows). Scale bar = 50 µm.
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