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Low pathogenic avian influenza viruses (LPAIVs) persist in poultry populations, posing an ongoing challenge to
poultry management and research. These viruses typically cause mild infections but can lead to significant
economic losses due to their widespread presence and potential to disrupt poultry production. Traditional in vivo
and in vitro models struggle to accurately replicate the avian intestinal environment, where these viruses often
establish infection. In Taiwan, the domestic H6N1 LPAIVs cause an endemic in the local area but still lack
investigation. This study addresses this gap by utilizing advanced chicken intestinal organoid (CIO) systems,
apical-out (Ap-o0), and basal-out (Ba-o) conformations to study the unique replication kinetics and innate im-
mune responses of LPAIVs in a physiologically relevant setting. By comparing the Taiwan specialized H6N1
strain toward the Eurasian HON2 virus, our results demonstrate that Ap-o organoids, which mimic natural
exposure to the intestinal lumen, elicit robust interferon-stimulated gene responses, particularly higher expres-
sion of downstream gene, which effectively controls viral replication against H6N1 virus. In contrast, Ba-o
organoids, representing a systemic infection route, exhibited lower upstream interferon responses, reflecting a
different immune response pattern in the HON2 strain. These results confirm that CIO is a well-suited model to
study LPAIV pathogenesis. It provides key insights into the host-pathogen interactions that determine viral
replication and immune evasion strategies. This model deepens our understanding of LPAIV behavior in poultry
and provides a valuable tool for developing more targeted and effective control strategies for poultry health
management.

Introduction

Avian influenza viruses (AIVs), members of the Orthomyxoviridae
family, pose significant risks to public health and the poultry industry
worldwide (Kalthoff et al., 2010). These viruses are classified based on
their hemagglutinin (HA) and neuraminidase (NA) subtypes. Highly
pathogenic avian influenza viruses (HPAIVs), particularly HSNx clade
2.3.4.4, have caused devastating outbreaks with high mortality rates,
affecting wild birds and poultry across continents (Lee et al., 2017;
Verhagen et al., 2021). This clade’s genetic diversity and adaptability
underscore its persistent threat to both avian and human populations
(Yamaji et al., 2020).

While HPAIVs receive significant attention, low pathogenic avian
influenza viruses (LPAIVs) also pose a challenge. LPAIVs often cause
subclinical infections, leading to reduced egg production and serving as
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reservoirs for genetic reassortment, potentially giving rise to highly
pathogenic strains (Yang et al., 2017). In East Asia, H6N1 in Taiwan and
HON2 across various lineages (G1, Y280, Y439, etc.) have been circu-
lating for decades, contributing to regional endemicity and complicating
control efforts (Mostafa et al., 2018). H6N1 has been endemic in Taiwan
since 1972, highlighting its long-term persistence and host adaptability
(Lee et al., 2006). Though classified as an LPAIV, H6N1 has zoonotic
potential, with documented human infections and detections in dogs
(Wei et al., 2013), emphasizing the need for continued surveillance and
investigation.

LPAIVs primarily replicate in the gastrointestinal (GI) tract of avian
hosts, enabling fecal-oral transmission and environmental persistence
(Abd El-Hack et al., 2022). This tropism is driven by a2,3-linked sialic
acid receptors on avian intestinal epithelial cells, along with localized
serine proteases (TMPRSS2, Matriptase) that cleave HA for viral entry
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and replication (Baron et al., 2013; Ito et al., 1997). Unlike HPAIVs,
which spread systemically, LPAIVs remain localized in the GI tract,
minimizing clinical symptoms and allowing infected birds to act as
carriers, exacerbating flock-level transmission (Spackman, 2023). Un-
derstanding these mechanisms is crucial for developing effective control
strategies.

Traditional in vivo models (chickens, ferrets, and mice) have been
instrumental in AIV pathogenesis studies (Wilk and Schughart, 2012).
However, these models fail to capture the mild nature of LPAIV in-
fections in poultry (Umar et al., 2017). For instance, mice are highly
susceptible to AIV due to a2,3-linked sialic acids in their respiratory
tract, making direct comparisons to avian infections difficult (Ge and
Wang, 2011). These limitations emphasize the need for advanced in vitro
models that closely mimic the avian intestinal environment.

Recent advances in 3D culture systems have enabled the develop-
ment of chicken intestinal organoids (CIOs), which provide a physio-
logically relevant model for studying AIV replication and host
interactions (Chen et al., 2023; Nash and Vervelde, 2022). Unlike 2D
cultures, CIOs retain cellular diversity and spatial organization, allowing
simulation of luminal (Ap-0) and systemic (Ba-o) infection routes (Nash
et al., 2021). Apical-out (Ap-o) organoids expose the apical surface,
mimicking natural gut lumen interactions, while basal-out (Ba-o) orga-
noids expose the basal surface, modeling systemic infection pathways
(Wu et al., 2016). These configurations allow researchers to investigate
virus-host interactions in a controlled setting.

The innate immune response is critical for early AIV defense,
particularly in the avian intestinal epithelium (Abd El-Hack et al., 2022).
Viral RNA is recognized by pattern recognition receptors (PRRs) such as
Toll-like receptors (TLRs) and RIG-I-like receptors (RLRs), triggering
type I interferons (IFN-a, IFN-B) and ISG responses (Takeuchi and Akira,
2010). However, avian species exhibit variability in ISG responses,
affecting their susceptibility to AIV (Bazzigher et al., 1993; Santhakumar
et al., 2017). Notably, Mx GTPases, key antiviral proteins in mammals,
are less effective in birds, contributing to higher susceptibility in
chickens (Ko et al., 2002). Understanding how LPAIVs persist in the
avian GI tract requires studying the balance between host immunity and
viral immune evasion strategies.

Materials and methods
Viruses

Original stocks of influenza viruses A/Wild duck/Ilan/2904,/1999
(subtype H6N1, 2904) were obtained from Prof. Ching-Ho Wang, Na-
tional Taiwan University, Taiwan. The A/chicken/Emirates/R66,/2002
(H9N2, R66) was provided by Prof. Georg Herrler, University of Veter-
inary Medicine Hannover, Germany, and the generation of the virus was
described in our previous study (Yang, et al., 2017). The viruses were
propagated in the chorio-allantoic cavity of 9-day-old SPF embryonated
chicken eggs for three days (Brauer and Chen, 2015). The allantoic fluid
was harvested, aliquoted, and stored at —80°C. The viral titer was
determined using a focus-forming assay. The H6N1-2904 virus was used
to represent the common viral pathogens in the East Asia region, espe-
cially in the poultry industries of Taiwan. Conversely, the HON2-R66
virus represents the common Eurasian HON2 G1 virus circulating for
decades.

Immortalized and primary intestinal cell culture

Immortalized Caco-2 and MDCK cells were maintained in a DMEM
medium containing 10 % FBS. Cells were cultivated and passed twice
per week until the experiment. As for the primary intestinal epithelial
stem cells, the procedure is as follows: Euthanize 18-day-old specified
pathogen-free (SPF) chicken embryos (JD-SPF Biotech Co., Ltd., Miaoli,
Taiwan) using CO». After euthanasia, remove the small intestine and cut
it into small pieces using a surgical scissor. Rinse the small intestine
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sections multiple times with phosphate-buffered saline (PBS) until the
washing buffer remains clear and collect the fragments in a 50 ml
centrifuge tube, supplied with 10 ml of 5 mM EDTA (Thermo Fisher
Scientific Inc., USA), incubate at 37°C for 5 min. Followed by mixing the
materials in a rotatory shaker for 30 to 40 min at room temperature.
Centrifuge the mixture at 450 xg at 4°C for 5 min and discard the un-
wanted supernatant. Rinse the small intestine fragments with 10 ml of
PBS containing 0.1 % bovine serum albumin (BSA; Bioman Scientific,
Taiwan) to isolate the intestinal epithelial cells. Filter the collected su-
pernatant through a 70 um cell strainer (Falcon, USA) to remove large
cell debris. Repeat this step 5 times. The primary intestinal epithelial
stem cells can be obtained from the cell suspension collected from the
3rd to 5th washing/collection step (Lee, et al., 2018; Pierzchalska, et al.,
2012).

Organoid expansion

The collected intestinal stem cells were centrifuged prior to expan-
sion and resuspended the cells within the expansion mixture between
the organoid expansion medium (EM) and extracellular matrix (ECM)
Matrigel® (Corning, USA) at a 1:1 ratio. The organoid expansion me-
dium (EM), which consists of Advanced DMEM/F-12 (Thermo Fisher
Scientific Inc., USA) supplemented with the following components: 50
ug Primocin (InvivoGen, USA), Penicillin-Streptomycin (Thermo Fisher
Scientific Inc., USA), B27 (Thermo Fisher Scientific Inc., USA), 10 mM
Nicotinamide (Sigma-Aldrich, Germany), 500 nM A83-01 (Sigma-
Aldrich, Germany), 10 uM SB202190 (Sigma-Aldrich, Germany), 50 ng/
ml EGF (Corning, USA), 10 uM Y27632 (Sigma-Aldrich, Germany), 1
mM N-acetyl-l-cysteine (NAC, Sigma-Aldrich, Germany), L-WRN
Conditioned Media Supplement (Sigma-Aldrich, Germany). Addition-
ally, either 20 uM PGE2 or 10 nM Gastrin (Sigma-Aldrich, Germany) is
added for comparison. Transfer the cells into a pre-warmed 24-well
plate at 5 x 103 cell clumps/50 pL/well. Place the 24-well plate in a
39 °C, 5 % CO; incubator for about 30 min, allowing the Matrigel to
solidify. Slowly add 500 pL of EM to each well and incubate in a 39°C, 5
% CO3 incubator. Change the EM every 3 days. The clumps will form
organoids within 4 to 5 days of culture in the EM. Similar procedures
were used to form the Caco-2 organoids, only 10 nM Gastrin but PGE2
were not used in the Caco2-EM.

Differentiation of intestinal organoids

When the expansion organoids reach a size of more than 200 pm,
they can be induced to differentiate. Both Caco2-derived and primary
chicken intestinal epithelial cell-derived organoids (CIO) were per-
formed by following procedures. Remove the EM and gently rinse the
wells once with PBS. Add 500 pL of PBS to each well, and gently disrupt
the Matrigel with a pipette tip. Collect all organoids into a 15 mL
centrifuge tube and centrifuge at 450 xg at 4°C for 5 min, then discard
the supernatant. Add 1 mL of TrypLE™ Express Enzyme (Thermo Fisher
Scientific Inc., USA), incubate at 37°C for 5 min, and then stop the
enzymatic reaction with 4 mL of ice-cold DMEM. Disperse the cells again
and centrifuge at 450 xg at 4 °C for 5 min. Discard the supernatant to
obtain the dissociated cell fragments. Based on the desired cell
morphology, two methodologies were applied:

Basal-out (Embedded in ECM): Resuspend the dissociated cell frag-
ments in EM and Matrigel at a 3:7 ratio and follow the same steps as for
organoid expansion. The next day, replace the medium with differenti-
ation medium (DM), and after about 6 to 8 days of culture, the organoids
will be fully differentiated. The differentiation medium (DM) consists of
Advanced DMEM/F-12 supplemented with 50 pg Primocin, Penicillin-
Streptomycin, B27, 10 nM Gastrin, 500 nM A83-01, 50 ng/ml EGF, 10
uM Y27632, 1 mM NAC.

Apical-out (Suspension Culture): Resuspend the dissociated cell
fragments in 5 mL of 1 mM EDTA and place them on a rotating platform
at 4°C for 1 h to completely remove the residential Matrigel. Centrifuge
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the mixture at 450 xg at 4°C for 5 min, discard the supernatant, and
wash the cells with 5 mL of DMEM. Centrifuge again at 450 xg at 4°C for
5 min, discard the supernatant, and resuspend the cells in DM. Transfer
400 pL of the suspension into a 24-well plate and incubate at 39 °C with
5 % COs,. Change the medium every 3 days, and after about 8 to 10 days
of culture, the organoids will be fully differentiated (Beaumont, et al.,
2021; Nash, et al., 2021).

Low pathogenic avian influenza virus infection

In order to infect the organoids with HON2 and H6N1 influenza vi-
ruses, both basal-out and apical-out organoids were washed 2 times with
PBS and inoculated with 1 x 10° FFU/500pL viruses at the density of
100 organoids per well. After inoculating for 2 h at 39°C, the organoids
were washed 3 times with PBS to eliminate any residual viruses. The
supernatant was collected at 2, 24, 48, and 72 hpi for virus titration
through the focus-forming assay. Organoids were harvested at 24 hpi for
quantitative reverse transcription polymerase chain reaction (QRT-PCR)
to evaluate mRNA transcript expression levels. Furthermore, organoids
were fixed in 4 % paraformaldehyde (PFA) at 24 and 72 hpi for
immunofluorescence microscopy staining (Wu, et al., 2016)

Immunofluorescence staining

Organoids were fixed for 30 min in 4 % PFA, permeabilized for 40
min in 0.5 % Triton X-100 (Sigma-Aldrich, Germany), and blocked for 1
h in 5 % goat serum at 37 °C. Organoids were then incubated with
primary antibodies diluted in the blocking buffer overnight at 4°C, fol-
lowed by incubation with secondary antibodies for 2 h at room tem-
perature. Nuclei were stained by DAPI (4',6-diamidino-2-phenylindole)
for 20 min and were embedded with ProLong™ Gold Antifade Mountant
(Thermo Fisher Scientific Inc., USA). All samples were imaged on a
fluorescence microscope (Zeiss Axio Observer 7, Germany) and pro-
cessed using ZEN software version 3.5. In this study, the following pri-
mary antibodies were used: a mouse anti-influenza A nucleoprotein (NP)
monoclonal antibody (Bio-Rad, USA), mouse anti-mucin-5AC mono-
clonal antibody (Thermo Fisher Scientific Inc, USA), mouse anti-ZO-1
monoclonal antibody (Thermo Fisher Scientific Inc, USA), Cy3-labeled
phalloidin (Thermo Fisher Scientific Inc, USA), rabbit monoclonal re-
combinant anti-villi antibody and rabbit anti-p-catenin antibody (Sigma-
Aldrich, Germany). Secondary antibodies goat polyclonal antibodies
against mouse or rabbit IgG were conjugated with Alexa Fluor® 488 or
568 (Thermo Fisher Scientific Inc, USA) (Wu, et al., 2016).

Lectin staining

Organoids were fixed for 30 min in 4 % PFA and blocked for 1h in
Streptavidin/Biotin Blocking Solution (Thermo Fisher Scientific Inc.,
USA) at room temperature. Organoids were then incubated with bio-
tinylated Maackia amurensis Lectin II (MAL-II) and Sambucus Nigra
Lectin (SNA) conjugate with fluorescein (Vector laboratories, USA) at
4°C overnight. The organoids were incubated with Cy3-conjugated
streptavidin (Sigma-Aldrich, Germany) for 2 h at room temperature.
Nuclei were stained by DAPI for 20 min and were embedded with Pro-
Long™ Gold Antifade Mountant and examined under a fluorescent
microscope (Zeiss Axio Observer 7).

Virus titer determination by focus-forming assay

To quantify viral replication in the organoids, the inoculated DMEM,
along with organoid samples, were collected and processed. Viral titers
expressed as focus-forming units (FFU) per mL were determined on
MDCK cells described previously. Briefly, MDCK cells were plated in 96-
well plates, and serial 10-fold dilutions of the inoculum in DMEM con-
taining 5 pg/mL TPCK-treated trypsin (Sigma-Aldrich, Germany) were
prepared. After 24 h of incubation at 37 °C, cells were washed and fixed

Poultry Science 104 (2025) 104921

with 4 % formaldehyde. Cells were then permeabilized using a buffer
solution of 0.5 % Triton X-100 and 20 mM glycine in PBS. Following
permeabilization, the cells were incubated with a mouse monoclonal
antibody against influenza nucleoprotein (Bio-Rad) and subsequently
treated with an HRP-conjugated goat anti-mouse IgG secondary anti-
body (SeraCare KPL). The immunological staining was performed using
the TrueBlue substrate (SeraCare KPL), and the resulting foci were
counted to calculate FFU per well. The assay detection threshold was set
at 200 infectious units, and for samples without detectable foci, data
points were adjusted to 50 FFU (Shin, et al., 2020).

qRT-PCR for detecting chicken innate immune biomarkers

Quantitative real-time PCR was used to assess mRNA expression
levels in HON2 or H6N1 AlIV-infected CIOs. The CIOs were infected with
the virus, as in the infection study above. After 24 h post-infection (p.i.),
the total RNA was extracted using the RNeasy Minikit® following the
manufacturer’s protocol (Qiagen). The one-step real-time PCR was
carried out on a LightCycler 96 system (Roche, Switzerland) using the
QuantiTect SYBR® Green RT-PCR Kit (Qiagen) per the manufacturer’s
guidelines. The primers used for detecting chicken MxI, IFNa, and
p-actin transcripts are listed in Table 1, with p-actin serving as the
housekeeping gene control. The M gene of the influenza virus had been
included to quantify the amount of viral particles harbored by organo-
ids. To quantify the viral load of LPAIV in CIOs, M-gene RNA copies per
sample were measured using qRT-PCR, following the method described
in (Delgado-Ortega, et al., 2014). The relative expression of target genes
was determined using the 2—AACT method and presented as fold
changes relative to mock-infected controls (Shin, et al., 2020).

In our study, the release of infectious viral particles of HON2-R66 and
H6N1-2904 was quantified using the focus-forming assay (FFU), while
qRT-PCR measured Flu M-gene copies, which represent total viral
RNA—including both released and intracellular viral genomes. These
two methods are mainly positively correlated but reflect different as-
pects of viral replication.

Statistical analysis

All data were analyzed using GraphPad Prism 9 (GraphPad Software,
California). Results are expressed as mean values + standard error of the
mean (SEM). Statistical comparisons between the two groups were made
using the Mann-Whitney U test. For multiple group comparisons, sta-
tistical significance was determined using Tukey’s post-hoc test. Pear-
son’s R correlation analysis was implied to compare the data set between
the different formats of organoids. Genetic analysis was carried out
through the GISAID EpiFlu™ platform for accessing sequence data. The
immunofluorescent images were taken by Zeiss Axio Observer 7.

Table 1
Primers used for quantitative real-time PCR.
Target gene Primer Sequence Reference
name
chicken chMX1-F CACACCCAACTGTCAGCGAT (Deblanc, et al.,
Mx1 2016)
chMX1- ATGTCCGAAACTCTCTGCGG
R
chicken chIFNa-F CCAGCACCTCGAGCAAT (Li, et al., 2013)
IFNa
chIFNa- GGCGCTGTAATCGTTGTCT
R
chicken chBAct-F AGCGAACGCCCCCAAAGTTCT (Hassanpour,
B-Actin et al., 2018)
chBAct- AGCTGGGCTGTTGCCTTCACA
R
Influenza M M52C CTTCTAACCGAGGTCGAAACG (Fouchier, et al.,
gene 2000)

M254R AGGGCATTTTGGACAAAKCGTCTA
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Ethic

The ethical consideration of animal experiment procedure has been
approved by the Institutional Animal Care & Use Committee (IACUC) of
National Taiwan University, Taiwan (IACUC Approval No: NTU-110-EL-
00124).

Results
Establishment and expansion of chicken intestinal organoids

We successfully established chicken intestinal organoids (CIOs) in
two distinct formats: Ba-o and Ap-o CIO. The CIOs were derived from
intestinal stem cells isolated of 18-day-old SPF embryos. These stem cells
were embedded in Matrigel and cultured with an L-WRN-supplemented
medium, leading to the formation of organoids within 4-6 days. To
optimize growth, we compared the effects of PGE2 and Gastrin as sup-
plemental growth factors, for further application.

Our results demonstrated that PGE2 significantly enhanced the
expansion of CIOs, promoting the formation of organoids that could
grow up to approximately 300 um in diameter and maintain viability
over multiple passages. Conversely, organoids cultured with Gastrin
exhibited poor growth, with increased apoptosis and fragmentation
observed as early as the third day of culture. These findings suggest that
PGE; is superior to Gastrin for the expansion and maintenance of
chicken intestinal organoids (Fig. 1).

Although previous studies had shown that PGE2 was suitable for
chicken intestinal organoids formation, however, comparing side by
side toward common usage of Gastrin supplement, such as Caco2-
organoids formation, had yet been validated. We suggest that only in
the expansion period should the PGE2 be included, and the protocol
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using L-WRN for simple Wnt-3A, R-spondin 3, and noggin source would
be a more suitable method for growing chicken intestinal organoids.
Additionally, despite challenges in removing fibroblasts using
CHIR99021, the cultures stabilized after three passages, allowing us to
focus on the differentiation and functional characterization of the
organoids.

Differentiation expansion CIO into Ba-o and Ap-o CIOs

We further differentiated the CIOs into two formats: Ba-o and Ap-o
CIO. The Ba-o CIOs, cultured within Matrigel, developed inward-
growing villi resembling the natural intestinal lumen. In contrast, the
Ap-o CIO, cultured in suspension, exhibited outward villi growth,
exposing the apical surface to the medium, which is critical for in-
teractions with luminal pathogens (Fig. 2A-B).

Immunofluorescence staining confirmed the presence of key cell
marker, villi (Fig. 3A-B), and specific cell-cell junction proteins,
including p-catenin (Fig. 3A-B), ZO-1, and F-actin (Fig. 3C-D), in both
formats. The Ap-o CIO, in particular, displayed intact junctions and well-
differentiated villus structures, indicating that they accurately recapit-
ulate the architecture and barrier functions of the intestinal epithelium.
This makes them particularly suitable for studying pathogen
interactions.

Influenza virus infection of chicken CIOs

To assess the suitability of CIOs for avian influenza virus infection
studies, we infected both Ba-o and Ap-o CIOs with H6N1-2904 and
HON2-R66 strains and used Caco-2 organoids (also apical-out and basal-
out format) as control. After collecting the organoids together with the
culture medium, the virus titer was determined using a focus-forming

(C) EM (w Gastrin), Day 3 expansion
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Fig. 1. Establishment of Chicken Intestinal Organoids (CIOs) Using PGE2 or Gastrin. The Figure illustrates the establishment and growth of chicken intestinal
organoids (CIOs). The initition materials, cell clumps (crypts) isolated from chick intestinal epithelium surface (A). Primary chicken intestinal cells culture with the
expansion medium (EM) using gastrin (day 1: B, day 3: C); or expansion medium supplied with PGE2 (D-F). The results demonstrate that PGE2 significantly enhances
organoid expansion (day 1: D, day 3: E), resulting in larger, more stable spheroids compared to Gastrin, which led to poor growth and increased apoptosis. Organoids
cultured with PGE2 suppled EM formed enteroids up to 300 um in diameter and maintained viability over multiple passages, and the cryopreserved materials can be

expanded after proper thaw and culture procedure (F). Scale bar: 100 ym.
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Fig. 2. Differentiation of Ap-o and Ba-o CIOs. These cultures were examined under the inverted phase-contrast light microscope (DMil, Leica Germany). The
Fig. shows the differentiation of Caco2-derived organoids and CIOs into Ba-o (basal-out) and Ap-o (apical-out) formats. Caco2-derived organoids were used to
represent a standard formation of steroid cultures (A-B). The Ap-o CIOs cultured in suspension DM exhibited outward villi growth on day 6 differentiation, containing
the apical surface exposed to the medium (C). The Ba-o CIOs cultured in matrigel developed inward-growing villi (D). Scale bar: 100pm.

assay. Our findings revealed that both formats supported viral replica-
tion despite differing efficiencies.

The Ap-o and Ba-o CIOs were particularly effective at mimicking in
vivo conditions, allowing virus entry and replication without the need
for exogenous TPCK-treated trypsin, Different from the CaCo-2 cells
organoids, which were susceptible to HON1-2904 virus in the Apical-out
format but not access the virus to infect via basolateral surface (Fig. 4A-
D). In the Ap-o and Ba-o CIOs, viral titers of HON1-2904 and HON2-R66
viruses remained stable at approximately 10* FFU/ml, while in apical-
out CaCo2 cells, titers reached up to 10% FFU/ml (Fig. 4A).

Interestingly, the Ba-o CIOs supported higher viral titers (up to 10°
FFU/ml) by 48 h post-infection (h.p.i.) in both H6N1-2904 and HON2-
R66 viruses compared to Ap-o CIOs, suggesting that the basolateral
side of the intestinal epithelium may provide a more conducive envi-
ronment for AIV replication (Fig. 4B).

Sialic acid expression and its role in viral entry

Lectin staining revealed that on the surface of Ap-o CIO, the a2,3-
linked sialic acids, as known as the avian influenza virus receptor, are
abundantly expressed. Partial regions show co-expression of a2,6-linked
sialic acid, which is mainly the receptor for human influenza viruses
(Fig. 5). This dual expression is significant as it allows these organoids to
model interactions with both avian and human-tropic influenza viruses.
However, while lectin staining provides evidence of sialic acid receptor
distribution, it does not directly visualize viral entry. Since lectins
require an intact plasma membrane for staining, viral particles that have
already entered the cytoplasm are not detectable using this method.

Differential immune response to AIV infection

Our analysis of the immune response to AIV infection in CIOs
revealed differential activation of interferon-stimulated genes (ISGs)

depending on the viral strain and organoid format. In Ap-o CIO infected
with the HIN2-R66 strain, there was no significant activation of ISGs,
suggesting inhibition of the downstream IFN pathway, possibly through
blockade of the STAT signaling route. This indicates a potential mech-
anism by which HIN2-R66 may evade host immune responses (Fig. 6A).

In contrast, the H6N1-2904 strain induced a robust ISG response in
Ap-o CIO, yet the viral M gene copy number remained high, indicating
ongoing viral replication despite the immune activation. These findings
suggest that H6N1 may balance its replication with host-defense
mechanisms, allowing it to persist within the intestinal epithelium
without overwhelming the host’s immune system (Fig. 6B). Interest-
ingly, comparing the expression profile in the infected Ba-o CIOs, the
HON2-R66 virus stimulates more ISGs compared to the H6N1-2904
virus, which may be reflected in the route of virus entry, that persis-
tent infection of H6N1-2904 via the bloodstream (mainly basal infec-
tion) does not trigger the innate immune response of intestines.

Comparative analysis of Ba-o and Ap-o CIO in AIV infection

To further examine the differences in Ba-o and Ap-o CIOs, we
analyzed trends in viral replication and immune responses (Fig.s 4 and
6), supported by Pearson’s r-correlation analysis (Fig. 7). The results
indicated that H6N1-2904 exhibited lower replication in Ap-o organoids
than in Ba-o organoids, which correlated with higher ISG expression in
Ap-o CIOs. In contrast, HON2-R66 displayed higher viral titers in Ba-o
organoids, where the ISG response was less pronounced, suggesting
that the innate immune response, rather than organoid orientation
alone, plays a key role in modulating viral replication dynamics.

The correlation analysis further reinforced this observation by
revealing a strong inverse relationship between ISG expression and viral
titers across different conditions. A significant negative correlation was
observed between Mx1 expression and FluM levels in HON2-R66 Ap-o
CIOs (r = —0.87, p = 0.0002) and Ba-o CIOs (r = —0.85, p = 0.0004), as
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(A) Apical-out CIO — Marker I
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B) Basal-out CIO — Marker 1

Fig. 3. Characterization of well-differentiated CIOs via Immunofluorescence. The fixed CIOs were examined by using a fluorescence microscope after
immunofluorescence staining. The differentiation of CIOs into Ba-o (basal-out) and Ap-o (apical-out) formats had been visualized by examining specific cell markers.
Ap-o CIOs cultured in suspension exhibited outward villi (green), growth with the apical surface exposed to the medium (A), while Ba-o CIOs cultured in Matrigel
developed inward-growing villi (B). Immunofluorescence staining confirmed the presence cell marker Villi (upper panel, green), and of crucial junction proteins,
including f-catenin (upper panel, red), ZO-1 (bottom panel, green), and F-actin (bottom panel, red), indicating intact cell-cell junctions and proper epithelial ar-
chitecture. The zoom-in vision of the dash square area had been shown accordingly for Ap-o (C) and Ba-o CIOs (D). Scale bar: 100um (A-B, C-D left panel); 10um (C-D

zoom-in panel).

well as in H6N1-2904 Ba-o CIOs (r = —0.7, p = 0.01). This statistical
relationship underscores the role of antiviral immune activation in
suppressing viral replication, irrespective of epithelial polarity. While
orientation influences viral entry, these findings suggest that host im-
mune responses are a major determinant of viral replication control in
intestinal organoid models.

This study established both Ba-o and Ap-o CIOs as a versatile model
for avian influenza research. The observed differences in immune re-
sponses and viral replication provide insights into AIV persistence in the
intestinal epithelium, highlighting CIOs as a valuable tool for studying
pathogenesis and antiviral strategies.

Discussion

Avian influenza viruses (AIVs) encompass diverse pathogens with
broad variation in host range and tissue tropism. H6N1 LPAIV has been
enzootic in Taiwan since 1976 and became more prevalent after the
emergence of HPAIV in 1997 (Lee, et al., 2006). Studies have shown that
H6N1 virus can cause up to a 33 % reduction in egg production and a 3.8
% mortality rate in affected flocks (Wang and Wang, 2003). The
H6N1-2904 virus, originally isolated from the same region as
A/DK/Taiwan/WB29/99, harbors the original 228G in its HA protein,
which has been linked to avian adaptation (Lee, et al., 2006; Wei, et al.,
2013). While direct chicken challenge studies using the H6N1-2904
strain are unavailable, previous experiments with other Taiwanese
H6N1 strains (1999-2005) demonstrated that they did not induce overt
clinical symptoms in chickens (Ou, 2003). However, more recent studies
have shown that evolved H6N1 strains with HA mutations, such as
G228S, can exhibit nephrotropism and cause interstitial nephritis in
experimentally infected chickens (Tu, et al., 2022).

Similarly, the HIN2-R66 strain has been widely used in studies on
viral reassortment and genetic drift in LPAIV (Gohrbandt, et al., 2011;
Peacock, et al., 2021; Penski, et al., 2011; Yang, et al., 2017). Previous in
vivo experiments involving oral-nasal inoculation of chickens with
HIN2-R66 revealed that infected chickens exhibited no apparent
symptoms but shed through both aerosol and fecal-oral transmission
routes, as confirmed by viral detection in oral and cloacal swabs
(Gohrbandt, et al., 2011; Penski, et al., 2011). These findings suggest
that HON2-R66 can replicate in gastrointestinal and respiratory tracts.
Therefore, our study, which utilizes CIOs to assess LPAIV pathogenicity
in gastrointestinal organs, provides a relevant platform for investigating
viral-host interactions in a controlled system.

The hemagglutinin (HA) glycoprotein on the surface of LPAIV me-
diates host cell entry by binding to «2,3-linked sialic acids, which are
abundant in the avian gastrointestinal (GI) tract. This sialic acid speci-
ficity, combined with limited a2,6-linked binding, drives the virus’s
tropism toward intestinal tissues in birds (Shinya, et al., 2006). Previous
studies have demonstrated that H6N1 primarily targets o2,3-linked
sialic acids (MAA) with limited affinity for a2,6-linked sialic acids (Wei,
etal., 2013), while HON2-R66 also preferentially binds a2,3-linked sialic
acids (Yang, et al.,, 2017). Given that Ap-o CIOs exhibit robust a2,
3-linked sialic acid expression, they serve as a relevant model for
studying AIV binding and early entry events. This GI tropism has led to
the development of in vitro models, such as chicken intestinal organoids
(CIOs), which closely replicate the avian intestinal environment (Huang,
et al., 2017).

Compared to the in vitro models, traditional animal models, such as
chicken and BALB/c mice infection studies, have been used for decades
to evaluate the pathogenicity of HPAIVs and also LPAIV research which
showed their limitations. LPAIVs often induce minimal symptoms in
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(C) H6N1-2904 infected Ap-o CIO (D) H6N1-2904 infected Ba-o CIO

Fig. 4. Viral Replication Kinetics in Ba-o and Ap-o CIOs. The viral replication kinetics of the HON2-R66 and H6N1-2904 strains in Ba-o, Ap-o CIOs, and Caco2
organoids. All CIOs were inoculated directly with LPAIVs (HIN2-R66 and H6N1-2904) without the addition of TPCK-treated trypsin (w/o TPCK). In contrast, Caco-2
organoids, including both Ap-o and Ba-o forms, were infected either with (w TPCK) or without (w/o TPCK) the addition of TPCK-treated trypsin during the ex-
periments. Ba-o CIOs supported higher viral titers (up to 10° FFU/ml) compared to Ap-o CIOs, emphasizing the influence of the epithelial orientation on viral
replication dynamics (A-B). The results were shown as means + SD of nine CIOs (Ap-o & Ba-0). Statistical comparisons of viral titers between HON2-R66 and H6N1-
2904 in Ap-o and Ba-o organoids at different time points were performed using Tukey’s multiple comparisons test (***P < 0.001, **P < 0.01, *P < 0.05).
Immunofluorescence staining of virus nucleoprotein in CIOs on day 1 post-H6N1-2904 infection was visualized (Ap-o CIO: C, Ba-o CIO: D). The monoclonal mouse

antibodies against influenza viral nucleoprotein were visualized by recognizing an Alexaflour 488 conjugated secondary antibody (NP, Green), and villi (red) were
visualized to represent the location of the viral particles. Scale bar: 100um.

(A) Lectin staining of Ap-o CIO (B) High magnification of Ap-o CIO

Fig. 5. Sialic Acid Expression on Ap-o CIOs. This figure shows the lectin staining of Ap-o CIOs, demonstrating the expression of both a2,3- and «2,6-linked sialic
acids on the apical surface. The stained SNA showed in green, while MAAII conjugated with Cy3 stained in red indicates the a2,6-linked sialic acid and «2,3-linked
sialic acid expression, respectively (A). The zoom-in picture is shown in the right panel (B). The dual expression pattern allows these organoids to serve as a model for

studying the binding and entry of both avian- and human-tropic influenza viruses, while the o2,3-linked sialic acid, known as avian influenza virus receptor, showed
dominant expression pattern. Scale bar: 100um.

chickens, making it challenging to characterize host-pathogen in- rates linked to the binding of a2,3-linked sialic acids in the airways
teractions fully (Weerts, et al., 2022). Studies using BALB/c and other (Kanrai, et al., 2016; Wu, et al., 2015), which limits these models’ ability
mouse strains demonstrate susceptibility to LPAIV, with high mortality to represent the natural course of LPAIV infections in birds accurately
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Fig. 6. Differential Inmune Response to AIV Infection in CIOs. The figure illustrates the differential activation of interferon-stimulated genes (ISGs) in response
to AIV infection in Ap-o and Ba-o CIOs (A & B). The FluM quantified by M gene qRT-PCR indicated relatively quantified virus particles, shown in log10 RNA M gene
copies/mL. The upper stream of the interferon stimulation pathway was evaluated by monitoring the expression level change of chicken IFN« in the infected
organoids. The downstream ISGs were detected by the chicken Mx1 gene, representing the activation of downstream ISG expression. The HON2-R66 strain did not
significantly activate ISGs, suggesting inhibition of the downstream IFN pathway, while the H6N1-2904 strain induced a robust ISG response, highlighting distinct
viral strategies for immune evasion and persistence. The results were shown as means + SEM of nine CIOs. Statistical analysis was performed with Statistical analysis
was performed with Tukey’s multiple comparisons test (***P < 0.001, **P < 0.01, *P < 0.05).
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Fig. 7. Correlation matrix of viral titers and qRT-PCR results in LPAIV-infected CIOs. Pearson’s correlation analysis was performed using GraphPad Prism 9 to
assess the relationship between viral titers and innate immune responses. The correlation matrices represent data from H6N1-2904 (A) and HON2-R66 (B) at 24 h
post-infection. All analyses were conducted using parametric Pearson’s two-tailed correlation with a 95 % confidence interval.

(Kimble, et al., 2010). study, classified as clade II similar to its ancestor, the Goose/Guangdong

For instance, H6N1 from the Taiwan clade I can reach titers of 10* (GS/GD) lineage (Croville, et al., 2012), which is hard to interpret in
TCID50/mL in the lungs of infected mice while showing minimal effects mouse models, as it fails to replicate in the lungs of BALB/c mice. Thus,
in chickens. In contrast, the H6N1-2904 Taiwan isolate used in this the differences in pathogenicity between H6 subtypes cannot be easily
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explained using the mouse infection model alone (Huang, et al., 2017;
Lee, et al., 2006).

In vitro models, particularly chicken intestinal organoids (CIOs),
have confirmed the GI tract as a consistent site of LPAIV replication
(Kaiser, et al., 2017). CIOs accurately represent avian intestinal
epithelium, where H6N1 achieves robust replication, highlighting its
adaptation to the gut environment (Beaumont, et al., 2021). The high
viral replication observed in these models aligns with in vivo findings,
reinforcing the hypothesis that the GI tract serves as the primary niche
for LPAIV replication. Available data indicate that H6N1 primarily
replicates in the intestinal system, where viral RNA and antigens are
consistently detected in the gastrointestinal tract of poultry, with limited
evidence of replication in other organs (Lee, et al., 2006). However,
studies have shown that H6N1 variants carrying the HA G228S mutation
exhibit enhanced nephrotropism, leading to viral replication in the
kidneys and associated interstitial nephritis (Tu, et al., 2022; Wang and
Wang, 2003). This shift in understanding underscores the importance of
GI tropism in LPAIV biology and provides more precise insights into the
mechanisms that allow the virus to persist in avian hosts.

The development of chicken intestinal organoids (CIOs) represents a
significant advancement in avian virology. While mammalian intestinal
organoid cultures typically utilize Gastrin to promote growth, studies
have shown that this growth factor has limited efficacy in avian systems.
Instead, Prostaglandin E2 (PGE2) plays a crucial role in supporting the
growth and proliferation of avian organoids, including CIOs
(Pierzchalska, et al., 2012). Unlike Gastrin, which primarily regulates
the BMP signaling pathway to maintain mammalian organoid growth,
PGE2 exerts its effects through the Wnt signaling pathway, promoting
f-catenin stabilization by inhibiting GSK3p (Powell and Behnke, 2017).
This leads to enhanced intestinal stem cell (ISC) expansion and epithelial
regeneration, particularly in response to tissue damage (Holmberg,
et al., 2017). Additionally, PGE2 enhances cell proliferation by acti-
vating PGE2-R subunits, which trigger cAMP/PKA and PI3K/AKT
signaling pathways, crucial for maintaining intestinal epithelial ho-
meostasis (Stelzner, et al., 2012). Our results demonstrate that PGE2
more effectively supports the proliferation of avian intestinal epithelial
cells compared to Gastrin, highlighting the species-specific growth re-
quirements of avian tissues (Altay, et al., 2019). Furthermore, our study
emphasizes that while Gastrin and PGE2 facilitate intestinal regenera-
tion, their mechanisms of action differ significantly, with PGE2's acti-
vation of the Wnt pathway proving more critical for avian intestinal
organoid development (Oost, et al., 2022; Zhao, et al., 2022).

The formation of Ap-o and Ba-o organoids represents the directional
orientation of epithelial cells and their interaction with pathogens
(Nash, et al., 2021). In our results, when using Caco-2 organoids, a
human intestinal epithelial model, LPAIV replication was significantly
higher in Ap-o organoids compared to Ba-o organoids. This may be
attributed to the presence of membrane-bound proteases on the apical
surface that facilitate viral entry, such as TMPRSS2, which had shown a
strong correlation to H6 infection in mice (Bestle, et al., 2021) and is
highly expressed in Caco-2 cells (Saccon, et al., 2021; Shuai, et al.,
2020). However, the opposite trend was observed in chicken intestinal
organoids, suggesting that species-specific differences in intestinal
epithelial composition and protease availability influence viral replica-
tion dynamics. In comparison, CIOs demonstrated differential suscep-
tibilities to infection, reinforcing the role of proteases in modulating
viral replication efficiency may vary depending on the organoid’s
orientation and cell origin, especially when the membrane-bound pro-
teases play a curial role. Nevertheless, the contrasting results between
human and chicken intestinal organoids suggest that species-specific
epithelial characteristics, rather than orientation alone, should be
considered as the main player in viral replication efficiency when dis-
cussing LPAIVs.

The innate immune response plays a pivotal role in the outcome of
IAV infections, acting as the first line of defense against viral invasion
(Shin, et al., 2020). Upon infection, host cells recognize viral
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components through pattern recognition receptors (PRRs) such as RIG-I
and MDAS, triggering downstream signaling pathways that produce
type I interferons (IFNs). These IFNs, in turn, induce the expression of
interferon-stimulated genes (ISGs) like Mx1, which inhibit viral repli-
cation (Deblanc, et al., 2016). Our study observed that the H6N1-2904
strain was associated with a robust ISG response in Ap-o organoids,
which correlated with lower viral titers in these organoids (Fig. 6). In
contrast, the HON2-R66 strain exhibited higher viral titers in Ba-o
organoids, where the ISG response was less pronounced. While no
direct statistical comparison between H6N1 and HIN2 infections was
performed within the same organoid orientation, trends from Fig. 4
suggest that H6N1 replication in Ap-o organoids was lower than in Ba-o
organoids. To further support this observation, Pearson’s r-correlation
analysis (Fig. 7) demonstrated a statistically significant inverse corre-
lation between ISG expression and viral titers in multiple conditions,
including H9N2-R66 infected Ap-o organoids, Ba-o organoids and
H6N1-2904 infected Ba-o organoids. These findings suggest that
strain-specific innate immune activation, rather than organoid orienta-
tion alone, influences viral replication dynamics in intestinal organoid
models. This suggests that Ap-o organoids, which simulate infection
from the intestinal lumen, are more effective at mounting an antiviral
response compared to Ba-o organoids, which mimic systemic infection
via the bloodstream. The observed difference in ISG response between
the two orientations suggests that IAVs may employ distinct immune
evasion strategies depending on the entry route.

These findings align with previous observations in swine models,
where certain IAV strains replicate efficiently despite a limited or
restricted interferon-driven innate immune response, possibly due to
modulation of the JAK/STAT signaling pathway (Bakre, et al., 2021;
Delgado-Ortega, et al., 2014). The ability of IAVs to manipulate host
immune responses, particularly by evading or suppressing the innate
immune response, is a critical factor in their pathogenicity and persis-
tence in the host (Weber, et al., 2004). In our study, we focus on in vitro
organoid models providing a controlled system for virus-host in-
teractions. Compared to ex vivo chicken intestinal tissues, LPAIV repli-
cation has shown variable trends in chicken precision-cut intestinal
slices, showing that the influence from residential elements, such as
immunocyte or gut microbiota, cannot easily be waived
(Punyadarsaniya, et al., 2015). For instance, an in vivo study had shown
that microbial depletion in chicken gut may downregulate IFN-I-related
ISG expression, impacting antiviral defenses (Yitbarek, et al., 2018).
Given these factors, future studies targeting how resident microbiota
affect LPAIV infection dynamics and ISG regulation in the established
organoids model would be essential. Additionally, further applications
toward antiviral agents and health integrates, or plant extracts against
LPAIV could be fulfilled without extensive laboratory animal use.
Applying Ap-o and Ba-o CIOs and focusing on innate immunity dy-
namics accurately represents virus-host interactions, contributing to
improved biosecurity in local poultry industries and informing strategies
to control avian influenza.
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