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eLife Assessment

This study reports on the development and characterization of chickens with genetic
deficiencies in type I or type III interferon receptors, which is an important contribution
to the field of avian immunology. The data reflecting the development of the new
interferon-receptor-deficient chickens is compelling. The initial characterization of IFN
biology and infection responses in these knockout chickens provides a solid foundation
for future studies on the distinct contributions of type I and type III interferon signaling to
antiviral responses.

https://doi.org/10.7554/eLife.107855.2.sa2

Abstract

The rapid cross-species transmission of highly pathogenic avian influenza presents a significant
zoonotic threat. Elucidating the avian interferon (IFN) system, the primary antiviral defense in
chickens, is critical for controlling the virus at its source and preventing its spillover into humans
and other species. We engineered type I IFN-a/B) and type III (IFN-A) IFN receptor knockout
chickens to dissect the role of IFNs in viral infections. Results revealed that type I IFN
predominantly modulates innate immune cell populations, T cell subsets, and their contribution to
antibody production following immunization under physiological conditions. In ovo and in vivo
challenge experiments utilizing diverse influenza A virus strains demonstrated strain-specific
roles of both IFN-a/f and IFN-A in orchestrating viral pathogenesis, immunological responses, and
tissue-tropism effects. Notably, type I IFN was particularly crucial in the initial defense
mechanisms against H3N1 avian influenza A virus infection. These novel models offer
unprecedented insights into avian IFN biology within the context of avian influenza, which is
essential for developing more effective strategies to prevent and control this public health
challenge.
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Introduction

Chickens are highly susceptible to viral pathogens such as avian influenza A virus (AIV), a zoonotic
virus transmissible to humans, which causes significant economic losses in the poultry industry.
2:2.In 2022, 67 countries across five continents reported outbreaks of H5N1 highly pathogenic
avian influenza, losing over 131 million domestic poultry. The disease continued to spread as 14
more countries reported outbreaks, primarily across the Americas~. The emergence of various
zoonotic avian influenza strains has heightened global concerns about the potential for these
strains to mutate and sustain human-to-human transmission, possibly leading to a pandemi 28,
Despite substantial advancements in our comprehension of the mammalian host response to
pathogenic insults, knowledge of immune mechanisms in avian species, the natural hosts of the
virus, remains limited. As a result, strategies to control AIV have heavily relied on biosecurity
measures and depopulation of infected flocks, imposing substantial economic burdens on the
poultry industry and amounting to billions of dollars in losses’. The insufficiency of these
traditional approaches in managing the growing prevalence of highly pathogenic AIV outbreaks
has driven interest in alternative antiviral therapies.z.z 2. Notably, France and the Netherlands have
implemented domestic duck vaccination as a control measure against highly pathogenic avian
influenza outbreaks®.

Interferons (IFNs) were first identified in chicken embryos. These proteins are characterized by
their ability to inhibit viral replication, a property that led to their designationg. IFNs are cytokines
that induce the expression of a myriad of IFN-stimulated genes (ISGs) that act on innate and
adaptive immunity, eliciting an antiviral state against invading viral pathogens!% !!. They are
classified based on their molecular structure, receptor specificity, and induction pathways. In
chickens, type I IFNs (IFN-a and IFN-B) and type III IFN (IFN-A) play critical roles, with IFN-a and
IFN-A being the primary focus of immunological studies due to their significant involvement in
antiviral responses. To accomplish the primary function of IFNs, these cytokines need to bind to
their respective receptors. The type III IFN receptor is a heterodimer consisting of the ubiquitously
expressed receptor chain IL-10Rp and the epithelium-specific receptor chain IFNLR1 (IL-28Ra). In
contrast, type I IFN (IFNAR1/IFNAR2) receptors demonstrate widespread expression across diverse

tissues and cell types throughout the body.2 12,

The molecular cloning and characterization of chicken IFN-A were relatively recent, uncovering
antiviral properties comparable to those of mammalian IFN-A'!> %, However, despite this progress,
the mechanisms and functional roles of type I and III IFNs in chickens remain largely
uncharacterized. Murine IFN-A is the initial IFN produced during a viral invasion, providing
epithelial antiviral protection against low viral loads without eliciting an inflammatory
response.>. When the infection surpasses the control of IFN-A, type I IFN is activated, associated
with an inflammatory response and immunopathology. Unlike the widespread effects of type I
IFN, the similarity of IFNLR1 expression with the tissue tropism of influenza A virus allows
mammalian IFN-A to specifically target cell types at risk of infection. This effectively induces
antiviral genes in these cells, aiding in controlling influenza A virus spread without
overstimulating the immune system and causing immunopathology. % . IFNAR1 knockout (KO)
mice show increased susceptibility to several viral infections, but not influenza. However, mice
lacking IFNAR1 and IFNLR1 cannot control influenza infection'® 2. Researchers have shown that
mammalian IFN-A can also have pro-inflammatory effects by disrupting the lung epithelial barrier,

hindering lung repair, and impairing epithelial proliferation during influenza infections2% 2.

Despite the discovery of IFNs in chickens, our knowledge of the avian IFN system remains
limited”. Unraveling the complexities of the IFN system is crucial for devising strategies to control
avian influenza in its natural host, thereby preventing zoonotic transmission to humans and other
species. This limitation is primarily due to the complex and overlapping signaling pathways of
type I and type III IFNs, which induce similar sets of ISGs and produce almost indistinguishable
biological activities despite signaling through distinct receptorsj..q. Furthermore, our
understanding of ISGs and their antiviral functions in chickens is primarily based on research

from humans and other mammals, which may not fully account for the fundamental differences
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in innate immunity between chickens and mammals!> 13 22 The lack of appropriate
biotechnological tools, such as IFN receptors deficient genetically engineered chickens, hinders
progress in this field. These challenges make it difficult to elucidate the individual antiviral and
immunomodulatory roles of type I and type III IFNs in avian research despite the potential value

of these cytokines as targets for developing therapeutics against a broader range of viruses'> 22,

To address this gap, we utilized chicken primordial germ cells (PGCs) to generate IFNAR1 and
IFNLR1 knockout (KO) chicken lines. These genetically modified lines allow for the selective study
of type I and type III IFN responses. Through experiments conducted in vitro, in ovo, and in vivo,
we investigated the impact of these IFN classes on various physiological functions, antibody
responses to immunization, and host-pathogen interactions. Notably, in vivo H3N1 infections
revealed distinct and novel mechanisms for both types of chicken IFN in the context of H3N1
defense. These newly developed chicken lines provide critical insights into the roles of IFN-a/p and
IFN-A in immune responses during various viral infections, including influenza and infectious
bronchitis virus (IBV). The knowledge gained from these studies is fundamental for developing
therapeutic methods and immunomodulatory strategies to control and eradicate the significant
public health challenges in avian species.

Results

Successful generation of IFN receptor KO chickens

Knocking out the IFNAR1 or IFNLR1 receptors generates animal models deficient in type I or type
III IFN signaling, respectively. This receptor-targeted approach, in contrast to the cytokine-targeted
approach, is especially effective in chickens, where multiple IFN-a genes exist, as it blocks the
entire signaling pathway, allowing for comprehensive studies of IFN’s roles in immunity and viral
responsesj...z.’ 1324 Chickens lacking either the receptor of IFN-a/f (IFNAR1) or IFN-A (IFNLR1) were
generated by designing guide RNAs to target the coding region within exon 1 of the IFNAR1 chain
of the IFN-a/B receptor and the epithelium-specific chain (IFNLR1) of the IFN-A receptor. PGCs,
precursors of sperms and oocytes, were co-transfected with a CRISPR/Cas9 vector expressing a
single guide RNA and Cas9-2A-eGFP targeting the coding region within exon 1 of the respective
utilizing single-stranded oligodeoxynucleotide (ssODN) templates was used to facilitate the
targeted gene edits. Transient expression of eGFP in transfected PGCs allowed for the selection of
successfully transfected cells via automated cell sorting. Subsequent Sanger sequencing confirmed
several clonal PGCs lines with the desired modifications for IFNAR1 and IFNLR1.

For IFNLR1, the PGC clone with the largest deletion (28 bp) was selected, leading to a stop codon
formation after 87 bp. Similarly, for IFNARI1, the clone with a 7 bp deletion produced a stop codon
after 21 bp (Fig. 1a, b Z). These clones were used for the generation of germline chimeras. Selected
chimeric roosters demonstrated 4% and 7% germline transmission rates for IFNAR1 and IFNLR1
modifications, respectively, resulting in heterozygous IFNAR1*/~ and IFNLR1*/~ progeny. The
modified alleles segregated in a Mendelian manner, and homozygous IFNAR1 ™~ and IFNLR17/~

lines were successfully established. TagMan allelic discrimination assays were employed to

type LI IFN play crucial roles in protecting the female reproductive tract against viral infections
and maintaining immune homeostasis in mammals>> 2%, we evaluated the fertility of IFNAR1 7/~
and IFNLR17/~ chickens by breeding homozygous birds from each line separately. The resulting F2
generation revealed normal egg production and fertility in healthy, unchallenged KO chickens
(data not shown), consistent with studies in mice lacking either IENAR1™ or IFNLR1 /27, 28,
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Fig. 1. Targeting strategy and genotype for knockout of chicken IFN-a/B receptor (IFNAR1) and IFN-A
receptor (IFNLR1).

a, Guide RNAs designed to target the coding region within exon 1 of the IFNAR1 chain of the IFN-a/ receptor and the
epithelium-specific chain (IFNLR1) of the IFN-A receptor. For IFNART1, the INDEL was pre-designed using CRISPR-mediated
HDR technology. The IFNAR1 KO clone has 7 bp deletion and produces a stop codon after 21 bp. b, For IFNLR1 positive PGCs
clones, the clone with the maximum deletion (28 bp) was selected as it is suitable to design IFNLR1 KO specific PCR
genotyping assay and produce a stop codon after 87 bp. ¢, TagMan genotyping assay for IFNAR1. d, PCR genotyping assay
for IFNLR1.
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Fig. 2. Growth, and successful generation of genetically modified chickens.

a, Body weight development of WT, IFNLR1 “/~ and IFNAR1/~ chickens. b, Western blot confirms successful knockout of
IFNART: WT, IFNAR1*/~, and IFNAR1~/~ chicken embryonic fibroblast cells (n = 3) were cultured in a 6-well plate and
stimulated with recombinant IFN-a (500 U/ml) for 12 hours. For the control groups, CEF cells were treated with CEF medium
without recombinant IFN-a. After stimulation, the control and treatment groups’ CEF cells were trypsinized and collected for
an SDS-Gel and Western Blot experiment. The results demonstrate functional loss of type I IFN receptor (IFNAR1) in CEF
IFNAR1™/" cells treated with recombinant IFN-q, as the Mx protein (75 kDa) was observed solely in the CEF WT and IFNAR1*/~
cells treated with recombinant IFN-a. ¢, WSN33 viral titration in WT and IFNAR1 -I- embryo pretreated with recombinant IFN-
a. ED10 chicken embryos (blue columns) were stimulated with 1.5 x 10 U of recombinant IFN-a in 100 pl PBS 12 h before and
at the time of infection. As controls (black columns) did not receive IFN-a stimulation. All the groups of embryos were
infected with 1000 FFU of WSN33, and viral load in the allantoic fluid was analyzed 24 h post-infection by titration on MDCK
cells. Number of embryos, for the control groups (WT =4, IFNAR17/~ = 4), and treatment groups (WT =4, IFNAR1/~ = 4),
Significance was calculated by one-way ANOVA. Statistically different groups (P < 0.05) are indicated with different superscript
letters (a, b, c). d, RT-PCR confirms functional loss of IFNLR1 in homozygous embryos: expression analysis of IFN-A receptor
(IL-28Ra) was studied in different tissues of 18-day-old embryos challenged with H3N1 to ensure induced expression of IL-
28Ra. RNA was isolated via the Trizol method after the genotyping of embryos. cDNA was transcribed via GoScript
Transcription Mix, Random Primers. PCR was performed with B-actin primers as control and IL-28Ra primers to check the
presence of IL-28Ra receptors in tissues. Nuclease-free water (NFW) was used as a negative control for both. A 1.5% tris-
borate-EDTA (TBE) was used to visualize B-actin amplicon at 300 bp and 2% TBE to visualize 108 bp for IL-28Ra.

Alhussien et al., 2025 eLife 14:RP107855. https://doi.org/10.7554/eLife.107855.2 50of 38


https://doi.org/10.7554/eLife.107855.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/immunology-inflammation

= eLife

Immunology and Inflammation

Knockout of IFNAR1 and IFNLR1 impairs IFN signaling and
induction of antiviral state

Western blot analysis confirmed the functional loss of the IFNAR1 receptor in the IFNAR1 7/~
chickens. Treatment with recombinant IFN-a resulted in the induction of IFN-stimulated protein
Mx in WT and IFNAR1*/~ chicken embryo fibroblasts (CEF) but not in the CEF derived from
IFNAR1 ™" embryos (Fig. 2b (). In addition, treatment of both WT and IFNAR1 ™" embryos with
recombinant IFN-a before WSN33 (H1N1) challenge resulted in a significant (P < 0.05) reduction of
viral titers in the allantoic fluid of WT but not in IFNAR1 ™/ embryos (Fig. 2c). These results
demonstrated that the signaling pathway mediated by IFNARI1 is non-functional in the absence of
this receptor, thus validating the knockout model. Additionally, RT-PCR analysis was conducted to
assess the expression of IFNLR1 (IL-28Ra) across multiple tissues, including the spleen, liver, lung,
intestine, bursa of Fabricius, heart, and cecum in WT, IFNLR1"/ ~,and IENLR1 7" embryos. The
analysis revealed a complete absence of IFNLR1 mRNA in all IFNLR17/" tissues compared to
detectable levels in WT and IFNLR1*/~ samples. This absence indicates the successful functional

loss of IFNLR1 (Fig. 2d @).

Knockout of IFNAR1 and IFNLR1 modulates the population of immune cells
in the blood and spleen

Flow cytometry analysis demonstrated a significant (P < 0.05) reduction in the blood B cells and
monocyte populations and an increase in aff T cells in one-month-old IFNAR17" chickens
compared to WT and IFN LR17. Furthermore, there was a marked decrease in CD8" y§ T cells,
accompanied by a significant (P < 0.05) increase in CD4" ap T cells in the IFNAR1 ™~ group
compared to other groups (Fig. 3%, Supplementary Fig. 1). Although flow cytometry analysis did
not reveal significant differences in the number of B cells, macrophages, af, and y8 T cells in the
spleen of WT, IFNAR1™/~ and IFNLR17", there was a considerable decrease in CD8"* y8 T cells in
IFNLR1 7" as compared to WT chicks (Fig. 32). These findings highlight the differential impact of

IFNAR1 and IFNLR1 KO on specific T cell subsets and other immune cell populations, and the
important roles of these receptors in immune regulation.

Knockout of IFNLR1 did not modulate the cecum microbiome

Given the high expression of IFNLR1 in epithelium-rich organs such as the intestine and
considering the constant microbial exposure in this region, we investigated the impact of IFNLR1
knockout on the cecum microbiomes of one-month-old healthy chicks. While microbial sequencing
disclosed distinct multidimensional scaling plots between the IFNLR1 7~ and their WT
counterparts, subsequent alpha diversity analyses, and taxonomic diversity, did not demonstrate
significant differences between the groups (Supplementary Fig. 2). However, it is noteworthy that
this difference could be more pronounced during immune challenges when IFN-A signaling is
actively engaged.

Reduced IgM and IgY production in IFNAR1 =/~ and IFNLR17/~
chickens following immunization

To study the role of type I and type III IFNs in immune response and antibody production, one-
month-old chicks were immunized with Keyhole Limpet Hemocyanin (KLH) (Supplementary Fig.
3). Analysis of total IgM and IgY concentrations in the plasma of preimmunized animals (day 0)
revealed a significantly (P < 0.05) reduced IgY synthesis and secretion in IFNAR1™" chickens
compared to the WT group. Furthermore, all groups showed significant (P < 0.05) increases in total
IgM and IgY concentrations on day 5 after both primary and secondary immunizations compared
to day 0. These elevations were solely attributed to immunization with KLH and FIA (Fig. 4a, b ().
Analysis of KLH-specific IgM and IgY levels showed significantly (P < 0.05) lower levels of both
antibodies in IFNAR1”~ and IFNLR1 7~ chicks compared to the WT group. Notably, although
IFNLR17/~ chicks had significantly (P < 0.05) lower IgM and IgY levels than IFNAR17" on day 5
post-primary immunization, they were able to reach immunoglobulin levels comparable to WT
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Fig. 3. Flow cytometry analysis of PBMCs and splenocytes of WT, IFNLR1 -/~ and IFNAR17/~ in one-month-old
chickens.

a, PBMCs and b, splenocytes were isolated and analyzed for differential immune cell populations, including

monocytes/macrophages, B cells, a TCR2,3+ or y§ TCR1 + T cells, and associated CD4 and CD8 T cells subpopulations. One-
way ANOVA was used to analyze the difference between the groups (*, P < 0.05). Number of animals for the analysis of

PBMCs (WT = 5, IFNLR1™/~ = 5, IFNAR1™/~ = 4), and analysis of splenocytes (WT = 7, IFNLR1~/~ = 5, IFNAR1™/~ = 4).
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the initial antibody production following immunization but can be compensated for by type I IFN
during booster immunization.

IFNAR1 knockout reduces MHCII* cells without altering MHCII
expression

Analysis of splenocytes isolated on day 5 post-secondary immunization revealed a significant (P <
0.05) reduction in the frequency of MHCII" cells in IFNAR17" chickens compared to other
genotypes. This decrease was particularly pronounced in specific immune cell subsets, notably
MHCII" B cells and MHCII" macrophages, where the percentages of these cells were markedly
lower in IFNAR1”/~ chickens (Supplementary Figs. 4 and 5). Interestingly, the mean fluorescence
intensity (MFI) of MHCII, which indicates the density of MHCII molecules on individual cells,
remained consistent across all experimental groups (data not shown). This observation suggests
that the observed reduction in MHCII" cells is primarily due to a decrease in the overall
populations of macrophages and B cells expressing MHCII rather than a diminished expression of

MHCII per cell.
Quantitative reduction in the response of TRBV2-1-expressing T

cells in immunized IFNAR1~/- animals

Next, we characterized the off T cell receptor (TCR) repertoire to assess whether T cell responses
differ between IFNAR1 ™/ 5, IEFNLR1™/ ~, and WT animals. Additionally, we aimed to determine if
antibody responses to KLH are associated with clonal T-cell responses, potentially indicating T-
dependent antibody responses. Both a and  chains were sequenced from T cells derived from the
spleen at day 5 post-booster immunization from all three groups. Unimmunized chickens from
each genotype were included to establish a baseline for the expression of TCRs. Interestingly, the
TCR repertoires across genotypes and immunization groups were remarkably similar for both a
and B chains, as indicated by the pairing of V-J gene segments (Supplementary Figs. 6 and 7 (2).
This suggests that the global repertoires are consistent across different genotypes after
immunization. Given the greater diversity of f chains compared to a chains, resulting from the
recombination of V, D, and J gene segments, we focused on B chains for the subsequent analyses of
CDR3 clonotypes. CDR3 spectratypes exhibited a Gaussian-like distribution in both control and
immunized chickens across all genotypes, suggesting that KLH does not induce major clonal
expansions in the splenic TCR repertoire 5 days after booster immunization (Fig. 5a (2). This was
confirmed by the analysis of clonotype frequencies, which predominantly consisted of rare
clonotypes with only a few moderately expanded clonotypes observed in both control and
immunized chickens (Supplementary Fig. 8). Although overall VB gene usage was similar in
control and immunized chickens, TRBV2-1 was significantly less prevalent in KLH-immunized
IFNAR17/" chickens than in WT immunized animals (Fig. 5b ). This suggests a reduced response
of TRBV2-1-expressing T cells to KLH in IFNAR1-deficient chickens. To investigate whether specific
amino acid motifs were enriched in KLH-immunized WT but not in IENAR1 ™/~ chickens, we
analyzed the counts of 3-mer sequence motifs in TRBV2-1 CDR3 clonotypes, normalized by the total
number of TRBV2-1 CDR3 sequences in each sample. Overall, the most prevalent 3-mers in
immunized WT chickens were also present in immunized IFNAR1 ™/~ chickens, indicating that
TRBV2-1 clonotypes in IFNAR17" chickens are qualitatively similar to those in WT chickens (Fig.

activation rather than distinct clonotype compositions.

Virus species- and strain-specific IFN responses

To investigate the role of type I and type III IFNs in the defense mechanisms against viral
infections, an in ovo challenge experiment was performed using 11-day-old embryos
(Supplementary Fig. 9). This experiment utilized four distinct viral strains: a laboratory-adapted
human influenza A virus (H1N1), two low pathogenic avian influenza A virus strains (H3N1 and
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Fig. 4. Reduced IFNLR1 -/~ and IFNAR17/~ chicken ability to produce IgM and IgY in response to
immunization.

Five-week-old chickens were immunized via intramuscular injection with 300 pg KLH, mixed 1:1 with incomplete Freund’s
adjuvant. A booster injection of 300 pg KLH, mixed 1:1 with Freund’s incomplete adjuvant, was administered two weeks after
the initial immunization. Blood plasma samples were collected from all groups before immunization (day 0), on day 5 post-
primary immunization (PP), and on days 3 and 5 post-booster immunization (PB). a-d, Total concentration of IgM, IgY, and
KLH antigen-specific IgM and IgY levels were assessed using ELISA. Data are presented as mean and SEM of at least 6 birds
per genotype, with the same animals, tracked over time. Statistical differences between groups are indicated by asterisks (*,
P < 0.05). # Indicate significant difference (P < 0.05) for IFNAR1 =/~ vs. WT and IFNLR17".,
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Fig. 5. Overall similar splenic TCRP repertoire across genotypes with reduced TRBV2-1 responses in KLH-
immunized IFNAR1/~ chickens.

TCRP CDR3 clonotypes in IFNAR1 /= IFNLR17/~ and WT animals in the steady state (CTR) or at day 5 post-KLH booster
immunization. a, CDR3 Spectratype; b, V3 gene usage; ¢, Counts of the 20 most prevalent 3-mers within the top 100 TRBV2-1
clonotypes for each sample, with individual samples indicated by black boxes. Mean + SD.
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HIN2), and infectious bronchitis virus (IBV)- Beaudette strain, an important avian gamma
coronavirus. A significant (P < 0.05) increase in WSN33 (H1N1) viral titers in the allantoic fluid was
observed in IFNAR1™/~ and IFNLR1”/~ embryos compared to WT embryos, indicating a crucial role
for both type I and type III IFN signaling in restricting WSN33 replication. Conversely, HIN2 viral
titers were significantly (P < 0.05) reduced in IFNLR1 7/~ embryos compared to IFNAR1™”™ and WT
embryos, indicating a predominant role for type I IFN signaling in limiting HIN2 replication.
However, no significant differences in viral titers were observed for H3N1 and IBV among the
genotypes, suggesting potential strain-specific or virus-specific mechanisms governing the

Knockout of IFNAR1 and IFNLR1 did not affect IFN-a/p secretion in ovo

The initial virus-host interaction and IFN secretion occur independently of IFNAR1 and IFNLR1
receptors. However, subsequent IFN production is regulated through a feedback mechanism
mediated by these receptors. Indeed, no difference in the concentration of IFN-a/p in the allantoic
fluid of WT, IFNAR1 ™~ and IFNLR1”~ embryos was observed in response to viral infections in ovo

A predominant role of type I IFN in inducing the expression of an
interferon-stimulated gene (Mx)

Mx expression in the CAM was studied to elucidate the contributions of type I and type III IFNs in
inducing ISGs during viral infections. The CAM of chicken embryos was used as a model due to its
high vascularization and functional similarity to avian respiratory and immunological tissues.
CAMs isolated from IFNAR1 ™/ embryos 24 hours post-infection exhibited a significant decrease (P
<0.05) in Mx expression compared to WT embryos in all the tested viruses. In IFNLR1 ™~ embryos,
Mx levels in CAMs challenged with HON2 and IBV-Beaudette strain remained comparable to Mx
expression levels observed in WT embryos. These findings suggest a predominant role for type I
IFN signaling in inducing the expression of ISGs, such as Mx, in response to HIN2 and IBV-
Beaudette strain infections (Fig. 6d 2).

An excessive and unbalanced type I IFN response can harm host fitness

Survival probability experiments revealed that an overly strong IFN-a/B response may negatively
impact host fitness more than the viral load. Consistent with this observation, measured IFN-a/B
concentrations (Fig. 6b (2) were elevated in these embryos, supporting the link between high type
I IFN responses and reduced survival. This was evident in IFNLR1 7/~ embryos challenged with
HI9N2, which exhibited poor survival rates compared to WT and IFNAR1 ™~ embryos despite
having low viral titers. Similarly, the heightened type I IFN response likely explains the rapid
death of IBV-challenged embryos within 24-36 hours post-infection. In contrast, embryos infected
with influenza strains exhibited approximately tenfold lower IFN-a/B concentrations compared to
IBV-challenged embryos and survived longer, lasting 4-5 days after infection (Supplementary Fig.
10). These results underscore the critical yet potentially dual role of the type I IFN response in
controlling viral infection, as it may also contribute to immunopathology.

Early appearance of symptoms and poor survival of IFNAR1 -/~
hens challenged with H3N1

To gain deeper insight into the role of IFN-a/B and IFN-A in the defense mechanism against low
pathogenic avian influenza A virus strains (H3N1), an in vivo infection experiment was carried out
(Supplementary Fig. 11). IFNAR1 7" hens exhibited a rapid onset of severe symptoms at 48 hours
post H3N1 infection, including conjunctivitis, diarrhea, mucus discharge, inflamed, red eyes,
abnormal posture, and severely restricted movement compared to WT and IFNLR1 7~ hens, which
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Fig. 6. Viral titration, IFN-a/B concentration, IFN-A, and Mx mRNA expression in WT, IFNLR1 -I- and
IFNAR1/- embryos.

a, embryonic day 11 chicken embryos were infected with 1000 FFU of influenza A virus strains (WSN33/H3N1/H9N2) and IBV-
Beaudette strain, and allantoic fluid and chorioallantois membrane (CAM) were sampled 24 hours post-infection. The viral
titers of WSN33, H3N1, and HIN2 were quantified by titration on MDCK cells. For the IBV, gPCR was used to measure the viral
titer in the CAM, and the housekeeping gene 28S was used to normalize target gene expression. b, IFN-a/p concentration
was quantified by titration of allantoic fluids on CEC-32 #511 cells. ¢, Relative mRNA expression of IFN-A in the CAM. d,
Relative mRNA expression of Mx in the CAM. For the gqPCR study, RNA was isolated by Trizol and reverse transcripted with
GoScript Transcription Mix, Random Primers, and gPCR was done via Go Taq. The WT control group was used as a calibrator
for Mx and IFN-A expression, and the housekeeping gene 18S was used to normalize target gene expression. Relative
quantification of the target gene was performed using the 2"8CT method. A no-template control was also included. Statistical
differences between groups are indicated by asterisks (*), with significance at P < 0.05.
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Fig. 7. In vivo challenge of WT, IFNLR1 -/~ and IFNAR1 ~/~ hens with a low pathogenic avian influenza A virus
(H3N1).

a, Probability of survival in the challenged hens. b, Chickens’ body weight (kg) was measured before the viral challenge and
at the end of the experiment (date of animal euthanization). c-d, H3N1 titer in the tracheal and cloacal swabs using qPCR. The
IFNAR1 hens were sampled on day 2 post-infection. WT and IFNLR1™/~ hens were sampled on day 3 and days 5 to 7 post-
infection based on the days of euthanization. The housekeeping gene 28S was used to normalize target gene expression. e,
Relative mRNA expression of IFN-A in the spleen. Comparisons were designed to represent equivalent phases of disease
progression. For panel e, IFNART/" hens at day 2 (high viral titer) were compared to WT and IFNLR1 I hens at day 5
(comparable high titer). f, Plasma IFN-a/B concentration was quantified by titration on CEC-32 #511 cells. For panel f,
IFNAR1~/~ hens (day 2, high titer) were compared to WT and IFNLR1 I hens at day 3 (low titer) and days 5-7 (high titer),
reflecting distinct infection phases. g, Scoring of lesions in the reproductive tract in all in vivo H3N1 challenged groups. The
scoring is on a scale of 0-3, where 0 indicates normal and 3 maximum severities regarding lymphoplasmacellular salpingitis
with mucosa atrophy. The IFNAR1 ~I~ hens were euthanized and scored on day 2 post-infection. WT and IFNLR1™/~ hens were
euthanized and scored on days 5 to 7 post-infection based on the days of euthanization. h, Histological assessment of the
reproductive tract on day 5 post infection. WT control: normal histological appearance of the infundibulum and magnum; WT
H3N1: moderate acute inflammation of the infundibulum and magnum with hyperemia, edema, loss of epithelial cells
(arrowheads), and perivascular infiltration of lymphocytes (arrow); IFNLR17/": milder acute inflammation of the infundibulum
and magnum with hyperemia, edema, and loss of epithelial cells in the magnum (arrowhead). Hematoxylin-eosin (HE) stain;
100x, respectively. Statistical differences between groups are indicated by asterisks (*, P < 0.05).
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only showed similar symptoms from day five onwards. All IFNAR1 ™~ hens (n = 7) were euthanized
by day 2 post-infection after reaching the humane endpoint to minimize suffering. In comparison,
four WT hens were euthanized on day 5, two on day 6, and one on day 7 post-infection. Similarly,
five IFTNLR17/™ hens were euthanized on day 6 and two on day 7 post-infection (Fig. 7a%). Because
humane endpoints were reached at different days for each genotype, body weight changes were
analyzed within genotypes, and data are presented as mean + SD (Fig. 7b ™). There was a

significant reduction (P < 0.05) in the body weight of IFNAR1™”" and IFNLR1™7" hens from the start
to the end of the experiment. In contrast, while WT hens also showed a reduction in body weight

Efficient H3N1 replication in IFNAR1/~ hens

In IFNAR1™" hens, the H3N1 virus titer increased significantly (P < 0.05) by day 2 post-infection in
both the trachea and cloaca, indicating the limited ability of the immune system to restrict viral
replications in these birds. In contrast, WT and IEFNLR1 ™~ hens maintained low H3N1 titers until
day 5 post-infection, with levels rising similar to those in IFNAR1 7 hens (Fig. 7¢,d@).

Increased plasma concentration of IFN-a/B and spleen expression
of IFN-A in IFNAR17/~ hens

In IFNAR1 ™ hens, we observed an increase (P < 0.05) in the mRNA expression of IFN-A, suggesting
a compensatory mechanism in the absence of type I IFN signaling in the spleen where IFN-A
receptors are expressed (Fig. 7e @). For Fig. 7e @, comparisons were designed to represent
equivalent phases of disease progression: IFNAR1 7/~ spleens at day 2 post infection (high viral
titer) were compared with

WT and IFNLR1 7~ spleens at day 5 post infection, when viral titers were comparably high. In
IFNAR1™" hens, the concentration of IFN-a/p showed around 10 times higher (P < 0.05) levels than
in WT and IFNLR1 7~ hens at day 2-3 post-infection, indicating uncontrolled secretion of IFN-a/f in
IFNAR1 ™~ hens (Fig. 7f2). For Fig. 7fC%, IFNAR1 ™™ hens at day 2 (high titer) were compared with
WT and IFNLR1 ™" hens at day 3 (low titer) and days 5-7 (high titer), thereby sampling
corresponding disease stages across genotypes.

IFN-A signaling promotes oviduct inflammation in H3N1-infected chickens

The H3N1 avian influenza A virus demonstrates a distinct tropism for the hen’s oviduct, causing
salpingitis and peritonitis associated with a severe decline in egg production. While young birds
showed minimal clinical signs, adult layers exhibited higher mortality and decreased egg
production in the second week post—infection.z.?.. To evaluate the impact of type I and type III IFN
on the pathogenesis of H3N1, we evaluated oviduct inflammation, the site where H3N1 establishes
the infection. The oviduct inflammation was scored on a magnum grade scale of 0-3 (0 indicating
an intact oviduct and 3 indicating severe inflammation)>". The results revealed a magnum grade 0
for the oviduct collected from IFNAR1 " at day 2 post-infection. The IFNLR1”/~ hens
predominantly exhibited magnum grade 1, indicating mild lymphoplasmacellular salpingitis with
normal mucosal height. In contrast, WT hens mostly displayed magnum grade 2, suggesting
moderate lymphoplasmacellular salpingitis with prominent atrophy of the mucosa (Fig. 7g ().
Histological analysis of the oviduct on day 5 post-infection revealed moderate acute inflammation
in the infundibulum and magnum with hyperemia, edema, epithelial cell loss, and perivascular
infiltration of lymphocytes in WT hens challenged with H3N1 compared to WT negative controls.

In contrast, IFNLR1™/~ hens displayed milder inflammation in these parts of the oviduct (Fig.
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Increased expression of pro-inflammatory cytokines in the spleen
of IFNAR1~/~ hens

In spleens sampled two days after infection, IFINAR1™/~ hens showed a significant (P < 0.05)
increase in the mRNA expression of several pro-inflammatory cytokines, including IL-18, IL-2, IL-
6, IL-8, IL-12, and IL-22. This increase was observed compared to both WT and IENLR1 7" hens,
whose spleens were sampled five days post-infection. Notably, IL-17A expression did not show a
significant difference between the groups (Supplementary Fig. 12a). The elevated levels of IL-2 and

overexpression of IL-22 is associated with inflammatory tissue pathology32. Also, there was no
change in the expression of genes associated with the anti-inflammatory pathway and regulatory
T cells (FOXP3, IL-10, TGF-P), indicating a lack of a compensatory anti-inflammatory mechanism to
control the inflammation in IFNAR1™/~ hens. Additionally, there was a significant (P < 0.05)
decrease in the expression of IL-4 and IL-5 in IFNAR1™/" hens, which indicates lower Th2 pathway
activity in these hens (Supplementary Fig. 12a).

Impairment of negative feedback mechanisms regulating IFN-a/B

secretion and low antiviral state in the spleen of IFNAR1 -/~ hens

A gene expression study was performed on the spleen to gain deeper insights into the alterations
in H3N1-host cell interactions and modulation of IFN signaling in IFNAR17" hens. mRNA
expression analysis of genes related to H3N1-host cell interaction, pro-inflammatory cytokines,
and IFN induction (TLR3, MDAS5, MyD88, NFkB, and IRF7) showed no significant differences
between the groups (data not shown), suggesting that these pathways function normally in both
WT and IFNAR1 7" cells (Fig. 87 a,b). This could also be attributed to the fact that the spleen used
in this analysis was collected from WT and IFNLR1 7" at day 5 post-infection, a time when the viral
load was high in these animals, and this pathway was active, similar to the IFNAR1™" hens. Viral
sensation by the host cell and activation of IFN-a/B secretions occur in various cell types
expressing TLRs, including immune cells, epithelial cells, fibroblasts, and endothelial cells>> 3%,
The interaction with the IFNAR1 receptor is needed for the secreted IFN-o/f to mediate its
function. The knockout of IFNAR1 led to a significant decrease in this group’s antiviral state.
Relative mRNA expression of antiviral genes induced by IFN, including viperin, ISG12, IFITMS5,
PKR, and STAT1, reflects significantly (P < 0.05) lower antiviral state in the IFNAR1 ™" group as
compared to WT and IFNLR1 7~ hens. These results indicate that IFN-a/B can compensate IFN-A to
induce an adequate antiviral state during H3N1 infection. However, IFN-A can not compensate for
IFN-a/B in the spleen (Supplementary Fig. 12b). In WT cells, negative feedback mechanisms
mediated by suppressor of cytokine signaling 1 (SOCS1) and Src Homology 2-containing
Phosphatase 2 (SHP2) regulate the secretion of IFN and associated inflammation once an adequate
antiviral state is achieved. In IFNAR1 ™~ cells, a low antiviral state, and high viral titers likely
prevent the efficient activation of the negative feedback loop, as indicated by the reduced
expression of SOCS1 and SHP2 (Supplementary Fig. 12c). Consequently, this leads to the continuous
and significant secretion of IFN-a/p (Fig. 8 2).

Discussion

Interferons are crucial components of the innate immune system, playing a pivotal role in host
defense against viral, bacterial, and other pathogenic insults. In mammals, the potent antiviral
activities induced by IFNs have rendered them attractive therapeutic agents for bolstering the
immune response against infections and diseases=’ % 2, Notably, both IFN-a/B and IFN-A have
demonstrated potential as adjuvants to enhance the efficacy of mucosal vaccines, particularly
against respiratory viruses like influenza in murine models*% %, Developing novel therapeutic

approaches to combat and eradicate viral and bacterial infections in poultry necessitates a
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Fig. 8. Schematic representation of H3N1 host cell interaction and IFN signaling pathway in WT and
IFNAR17/~ at day 2 post-H3N1 challenge.

a, Immune signaling pathway in WT epithelial cells during an H3N1 viral infection. The cleaved hemagglutinin (HA) proteins
of H3N1 bind to sialic acid receptors on the surface of epithelial cells, facilitating viral entry through endocytosis (1). The viral
RNA inside the endosome is recognized by toll-like receptors (TLRs) (2), leading to the activation of the MYD88 signaling
pathway (3) and melanoma differentiation-associated protein 5 (MDAS5) and/or laboratory of genetics and physiology 2
(LGP2) (4). In the MDAS5/LGP2 pathway, mitochondrial antiviral-signaling proteins (MAVS) are activated. The activation of
MYD88 leads to the recruitment of IRAK1/4 and TRAF6/3, which then stimulate the transcription factors nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), interferon regulatory factor 7 (IRF7) and activating protein 1 (AP-1) (5).
These transcription factors induce the production of pro-inflammatory cytokines and type I and type III IFNs (6). Type I IFN
(IFN-a/B) binds to its receptors (IFNAR1/2) by autocrine and paracrine signaling (7). This binding activates the JAK-STAT
pathway, leading to the phosphorylation of signal transducers and activators of transcription (STATs). These STATs
translocate to the nucleus and activate the transcription of interferon-stimulated response elements (ISREs). The activation of
ISREs drives the expression of interferon-stimulated genes (ISGs), establishing a robust antiviral state that effectively halts
viral replication and spread within the cell (8). Similarly, type III IFN (IFN-A) contributes to the antiviral state by binding to its
receptors (IL-28Ra /IL-10RB) and activating the JAK-STAT pathway in an autocrine or paracrine manner (9). The immune
response is tightly regulated by negative feedback mechanisms, including suppressor of cytokine signaling (SOCS1) and Src
Homology 2-containing Phosphatase 2 (SHP2), which inhibit further production of IFNs and prevent excessive inflammatory
responses (10). This response ensures that any initial viral replication is quickly suppressed, protecting the cell from
significant infection and excessing immune responses that could lead to cytokine storm. The viral replication is significantly
halted since the cells are in an antiviral state. b, Immune signaling pathway in IFNART ™/~ epithelial cells. Virus entry to the
cell, recognition of viral RNA by the host cell, and induction of pro-inflammatory cytokines and IFNs happen in a mechanism
similar to the WT cell (steps 1-6). However, without IFNAR1, IFN-a/B cannot bind to its receptors, disrupting downstream
signaling and feedback inhibition, leading to unregulated IFN production and poor antiviral state (7). Higher IFN-A is
produced to compensate for the low antiviral state but cannot compensate for the absence of IFN-a/B (8). This makes the
infected and neighboring cells easy targets for the H3N1 virus that can replicate quickly without resistance. Once inside the
cell in the endosome, the viral RNA is released and transported into the nucleus for replication and transcription (9). Newly
formed viral particles assemble, bud off, and are released to infect additional cells (10). In the absence of IFNAR1 and an
antiviral state, the autocrine feedback loop mediated by SOCS1 and SHP2 is disrupted, and thus, the production of IFN-a/p is
continuously increasing (11). The extensive pro-inflammatory cytokines and IFN production exacerbate inflammatory
responses and cell death.
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comprehensive understanding of the mechanisms of action of type I and type III IFNs. To
investigate this further, we have generated type I and type III IFN receptors knockout chickens to
elucidate their potential roles in controlling avian influenza and other avian viral diseases. The
IFNAR1”" and IFNLR1 7" chickens exhibited normal growth and development compared to their
WT counterparts. Flow cytometry analysis of the immune cell population in blood, spleen, and
plasma concentrations of immunoglobulins indicate that IFN-a/f plays a crucial role in regulating
innate immune cells, T cell subsets, and their contribution to antibody production under
homeostatic conditions.

Both IFNAR1”/~ and IFNLR17/~ chickens exhibited impaired antibody production in response to
KLH immunization. Phagocytosis and antigen processing are augmented in a properly functioning
interferon system, contributing to efficient antibody production in chickens*2. In avian species,
macrophages and B cells are well-characterized antigen-presenting cells (APCs) that express MHCII
molecules and present antigens to CD4" T helper cells, leading to antibody productionf@.’ 23.0n day
5 after booster immunization, the spleens of IFNAR1™" chickens exhibited fewer B cells,
macrophages, and MHCII" cells, including MHCIIT* B cells and MHCII* macrophages, than other
genotypes. Loss of IFN sensing led to reduced regulatory T cell selection and reduced TCR

repertoire diversity in a murine model.".

In ovo challenge of both IFNAR1™~ and IFNLR17~ embryos revealed a complex interplay between
chicken IFN signaling and viral pathogenesis, demonstrating that susceptibility to infection and
subsequent immune responses highly depend on viral species and strain. Increased susceptibility
and poor restrictions of viral replication in IFN receptor knockout embryos were observed only
for WSN33 (H1N1) strain. At the same time, no significant differences in viral titer were noted
between the groups in response to H3N1. The case of low pathogenic avian HIN2 virus is
particularly intriguing. Despite causing comparatively few deaths, HIN2 has garnered significant
attention due to its potential genetic exchange with emerging zoonotic influenza viruses such as

did not correlate with improved embryo survival compared to other genotypes. This finding
highlights the critical role of chicken IFN-A as anti-inflammatory cytokines in maintaining immune
balance during the antiviral defense against HIN2.

Because viral titers and type I IFN concentrations were measured in the allantoic fluid, while Mx
expression reflected responses in the chorioallantoic membrane (CAM), these analyses delineate
distinct layers of interferon regulation. The CAM’s mixed cellular composition allows systemic-
type I IFN signaling through vascular and mesodermal layers, whereas type III IFN activity via
IFNLR1 is concentrated at the epithelial surface!> %7, In our assays, Mx expression was measured
at 24 hours post-infection, a time when type I IFN response may be highly active and capable of
compensating for loss of type III IFN even in response to viruses with a predominant or prolonged
epithelial phase like HON2 and 1BV4S 22, This redundancy may explain why type I IFN signaling
alone was sufficient to drive robust Mx induction in IFNLR1 knockout embryos for these viruses,
while type IIT IFN remains essential for maximal Mx induction in infections that spread to both
compartments (e.g., WSN33, H3N1)2% 22, Thus, the observed differential impacts of receptor
knockout reflect both spatial compartmentalization and the timing of IFN responses, rather than a
lack of type IIT IFN function in epithelial antiviral defense

Although H3NT1 is classified as a low pathogenic avian influenza A virus due to its monobasic
hemagglutinin cleavage site, it has shown high virulence in adult layers, causing severe clinical
infections and mortality..z.g.. Researchers revealed that H3N1 can rapidly replicate and disseminate
systemically in chickens due to a neuraminidase mutation that activates plasminogen-mediated
hemagglutinin>.. This mechanism mimics highly pathogenic strains and raises concerns about
potential zoonotic transmission, particularly given the history of H3 subtypes in human infections.
The in vivo H3N1 infection in WT, IFNLR1”~ and IFNAR1 ™ hens revealed significant differences
in disease progression and immune responses, emphasizing the critical role of type I IFN signaling
in the defense mechanism against this H3N1 strain. In contrast, in mammalian systems, disruption

of both type I and type III IFN pathways is generally required to produce comparable effects’ 12,
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These findings suggest that type I IFNs may play a more dominant and less redundant role in the
response to the H3N1 strain and point to species-specific differences in interferon biology that
warrant cautious comparison with mammalian systems.

Previous studies suggested that H3N1 replication in the oviduct is a critical factor in the onset of
clinical disease and increased viral excretionZ’. Our current study provides new insights into
H3N1 pathogenesis. The IFNAR1 7~ group displayed severe clinical symptoms and higher viral
titers despite having intact oviducts and egg production. This observation suggests that H3N1 can
establish infection and replicate independently of oviduct involvement, indicating a more complex
pathogenic mechanism than previously thought. IFN-A, initially described as an anti-inflammatory
counterpart to type I IFN, is highly expressed by epithelial cells, which line the avian oviduct?Z.
Recent studies have revealed that mammalian IFN-As can exert complex effects on innate and
adaptive immunity, sometimes promoting inflammation in specific contexts?% 21> 23, which agrees
with the lower and delayed severity of oviduct infection and tissue damage in IFNLR1™”/~ compared
to the WT hens. This observation suggests a potential pro-inflammatory role for IFN-A in the
context of H3N1 infection in the avian oviduct. Similarly, mammalian type III IFNs can disrupt the
lung epithelial barrier upon viral recognition, showing detrimental effects during chronic viral

infection?’. Moreover, IFN signaling, particularly IFN-A, impairs lung repair by inducing p53 and

21

SOCS1 and SHP2 are pivotal regulators of IFN signaling, playing a crucial role in maintaining a
delicate balance between effective immune responses and homeostasis>> >%. The lack of negative
feedback mediated by SOCS1 and SHP2 in the IFNAR1 ™~ hens, due to the absence of an antiviral
state and increased viral spread, led to a continuous and significant secretion of IFN-a/fB. These
results agree with several studies that reported IFNAR1 ™~ mice produce high levels of circulating
IFNs. This phenomenon has been attributed to the lack of an IFNAR1 receptor to bind and

internalize type I IFNs, reduced clearance of IFNs from circulation, and continued production of

Type I IFNs are crucial in moderating leukocyte infiltration and the inflammatory cascade.
However, disrupting the IFNAR1 receptor can lead to a dysregulated cytokine response and
excessive inflammation>% 2/, In IFNAR1 ™ hens, eliminating type I IFN signaling and unaffected
expression of inflammatory cytokines allows the H3N1 virus to spread further. The increased
presence of viral components in the system continuously amplifies inflammatory cytokine
production, potentially leading to a cytokine storm. Our observations support this hypothesis, as
we found increased mRNA expression of pro-inflammatory cytokines in the spleen of IFNAR1 7/~
hens, which indicates a clear activation of Th1 and Th22 pathways in these birds>!: 3% 33, The
simultaneous activation of multiple T helper cell subsets likely contributed to the rapid onset of
severe symptoms observed in IFNAR1 ™~ hens. Over-induction of Th1 and Th22 responses can lead
to significant tissue damage and chronic inflammation, potentially increasing the risk of
autoimmune-like reactions when left unregulated. Regulatory T cells (Tregs) normally modulate
these responses by producing anti-inflammatory cytokines such as IL-10 and TGF-B>%. However,
our findings of unchanged expression of genes associated with the Tregs (FOXP3, IL-10, TGF-f)
suggest that Treg activation was insufficient in the IFNAR17/~ group.

Previous research on murine models has demonstrated that reduced inflammation can confer
resistance to influenza infection, even in elevated viral loads> . These observations suggest that
the inflammatory response triggered by the virus may play a more crucial role in influenza
pathology than the viral burden itself. Based on this understanding, we propose that the
heightened inflammatory response observed in IFNAR1”/~ hens is a key factor in the increased
pathology associated with H3N1 infection. Our findings indicate that the IFNAR1 receptor is
critical for preserving the delicate balance between potent antiviral immunity and the potentially

harmful consequences of unrestrained inflammatory responses.

The present study uncovered the critical roles of type I and III IFNs on antibody production and
baseline immune cell populations in chickens. Furthermore, these knockout models revealed that
type I and type III IFNs play distinct and crucial roles in modulating viral pathogenesis, immune
responses, and tissue-specific effects during avian influenza infection. The roles of these IFNs are
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virus strain-specific, with type I IFN showing particular importance in early defense against H3N1
avian influenza. By dissecting the complexities of avian interferon responses, these chicken
models are critical for developing more effective strategies to control avian viral infections,
including avian influenza, impacting veterinary medicine and zoonotic disease control.

Material and Methods

Animals

Specific pathogen-free (SPF) hatching eggs from white Lohman selected leghorn (LSL) were
obtained from ValoBioMedia GmbH (Osterholz-Scharmbeck, Germany). These chickens were
housed at the TUM Animal Research Center (TUM School of Life Sciences, Weihenstephan). They
were provided with water and commercial feed ad libitum. All animal experiments were
conducted following current laws and approved by the government of Upper Bavaria (experiment
licenses: ROB-55.2-2532.Vet_02-20-13 & ROB-55.2-2532.Vet_02-23-100).

Generation of IFNAR1 and IFNLR1 KO primordial germ cells (PGCs)

LSL PGCs were derived from the blood of embryonic vasculature at stages 13-15, as described
earlier®!. These PGCs, derived from male embryos, were cultured at 37°C in a 5% CO2
environment using modified KO-DMEMZYZ. Guide RNAs targeting the coding region within exon 1
of the IFNAR1 chain of the IFN-a/B receptor and the epithelium-specific chain (IFNLR1) of the IFN-
A receptor (Supplementary Table 1) were designed and cloned separately into the PX458-Cas 9
vector (Addgene, USA), which contains eGFP as a selectable marker. A single-stranded
oligodeoxynucleotide (ssODN) (Supplementary Table 1) was synthesized by Integrated DNA
Technologies (IDT, Zellik, Belgium) to serve as a repair template for the IFNAR1 KO. The PGCs were

transfected with the targeting vector (PX458-sgRNA) and sorted based on eGFP fluorescence with

were plated on a 48-well plate to expand single-cell clones. Sanger sequencing was employed to
identify the desired genetic modification.

Generation of IFNAR1 -1~ and IFNLR1~/- chickens

After successful clonal selection, PGCs were genotyped to identify clones with a knockout. These
clones were used to generate chimeric roosters. For IFNAR1, the INDEL was pre-designed using
CRISPR-mediated HDR technology, resulting in a 7-bp deletion that produced a stop codon after 21
bp. For IFNLR1, the clone with the maximum deletion (28 bp) was selected as it allowed for the
easy design of an IFNLR1 KO-specific PCR genotyping assay and produced a stop codon after 87 bp

were bred with WT hens to obtain heterozygous animals. IFNAR1 and IFNLR1 homozygous birds
were generated by crossing the heterozygous birds (IFNAR1*/") and (IFNLR1*/"), respectively.
Following the generation of different transgenic lines, the birds were monitored until sexual
maturity for any harmful phenotypes, such as impacts on weight gain and reproductive
capabilities. Additionally, homozygous roosters and chickens were bred within each line to test for
growth rate and the ability to produce fertile sperm or eggs.

Genotyping of genetically modified chickens

For the genotyping of IFNAR1 KO, TagMan assay was designed and performed using 5x HOT
Firepol Probe qPCR Mix Plus (Solis Biodyne, Estonia). Detailed information about the sequence of
the 1263-IFNAR1-For and 1264-IFNAR1-Rev primers (IDT, Zellik, Belgium) as well as 1291- IFNAR1
MUT-probe_HEX and 1262- IFNAR1 WT-probe_FAM probes (Eurofins, Ebersberg, Germany) can be
found in Supplementary Table 2. The following cycler conditions were used: Pre-read stage at 60°C
for 30 sec, hold stage at 95°C for 15 min, followed by 40 cycles of 95 °C for 15 sec, and 60 °C for 1
min, and a post-read stage of 60 °C for 30 sec. The genotyping of IFNLR1 KO was done via endpoint
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PCR using Firepol DNA Polymerase (Solis Biodyne, Estonia) employing the IFNLR1 primers shown
in Supplementary Table 2. The following PCR conditions were used: initial denaturation at 95°C for
3 min, followed by 40 cycles of 95 °C for 15 sec, 59 °C for 30 sec, 72 °C for 15 sec, and a final
extension step of 72 °C for 5 min. The WT sample produced an amplicon size of 250 bp, the
homozygote produced an amplicon size of 222 bp, and the heterozygote sample produced
amplicon sizes of both 250 bp and 222 bp.

Western blot and RT-PCR to examine successful knockout of
IFNAR1/IFNLR1

To confirm the deletion of IFNAR1, a western blot experiment was conducted to study the
expression of Mx protein in chicken CEFs treated with recombinant IFN-a. CEFs were isolated
following a previously established protocol from day 10-old embryos, with genotype confirmation
through blood collection from a 0.5 cm?2 window in the eggshell that allowed access to the
embryonic vasculature®®. The CEFs were cultured and maintained as described earlier®3. WT,
IFNAR1*", and IFNAR1 7/~ CEFs (n = 3) were cultured in a 6-well plate and stimulated with
recombinant IFN-a (500 U/ml) for 12 hours. A control group of CEFs was treated with CEF medium
without recombinant IFN-a. Following the stimulation period, both control and treated CEF cells
were trypsinized and collected for SDS-PAGE and Western Blot analysis to study the expression of
chicken Mx protein (75 kDa) and the control protein chicken B-actin (42 kDa). Mouse anti-human
monoclonal IgGk antibodies targeting MxA (M143; Merck, Germany) and mouse anti-chicken
monoclonal IgG2b antibodies targeting B-actin (Thermo Fisher Scientific, Germany) were used as
primary antibodies as described earlier®’. HRP-conjugated donkey anti-mouse IgG was used as the
secondary antibody (Thermo Fisher Scientific, Germany). Blots were developed with homemade
ECL substrate, and the signal was detected using the Vilber Lourmat Fusion Fx system
(Eberhardzell, Germany). Additionally, an experiment examined the absence of viral resistance in
IFNAR17~ embryos compared to WT embryos after stimulation with recombinant IFN-a. Day 10-
old chicken embryos were stimulated with 1.5 x 102 U of recombinant IFN-a in 100 ul PBS 12 hours
before and at the time of infection, while control groups did not receive IFN-a stimulation. All
groups of embryos (four embryos per group) were infected with 1000 FFU of WSN33, and the viral
load in the allantoic fluid was analyzed 24 hours post-infection by titration on the Madine-Darby
canine kidney (MDCK) cells, as described earlier®’.

To confirm the deletion of IL-28Ra (IFNLR1), various tissues (spleen, liver, lung, intestine, bursa,
heart, and cecum) were collected from 18-day embryos of WT, IENLR1"/ ~,and IENLR17". To ensure
that the expression of IL-28Ra is induced, these embryos were challenged with 1000 FFU of H3N1
strain 12 hours before organ collection. The organ samples were rinsed with PBS and
homogenized using a SpeedMill Homogenizer (Analytik Jena). After genotyping the embryos, RNA
was isolated using the Trizol method (VWR, Germany)2%, followed by cDNA synthesis with the
GoScript Reverse Transcription Mix (Promega, USA). PCR was conducted using B-actin primers
(277-FW & 278-RV) and IL-28Ra primers (1642-FW & 1643-RV) (Supplementary Table 3). The PCR
was performed with Firepol DNA Polymerase (Solis Biodyne, Estonia) according to the
manufacturer’s instructions. The PCR conditions were as follows: initial denaturation at 95°C for 3
min, followed by 40 cycles for B-actin or 35 cycles for IL-28Ra of 95°C for 30 seconds, 56°C for -
actin or 62°C for IL-28Ra for 30 seconds, and 72°C for 25 seconds. A final extension step was
carried out at 72°C for 5 min. Nuclease-free water (NFW) was used as a negative control for both. A
1.5% Tris-borate-EDTA (TBE) gel was used to visualize the f-actin amplicon at 300 bp, and a 2%
TBE gel was used to visualize the 108 bp amplicon for IL-28Ra.

Experimental design

Various in vitro, in ovo, and in vivo experiments were conducted to characterize the IENAR1 ™ and
IFNLR1 7/~ genetically modified lines. The first experiment aimed to study the impact of type I and
III IFNs on growth development, immune response, and cecal microbiota. Heterozygous birds of
each line were bred separately, resulting in WT, heterozygous, and homozygous birds for each
line. At least 12 animals per group of WT, IFNAR1 7", and IFNLR1 7~ were included in the study. Six
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chicks per group were euthanized at the age of 1 month to examine differences in immune cell
populations in blood and spleen. Cecal contents from IFNLR1 7 chickens and their WT siblings
were collected for microbiota analysis. In the second experiment, the ability of IFNAR1 ™~ and
IFNLR1 7" chickens to respond to immunization and secrete antibodies was investigated. Keyhole
limpet hemocyanin (KLH) was used as a model T cell-dependent antigen to assess adaptive
immune and antibody responses, providing a robust system for evaluating B cell activation and
humoral immunity in knockout models®?. Five-week-old WT, IFNLR1 ™", and IFNAR1™/~ chicks
were immunized via intramuscular injection with 300 yug KLH, mixed 1:1 with incomplete
Freund’s adjuvant. A booster injection of 300 ug KLH, mixed 1:1 with Freund’s incomplete
adjuvant, was administered two weeks after the initial immunization. Plasma samples were
collected from all groups before immunization (day 0), on day five post-primary immunization
(PP), and on days 3 and 5 post-booster immunization (PB). The total concentration of IgM, IgY, and
levels of KLH antigen-specific IgM and IgY were assessed using ELISA. Peripheral blood
mononuclear cells (PBMCs) were isolated on day three post-PP, and splenocytes were isolated on
day 5 PB for FACS analysis of immune and MHC-positive cells. Spleen samples were used to study
TCR repertoire. At least six animals per group were included (Supplementary Fig. 3).

In the third experiment, an in ovo study was conducted to examine the effects of IFNAR1 and
IFNLR1 knockout on viral replication, survival probability, Mx and IFNA mRNA expression, as well
as IFN-a/B concentrations in WT, IFNLR1 7", and IFNAR1 ™/~ embryos (Supplementary Fig. 9).
Fertilized eggs from a crossing of heterozygous roosters and hens of each line was collected and
incubated until embryonic day 11 (ED11). The eggs were infected with 1,000 FFU of different
influenza strains (WSN33(H1N1)/H3N1/H9N2) and infectious bronchitis virus (IBV)- Beaudette
strain separately, as described previously’’. The experiment was performed blindly, and the
genotype of embryos was determined, and only WT and homozygous embryos were selected for
further analysis. Details about the viral strains used in this study are provided in Supplementary
Table 4. Twenty-four hours post-infection, the allantois fluid and breast tissue were collected for
viral titration and genotyping, respectively. The CAM was also sampled 24 hours post-infection for
gene expression studies. As previously described, the viral titers of WSN33, H3N1, and HIN2 were
quantified by titration on MDCK cells®’. For IBV, qPCR was used to measure the viral expression in
the CAM (Supplementary Table 3). The relative mRNA expression of Mx and IFNA was measured in
the CAM. IFN-o/f concentration was quantified by titration of allantoic fluids on CEC-32 #511
reporter cells expressing firefly luciferase under the control of the chicken Mx promoter’..
Plasmid #511 contains resistance to the antibiotic Geneticin (G418, 250 ug/ml) to keep the cells

under selection pressure.

In the fourth experiment, the antiviral and immunomodulatory properties of type I and type III
IFNs in the defense against H3N1 were characterized under in vivo conditions (Supplementary Fig.
11). The experimental groups consisted of WT, IENLR1™/ ~,and IFNAR1 ™~ hens, with 10 hens in
each group. Seven hens per group were infected with H3N1, while the remaining three were
negative controls. The hens, 27 weeks old and actively laying eggs, received an infectious dose 108
FFU of H3N1 in 0.2 ml PBS per hen via nasal and tracheal routes on day 0. The H3N1 virus
(A/Chicken/Belgium/460/2019) was provided by Dr. Joris Pieter De Gussem (Poulpharm BV). All
IFNAR1™" hens (n = 7) were euthanized by day 2 post-infection due to early and severe symptoms.
In comparison, four WT hens were euthanized on day 5, two on day 6, and one on day 7 post-
infection. Similarly, five IFNLR1 7~ hens were euthanized on day 5 and two on day 7 post-infection
based on symptom severity. Cloacal and tracheal swabs for viral RNA loads by RT-qPCRZ?. and
blood samples for quantifying plasma IFN-a/f concentrations are taken on day 0 (all groups), day 2
(only IFNAR17), day 3 (WT and IFNLR177), and day 5-7 post-infection (WT and IFNLR17/7) based
on the appearance and severity of symptoms. Blood plasma IFN-a/B concentrations were
quantified using luciferase assay as described in experiment 3. Spleen samples were collected
from all the infected animals for gene expression study. The oviducts were also collected from all
the hens to study the impact of type I and type III IFN on the pathogenesis of H3N1
(Supplementary Fig. 11).
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Isolation of peripheral blood and splenic mononuclear cells

PBMCs and mononuclear spleen cells were isolated using Histopaque®-1077 density gradient
centrifugation (Sigma-Aldrich, Darmstadt, Germany). Collected blood was diluted 1:1 with PBS and
layered onto Histopaque®-1077, followed by centrifugation at 400 x g for 20 min at room
temperature without brake. The mononuclear cell layer was collected, washed twice with PBS, and
resuspended in FLUO-Buffer (1x PBS + 1%BSA + 0.01% NaN3). For spleen samples, tissues were
aseptically dissociated through a 100 pm cell strainer into PBS to obtain single-cell suspensions.
After centrifugation, cells were layered onto Histopaque®-1077 and processed as described for
PBMCs to obtain the mononuclear fraction.

Flow cytometry

Flow cytometric analyses were performed on PBMCs and mononuclear spleen cells isolated as
described above. The detailed panel of primary and secondary antibodies employed for the
identification and characterization of B cells, monocytes, y6 T cells (TCR1), aff T cells (TCR2 +
TCR3), and CD4-CD8 T cell subsets in experiment 1 is provided in Supplementary Table 5. Similarly,
the antibody panel utilized for the analysis of B cells, monocytes, y§ T cells (TCR1), af T cells (TCR2
+ TCR3), major histocompatibility complex class I (MHCI), and class IT (MHCII), MHCII+ B cells, and
MHCII+ monocytes in experiment 2 are detailed in Supplementary Table 5. Briefly, 5 x 108 cells per
sample were washed with 1% BSA diluted in FLUO-Buffer (1x PBS + 1%BSA + 0.01% NaN3). To
discriminate viable cells, the samples were incubated with Fixable Viability Dye eFluor 780
(eBioscience, Thermo Fisher Scientific, USA). Following a wash step with FLUO-Buffer, the cells
were incubated with primary antibodies for 20 min, rewashed with FLUO-Buffer, and
subsequently incubated with conjugated secondary antibodies for 20 min. After a final wash step,
the cells were analyzed using the AttuneNXT flow cytometer (Thermo Fisher Scientific, USA)/2,
Data analysis was performed using Flow]Jo 10.8.1 software (Flow]Jo, Ashland, USA). Representative
gating strategies employed for the first and second experiments are illustrated in Supplementary

Microbiome analysis

Cecum content was taken from 4-week-old WT and IFNLR17/~ chickens. The caeca were isolated
from the rest of the intestine, and one cecum was cut open longitudinally. The content was
collected using sterile 10ul inoculation loops and transferred to 2 ml lysing matrix B tubes (MP
Biomedicals) filled with 1 ml DNA Stool Stabilizer (Invitek Diagnostics, Germany). The remaining
digesta was cautiously removed and the mucosa was scrapped with the inoculation loop to
transfer mucosa-associated bacteria. Samples were kept on ice and brought to the laboratory
within 2h after collection. DNA was extracted and processed at the TUM Core Facility Microbiome.
In brief, following mechanical cell lysis, DNA was purified on columns (Machery-Nagel, Diiren,
Germany). The V3/V4 region of the 16S rRNA gene was amplified by 25 cycles of a two-step PCR
with primers 341FW and 785RV using a combinatorial dual-barcoding strategy. Amplicon libraries
were sequenced on an Illumina MiSeq (Illumina, San Diega, USA) following the manufacturer’s
instructions. A detailed description of DNA isolation, library preparation, and sequencing can be

found elsewhere’?. Raw sequence reads were processed using IMNGS2 (www.imngs2.org &

and a 0.25% abundance filter was applied. The IMNGS2-created output files were further
processed using RHEA//, a modular pipeline for analyzing microbial profiles based on the 16S
rRNA gene. Sequence reads were normalized using the normalization script in RHEA, and
sequencing depth was sufficient, as depicted by the rarefaction curve (Supplementary Fig. 2a).

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed according to an earlier protocol with minor modifications®?. For the
quantification of total plasma IgM and IgY levels, 96-well maxisorp non-immuno ELISA plates
(Thermo Fisher Scientific, Germany) were coated overnight at 4°C with 2 ug/ml goat anti-chicken
IgM antibody (Bethyl Laboratories) or 2 pg/ml rabbit anti-chicken IgY antibody (Sigma-Aldrich,
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Darmstadt, Germany). Subsequently, the plates were blocked with PBS containing 4% skim milk
and incubated with chicken plasma samples. Purified IgM (Rockland) at a concentration of 10
ug/ml and IgY (Jackson IR) at 2.9 pg/ml were used as standards. Bound IgM or IgY were detected
using goat anti-chicken IgM-horseradish peroxidase (HRP) conjugate (Bethyl Laboratories) or
rabbit anti-chicken IgY-HRP conjugate (Sigma-Aldrich, Darmstadt, Germany), respectively,
followed by development with 3,3’,5,5’-tetramethylbenzidine (TMB) substrate (Thermo Fisher
Scientific, Germany). The OD was measured using a FluoStar Omega microplate reader (BMG
LABTECH, Ortenberg, Germany) at a wavelength of 450 nm with a reference filter of 620 nm
(Version 5.91 5.70 R2). To determine antigen-specific IgM and IgY levels, the ELISA plates were
coated with 2 pg/ml KLH (Sigma-Aldrich, Darmstadt, Germany) or BSA, and subsequent steps were
performed as described for the detection of total plasma IgM and IgY, without the inclusion of
purified immunoglobulin standards.

TCR Amplicon Sequencing

T cell receptor (TCR) amplicons were prepared for Next Generation Sequencing (NGS) as
previously described’®. Briefly, total RNA was extracted from the spleen using the SV Total RNA
Isolation System (Promega, Madison, USA), quantified on a Nanodrop ND-1000 (Thermo Fisher
Scientific, Waltham, USA), and the quality was determined on a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, USA). 900 ng of total RNA from samples with an RNA Integrity Number
(RIN) > 8 were subjected to TCR constant (C) gene-specific 5’RACE with molecular barcoding
followed by two consecutive semi-nested and semi-step-out PCR reactions according to previously
established protocols.7.§. The number of repeated cycles was 21 in the first PCR and 11 (B) or 13 (o)
in the second PCR. Gel-purified PCR amplicons were sequenced on an Illumina MiSeq Instrument

(lumina, San Diego, USA) by Eurofins Genomics Germany GmbH (Ebersberg, Germany)

TCR repertoire analysis

Raw read quality assessment with FastQC v0.12.172, available online at:

https:// www.bioinformatics.babraham.ac.uk/projects/fastqc/.) and MultiQC v1.238% was followed
by TCR analysis and annotation with MiXCR v4.7.05!. as previously described”S. CDR3 clonotypes
were annotated and quantified using a chicken-specific germline V(D)] gene segment library with
MiXCR and analyzed with R v4.4.1. Samples were down sampled with the smallest sample size
greater than 0.5 * 20t quantile as the target size. Analysis was performed using tidyverse v2.0.0.
packages. For the Kmer analysis, the first and last 4 amino acids of the CDR3 were excluded, and
kmer counts were normalized to the total count of CDR3s in the sample.

RNA isolation, cDNA synthesis, and qRT-PCR

Total RNA was isolated from the CAM and spleen using the Trizol method (VWR, Germany)§§. The
concentration of the extracted RNA was assessed by measuring the absorbance ratio at 260/280 nm
using a Biospec-nano Spectrophotometer. An absorbance ratio between 1.9 and 2.0 was considered
indicative of pure RNA. Bioanalyzer Systems 6000 nano kit was also used to measure RNA
integrity, and only RIN values above 7 were considered for further processing. Subsequently, 400
ng of RNA was reverse transcribed into complementary DNA (cDNA) using the GoScript™ Reverse
Transcription Mix and Random Primers (Promega, USA), following the manufacturer’s protocol.
The primer sequences used to analyze various gene expressions in the CAM and spleen are
provided in Supplementary Table 6. A no-template control (NTC), containing PCR-grade water
instead of the sample, was included to detect potential contamination. Real-time quantitative
reverse transcription PCR (QRT-PCR) was performed using the QuantStudio5 system
(QuantStudio™ Design&analysis Software v1.5.2, Thermo Fisher Scientific) and the Promega GoTaq
gRT-PCR kit (Promega, USA), following the manufacturer’s instructions. The annealing
temperature for all the studied genes was 59°C. The expression of each gene was analyzed in
triplicate and normalized to the 18S ribosomal RNA (rRNA) gene, which served as the
housekeeping reference. For the third experiment, the mRNA abundance in unchallenged WT
embryos was used to calculate the relative expression levels across all experimental groups. For
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the spleen analysis of H3N1 infection, the challenged WT group was used as a control. In addition,
the genes that were downregulated in IFNAR1 ™/~ were presented as log2. The relative
quantification of the studied genes was done using the 2722 method.

Scoring and histology of the oviduct

Lesions were scored in the reproductive tract in all in vivo H3N1-challenged groups and negative
controls>’. Magnum grade 0: normal with physiological height of mucosa, Magnum grade 1: mild
lymphoplasmacellular salpingitis with physiological height of mucosa, Magnum grade 2: moderate
lymphoplasmacellular salpingitis with prominent atrophy of the mucosa, Magnum grade 3: severe
lymphoplasmacellular salpingitis with severe atrophy of the mucosa. The oviduct (infundibulum,
magnum) of day 5 post-infection of the unchallenged WT group, as well as WT and IFNLR1 7/~
(challenged with H3N1) were used for histological assessment. The samples were fixed in 10%
neutral buffered formalin and processed routinely. Four-micrometer tissue sections were stained
with hematoxylin and eosin for light microscopy. The sections’ analysis addressed
histopathological changes and signs of inflammatory reactions, including hyperemia, edema, loss
of epithelial cells, and infiltration of immune cells.

Statistical analysis

Statistical analyses were performed using SPSS statistics software (version 28.0.1.1. IBM). The data
obtained from the study were analyzed either with one-way ANOVA or two-way ANOVA based on
the experimental design. All p-values < 0.05 were marked as significant. Graphs were designed
with GraphPad Prism (Version 9.3.1. Dotmatics). Statistics of the microbiome analysis were
performed using the Wilcoxon rank-sum pairwise test and PERMANOVA. For the TCR repertoire,
statistical analyses were conducted in R as previously described-.-. A negative binomial
generalized linear model (GLM) was fitted using the glm.nb() function from the MASS package

genes as the response variable and the experimental group (Genotype and Immunization) as
predictors. Post-hoc pairwise comparisons among the levels of predictors were conducted with the
emmeans package v1.10.3%2, available at:

https://socialsciences.mcmaster.ca/jfox/Books/Companion/ ) applying Holm adjustment for
multiple comparisons.

Data availability

The data supporting the findings of this study are available in the article and its Supplementary
Information section. Further data are available upon reasonable request from the corresponding
author.
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Peer reviews
Reviewer #2 (Public review):

Summary:

This is a laudable effort to help dissect the contributions of type I and type III IFNs to the
antiviral response in chicken and therefore represents an important piece of work, not least
in the light of birds being a key carrier and worldwide distributor of influenza virus. The first
part of the study characterises the generation of IFNAR and IFNLR KO chicken strains and
describes basic differences. Four different viruses are then tested in chicken embryos, while
the subsequent analysis of the antiviral response in vivo is performed with one influenza
H3N1 strain.

Strengths:

Having these two KO chicken strains as a tool is a great achievement. The initial analysis is
solid. Clear effect of IFNAR deficiency in in vivo infection, less so for IFNLR deficiency.

Weaknesses:

(1) The antibody induction by KLH immunisation: We still don't know whether or not this
vaccination induces IFN responses in wt mice, so it is still not possible to judge whether the
effects observed are due to steady-state differences or to differential effects of IFN induced
during the vaccination phase. Pre-immune results are now shown and are indeed zero. As
suggested, the whole figure 4 is now condensed into one or two panels by proper calculation
of Ab titers - would these titres be significantly different? This as all of the other in vivo
experiments have not been repeated if I understand the methods section correctly. I
understand that there are three R restrictions that are tighter in some countries, and I accept
that with the numbers used here, some statistical significance is reached, but this is for
instance not the case for survival.

(2) The basic conundrum here and in later figures is now addressed by the authors in the
discussion: Situations where IFN type 1 and 3 signalling deficiency each have an independent
effect (i.e. fig.4d) suggest that they act by separate, unrelated mechanisms. However, all the
literature about these IFN families suggest that they show almost identical signalling and
gene induction downstream of their respective receptors. How can the same signalling,
clearly active here downstream of the receptors for IFN type 1 or type 3, be non-redundant,
i.e. why does the unaffected IFN family not stand in? The mouse studies, which showed a
rather subtle phenotype when only one of the two IFN systems was missing, but a massive
reduction in virus control in double KO mice, are discussed, but a clear-cut explanation for
the differences has not been reached. Reasons could be a direct effect of IFNab on B cells and
an indirect effect of IFNL through non-B cells, timing issues, and many other scenarios can be
envisaged. The authors do not address this question experimentally, which limits the depth of
analysis, they have however now included a discussion of this dilemma.

(3) In the one in vivo experiment performed with chickens, only one virus tested, more
influenza strains should be included as well as non-influenza viruses. I appreciate that this is
logistically difficult.
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(4) The basic conundrum of point 2 applies equally to Fig. 6a, both KOs have a phenotype.
Again, in 6d, both IFNs appear to be separately required for Mx induction. An explanation
has been attempted, but more experiments, for instance looking at different time points to
understand if we are dealing simply with different kinetics of the response, have not been
attempted, despite the fact that such experiments are likely not covered by strict three R
rules.

(5) The in vivo infection is the most interesting experiment, and the key outcome here is that
IFN type 1 is crucial for anti-H3N1 protection in chickens, while type 3 is less impactful.
However, this experiment suffers from the different time points when chickens were culled,
so many parameters are impossible to compare (e.g. weight loss, histopathology). Some
explanation is given as to the comparisons chosen here, but a more thorough analysis at
several time points would have strengthened this study.

Comments on revised version:

In the rebuttal, the authors have gone to some length to add to the discussion of the
experiments, and some aspects are better explained now than before. Many of these
explanations remain speculative however, so the study remains inconclusive in several
aspects. As no new data was added, my overall judgement of this study remains unchanged.

https://doi.org/10.7554/eLife.107855.2.5a1

Author response:

Public Reviews:

Reviewer #1 (Public review):
Summary:

This manuscript presents an extensive body of work and an outstanding contribution to
our understanding of the IFN type I and III system in chickens. The research started with
the innovative approach of generating KO chickens that lack the receptor for IFNa/f3
(IFNAR1) or IFN-A (IFNLR1). The successful deletion and functional loss of these receptors
was clearly and comprehensively demonstrated in comparison to the WT. Moreover, the
homozygous KO lines (IFNAR1-/- or IFNLR1-/-) were found to have similar body weights,
and normal egg production and fertility compared to their WT counterparts. These lines
are a major contribution to the toolbox for the study of avian/chicken immunology.

The significance of this contribution is further demonstrated by the use of these lines by
the authors to gain insight into the roles of IFN type I and IFN-type III in chickens, by
conducting in ovo and in vivo studies examining basic aspects of immune system
development and function, as well as the responses to viral challenges conducted in ovo
and in vivo.

Based on solid, state-of the-art methods and convincing evidence from studies
comparing various immune system related functions in the IFNAR1-/- or IFNLR1-/- lines to
the WT, revealed that the deletion of IFNART and/or IFNLRT resulted in:

(1) impaired IFN signaling and induction of anti-viral state;
(2) modulation of immune cell profiles in the peripheral blood circulation and spleen;
(3) modulation of the cecum microbiome;

(4) reduced concentrations of IgM and IgY in the blood plasma before and following
immunization with model antigen KLH, whereby also line differences in the time-course
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of the antibody production were observed;

(5) decrease in MHCII+ macrophages and B cells in the spleen of IFNART KO chickens,
although the MHCII-expression per cell was not affected in this line; and

(6) reduction in the response of a31 TCR+ T cells of IFNAR1 KO chickens as suggested by
clonal repertoire analyses.

These studies were then followed by examination of the role of type I and type III IFN in
virus infection, using different avian influenza A virus strains as well as an avian ggmma
corona virus (IBV) in in ovo challenge experiments. These studies revealed: viral titers
that reflect virus-species and strain-specific IFN responses; no differences in the secretion
of IFN-a/3 in both KO compared to the WT lines; a predominant role of type I IFN in
inducing the interferon-stimulated gene (ISG) Mx; and that an excessive and unbalanced
type I IFN response can harm host fitness (survival rate, length of survival) and
contribute to immunopathology.

Based on guidance from the in ovo studies, comprehensive in vivo studies were
conducted on host-pathogen interactions in hens from the three lines (WT, IFNAR1 KO, or
IFNLR1 KO). These studies revealed the early appearance of symptoms and poor survival
of hens from the IFNR1 KO line challenged with H3N1 avian influenza A virus; efficient
H#NT1 virus replication in IFNAR1 KO hens, increased plasma concentrations of IFNa/3
and mRNA expression of IFN-A in spleens of the IFNART KO hens; a pro-inflammatory role
of IFN-A in the oviduct of hens infected with H3N1 virus; increased proinflammatory
cytokine expression in spleens of IFNAR1 KO hens, and Impairment of negative feedback
mechanisms regulating IFN-a/3 secretion in IFNAR1-KO hens and a significant decrease
in this group's antiviral state; additionally it was demonstrated that IFN-a/j3 can
compensate IFN-A to induce an adequate antiviral state in the spleen during H3N1
infection, but IFN-A cannot compensate for IFN-a/f3 signaling in the spleen.

Strengths:

(1) Both the methods and results from the comprehensive, well-designed, and well-
executed experiments are considered excellent. The results are well and correctly
described in the result narrative and well presented in both the manuscript and
supplement Tables and Figures. Excellent discussion/interpretation of results.

(2) The successful generation of the type I and type III IFN KO lines offers unprecedented
insight and opens multiple new venues for exploring the IFN system in chickens. The new
knowledge reported here is direct evidence of the high impact of this model system on
effectively addressing a critical knowledge gap in avian immunology.

(3) The thoughtful selection of highly relevant viruses to poultry and human health for
the in ovo and in vivo challenge studies to examine and assess host-pathogen
interactions in the IFNR KO and WT lines.

(4) Making use of the unique opportunities in the chicken model to examine and evaluate
the host's IFN system responses to various viral challenges in ovo, before conducting
challenge studies in hens.

(5) The new knowledge gained from the IFNAR1 and IFNLR1 KO lines will find much-
needed application in developing more effective strategies to prevent health challenges
like avian influenza and its devastating effects on poultry, humans, and other mammals.

(6) The excellent cooperation and contributions of the co-authors and institutions.

Weaknesses:
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No weaknesses were identified by this reviewer.

We thank Reviewer #1 for the very positive and thoughtful evaluation of our manuscript. We
appreciate the recognition of the effort involved in generating and characterizing the
IFNAR17 and IFNLR17" chicken lines and for highlighting their significance as valuable tools
for advancing avian immunology.

We are grateful for the reviewer’s clear summary of our findings and for acknowledging the
quality of the experimental design, data presentation, and interpretation. The encouraging
feedback affirms the broader impact of our study and its contribution to understanding type I
and type III interferon biology and antiviral defense mechanisms in chickens.

We have carefully considered all reviewer comments and revised the manuscript accordingly
to further clarify methodological details and improve the presentation of our results.

Reviewer #1 (Recommendations for the authors):

Minor suggestions/corrections:

(1) Line 192, 193, 196 - the superscript "+" sign appears to be underlined.
We corrected the formatting of all superscript "+" symbols (L 192-196).

(2) L195: ...in the spleen "of both IIFNR KO lines" (or some clarification of what you are
comparing).

The sentence was revised to read “in the spleen of both IFNR knockout lines” for clarity (L
195).

| (3) L198: replace "highlighting” with "and".
“Highlighting” was replaced with “and” as suggested (L 198).

(4) L231 and 235: change "monocytes" to "macrophages” as this description appears to
refer to spleen cells. Also, make this change in Figure 3b and in the Figure 3 caption (e.g.
monocytes/macrophages).

“Monocytes” was replaced with “macrophages” to accurately describe spleen cells. The same
correction was made in Figure 3b and the Figure 3 caption as well as in the supplementary
Figure 4 (L 229-234).

| (5) L257: indicate this significant difference in Figure 5b.

The significant difference has now been clearly indicated in Figure 5b.

(6) L420, 421: change "monocytes"” to "macrophages” as this discussion appears to refer
to the spleen.

“Monocytes” was replaced with “macrophages” to reflect the correct cell type discussed in the
spleen context (L 226-227).

‘ (7) L564-565: has the anti-human MX antibody been shown to cross-react with chicken
Mx?

We thank the reviewer for this valuable comment. Yes, the cross-reactivity of the anti-human
MxA monoclonal antibody (clone M143, mouse IgGk; Merck, Germany) with chicken Mx
protein has been previously demonstrated. This antibody has been used successfully to detect
chicken Mx in several published studies, including Schusser et al., Journal of Virology (2011).
Accordingly, supporting references have been added to the revised manuscript (L584-586).
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(8) L608: how were PBMC and splenocytes (mononuclear spleen cells?) isolated -Line 647
on page 14 mentions their isolation using Histopaque-1077 density gradient
centrifugation

We thank the reviewer for this helpful comment. A detailed description of the isolation
procedure for PBMCs and mononuclear spleen cells has now been added to the Materials and
Methods section under the new subsection titled “Isolation of peripheral blood and splenic
mononuclear cells” In this section, we specify that both PBMCs and splenic mononuclear cells
were isolated using Histopaque®-1077 density gradient centrifugation as described on page
(14), lines (668-676)

Reviewer #2 (Public review):
Summary:

This study attempts to dissect the contributions of type I and type III IFNs to the antiviral
response in chickens. The first part of the study characterises the generation of IFNAR
and IFNLR KO chicken strains and describes basic differences. Four different viruses are
then tested in chicken embryos, while the subsequent analysis of the antiviral response in
vivo is performed with one influenza H3N1 strain.

Strengths:

Having these two KO chicken strains as a tool is a great achievement. The initial analysis
is solid. Clear effect of IFNAR deficiency in in vivo infection, less so for IFNLR deficiency.

Weaknesses:

(1) The antibody induction by KLH immunisation: No data indicated whether or not this
vaccination induces IFN responses in wt mice, so the effects observed may be due to
steady-state differences or to differential effects of IFN induced during the vaccination
phase. No pre-immune results are shown. The differences are relatively small and often
found at only one plasma dilution - the whole of Figure 4 could be condensed into one or
two panels by proper calculation of Ab titers - would these titres be significantly
different? This, as all of the other in vivo experiments, has not been repeated, if I
understand the methods section correctly.

We thank the reviewer for the valuable comments and helpful suggestions.

Regarding interferon induction by KLH immunisation, we agree that KLH is not known to
strongly induce type I or type III interferon responses. Importantly, the goal of this
experiment was not to quantify IFN induction per se, but to assess how the absence of IFN
receptors affects adaptive antibody responses under standard immunisation conditions. KLH
is a highly immunogenic, copper-containing extracellular oxygen-carrier protein derived
from the marine gastropod Megathura crenulata and is widely used as a T cell-dependent
model antigen to study B-cell activation, antibody production, and class switching in vivo
(Harris & Markl, Micron 1999, doi: 10.1016/s0968-4328(99)00036-0; Schusser et al., 2016, doi:
10.1002/eji.201546171). Because chickens are extremely unlikely to encounter KLH under
natural conditions, KLH behaves as a neo-antigen, and anti-KLH antibodies can be
considered to arise from de novo adaptive responses rather than pre-existing antigen
experience. Owing to its structural complexity and unusual glycosylation, KLH provides
broad antigenic stimulation and engages adaptive immune mechanisms largely
independently of pathogen-specific innate pattern recognition, while still supporting robust T
helper cell responses (Swaminathan et al.,, 2014, doi: 10.1111/bcp.12422; Geyer et al., 2004,
doi: 10.1016/j.micron.2003.10.033). This makes KLH particularly suitable for dissecting
intrinsic differences in adaptive immune responses between genotypes.
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We have now included pre-immune plasma controls (Figure 4 c, d), demonstrating that
baseline antibody levels did not differ statistically between groups and were negligible prior
to immunisation.

As for the use of different plasma dilutions, this was necessary to ensure that all samples
were measured within the linear detection range of our in-house ELISA. For example, after
the primary immunisation, IgY concentrations were relatively low (e.g., day 5 post-
immunisation), and plasma samples had to be diluted only 1:100 to detect measurable
differences between groups. In contrast, after the booster immunisation, IgY concentrations
increased substantially, and lower dilutions such as 1:100 led to signal saturation. Therefore,
higher dilutions (up to 1:1600) were required to keep the values within the measurable range.

Following the reviewer’s recommendation, we have now unified the presentation of results
by showing data at a single representative dilution for each isotype: 1:100 for IgM (Figure 4C)
and 1:1600 for IgY (Figure 4D). These dilutions fall within the linear part of the standard
curve to distinguish between groups. We also calculated endpoint antibody titers, which
confirmed that the observed differences remain statistically significant (p < 0.05).

Regarding experimental replication, the study design already incorporated sufficient
biological replication and longitudinal sampling to ensure robustness of the findings. Each
experimental group consisted of ten animals, including three animals that served as negative
controls. In addition, animals were sampled at multiple time points following immunisation,
allowing the dynamics of the antibody response to be monitored over time. This longitudinal
design provides repeated biological measurements within the same experimental cohort and
allows confirmation of consistent response patterns across time points. All ELISA
measurements were performed in technical triplicates. Together, the combination of
adequate group size, appropriate controls, repeated sampling over time, and technical
replication provides sufficient statistical power and internal validation of the observed
effects. Furthermore, all animal experiments were conducted under strict approval of the
Government of Upper Bavaria and in accordance with German animal welfare regulations,
which limit unnecessary repetition of in vivo experiments beyond the approved experimental
design.

(2) The basic conundrum here and in later figures is never addressed by the authors:
Situations where IFN type 1 and 3 signalling deficiency each have an independent effect
(i.e., Figure 4d) suggest that they act by separate, unrelated mechanisms. However, all
the literature about these IFN families suggests that they show almost identical
signalling and gene induction downstream of their respective receptors. How can the
same signalling, clearly active here downstream of the receptors for IFN type 1 or type 3,
be non-redundant, i.e., why does the unaffected IFN family not stand in? This is a major
difference from the mouse studies, which showed a rather subtle phenotype when only
one of the two IFN systems was missing, but a massive reduction in virus control in
double KO mice (the correct primary paper should be quoted here, not only the review by
McNab). Reasons could be a direct effect of IFNab on B cells and an indirect effect of IFNL
through non-B cells, timing issues, and many other scenarios can be envisaged. The
authors do not address this question, which limits the depth of analysis.

We thank the reviewer for this insightful comment. Indeed, this represents one of the most
interesting and novel findings of our study. Unlike in mice, where both type I and type III
interferon systems need to be disrupted to observe clear susceptibility to influenza infection,
in our chicken model the loss of IFNAR1 alone was sufficient to render the animals highly
susceptible. This highlights a key difference between mammalian and avian interferon
biology and supports the main goal of our work, to investigate the specific biological activities
of avian interferons rather than directly transferring conclusions from mammalian systems.
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In relation to Figure 4d (anti-KLH IgY), we observed that both IFNAR17 and IFNLR17 animals
reduced IgY levels compared to wild type at day 3 after the booster immunisation. However,
by day 5 post-booster, IgY levels in IFNLR17" animals had returned to wild-type levels, while
IFNAR1-/- animals still showed significantly lower IgY. This indicates that type III IFN
contributes to the early phase of the IgY response but that its absence can later be
compensated by type I IFN signalling. In contrast, loss of type I IFN cannot be compensated by
type III IFN, suggesting that type I IFN plays a more dominant or sustained role in antibody
induction.

Although type I and type III IFNs share overlapping signaling pathways and induce similar
sets of ISGs, their effects are not entirely redundant in chickens. A likely explanation is the
difference in receptor distribution: IFNAR1 is broadly expressed across most cell types, while
IFNLR1 expression is mainly confined to epithelial cells (Reuter et al. 2014, doi:
10.1128/jvi.02764-13; Santhakumar et al., 2017, doi: 10.3389/fimmu.2017.00049). This systemic
versus localized receptor pattern likely determines the range of responsive cells and may
account for the differential outcomes observed when either receptor is absent.

Taken together, our findings indicate that while type I and type III IFNs share overlapping
signaling mechanisms, they maintain distinct biological functions in chickens, consistent with
their differing receptor expression and cellular responsiveness. This contrasts with
mammalian models, where redundancy between these systems is more apparent and only
double knockouts show strong phenotypes especially during influenza infection (Mordstein
et al., 2008, doi: 10.1371/journal.ppat.1000151; Mordstein et al., 2010, doi: 10.1128/jvi.00272-
10). We have now cited this primary study instead of the McNab review and expanded the
Discussion to reflect this interpretation (Page 10, Line 463-467).

(3) In the one in vivo experiment performed with chickens, only one virus was tested;
more influenza strains should be included, as well as non-influenza viruses.

We thank the reviewer for this valuable suggestion. The main objective of the present study
was to generate and characterize novel chicken models lacking type I and type III interferon
receptors in order to investigate their physiological relevance and to obtain the first insights
into their roles during viral infection with more emphasis on avian influenza. As part of this
manuscript, we performed detailed in ovo experiments using both influenza and non-
influenza viruses (Figure 6). These included three influenza strains: HIN1, a mammalian-
adapted strain; H3N1, a low pathogenic avian strain showing features of high pathogenicity;
and HIN2, a low pathogenic avian strain, as well as a non-influenza virus, the infectious
bronchitis virus (IBV). The in ovo analyses revealed clear strain-dependent modulation of
interferon responses, and have provided a comprehensive overview of virus-specific
interferon activity in chickens. The subsequent in vivo experiment was therefore designed as
a proof of concept using the most suitable viral strain to robustly challenge the immune
system and to identify the distinct functions of chicken interferons.

(4) The basic conundrum of point 2 applies equally to Figure 6a; both KOs have a
phenotype. Again in 6d, both IFNs appear to be separately required for Mx induction. An
explanation is needed.

We thank the reviewer for raising this important point. We have revised the Discussion (page
10, lines 442-454) and provided supporting references to clarify how the composition of the
chorioallantoic membrane (CAM) and virus tropism together determine the apparent
requirement for type I and type III interferons. The CAM contains both epithelial and
mesodermal-vascular layers, which support complementary interferon functions: type I IFN
acts mainly in systemic and vascular compartments, while type III IFN provides localized
protection at the epithelial surface. Consequently, viruses that replicate in both
compartments (e.g., WSN33, H3N1) require both IFN pathways for maximal Mx induction
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(Figures 6a, 6d), whereas viruses with a predominant or prolonged epithelial phase (e.g.,
HIN2, IBV) at the time point analyzed are effectively controlled by type I IFN signaling alone.

These differences likely reflect virus-specific factors, including cell tropism, replication
kinetics, and the spatial-temporal dynamics of receptor expression and signaling. Notably,
our measurement of Mx expression at 24 hours post infection (hpi) may represent a phase
when type I IFN signaling is dominant and can compensate for the absence of type III IFN. It
remains possible that IFN-A plays a more critical, non-redundant role at earlier stages post
infection, when rapid antiviral protection is first required at the epithelial surface. Thus, the
apparent redundancy observed at 24 hpi likely reflects temporal compensation and crosstalk
between the IFN pathways rather than a lack of biological relevance for type III IFN.

(5) Line 308, where are the viral titers you refer to in the text? The statement that the
results demonstrate that excessive IFNab has a negative impact is overstretched, as no
IFN measurements of the infected embryos are shown here.

We thank the reviewer for this comment and would like to clarify that measurements of type
I IFN (IFN-a/B) concentrations were indeed performed. The data are presented in Figure 6b
and cited in the Results section (“Knockout of IFNAR1 and IFNLR1 did not affect IFN-a/f
secretion in ovo”). To avoid misunderstanding, the Results section has been revised to
explicitly reference the IFN-o/f measurements supporting this conclusion (line 302-309).

These data indicate that all genotypes produced comparable IFN-a/f levels upon viral
infection, with the IBV infection inducing approximately tenfold higher IFN-a/f secretion
than the influenza strains tested (Figure 6b). The interpretation that an excessive type I IFN
response can negatively affect host fitness is based on the combination of quantified IFN-a/(
data (Figure 6b) and survival probability results (Supplementary Figure 10), where embryos
exhibiting the highest IFN-a/B levels (embryos of all genotypes infected with IBV and embryos
infected with IFNLR17- HON2) showed the poorest survival despite moderate or low viral
titers.

(6) The in vivo infection is the most interesting experiment, and the key outcome here is
that IFN type 1 is crucial for anti-H3N1 protection in chickens, while type 3 is less
impactful. However, this experiment suffers from the different time points when chickens
were culled, so many parameters are impossible to compare (e.g., weight loss,
histopathology, IFN measurements, and more). Many of these phenomena are highly
dynamic in acute virus infections, so disparate time points do not allow a meaningful
comparison between different genotypes. What are the stats in 7b? Is the median rather
than the mean indicated by the line? Otherwise, the lines appear in surprising places. SD
must be shown, and I find it difficult to believe that there is a significant difference in
weight, for e.g., IFNAR KO, unless maybe with a paired t test. What is the statistical test?

We thank the reviewer for these thoughtful comments and agree that disease progression
and sampling time can influence comparisons in acute infection studies. Hens were
euthanized upon reaching predefined humane endpoint scores in full compliance with the
Bavarian animal welfare regulations. Because the infection produced markedly different
clinical kinetics among genotypes, all data were interpreted with reference to matched
disease stages rather than absolute days post-infection.

For matched comparisons: Viral titers in the trachea and cloaca, as well as plasma IFN-a/B
concentrations, were compared between day 2 in IFNAR17 hens and day 3in WT and
IFNLR17 hens, which represent equivalent clinical stages before the sharp viral rise seen
later in WT and IFNLR17- birds. At these comparable stages, viral titers were still low and
IFN-a/p concentrations remained significantly lower in WT and IFNLR17" than in IFNAR17
hens (Figure 7c, d, f), indicating that uncontrolled viral replication and IFN-a/B secretion in
the absence of type I signaling occur earlier and more intensely.

Alhussien et al., 2025 eLife 14:RP107855. https://doi.org/10.7554/eLife.107855.2 37 of 38


https://doi.org/10.7554/eLife.107855.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/immunology-inflammation

°Ye o Immunology and Inflammation
w9 eLife

For Figure 7b: Because chickens reached humane endpoints at different days post infection (2
dpi for IFNAR17 and 5-7 dpi for WT and IFNLR17), statistical comparisons were performed
within each genotype using paired t-tests and all data were shown together as mean + SD.

We acknowledge that unequal survival times limit direct temporal comparison. However, the
consistent pattern across all parameters including early severe disease, high viral load, and
excessive IFN-a/B secretion in IFNAR17 hens versus delayed onset in WT and IFNLR17,
supports the conclusion that type I IFN signaling is essential for early viral restriction and
host survival, while type III IFN contributes mainly to localized inflammatory responses. The
experiment cannot be repeated under the current animal welfare authorization.

(7) Figures 7e,f: these comparisons are very difficult to interpret as the virus loads at
these time points already differ significantly, so any difference could be secondary to
virus load differences.

We thank the reviewer for this valuable comment. We agree that viral load can influence
interferon induction; however, our comparisons in Figures 7e and 7f were designed to reflect
equivalent stages of disease progression rather than identical time points post-infection. For
IFN-A mRNA expression (Fig. 7e), spleens from IFNAR17 hens were sampled on day 2 post-
infection, when viral titers were maximal, and compared to WT and IFNLR17 hens sampled
on day 5 post-infection, at which point viral titers reached comparable levels. Thus, this
comparison represents the phase of peak infection and systemic immune activation across all
genotypes rather than an absolute temporal comparison.

Similarly, for IFN-a/B concentrations (Fig. 7f), two levels of comparison were made: between
IFNAR17 hens at day 2 post-infection (high viral titer) and WT and IFNLR17 hens at day 3
(low viral titer), and between WT and IFNLR17" hens at day 5 post-infection (high viral titer).
In both cases, IFN-a/B levels remained disproportionately elevated in IFNAR17 hens,
indicating that the excessive type I IFN response is primarily due to the loss of receptor-
mediated feedback regulation rather than viral load alone.

We have clarified this rationale in the legend of figure 7 and in the results (Line 338-345). We
believe these results are valuable as they provide important insight into the temporal
dynamics and regulatory interplay between type I and type III interferons during avian
influenza infection.

Reviewer #2 (Recommendations for the authors):

Experiments need to be repeated. Comparisons in infection experiments must be done on
the same day. More viruses need to be tested.

We thank the reviewer for these constructive recommendations. All infection experiments
were conducted under approved animal welfare regulations, which limited the number of
replicates and prevented repeating in vivo challenges beyond the authorized design, in line
with the 3R principles, particularly Reduction, to avoid unnecessary animal use. To ensure
comparability, samples were analyzed at matched disease stages rather than identical time
points, as clarified in the revised figure legends (figure 7) and Results (Line 338-345). The
study already includes multiple influenza and non-influenza viruses (H1N1, H3N1, HIN2, and
IBV) tested in ovo to capture virus-specific interferon responses, while the in vivo H3N1
infection served as a proof-of-concept to dissect genotype-specific immune dynamics.

https://doi.org/10.7554/eLife.107855.2.sa0
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